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Preface 
18th International Toki Conference (ITC18) was held in Toki (Japan) December 9-12 

2008 organized by the National Institute for Fusion Science (NIFS). More than 150 

experts in fusion research, especially in stellarator/heliotron research from Australia, 

Belgium, China, France, Germany, Hungary, India, Iran, Italy, Japan, Korea, Serbia, 

Spain, Sweden, Switzerland, and the United States of America gathered at the 

conference. The International Organizing Committee (IOC) chaired by O. Motojima, 

the International Program Committee (IPC) chaired by Y. Ogawa and the Local 

Organizing Committee (LOC) chaired by T. Mutoh have played the leading role in the 

elaboration of the scientific program of the conference. NIFS has organized the ITC as 

an annual meeting for fusion related sciences since its establishment in 1989. The IPC 

arranged 2 plenary talks, 1 review talk, 34 invited talks in addition to 109 contributed 

presentations including 6 oral talks.   

Recent developments in the experimental, theoretical and technical research 

show the clear route to the realization of a stellarator/heliotron type demo fusion reactor.  

ITC18 was devoted to review the recent developments and to discuss the next steps 

forward to the demo reactor realization of stellarator/heliotron type. In the conference, 

recent experimental results from both tokamak and stellarator/heliotron devices are 

reviewed and the experimental and theoretical physics of plasma confinement in 

toroidal devices are also discussed and confirmed that the physical base of the fusion 

reactor is well developed. The development of steady state operation, heating, fueling, 

diverters, plasma wall interaction and wall materials, advanced diagnostics for reactor 

relevant plasma, blanket materials as well as super conducting magnets are discussed as 

inevitable key physics and technologies for the DEMO reactor.  

Slides of all oral presentations as well as the proceedings are available at 

http://itc.nifs.ac.jp/. Extended papers of major contributions will be published in the 

special issue of Plasma and Fusion Research (http://www.jspf.or.jp/PFR/). 
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Wendelstein 7-X – a technology step towards Demo 

Hans-Stephan Bosch and the Wendelstein 7-X Team 

Max-Planck-Institut für Plasmaphysik, IPP-EURATOM Association, 

D-17491 Greifswald, Germany 
 

The Wendelstein 7-X stellarator, presently under construction in Greifswald, will be the first “fully-optimized” 

stellarator device which combines a quasi-symmetric magnetic field configuration with superconducting coils, a 

steady state exhaust concept, steady state heating at high power and a size sufficient to reach high nTτ-values. 

W7-X has been optimized numerically by J. Nührenberg et al., based on the concept of quasi-isodynamicity. Its key 

element is an optimized magnetic field configuration, generated by 50 non-planar superconducting coils. It is the 

mission of this project to demonstrate the reactor potential of the optimized stellarator line.  

Most of the components have been fabricated already and four out of ten half-modules of the magnet system 

have been assembled already. This paper presents an overview of the status of construction and a summary of the 

future developments.  

 

Keywords: Wendelstein 7-X, optimized stellarator, construction, assembly 

1. Introduction 

Wendelstein 7-X (W7-X), presently under 

construction in the IPP branch-institute in Greifswald, is a 

fully optimized stellarator. Its optimisation is based on the 

concept of quasi-isodynamicity [1].  

The W7-X configuration has a five-fold symmetry 

and is described by a rotational transform ι/2π of about 1 

(0.72 < ι/2π < 1.25) with low shear (i.e. a small variation 

of ι/2π across the magnetic surfaces). The major radius of 

the plasma is 5.5 m, the effective (i.e. averaged) minor 

radius is 0.55 m, and the magnetic axis is helical.  

W7-X will have to prove the properties predicted by 

the numerical optimization, i.e. confinement in the range 

of that observed in tokamaks of comparable size. Apart 

from this proof of the concept of numerically optimizing 

the stellarator magnetic configuration, a main goal of 

W7-X will be to demonstrate the suitability of optimized 

stellarators as a fusion power plant and to bring forward 

the technology towards “Demo”. One key element that is 

still to be developed for a future fusion power plant, is 

steady state operation under reactor-relevant conditions, 

i.e. at high density and high power with suitable power 

and particle exhaust. To allow for steady-state operation 

(i.e. pulse lengths of 30 minutes- limited by the water 

cooling system), W7-X will apply a superconducting 

magnet system composed of 50 non-planar coils and 20 

planar coils, an ECRH-system capable of delivering 10 

MW for 30 minutes [2] and will also develop further the 

island divertor [3] and will address the plasma-wall 

interaction in long plasma pulses.  

This paper will give an overview on the main 

components of W7-X and describe the status of device 

assembly. 

 

2. Main components of Wendelstein 7-X 

Figure 1 shows a schematic overview of the basic 

device. It is clearly visible, that the plasma has a 

pentagon-shape. The device is therefore set-up from five 

identical modules. Each of those, however, is made out of 

two flip-symmetric half-modules, so that in fact the device 

is composed of 10 identical half-modules.   

 

 

 2.1 Magnet system 

The magnet system is made from 50 modular 

(non-planar) coils and 20 planar coils to allow for a 

Fig.1  Cutaway of a CAD drawing of W7-X 

showing the plasma and the divertor plates 

(lower left), the magnetic coils around the 

plasma vessel with inner support structure 

(upper right) and the Outer Vessel (upper 

left). 
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variation of the magnetic field configuration, a bus-bar 

system to connect these coils electrically with each other 

and with the power supplies (not visible in Fig. 1), a 

central support structure and a set of support elements 

fixing the coils to the central ring and supporting them 

against each other. The total cold mass of this magnet 

system will be 432 tons. According to the symmetry 

described before, each half-module is equipped with 5 

non-planar coils of a different type and two planar coils 

(again different types).   

The 50 non-planar coils that comprise the 

centerpiece of the magnet system have been 

manufactured by a German-Italian consortium of BNG 

and ASG [4]. For each coil 6 lengths of superconductor 

are wound as a double-layer with 18 turns each, i.e. 108 

windings per coil. Very stringent tolerances on the 

geometric dimensions of the winding packages of less 

than 3 mm had to be kept. This leaves a margin for 

assembly tolerances of about the same order, i.e. 2 mm. 

The six superconductor lengths in one coil are 

connected in series through low resistance joints which 

are also used to introduce the liquid He for the cooling of 

the superconductor.  Figure 2 shows the non-planar coil 

AAB54. The insulation in the header region, i.e. at the 

exit of the layers from the winding pack and around the 

interlayer joints has proven to be an especially difficult 

area requiring extensive rework. Paschen tests, i.e. HV 

tests at different pressure levels, have proven to be a very 

effective tool for testing the quality of this insulation [5] 

and for unveiling problematic areas like small voids, 

areas of pure, unfilled resin or insufficient insulation of 

quench detection wires. 

As of now, all 50 coils have been delivered. 

Thirtyeight of these coils have been tested individually at 

cryogenic temperatures in full-current operation and have 

proven the expected properties [6]. These cryogenic tests 

are being performed for all non-planar and planar coils at 

CEA in Saclay/France as part of the final acceptance test. 

The 20 planar coils, supplied by Tesla in the UK, 

have casings that are made from two vertical rings and 

top and bottom plates bolted to them [7]. As of today, all 

coils have been delivered and nineteen of them have 

already successfully completed the cryogenic tests in 

Saclay. 

 

To connect the coils with each other (seven groups 

of 10 identical coils in series) and with the current leads 

(which lead to the power supplies at ambient 

temperature), a superconducting bus-bar system is 

required which is being designed and manufactured by 

the research centre Jülich (FZJ, Germany) [8]. The same 

conductor is used as for the coils and the routing is done 

in a bifilar way to reduce error fields from the bus-bar.  

The design of the bus-bar system has been finished and 

manufacturing has started. The first 48 conductors (i.e. 

conductors for two modules) have been delivered, 

together with the corresponding supports (holders and 

clamps). 

The connection between the power supply lines 

outside the cryostat (i.e. at ambient temperature and 

pressure) and the bus-bar system inside the cryostat (i.e. 

at about 4 K during operation and under vacuum) requires 

fourteen current leads that bridge the temperature and 

pressure transition. As the power supplies are located 

below the W7-X, these current leads are mounted in the 

bottom of the device and have the cold end at top, the 

warm end at the bottom and therefore require a special 

design. A design for such current leads, able to carry 20 

kA each and using high temperature superconductor 

inserts, has been developed in collaboration with the 

research centre Karlsruhe, Germany (FZK). Development 

and manufacturing of these current leads is now under 

way at FZK. 

The seven groups of superconducting coils are 

powered by seven power supplies manufactured by the 

Swiss company ABB. Each power supply delivers a 

direct current of up to 20 kA at a voltage of up to 30 V. 

This system has undergone the final acceptance tests and 

 
Fig.2  Non-planar coil AAB54 (type 4) on a 

transport frame. Clearly visible are the 

Copper stripes on the coil casing and the 

cooling tubes. In the lower right part of the 

picture, the header area with the five 

interlayer joints and the two superconductor 

tail ends can be seen. 
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has proven that the output currents can be stabilized to 

the required accuracy of 2 × 10
-3

[9]. The quench 

detection system, developed in co-operation with FZK, 

will consist of almost 400 quench detection units that 

check permanently the differential voltages between 

double-layers of all coils and between all sectors within 

the bus-bar system [10]. The prototype units have been 

tested successfully and series production will start soon. 

 

2.2 Magnet Support System 

The 50 non-planar and the 20 planar coils will all be 

fixed to a central support ring, which is manufactured by 

ENSA in Spain. This structure is composed of 10 

identical, welded segments which are bolted together to 

form a pentagon-shaped ring of 5 modules. Cast 

extensions for holding the coils are welded to this ring 

[11]. As the coils have to be kept in their precise position, 

also during cool down and operation, the half-modules of 

this central ring have to be machined to a high accuracy 

of a few tenth of a millimeter. The continuous refinement 

of structural calculations resulted in different 

modifications to the detailed design of the structure, 

thereby delaying the manufacturing. The first six 

segments of the support ring (see Fig. 3) have been 

delivered up to the end of 2008.  

Ten cryo-supports will carry the support structure 

and provide a thermal barrier between the cold magnet 

system and the machine base. Fabrication of these 

cryo-supports is under way, their delivery is expected 

early in 2009. 

Each coil is fixed radially to the ring in two points, 

where the magnetic forces (up to 4 MN) and bending 

moments (up to 350 MNmm) have to be taken up. A 

bolted solution using long and slender Inconel bolts 

(which better absorb deformations) and sleeves to limit 

the loss of pre-load during cooling down to 4K has been 

developed to keep the coils firmly in place [12]. 

Also in toroidal direction, the non-planar coils have 

to be supported against each other with a system that can 

take up the forces and moments and keep the positions of 

the coils to a high accuracy. Therefore, on the inner side 

of the coil ring, where the coils are very close to each 

other, so-called Narrow Support Elements (NSE, see 

[13]) and on the outboard side the so-called Lateral 

Support Elements (LSE) are foreseen. These LSE will be 

a rigid connection made of half-boxes which are welded 

between the neighboring coils. The crucial issue with this 

design is the proper control of welding shrinkage and 

distortion which is essential to comply with the magnet 

system assembly tolerances. An extensive test program 

has been carried out to optimize the layout and welding 

procedures for these elements. 

The situation is different for the NSE because on the 

inboard side of the coils accessibility restrictions do not 

allow any welded or bolted solution. Based on refined 

FEM calculations which revealed that contact forces up 

to 1.5 MN and sliding distances of up to 5 mm with a 

tilting up to 1 degree have to be expected during magnet 

energization, a sliding pad solution has been selected. 

After an extensive test program, Al-bronze with a MoS2 

coating has been selected as the material for thick, low 

friction pads which are fixed in a pad holder to one coil, 

sliding on the support block of the other coil. To validate 

the basic design and to identify the best pad coating, a 

wide test program has been undertaken, including full 

scale friction tests at room temperature and cryo-vacuum 

tests at 77 K to test the full scale mock-ups in a more 

representative environment. A design similar to the one 

for the NSE is used for the so-called Planar Supports 

which support the planar coils against the non-planar 

coils.  

 

2.3 Cryostat 

The cryostat, providing the thermal insulation of the 

cold magnet system described before, consists of the 

plasma vessel, the outer vessel, the ports [14] and the 

thermal insulation of these components towards the cold 

mass. 

The vacuum vessel of W7-X has been manufactured 

by the German company Deggendorfer Werft und 

Eisenbau (MAN DWE). A major issue in the design of 

this vacuum vessel was the optimization of its shape to 

allow for maximum space for the plasma and to 

simultaneously keep sufficient clearance to the coils. 

These requirements resulted in a tolerance of only  ± 3 

mm for the shape of the plasma vessel. The full plasma 

vessel is made up from 200 rings that are connected by 

welding. Each ring is made of four segments that are 

 

Fig.3  Final work on the first segment of the central 

support ring (1/10 of the full ring). The 

picture shows also the cast extensions and 

the contact surfaces for fixing the coils. 
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exactly bent to the exact shape and 20 rings form one 

half-module. Water pipes on the outer side of this vessel 

allow a bake-out at 150
0
 C and temperature control 

during plasma operation. All ten sectors of the plasma 

vessel have been delivered before the end of 2005.  

The outer vessel, also manufactured by MAN DWE, 

is produced in 5 modules; each of them is divided in two 

(upper and lower) half-shells to allow assembly of the 

magnet module (plasma vessel module with 14 coils, 

support structure and the corresponding bus-bars) inside 

the outer vessel module. The outer vessel will have about 

524 openings for ports, supply lines, manholes and 

diagnostic feedthroughs. The first four modules have 

been finished (see Fig. 4), the last one will be finished in 

spring of 2009. 

W7-X will be equipped with 254 ports of different 

shape and dimensions (up to 40 x 100 cm
2
 rectangular 

ports) to allow access from the outside to the plasma 

vessel. 112 of these ports will be used for plasma 

diagnostics, 17 for heating systems, 25 for gas inlet and 

for pumping the vacuum vessel and 100 for supply of 

in-vessel components. All ports have been received from 

the Swiss company Romabau Gerinox.  

Efficient operation of the superconducting coils 

requires very effective reduction of heat conduction as 

well as shielding of radiation from the room temperature 

components of the cryostat. The thermal insulation of 

W7-X (also manufactured and assembled by MAN DWE) 

is composed of two components, a multi-layer insulation 

of aluminized Kapton-foils (20 layers) and a rigid thermal 

shield. As the space limitations for this insulation 

between the vacuum vessel and the non-planar coils 

require again a tolerance of ± 2 mm, a novel technique 

has been developed. The thermal shield is now fabricated 

from glass-fiber panels with embedded Cu-meshes to 

improve heat transport within the panel. Cooling pipes on 

the outboard side of the panels are connected to the Cu 

meshes through Cu-braids. For each half-module of the 

vacuum vessel, eight panels of the shield with attached 

multi-layer insulation are fabricated. They are assembled 

on the plasma vessel in parallel with the threading of the 

coils. Recently, assembly of the thermal insulation in the 

outer vessel of the first module has started. For the outer 

vessel and the ports the shields are made from copper and 

brass. 

 

2.4 In-vessel components 

At the plasma edge, i.e. outside the closed flux 

surfaces, the magnetic configuration of W7-X forms a 

m=5 island structure to be used as an island divertor to 

control the power and particle exhaust from W7-X [14]. 

According to the field structure described above, also the 

divertor will have a five-fold symmetry, i.e. it will be 

composed of 10 units, five on top and five on the bottom. 

The full system of the in-vessel components includes 

several plasma-facing elements as well as cryo pumps 

and correction coils to modify the extent and location of 

the islands on the target plates. This system has been 

designed for steady-state operation at the full 

ECRH-heating power of 10 MW and for 10 s pulses of 15 

MW NBI heating power [3].  

For the plasma-facing components three different 

areas have to be distinguished which require different 

technical solutions respectively. The divertor target (with 

a horizontal and a smaller vertical target plate) will 

experience high power fluxes of up to 10 MW/m
2
. The 

baffle shielding the neutrals in the target chamber versus 

the main plasma chamber, experiences lower stationary 

power fluxes of only up to 0.5 MW/m
2
. The wall 

protection, covering the rest of the plasma vessel surface, 

is subjected to neutral particles and plasma radiation and 

is designed for power fluxes of 0.2 MW/m
2
.   

 

3. Assembly of Wendelstein 7-X 

3.1  assembly sequence  

Assembly of the stellarator comprises two major 

stages, i.e. pre-assembly of the five magnet modules and 

assembly of the torus. A detailed description of this 

sequence can be found in Ref. [16]. 

In the first step of the pre-assembly, which is 

performed roughly in parallel on two assembly rigs (Ia 

and Ib) for two half-modules, the seven coils are strung 

over the vacuum vessel which is covered with the thermal 

insulation. Then all coils are fixed to one segment of the 

central support ring and the inter-coil support elements 

are mounted (see Fig. 5). In the next step, on assembly rig 

II, the two corresponding half-modules are joined, i.e. the 

support ring segments are bolted and the plasma vessel 

half-modules are welded. Then the bus-bar holders are 

mounted and the conductors are fitted and cut to length. 

Fig.4  First module of the outer vessel during 

fabrication at Deggendorf. 
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On assembly rig III, the first part of the cryo-pipes (for 

helium cooling of the coils and the support structure) is 

assembled, then the bus-bar system, including the bus-bar 

joints, and the second part of the cryo-pipes, thereby 

completing a magnet module.  

Final assembly starts with the insertion of the 

magnet module into a lower shell module of the outer 

vessel (first equipped with the thermal insulation and 

with three plasma vessel supports per module) which is 

then closed with the upper shell. At this stage, the module 

is located at its final place on the machine base. Then the 

installation of the ports can start. After a final 

measurement of the magnet modules geometry and after 

final adjustment of their position, the modules are welded 

to finally form a torus. As soon as two adjacent modules 

are connected, the last ports, i.e. those at the module 

separation plane, are inserted and then the current leads 

and the in-vessel components can be assembled.  

After the completion of the torus, the peripheral 

components (heating structures, ex-vessel diagnostics, 

water-cooling and other media supplies) can be installed. 

 

3.2 general assembly works 

In parallel to these main steps of the device assembly, 

a large effort is required for the preparation of the 

components delivered from industry, mainly with regards 

to cleaning, instrumentation, and measuring and final 

rework of the outer geometry.  

For all the assembly steps described before, the 

assembly technology had to be developed, including 

special tooling for the handling of the coils, for handling 

and stiffening of the outer vessel shells and for the 

assembly of ports and of in-vessel components. A very 

special task was the development of welding procedures 

because for welding of the Lateral Support Elements or 

for the connection of vessel modules, large weld seams 

(up to 25 mm thick) have to be performed while weld 

seam shrinking has to be kept to a minimum due to the 

very strict tolerances (in the order of a few mm) of the 

stellarator.  

The small tolerances required for the geometry, 

especially of the magnet system, also requires an 

extensive measuring program, involving 3D measurement 

techniques  like laser trackers, photogrammetry and 

laser scanning [17]. Geometry control is an essential task 

in this project, as Wendelstein 7-X is a very complex but 

also compact device with very narrow installation space 

for all its components. Clearance of all these components 

during cooling down and especially under magnetic loads 

has to be assured, but is difficult to reach as the device is 

very compact and the distances in many cases are not far 

beyond the tolerances. Therefore an extensive effort has 

been put into measuring the as-built geometry of the 

major components and into the collision control of these 

components under the different load conditions. This 

process already enters into the design of components like 

the cryo-piping or the thermal insulation of outer vessel 

and ports, often requiring several iterations or – as 

mentioned above – the rework on components ready for 

assembly, like for coil casings or ports [18].   

 

3.2 status of assembly  

At present, three out of the five modules are in the 

assembly process. On the first of these modules, which is 

presently on assembly rig III, the first lots of the 

cryo-pipes are being mounted. Due to the narrow 

installation space, mentioned above, design of these pipes 

requires several iteration cycles of design and collision 

control, making this process even more time-consuming 

than expected. Figure 6 illustrates the narrow assembly 

space with a CAD-model of the cebtral support ring with 

the bus-bars and the cryo-pipes. The second module on 

assembly rig II and the third one (still in two 

half-modules on rigs Ia and Ib) are assembled on a 

routine basis.  

In late spring of 2009 the first module will be put 

into the lower shell of the outer vessel and in fall of 2009, 

assembly of the first ports is scheduled to start. 

 

 

Fig.5  First magnet half-module being transported 

to assembly rig II (February 2008). The 

central support ring with its step flange for 

connection of the two half-modules is visible 

on the right as well as the extensions for coil 

fixation. 
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There are still many assembly steps ahead, which 

have been developed, but have not yet been performed. 

Therefore the schedule bears still some uncertainty for 

the technical risks, especially in these new processes. 

With these considerations in mind, a full review of the 

assembly process has been performed in 2007 which 

resulted in an integrated assembly schedule incorporating 

several measures to minimize technical and schedule 

risks, e.g. only 245 out of the 299 ports foreseen initially, 

will be installed, additional assembly equipment will be 

used to enhance the parallelization of assembly work and 

many assembly steps will be brought forward into the 

component preparation.  

Another important decision was that, for the first 

operation phase, the steady state divertor described above 

will not yet be installed. Instead, a Test Divertor Unit 

(TDU) with inertially cooled target plates will be 

installed [3]. All other in-vessel components described 

above, will be installed from the beginning, but in the 

first operation phase will not be water-cooled. 

Based on a risk assessment of all assembly steps, 

time buffers for the technical risk were included in the 

schedule, summing up to more than a year on the critical 

path. Also the funding required for these times was 

included in the projects planning.  

 

4. Summary 

While the timely delivery of the super-conducting 

coils for W7-X is no longer critical, other components 

like the cryo-piping, parts of the bus-bar system, thermal 

insulation of outer vessel and ports, parts of the in-vessel 

components and the current leads (feedthroughs) still 

require stringent attention as their delivery might become 

time-critical. The project has implemented counter 

measures to decrease the schedule risks. 

 Assembly at present runs according to the schedule 

planned in 2007 and the first milestones have been kept. 

The current delays in design, fabrication and assembly of 

the cryo-pipes can be countered by some reorganization 

of other assembly steps, but the assembly schedule 

requires strict attention and continuous consideration. 

As there are still some assembly processes to be 

developed in further detail (assembly of some special 

ports and of some in-vessel components), it has to be 

considered that at least some of the time buffers 

mentioned above, will have to be used. But still the 

project schedule foresees the start of commissioning of 

Wendelstein 7-X in May 2014. 
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Fig.6  CAD-view of the central support ring with 

some coils and bus-bars (brown) and 

cryo-pipes (yellow, green and black), 

illustrating the very tight assembly space 

inside the cryostat. 
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Heliotron J is a flexible configuration device to explore a new concept optimization for the helical-axis heliotron 
configuration. The field ripple along the toroidal direction, which is called ‘bumpiness’ is a key component for the 
improvement of the particle confinement. From the fast ions generated by the ICRF minority heating, the high 
bumpy configuration is most favorable and the fast ions of about 30 keV are observed. The toroidal current control 
is also important for the Heliotron J field configuration. Using the combination of the change of the bumpiness and 
the deposition position, the toroidal current can be controlled by about 7 kA. The bumpy field dependence on the 
global confinement is investigated for ECH and NBI plasmas. The confinement in the high and medium bumpy 
configurations is better than that in the low bumpy configuration. The difference of the bumpy dependence for the 
ECH and NBI plasmas is possibly caused by the improved fast-ion confinement for the NBI plasmas in the high 
bumpy configuration. 

 
Keywords: helical-axis heliotron, bumpiness control, fast ion confinement, non-inductive current, improved 

confinement  

1. Inroduction 
The optimization of the field configuration is very 

important for helical systems since there is large ripple 

loss in the collisionless regime for simple 
stellarator/heliotron. There are various advanced concepts 
proposed for this purpose, for example, 
quasi-omnigeneity [1], quasi-helical symmetry [2], 
quasi-axisymmetry [3] and so on. Heliotron J belongs to a 
quasi-omnigeneous concept among them, and is a 
low-shear helical-axis heliotron (major radius of the torus 
R0 = 1.2 m, minor radius of the plasma a = 0.1-0.2 m, 
magnetic field on the axis B0 ≤  1.5 T, helical-coil pole 
number L = 1, pitch number M = 4) [4, 5, 6]. Using 
controllable five sets of coil systems, Helitoron J realizes 
a wide range of configurations by changing the 
coil-current ratios. 

The top view of the helical coil and the plasma is 
shown in Fig. 1. Three heating systems, which are the 
neutral beam injection (NBI), the ion cyclotron range of 
frequency (ICRF) and the electron cyclotron (EC) heating 
devices are installed in Heliotron J. A plasma is generated 
by using vertically-injected ECH, which is the second 
harmonic (70 GHz) X-mode and has power of 450 kW. 
The direction of the toroidal field is clockwise in Fig.1 
for the normal operation. The two tangential-injection NB 
devices are installed; whose injection power and 

Toroidal 
Coil A

Toroidal 
Coil B

Helical Coil

Plasma

ICRF

CX-NPA

ECH

NBI BL-2

NBI BL-1

Fig. 1 Top view of Helitoron J. The helical coil and the two 
types of toroidal coils are illustrated. The positions of 
the three heating systems (ECH, NBI and ICRF) are 
also indicated. 
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acceleration voltage are 700 kW and 30 kV for each unit. 
Two loop antennas for the ICRF heating are installed on 
the low field side of the corner section (upper-right corner 
in Fig. 1). The frequency of the ICRF is 19 - 23.2 MHz 
and the injection power is 400 kW for each antenna. 

In this paper, the results of the control experiments 
by changing the bumpiness in the field configuration, 
which is one of the Fourier components in the Boozer 
coordinates, are described. The bumpy field component is 
a field ripple along the toroidal direction. This component 
is generated by the two sets of toroidal coils and the 
helical coil.  If the current ratio of the toroidal coil A to 
the toroidal coil B (See Fig. 1) is unity, the sign of the 
bumpy component is equal to that of the helical ripple. 
Both the value of the bumpiness and the radial profile is 
effective for the improvement of the particle confinement 
in this magnetic configuration. The effectiveness of the 
bumpy component is investigated for (i) high energy ion 
confinement using ICRF minority heating, (ii) a 
non-inductive current in ECH plasmas and (iii) energy 
confinement for ECH or NBI plasmas. The 
configurations used in this study are as follows; the 
bumpiness (B04/B00, where B04 is the bumpy component 
and B00 is the averaged magnetic field strength) are 0.15 
(high), 0.06 (medium) and 0.01 (low) at the normalized 
radius of 0.67, respectively. The profiles of the bumpy 
components are shown in Fig. 2. The other field 
components such as the iota, the toroidicity and the 
helicity are kept constant among the three cases. The 
plasma volume, the major radius and the minor radius are 
also constant. 
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Fig. 2 The profiles of the bumpy ripples for the three 
bumpy configurations. 
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Fig. 3 Minority hydrogen spectra for various pitch angles in 
the high bumpy (a), the medium bumpy (b) and the low 
bumpy (c) configurations. By changing the toroidal 
and poloidal angles of the CX-NPA, the energy spectra 
are measured. The line of sight of the CX-NPA crosses 
the magnetic axis for all cases. 
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2. Fast Ion Confinement 
High energy ions up to 30 keV were investigated by 

charge-exchange neutral particle analyzer (CX-NPA) for 
both NBI ions [7] and accelerated ions by ICRF. The 
former mainly includes passing particles and the latter, 
trapped particles. Here, the accelerated ions by ICRF are 
discussed. For keeping the ECH resonance position 
constant, the magnetic field strength is adjusted to be 
constant at the ECH injection position. Therefore, the 
magnetic field strength in the corner section where the 
ICRF antenna is installed is changed for each bumpy 
configuration, slightly. The frequency of the injected 
ICRF wave is adjusted so that the resonance layer is 
positioned near the magnetic axis: 23.2 MHz for the high 
bumpiness and 19 MHz for the medium and low bumpy 
cases. An ICRF pulse of 23.2 MHz or 19 MHz is injected 
into an ECH target plasma where Ti(0) = 0.2 keV, Te(0) = 
0.8 keV and en = 0.4 x 1019 m-3. The ICRF injection 
power is in the range from 250 kW to 300 kW and The 
ECH power is about 300 kW. The minority heating mode 
is selected to generate fast ions with deuterium as the 
majority species and hydrogen as the minority species. 

A CX-NPA is equipped to analyze the energetic ions, 
which has the ability of scanning in the toroidal and 
poloidal directions in order to research ions in the wide 
area of velocity space. It can be scanned in the toroidal 
direction from -10 to +18 deg and in the poloidal 
direction from -3 to 10 deg in order to observe 
charge-exchange neutrals in various pitch angles. The 
origin is the normal direction to the torus for the toroidal 
angle and the horizontal direction for the poloidal angle. 
The poloidal direction of the CX-NPA for measurement 
of each pitch angle or the field configuration is 
determined so that the line of sight of the CX-NPA 
crosses the magnetic axis. 

Figure 3 shows measured minority hydrogen energy 
spectra for various pitch angles by changing the toroidal 
angle of the CX-NPA for the three bumpy cases 
mentioned in Section 1. In the high bumpy case (a), the 
ion flux is observed up to 34 keV at the pitch angle of 
120 deg. Such high energy particles cannot be observed 
in the medium and low bumpy configurations. The 
highest tail is observed at about 30 deg from the 
perpendicular direction to the magnetic field. Toward 90 
deg, the tail component decreases as shown in Fig. 3(a). 
The tail decreases from the angle of 120 deg as the pitch 
angle increases, since there is no acceleration mechanism 
in the parallel direction. 

 The high energy ion confinement is improved by 
increasing bumpiness. However, the measurable real 
space and velocity space is limited for the CX-NPA. The 
results of the analysis using Monte Carlo method roughly 
agree with the experimental results including pitch angle 

distribution of fast ions. The energy spectrum in the high 
bumpiness shows the largest high energy tail as a whole 
in the calculation results. The bumpiness can control the 
loss cone structure in this range of experiment [9]. 

 
3. Non-inductive Current 

A non-inductive toroidal current plays an important 
role for Heliotron J since it could affect the transport 
through the field structure change whereas no current is 
required to form the confinement field. From this point of 
view, a non-inductive current is investigated in Heliotron 
J plasmas [10]. The electron cyclotron (EC) wave is 
injected vertically from the top port. However, the 
magnetic axis is not horizontal in the injection point of 
the EC wave. Therefore, the refractive index in the 
parallel direction, n// becomes finite. In this experiment, 
n// is 0.44. In Heliotron J plasmas, a bootstrap current, an 
EC driven current and a beam driven current by NBI 
heating are considered as the non-inductive toroidal 
current. Here, the BS current and the EC driven current 
are discussed for ECH plasmas. The BS current and the 
EC driven current are separated by the procedure that the 
EC driven current is estimated from the addition of the 
measured currents in the normal magnetic field and the 
reversed magnetic field and the BS current is from the 
subtraction since only the BS current changes its 
direction by field reversal. The BS current flows 
according to the field geometry and plasma parameters. 
The bootstrap current (≤  2 kA) flows in the co-direction 
in most cases as shown in Fig. 4. Here, the magnetic field 
strength at the axis is determined so that ω0/ω is 0.5, 
where ω0 is the cyclotron frequency at the axis and ω is 
the injected EC wave frequency. The current is largest in 

Fig. 4 Density dependence of the measured toroidal current 
in the three bumpy cases (in Ref. [10]). The injection 
condition of ω0/ω is 0.5. 

I-03

9



 
 

Proceedings of ITC18, 2008 

 

the high bumpiness and lowest in the low bumpiness. 
However, in the low density region for the low bumpiness, 

the flow direction is reversed. The EC driven current in 
this condition (ω0/ω = 0.5) is very small, then, the 
toroidal current is mostly a BS current in Fig. 4. The 
negative BS current in the low bumpy case can be 
explained by the neo-classical theory taking account of 
the possible radial electric field. 

The magnitude of the EC driven current depends on 
the position of the EC power deposition since the 
effectiveness depends on the accelerated electron 
trajectory and its confinement. When the deposition is 
changed, the orbit of the energetic electron accelerated by 

the EC wave is considered to be changed. For example, 
the energetic electron in the transit orbit moves to the 
trapped orbit by changing acceleration position. At that 
time, the toroidal current component generated via 
Fisch-Boozer effect [11] will be changed to the opposite 
component generated via Ohkawa effect [12]. By 
changing the field strength, the toroidal current 
dependence on the deposition position is measured for the 
three bumpy cases. Near ω0/ω = 0.49, a large toroidal 
current is observed for all cases as shown in Fig. 5. It is 
noted that the current direction can be altered by 
changing the bumpiness. 

The EC driven current at ω0/ω = 0.49 is estimated 
separately as shown in Fig. 6. A positive EC driven 
current is generated in the high bumpiness, while a 
negative EC driven current is generated in the medium 
and the low bumpiness. The maximum EC driven current 
of -4.6 kA has been observed for the low bumpy 
configuration. The maximum current drive figure of merit 
is neRIp/PEC = 8.4 × 1016AW-1 m-2 (Ip = 3.2 kA, ne = 0.7 × 
1019 m-3and PEC = 320 kW) [10]. Here we take the 
injected ECH power as PEC. This current drive efficiency 
is lower than that predicted by the linear theory. The 
driving mechanism for the both directions in EC current 
drive, which is the Fisch-Boozer effect and the Ohkawa 
effect, must be considered. 

 
4. Energy Confinement 

The energy confinement for ECH or NBI plasma is 
also studied for the three bumpy configurations. Figure 7 

Fig. 6 Density dependence of the EC driven current at ω0/ω 
= 0.49 for the three bumpy cases (in Ref. [10]). 

Medium
Bumpiness

High 
Bumpiness

Low
Bumpiness

W
p

(k
J)

/V
p(

m
3 )

2nd X-mode ECH 292-320 kW

Fig. 7 Volume normalized plasma stored energy as a 
function of density in the three bumpy cases for 
ECH plasmas under the almost constant ECH 
power. 

Fig. 5 The dependence of the toroidal current on the 
deposition position for the three bumpy cases (in Ref. 
[10]). The line-averaged electron density is 0.5 ×1019 
m-3. 
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shows the volume normalized plasma stored energy 
attained as a function of density. The energy confinement 
is good for the medium and the high bumpy cases. The 
medium case is slightly better than the high bumpy case 
[13, 14]. 

For the study of NBI plasmas, one counter-injected 
NB unit is used since no transition phenomena to H-mode 
have been observed in counter injection, then the study is 
focused on the L-mode plasma [15, 16]. Figure 8 shows 
the plasma stored energy as a function of the absorbed 
NBI power in the three bumpy configurations for the 
constant density condition of 2 × 1019 m-3 [17]. The 
absorption power is estimated by using a birth-point 
calculation code (HFREYA), an orbit tracing code 
(MCNBI) and a Fokker-Planck code (FIT) [18]. The 
difference of the beam absorption ratio among the three 

bumpy configurations is several percent for the density 
range from 1 × 1019 m-3 to 3 × 1019 m-3. The plasma 
stored energy in the high and the medium bumpy cases is 
larger than that in the low bumpy case. The high bumpy 
case is best for the attained stored energy although the 
difference of the stored energy between the high and 
medium bumpy cases is not so large. 

In Fig. 9, the relation between the experimental 
energy confinement time and the international stellarator 
scaling law (ISS95) is shown [17]. The beam component 
in the stored energy estimated from the Fokker-Planck 
analysis, which is less than 7%, is subtracted from the 
obtained stored energy. The enhancement factor of energy 
confinement time for the ISS95 is about 1.8, 1.7 and 1.4 
in the high, the medium and the low bumpy 

configurations, respectively. These results indicate the 
better confinement of the high and medium bumpy 
configurations. However, the medium bumpiness was 
most favorable for ECH plasmas in the experiment of the 
same density range. This difference is under 
investigation. 

For the extension of the plasma operation region and 
the improvement of the confinement, the supersonic 
molecular beam injection (SMBI) system has been 

Fig. 8 Plasma stored energy as a function of absorbed NBI 
power for three bumpy cases. The neutral beam is 
injected in the counter direction under the 
line-averaged electron density of 2 × 1019 m-3. 

NBI
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Fig. 9 The relation between the experimental energy 
confinement time and the international stellarator 
scaling law (ISS95) for the NBI plasma in the three 
bumpy configurations. 

Fig. 10 The time traces of plasma parameters due to the 
SMBI fueling during the NBI and EC heating. 
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installed [19]. This technique has been developed by L. 
Yao et al. [20, 21, and 22]. The SMBI fueling is 
performed for the plasma heated by NBI (0.6 MW) and 
EC wave (0.35 MW). The time traces of the 
line-averaged electron density ( en ), the plasma stored 
energy (Wp), Hα, the signals of the three channels of an 
SX-array are shown with two pulses of SMBI in Fig. 10. 
After the first SMBI, the density and the stored energy 
are increased. The increment of the stored energy by the 
first pulse is large and it reaches 4.5 kJ. This value is 
about 50% higher than the maximum value attained by 
the normal gas-puff fueling for the same heating 
condition in Heliotron J. The plasma stored energy 
attained by using SMBI is extended from those by the 
gas-puff, which is limited at about 3 kJ for the similar EC 
and NBI heated plasmas. The SMBI fueling is considered 
to be a useful method for the optimization of the fueling 
for the Heliotron J plasmas.  

 
5. Summary 

The bumpy field control experiment aiming the 
improvement of the plasma confinement in Heliotron J 
has been performed.  

The fast ion confinement is expected to be deeply 
connected to the bumpy control in Heliotron J magnetic 
configuration. By using ICRF minority heating, the fast 
ion formation and confinement is investigated in the low 
density condition of 0.4 × 1019 m-3. The fast ion flux 
measured by the CX-NPA is largest in the high bumpy 
configuration. The flux near 30 keV is observed only in 
the high bumpy configuration. The high bumpy 
configuration is favorable for the fast-ion formation and 
confinement. 

The non-inductive current is generated as a BS 
current and an EC driven current by the obliquely 
injected EC wave. Both the BS current and the EC driven 
current depend on the field configuration and plasma 
parameters. By changing the bumpy component, the 
non-inductive current at ω0/ω = 0.50, which is mainly a 
BS current is changed by about 1 kA. Using the 
combination of the change of the bumpiness and the 
deposition position, the toroidal current can be controlled 
by about 7 kA. 

For the global energy confinement, the bumpy 
dependence is also observed. In ECH plasmas, the 
medium and high bumpy configurations are better than 
the low bumpy configuration and the medium bumpy 
case is slightly better than the medium bumpy case. 
However, the dependence in the NBI plasmas is different 
from the ECH case. The high bumpy case is most 
favorable for the energy confinement although the 
difference between the high and medium cases is small. 
In addition to the improvement of the bulk electron 

confinement due to the bumpy control, it is possible that 
the better fast ion confinement in the high bumpy 
configuration improves the heating efficiency during 
slowing-down process of fast ions. The SMBI fueling has 
been performed and the stored energy of 4.5 kJ is attained. 
The optimization of the fueling is in progress. 
 

Acknowledgements 
This work is performed with the support and under the auspices 
of the Collaboration Program of the Laboratory for Complex 
Energy Processes, Institute of Advanced Energy, Kyoto 
University and the National Institute for Fusion Science (NIFS) 
Collaborative Research Program of NIFS04KUHL005, 
NIFS04KUHL002, NIFS04KUHL003, NIFS04KUHL006, 
NIFS06KUHL007, NIFS06KUHL009, NIFS06KUHL010, 
NIFS07KUHL011, NIFS07KUHL014, NIFS07KUHL015, 
NIFS07KUHL016, NIFS08KUHL020 and NIFS08KUHL022, 
the Formation of International Network for Scientific 
Collaborations as well as the Grant-in-Aid for Sci. Research. 

 

References 
 
[1] S. Gori et al., in Theory of Fusion Plasmas (Proc. Joint 

Varenna-Lausanne Int. Workshop, Varenna, 1996), Editrice 
Compositori, Bologna, 335 (1997). 

[2] J. Nührenberg and R. Zille, Phys. Lett. A 129, 113 (1988). 
[3] J. Nührenberg et al., in Theory of Fusion Plasmas (Proc. 

Joint Varenna-Lausanne Int. Workshop, Varenna, 1994), 
Editrice Compositori, Bologna, 3 (1994). 

[4] F. Sano et al., J. Plasma and Fusion Res. Series 3, 26 
(2000). 

[5] M. Wakatani et al., Nucl. Fusion 40, 569 (2000). 
[6] T. Obiki et al., Nucl. Fusion 41, 833 (2001). 
[7] S. Kobayashi et al., IAEA-CN-116/EX/P4-41 (2004) 
[8] H. Okada et al., Fusion Sci. Technol. 50, 287 (2006). 
[9] H. Okada et al., Nucl. Fusion 47, 1346 (2007). 
[10] G. Motojima et al., Nucl. Fusion 47, 1045 (2007). 
[11] N.J. Fisch and A.H. Boozer, Phys. Rev. Lett. 45, 720 

(1980). 
[12] T. Ohkawa, General Atomics Report GA-A13837 (1976). 
[13] T. Mizuuchi et al., Fusion Sci. Tech. 50, 352 (2006). 
[14] F. Sano et al., IAEA-CN-149/EX/5-5Ra (2006). 
[15] S. Kobayashi et al., in 11th IAEA TM on H-mode Phys. 

Trans. Barriers (Tsukuba, 2007). 
[16] T. Mizuuchi et al., Joint Conf. “17th Int. Toki Conf. on 

Phys. Flows & Turbulence in Plasmas” and “16th Int. 
Stellarator/Heliotron Workshop” (Toki, 2007) O-02. 

[17] S. Kobayashi et al., in this conference. 
[18] S. Murakami et al., Trans. Fusion Tech. 27, 259 (1995). 
[19] T. Mizuuchi et al., in this conference. 
[20] L. Yao, in “New Developments in Nuclear Fusion 

Research” (Nova Sci. Pub., 2006) pp.61-87. 
[21] L. Yao et al., Proc. 20th EPS Conf. on Controlled Fusion 

and Plasma Phys. (Lisbon, 1993) vol. 17C(I), p303. 
[22] L. Yao et al., Nucl. Fusion 47, 1399 (2007). 
 

I-03

12



Proceedings of ITC18,2008

author’s e-mail:jkiyowata@LHD.nifs.ac.jp

Recent study of the high performance confinement and the high
beta plasmas on the Large Helical Devices

K.Y. Watanabe, A. Komori, H. Yamada, K. Kawahata, T. Mutoh, N. Ohyabu, O. Kaneko,
S. Imagawa, Y. Nagayama, T. Shimozuma, K. Ida, T. Mito, K. Nagaoka, R. Sakamoto, S. Ohdachi,

R. Kumazawa, H. Funaba, Y. Narushima, S. Sakakibara, Y. Suzuki, T. Morisaki, S. Sudo,
O. Motojima and LHD experimental Group

Author affiliations should be centered 10-point italic type National Institute for Fusion Science,322-6 Oroshi-cho, Toki
509-5292, Japan

Some topics of the recent LHD (Large Helical Device) experimental results related with the extension of the
operational regime to the fusion reactor are reviewed. LHD experiments can demonstrate the high ion temperature
discharge with confinement improvement similar to the internal transport barrier. Super high density and high
pressure plasmas with IDB (internal diffusion barriers) are obtained. The central electron density exceeds
1.1x1021m-3 and IDB discharges enable good confinement regime to be extended to the high density operation
regime. 5.1% volume averaged beta plasma is transiently produced by pellet fuelling and 5% plasma is maintained in
quasi-steady state by gas-puff fuelling. By using an IDB, high central beta plasma comparable with standard high beta
operation has been achieved. On the steady state operation, the pulse time with high input power operation is
extended by the replacement of the divertor plate with good heat conductivity. The future subjects on LHD
experiments to reactor are also discussed.

Keywords: Large Helical Device, recent progress, high ion temperature, internal transport barrier, super high
density, internal diffusion barrier, high beta, resistive interchange, steady state, high heat load

1. Introduction
The LHD (large helical device) is the largest

super-conducting helical machine in the world [1]. The
experiment started at the end of the March 1998. Up to Dec.
5th 2008, 90426 discharges were done. As the typical
plasma parameters, the plasma major radius is around 3.7m,
the plasma volume is around 30m3. The maximum
operational magnetic field strength is 3T. The central
rotational transform is less than 0.4 and the edge rotational
transform is more than 1.5. At the core, the magnetic shear
is week and at the edge, it is strong.

In this paper, we will show some topics of the recent
LHD experimental results related with the extension of the
operational regime to the fusion reactor. In the table 1, the
recent achievement in LHD experiments and the designed
targets are shown. On the central temperature, 5.2 keV at
ne~1.6x1019m-3 for ion and 10keV for electron are achieved.
On the beta value, which is a key parameter to construct
the economical fusion reactor, the volume averaged beta
reaches 5.1% transiently. Steady state discharges with the
490kW input power for over 54minutes, 1.1MW for 800s
are maintained. The maximum operational density exceeds
1021m-3 in the center. The available heating power is
increasing. Now more than 25MW heating power is
available by NBI, ECH and ICH. As the heating power

increases, the plasma stored energy also increases. Now it
exceeds 1.6GJ, which is comparable to the big tokamaks.
These extension of the operational plasma parameters
enable the systematic study near the fusion reactor
plasmas.

This paper is organized as follows. At first, the
characteristics of the high ion temperature discharges with

Achieved Designed
Target

Central Ion
Temperature

5.2keV
(1.6x1019m-3)

10keV
(2x1019m-3)

Central
Electron

Temperature

10keV
(0.5x1019m-3)

10keV
(2x1019m-3)

Central Density

1.1x1021m-3

(0.3keV)
1x1020m-3

(1.5keV)

1x1020m-3

(1keV)

Volume
averaged  5.1% (0.425T) > 5% (1-2T)

Long pulse
operation with
high heating

power

54m28s
(490kW)

800s
(1100kW)

1hour
(3,000kW)

Fusion Triple
product

5x1019kemV-3s
[ne0ETe0]

5x1019kemV-3s
[<ne>E<Te>]

Table.1 Achieved plasma parameters (up to Dec. 2008)
and the designed target.
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confinement improvement like ITB (Internal transport
barrier) are shown. Next the high density operation with
IDB (internal diffusion barrier) is mentioned. And the high
beta plasma and its characteristics are shown. The steady
state operation with high input power and high heat load is
also mentioned. Finally we summarize the recent LHD
experimental results and discuss the future subjects on
LHD experiments to reactor.

2. Recent experimental results
2.1 High ion temperature discharges

In the high ion temperature (high-Ti) operation, a key
issue is the updated NBI heating systems. At present, LHD
has 4 beam lines of NBI system, which consists of 3
tangential beam lines and 1 perpendicular beam lines.
Tangential beams are characterized high energy with
negative-ion sources. Then, electrons are mainly heated.
Perpendicular beam lines are updated recently [2]. It is
characterized as low energy ion sources, and it is effective
to heat ions. Moreover it works as a diagnostic beam for
CXRS.

The productions of high-Ti plasmas with low Zeff have
been performed by high power NB heating in LHD with
the inwardly-shifted configurations with 3.575m < Rax <
3.7m [3]. The inward shifted configuration has a good
particle confinement. A typical wave form of high-Ti

discharge is shown in Fig. 1. The time evolution of the core
ion and electron temperature (Ti and Te), the heating power
and the line averaged electron density are shown in
Fig.1(a) and(b). At the beginning of the discharge, the
target plasma was started by ECH and sequentially
connected to the low power NB heating phase with P-NBI
(positive NBI) alone. After superposition of N-NBIs
(negative-NBIs), the central Ti and Te significantly
increases. Finally, Ti exceeds Te (high-Ti phase). The
typical density at high- Ti phase is 1~2x1019m-3. High-Ti

phase is maintained for 200 ms, which is almost several
times longer than the energy confinement time.

Figure 2(a) shows the typical radial profile of the Ti

and Te at the high-Ti phase, where ne ~ 1.6x1019m-3. The
temperature profile at the high-Ti phase is characterized as
the higher Ti comparison with Te at the center and the
much steeper Ti gradient than Te at the core, which
suggests the achievement of the improved confinement
with ITB formation. On the contrary, the radial temperature
profile in the normal discharges (L-mode) is shown in
Fig.2(b). It should be noted that ITB formation is typically
observed for the larger ion heating power per the ion
density comparing with the normal discharges. Figure 2(c)
shows the radial profile of the ion thermal conductivities
for L-mode and high-Ti phase. In the core region, the
thermal transport is improved in the high-Ti phase. It
should be noted that the radial electric field is negative in
the ITB region according to the preliminary measurement
of the electric potential by the heavy ion beam probe,
which is consistent with the theoretical prediction based on
the neoclassical ambipolar particle flux condition. The
reduction of the anomalous part of the ion thermal
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Fig.2 The typical radial profile of the Ti and Te at the high-Ti
phase (a) and the normal discharges, L-mode, (b). (c) The
radial profile of the ion thermal conductivities for L-mode and
high-Ti phase.
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Fig.1 The time evolution of the core ion and electron
temperature, the heating power and the line averaged electron
density are shown in the high-Ti discharge.
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conductivity is considered more dominant on the ITB
formation comparing with that of neoclassical one. The
mechanism of ITB structure formation has not been
understood well yet. The understanding is one of our future
subjects.

2.2. High density operation
In LHD, super high density and high pressure plasmas

are obtained with IDB, which is the distinguished feature
because this kind of feature has not been observed in
tokamaks [4,5]. Super high density is obtained just after the
multi-pellet injection And the high central pressure is
obtained during the density decay phase. Maximum central
density exceeds 1021m-3, and the maximum central pressure
reaches 150kPa.

In the IDB region, the temperature profile is relatively
flat and the IDB plasma is not accompanied by an
improvement in thermal transport, while the temperature
gradient is established in the small density region outside
of IDB. The IDB plasmas is characterized as the large
Sharanov shift, and the large stochastic region is predicted
in the large electron temperature gradient region as shown
in Fig.3 according to HINT [6] calculation. However, the
large degradation of the thermal transport is not observed
in the predicted stochastic region.

As an advantage of the IDB discharges, it enable the
plasmas to extend the good confinement to the higher
density operation regime. Figure 4 shows the dependence
of the stored energy on the line averaged density for the
almost same heating power. In Fig.4, the open squares, the
blue circles and the red circles correspond to the discharges
fuelled by the gas-puff, the pellets without IDB formation
and the pellets with IDB formation. In the gas-puff
operations, the confinement performance degrades as the
density increases. On the contrary, in the pellet operations,
the good confinement performance region extends to the
higher density region comparing with the gas-puff

operations.
Next we will discuss the operational limit of the IDB

plasmas. In IDB plasmas with high central pressure, the
core density collapse (CDC) events are often observed [7].
Figure 5 shows the density profiles just before and after a
CDC event. At the CDC event, core density is abruptly
expelled. The electron temperature profiles little changes
before and after a CDC event. The typical time of the
collapse is ~100s, It is much shorter than that of the
collapse due to the MHD instabilities in LHD, which is
more than 5 ms [8, 9]. And in the collapse due to the MHD
instabilities, the changes of the electron temperature profile
is significant. Here it should be noted that the temperature
gradient is much larger than the density gradient in the core
at the conventional MHD driven collapse. Sometimes
MHD events are observed around CDC events. However,
the driving mechanism is not clear yet. And another
limitation of IDB formation is by lack of central heating
power. High density plasma inhibit NB penetration to the
core. Then the density rise by pellet is limited.

2.3. High beta discharges
The high beta regime has been extended to the

volume averaged diamagnetic beta <> of 5% mainly by
optimizing the magnetic configuration and the increase in
the NBI heating power [9]. Figure 7 shows the waveform
of the <> ~ 5% plasma, which corresponds to the
maximum beta value. In Fig.7(a), the averaged beta value
and the NBI heating power are shown and the magnetic
fluctuations resonated with the edge region in Fig.7(b)-(d).
Operational magnetic field strength is 0.425T. The plasma
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Fig.3 (a) Density and electron temperature profile of the IDB
plasma with the highest central density. (b) The predicted
magnetic surface structure for IDB plasma by HINT code.
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Fig.4 The plasma stored energy as the function of density for
the discharges with various density profiles and by various
fueling methods.
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is produced and maintained by mainly tangential NBI.
Density is controlled by gas-puffing. High beta plasma
near the 5% is maintained without disruption. In this
discharge, the duration time near the 5% is limited for 40
times energy confinement time due to the termination of a
NBI unit. If we can keep the power, the 5% beta plasma
would be maintained in steady state. On the properties of
the low mode number MHD activities in high beta region,
only resonating mode width peripheral surfaces appear,
and the core resonant MHD mode is not observed. Figure 8
shows the beta profile at <> = 5%. Though some fine
structures like a flattening and asymmetry in the profile
appear, the effects on a global confinement look small.
According to theoretical analysis for low mode number
ideal and/or resistive MHD instability, only the instabilities
with narrow radial mode width are predicted.

Next we discuss the effect of MHD instabilities on the
confinement [10]. Figure 8(a) shows the characteristics of
the local confinement properties at the edge normalized
gyro-Bohm anomalous transport model. It should noticed
that ISS95 empirical confinement scaling has the similar
dependence of Gyro-Bohm anomalous transport model.

The local confinement performance at the edge gradually
degrade as beta increases. Figure 8(b) shows the peripheral
transport properties normalized by a resistive interchange
mode driven turbulence proposed by Dr. Carreras et al [11].
In high beta region, the beta dependence of experiment
data is well reproduced by that, which suggests the
resistive interchange mode make a important roll on the
local transport properties in edge region. In the resistive
MHD instability, the magnetic Reynolds number, S is a key
parameter and the anomalous transport driven by it would
decrease as S increases. The S is proportional to the cubic
of the magnetic field strength under a scaling. If we can
obtain 4% beta discharges in 1T, the S is expected 10 times
larger than the present 5% beta plasmas. To confirm the
influence of the resistive interchange mode turbulence
driven transport by the extension of the magnetic field, we
need to extend the high beta regime to the operations with
the higher magnetic field.

Recently another high beta plasma production is
established by using an IDB scenario with the multiple
pellet injections [7]. As the magnetic field strength
decreases, CDC effect in IDB discharges on confinement

Fig.8 The normalized peripheral thermal transport
coefficients as the function of the beta value (a) by the
gyro-Bohm anomalous model and (b) the resistive
interchange mode driven turbulence.
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becomes small. Then in low field operation with IDB
plasmas, high central beta plasma comparable with
standard high beta operation has been achieved. The beta
profiles are shown as a function of the normalized minor
radius in Fig.9(a) and of the major radius in Fig.9(b). In
Fig.9, the closed circles denotes the beta profiles
produced by IDB scenario and the open circles by the
standard high beta scenario, which is exactly same with
Fig.7. 0 ~ 10% is transiently achieved under <> ~ 3%,
which is comparable to that of the standard high beta
operation with <> ~ 5%. The beta profiles by the IDB
scenario is characterized as the steeper gradient of beta in
the core comparison with that in the edge and the larger
Shafranov shift. The production of the peaked pressure
profile has the advantage for the MHD stability because
of the large Shafranov shift and the steep pressure
gradient and for the high fusion power output because it
is proportional to the square of beta value not to the beta
value itself.

2.4. Steady state operation
In LHD long pulse discharges, the extension of the

duration time of discharges with the high heating power
after the achievement of the world record of the largest
heating energy (integrating heating power). The long pulse
discharges with the high heating power is considered
useful for a progress of the investigation on the impurity
transport, the plasma-wall interaction and so on,
characteristic time scales of which are long, because the
discharges with the higher heating power have closer
performance to the reactor. Recently the pulse time with
high input power operation is extended by the replacement
of the divertor plate and a model of the upper limit of the
duration time of the long pulse discharges against the
heating power based on the accumulated experimental data
[12].

The duration times of the discharges, τpl are shown as
a function of the heating power, PH in Fig.10. The open
circles corresponds to the experimental data before the
replacement of the improved divertor plates with good heat
conductivity, and the closed squares to ones after the
replacement. The duration time data of the discharges
before the replacement of the divertor plates were obtained
for the wide range of heating power, which suggests the
existence of a limitation of τpl. The envelope of the
maximum of τpl is approximately expressed by the solid
curve shown in Fig.10 and by the following equation:

  ,log cHHpl PPP  (1)

which corresponds to empirical scaling low of the τpl

against the heating power. In eq.(1), Pc is a constant. In
Fig.10, the dashed line corresponds to the contour of the
integrated heating power. From the solid line and the

dashed lines, the larger integrated heating power discharges
are easily obtained in the lower input power discharges for
LHD. The empirical scaling low of the τpl is consistent with
the following model. The upper limit of the temperature of
the divertor plate, Tdiv-cr is assumed to keep the discharges
stationary for long time. And the temperature of the
divertor plate is determined by its time constant of the heat
removal, dhr, where the saturated temperature is assumed
proportional to heating power, PH and the dhr. The strong
correlation between the temperature of the divertor plate
and the penetration of the high Z impurity to the balk
plasma from the divertor plate is observed in the LHD long
pulse discharges up to date [12]. Under the above
assumption, the predicted duration times of the discharges
is expressed as

  .log crHHdhrprepl PPP   (2)

Here dhrcrdivcr CTP  and C is a constant depending on
the magnetic configurations, the plasma parameters and
the heating methods. Eq.(2) coincides the empirical
scaling based on the LHD experiments and it suggested
the improvement of the heat conductivity of the divertor
plate is the most important critical issue to extend the
duration time of the discharges with the high heating
power. As shown by the black squares in Fig.12, the
duration time of the discharges with high heating power
is extended after the replacement of the improved divertor
plates with good heat conductivity: from 400s to 800s for
the discharges with 1MW heating power, where the high
central electron temperature with 1.5keV at ne =
0.6x1019m-3 is maintained. From Fig.10 and Eq.(2), it is
speculated that the replacement of the divertor plate
improve the capability of the heat removal by ~1.4 times as
the time constant of the heat removal.

3. Summary and discussion
In this paper, the recent progress of the LHD

experimental results related with the extension of the
operational regime to the fusion reactor is reviewed.

LHD experiments can demonstrate the high ion
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Fig.10 The duration times of the discharges, τpl as a function
of the heating power, PH. The open circles corresponds to the
data before the replacement of the improved divertor plates,
and the closed squares to ones after the replacement.
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temperature discharge with confinement improvement
similar to Internal Transport Barrier (ITB), which is
characterized as the higher Ti comparison with Te at the
center and the much steeper Ti gradient than Te at the core.
In the LHD, super high density and high pressure plasmas
with internal diffusion barriers are obtained, which is the
distinguished feature because this kind of feature has not
been observed in tokamaks. The central electron density
exceeds 1.1x1021m-3 and IDB discharges enable good
confinement regime to be extended to the high density
operation regime more than several 1020m-3. 5.1% volume
averaged beta plasma is transiently produced by pellet
fuelling and 5% plasma is maintained in quasi-steady state
by gas-puff fuelling. Up to 5% beta, disruptive phenomena
is not observed. However, the gradual degradation of the
energy confinement is observed with beta value, which
would result in the enhancement of the resistive
interchange mode turbulence due to the small magnetic
Reynolds discharges. By using an IDB, high central beta
plasma comparable with standard high beta operation has
been achieved. On the steady state operation, the pulse
time with high input power operation is extended by the
replacement of the divertor plate with good heat
conductivity: from 400s to 800s for the discharges with
1.1MW heating power. A model of the upper limit of the
duration time of the long pulse discharges against the
heating power based on the accumulated experimental data
is established. According to the model, the heating energy
would extend to 2000s when the heating power is 0.9MW.

Finally we discuss the subjects on LHD experiments
to the reactor. At present, for LHD type reactor, 2 operation
scenarios are considered; high temperature scenario and
high density scenario. High temperature scenario is a
conventional scenario. In principle, LHD target parameters
as shown in table I were designed based on the high
temperature scenario. As the subjects to high temperature
scenario, the following items are picked up. (1) reduction
of neoclassical transport in low collisional regime. In order
to demonstrate it, the achievement of the positive electric
field in the low collisional regime, the so-called "electron
root in the n-regime" and the improvement of the ion
thermal transport are necessary. Moreover, the high
performance confinement comparing with the ISS95
scaling in low collisionality and high beta regime under
low beam pressure should be demonstrated because the
present high beta discharges are obtained only in the
relatively high collisionality regime and under the non-
negligible beam pressure, and their confinement properties
are poorer with the higher collisionality, which is
equivalent to the higher magnetic Reynolds number. In
high beta regime around 5%, the beam ratio to diamagnetic
energy is estimated ~30%. LHD high beta discharges are
operated at the relatively low density and low magnetic

field, and the tangential high energy particles have good
confinement properties even in low magnetic field. That is
the why the beam contribution is fairly large in LHD high
beta discharges. The effect on MHD instabilities and
equilibrium should be investigated. After discovery of the
super high density operation with IDB plasmas, the high
density scenario is proposed and its capabilities have been
investigated [4]. As the subjects to high density scenario,
the following items are picked up; (1) development of
particle fueling method in the core with high density and
relatively high temperature repeatedly. (2) understandings
of CDC mechanism to avoid it. (3) study of transport
property in stochastic regime. As the subjects related with
steady state operation, the following items are picked up;
(1) study of impurity transport. (2) development of
suppression method of heat load to divertor. These subjects
are common for the above 2 scenario.
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Abstact 

The first plasma has been successfully obtained just after EAST engineering construction and 
followed by achievement of diverted plasma configuration in the second campaign under the full 
metal wall condition. To support the long pulse diverted plasma discharges, new capabilities 
including the fully actively water cooled in-vessel components, current drive and heating powers, 
diagnostics, real-time plasma control algorithm were developed. These developments were 
primarily validated in recent experimental campaign, such as realization of RTEFIT/ISOFLUX 
control algorithm, LHCD long pulse discharges over 20 seconds, etc. Recent experiments in HT-7 
focused on long pulse discharges under different scenarios. The long pulse discharges up to 400s 
renews the records in HT-7 after a series of system modification.  
Key words: superconducting tokamak, long pulse discharge, lower hybrid current drive 
 
1. Introduction 
EAST (Experimental Advanced 
Superconducting Tokamak) was 
completed its engineering construction 
and achieved the first plasma in 
2006[1,2]. First divertor plasma in 
EAST was obtained in the second 
campaign in 2007. As first full 
superconducting tomakak with highly 
shaped plasma configuration, EAST is 
aimed to the high performance plasma 
and relevant technologies under steady 
state condition. To meet these 
requirements, EAST has the actively 
cooled plasma facing components (PFCs) 
and is equipped with lower hybrid 
current drive (LHCD) and ion cyclotron 
resonant heating (ICRH) systems. It 
could address a number of issues 
regarding the technology of steady-state 
divertor control and physics of long 
pulse operation with non-inductive 
current drive. 
In last few years, HT-7 experiments 
were strongly oriented to support the 
EAST project both physically and 

technically[3], such as long pulse 
discharges, high performance plasma 
investigation, etc. Experience and 
experiments from the HT-7 become one 
important part of the EAST basis and 
certainly speeds up the EAST procedure. 
This paper will report the main progress 
of machine modification and operation 
on EAST and long pulse experiments on 
HT-7.  
 
2. System Development  
The long pulse high performance 
operation of a tokamak requires specific 
in-vessel structures and PFCs, which 
should be capable to handle the particle 
and heat fluxes in a variety of operation 
scenarios under steady-state condition. 
The in-vessel structure on EAST is a 
complicated integration of multi-systems 
as shown in Fig.1. They are composed 
of the fully actively water cooled PFCs 
and supporting structures, a full set of 
magnetic inductive sensors for machine 
operation and plasma control, the 
divertor cryopump, the actively water 
cooled internal coils for vertical 
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stabilization control, divertor probe 
arrays, baking system and thermal 
coupler etc. The system of the actively 
cooled PFC is a key element in 
construction of the new in-vessel 
structure. Fig.2 shows the EAST 
in-vessel structure together with ICRF 
antenna and LHCD launcher after full 
construction. The in-vessel geometry is 
designed as top–bottom symmetry to 
accommodate both double null or single 
null divertor configuration.  

 

Fig.1  Elevation view of EAST in-vessel 
structure 

 

Fig.2 Picture of in-vessel together with the 
ICRF antenna and LHCD launcher 
Present PFCs structure can handle a 
peak heat flux up to 3.6MW/m2 on the 
divertor plates and 0.5MW/m2 on other 
plates. Bolted tiles affixed to an actively 
cooled heat sink are employed in the 
initial PFCs engineering. All plasma 
facing surface are made by one kind of 

multi-element doped graphite 
materials[4]. Such a structure with 2 t/h 
water mass flow rate for inner target, 
outer target and dome can maintain 
plasma facing surface temperature 
around 800℃ under peak heat load up to 
3.6MW/m2 according to the 
thermo-hydraulic analysis. Each of the 
upper and lower divertor structures 
consist of three high heat flux targets: 
inner, outer and private baffle (dome) 
plates. The vertical targets and dome 
form a “V” shape. Two gaps between 
inner, outer target and dome were 
provided with total 180m3/s gas 
conductance for particle and impurity 
exhaust by cryopump, which was 
installed behind first wall and diverter 
plates. All PFCs were divided into 16 
modules in toroidal direction for easy 
maintenance and modification. Two 
movable molybdenum limiters have 
been installed, which allow radial 
movement from 2.26m to 2.42m. 
In-vessel coils close to plasma with fast 
power supplies are utilized for vertical 
stabilization, which are also shown in 
Fig.1. The coils have been actively 
water cooled and can be operated at a 
current up to 20kA/turn under 
steady-state condition.  
EAST vacuum chamber has double layer 
structure and can be baked up to 250  ℃

by high pressure hot nitrogen gas. The 
PFCs can be baked up to 350  ℃ also by 
hot nitrogen gas flowing in the cooling 
lines of the heat sinks. Other 
components including the 4 DC glow 
discharge anodes and 2 RF conditioning 
antenna were installed for wall 
conditioning. The RF conditioning is 
used normally for boronization and wall 
cleaning. The thermal couplers are 
attached on the chamber and port 
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extension walls and embed in the 
graphite titles of the liner, limiter and 
divertor for wall conditioning and also 
plasma discharges. 
All magnetic sensors are newly 
manufactured and installed in vacuum 
chamber as a part of the integration of 
whole in-vessel components. They 
provide sufficient information for 
machine operation, plasma control and 
physics analysis. Two Langmuir probe 
and mach probe arrays were integrated 
on the specific divertor and dome 
modules. They were made by graphite 
rode and cooled through thermal 
conducting to the heat sink of the 
module, which is actively water-cooled. 
The probes were installed both in top 
and bottom diverter plates and dome 
respectively. The individual probe tips 
can be easily configured as triplet probe 
array along the divertor plates with a 
poloidal resolution of 2cm. The mach 
probe has 4 tips, which are oriented for 
toroidal and poloidal velocity 
measurements.  
An advanced x-ray imaging crystal 
spectrometer (XCS) in collaboration 
with PPPL and NFRI has been installed 
at the end of the main pumping duct for 
ion and electron temperatures 
measurements[5]. There is a single 
channel laser interferometer with the 
vertical sight line at R = 1.9 m, which 
provide a line integrated density for 
density feedback control. Two visible 
CCD camera look at plasma in 
tangential sight line to monitor plasma 
discharges. Additional 20 diagnostics 
installed presently can provide 
measurements of electron temperatures, 
surface temperature of the liner or 
divertor plates, radiation power, and 
information of soft-X ray, visible to near 

UV radiation of impurities, Hα radiation 
etc. Hard-X ray and neutron flux 
measurements are also available for 
LHCD experiments and monitoring the 
runaway electrons. 
The RF systems at ICRF with 1.5MW, 
30~110MHZ and at LHF with 2MW, 
2.45GHz are available for heating and 
current drive experiments as well as wall 
conditioning and discharge 
pre-ionization.  
 
3. The experiments with new PFCs 
EAST as a full superconducting 
tokamak has new features compared to 
conventional tokamak and also those 
tokamaks only with the toroidal 
superconducting coils. The key issue is 
to reduce the PF current variation rate by 
optimizing plasma operation scenarios, 
particularly, during plasma current 
buildup phase, which is important for 
stability and safety of the 
superconducting magnets with fixed 
cooling capability under steady-state 
condition. To achieve reliable break 
down and plasma current ramping up, 
the RF cleaning and boronization were 
used as routine wall conditioning on 
EAST. The working gas was hydrogen 
in 2007 and switched to deuterium for 
recently campaign in 2008. 
The experiments have firstly performed 
using pre-programming shape control 
and feedback control for plasma position 
and current with the internal control 
coils (ICs) for vertical stabilization. To 
verify the shaping capabilities of the 
poloidal field system and vertical 
stabilization of ICs, highly shaped 
plasma at various configurations has 
been stably produced. The following 
configurations have been stably 
produced: double null configuration 

I-05

21

Proceedings of ITC18, 2008



with kappa=1.9 and delta=0.50; top or 
bottom single null configurations with 
kappa=1.7 and delta=0.64 with a plasma 
current up to 0.6MA. Above results 
almost cover all designed configuration 
in EAST and confirm the capabilities of 
the poloidal field systems including ICs 
and their power supplies for the present 
operation regime. Such experiments 
provide the important basis for 
algorithm development and optimization 
of real time plasma shape control. 
The full reconstruction of the 
equilibrium has be performed by using 
EFIT[6] code routinely between shots. 
This kind of reconstruction was made to 
be real-time (RTEFIT) and sufficiently 
fast for the real-time shape control in 
DIII-D by using a fast loop and a slow 
loop calculations on separate CPUs. 
While RTEFIT has been done at a 
control cycle, the control reference 
points were determined at first. The flux 
difference between measured and 
pre-defined at the reference points were 
controlled to be zero based on the called 
RTEFIT/ISOFLUX algorithm, This 
control algorithm was primarily realized 
on EAST in 2008 campaign, which 
provides good basis for RF coupling. 

 
Fig.3 delivered 800kW LHCD power for 
nearly full non-inductive current drive 
The LHW was used for current drive 
both in sustaining plasma discharges and 
assisting the plasma start-up. The 
plasma shape and position were 
optimized to maximize the wave 

coupling into the plasma. Nearly 0.8MW 
LHW at a fixed N||

peak=2.3 has been 
successfully delivered, from what about 
0.65MW power has been coupled into 
the plasma shown in Fig.3. This power 
can nearly sustain a fully non-inductive 
plasma discharge at Ip=250kA and line 
averaged density of ~ 1.5*1019m-3. The 
current driving efficiency under this 
condition is about 0.8*1019 Am-2W-1 
shown. Significant electron heating by 
LHW has been observed, while ion 
heating is very weak. The plasma 
discharges can be sustained over 20 
seconds in such operation scenarios 
(Fig.4) under present condition. The 
LHCD experiments were also performed 
at different plasma current. At present 
conditions, LHCD can sustain plasma 
discharges of 400kA and line averaged 
density of ~ 1.5*1019m-3 for a duration 
longer than 10s. Maxima current drive 
efficiency up to 1.0*1019 Am-2W-1 has 
been achieved. It means the possibility 
to sustain fully non-inductive plasma 
discharges at 500kA and line averaged 
density of ~ 2.0*1019m-3 with presently 
available LHW power of 2MW, which 
will be a next goal. 

 
Fig.4 Long pulse discharge sustained by 
LHCD for 22s 
Plasma initiation, ramp up and control 
are very important issues for a full 
superconducting machine. Full use of 
the PF capability can create a loop 
voltage of ~6.5V with a reasonable null 
field configuration, which will produce 
vessel currents up to 150 kA [2] at 
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breakdown and lead to a loss of poloidal 
magnetic flux of about 0.3 V*s. Low 
loop voltage startup has beneficial not 
only for safety of the machine operation, 
but also for reduce loss of poloidal 
magnetic flux due to vessel current. 
Break down at a toroidal electric field of 
0.3V/m has been achieved by optimizing 
the null field configuration, gas pressure 
and assistance of the LHW of 100kW 
and well conditioned wall, which 
increases the safety margin of PF coils 
significantly due to reduced the PF 
current ramping rate. At the same time, 
the loss of poloidal magnetic flux due to 
vessel current (<100kA) is only 0.1V*S.  
Very low plasma ramp rate of 0.12MA/s 
during plasma current ramping up phase 
have been obtained with assistance of 
LHCD, which can significantly reduce 
the current ramping rate in PF coils or 
voltage applied at PF coils for the same 
plasma current ramping rate. This 
operation mode, on one hand, minimized 
the heat deposition on the PF coils 
caused by AC losses, and hence, 
increases safety of machine operation. 
On another hand, it allows better plasma 
control, particularly, during shaping 
phase due to the larger voltage 
regulation margin of PF power supply.  
 
4. Experiments in HT-7 
 
In last few years, experiments in the 
HT-7 tokamak focused on long pulse 
discharges under different scenarios to 
support EAST experiments both 
physically and technically. To meet the 
long pulse operation requirements, 
several systems around HT-7 were 
modified. The plasma control algorithm 
was implemented based on real time 
magnetic equilibrium reconstruction 
with the improved magnetic diagnostics. 
The iron core is simplified by using the 

“spool” model [7] and gaps of the last 
closed flux surface from the PFCs is 
adopted for the plasma control. New 
heat sink technology and material were 
utilized to replace the belt limiter at high 
field side for validation and supporting 
construction of the EAST in-vessel 
components. 

 
Fig.5 A long pulse discharge for 400s 
The long pulse experiment was 
performed by driving the plasma current 
fully non-inductively through the use of 
LHCD, which was realized in two 
different scenarios. The first one is via 
feedback control of the magnetic swing 
flux of the transformer at a constant. The 
second way is so-called transformer-less 
discharges, which was realized by over 
current drive up to reversed saturation of 
the transformer and then switch off the 
current in the central solenoid. 
Experimental observation by hard X-ray 
pulse height analysis indicates that the 
cut-off energy of supra thermal electrons 
are smaller in the transformer-less 
discharges than in the first scenarios. 
These techniques has been used 
successfully to sustain the plasma 
discharges for 400s at Ip~50 kA shown 
in Fig 5, which is the new record in 
HT-7. The magnetic flux of the 
transformer was controlled at a constant 
during first 150s in these three shots and 
then over current drive led to switching 
off the central solenoid at about 200s, 
210s, and 270s respectively. There was 
no observable hot spot during 
transformer-less discharges, which 

I-05

23

Proceedings of ITC18, 2008



might be correlated with vanish of 
further acceleration of fast electrons 
driven by LHCD. In such an operation 
mode, the surface temperature of the belt 
limiter could be well controlled below a 
certain value for whole plasma discharge 
duration as shown in Fig.20. These long 
pulse experiments indicate success of 
the new built belt limiter, and more 
important is to validate the same heat 
sink material and structure applied for 
the EAST PFCs. The well controlled 
surface temperature also suggests 
important role of supra thermal electrons 
on the heat load at the limiter. The 
limitation for even longer pulse is due to 
uncontrollable density rise caused by 
out-gassing mainly from the first wall, 
which was heated by plasma radiation 
and not actively cooled. 
 
5. Summary and near future plan 
 
Significant progress in construction of 
the fully actively water-cooled in-vessel 
components and plasma control in 
obtaining highly shaped plasma has been 
made on EAST. The primary 
achievements, particularly, the 
experiences from last two years provide 
us confidence that the highly shaped 
plasma with relevant performance could 
be sustained by RF powers for long 
duration, although some improvements 
are needed for reliable machine 
operation and effective experiments.  
Totally 8MW RF systems will be 
available in 2009 and additional heating 
and current drive power of 8MW is 
expected before end of 2010. The 
flexibilities of heating scenarios and 
current drive in controlling power 
deposition and current density profile 
provide the possibilities to operate 
EAST in high performance regime with 
edge and/or internal transport barrier, 
which allow investigation focused on 

advanced scenarios for long pulse. In the 
next two years, diagnostics on EAST 
will provide measurements of all key 
profiles, which should be sufficient to 
describe the basic plasma performance 
and for integrated modeling and data 
analysis. 
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KSTAR’s twelve years project has been officially completed by declaring the first plasma achievement on July 
15th, 2008. KSTAR, the first Nb3Sn-based fully superconducting tokamak device, has come a long path, 
overcoming many difficult situations. The detailed engineering design and infrastructure setup for R&D have been 
completed in 2001. In March 2008, after the construction period of seven years, the KSTAR assembly has been 
completed, by connecting the cryogenic transfer lines between the tokamak and the cryogenic distribution system 
within six months in the condition of preliminary study. The commissioning on KSTAR has been progressed from 
April to July, through the following four steps: vacuum, cryogenic cool down, superconducting magnet test, and 
plasma start-up. KSTAR has successfully passed the vacuum and cool down commissioning at the first trial. As 
scheduled, the basic environment with the vacuum at 3×10-8 mbar and the temperature below 4.5K has maintained 
without any cold helium leak. Next, all of the superconducting magnets have been conducted using the integrated 
plasma control system (PCS) for fast current and position control. The first plasma discharge has been initiated 
under time synchronized operation of the power supplies, the ECH pre-ionization system, the gas-puffing system, 
and the initial set of diagnostics systems. After about 400 successive test plasma discharges, during which plasma 
was successfully controlled with a flat-top current of 120 KA, duration of up to 800 ms has been obtained at 
KSTAR.  

All of the commissioning contents, such as objectives, must-check items, target parameters, and commissioning 
results, will be presented in this paper. Specifically, various histories, such as vacuum, temperature, stress, plasma 
shot, and machine failure, will be reported.  

 
Keywords: KSTAR, Vacuum Vessel, Nb3Sn SC Coil, CS Pre-loading, KSTAR Assembly, KSTAR Commissioning, 
KSTAR First Plasma, ECH pre-ionization, Cool-down, SC transition 

1. Introduction 
Since the KSTAR (Korea Superconducting 

Tokamak Advanced Research) project started from the 
end of 1995 for the development of an advanced 
superconducting(SC) tokamak to establish a scientific 
and technological basis for an attractive fusion reactor [1], 
all related systems have been rigorously developed 
through early R&D and design phase which was actually 
terminated in middle of 2002. The R&D and design 
period provided key technologies and a crucial basis for 
the actual construction of the machine, which started in 
early 2002 [2]. The machine construction phase 
proceeded from 2002 and was finished by August of 2007. 
During the construction period, various kinds of 
important construction activity were simultaneously 
implemented. Among these various areas, the main 
tokamak system such as i) a vacuum vessel (VV) and 
cryostat, ii) thermal shields, iii) SC coils and structure, iv) 

SC interface system including current feeder system, v) 
machine assembly and system integration was a crucial 
engineering area of which the quality and schedule could 
decisively affect the success of the KSTAR construction 
efforts. All activities related to the systems mentioned 
above have been successfully carried out by August 2007. 
As a result, the KSTAR team finally declared the 
machine construction in September 2007. The integrated 
commissioning started from March 2008 after 6 months- 
preparation of final helium distribution box (HDS #2). 
The integrated commissioning has been successfully 
progressed without any serious problem and completed in 
first trial attempt. At last, the KSTAR has been officially 
completed by declaring the first plasma achievement on 
July 15th 2008. All commissioning results were verified 
by a special committee, whose members were nominated 
by the Minister of Education, Science, and Technology.  

Warm-up of the machine started on July 20th was 
completed by end of August. Warm-up process was 
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performed with two steps: forced helium circulation and 
natural warm-up. Now the machine is in the stage of 
preventive maintenance and system upgrade for next 
campaign. 
 

2. History of the Construction 
 

2.1 Vacuum Vessel (VV) and Cryostat 
The VV of the KSTAR is one of the most important 

structures as it provides ultra-high vacuum conditions for 
the generation and confinement of the tokamak plasma. 
Therefore, all structures and fabrication techniques for 
the VV should meet the general requirements as 
described in detail in the literature [3]. The VV was 
designed by the end of 2001 to meet the requirements by 
both the KSTAR staff and by Hyundai Heavy Industries 
(HHI). The major parameters of the KSTAR VV are 
illustrated in Table 1. 

Table 1. Major parameters of the VV 
Parameters Values 

Inner radius of the torus 
Outer radius of the torus 
Height/width 
Rib thickness 
Double wall thickness 
Total weight 
Surface area (inner shell) 
Relative permeability 
Shell thickness 
Resistance 

1.1 m 
2.99 m 
3.387 m/ 1.880 m 
20 (40) mm 
50-190 mm 
72 ton (with support) 
100 m2 (without port)
<1.10 (after welding) 
12 mm 
> 40 μΩ 

The cryostat is a single-walled vacuum vessel that 
provides a vacuum environment for the entire space in 
which all of the SC magnets and sub-systems are 
contained. This cryostat structure is mainly composed of 
large three parts: the base, the cylinder, and the lid. It 
achieves a target vacuum pressure (< 1×10-2 Pa) to allow 
the cool-down start of the cold mass. The total weight and 
height of the cryostat are 180 tons and 8.56 m, 
respectively. The fabrication of the cryostat started in 
middle of 2002 by HHI. As the diameter of the cryostat is 
8.8 m, as mentioned above, it was impossible for the 
entire cryostat structure to be transported from the factory 
to the site. This technical problem was solved through the 
breakdown of the fabrication of the cryostat system into 
several sub-units in the factory. These sub-units were 
finally welded together at the site. Two halves of the 
cryostat base were completed in the fabrication process at 
the factory by the end of 2003 and were welded to each 
other at the site to form the entire base structure by 
February of 2004. The cryostat cylinder was divided into 
four quadrants, and the cryostat lid was divided into three 
pieces of a knuckle and a crown with ports. Both the 

cylinder and the lid were delivered to the site and were 
completed through site welding in June of 2004. 

 
2.2 SC Magnet System 

As detailed description is explained in the literature 
[4], the SC magnet system consists of 16 toroidal field 
coils and 14 PF coils. Both the TF and PF coil systems 
use internally cooled superconductors. The TF coil 
system provides a magnetic field of 3.5 T at the plasma 
center, with a peak flux density at the TF coil of 7.2 T. 
The nominal current of the TF coil is 35.2 kA. The PF 
coil system, which consists of 8 coils in central solenoid 
(CS) coil system (PF1-4) and 6 outer PF coils (PF5-7), 
provides 17 Vs and sustains the plasma current of 2 MA 
for 20 s, inductively. PF1-5 coils use Nb3Sn CICC in the 
Incoloy908 conduit and PF6-7 coils use NbTi CICC in a 
modified stainless steel 316LN conduit. The fabrication 
procedure of the TF coils is (i)delivery of the CICC in 
spool, (ii)coil winding using three dimensional 
continuous scheme, (iii)attachment of joints and helium 
stubs, (iv)heat treatment in a vacuum furnace, (v) 
insulation taping on CICC and ground wrap, 
(vi)impregnation(VPI), and (vii)acceptance test. The joint 
of TF coil is strand-to-strand joint with solder between 
Nb3Sn cable of TF coil and NbTi cable of busline. The 
last TF coil was finished in the fabrication by January 
2006. The PF6 and PF7 coils, which are made of NbTi 
conductor, have been fabricated at the KSTAR building 
due to the difficulties in transportation. Fabrication of the 
30 superconducting coils was completed by January 2006 
with fabrication finish of the PF5U coil.  

The KSTAR magnet structure consists of 16 TF 
structures, one CS structure, and 80 PF structures. Most 
of structures are made of stainless steel 316LN. The 
major fabrication procedure of the TF structures are; (i) 
fabrication of C-shaped coil case welded with inter-coil 
structure, (ii) fabrication of flat cover plate welded with 
inter-coil structure, (iii) coil encasing, (iv) final enclosure 
welding, (v) second vacuum pressure impregnation, (vi) 
final machining and delivery, and (vii) toroidal insulation 
attachment. Figure 8 shows the final machining process 
and assembly. The 16 TF structures have been finished in 
fabrication by January 2006. Current feeder system 
consists of SC buslines with joints, current leads with 
current lead boxes, and helium lines with electrical 
isolators. The superconductor of the buslines are made of 
NbTi strands in circular CICC. The current leads are 
vapor-cooled type leads, which are made of brass to 
minimize the helium consumption during zero current. 
The current lead boxes has been fabricated and installed 
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at the basement pit of the KSTAR tokamak.  
 

2.3 SC Coil Test 
A large SC coil test facility has been constructed and 

the performance test of the full size TF prototype coil, 
TF00 coil, and a pair of CS model coil were carried out in 
the test facility [5]. The major objective of the test is to 
confirm the validity of the design and the fabrication 
process. The results of the cool-down and current 
excitation test of the TF00 coil over than 30 kA showed 
that the TF coil design and fabrication procedure were 
acceptable. The CS model coil test has been implemented  
similar procedure of cool-down and current excitation as 
those of TF00 coil. The peak field measured at coil inner 
surface was about 8.6 T when charged up to 20 kA.  

 
2.4 Thermal Shields 

There are three types of KSTAR thermal shield: a 
vacuum vessel thermal shield (VVTS), a cryostat thermal 
shield (CTS), and a port thermal shield (PTS). The main 
shield panel is fabricated from a 316L plate 3 mm in 
thickness and a stainless steel pipe with a 7 mm ID. A 
wall with a thickness of 1.5 mm is welded on the panel. 
The shield panel has roughly two types of support made 
of epoxy glass to minimize heat transfer by conduction. 
As the VVTS is placed in the narrow gap between the TF 
superconducting magnet and the vacuum vessel, the 
VVTS panel is coated with silver at a thickness of 10 ㎛  
in place of the use of multi-layer insulation (MLI) [6]. 
The VVTS has a double-pipeline configuration for 
redundancy. The CTS consists of three parts: the lid TS, 
the body TS, and the base TS in the cryostat. Each part is 
toroidally divided into 16 sectors like the VVTS. Its 
space is such that 30 layers of MLI are used to mitigate 
the effects of thermal radiation from the cryostat surface 
to the superconducting coils. There are 72 penetration 
ports classified into seven types to connect the vacuum 
vessel body and the cryostat. PTS coated with silver 
covers these ports. The VVTS fabrication started from the 
early 2004 and completed by the end of 2004.  

 
2.5 KSTAR Assembly 

The KSTAR assembly of which details are described 
in the lieterature [7] was divided into four stages. The 
first stage started at the beginning of 2004 and lasted until 
June of 2004. The first stage assembly included assembly 
of the cryostat base, gravity support for SC magnets, and 
main assembly jigs. The second stage started in July 2004 
after completion of the main assembly jigs. The second 
stage included assemblies of major structures such as the 

VV, VVTS, TF magnets, and VV supports. In March of 
2005, the main jig system was partly removed and the 
VV and VVTS were installed on the tokamak pit. The TF 
magnets were assembled from April of 2005 to May of 
2006. The last sectors of the VVTS and VV, as well as 
that of the VV supports, were assembled in turn by June 
of 2006 as the final assembly step of the second stage. 
The third stage assembly mainly included assembly of all 
PF and CS coils. After the PF6L, PF7L, PF7U, PF6U 
coils were installed onto the TF structure in turn, the 
PF5L coil and the PF5U coil were assembled by October 
2006. The CS coils were sub-assembled in the main 
experimental hall during the assembly period of the PF 
coils. The CS coil system after the sub-assembly process 
was finally assembled on the TF magnet system by 
October of 2006 as shown in Fig. 1. The third stage also 
covered final installation and system tests for all 
in-cryostat components of the SC bus line, SC joints, 
helium piping system, and all of the cryogenic and strain 
sensors. After most of the in-cryostat components were 
installed in the third stage, the cryostat cylinder was 
assembled in early January of 2007, as shown in Fig. 2.  

 
Assembly of the cryostat cylinder provided a 

condition for the final welding of the VV ports. 
Subsequent procedures were the assembly of the cryostat 
lid and the assembly of the vertical ports. Two pumping 
duct systems for the VV and cryostat were 
simultaneously assembled during the assembly of the 
vertical port. As a final step for the assembly, all of the 
VV ports were blanked for vacuum sealing by the end of 
April of 2007.  

 
3. Ancillary Systems 

In addition to the construction of the main tokamak 
system, every ancillary system was simultaneously 
developed and installed to meet the target date of KSTAR 

 
Fig.1 Assembly of the CS 

 
Fig.2 Assembly of the 

cryostat cylinder 
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first plasma. The 9 kW Helium Refrigeration System 
(HRS) was finished in system commissioning and final 
acceptance test by March 2008. 

The magnetic diagnostics for the first plasma have 
been also installed and completed the system test. Other 
crucial diagnostics such as ECE, single-channel 
interferometer, visible TV system, Hα monitoring system, 
and filter-scope were finally ready for first plasma. The 
ECH system (84 GHz, 500 kW, 2 sec) was also rigorously 
tested for ECH-assisted pre-ionization using 2nd harmonic 
[8]. The ICRH system (30~60 MHz, 2 MW, 300 sec) were 
fully tested with dummy load. However, the ICRH system 
was utilized ICRH discharge cleaning under TF field 
within 30 kW owing to the absence of cooling system for 
the ICRH antenna. The Magnet Power Supply (MPS) was 
successfully tested with dummy coil at room temperature 
[9]. As a result, all the system for start of integrated 
commissioning and first plasma were completed in system 
installation and self-commissioning before   start of 
integrated commissioning. Figure 12 shows the KSTAR 
device and all of the ancillary system in the main 
experimental hall. 

 

4. Vacuum Commissioning 
KSTAR has two separate vacuum regions: one is the 

vacuum vessel for plasma discharge and the other is the 
cryostat for thermal insulation of superconducting 
magnets. The main task of the vacuum commissioning is 
to check the base pressure and leak rate of whole system 
to guarantee long-term operation. The commissioning 
was performed with two steps. The first step was taken 
after the assembly finish in June 2007. In the first trial, 
the cryostat vacuum was not achieved due to very tiny 
leak from a bellows in the cooling pipe of the cryostat 
thermal shields. After repairing the leaked bellows, there 
were no detectable He leaks on the all of the in-cryostat 
components. The second step commissioning began in 
March 2008. Figure 3 shows the vacuum history during 
the entire commissioning period. As shown in Fig. 3 (a), 
the primary vacuum reached below 5.0×10-5 Pa within 12 
hours from evacuation, and the pressure was maintained 
in the range of 2.5×10-6 Pa before baking. While the 
vacuum vessel is baked up to 100 degree Celsius, the 
pressure continuously increased to 10-5 Pa range. After 
the baking process, the RF-assisted glow discharge 
cleaning (GDC) was implemented using hydrogen and 
helium gas. As shown in Fig. 3 (b), the vacuum pressure 
of the cryostat also reached 2.5×10-4 Pa within one day. 
In the final leak test in which all the SC magnets and the 
thermal shield were pressurized to 20 bars, there was no 
symptom of the helium leak. As the machine was cooled 

down toward 4.5 K, the secondary vacuum gradually 
decreased to 2.5×10-6 Pa. Especially, the cryostat vacuum 
drastically decreased at around 40 K. The entire pumping 
system, including control and interlock unit, were very 
stably operated through the entire commissioning period.  

 
5. Cool-down Commissioning 

The main tasks in this commissioning step were to 
check helium cold leak, mechanical stress of cold 
components, superconducting transition of coils, joint 
resistances, and operating characteristics of all cryogenic 
loops. All cold systems were cooled down to their 
operating temperature within 23 days, without serious 
trouble disturbing the cool-down process.  
 
5.1 Temperature Control and Helium Cold Leak 

The cool-down was carried out by manually 
controlling the inlet temperature from room temperature 
to 4.5 K. Figure 4 shows the temperature history of the 
first cool-down.  Temperature was controlled with two 
limitations not to have excess contraction stress: one was 
to keep within temperature gradient of 50 K across the 
coils and structures, and was to restrict temperature 
difference of 25 K between inlets and outlets. The 
cryostat pressure decreases smoothly from 2.5×10-4 Pa to 
2.5×10-6 Pa. The helium partial pressure kept around 
4.0×10-7 Pa until warm-up. To identify whether it had a 
cold leak, the helium leak rate was measured by changing 
the pressure of helium gas up to 20 bars. The change of 
leak rate was not found. This proved that the cryostat did 
not have a helium cold leak. In any events, the total leak 
rate was less than 8.9×10-9 Pa m3/s, which was much less 
than acceptable value of 1.0×10-5 Pa m3/s. 

 
5.2 Mechanical Stress Change 

To monitor the structural stress behavior during 
cool-down, 239 strain gauges were instrumented on the 
various cold components. They were measured in the 
range of 15 MPa ~ 93 MPa, which is just within 13 % of 

(a)                           (b) 
Fig. 3 Vacuum history (a) VV, (b) cryostat 
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the maximum allowable stress. A maximum hoop stress 
of 93 MPa was observed at the lower outboard leg 
because there were more constraint structures on the 
lower part. On the other hand, tensile and compressive 
stresses were observed in the PF6 and PF7 structures, 
which were resulted from the relative difference of the 
thermal contraction between the TF structure and PF 
coils. Radial displacements of the 4 segmented toroidal 
ring at 10 K were in the range of 7.66 mm ~ 7.93 mm. 
Another important issue was to check the preload change 
of the central solenoid structure. The central solenoid 
(CS) was mechanically preloaded with 747 tons at room 
temperature [10]. As shown in Fig. 5, the preload value of 
CS structure was reduced to 600 tons at 5 K and then 
back to almost same value after warm-up.  

 
5.3 SC Transition and Joint Resistance 

As the coil temperature went down to 20 K, the 
transition into superconducting state of the Nb3Sn coils; 
16 TF, and PF1-PF5 coils, was observed by directly 
measuring the coil voltage drop at a current of 100 A. 
Subsequently, the superconducting transition of NbTi 
coils; PF6, 7 coils, was observed as shown in Fig. 6. The 
transition temperatures of Nb3Sn and NbTi coils were 
around 18 K and 9 K, respectively. After the bus-lines 
were fully cooled, voltage drops were measured at 
bus-line interval which had 5 or 6 lap joints. The joint 
resistances were evaluated by linear fitting of the 
measured I-V curves. Most of the joints have resistances 
of less than 2 nΩ, which are below the design allowance 

of 5 nΩ. From this result, it is verified that KSTAR 
silver-coated lap joints have reliable and uniform 
performance [5].   

 
5.4. Magnet Commissioning 

The TF system was tested by increasing the current 
level in steps. Figure 7 shows operating characteristics of 
TF magnet. The toroidal magnet was excited to 15 kA 
corresponding to 1.5 T at R=1.8 m, and has been operated 
stably with temperature rise less than 0.1 K in current 
change interval. To investigate the magnetic effect of 
Incoloy 908, intensive field measurements were also 
performed [11]. The vertical remnant field measured 
about 10 Gauss in zero TF current, reduced to 2 Gauss at 
TF current of 15 kA. The maximum mechanical stress of 
the TF structure at 15 kA was measured to be about 41 
MPa. The quench detection system also operated reliably 
without any false activation. The maximum detected 
voltages were less than 25 mV at the instant of current 
charge started. During the entire commissioning period, 
no quench was found 

Prior to real PF coil test, each power supply was 
tested with copper dummy coils. The current was 
controlled by the PCS system which was developed under 
KSTR-DIII-D cooperation. Control of reference current 
waveform, fast current change using the blip resistor and 
mutual inductance effects between adjacent coils were 
tested with each 7 PF power supply. After the successful 
performance tests with dummy coils, major tests with the 
superconducting coils were carried out. After the every 
single coil test, integrated tests with 7 PF coils were 
carried out. Seven PF power supplies were operated in a 
uni-polar condition because there was not a protection 
circuit. The typical PF current waveform had a 3s 
ramp-up and a 4s flat-top time before the blip of 100 ms 
duration. As shown in Fig. 8, blip tests were performed 
up to changing rate of 17.1kA/s for PF6 and up to 98.9 
kA/s for PF3, respectively. 

 

 
Fig.4 Cool-down history 

 
Fig.5 Pre-load change of CS 

 
Fig. 6 SC transition of the KSTAR magnets 

Fig. 7 Operating features 
of TF magnet 

Fig. 8 Blip test results of PF 
magnets
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6. First Plasma Experiments 
 
6.1 Key Features in Start-up 

Experiments on the initial field null configurations 
were performed with two different types of IM scenarios. 
Usual “conventional mode” scenario to have maximum 
field null size to get stable initial breakdown was tried. 
Flux contributions of this mode come mainly from the 
central solenoids PF1~4 and weakly from PF6~7. The 
expected loop voltage was ~4.5 V without plasma with 
flux of 0.89 Wb. The “dipole mode” scenario was 
developed to get higher loop voltage and poloidal 
magnetic flux for higher plasma performance. This was 
achieved by charging-up of the PF6 and PF7, and it 
increased the available magnetic flux significantly. The 
loop voltage was 5.1 V with flux of 0.95 Wb. To 
compensate for the low loop voltage, an 84 GHz ECH 
system with 500 kW power was utilized as the second 
harmonic ECH assisted pre-ionization. Pre-ionization by 
the ECH system was highly reliable. With ECH heating 
during the current ramp-up, the discharges were less 
sensitive to wall conditioning. To control the wall reflux 
during the plasma shots, ICRH-assisted discharge 
cleaning was implemented during shot-to-shot interval 
under the TF field.  

 
6.2 Experimental Results 

After several tens of breakdown shots, the first 
plasma was achieved on June 13th (shot 794). Figure 9 
shows a plasma image of the shot 794. In this experiment, 
ECH was very critical system in initiating the discharge. 
Without the ECH power, plasma could not be discharged. 
With TF current of 15kA, ECH resonance layer was 
formed at R=1.8 m [12]. Under the IM conditions of the 
conventional scenario, the blip resistors were inserted for 
100ms. The ECH power was on 30 ms before the 
applying toroidal loop voltage and lasted for 200 ms with 
350 kW power. For this, the force balance with the 
current ramping was adjusted in feed forward manner. 
With the dipole mode IM scenario, more initial 
magnetization and higher plasma current could be 
obtained. In this mode, plasma current and position could 
be controlled to get 
longer plasma 
durations. As a 
result, we could 
achieve maximum 
plasma current was 
133 kA and longest 
plasma length was 
862 ms [13]. 

7. Conclusion 
After about 400 successive test plasma discharges, 

successfully controlled plasma with flat-top current of 
100 kA, duration up to 862ms was achieved at KSTAR. It 
was verified that the construction and the test results of 
the past twelve years were very successful through this 
commissioning. Looking at all of the commissioning 
results, it is certain that the success and lessons of 
KSTAR will greatly help with the upcoming construction 
of the superconducting tokamak. Especially, the 
engineering and commissioning progress of KSTAR will 
certainly benefit and contribute considerably to the 
construction of ITER. The KSTAR now plans to upgrade 
its power supply, plasma facing components, and heating 
devices as quickly and feasibly as possible, so that the 
overall performance of the machine can be greatly 
improved. The full performance experiments for 
advanced tokamak physics with a 300 sec long pulse will 
be exploited within 2012.  
 
Acknowledgment 
 
This work is supported by the Ministry of Education, 
Science, and Technology. The author would like to thank 
all the KSTAR participants from Korea domestic and 
international collaboration partners who gave efforts to 
make successful construction and commissioning. 
 

References 
[1] G.S. Lee, et al., Nuclear Fusion 41 (2001) 1515-1523. 
[2] J.S. Bak, et al., IEEE trans. Plasma Science, vol. 32, p757 

(2004). 
[3] B.C. Kim, et al., Fusion Engineering and Design, vol. 83, 

573-579 (2008) 
[4] K. Kim, et al., Nuclear Fusion vol. 45 p783 (2005). 
[5] Y.K. Oh, et al., Advances in Cryogenic Engineering 

Materials, vol. 49, p241 (2004). 
[6] W.C. Kim and J. S. Bak, Journal of the Korean Physical 

Society 49 (2006) 282-286. 
[7] H.L. Yang, et al., Nuclear Engineering and Technology, vol. 

40, 439-450 (2008) 
[8] Y.S. Bae, et al., Nucl. Fusion 49 (2009) to be published. 
[9] J.H. Choi, H.L. Yang, et al., Nuclear Engineering and 

Technology, vol. 40, 459-466 (2008) 
[10] H.L. Yang, et al., “KSTAR Assembly”, in 2006 Proc. of 

21st IAEA Fusion Energy Conference, China, FT2-2 (2006) 
[11] Y.K. Oh, et al., “Commissioning and Initial Operation of 

KSTAR Superconducting Tokamak”, in 25th SOFT, Rock, 
Germany, S8.3 (2008). 

[12] J.S. Bak, et al., “Overview of Recent Commissioning 
Result of KSTAR”, in 2008 Proc. of 22nd IAEA FEC, 
Geneva, Switzerland, FT/1-1 (2008) Fig.9 Image of ohmic 

discharge plasma 

I-06

30



Proceedings of ITC18, 2008

Advanced Tokamak Research in JT-60U and JT-60SA
Akihiko ISAYAMA for the JT-60 team

Japan Atomic Energy Agency, Naka, Ibaraki 311-0193, Japan

Results of experiment in JT-60U and design study in JT-60SA (Super Advanced) are described focusing on
the development of advanced tokamak. In JT-60U, a high-integrated performance plasma with the normalized
beta βN=2.6, confinement enhancement factor HH98(y,2)=1.0–1.1 and bootstrap current fraction fBS=0.4 has been
sustained for 25 s (14 times current diffusion time (τR)). Neoclassical tearing mode (NTM) with the poloidal
mode number m = 2 and the toroidal mode number n = 1 has been stabilized with modulated electron cyclotron
current drive (ECCD) in synchronization with the mode frequency (∼5 kHz). A high-beta plasma exceeding the
ideal MHD limit without conducting wall has been sustained for 5 s (∼3τR) by suppressing resistive wall mode
(RWM). In addition, two new instabilities in the high-beta regime, Energetic particle driven Wall Mode (EWM)
and RWM precursor, have been observed. In JT-60SA, exploration of full non-inductive steady-state operation
with current drive by neutral beams and electron cyclotron waves is planned. In addition, NTM control with
ECCD and RWM suppression with external coils are planned.
Keywords: advanced tokamak, ITER, Hybrid Scenario, NTM, RWM, JT-60U, JT-60SA

1 Introduction

Steady-state sustainment of high integrated performance is
essential for a fusion reactor, where simultaneous achieve-
ment of high values of the normalized beta (βN), confine-
ment enhancement factor (HH98(y,2)), non-inductive current
drive fraction ( fNI) and so on is required. For example, in
one of the advanced scenarios in ITER, so called the Hy-
brid Scenario, βN=2–2.5, HH98(y,2)=1–1.2 and fNI=0.5 are
assumed to obtain the fusion gain Q∼5 with the discharge
duration of longer than 1000 s [1]

To develop the scenario of the advanced tokamak op-
eration and clarify physics issues and their solution, ad-
vanced tokamak research has been extensively performed
in JT-60U by fully utilizing its capability. In JT-60U,
two major scenarios have been developed for the advanced
tokamak research [2]: high-βp H-mode scenario and re-
versed shear scenario. Sustainment of high-performance
plasmas for longer than current diffusion time have been
achieved in both scenarios. This paper focuses only on the
advanced tokamak research with high-βp H-mode.

In obtaining a stationary high-beta plasma, one of
the magnetohydrodynamic (MHD) instabilities to be sup-
pressed or controlled is a neoclassical tearing mode
(NTM). The NTM is destabilized by bootstrap current in
a plasma with positive magnetic shear and degrades the
plasma performance. Among possible mode numbers,
NTMs with m/n=3/2 and 2/1 should be controlled since
confinement degradation by them is large. Here, m and n
are the poloidal and toroidal mode numbers, respectively.

In JT-60U, two scenarios for NTM suppression have
been developed. One is avoidance of NTM onset through
the optimization of pressure and current profiles. To be
more specifically, the location of steep pressure gradient,

author’s e-mail: isayama.akihiko@jaea.go.jp

which is typically located at 0.3–0.7 in the averaged minor
radius, is adjusted so that it is far from the mode rational
surfaces. This scenario is advantageous in that NTMs can
be suppressed without additional heating/current drive sys-
tems other than those for the high-performance plasma. In
JT-60U, systems for plasma control, heating/current drive
and diagnostics were upgraded to obtain a long-duration
plasma with auxiliary heating using neutral beams (NBs)
and electron cyclotron (EC) waves up to 30 s in 2003 [3,4].
After the installation of ferritic steel tiles in 2005, a higher-
confinement plasma was obtained through the reduction of
fast ions [5, 6]. In 2007, pulse width of 3 units of the per-
pendicular NBs was extended to 30 s, which enabled cen-
tral plasma heating for longer time.

The other scenario for NTM suppression is active sta-
bilization using electron cyclotron current drive (ECCD).
In JT-60U, NTM stabilization has been performed since
the installation of the first 110 GHz gyrotron in 1999 [7],
and stabilization by real-time mirror steering [8], pre-
emptive stabilization [9] and simulation with the TOPICS
code [10–12] have been performed.

In a higher beta regime above the ideal beta limit with-
out conducting wall (‘no-wall limit’), a resistive wall mode
(RWM) appears and terminates the discharge. RWM had
been observed in reversed shear discharges before the in-
stallation of the ferritic steel tiles [13]. After the instal-
lation of the ferritic steel tiles, RWM study in a positive-
shear plasma, which requires higher NB power to reach the
no-wall limit, became possible. Detailed scan of toroidal
velocity utilizing the capability of various NB injection
pattern in JT-60U, the minimum required toroidal rotation
velocity was found to be 0.3% of the Alfvén velocity [14].

The operation of JT-60U was concluded with great
success in August 2008. A superconducting tokamak,
JT-60SA (Super Advanced), is being constructed to take
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Fig. 1 Typical discharge of a long-pulse high-beta plasma. (a) Normalized beta and NB injection power, (b) line-averaged electron density
and Dα intensity, (c) frequency spectrum of magnetic perturbations.

over and drive forward the advanced tokamak research as
a combined program of the ITER Satellite Tokamak Pro-
gram of Japan and EU and the Japanese National Program.

This paper describes results from JT-60U experiments
and JT-60SA design study with emphasis on advanced
tokamak research. After this introduction, long-duration
sustainment of a high-beta plasma through NTM avoid-
ance is described in Sec. 2. Active stabilization of an
m/n=2/1 NTM with modulated ECCD is described in
Sec. 3. Suppression of RWM by rotation control and newly
observed instabilities are described in Sec. 3. Design and
physics assessment in JT-60SA is described in Sec. 4. Fi-
nally, summary is described in Sec. 5.

2 Long-duration sustainment of
high integrated performance
plasma [15]

In JT-60U, the maximum pulse duration of 3 units of NBs
was extended to 30 s in 2007, which enabled central heat-
ing for longer time. Typical discharge of a long-duration
high-beta discharge is shown in Fig. 1. Plasma parame-
ters in this discharge are as follows: the plasma current
Ip=0.9 MA, the toroidal field Bt=1.54 T, the major radius
R=3.36 m, the minor radius a=0.88 m, the plasma vol-
ume Vp=67 m3, safety factor at 95% flux surface q95=3.2.
From t=2.5 s neutral beam was injected stepwise to avoid
onset of NTMs. The central value of safety factor q was
nearly unity, but large sawtooth oscillation was not ob-
served. The value of the normalized beta, βN≡βt/(Ip/aBt),
reached 2.6 by about 10 MW NB injection, and was sus-
tained by feedback control. It can be seen that the injection
power is almost the same, and H-mode with edge local-
ized mode (ELM) is sustained stationarily. From t∼20 s,
Dα intensity and electron density gradually increased, and
NB injection power slightly increased, showing confine-
ment degradation. Frequency spectrum of magnetic per-
turbations (Fig. 1(c)) shows that no large instability such

as NTMs is observed throughout the discharge. Although
infrequent sawtooth oscillations are observed at ∼2 kHz,
confinement degradation is not visible. Profiles of ion
and electron temperatures and safety factor at t =27 s are
shown in Fig. 2. While the the temperature gradually de-
creased as the electron density increased, peaked profiles
were maintained until the end of the high-beta phase. In
addition, internal and edge transport barriers were also
maintained. It can be seen that the q=1.5 and 2 surfaces
are located at the peripheral region with small temperature
gradient, which is effective in avoiding NTM onset.

The value of confinement enhancement factor against
the H-mode scaling, HH98(y,2), is 1.0–1.1, and the frac-
tion of bootstrap current to the total plasma current, fBS,
is 0.43–0.46 from ACCOME code calculation. These pa-
rameters satisfy the requirement for the ITER Hybrid Sce-
nario [1]. Current diffusion time, τR, is 1.8 s. Here,
τR≡µ0〈σ〉a2/12, µ0 is permeability and 〈σ〉 is volume-
averaged neoclassical conductivity [16]. Thus, the sus-
tained period in Fig. 1 corresponds to about 14τR. Ac-
tually, safety factor profile measured with motional Stark
effect diagnostic is fully relaxed and flat q-profile with
q(0)∼1 is sustained stationarily.

Progress in long-duration sustainment of high-beta
plasma is shown in Fig. 3. Before 2003, confinement was
not high (HH98(y,2)∼0.8–0.9) although pulse duration was
significantly increased from 10 to 30 s, and βN=2.3 was
sustained for 22.3 s [3, 4]. Insertion of ferritic steel tiles
contributed to extending the pulse duration as well as en-
hancing the confinement by reducing loss power and thus
increasing available power in the later phase of discharges.
Extension of the pulse width of the 3 perpendicular NBs
in 2007 made it possible to further extend the duration of
high-beta plasma, and as shown in Fig. 3, βN=2.6 was sus-
tained for 25 s, and βN=2.3 was sustained for 28.6 s. Since
the maximum pulse duration in the present JT-60U system
is 30 s, the sustained period is nearly equal to the maximum
pulse width of the NBs.
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3 Active stabilization of neoclassical
tearing mode by localized electron
cyclotron current drive [17]

In JT-60U, modulation frequency of gyrotrons has been
increased year by year through continuous modification
and conditioning. In 2008, modulation at about 7 kHz
was successfully achieved [18, 19]. For NTM stabilization
with modulated ECCD, EC wave is needed to be synchro-
nized with the rotation of the NTM. In JT-60U, magnetic
probe was used to generate a trigger signal for the modu-
lation of gyrotron power. In addition, control system for
the gyrotrons has been upgraded so that modulation fre-
quency can be changed automatically by monitoring the
magnetic probe signal in real time [19]. By using this sys-

tem, phase difference between the magnetic perturbations
and the modulated EC wave power can be fixed even if the
NTM frequency changes in time during a discharge [19].
In 2008, stabilization of an m/n=2/1 NTM with modulated
ECCD was performed.

Typical discharge waveform and plasma cross sec-
tion in an NTM stabilization experiment are shown in
Fig. 4, where typical plasma parameters are as follows:
Ip=1.5 MA, Bt=3.7 T, R=3.18 m, a=0.80 m, q95=4.1. In
this series of discharges, NBs of about 25 MW was in-
jected to destabilize a 2/1 NTM, and βN increased to about
2. An m/n=2/1 NTM appeared at t∼5.7 s, and the value
of βN decreased to about 1.2. At t=6.7–7 s, NB power
was decreased and the direction of the tangential NBs was
changed from balanced injection to counter injection to
raise the mode frequency. The 2/1 NTM started to rotate
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in the counter direction at t=7.5 s, and the mode frequency
reached about 4–5 kHz as shown in Fig. 4(c). Electron cy-
clotron wave with the frequency of 110 GHz was injected
at t=9.5 s from the low-field side as shown in Fig. 4(d). The
2/1 mode is located at ρ∼0.6, where ρ is volume averaged
normalized minor radius. According to calculation with
ACCOME and EC-Hamamatsu codes, the total EC-driven
current is 3 kA, and the peak EC-driven current density
corresponds to ∼20% of bootstrap current density at the
q=2 surface.

Temporal evolution of magnetic perturbation ampli-
tude is shown in Fig. 5(a), where phase difference be-
tween magnetic probe signal and gyrotron power Pgyr is
0◦, 90◦ and 180◦. For the 0◦ case, the mode amplitude
decreases during the ECCD. For the 90◦ case, no clear ef-
fect of ECCD is seen, and for the 180◦ case, increase of
mode amplitude, that is, NTM destabilization is observed.
Detailed scan of the phase difference shows that O-point
ECCD corresponds to the case when the phase difference
is about −10◦. Thus, the 0◦ case and the 180◦ nearly corre-
spond to O-point ECCD and X-point ECCD, respectively.
From this figure, it can be seen that phase difference should
be properly controlled to stabilize an NTM efficiently. Ex-
panded figure of magnetic probe signal and gyrotron power
for each case is shown in Figs. 5(b)–(d). As shown in these
figures, the phase difference is successfully scanned by us-
ing the newly developed system. It was also found that
the stabilization effect defined by the initial decay time of
the magnetic perturbation amplitude increases with deviat-
ing from the optimum phase difference: the decay time is
doubled when the deviation becomes ±50◦.

It is considered that modulated ECCD is more effec-
tive in stabilizing an NTM than unmodulated ECCD. How-
ever, experimental verification for an m/n=2/1 NTM has

not been done yet. In JT-60U, it was found that the initial
decay time for modulated ECCD is less than half of that
for unmodulated ECCD with almost the same (peak) EC
wave power. This shows that required EC wave power can
be reduced significantly by modulating the EC wave.

4 Long duration sustainment of
high-beta plasmas above no-wall
limit through resistive wall mode
suppression [20]

In the 2008 campaign, experiments on high-beta plasmas
above the no-wall limit are focused on the extension of
the duration. Typical discharge of a high-beta discharge is
shown in Fig. 6, where plasma parameters are as follows:
Ip=0.9 MA, Bt=1.44 T, R=3.43 m, a=0.91 m, q95=3.2. As
shown in Fig. 6(a), the plasma volume is relatively large to
enhance the wall stabilization effect, but not so large as to
increase metal impurity from the wall. In this discharge,
beta value was first increased by positive-ion-based NBs
alone, and then some of the perpendicular NBs were turned
off to replace with negative-ion-based NBs. The change of
the injection pattern is effective in avoiding the instabili-
ties which trigger RWMs (described later) by increasing
in the plasma rotation velocity and at the same time re-
ducing trapped particle component of fast ions. The value
of the normalized beta was kept at ∼3.0 by feedback con-
trol on NBs. The no-wall beta limit, βno-wall

N , calculated
by an ideal MHD stability code MARG2D [21] is ∼2.6,
which corresponds to 3.0`i. Here, `i is the internal induc-
tance. The beta limit with an ideal wall, βideal-wall

N , is cal-
culated to be ∼3.2 corresponding to 3.8`i. The value of
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Cβ≡(βN−β
no-wall
N )/(βideal-wall

N −βno-wall
N ), which indicates how

close to the ideal wall limit the beta value is, reaches about
0.3. In this discharge, the no-wall beta limit gradually in-
creases in time due to current penetration and βN becomes
smaller than 3`i at t=11.2 s. The duration of high beta
above the no-wall limit is about 5 s, which corresponds to
3 times the current diffusion time. Progress in sustained
duration of high-beta plasmas above the no-wall limit is
shown in Fig. 7. Note that all of the data points are the
ones with βN>β

no-wall
N . Although the duration was limited

to less than 1.6 s in 2005–6, it has been significantly ex-
tended in 2007–8.

In this series of discharges, two kinds of instabilities
appeared and limited the discharge duration through the
onset of RWM: one is a fishbone-like instability termed
Energetic particle driven Wall Mode (EWM), and the other

is a slowly glowing mode termed RWM precursor. Both
instabilities are observed only at βN>β

no-wall
N , and one of

them or both of them appeared in many of the high-beta
discharges. Figure 8 shows an example where both EWM
and RWM precursor are observed before an RWM. It is
found that the EWM is triggered by an ELM or an EWM
and has the following characteristics: (a) the growth and
decay time are a few milliseconds, which is comparable to
the resistive wall time τw, (b) n=1 and m=3–4, (c) no phase
inversion in electron temperature measured with electron
cyclotron emission diagnostics, that is, no island structure,
(d) much larger amplitude at the low-field side than at the
high-field side, (e) frequency chirping, (f) mode ampli-
tude correlating with the power of perpendicular NBs. The
EWM is different from the so-called fishbone instability in
that the EWM is observed even when the central safety fac-
tor is above unity. The RWM precursor has the following
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characteristics: (a) the growth time is 10–50 ms (�τw),
(b) n=1 and m=2–3, (c) no island structure, (d) a kink-
ballooning-like mode structure, (e) it decreases Vt and/or
dVt/dr. In this series of experiments, it was found that the
EWM appears and triggers RWM even when rotation ve-
locity and its shear are enough high for RWM stability. In
addition, the RWM precursor decreases the rotation veloc-
ity and its shear and triggers RWM. Thus, control of ener-
getic particles and rotation velocity/shear was found to be
important for RWM stability.

5 Physics assessment for JT-60SA

The JT-60SA device, equipped with toroidal and poloidal
coils with superconducting magnets, will be installed in
the present JT-60 torus hall [22, 23]. A birds-eye view of
JT-60SA is shown in Fig. 9. The mission of JT-60SA is
early realization of fusion energy by supporting exploita-
tion of ITER and performing research toward DEMO. The
maximum plasma current is 5.5 MA with a low aspect ra-
tio (∼2.5) plasma, and ∼3 MA for an ITER-shaped plasma.
Inductive operation with a flat top duration up to 100 s will
be possible within the total available flux swing. As in
the JT-60U experiments, control of NTM and RWM is an
important issue in JT-60SA. For RWM control, in-vessel
coils are to be installed in addition to passive conducting
wall. For NTM control, the 110 GHz EC wave system
will be reused with improvements in the pulse width and
power. Other components for the JT-60U facility, such as
NB and diagnostic system, will be reused. Since the heat-
ing/current drive system is needed to be upgraded for the
JT-60SA operation, R&D activities are being done in par-
allel with the construction.
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Fig. 9 Birds-eye view of JT-60SA.

6 Summary

Significant progress has been made in JT-60U advanced
tokamak research until the very end of its experimental
campaign in August 2008. A high-integrated performance

plasma with βN∼2.6, HH98(y,2)=1.0–1.1, fBS∼0.4, which
satisfies the requirement of the ITER Hybrid Scenario, has
been stationary sustained for 25 s (14τR). Stabilization of
an m/n=2/1 NTM with modulated ECCD has been suc-
cessfully performed by modulating EC wave at ∼5 kHz in
synchronization with mode frequency. The superiority of
modulated ECCD to unmodulated ECCD by a factor more
than 2 has been shown experimentally. A high-beta plasma
above the no-wall limit has been sustained for ∼5 s (∼3τR).
Two new instabilities which appear only at βN>β

no-wall
N , en-

ergetic particle driven wall mode (EWM) and RWM pre-
cursor, have been observed. Design activity for JT-60SA
is undergoing. Physics assessment is also being done for
advanced tokamak research.
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Issues of Perpendicular Conductivity and Electric Fields in Fusion
Devices

Michael TENDLER1)

1)Alfvén Laboratory, KTH, Stockholm, Sweden

At present it is well understood that the key element in the transition physics is the origin of the strong radial
electric field and suppression of the turbulence fluctuation level by a strong poloidal rotation in the E × B fields.
As a result, the transport coefficients are strongly reduced at fixed places and transport barriers with steep density
and temperature gradients are formed near the separatrix or the last closed flux surface (ETB) or in the core region
(ITB). The key element in the transition physics is the origin of the strong radial electric field. The issue depends
crucially on the perpendicular conductivity. The impact of the momentum transport is brought to light.

Keywords: LH transitions, ExB shear suppression, Anomalous Momentum Transport

1 Introduction

Turbulence can be regarded as randomly fluctuating rapid
motion of the fluid. It is an ubiquitous phenomenon in na-
ture and is an effective way of transporting energy quickly
as opposed to neoclassical collisional diffusion which is a
very slow process in comparison. In fusion plasma param-
eter gradients determine turbulence and various transport
modes which is the process through which particles, and
energy in the centre of the plasma are lost to surrounding
walls.

We need to gain insights into the control of plasma tur-
bulence which is the most important factor working against
the efforts towards fusion. There is accumulating evidence
from fusion experiments that regimes with improved con-
finement can achieve higher values of confinement, beta
and bootstrap current than had been thought plausible until
recently. In spite of the extra free energy available from
increased gradients in the improved confinement state, the
E × B velocity shear allows the plasma to organize itself
into a state of lower turbulence and transport.

This new way to improve confinement is bound to
have a major impact on fusion as an energy source for the
future. Transport barrier dynamics is the key scientific con-
cern at present. The interest is enhanced by the fact that a
continuously operated fusion reactor will not be operated
at a steady-state, since for control purposes, it will neces-
sarily require barriers to be created or lowered from time to
time in different portions of a plasma to facilitate a reactor
operation. Transport barriers will have to be controlled for
operation purposes.

Recently, strong arguments addressing the validity
and the experimental evidence in favour of the crucial role
played by the profile of the electric field during LH tran-
sitions has been brought to light. Indeed, it was shown
that the radial electric field is negative in the core region
and positive in the SOL provided no momentum injec-

author’s e-mail: mtendler@kth.se

tion is employed to accelerate plasma in the toroidal direc-
tion [1,2]. Radial electric field inside the separatrix is close
to the neoclassical electric field profile for a wide set of
plasma profiles provided no external momentum injection
by unbalanced neutral beam is employed [3]. In contrast,
toroidal rotation is governed by the anomalous viscosity,
shear Reynolds stress and zonal flows [4, 5].

In hindsight, the bifurcation models aimed at explain-
ing the LH transitions and invoking current caused by
the ion orbit loss [6, 7] were not confirmed experimen-
tally. There, the current caused by the ion orbit loss is
balanced by the current driven by non-linear neoclassical
parallel viscosity yielding the bifurcation of the poloidal
rotation. Yet, it was demonstrated experimentally [2] that
the LH transition can be obtained also at a high collision-
ality regime where the ion orbit loss impact is negligible.
Moreover, the poloidal rotation, which should be of the or-
der of the poloidal sound speed also contradicts the exper-
iment, where the radial electric field is determined by the
density and temperature gradients. Furthermore, from the
theoretical viewpoint the anomalous (specifically momen-
tum) transport has been neglected. In addition, the ultimate
necessity to reconcile their model put forward to explain
transitions into regimes with improved confinement with
first principles should not be overlooked [8]. To this end, it
has been emphasized that models based only on ion–orbit
loss mechanism do not satisfy this fundamental constraint
due to the inherent inconsistency with the neoclassical the-
ory. The error emerges because the j × B force (caused
either due to ion orbit losses or any other reason) has ob-
viously no parallel component whereas the parallel neo-
classical viscosity cancels exactly in the toroidal direction
according to the neoclassical theory.

Along alternative school of thought, the turbulence
has been put forward as a major player behind the tran-
sition into regimes with improved confinement. The spin-
up of the poloidal rotation has resulted from the poloidal
asymmetry of anomalous transport or the shear Reynolds
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stress [9, 10]. However, the impact of the toroidicity has
been either totally or partially neglected and the neoclas-
sical flows and currents were overlooked. Here, it is iter-
ated that many experimentally observed features may be
assessed employing the synergy of the neoclassical theory
for the electric field profiles with an anomalous momentum
transport mechanism emerging due to zonal flows. The
radial electric field profile is determined by the momen-
tum balance equations including both neoclassical effects
and zonal flows [11]. They have demonstrated that the
radial electric field is close to the neoclassical value for
not too steep density and temperature profiles. However
in contrast to standard neoclassical theory, the toroidal ro-
tation velocity is mainly determined by anomalous trans-
port of the parallel and toroidal momentum via effective
anomalous viscosity. Furthermore, the radial electric field
shows no bifurcation and the origin of the strong electric
field shear is governed by the self-consistent evolution of
plasma profiles and electric fields. The bottom line is the
sensitivity of the solution of transport equations with diffu-
sivities governed by the shear of the electric field to subtle
details of equilibrium density and temperature profiles. In-
deed, they are dependent on both gradients and curvatures
of evolving profiles. Boundary conditions imposed on the
interface of plasmas with discontinuous values of the elec-
tric field play also a crucial role yielding unconventional
solutions. Hence, it is important to bear in mind that trans-
port is not determined by local densities or temperatures,
but globally by subtle details of their profiles thereby mak-
ing diffusive time scales in principle irrelevant. Indeed,
the high sensitivity of a diffusivity (this may be particle,
momentum, energy etc.) to subtle details of equilibrium
profiles arising due to the dependence of fluxes on the first
and second derivatives of equilibrium profiles has been put
to light within the framework of the E × B shear suppres-
sion paradigm [12].To this end, the notion of subthresh-
old transitions (lacking a bifurcation and below the power
limit) has been brought about. Scenarios describing this
kind of transitions occur primarily due to mentioned above
peculiarities of anomalous diffusivities. They have been
coined ”Tunneling Transitions” in analogy with Quantum
Mechanics.

Finally, an insight is offered addressing both Internal
and Edge Transport Barriers (ITB and ETB) from the same
angle. These might have their common origin caused by
the interface of plasmas with different configurations of
confinement thereby providing a large shear of the elec-
tric field. The eloquent example of this idea takes place
at the separatrix where the electric field within the SOL is
governed by a contact with plates. This has to match the
self-generated electric field on closed field lines governed
by plasma flows and magnetic field geometry. Another ex-
ample is confronted within the bulk plasma when chains of
islands located in the vicinity of rational surfaces interface
with the main plasma body yielding the amplification of
the shear of the electric field. Within the SOL plasma the

impact of the shear of the electric field maybe also impor-
tant for the dynamics of blobs. Within the framework of
neoclassical theory, the focus is on a confined region and
this matching procedure may be provided by the impact of
boundary conditions.

2 The Impact of the E × B Shear on
Turbulence

The bottom line of the E × B shear concept consists of
two issues: the impact of the E × B drifts on a residual
turbulence and a more difficult question about a plausible
origin of significant temporal and spatial variations of the
electric field within the plasma volume [13].

Turbulence almost always coexists with large mean
flows. In plasmas flows are self-generated either due to
toroidicity ( neoclassical ) or due to turbulence ( zonal ) or
externally imposed due to any form of physical or virtual
biasing. Turbulence is fed into plasmas via energy cas-
cades due to local or global instabilities. In the L mode
turbulent 3D flows prevail characterized by strong turbu-
lent fluctuations causing small mean shear flows. If this
is the case particle trajectories are chaotic and turbulent
transport is very large. In contrast, in the H mode turbulent
fluctuations are strongly reduced. Strong mean shear flows
emerge and more regular trajectories lead to the reduced
transport of moments.

Energy cascades to larger scales in magnetized plas-
mas is a well-known phenomenon describing a mean flow
at low k numbers due to the spectral condensation. It is
the finite-system-size phenomenon requiring low dissipa-
tion in a bounded system. Mean flow generation provides
the evidence for suppression of turbulence by a mean shear
of the flow. Shearing acts more efficiently on large scales.
Assuming an appearance of the mean flow due to the drift
in the electric field, theory predicts complete stabilisation
of various modes with the increment γmax by the E × B ro-
tational shear rate γE provided

γE > γmax (1)

γE =
RBθ

B
∂(Er/RBθ)

∂r
, γmax− linear growth rate

Therefore, the complete stabilisation is the mode specific
feature providing for the ample suppression of a dominant
turbulence channel (i.e . Ion Temperature Gradient mode
driven turbulence in discharges with the ITB’s). The main
physical effect relies upon an amplified damping due to an
interaction between an unstable mode with a nearby, stable
mode and the resulting from it the increase of the Landau
damping of an unstable mode.

However, a bulk of other modes usually unstable and
detrimental to confinement under conventional tokamak
operation mode such as Trapped Electron and/or Electron
Temperature Gradient modes remain the cause of enhanced
losses.
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In general, the turbulence consists of short-lived ed-
dies, rather than coherent vortices. Therefore, the break-
up of coherent vortices described above has never been ob-
served experimentally.

In reality, the shear leads to the reduction in the eddy
lifetimes according to the following formula. Shearing rate
can be calculated as the function of the poloidal velocity
profile as

γE = L ×
[dΩ

dr
=

1
r

dVθ

dr
− Vθ

r2

]
where L is the scale of a plasma slab.

Indeed, the effective growth rate γc can be shown to
decrease dramatically according to

γc = (∆ωDγ
2
E
)1/3 (2)

where ∆ωD is the nonlinear decorrelation rate in absence
of the E × B shear.

Hence, the imposed rotation by the E × B flow leads
to turbulence reduction. In more detail, mean flows en-
force vortices into the relative motion to the magnetic field
thereby reducing energy input into the turbulence drive.
The mechanism has a potential to benefit confinement pro-
vided an option to affect the electric field profile may be
found.

3 The Origin and Features of the Elec-
tric Field

The difficult issue is how plasma can generate an electric
field profile in order to fulfill stringent requirements for
turbulence suppression imposed on the shear of the elec-
tric field profile. To elucidate the origin of the electric field
in plasma and possible causes for the omnipresence the fol-
lowing equation stringently derived from the neoclassical
theory provides the first insight

Er =
1

Zieni

∂pi

∂r
− Bφvθ + Bθvφ (3)

Here, the beneficial impact of the electric field seems to be
assured if an electric field Er and contributing to it poloidal
and toroidal rotation velocities provide for the stringent
requirement imposed on the shear. Therefore, there are
basically three ”knobs”(diamagnetic drift, poloidal and
toroidal rotations) affecting the radial electric field. In real
conditions, all of them evolve simultaneously both in space
ant in time thereby contributing to the complexity of the is-
sue.

According to standard neoclassical theory (i.e. ignor-
ing regions with steep gradients of plasma parameters) this
is found in toroidal geometry to yield

E(NEO)
r =

Ti

e

[d ln n
dr
+ (1 − k)

d ln Ti

dr

]
+ Bθvφ (4)

where k is the constant dependent on collisionality.

Fig. 1 Tentative dependence of a diffusivity on the shear of the
electric field.

Although Eq.(4) is the subject to stringent constraints
(the absence of unbalanced neutral beam injection and the
lack of regions with steep gradients of the order of the
poloidal gyroradius) it provides many useful insights, in
particular during an initial stage of the transition. Indeed,
employing Eq.(4) the shear of the electric field results to
depend on both gradients and curvatures of density and
temperature profiles.

4 Main Features of the Model

The transport barrier is modeled by diffusion equations
with arbitrary diffusivities taken as functions of the shear
of the electric field dE/dr ∼ α Hence, the system of gov-
erning equations reads

∂n
∂t
− ∂

∂r

[
D(α)

∂n
∂r
− V(α)n

]
= S . (5)

This model equation is assumed to describe any kind
of transport such as the particle and heat transport, the
toroidal and poloidal momentum transport and the turbu-
lence transport. The parameter α is proportional to the
shear of the radial electric field. Tentative plot of diffu-
sivities D(α) as the function of shear α is shown on Fig.1.

At first, in order to gain insights into the physics gov-
erning transport under these assumptions few comments
following from simple analytical considerations are of-
fered. To this end, we wish to make an important point
commenting on the crucial importance of the dependence
of transport on the first order versus the second order
derivatives of plasma profiles. In more detail, the flux ei-
ther emerges to be a function of only gradients and/or cur-
vature of density and temperature profiles. If the former
situation is the case then the plot of the flux Γ = −Ddn/dr
versus the gradient takes the useful form yielding the effect
of the flux bifurcation usually invoked in order to explain
the LH transition (the S - curve ).
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Fig. 2 Simplified picture of transitions ignoring second deriva-
tives of plasma profiles.

Therefore, ignoring the dependence of the shear of
the electric field on the second derivative of a profile the
scenario of the transition is significantly simplified and
emerges either as dwelling on the left or the right branches
of this curve. The straightforward and fast transition oc-
curs then Γ > Γmax. The case of Γ = Γmax describes the
situation when prelude profiles prior to the transition rep-
resent an equilibrium unstable to an arbitrary perturbation.
Therefore, an option of the transition caused entirely due
to the diamagnetic drift (without employing a change in
plasma rotation see Eq.(3) ) emerges. In reality, the flux
is a function of both gradients and/or curvatures of den-
sity and temperature profiles. Employing the first term in
square parenthesis for the self-consistent electric field as
yielded by the neoclassical theory one obtains an impor-
tant estimate for the shear of the electric field

α ∼
∣∣∣∣∣dEr/dr

∣∣∣∣∣ ∼ d2 ln n/dr2 ∼
[
(n′/n)2 + n′′/n

]
(6)

Focussing on the first term the beneficial effect for a
transition of an amplification of the density gradient with-
out changing the local density at the same time is clearly
seen from Eq.(6) because it provides more shear of the
electric field for given values of other parameters. This
may be brought about at the plasma edge by injecting small
pellets tangentially as shown also in recent experiments ad-
dressing H-mode and Internal Transport Barriers carried
out on the DIII-D tokamak and the LHD stellarator, where
H and ITB plasmas have been directly produced by inject-
ing frozen deuterium pellets into the L-mode plasma. The
pellet triggers the transition at lowered edge temperatures
indicating that a critical plasma temperature is not required
for the transport barrier. The pellets are also able to lower
the threshold power required to produce the H-mode transi-
tion indicating an agreement with predictions of the model.

On the other hand, it is obvious that for a given gra-
dient of a density profile, it is easier to trigger a transi-
tion scenario at locations with a lower density i.e. at the
edge of a confined region born out during the LH transi-
tion. Hence, it becomes obvious why LH transitions with
the pedestal located at the edge were the first to be found
among plentiful other regimes with improved confinement.

Fig. 3 Scenarios of two LH transitions. Full curves are transi-
tions triggered by poloidal rotations, broken curves are
transitions triggered by density depletions with poloidal
rotation imposed to zero.

Notwithstanding transparency and clarity of argu-
ments based upon Eqs. (5 and 6), it is important to bear
in mind that within a spatial range of a plasma body char-
acterised by steep gradients (i.e. plasma parameters within
the transport barrier) the neoclassical expression Eq.(4)
cannot be adopted everywhere because assumptions em-
ployed in deriving them are not justified uniformly. There-
fore, the electric field has been found self-consistently
from the poloidal balance coupled with the concurrent evo-
lution of plasma profiles [3]. Note, it can be shown that
Eqs.(5 and 6) unfold when neoclassical terms dominate. In
other words, the neoclassical parallel viscosity is the gov-
erning factor providing for the ambipolarity.

At this point, the issue of causality for transitions into
regimes with improved confinement such as the LH tran-
sition comes to mind. Indeed, the problem is whether the
trigger is due to a change in the rotational V × B term or
the pressure gradient term of main ions. Here, it is impor-
tant to keep in mind that a steep pressure gradient has a po-
tential to provide for large local values of the electric field
by its own virtue according to Eq.(3). However, this effect
can be either counteracted or reinforced depending on a
quantitative impact rendered by both poloidal and toroidal
rotations.

To this end, it has to be kept in mind that due to techni-
cal difficulties, it is almost impossible to answer questions
related to causality experimentally because the resolution
of the majority of diagnostics adopted on many devices is
too slow to address the causal dependence in depth. Fur-
thermore, data reported from JET on the magnitude and
sign of the poloidal rotation contradicts the same data ob-
tained by the DIII-D team. Yet, a scenario of the transition
triggered entirely by the diamagnetic term emerges spon-
taneously provided the given form of prelude profiles is
assumed. Importantly, the explicit dependence of the shear
on the curvature merits a special emphasis because this en-
ables a transition below the threshold Γ < Γmax. This result
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is supported both by analytical and numerical calculations.
In more detail, the scenario of the transition resulting from
solutions of the model Eq.(7) yields a very fast propaga-
tion of the front of improved confinement (see Fig.3) in
comparison with the random walk estimate (straight line
in Fig.3) based upon the conventional diffusive model. The
main reason for this is the decorrelation of fluctuations car-
ried up and down between the moving front of improved
confinement and a separatrix. Therefore, the solution of
the model Eq.(5) obtains convective features significantly
reducing the effective time scale required by the transition.
Hence, experimental studies showing the quench of turbu-
lence on a very rapid time scale of the about 0.1 ms during
the transition find its theoretical explanation.

In general, the transport is scale-free and any effec-
tive time scale does not exist at all under these circum-
stances because of the peculiarity of this kind of diffusiv-
ity. Hence, the important signature of self-organised sys-
tems relying upon intermittence and yielding avalanches is
recovered. Two different scenarios along these lines were

Fig. 4 Propagation of the front of Improved Confinement. Ran-
dom walk width normalized to the width of the Barrier
versus time in ms.

demonstrated before. It has been shown that the direct LH
transition emerges provided the particle influx at the in-
terface between the core and the thermal barrier was kept
constant during the transition above the threshold value. In
contrast when a possibility of the feedback has been taken
into account the second (time dependent nonlinear regime)
arises due to an interaction between inlet and outlet bound-
ary conditions resulting from the feedback of the flux in the
core on the flux into the SOL. The second constraint re-
quired obtaining a monotonic and time dependent solution
is due to the dependence of the core flux on the varying
density at the interface.

In the first scenario, the steepening of the density
evolves gradually from the separatrix up the interface due
to the reduced diffusion, thereby bringing about the bi-
furcation evolving into the thermal barrier. In the sec-
ond scenario, the outflow at the separatrix (∼ Dα signal)

dithers, being linked to the flux at the interface whereas
absolute values of density vary insignificantly. In general,
if the dependence on the second derivative is taken into ac-
count the picture of the transition gets dramatically modi-
fied. Thence, there is a more global relation strongly de-
pendent on the distribution of sources of moments within
the plasma. Furthermore, even for a given distribution of
sources, the relation between fluxes and gradients is not
unique anymore. Hence, additional boundary conditions
are required because the governing system of transport
equations obtains the form of the higher order. Therefore,
the peripheral plasma plays the crucial role in controlling
the global confinement and affecting plasma profiles and
local transport diffusivities. Moreover, properties of the
plasma within the SOL must be within the restricted range
if a stationary solution of transport equations is to be found
at all.

Indeed, it has been shown before that a steady state so-
lution does not emerge outside the narrow range of bound-
ary conditions imposed on the density gradient at the sepa-
ratrix. The only solution found for mixed Dirichlet bound-
ary conditions describes autonomous oscillations imply-
ing dithering between the Low and the High Confine-
ment. This regime has been also demonstrated on many
devices. Time dependent solutions appear to be a subtle
phenomenon arising due to peculiar features of the model
equation and the choice of boundary conditions. Another
important application along these lines arises consider-
ing the interface of chain of islands located at rational
q surfaces with the rest of the plasma core. Therefore,
the ITB may stem from the necessity to force a uniform
electric field generated within a chain of magnetic islands
(dwelling on rational q – surfaces) to match the neoclas-
sical electric field primarily governed by temperature and
density profiles. The electric field within the chain of mag-
netic islands is a constant due to fast mixing, while the
neoclassical values are employed within the main plasma
body. Therefore, steep gradients of the electric fields re-
sult from the matching because of the helical structure of
neighboring magnetic surfaces. Indeed, the close proxim-
ity occurs at the location of O points poloidally whereas
the maximum is at X points. Thus, the shear of the elec-
tric field is significantly amplified locally thereby trigger-
ing the front of the improved confinement to propagate in-
wards. Thus, the shear of the electric field emerges at these
locations naturally and self-consistently. This conclusion
appears to be generally valid and is not pertinent to any
specific magnetic configuration.

5 The Link between the MHD activity
and the Improved Confinement

It is specially interesting to apply this idea at the edge
of the plasma, where rational surfaces are crowded and
occasionally overlapping due to the MHD activity. In-
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deed, during rise of the MHD activity the change of the
edge radial electric field from negative (directed inward)
to positive (directed outward) values has been observed in
the Ohmic discharges on TUMAN-3M tokamak [14].Mea-
surements were performed by means of Doppler reflectom-
etry method and by using probe technique. According to
the heavy ion beam probe (HIBP) diagnostics the potential
in the central region of TUMAN-3M also changed sign and
became positive during MHD events while normally it is
negative. There are experimental evidences that MHD ac-
tivity is associated with the rise of magnetic island at q =3
flux surface in the core few centimeters inside from the last
close flux surface (LCFS). Also the rise of smaller islands
at q=4 and q =2 surfaces is reported. Indeed, the over-
lapping of neighboring magnetic surfaces results in forma-
tion of a stochastic layer in the LCFS vicinity provided the
width of the island is of the same order as the minimum
distance between rational q-surfaces.

Along these lines, the model for the origin of the posi-
tive radial electric field during the rise of the MHD activity
has been developed [15]. It is based on the emergence of a
strong electron radial flux resulting from the formation of
an ergodic layer. The radial electron flux requires the same
radial flux of ions to provide quasineutrality. Hence, the
emerging positive radial ion current provides the torque in
the toroidal direction forcing the radial electric field to be-
come more positive ( see Eq.3 ). This situation is similar to
the biasing experiments and corresponding theory has been
already developed [11]. In the extreme case, when the elec-
tron conductivity associated with the stochastic layer dom-
inates over the neoclassical ion cross-field conductivity, the
radial electric field becomes positive inside the stochas-
tic layer. In more detail, the radial ion current generates
toroidal rotation in the co-current direction by the toroidal
j × B torque, so the ergodic layer becomes the source of
the toroidal momentum of the same kind as the NBI injec-
tion. The co-current toroidal rotation has to be transported
outside the ergodic layer to the core by the anomalous
cross-field viscosity thus creating the co-current toroidal
rotation in the center of a tokamak even without external
sources of momentum injection. The co-current toroidal
rotation makes the radial electric field more positive also
outside the ergodic layer and for sufficiently fast toroidal
rotation the radial electric field becomes positive also in
the central regions in accordance with the neoclassical the-
ory.

In the tokamak physics there are several other areas,
where the return ion current and associated plasma toroidal
acceleration plays a crucial role. The external current of
fast ions generated during NBI should be compensated by
return radial current of the main ions. The external ion cur-
rent can be also associated with the ICRH heating causing
the loss of fast ions. Externally imposed toroidal magnetic
field ripples or islands used for the divertor operation may
be the source of the externally generated radial currents.
Resonant Magnetic Perturbations normally not resulting in

the stochastization of the magnetic field and corresponding
loss of electrons can be successfully used for the mitigation
of ELM’s crucial for the ITER performance [16].

6 Transport within the Scrape-Off
Layer

Recently, transport of edge plasmas in magnetic confine-
ment fusion devices has been recognized to be mostly con-
vective and intermittent. There is an ample experimental
evidence of large amplitude turbulence interacting with po-
larization drifts. Highly inhomogeneous filaments easily
penetrating across magnetic fields were coined ”blobs”. As
a theoretical explanation, blobs which are long-living co-
herent structures have been invoked. Blobs are a transver-
sal phenomena appearing in different toroidal magnetic de-
vices, both tokamaks and stellarators. This phenomenon is
strongly adverse to the divertor operation of fusion devices.
It demonstrates the ubiquitous nature of transport phenom-
ena at the periphery. A blob has the potential of signif-
icantly redistributing heat loads on the surrounding struc-
tures of a fusion reactor. It might also intervene with the di-
vertor performance thereby affecting the ignition scenario
on ITER. The role blobs play in the global edge plasma
transport was highlighted by the experimental data from
Alcator C-Mod showing that a large fraction of the plasma
particle flux coming from the core into the SOL was in-
deed transported radially by blobs to the chamber walls and
not toroidally to the divertor, as generally expected. The
properties of turbulence-induced structures, namely radial
velocities and radial scale lengths of blobs, together with
the statistics of fluctuations of the plasma density and the
particle radial drift flux were studied in the peripheral re-
gion of the High Field Side of the FT-2 tokamak. Also, the
edge plasma poloidal velocity is measured through cross-
correlation of floating potential signals. The experimen-
tal results were compared with existing theoretical models
and other reported results [17]. A first model for individ-
ual blob dynamics considers isolated blobs to be the fun-
damental entity for convective transport in the SOL. It is
assumed that due to an unknown non-linear processes, a
filament with large plasma density is peeled off the bulk
plasma, in some region close to the last closed flux sur-
face (LCFS) and on the Low Field Side of a fusion device.
Effective gravity drifts on this side of the torus (due to a
curvature and a gradient of magnetic fields ) caused by an
F × B particle drift, will then result in a vertical charge
polarization. The associated electric field generated will
in turn gives rise to a radial E × B convection of the blob
against the chamber wall. The resulting convection speed
will depend on the magnitude of the electric field which in
turn will be determined from the balance of perpendicular
and parallel currents inside these structures. An equivalent
circuit and possible current pathways elucidating the phys-
ical picture can be invoked and alternative closures for such
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circuit can be envisaged, ranging from the current flowing
through the electrode sheath on the divertor plates limited
by the saturation to the cross-field ion polarization currents
flowing through ambient SOL plasmas. Theoretical scal-
ings of an isolated blob treated as a 2D structure, in order
to compare blob properties and dynamics were compared
with results obtained experimentally.

When the blob is assumed to be in the far SOL and
parallel current is small and governed by the sheath “re-
sistivity”, we have a sheath-connected blob and arrive to a
solution with the form of an isolated blob of plasma den-
sity traveling in radial direction with an estimated speed Vb

given by:

Vb = 2cs

(
ρs

δb

)2 L‖
R

(7)

Where cs is the sound speed, ρs is the ion gyro-radius, δb is
the poloidal scale length of the blob, L‖ is the blob parallel
length, and R the major radius. Alternative current clo-
sures besides the one already mentioned for the so-called
sheath-connected (C) regime, are related to linear edge in-
stabilities being the resistive ballooning (RB) or the ideal
strong ballooning (IB) dependent on specific experimental
conditions. In RB mode the current loops close locally in
the mid-plane region of a fusion device. The scaling for
the radial blob velocity in both RB and IB modes is given
by the same analytical expression on Eq.(8).

Vb = cs
√
δb/
√

R (8)

Note that Eq.(7) stands for the C model and that both scal-
ings are for isolated blobs propagating on vacuum, i.e. the
influence of the background plasma is not taken into ac-
count. The effect of the background plasma can be seen
on the decrease of the order of magnitude of the predicted
acceleration of the filaments by a factor of 2-3. An expres-
sion to estimate the blob drift velocity similar to the one
presented before for the C model:

Vb =
T plasma

e

eBδb
(9)

This estimate employs the condition that the short-
circuited parallel current density and the ion saturation cur-
rent passing through the sheath are of the same order. It
is assumed that in the H- mode regime with ELM’s this
condition might be satisfied. The comparison with experi-
mental results is presented in [17]. The experimental data
available for both HFS and LFS in tokamaks and stellara-
tors concerning the blob characterization has also been re-
viewed, and the lack of a reasonable amount of results for
the HFS has been emphasized.

Blob velocities and sizes were obtained by analysis
of the time-resolved signals of radial flux and density. It
was observed a predominant direction on the movement of
the blobs towards the wall, especially in periods of time
of the discharge prior to the LH transition. The order of

magnitude of the experimental values for sizes and ve-
locities of blobs was found comparable with the theoret-
ical estimates. However, the experimental dependence be-
tween these two parameters, size and velocity, was only
and roughly in agreement with one theoretical prediction,
given for the so-called Ballooning modes given by Eq.(8).
One should bear in mind though that the models invoked
are for the LFS. Nevertheless, according to simple reason-
ing the potential should be constant along magnetic field
lines and hence HFS blobs should also move outwards as
predicted by the LFS models. We see both inwards and
outwards directions of blob movements, which is a ques-
tion left for theoretical understanding. It is important to
emphasize that blobs moving inwards may provide an im-
portant source of fuelling the core in the super dense mode
discovered recently on LHD. We have also suggested the
introduction of an additional coefficient to better fit the ex-
perimental values with the equation deduced for the bal-
looning modes.

The characterization of blobs is a task not yet com-
plete. 3 Dimensional models based on PIC simulations
may provide important information on the self-consistent
evolution of ion density and electric field profiles. There
is a need to improve the world’s database on these struc-
tures in order to better understand this phenomena and the
convective radial transport caused by turbulence in synergy
with the convection.

7 Conclusions

The model invoking the paradigm of shear suppression ad-
dresses many effects observed experimentally. Indeed, it
yields novel insights and conclusions consistent with mea-
surements. For example, it points us toward the insight that
both zonal and neoclassical flows are crucial for improve-
ments in confinement. In general, it has to be kept in mind
that the phenomena of transport barriers are very robust
and sensitive only to prelude profiles. The most important
practical conclusion from ideas and insights offered above
that issues of perpendicular conductivity and electric fields
are crucial for progress of the fusion research.
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Experimental Confinement Studies Beyond ITER
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The advantages of stellarators are discussed with a strong emphasis on the high density limit more than
10 times higher than that of tokamaks with the equivalent magnetic field strength. The comparison between
stellerators and tokamaks in the light of the new paradigm of plasma turbulence and zonal flows is presented
to propose a new optimization principle of magnetic field configuration. The roles of low-temperature devices
should be recognized for further understanding of the plasma confinement even in the era of burning state plasmas

Keywords: tokamaks, stellerators, density limit, zonal flows, flow damping, principle of configuration optimiza-
tion, low temperature devices

1 Introduction

The research aiming at realizing a sun on the earth has been
carried out for more than fifty years. The efforts have ad-
vanced the physics of magnetically confinement along with
the development of fusion technologies. A wide variety of
the toroidal magnetic field confinement have been tested,
such as tokamaks, spherical tokamaks, stellarators includ-
ing many kinds of configurations (e.g., heliotron, heliac,
and helias), reversed field pinches, bumpy tories, magnetic
mirrors, and so on.

At present a device, ITER, is being constructed to real-
ize a tokamak plasma in burning state. This is because the
tokamak is the leading concept of the magnetically con-
finement fusion, where a number of records, in fact, have
been made. The followings have been achieved for in-
stance; the ion temperature of 40 keV and the fusion prod-
uct of 1.5 × 1020 m−3 · s · kev in JT-60U, the electron tem-
perature of 20 keV in ADEX-U, the confinement time of
1.2 s and the stored energy of 17 MJ in JET. The spherical
tokamak, with an extremely low aspect ratio of less than
2, has achieved the highest β of ∼40%, together with high
plasma confinement due to the large capacity of plasma
current [1].

The studies of other magnetic configurations, how-
ever, should still continue to be carried out to demonstrate
their own advantages or individualities that can supplement
the absent characteristics of standard tokamaks. For exam-
ple, the nominal currentless characteristic of stellarators
makes the steady state operation of the discharges much
easier. The comparative studies of various concepts should
be necessary to optimize magnetic field configuration in
terms of confinement, energetic particle behaviour etc.,
and to realize an advantageous device adopting the merits
of different concepts in terms of the economic and steady
state operation. This paper will discuss several physical
and experimental topics for obtaining a better solution of a
magnetically confined fusion device in future.

author’s e-mail: fujisawa@nifs.ac.jp

2 Advantages of Stellarators

2.1 High Density Operation of Stellarators

The simple coil geometry of tokamak requires the inter-
nal plasma current to produce rotational transform for the
plasma confinement. The resultant confinement field has
an axisymmetric nature to serve the good confinement
property, however, the external current drive is mandatory
for steady state operation. Moreover, the toroidal current is
the cause to determine the density limit of the modern toka-
mak operation before the Murakami limit is met where the
radiation should be balanced to the input heating power [2].
The empirical formula to describe the density limit of the
modern tokamaks is known as the Hugil-Greenwald limit
[3], which is expressed as

n̄limit ∝
Ip

πa2

where Ip represents the plasma current. It has been exper-
imentally supported that the density limit in the tokamak
plasma should be bounded by the violent deterioration of
the confinement [4].

On the other hand, the density limit of stellarators is
known to be described by an empirical law, termed Sudo
scaling [5, 6] which is approximately written as

n̄limit ∝
√

PabsB

where Pabs and B represent the absorbed power and con-
finement magnetic field, respectively. This expression sug-
gests that the stellarator density limit should be deeply as-
sociated with the condition of radiation balance with the
absorbed heating power, since the radiation should be pro-
portional to the square of density, i.e., Pabs ∝ n2

e .
It has been also well known that the density limit of

stellarators is well above the Greenwald limit. Figure 1
shows an example of the high density limit of the LHD
heliotron, compared to the Greenwald limit of tokamaks.
Moreover, the stellarators do not show any violent plasma
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behavior around the density limit, while the tokamak oper-
ation near the density limit leads the plasma to disruptions.

Fig. 1 Comparison between operational density in LHD and
several tokamaks. The obtained density is plotted as the
function of the corresponding Greenwald density. The
achieved density in LHD is obviously ten times or much
more higher than the Greenwald density (Courtesy of
Prof. H. Yamada).
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Time evolutions of (a) line-averaged density, stored en-
ergy, (b) radiation, magnetic field fluctuation power less
than 50 kHz, (c) potential, and density fluctuations mea-
sured with HIBPs. The density limit is achieved or a tran-
sition happens at t ' 90 ms.

2.2 Behavior near Density Limit in Stellarators

A number of scenarios have been reported for stellarator
plasmas around the density limit. In addition to the be-
havior like apparent radiation collapses, the rapid decrease
in the stored energy and the following recovery, called
breathing, is found around the density limit of the NBI
plasmas in LHD [7] and W7-AS [8], when the magnetic
field strength is properly selected at a fixed heating power.

In CHS an interesting behavior suggesting a transition
is observed at the density limit. Figure 2 shows the tempo-
ral evolutions of line-averaged density, radial power, stored
energy, and so on. The plasma is sustained with electron

cyclotron resonance (ECR) heating with rather low power
of ∼ 100 kW. In this case the line-averaged density in-
creases gradually to reach a density limit. At the begin-
ning of the exponential growth of radiation, a concomitant
decrease with the stored energy is observed without any
significant increase in MHD activities in a Mirnov coil sig-
nal. Just after the radiation reaches its maximum, the rapid
decrease of radiation occurs and the radiation relaxes into
a constant value. The potential signal observed with an
HIBP also shows a rapid decrease in potential simultane-
ously with the radiation.

According to the observation, the plasma behavior be-
fore and after the density limit (or maixmum) point can be
regarded as a transition from a state with high stored en-
ergy (or temperature) to the other one with extremely low
stored energy (or temperature). On the other hand, the den-
sity fluctuations observed with an HIBP, or intermittent ac-
tivity of density, show a rise and fall to increase during this
transition. This observation suggests that turbulent trans-
port could play an important role in the plasma behavior
around the density limit, which should relate the inclusion
of magnetic field dependence in the Sudo scaling to the
turbulent transport, i.e., nlimit ∝

√
B.

2.3 Attractive Confinement Regimes in Stellra-
tors

Recent studies in stellarators have found many interesting
operational regimes, such as super dense core (SDC) in
LHD [9, 10]. In the SDC discharge, the achieved density
is 4.5 × 1020m−3 with electron temperature of 0.85 keV.
This is attained with a series of pellet injections. Besides,
the high density H (HDH) mode was found in W7-AS [11,
12, 13] where the density up to 4× 1020m−3 is sustained in
a rather stationary manner.

effective radius (cm)

(a) (b)

Fig. 3 HDH mode discovered in W7-AS. (a) The comparison
between density and temperature profiles in normal con-
finement (NC) and improved confinement (HDH) mode.
(b) The difference between confinement times of NC and
HDH mode. The squares indicate the impurity confine-
ment time.

As is shown in Fig. 3(a), the extremely sharp gradi-
ent is created in the density profile at the plasma edge. In
contrast to usual H-mode in tokamaks, the HDH-mode is
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that the transition happens above a critical density. An-
other special feature with the HDH-mode is the favorable
reduction of impurity confinement. As is shown in Fig.
3(b), the impurity confinement time is sharply deterio-
rated the above the critical density, while the bulk parti-
cle confinement is clearly enhanced. Similar behavior of
carbon impurity is found in LHD, or the outward move-
ment of carbon is observed when high toroidal rotation of
plasma is induced by higher power of neutral beam injec-
tion (NBI). This feature is an advantage because sponta-
neous ash-removal can be expected if this phenomenon is
valid for helium ions.

3 Transport and New Paradigm

3.1 Collisional Transport and Symmetry

The transport in magnetically confinement plasma is de-
scribed as the total of collisional and turbulent transport.
The diffusive coefficient of collisional process is generally
expressed as D ∝ ∆2νei, where ∆ and νei are the effective
step width and collision frequency, respectively. The effec-
tive step width is related with the deviation of a particle or-
bit from the magnetic field flux surface, and can be large if
the collisionality is sufficiently low to allow the particles to
be trapped in the magnetic field mirror associated with the
inhomogeneity of the confinement magnetic field. There-
fore, the effective step width is a function of collisionality
and geometrical property of confinement field.

In tokamaks, the poloidal inhomogeneity of the mag-
netic configuration gives birth to the particles trapped in
poloidal mirror field, termed banana particles. The exis-
tence of banana particles enhances the collisional trans-
port. On the other hand, non-axisymmetric (or three
dimensional) stellarator configurations produce the other
kind of trapped particles, so-called helically trapped par-
ticles. These particles give the bipolar diffusion nature
to the cross-field transports of ion and electron in addi-
tion to enhancing the collisional transport. It is known
that the bipolar diffusion nature should be the dominant
process to form the radial electric field in stellarators. In
a steady state the radial electric field should be deter-
mined by the balance between collisional ion and electron
fluxes denoted Γion(Er) and Γelectron(Er), respectively, i.e.,
Γion(Er)−Γelectron(Er) = 0 in stellarators, while the genera-
tion mechanism of radial electric field is still an open ques-
tion in tokamaks. Moreover, the nonlinear dependence of
collisional fluxes on radial electric field causes the bifurca-
tion nature of radial electric field in stellarators [14, 15].

3.2 Bipolar Difffusion and Barrier Formation

The bifurcation nature of radial electric field with stellara-
tors has been found to be the cause of internal transport
barrier commonly observed in stellarators [16, 17, 18, 19].

The formation scenario is identical with the model pro-
posed for the explanation of H-mode initially [20, 21].
In a stellarator plasma core where temperature is above
a critical value, the radial electric field makes a transi-
tion into a strongly positive branch (or electron root) with
the radial electric field outside still remaining in a weakly
positive branch (or ion root). As is shown in Fig. 4(a),
the transition creates the transient layer between the two
branches. The rather large electric field shear is produced
in the layer to reduce the turbulence and form the trans-
port barrier according to the E × B-shearing of turbulence
[22, 23, 24, 25, 26].

(a)

(b)

(c)

Fig. 4 The property of transport barrier in stellarator. (a) The
profiles of radial electric field and its shear around the
internal transport barrier in CHS. (b) Electric field fluc-
tuations at the barrier before and after the collapse of the
barrier, and (c) potential drop inside the barrier indicat-
ing the collapse of the barrier, together with the potential
outside.

On the other hand, as is shown ins Fig. 4(b), the sud-
den increase in fluctuation is observed in the connection
layer or the position of the ITB after the back-transition in-
dicated by the sudden drop of potential (Fig. 4(c)). The ob-
served transition time scale of radial electric field is in the
range of a few dozen microseconds, being consistent with
that prediction of the neoclassical theory [27], The time
scale is much faster than the confinement time scale, there-
fore, this means that the existence of multi-steady states of
electric field.

Accordingly, the ITB in stellarators is an exception-
ally clear example to demonstrate that the electric field bi-
furcation can be the cause for the barrier formation. In
contrast the formation of the H-mode or edge transport bar-
riers both in tokamaks and stellarators still allows of many
candidate mechanisms; some experimental results suggest
the balance between fast ion loss and parallel viscosity,
while some others suggest the turbulent Reynolds stress
should play an important role. The non-axisymmetric fea-
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ture, instead of the anxiety of collisional transport, could
give stellarators an advantage in the transport barrier for-
mation, of which cause is clearly identified thus theoreti-
cally predictable rather easily.

3.3 Zonal Flows and New Paradigm

The magnetic well and shear have been known to be the
concepts to measure the magnetic configuration property
to stabilize the linear MHD and drift wave instabilities.
Therefore, these concepts have been used as the major fac-
tors to optimize the magnetic field configuration. The re-
cent development of theories and plasma diagnostics also
has shown a new paradigm [28, 29], which could be com-
mon for magnetically confined plasmas, to understand the
saturation mechanisms of the plasma turbulence and the re-
sultant transport. In other words, the new paradigm can be
a new factor to evaluate the property of the magnetic field
configuration in terms of turbulent saturation mechanism,
while the magnetic shear and well serves as the factors to
assess the linear growth of the instabilities [30, 31].

In the new paradigm, the turbulence should be rec-
ognized as a system of zonal flows and drift waves. In-
homogeneity of plasma (i.e., temperature and density gra-
dients) causes drift wave turbulence to result in the en-
hancement of plasma transport. Then the drift waves gen-
erate and transfer the energy to zonal flows through the
v∇v-nonlinearity. Moreover, the zonal flows give back-
reactions on the drift waves, such as E × B-shearing, wave
trappings, and so on, to work as further reduction of drift-
waves. The symmetric nature of zonal flows causes no ra-
dial or cross-field transport. Therefore, the increase in the
zonal flow fraction in the turbulence contributes to lessen
the anomalous transport. The fraction of zonal flows in the
power spectrum of electric field fluctuations, therefore, is
a key to determine the turbulent transport level.

The direct measurements of electric field fluctuations
in CHS have proven the existence of zonal flows experi-
mentally, together with the couplings between zonal flows
and the background turbulence [32, 33, 34]. A number of
experimental reports have been accumulated to show the
existence of Geodesic Acoustic Modes (GAMs), an os-
cillatory branch of zonal flows [29], and their couplings
with the background turbulence [35] using direct and indi-
rect measurements of flow or electric field. Therefore, the
new paradigm of plasma turbulence and transport is widely
prevailed nowadays. Figure 5 shows the radial correlation
function between the electric field fluctuations correspond-
ing to the stationary zonal flows, visualizing the radial pat-
tern of zonal flows.

3.4 Confinement and Flow Damping Rate

The essential requirement for detecting the zonal flows is
to measure the fluctuations of plasma flows or electric field
directly. This imposes a quite difficult constraint on the

present plasma diagnostics, therefore, limited data have
been available. However, the comparison between fluctua-
tion spectra of flow (or electric field) in tokamak and stel-
larator is possible. Figure 6 shows the electric field spectra
directly measured with HIBPs in the core of CHS stellara-
tor, and the flow fluctuation spectra indirectly measured
with BES in the edge region of DIII-D tokamak [36].

Fig. 5 The identified radial pattern of zonal flows in CHS. The
radial structure of zonal flows is represented in the radial
correlation function.

0.01

0.1

1

10

0.1 1 10 100

P
o
w

e
r 

(V
2
/
k
H

z
)

frequency (kHz)

!~0.3

!~0.6

GAM

(a) (b)

Fig. 6 The comparison between spectra of (a) electric field fluc-
tuations measured with HIBP (CHS), and (b) poloidal
flow fluctuations measured with BES (DIII-D).

In spite of the difference of magnetic field configura-
tion and the observed locations, the comparison shows the
common features, i) a region corresponding to stationary
zonal flows exists, ii) the oscillatory branches, GAMs, are
observed as sharp peaks, and iii) regions with broad band
fluctuations corresponding to drift waves with a higher
frequency from a few dozen kHz to a hundred kHz are
present. In the case of CHS stellarator, the fraction of
turbulent power increases being accompanied with the in-
crease of zonal flow fraction to that of the drift waves
around ∼ 50 kHz, probably due to the enhancement of
temperature gradient in the plasma core region. In the case
of DIII-D tokamak, the GAM fraction decreases with an
increase in zonal flow amplitude as the observation point
goes inward.

It has been found that the absolute value of GAM am-
plitude should be much larger in tokamak that in stellara-
tor. The HIBP observations in JIPPT-IIU [37] showed that
the GAM potential amplitude can exceed ∼ 100 V, while
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that in CHS stellarator should be in the range of a few
volts. This may be ascribed to the larger parallel viscos-
ity of stellarators. Figure 7 shows the comparison between
toroidal flows driven by NBI in stellarator (CHS) and toka-
mak (JFT-2M). Obviously, the resultant toroidal rotation
velocity in tokamak is much faster than that in stellarator,
although the input NBI power is in the same range in both
experiments of CHS [38] and JFT-2M [39]. Thus, the in-
homogeneity should give a large damping effect on plasma
flows.

As for the internal transport barrier in stellarator, the
transport inside the barrier is also found to be improved
without any significant electric field shear. Recently, it has
been confirmed in CHS that this improvement is caused
by the enhancement of zonal flow fraction, as is shown
in Fig. 8, due to the reduction of flow damping rate
[40, 41]. The zonal flows (or zonal radial electric field) are
driven by turbulence, therefore, the turbulent radial current
to drive the zonal flows, δ jturb, should be balanced with
the neoclassical radial current (or total radial flux of ions
and electrons) in stellarators, this condition is expressed as
δ jturb + (∂ jneo/∂Er)δEr = 0, where (∂ jneo/∂Er) could be
called the effective neoclassical viscosity. The low effec-
tive viscosity in electron root is experimentally confirmed,
as is shown in the inset of Fig. 8, in addition to the predic-
tion by neoclassical collisional transport theories.

These facts suggest that the zonal flow fraction should
be large as the flow-damping rate is low. Hence, the mag-
netic field configuration with lower parallel viscosity or
magnetic inhomogeneity should give a better confinement
owing to the possible enhancement of zonal flow fraction.
The new paradigm could provide an optimization principle
for the magnetic field configuration in the light of turbu-
lence transport by its saturation mechanism.

4 Beyond Simple Comparison

4.1 Roles of Low Temperature Devices

High accessibility and flexibility must be of essential need
for the experiments aiming at finding the physical laws un-
derlying the structural formation of plasmas. The role of
low temperature devices should be emphasized in addition
to exploring new possible diagnostics for high temperature
plasmas. Low temperature devices, even a linear cylindri-
cal device, provide good environments to study the funda-
mental processes of plasma turbulence and transport.

For instance, in low temperature toroidal device, H1-
heliac, the fundamental processes of plasma turbulence has
been extensively studied [42, 43]. In TJ-K the dependence
of turbulence characteristics on dimensionless parameters,
such as normalized Lamor radius, ρ∗, collisionlity ν∗, and
so on, has been pursued for the first principle understand-
ing of the dimensionless scaling law of plasma confine-
ment [44]. The simultaneous measurements of both radial

(a) (b)

Fig. 7 The comparison between induced toroidal flows in toka-
mak (JFT-2M) and stellarator (CHS). (a) The profile of
toroidal flow velocity in JFT-2M and (b) that in CHS. The
toroidal flows are measured with charge exchange recom-
bination spectroscopy.
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cosity corresponds to the slope of the tangential lines at
the stable points of radial electric field in the inset. It
is clear that the slope of ion root is steeper than that of
electron root solution.

and poloidal wavenumbers using 2-dimensional probes in
TJ-K succeeded in clarifying the fundamental process of
magnetized plasma turbulence, i.e., the nature of dual cas-
cade in a two dimensional flow system [45].

Besides, a number of excellent experimental results
have been reported from cylindrical linear devices in uni-
versity laboratories. In CSDX, a cylindrical laboratory
plasma, the momentum balance between the turbulent
Reynolds stress drive and viscous damping was inves-
tigated and successfully demonstrated that the turbulent
Reynolds stress should be the cause of the zonal flow
generation [46]. In a cylindrical machine, LMD-U, the
streamer formation has been identified with an efficient use
of the combination of 64 channel azimuthal probe array
and 2 dimensionally movable probes [47].

Recently, In a laboratory cylindrical plasma of
Kyushu university, the detailed processes of sheared flow
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(b)(a)

Fig. 9 Observation to demonstrate the interplay between the
sheared flows and a pressure driven mode in a linear
cylindrical plasma. The sheared flow strength is con-
trolled by the degree of the modulation of ECR-heating.
(a) The reconstructed images of the interplay between
sheared flows and the mode. (b) The suppression degree
as a function of a parameter to indicate the shear flow
strength, α.

effect were observed in externally induced sheared flow
using the modulation of the plasma heating power [48].
In the device, a pressure-driven instability is observed in
electron cyclotron heated plasma as a sharp peak without
any modulation of ECR-heating. By applying the ECR-
heating modulation, the sheared flows are induced to inter-
act with and suppress the native mode. Figure 9 shows the
images of the change of the reconstructed potential fluc-
tuation patterns according to the modulation intensity of
heating power, and the suppression ratio of the native mode
as a function of the strength of the induced sheared flow.
The results clearly demonstrate how the native mode is al-
tered as the shear flow becomes stronger, suggesting that
the process of three wave coupling should play a role in
the suppression.

4.2 Concluding Remarks

Tokamak is the leading concept for fusion reactor, how-
ever, it is necessary to overcome a number of issues for
realizing an economically compatible reactor. The advan-
tageous properties of the other toroidal devices, therefore,
should be incorporated into a Demo and following reac-
tors; for instance, the advantage with stellarators, the high
density operation exceeding the Greenwald limit without
any disruptive activities, would be desired to be adopted
to the tokamak concept even though the axisymmetric na-
ture giving a good plasma confinement may be partially
destroyed. In order to realize a device with a combined
concept or an optimizing configuration, it is absolutely es-
sential to understand the plasma behavior to determine the
operational boundaries and the plasma confinement from
the first principle, which should result in the precise and ac-
curate prediction of magnetically confined plasma perfor-
mance to any given configurations. Therefore, the impor-
tant roles of medium and small sized devices oriented for
physical understanding of toroidal plasmas are strengthen

even in the era of burning plamsas.
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Recent experiments have shown the importance of multi-scale (long-range) mechanisms in the transition to improved 
confinement regimes and the key role of electric fields to amplify them. Flows driven by turbulence might explain such 
experimental observation, which would imply to consider the importance of 3-D effects on the energy transfer between 
flows and turbulence. Comparative studies in different magnetic configurations (tokamaks vs stellarators), diagnostic 
development and large-scale simulation are needed to assess the importance of multi-scale physics in the development of 
sheared flows.  
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.  

1. Introduction 
The discovery of the transition to edge improved 
confinement regimes at the beginning of the 1980’s 
brought on a new era in magnetic confinement fusion. 
After more than 25 years of active research, most 
experimental evidences support the paradigm of sheared 
electric field suppression of turbulence to explain 
transport barrier physics, although the underlying 
mechanisms that generate the electric fields still remain 
as the fundamental open issue confronting the fusion 
community.  

As pedestal plasma parameters have a strong impact on 
global confinement, prediction of the ITER pedestal 
parameters and the H-mode transport barrier width 
remain a key and fully open research area. Indeed, large 
uncertainties are still present in the empirical description 
of the L-H transition power threshold, with significant 
implications for the overall structure of the ITER research 
plan. 

Critical tests of models for transport barriers based on 
second order (turbulent driven flow) and first order 
(pressure gradient driven flows) phase transition as well 
as role of equilibrium flows and edge localized neutral 
particle sources are needed for the development of a 
comprehensive theory of the L-H transition and transport 
barriers. In the case of edge transport barriers, the 
influence of plasma boundary conditions on empirical 
power threshold should be also addressed. Due to the 
times/spatial scales involved this research area is a real 
challenge for both theorists and experimentalists. 

Recent experiments have shown the importance of 

multi-scale (long-range) mechanisms in the transition to 
improved confinement regimes and the key role of 
electric fields to amplify them [1]. The detection of 
lon-range correlations in stellarators [2, 1] and tokamaks 
[3] is consistent with the theoretically predicted (low 
frequency) zonal flows.  

The possible interplay between turbulent and neoclassical 
transport mechanisms has been recently reported; Ion 
temperature gradient driven turbulent simulations have 
shown an enhancement of zonal flows in stellarator 
configurations optimized for reducing neoclassical 
transport [4].  

2. Long-range correlations and transition to 
improved confinement regimes 
In the TJ-II stellarator sheared flows can be easily driven 
and damped at the plasma edge by changing the plasma 
density or during biasing experiments [ 5 , 6 ]. The 
experimental results on the emergence of the shear flow 
layer in TJ-II have some of the characteristics of a 
transition and are consistent with the expectations of 
second-order transition models of turbulence driven 
sheared flows [7].  

In addition, the TJ-II is equipped with a unique system 
for multi-scale physics studies: two Langmuir probe 
arrays (measuring ion saturation current, floating 
potential and poloidal electric fields) located in two 
different toroidal positions installed on fast reciprocating 
drives. One of the probes (P 1) is located in a top port 
entering vertically through one of the “corners” of its 
beam-shaped plasma and at φ≈35º (where φ is the toroidal 
angle in the TJ-II reference system). The other probe (P 
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2) is installed in a bottom port at φ ≈195º and enters into 
the plasma through a region with a higher density of flux 
surfaces (i.e. lower flux expansion) than P 1 (Fig. 1). 

This unique experimental set-up (with probe toroidally 
separated in the order of 5 m) allows the simultaneous 
investigation of short (in the range of few millimeters) 
and long-range (in the order of ten meters) fluctuation 

scales in the plasma edge .  
It has been previously shown that the development of 
sheared flows at the plasma edge of the TJ-II requires a 
critical value of plasma density or density gradient that 
depends on global plasma parameters [5, 6]. For densities 
above the threshold, and once sheared flows are fully 
developed, fluctuations level and the turbulent transport 
slightly decreases and the edge gradients become steeper. 
Edge sheared flows are developed at the same threshold 
density in the two toroidal positions (probes P1 and P2) 
(Fig. 2). Floating potential signals measured at both 
toroidal locations show a striking similarity mainly for 
low frequency components, contrary to that observed in 
the ion saturation current signals. This similarity is 
observed at different time scales but it is more clear 
during fluctuation events with time scales in the range of 
(0.1 – 1) ms related to the shear flow development. To 
quantify the similarity between probe signals the toroidal 
cross-correlation defined as 

 

has been computed for a wide range of TJ-II plasma 
conditions, including a line-averaged density scan as well 
as with and without electrode bias in plasmas without 
MHD activity as showed the pick-up coils installed in 
TJ-II.  

Figure 3 illustrates the dependence of the toroidal floating 
potential correlation on the line-averaged density (for the 
same shots presented in figure 2). It is observed that the 
cross-correlation depends on the density, being larger as 
density increases up to n ≈ 0.6 x 1019 m-3, which 
corresponds to the threshold density for shear flow 
development 

Figure 4 shows the time evolution of plasma density and 
the cross-correlation between floating potential and ion 
saturation signals during biasing induced improved 
transitions (for probes 1 and 2). It shows clearly in the 
increase in the cross-correlation during the biasing phase. 
Once the biasing is turned off, the density decreases in 
the time scale of the particle confinement time (in the 
range of 10 ms) whereas both the electric field and the 
degree of long range correlation decreases in a much 
faster time scale. These results shows that the high degree 
of long-range correlation observed in floating potential 
signals in coupled to the value of radial electric fields and 

 
 

Fig.1 Schematic view of the location of the two 
probes (thick line arrows) and their positions relative 
to the TJ-II plasma. 
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Fig.2 Averaged electric field fluctuations and 
perpendicular velocity measured at two toroidal 
locations and at approximately the same radial 
position (r/a≈0.9) as a function of plasma density. 
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not to the plasma density.  

Recent experiments with Li-coating and NBI heating 
have shown evidence of spontaneous bifurcations 
characterized by the increase of plasma density and 
stored energy with a concomitant reduction in the Ha 
emission (showing a decrease of the outward particle 
flux) together with the reduction of the level of 
broadband fluctuations and a steeper density gradients. 
All these phenomena are characteristic of plasma 

bifurcations to improved confinement regimes (H-mode) 
[ 8 9 ]. Experimental evidence of long (spatial) range 
correlations has been recently observed during the L-H 
transition in the TJ-II stellarator. 

3. Driving and damping mechanisms of multi scale 
mechanisms 
TJ-II results, showing the amplification of multi-scale 
physics features during spontaneous transport 
bifurcations and more recently during the development of 
spontaneous L-H transition, can help to provide a critical 
test for L-H transition models.  

The resistance of fluids to shearing motion is a well 
known observation. The tendency of sheared motion to 
be reduced with the passage of time, if no other forces 
are at work to maintain it, leads to the concept of 
(positive) coefficient of viscosity, the constant of 
proportionality relating the stress to the shear.  In a 
turbulent flow, when the momentum flux perpendicular 
to the mean flow direction is directed from regions of 
larger values toward regions of smaller values of mean 
flow, it is said that a turbulent (eddy) viscosity is present.  

The concept of a reverse effect (e.g. negative viscosity) 
is something which appears to be again common sense 
[10]. However, for certain kind of flows (e.g. planet´s 
atmosphere and plasmas [ 11 ]) evidence of negative 
viscosity effects have been reported. In this case the 
mean flow can gain kinetic energy from the turbulence 
with direct impact in the development of sheared flows.  
Some conditions must be fulfilled in the system to show 
negative viscosity behaviour in steady state plasmas (Fig. 
5). First eddies which transport the momentum contrary 
to the gradient of mean flow must have a supply of 
turbulent kinetic energy (otherwise they will die out). 
Second, the mean flow should experience some form of 
braking (i.e. positive viscosity) so that its value does not 
increase without limit. However, this braking should be 
low enough to allow the generation of differential 
rotation. Third, some kind of turbulent irregularity must 
be present. In steady state the turbulent drive is equal to 
the damping, i.e. for the poloidal dynamics 

! 

d ˜ v 
r

˜ v " /dr = µV"  

In the framework of bifurcation transition models based 
on second order phase transitions  triggered by zonal 
flows (i.e. via negative viscosity mechanisms), 
fluctuations are expected to show long range correlations 
in the order parameter related with the electric fields. 
Then, TJ-II findings reported in section 2 are consistent 

 
 

Fig.3 Maximum value of the cross-correlation 
between floating potential signals measured at r/a = 
0.9 as a function of the plasma density. The shadow 
area indicates the threshold density for the 
development of edge sheared flows. 
  

 
Fig.4 Time evolution of plasma density during 
biasing induced improve confinement regimes in 
TJ-II and cross-correlation function between b) ion 
saturation current and c) floating potential signals 
measured toroidally apart and at the plasma edge as a 
function of time for one shot during biasing 
experiments.  
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with this theoretical framework. 

The poloidal rotation is damped by the magnetic pumping 
(i.e. the plasma rotation in the presence of 
inhomogeneous magnetic field heats up the plasma and 
leads to an irreversible transformation of the kinetic 
energy of rotation into thermal energy which damps the 
rotation) [12]. Also, a neoclassical theory of plasma 
rotation is available and the main result is that the 
poloidal rotation is proportional to the gradient of the ion 
temperature [13]. It should be noted that multi-scale 
physics might be also expected in the framework of other 
L-H transition models like those based on particle orbit 
losses or Stringer spin-up [14]. However because radial 
electric fields are expected to reduce both edge particle 
losses and the degree of poloidal asymmetries during 
transition to improved confinement regimes [ 15 ], it 
remains to be clarified why multi-scale physics 
mechanisms should be amplified at the H mode regime if 
those mechanisms are playing a leading role during the 
development of transport bifurcations.  

3. The 3-D energy transfer between edge flows and 
turbulence 
Experiments in tokamaks and stellarators have shown that  
the edge velocity shear layer appears to organize itself to 
reach a condition in which the radial gradient in the 
poloidal phase velocity of fluctuations is comparable to 
the inverse of the correlation time of fluctuations (1/t). 
This result suggests that ExB sheared flows organized 
themselves to be close to marginal stability (i.e. ωExB ≈ 
1/τ). Considering that this property has been observed in 
different devices with tremendous differences in the 
magnetic topology (e.g JET tokamak  and the TJ-II 
stellarator), we conclude that this result should be 

considered as a fundamental property of spontaneous 
edge shear flow in fusion devices (and so an important 
ingredient in the modelling of the L-H transition).  

From this perspective, an important question is to identify 
which mechanism allows fluctuations and sheared flows 
to organize themselves to be close to marginal stability. It 
is easy to understand why turbulent driven flows (e.g. via 
Reynolds stress) allow sheared flows and fluctuations to 
reach marginal stability condition ωExB ≈ 1/τ. The 
Reynolds stress tensor (whose components can be 
quantified as the quadratic cross-correlation of fluctuating 
velocity components) allows the interchange of energy 
(and momentum) between mean flows and fluctuations. 
Once the Reynolds stress driven sheared flows reach the 
critical value to modify fluctuations a negative feedback 
mechanism will be established which will keep the 
plasma near the condition ωExB critical.  

Experiments in the TJ-II stellarator [ 16 ]  have 
investigated the evolution of turbulence during edge shear 
development by quantifying the quadratic term of 
fluctuating radial and parallel velocities. Radial variations 
in the radial-parallel Reynolds stress components are 
developed in the proximity of the threshold density to 
trigger the development of edge sheared flows. In 
addition, experiments using fast cameras and probes 
suggest that also the quadratic term (radial-perpendicular 
Reynolds stress component) is modified during edge 
shear flow development in the TJ-II stellarator [17] and 
the JET tokamak [18]. The fact that different quadratic 
terms in fluctuating velocities (radial-parallel and 
radial-perpendicular) changes during edge sheared flow 
development has an important consequence: shear flow 
physics involves 3-D physics phenomena in which both 
perpendicular and parallel dynamics are involved.  

3. Conclusions 
Recent experiments have shown the importance of 
multi-scale (long-range) mechanisms in the transition to 
improved confinement regimes and the key role of 
electric fields to amplify them. Flows driven by 
turbulence might explain such experimental observation, 
which would imply to consider the importance of 3-D 
effects on the energy transfer between flows and 
turbulence. Comparative studies in different magnetic 
configurations (e.g. tokamak, stellarators and RFPs), 
diagnostic development and large-scale simulation are 
needed to assess the importance of multi-scale physics in 
the development of sheared flows.  

 

 

 

 
 
Fig.5 Some kind of turbulent irregularity must be 
present to get flow driven by instabilities in plamas. 
This ingredient is illustrated in the figure, showing a 
flow with some hypothetical pattern producing a 
convergence of momentum into the mid-channel 
[10]. 
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During the last years, electron cyclotron heating (ECH) was proven to be one of the most attractive heating 
schemes for stellarators because it provides net-current-free plasma startup and heating. Both the stellarator 
Wendelstein 7-X (W7-X) and the ITER tokamak will be equipped with a strong ECH and current-drive system. 
Both ECH&CD systems are comparable in frequency and have continuous-wave (CW) capability (140 GHz, 
10 MW for W7-X and 170 GHz, 27 MW for ITER). The heating- and current drive scenarios, which support W7-X 
operation at various magnetic fields and in different density regimes are reviewed. The ECH plant consists of ten 
RF-modules with 1 MW power each. The commissioning of the entire ECH installation is in an advanced state. All 
supporting systems like the superconducting magnets, the water cooling plant, the cryogenic plant, the main power 
supply and all high-voltage modulators are completed and operating. The ten gyrotrons at W7-X will be arranged in 
two 5 MW subgroups symmetrically to a central beam duct in the ECH hall. The mm-wave beams of each subgroup 
will be combined and transmitted by a purely optical multibeam-waveguide transmission line from the gyrotrons to 
the torus. The mm-wave power will be launched to the plasma through ten synthetic diamond barrier windows and 
in-vessel quasi-optical plug-in launchers, allowing each 1-MW mm-wave beam to be steered independently. The 
polarization, as well as the poloidal and toroidal launch angles, will be adjusted individually to provide optimum 
conditions for different heating and current-drive scenarios. Integrated high power CW tests of the full transmission 
system (except the in vessel components) were performed recently and are in excellent agreement with theory and 
low power measurements. The work presently concentrates on the acceptance tests of the gyrotrons, on the front 
end of the transmission system near the W7-X torus and on the in-vessel components. 

 
 

Keywords: Nuclear Fusion, Stellarator, Steady State Operation, Electron Cyclotron Heating, Gyrotron, 
Quasi-Optical Transmission 

1. Inroduction 
Wendelstein 7-X (W7-X) is the next step in the 

stellarator line towards thermonuclear magnetic fusion 
power plants. Stellarators have inherent steady state 
operation capability, because the confining magnetic field 
is totally generated by external coils. W7-X will be 
equipped with a superconducting coil system and a 
continuously operating (CW) 140 GHz Electron 
Cyclotron Heating and Current Drive (ECH&CD) system 

with 10 MW gyrotron power. An actively pumped 
divertor with 10 MW heat removal capability for 
stationary energy and particle control will be installed 
after an initial testing phase using an inertially cooled 
divertor in pulsed operation. An ECH power of 10 MW is 
required to achieve reactor relevant plasma parameters 
[1] at the nominal magnetic field of 2.5 T. The ECH&CD 
operation scenarios and the status of the in-vessel 
components are reported in Sec. 2. Tests experiments on 
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gyrotrons are summarized in Sec. 3. The ECH plant is in 
a well-advanced state, integrated high power tests of the 
transmission line are reported in Sec. 4. 

 

2. Operation scenarios and in-vessel components 
The ECH&CD system at W7-X has to fulfill many 

different functions. It has to provide plasma start-up, 
heating and current control routinely at the different 
resonant confining magnetic fields. It is the only heating 
system, which will be fully available for long-pulse 
operation from beginning of the experiment. For plasma 
start-up and “low” plasma density (<1.2⋅1020 m-3) 
operation heating with the second harmonic X-mode (X2) 
at 140 GHz is foreseen. Its single-pass absorption is 
sufficiently high that nearly total absorption is guaranteed 
up to the cut-off density (<1.2⋅1020 m-3). At low density 
plasma temperatures of above 10 keV are expected. The 
heating power of 10 MW should be sufficient to sustain a 
plasma at 1.0⋅1020 m-3 with a temperature of 4 keV. X2 
operation at 103.8 GHz is also envisaged (see next 
chapter). In addition start-up at the third harmonic (X3) 
will be explored. Although in stellarators neither a 
permanent ECCD for the plasma confinement nor any 
NTM- stabilization is needed, the control of the divertor 
strike point position requires a permanent control of the 
edge rotational transform iota. In addition it should be 
avoided that the iota profile does approach any main 
rational resonance. Therefore ECCD will be used for 
residual bootstrap current [2] compensation and iota 
control on a fast time scale. For long time scales (<100s) 
iota will be controlled by the currents in the coil system. 
With the installed ECH power of 10 MW up to 300 kA 
current can be driven at 1.0⋅1019 m-3 by ECCD. Even at 
1.0⋅1020 m-3 an ECCD current of up to 30 kA is expected, 
which will be sufficient to compensate the estimated 
bootstrap current of about 20 kA. 

The main challenge of the first experimental 
campaign will be to develop an operation scenario, where 
the slowly growing bootstrap current is continuously 
compensated by a well matched central and off-axis 
ECCD. Efficient divertor operation probably may require 
a plasma density well above the X2-cutoff density. Here 
second harmonic O-mode heating (O2) with a plasma 
density of up to 2.4⋅1020 m-3 is foreseen [3,4]. In contrast 
to X2 heating O2 single-pass absorption is well below 
100%. Depending on plasma density and central plasma 
temperature a single-pass absorption of 50-90% is 
expected. The similar situation is found for X3-heating 
(Bres= 1.66 T, ne < 1.6.1020 m-3), which is a promising 
scenario for operation at reduced confining magnetic 

field. An example for X3 single-pass absorption 
calculations with 10 MW input power is shown in Fig. 1 
(top). The related electron and ion temperatures resulting 
from a transport code [5] are also shown. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 Top: X3 single-pass absorption Pabs at 

140 GHz from ray-tracing calculations as a 
function of the plasma density. The central 
electron and ion temperatures Te(0), Ti(0) are 
also shown. Bottom: O2 triple-pass absorption 
at 104 GHz. Contours of constant absorbed 
power (in %) as a function of plasma density ne 
and ECH power. 

 
The non-absorbed part of the mm-wave beams would 

thermally overload the graphite tiles at the heat shield, 
which is opposite to the ECH antennas. Therefore several 
selected tiles will be replaced by specially shaped tiles 
made of TZM, which is a molybdenum alloy with small 
amounts of titanium and zirconium. These tiles reflect the 
mm-wave beams into a second pass through the plasma 
center onto a water-cooled stainless-steel reflector panel 
in between the ECH ports. This reflector will provide a 
third pass through the plasma as shown in Fig 1. (bottom) 
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and in Fig 2. Thus the total absorption will be 
significantly increased. The same reflector system can be 
used for the X3-heating scenario, where also an 
incomplete single-pass absorption is expected. The 
launching angle for both heating scenarios is about 12° at 
the position of the most elongated plasma cross-section. 
Therefore the beam deflection by plasma refraction is 
below 3 cm at the tiles, which can be easily compensated 
by the movable antennas. The ECCD capability at O2 
will not be sufficient to compensate the bootstrap current 
for all magnetic configurations, but stellarator operation 
with a finite bootstrap current is also feasible. 

 
Fig. 2 Three-pass ray-tracing calculations for one 

selected mm-wave beam with O2-mode 
polarization. 

 
For operation at ultra high plasma densities above the 

O-cutoff density Bernstein wave heating employing the 
OXB-mode conversion scenario is envisaged [6]. The 
transmission line and the in-vessel antennas are well 
designed to provide the required optimal launching angle 
of 55° in respect to the magnetic field direction and the 
nearly circular polarization. Two additional ports 
(N-type) are foreseen at W7-X for special ECH physics 
experiments with two mm-wave beams (2 MW). Here the 
beams will propagate along the B=const surfaces in order 
to localize the interaction in the phase space. Therefore 
advanced ECCD scenarios with supra-thermal electrons 
can be investigated. In addition, the N-port is also 
foreseen as the mm-wave injection port for the Collective 
Thomson Scattering diagnostics (CTS). 

The in-vessel components will enable the above 
mentioned operational scenarios. The design of the front 
steering ECH antennas is compatible with full power CW 
requirements. Four antenna plugs are under construction, 
each block can handle three mm-wave beams (incl. two 
spare beam lines for a possible later upgrade) as shown in 

Fig. 3. The movable mirrors allow a poloidal steering 
range of ±25° and a toroidal steering range between ±15° 
and ∓ 35°, which complies with all operation scenarios. 

 

Fig. 3 Photo of the assembly of one of the four ECH 
antenna plugs. 

 
The critical antenna components like the ceramic 

bearings and the flexible tube spirals for the cooling 
water supply had been already successfully tested in a 
mechanical mock-up under vacuum conditions and in 
ECH stray radiation environment. The mirror design is 
identical with the well proven transmission-line type. 
Most of the antenna components are already 
manufactured and the assembly has started (see Fig. 3). 

The N-ports are very narrow and a remote steering 
scheme [7] will therefore be employed which is based on 
the imaging properties of a square corrugated waveguide. 
A solution with a bent waveguide was chosen. This 
makes the integration of the waveguides easier and 
provides a lower antenna beam divergence due to an 
increased waveguide cross-section. However, thorough 
optimization of the position of the miter bend and the 
vacuum valve in the waveguide are required. 

The TZM reflectors for O2 and X3 heating scenarios 
have to sustain a mm-wave power of 0.5 MW on a 
surface of 120 cm2 each. High power test (0.5 MW) of a 
prototype tile mounted on the original W7-X cooling 
plate showed an absorption of 0.3% which is in 
agreement with the theoretical value calculated from the 
material properties. With the resulting thermal load of 
1.5 kW the tile reached after 200 s a steady state 
temperature of  470 °C at the surface and 390 °C at the 
cooling plate, which is acceptable for W7-X operation. 

Reliable ECH operation requires special ECH-related 
diagnostics. The beam direction, its polarization and the 
absorbed power should be known with a high precision. 
In particular the latter is one of the most important 
plasma parameters, since the energy confinement time is 
the ratio of plasma energy and absorbed heating power. 

vacuum 

plasma 

ECRH beam 
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120 pick-up antennas (open circular waveguides), which 
are incorporated in the heat shield tiles, will serve as 
diagnostics. These mono-mode waveguide tubes are 
combined into four bundles, which run along the vacuum 
vessel wall towards four B-type ports, where the signal is 
transmitted through the vacuum-air interface. Any 
contribution to the original polarization due to multiple 
waveguide bending will be compensated by appropriate 
phase shifters before the signal is detected by mm-wave 
diodes. A prototype of a waveguide bundle was already 
manufactured and is ready for a test assembly inside the 
W7-X vacuum vessel (see Fig. 4). The total absorbed 
power will be measured by at least five sniffer probes 
located in each of the five stellarator modules. These 
detectors measure the none-absorbed ECH stray radiation, 
which is distributed inside the vacuum vessel. Its signal 
will be used to detect any unintended reduction of ECH 
absorption in order to avoid severe machine damage of 
inappropriately armored in-vessel components by direct 
beam irradiation or mm-wave stray radiations. In addition 
it is planned to monitor the heat shield, which is opposite 
to the ECH antennas, by infrared cameras. 

Fig. 4 Pre-shaped waveguide bundle prototype for 
assembly and routing tests inside the W7-X 
vacuum vessel. 

 
3. Gyrotron testing and two-frequency operation 

The first series gyrotron SN1 manufactured by Thales 
Electron Devices (TED) has been tested successfully at 
FZK and IPP in 2005. It has fulfilled all the specifications 
(0.91 MW in fundamental Gaussian mode, 30 min. pulse 
duration, 45% efficiency). During the acceptance test no 
specific limitations were observed. In order to keep the 
warranty this gyrotron has been sealed, the two equally 
performing prototype gyrotrons are routinely used for test 
experiments on advanced ECH components. 

The next series gyrotrons showed a more or less 
different behavior with respect to parasitic oscillations 

excited in the beam tunnel region. These oscillations 
result in an excessive heating of the absorbing ceramic 
rings. The gyrotrons, re-opened after operation, showed 
significant damages due to overheating at the ceramic 
rings and the brazing of the rings. This limited in general 
the pulse length in full power operation to a few ms or the 
power in long-pulse operation to 0.6–0.7 MW.  

In a first attempt to improve the situation, the 
manufacturer opened the series gyrotrons SN2 and SN3 
and installed ceramic rings with a better brazing (SN2a, 
SN3a) and changed the sequence of the ceramic rings 
with different inner diameter (SN5). But both measures 
did not improve the situation significantly. 

Therefore, FZK started in 2008 first designs to 
overcome this issue and to come to a more robust beam 
tunnel which suppresses the excitation of parasitic 
oscillations more efficiently. In order to validate a new 
beam tunnel as much as possible, it is planned to perform 
tests with a 170 GHz coaxial cavity gyrotron and a 
frequency step tunable 140 GHz gyrotron with a 
structurally modified beam tunnel which represents only 
a small change in the existing design. 

In the following we will report on the experimental 
results obtained with the series gyrotrons SN2a, SN3a 
and SN5, all equipped with the original beam tunnel. 

In 2008 acceptance tests have been continued with the 
repaired serial gyrotron SN2a at IPP Greifswald. The tube 
achieved 0.83 MW at 3 min and 0.71 MW at 25 min. 
pulse length. However, during conditioning of the tube 
the pressure level increased and complicated further 
progress. The control of the vacuum system of the 
gyrotron did not show a leakage. The acceptance tests of 
the tube were stopped by a crack of the output window 
which occured during operation without any alarm 
message from the interlock system. The gyrotron was 
sent back to the manufacturer for opening and detailed 
failure analysis. 

The serial gyrotron SN3a has been tested at FZK in 
short pulse (~ ms) and long pulse (up to 30 min) 
operation with power levels of up to 0.8 MW and 0.5 MW, 
respectively. The output beam pattern has been measured 
and analyzed. The beam parameters are very close to 
those obtained in the first version of the gyrotron which 
shows a stable and reliable quasi-optical output system 
(see Table 1). Parasitic oscillations at a lower frequency 
(120 – 130 GHz) were observed which are supposed to be 
excited in the beam tunnel region and limit the 
performance of the gyrotron. After conditioning of the 
gyrotron, it was possible to operate the tube with a 
maximum power of about 0.72 MW for 3 min and  
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Table 1: Gaussian output beam parameters of the 
TED 140 GHz gyrotrons calculated 
from measured patterns. 

Gyrotron w0x; w0y 
beam waist 

z0x; z0y 
location of beam waist 

TEM00 
[%] 

Maquette 19.3; 17.4 -82.8; 61.2 95  
Prototype 18.6; 21.3 202; 71 97 
TED SN1 17.7; 21.6 126.9; 126.0 97.5 
TED SN2 20.2; 22.5 103.5; 39.8 97 
TED SN 2a 18.7; 22.2 127.0; 30.0 95 
TED SN3 17.5; 20.6 130; 90 97 
TED SN3a 17.6; 20.5 24; 77 96 
TED SN 4 18.1; 18.5 105; 51 97 
 
0.5 MW for 30 min, the specified 0.9 MW output power 
could not be achieved. 

Acceptance tests of the serial gyrotron SN5 have been 
started at FZK. This tube has been equipped with a beam 
tunnel with a small modification of the inner contour 
which should suppress the excitation of parasitic 
oscillations. In short pulse operation the gyrotron 
delivered up to 0.95 MW. However, parasitic oscillations 
(120-130 GHz) were still limiting the performance of the 
tube. Furthermore and independent from the beam tunnel 
issue, the parameter optimization of this gyrotron had to 
be stopped as a shift of the mm-wave output beam at the 
window caused frequent arcing, raising the risk of a 
failure of the diamond disk. 

The W7-X gyrotrons are optimized for 
single-frequency operation at 140 GHz, for details see ref. 
[8]. Their synthetic diamond windows have a resonant 
thickness of 4λ/2 (1.8 mm) at 140 GHz and are also 
transparent at 105 GHz corresponding to 3λ/2. Two 
modes, the TE21,6 (103.8 GHz) and the TE22,6 (106.3 
GHz) exist in the vicinity of the desired frequency. Both 
modes could be exited by tuning the gyrotron magnetic 
field and adjusting the operation parameters (Ibeam = 40 A 
and Uacc = 62 kV). We have focused on the TE21,6 mode 
operation, because the output beam was almost perfectly 
centered at the output window, whereas the beam from 
the TE22,6 mode was located somewhat off center. Using 
the TED prototype gyrotron a maximum output power of 
about 0.52 MW was achieved without collector voltage 
depression corresponding to an efficiency η = 21 %, 
which is compatible with theoretical predictions. The 
output power drops with increasing depression voltage 
while the efficiency increases from 21 % to 27 %. The 
corresponding collector loading at 0 and 8 kV depression 
voltage is 1.9 and 1.7 MW, respectively, which is 
incompatible with the collector-loading limit of 1.3 MW. 
Thus only operation at 0.4 MW with reduced beam 
current around 34 A can be handled safely. The mm-wave 
beam was transmitted through 7 mirrors of the 

quasi-optical transmission line into a calorimetric 
CW-load. Transmission losses of about 20 kW were 
measured, which compares well with the transmission 
loss fraction at 0.9 MW, 140 GHz operation. It is worth 
noting, that both the beam matching mirrors as well as the 
set of polarizers can be used without modification. 
Assuming, that all series gyrotrons behave similar to the 
prototype, the ECH&CD system of W7-X will be 
operated as a two-frequency system with a total power of 
4 MW at the lower frequency. The operation range of 
experiments can then be extended towards different 
resonant magnetic fields of 1.86 T (X2 and O2 mode) and 
1.25 T (X3 mode). An example for the O2-mode 
absorption at 103.8 GHz after 3 transits through the 
plasma is shown in Fig. 1 (bottom) as a function of 
plasma density and ECH power. The same transport code 
as for Fig. 1 (top) was used. An interesting parameter 
regime (absorption > 90 %) is accessible with moderate 
power at the reduced magnetic field. The calculated 
electron temperatures range from 3.5 to 5 keV, depending 
on plasma density and ECH power. Once plasma start-up 
could be achieved with the X3-mode, which is not clear 
yet, operation at 1.25 T is of particular interest, because 
ECH then could provide a target plasma for neutral beam 
injection heating for high-ß physics studies, which is 
most promising at low confining magnetic field. 

 
4.  High power tests of transmission system 

The transmission system consists of single-beam 
waveguide (SBWG) and multi-beam waveguide 
(MBWG) components. For each gyrotron, a beam 
conditioning optics of five single-beam mirrors is used. 
Two of these mirrors match the gyrotron output to a 
Gaussian beam with the correct beam parameters. Two 
corrugated mirrors are used to set the appropriate 
polarization for optimum absorption of the radiation in 
the plasma. A fifth reflector directs the beam to a plane 
mirror array, the beam combining optics, which is 
situated at the input plane of a multi-beam waveguide 
(MBWG) [1]. The MBWG is designed to transmit up to 
seven beams from the gyrotron hall (entrance plane) to 
the stellarator hall (output plane). A mirror array 
separates the beams again at the output plane and 
distributes them via CVD-diamond vacuum barrier 
windows to the individually movable launchers in the 
W7-X torus. Two symmetrically arranged MBWGs are 
used to transmit the power of all gyrotrons. A major work 
package was the design completion and manufacturing of 
the transmission system near the torus. This comprises 
the reflectors type M13 and M14, which will be installed 
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in two "towers" in front of the W7-X ports as sketched in 
Fig. 5 (left). Both towers are completed, and the 
installation of control systems for reflectors and 
launchers, support structures, and granite absorbing plates 
has started, see Fig.5 (right). 

 
Fig. 5 Left: CAD sketch of the beam-distribution optics 

and control racks inside the two-storey tower. 
Right: ECH tower with mm-wave absorbing 
granite-wall structure. 

 
Tests of the entire transmission line can only be 

performed, once the W7-X construction is completed and 
access to the main torus hall is provided. Therefore, we 
had installed retro-reflectors in the underground 
beam-duct in the image plane at half distance of the 
MBWG transmission line. Long-distance transmission 
can be simulated and tested by transmitting the high 
power mm-wave beams half way in forward direction and 
then back via the reflectors into the dummy load. First 
calorimetric high-power measurements are shown in 
Fig. 6, where the calorimetrically measured transmitted 
power is plotted versus the incident power. As a guide for 
the eye, the ‘no-loss’ line is also plotted. Total losses of 
2.6±0.4% were measured for 10 reflections on the 2 x 3 
MBWG mirrors and the 4 additional guiding mirrors over 
a total length of about 40 m.  

The measured total losses are compared to the 
calculated losses for the individual components in 
Table 2. Good agreement is found with calculations and 
previous low power measurements. This result confirms 
the high quality of the quasi-optical concept for high 
power, long-distance transmission. 

 
5.  Summary 

The ECH&CD system for W7-X is the most 
ambitious and largest CW plant presently under 
construction. It is designed to satisfy the physics demands 
for stationary heating and current drive at 2nd harmonic 
with X- and O-mode, 3rd harmonic with X-mode, as well 

as mode conversion heating in the high density regime 
with Bernstein modes. The 10 MW, CW mm-wave power 
from 10 gyrotrons is transmitted via an optical multi- 
beam waveguide system operating at atmospheric 
pressure, which is a unique feature of this system. The 
optical transmission offers favorable characteristics such 
as broadband transmission and a large margin for power 
handling. This allows operation of the system at two 
frequencies and with the option of a later power upgrade 
without modification of the transmission line. 

 
Fig. 6 Calorimetric measurement of the mm-wave 

power Prefl (after transmission through 10 
mirrors) as a function of the incident power Pinc. 
The dashed-dotted line indicates no-loss 
transmission. 

  Tab. 2 Calculated transmission losses for different 
optical transmission components under normal 
atmospheric pressure (140 GHz). The sum of 
the different contributions is compared to the 
measured losses. 

 
ITEM OHMIC 

(%) 
DIFFRACTION 
(%) 

TOTAL (%) 

M5, M6, M7 0.39 0.2 0.59 
2 SR 0.26 0.1 0.36 

M5, M6, M7 0.39 0.2 0.59 
M4 0.13 0.1 0.23 
SD 0.13 0.1 0.23 

Atmospheric 0.68  0.68 
SUM    2.68  

MEASURED    2.6 + 0.4  
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Recent activities on the developments of high power gyrotrons and high power millimeter wave technologies in 

JAEA are presented. A basic criterion of ITER gyrotron was satisfied using a JAEA TE31,8 mode gyrotron. The 

output power from the gyrotron is used for developments of transmission line components and ITER launcher. 

The gyrotron is being operated for 3 years, and demonstrated operational reliability. As a next step, a new 

gyrotron was designed and fabricated, which operates at higher order resonator mode to enable the operation at 

greater than 1 MW. In parallel, feasibility studies of power modulation and dual frequency gyrotron were carried 

out. On 110GHz gyrotron system of JT-60U, 2.9MW power injection into the plasma was demonstrated for 5 sec 

pulse duration. The EC technologies under development for ITER and JT-60SA are applicable also for future 

fusion reactors such as DEMO.  

Keywords: Gyrotron, mm-wave technology, TE31,8 mode, ITER, DEMO 

1. Introduction 

On ITER (International Thermonuclear Experimental 

Reactor), a 20 MW electron cyclotron heating and current 

drive (EC H&CD) system is being planned for a plasma 

initiation, heating, current drive and MHD instability 

control [1,2]. As a power source, 1MW 170GHZ long 

pulse gyrotron is required. A development of the 170 

GHz gyrotron has been carried out from EDA phase 

(Engineering Design Activities) in Russia, Europe and 

Japan [3,4]. In 1990’s, important breakthrough 

technologies for high power long pulse gyrotrons, such as 

a high efficiency mode converter [5], depressed collector 

[6], diamond window [7-9], were developed, which gave 

a route to the realization of 170 GHz 1MW CW gyrotron. 

In 2000’s, quasi-CW operations were demonstrated by 

some gyrotrons. On 140 GHz gyrotron developed for 

Wenderstein 7X, by using an advanced built-in mode 

converter, 30 min operations were demonstrated by EU 

and US in 2003-2005 [10,11]. In 2006, a stable 1MW 170 

GHz oscillation was demonstrated at CW-relevant pulse 

duration. Here, the efficiency was 55 % with a depressed 

collector at the optimum oscillation parameters in the 

so-called hard excitation region [12]. The achieved 

parameters satisfy a basic criterion required for the ITER 

gyrotron. Using this gyrotron as a power source, R&D of 

a transmission line and a launcher for ITER procurement 

is underway in addition to the reliability test of the 

gyrotron. As a next activity, the gyrotron development of 

higher power generation using a higher resonator mode 

has started. A resonator diameter is raised by increase the 

mode number in the resonator, which reduces a heat load 

density on the resonator wall. And, feasibilities of a 

power modulation for application to the Neo-classical 

Tearing Mode (NTM) suppression of ITER plasma and 

frequency tunability are studied for advanced operation. 

In parallel, the EC H&CD technologies developed for 

ITER have been applied for 110 GHz system on JT-60U.  

In this paper, recent activities and next plan for EC 

H&CD technologies at JAEA are described. In section 2, 

present deign of ITER EC H&CD system is introduced. 

In section 3, experimental results of 170 GHz gyrotron 

are described, and tests of transmission line and launcher 

are described in section 4. R&D for an advanced gyrotron 

is discussed in section 5. In section 6, results of 110 GHz 

EC H&CD system on J-60U are summarized. A 

conclusion is given in section 7.    

 

2. EC H&CD system of ITER 

    For the 20 MW EC H&CD system of ITER, 24 

tubes of 1 MW-170 GHz gyrotron will be adopted 

assuming a transmission efficiency of 83 %. In the 

transmission line, various components such as a matching 

optics unit (MOU) that interfaces the gyrotron output 

power with the waveguide, 8~9 miter bends, 1~2 

isolation valves, a torus window for tritium shielding, and 

a launcher, are included. The development of the 

launcher and demonstration of high efficiency high power 

transmission are important R&D issues for ITER EC 

H&CD system (section 4). The 24 gyrotrons are placed in 

the third floor of the RF building to be built adjacent to 
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the assembly hall of ITER as shown in Fig.1 [13]. Main 

power supplies are placed in the first floor, and beam 

acceleration power supplies [14] are placed in the second 

floor of the RF building. The length of the transmission 

line will be ~150 m. Two types of the launcher are 

installed. One is the launcher installed in an equatorial 

port to perform the heating and current drive. Other is 

four launchers in upper ports, which have the control 

function of MHD instability [2].           

 

3.  170GHz 1MW Gyrotron for ITER  

     The JAEA gyrotron has following feature [15]. An 

electron gun is a triode-type magnetron injection gun 

(MIG). In the beam tunnel, which indicates a section 

between the MIG and a resonator, conical silicon carbides 

are installed to suppress a parasitic oscillation. The 

resonator is a cylindrical cavity, whose Q-factor is 1530 

at 170 GHz-TE31,8 mode. A built-in mode converter 

placed at the downstream of the resonator is designed to 

generate a Gaussian beam using CCR-LOT and Surf3D 

codes [16]. The RF beam radiated from the converter is 

transformed with 4 mirrors and is outputted through the 

diamond window of 1.853 mm in thickness. The disk 

edge is coated by Copper to protect the bonding material 

between the cuffs and the diamond from the corrosion. In 

the operation, a pitch factor of the electron beam can be 

controlled by the changing the anode voltage Vak. With a 

combination of resonator field Bc (magnetic field at the 

resonator), electron parameters (cyclotron frequency and 

pitch factor) can be optimized actively during the 

oscillation.  

    In Fig.2, a history of the gyrotron operation is shown. 

Operation begun at March 2006, and some important 

results, such as 1 hour oscillation, 1 MW/800 s/55 %, 0.8 

MW/1 hour/57 %, have been demonstrated as indicated in 

the figure. The total output energy is ~200 GJ. The output 

power and deposition power in the tube was measured 

calorimetrically [17]. Sum of measured powers, i.e., 

output power from the window (1020 kW), collector 

deposition (742 kW), a stray radiation (24kW) and ohmic 

loss (63 kW), agrees well with the DC input power. In 

Fig.3, the beam current dependence of the output power 

and the efficiency with and without the depressed 

collector are shown. Pulse durations for all data are 

greater than 5 min. By the active control of Vak and Bc, 

the operation parameters (electron cyclotron frequency 

and its pitch factor in the resonator) are optimized for 

each data in the hard excitation region. The maximum 

efficiency was ~60 % at 0.6 MW output. Fig.4 shows a 

time evolution of one-hour operation for the applied 

voltages, beam current (~30A), magnetic field at the 

resonator, light signal observed in the tube, RF signal at 

the directional coupler, vacuum in the tube at the output 

power of 0.8 MW. The efficiency was 57%. The 

oscillation was very stable during the shot. The pressure 

increased for 40 min, however, that kept a constant value 

after 40min. This pressure stabilization can be explained 

as follows. During the operation, the electron beam 

ionizes neutral particles in the tube. These positive ions 

are accelerated by the strong electric field applied for the 

depressed collector and those are absorbed by the 

collector wall. In other words, the depressed collector 

gyrotron acts as an ion pump inherently. When the 

 

Fig.1 Layout of RF heating system and torus hall of 

ITER. (Courtesy of M.Henderson of ITER/IO) 

 

Fig.2: History of integrated RF energy outputted from 

the JAEA170 GHz gyrotron. Start was March of 2006. 
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operation ended, such pumping effect disappears. 

Consequently, increase in the pressure occurs because the 

ions are released from the collector wall and no additional 

pumping effect.  

     As a simulation of gyrotron operation on ITER, a 

high repetitive RF generation was demonstrated at 0.8 

MW. Ten shots were repeated for every 30 min with the 

pulse duration of 400sec. The efficiency with the 

depressed collector was ~56%. No major trouble was 

observed, which gives a prospect of stable operation in 

ITER experiment [18].     

 

4.  RF power transmission and launcher for ITER 

    The output power of the gyrotron is used for 

developments of transmission line and launcher 

components [19]. In Fig.5, picture of the test transmission 

line in JAEA is shown. The output power couples with 

the waveguide of 63.5mm in diameter via two-phase 

correlation mirrors in a matching optics unit (MOU), and 

92 % of the output power was transmitted to the dummy 

load via 40 m evacuated transmission line including 7 

miter bends. Here a power loss in the MOU is ~4.5 %. At 

the end of the transmission line, components, such as a 

torus window for ITER, arc detector, low loss miter bend, 

polarizer, are connected for high power and long pulse 

tests. Furthermore, as with the practical system, a test 

launcher is connected after the transmission line.  

    For this purpose, a preliminary launcher mock-up 

was manufactured as shown in Fig.6. Fig.6(a) shows one 

of three quasi-optical RF beam lines of the equatorial 

launcher [20]. Fig.6 (b) is a picture of the launcher 

mock-up fabricated based on the updated design of the 

equatorial launcher. High power mm wave is outputted 

from one waveguide, and radiated from the movable 

mirror. The radiated power is reflected by two mirrors 

and outputted from the launcher as a bundle of the beams. 

The surfaces of two mirrors are optimized to minimize 

the heat load on the mirrors [21]. The angle of the final 

 

Fig.3: Experimental result of beam current 

dependence of output power at 170 GHz (red), 

oscillation efficiency (green) and overall efficiency 

with depressed collector (blue). Beam voltage is ~72 

kV, anode voltage, depressed collector voltage, Bc are 

optimized for each data points. Pulse durations are 

greater than 5min.  

 

Fig.4: Time evolution of 1-hour operation of 170 GHz 

gyrotron at 0.8 MW. The efficiency is 57 % with the 

depressed collector.  

 

 
Fig.5: Picture of transmission line of JAEA test 

stand. 
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mirror can be controlled using an ultra-sonic motor. The 

power is received by a metal dummy load.  

   The test system includes most of the essential parts of 

ITER EC H&CD system. The test on this system will 

provide useful database for the detailed design of the 

system.   

 

5. Advanced Gyrotron  

  5.1  Higher mode oscillation of 170 GHz gyrotron 

     The R&D of a high power gyrotron using a higher 

mode oscillation has started. The oscillation mode is 

TE31,12 cylindrical resonator. By increasing the oscillation 

mode, the resonator diameter increases from 17.9 mm to 

21.84 mm, and the heat load on the resonator wall 

significantly decreases. This will contribute to the higher 

power generation and relax a thermal stress on the 

resonator. On the other hand, careful setup and operation 

will be required to establish the stable and high efficiency 

oscillation. The MIG is the same configuration with the 

TE31,8  gyrotron. As a first step, a short pulse gyrotron 

was fabricated and tested. The output power of ~1.57 

MW was obtained at 170 GHz. Based on the result, a 

long pulse TE31,12 mode gyrotron was fabricated as shown 

in Fig.7. The experiment will be done soon. 

 

5.2  Power modulation 

  In ITER, high frequency power modulation up to 5 

kHz will be required for suppression of NTM instability. 

For this purpose, a test of high power modulation of 

JAEA gyrotron is planned using a voltage modulation of 

a body power supply [14]. Generally, when the power 

modulation is applied, the collector heat load increases 

since the non-workout electron beams impact the 

collector. In case of the JAEA gyrotron, however, the 

modulated voltage of the body Vm appears as a decrease 

in the anode-cathode voltage Vak of the triode MIG since 

the anode-body voltage is kept constant. Since a beam 

current decreases as the Vak does, the current drop by the 

voltage modulation must be much larger than the diode 

type MIG. Furthermore, if the anode modulation is added 

on, Vak will decrease to 0V. Consequently, the beam 

current could be reduced to small level. Then, the 

averaged collector heat load can be suppressed 

significantly, which will permit the operation at larger 

beam current to increase the oscillation power on the 

identical gyrotron.  

 

5.3  Dual Frequency gyrotron 

     High power multi-frequency gyrotrons have been 

studied by many institutes [22-24]. These gyrotrons have 

a diode MIG. Generally, the triode has a larger flexibility 

than the diode for determination of electron beam 

parameters such as beam radius, pitch factor at fixed 

beam voltage. Therefore, the triode type MIG is much 

suitable for the multi-frequency gyrotron. Here, a set of 

TE31,11 and TE25,9 modes for 170 GHz and ~137 GHz, 

respectively, are proposed. The mode corresponds to the 

transparent frequency of the diamond window of 1.853 

mm in thickness. By adjusting the anode voltage the 

mirror ratio between the resonator and MIG fields, 

 
Fig.6: Mockup of equatorial launcher. (one of three 

beam lines). 

  

Fig.7: Picture of 170 GHz gyrotron. 

Oscillation mode is TE31,12, and Gaussian 

beam output. 
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optimized pitch factor can be selected at any beam 

voltage. Consequently, 1 MW high efficiency oscillation 

will be available at both modes. The high efficiency 

mode conversion is also available from the oscillation 

mode to the Gaussian beam for both modes. 

5.4  Fast field control super conducting magnet 

    For a step tunable frequency control at reasonable 

beam parameters, a magnetic field control should be 

accompanied. For a fast control of Bc, He-free super 

conducting magnet with an additional sweeping coil was 

developed [25]. A diameter of a room temperature bore is 

240 mm, and the 7 T at the center. Using commercially 

available DC power supplies, the magnetic field 

sweeping was demonstrated with a speed of 0.4 T/10 sec 

at 7T. 

 

6.  110 GHz gyrotron for JT-60U and JT-60SA 

  The 110 GHz gyrotron has been designed firstly in 

1998 taking into account the results of 170 GHz gyrotron 

in ITER. The basic configuration is the same with the 170 

GHz gyrotron. The oscillation mode is TE22,6 at 110 GHz. 

The MIG is the triode gun, and the depressed collector is 

adopted. The thickness of the diamond window is 

1.715mm. The EC H&CD system was firstly applied on 

JT-60U in 1999, and upgraded to 4-gyrotron system in 

2001. Liquid He free magnets have been used for all 

gyrotrons, and no major trouble had occurred. The EC 

H&CD was used on JT-60U, and many important results 

were demonstrated on the large sized plasma, such as 

electron heating to 26 keV [26], plasma initiation by 

second harmonic ECR [27] and NTM suppression [28]. 

In 2008, the total injection power of 2.9 MW for 5 sec 

was demonstrated [29] and its operation has ended on 

JT-60U. In the last experiment campaign, modulated 

ECCD at 5-7 kHz synchronized to NTM was achieved by 

real time control of anode voltage [30] and stronger 

stabilization effect was obtained than un-modulated 

ECCD by a factor of more than 2 [31]. The improvement 

of EC H&CD system has started aiming 100sec operation 

on the future JT-60SA. In parallel, the effort for 

improvement of 110 GHz gyrotron performance is 

continued after the JT-60U shutdown. Up to now, the 

demonstration of 1.5 MW/1 sec has succeeded [32]. Here, 

the beam voltage and the beam current are 86 kV, 62.8 A 

with the depressed collector voltage of ~26 kV. In the 

near future, the experiment will be continued using the 

gyrotron where the improved mode converter is installed.  

 

7. Conclusion 

A basic requirement of the ITER gyrotron 

performance was demonstrated with the JAEA 170 GHz 

gyrotron. As the next activity, higher order mode 

gyrotron is under development for a higher power 

generation. In parallel, the demonstration of the power 

modulation is planned for ITER application. And, a 

design of a dual frequency gyrotron was proposed. The 

high power gyrotron is used as a power source for the 

developments of transmission line and ITER launcher. 

The full performance of EC H&CD system was 

demonstrated on JT-60U with 110 GHz gyrotrons, where 

2.9 MW/5 sec injection was attained. These activities 

give a prospect for the procurement for ITER and 

JT-60SA. As the EC technologies have a generality, 

R&D carried out for ITER and JT-60SA are also 

applicable for all kind of magnetic fusion devices and 

future reactor DEMO since the present design of the 

magnetic filed strength is similar level [33].  
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The use made of “auxiliary” systems, such as the ICRF power system, the environment in which those systems 
will operate and the requirement they must fulfill, will change drastically between present systems, systems for 
ITER and those for DEMO. Some characteristics, now presently barely relevant, will become increasingly 
important. The paper draws attention to the changes, gives an overview of the ICRF system for ITER and highlights 
where extrapolations with respect to present systems are required. It moves on to DEMO and shows where the 
strength of ICRF is and proposes an approach to mitigate its weak points. 
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1. Introduction 
Since in DEMO type machines only a limited 

number of plasma heating and control systems will be 
acceptable, the selection of the systems to be installed 
will be severe. The selection criteria, guided by 
characteristics relevant for DEMO, will be quite different 
from the present ones.  

Some characteristics of the heating and control 
systems, of no considerable importance in present 
machines, will become increasingly significant as 
machines move from present experiments to DEMO type 
machines. This is due to the major changes that will occur 
in 1. the use that will be made of the systems 2. the 
environment in which the systems will operate and 3. the 
requirements they must fulfill. 

An ICRF system scores well on the relevant 
characteristics and is therefore a strong candidate as one 
of the heating and control systems in DEMO type 
machines. There are however areas that need to be 
addressed in present and future machines. 

The paper gives an overview of the ICRF system for 
ITER and highlights where extrapolations with respect to 
present systems are required. These need to be taken up 
with high priority in existing machines and on test stands. 
Critical aspects are the voltage standoff in the antenna 
and absolutely reliable arc detection methods. Impurity 
production in a high-Z metallic wall environment may 
become an issue in a later stage of ITER, but proposals 
for mitigation can and should be investigated in ASDEX 
Upgrade and Alcator C-mod. 

The paper proceeds to elucidate the role of ICRF on 
DEMO. Experiments on present-day machines and on 
ITER could strengthen the case for ICRF on DEMO. 

It is fit to highlight, at a Toki conference, the 
interesting synergy between ICRF and steady state helical 
concepts. The steady aspects of the helical concept has 
allowed ICRF in LHD to demonstrate the long pulse 
capability of ICRF systems and thus to reinforce 
suitability of ICRF for the long pulse/steady state 
machines of the DEMO type. In the other direction, ICRF 
systems can contribute significantly to qualify the helical 
concept for ITER/DEMO type machines: experiments on 
fast ions confinement with ICRF in present helical 
machines have shown that the helical concepts can 
confine energetic particles [1]. 

 

2. Use made of the system 
Present “auxiliary systems” are mainly used for 

heating, whereas other functions such as control of the 
current profile, density profile or rotation only come into 
play to increase the experimental flexibility or for 
demonstration purposes. 

For ITER, heating to ignition will be an important 
function, but only for a fraction of the time. The 
remaining time, the heating system will be either idle or, 
if possible, used for burn, current and density profile 
control. An important application could be wall 
conditioning. 

For DEMO, the use of the system for heating to 
ignition will and should be a negligible fraction of the 
time. If the confinement concept chosen for DEMO 
requires a plasma current, then driving current and/or 
controlling the current profile will likely be the dominant 
use of a least one auxiliary system. Other applications 
will include burn and density profile control. 

The need to limit the number of “auxiliary” systems 
on DEMO, will favor systems that can perform more than 
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one function. ICRF systems have been used for heating, 
both electrons [2] and ions [3]. Its use for burn control 
was investigated on JET with positive results [4]. Control 
of sawtooth, using current profile modification has been 
extensively demonstrated [5][6][7]. Central current drive 
was shown in D-III-D [8], while ICRF power can also be 
used for wall conditioning [9], even in conditions where 
glow discharge cleaning is no longer possible due to the 
presence of a permanent magnetic field. In general it was 
shown that ICRF could be utilized for many other 
purposes than heating alone [10]. 
On this basis, ICRF is clearly a good candidate for a 
machine where the number of “auxiliary” systems is 
limited and therefore systems are favored that can 
perform more than one function.  
 

2. Environment in which the system needs to 
operate 

Most of the present experiments operate with short 
pulses. In current experiments also, the presence of 
neutrons does not have an major influence neither on the 
design of the components near the plasma, nor must the 
shielding/ neutron streaming effect due those components 
on the regions further removed from the machine be 
considered. Remote maintenance is sometimes needed, 
such as in JET, but is mostly the exception. 

In ITER, even when operated in pulsed mode, the 
timescales for the auxiliary systems will be such that they 
need to be designed for steady state. The presence of 
neutrons influences the choice of materials and the 
location of certain components, but it is mainly the 
biological aspects of the radiation that dictate the use of 
remote maintenance. Shielding or neutron streaming due 
to the presence or absence of certain components in the 
ports is an important design parameter. When neutron 
streaming cannot be avoided (such as in the case of NBI), 
measures have to be taken to shield the neutrons at a 
more remote location. Overall dimensions are larger, 
leading also to larger plasma-antenna distances, a 
negative aspect if wave-coupling structures are used. 

In DEMO, the presence of neutrons will dominate 
the choice of materials as neutron damage will influence 
how often components need to be replaced, and how 
much waste is produced. Neutron streaming through large 
opening in the blanket will be difficult to accept. The 
systems exposed to large neutron fluxes must be simple 
and sturdy, and should not impose constraints on the 
materials used. Remote maintenance will be essential, but 
should be limited for the auxiliary systems to times when 
other major components (such as blankets) need to be 
replaced. In addition, in a pure fusion DEMO, tritium 

breeding will be indispensable, favoring systems with 
small openings in blanket and shields. 

It is conceivable that, because of the importance of T 
breeding, the number of ports will be severely restricted 
in machines of the DEMO type. Whereas in ITER the 
ICRF antenna is part of a port plug, it would be 
preferable for ICRF antennas in DEMO to be integrated 
in the blanket and the opening through the blanket limited 
to the transmission line only. The resulting impact on T 
breeding is then minor. Neutron streaming, already small 
along those small penetrations, can be further reduced by 
proper measures. The power density calculated based on 
the area of the transmission line is high, while the power 
density at the surface of the antenna can be low. 
Insulators, required in the vacuum feedthrough of the 
line, can put in an area of sufficient low neutron flux, 
and, as already foreseen in ITER the system should be 
designed such that they can be replaced separately. The 
replacement of components exposed to neutrons near the 
machine should be compatible with scheduled remote 
maintenance and not require more frequent intervention 
than needed for the blanket components. 

 
3. Requirements 

In present experiments, the choice and number of 
systems is determined more by the desired experimental 
flexibility and by what each of the systems can do best, 
more than by capital cost considerations. The cost of 
operation is a non-issue. The availability of the system is 
important but non-essential, and none of the systems 
operate all the time at their maximum power. Reliability 
is desired, but, if need be, a shot can usually be repeated. 

For ITER, the capital cost of the “auxiliary system” 
becomes an important issue, with 10% of the total cost 
devoted to the “auxiliary” systems. Operating cost, in 
terms of cost of electricity to provide the power during 
the pulse is not a significant matter. As such, the plug to 
power efficiency of the auxiliary system does not play a 
major role in its selection. The system should not prevent 
ITER to operate, or lead to long down time, therefore a 
high availability is valuable. As each discharge will 
count, reliability will be paramount. 

For DEMO, meant in part to provide the basis for 
the demonstration of the economic viability of a fusion 
power plant, the capital cost of a system may be a key 
criterion for its inclusion or rejection. Here the cost per 
MW plays a role as well as the amount of power that 
needs to be installed. The power that needs to be installed 
depends on how efficiently the system acts on the plasma. 
For example, if current drive is needed, the current drive 
efficiency will play a defining role in the power to be 
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installed, and thus in the capital cost of the auxiliary 
system. 

Since DEMO should be running a substantial 
fraction of the time, cost linked directly with the 
operation of the auxiliary systems will play a crucial role. 
Small recirculating power will be essential, emphasizing 
the need for systems with high plug-to-power efficiency, 
as well as a high efficiency in its action on the plasma. 

Availability is, together with the capital cost, a term 
in the cost of electricity, and therefore of paramount 
importance for the economic viability of fusion. It means 
that the systems must have a large mean time between 
failure (MTBF), and a low mean time to repair (MTTR). 
These requirements lead to a preference for systems 
where components that need maintenance and or 
replacement are easily accessible (far from the machine), 
and sufficiently low cost that some redundancy can be 
provided. Modern nuclear power plants achieve a ratio of 
supplied TWe h during one year to the product of 
installed power times number of hours in one year, of 
more than 0.9, which is equivalent to saying that, except 
for one month per year, the plant operates continuously at 
full power. This is a benchmark that fusion will certainly 
not achieve in DEMO, nor in the first fusion power 
plants. Those values were also not achieved from the 
early days of nuclear fission, nor are they reached by all 
nuclear power plant, but it gives an indication of the goal. 

Since losing a system during operation may lead to 
disastrous consequence (if burn control fails, an 
emergency turn-off of the reactor may be needed), a very 
high reliability will be required. Sturdy systems, with no 
moving parts, operating well away from limits, will 
therefore be favored.  

ICRF has among the auxiliary systems, the lowest 
cost in terms of cost/installed power and the largest plug 
to power efficiency (power supply, transmission, 
generator, coupling: typically 0.5). Thus, except if ICRF 
were to be used for current drive, both the capital and 
operating cost of an ICRF system would be one of the 
lowest among the existing auxiliary systems. The 
efficiency of driven current/installed power is for ICRF 
presently low, so that either ICRF should better not be 
used for this, or substantial progress in this area is 
necessary. Most of the ICRF components, except for the 
antennas, are located far from the machine. The unit size 
and cost of the RF generators are such that some 
redundancy can be provided. If a unit breaks down the 
redundant units can be used, while the remote location of 
the generators allows the repair of the broken one, during 
continued operation of the others. The ILA JET antenna 
and the ITER antenna operate at high power density close 
to operating limits, making it a critical component of the 

ICRF system. For DEMO, making the antennas part of 
the blanket could mitigate this. With antennas located in 
such a way the power density could be low, and those 
components would be operating much further from 
existing limits. 

 

4. Extrapolations needed for ITER 
The ICRF system for ITER [11] foresees to deliver 

20 MW through one or two antennas with a size of 
approximately 1.75m (toroidal) x 2.2m (poloidal), 
designed for operation between 40 and 55 MHz. The 
design and manufacturing of the antenna [12] are the 
responsibility of the European partner. The present design, 
developed by the CYCLE consortium (Cyclotron Cluster 
for Europe – a consortium of the associations: UKAEA, 
CEA, ERM-KMS, IPP and Politechnico de Torino) has 8 
triplets of straps arranged in an array of 4 in the toroidal 
direction and 2 in the poloidal direction (see Fig. 1). The 
matching systems and coaxial transmission lines are the 
responsibility of the US partner. Standard type 
short-circuited stubs, line stretchers and capacitors will 
do the matching of the impedance of the antenna to the 
impedance required by the generators. The generators 
will be shielded from fast transients by 3 dB couplers 
[13]. A generator power of 20 MW (eight generators 
rated a 2.5 MW for VSWR=2) will be installed. The 
generators are the responsibility of the Indian ITER 
partner. 

The ILA antenna on JET [14] incorporates many of 
the features that will be present in the ITER antenna: the 
close array of short strap, with non-negligible cross 
coupling and resulting challenging matching procedure, 
the high power density and high voltages. On ILA, 
voltages of 45 kV have been achieved, higher than the 40 
kV design voltage on ITER. Even in this tightly coupled 
array, automatic matching has been achieved. Though the 
design values of the coupled power (8 MW/m2 for 7.2 
MW coupled) have not yet been achieved, there is 
confidence that the experience gathered on the ILA will 
allow to qualify the new tools (TOPICA) to calculate the 
expected coupling of the ITER antenna. Those tools did 
not yet exist when the ILA was designed.  

The transmission line system does not present a 
substantial extension of the state of the art. Challenging 
will be to find the right balance between cost and 
operating limits for steady state operation at high power. 
Which part of and how to cool actively the transmission 
lines and matching components will be choices that need 
to be carefully made. LHD has developed liquid stub 
tuners that are basically suited for steady state, but have 
not yet achieved the needed values of voltage strength. 
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No RF generator exists yet that has achieved the 
required values. Closest is the Korean development with 
1.9 MW for 300s achieved at a single frequency, and for 
a specific load [15]. It is as yet not clear whether the 
required parameters can be achieved with existing 
tetrodes or whether new types of tubes will need to be 
developed. 

From this brief overview, we can conclude that the 
extrapolations in the technical area needed for ICRF on 
ITER will be moderate and that we are already well on 
our way to achieve the required design parameters. 

One area where substantial work is required is the 
question of impurity production with ICRF when high Z 
metallic walls are used in the immediate neighborhood of 
the antenna.  

In ASDEX Upgrade where such conditions are 
present, the use of ICRF is possible but presently 
restricted to operation at large plasma-wall distances and 
with additional gas puffing [16]. The impurity production 
is understood to be the result of acceleration of ions 
(mostly impurity ions) in the rectified sheath near the 
wall. The sheaths themselves are due to rectification of 
parallel electric fields induced along field lines, mostly by 
currents induced at the boundaries of antenna structures. 
Results from newly developed electromagnetic codes, 

supported by experiments, indicate that it is possible to 
reduce those RF electric fields [17][18], and thus of the 
impurity production. Experiments on ASDEX Upgrade 
and Alcator C-mod [19], in particular with new, 
optimized antennas should be able to clarify the 
compatibility of ICRF and high-Z metallic walls. 

A second area where progress is needed is the arc 
detection systems. In most present machines arcing in 
antennas sets the operational limits. The voltage limits 
achieved vary between 30 kV and 45 kV (in the ILA 
antenna), and are still not completely understood. Several 
types of arcs can occur [20], and several methods will 
need to be developed to detect them with required 
reliability. Whereas most present system can cope with 
limited failures of the arc detection systems, the steady 
state cooling needs of the components in systems like 
Tore Supra and JET, and in all future machines, leads to 
catastrophic consequences (water leaks and sometimes 
major flooding) if an arc is not detected in time. 

Except for those two areas (impurity production and 
arc detection) the extrapolation from present system to 
ITER is of a quantitative nature, and most of the 
parameters such as unit power, pulse length, voltages, 
power densities have already been achieved or are well 
on their way of being achieved. 

 

 
 
Fig.1 Present design of the ITER antenna. Eight triplets of straps (one triplet shown) are arranged in an array of 4 in the toroidal and 
two in the poloidal direction. Each of the triplets is fed by a transmission line that incorporates two double conical feedthroughs. 
They are replaceable without having to remove the whole antenna [14]. 
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5. Extrapolations needed for DEMO 
The changes for the auxiliary systems in their use, 

the environment in which they operate and the 
requirements placed upon them will be substantial 
compared to the present systems and to ITER and 
qualitative aspects will play a major role. 

Those changes were indicated in the corresponding 
sections, and it was shown there that ICRF is well 
positioned to be one of the auxiliary systems for DEMO. 

A number of areas, where ICRF needs further 
progress are addressed here briefly and a proposal is 
made which could contribute simultaneously to progress 
in those areas. These areas are the impurity production, 
the voltage limits and the small current drive efficiency. 

The parallel electric fields, induced on field lines in 
front of the antenna which lead to rectified sheath, and 
thus to impurity production, are themselves dominated by 
the currents at the antenna boundaries. Antennas where 
the toroidal variation of the current is smoother as in [21], 
lead to less induced currents at the boundaries, less 
induced parallel electric fields and thus less impurities. 

The high voltage in the antennas and related danger 
for arc and damage of antenna structures is directly 
related to the high power density. Antennas with lower 
power densities would lead to lower voltages and reduce 
the likelihood of arcs. 

On the basis of simple arguments, it can be shown 
that current drive efficiency increases with the velocity 
squared of the electrons the wave couples to, if the wave 
accelerates electrons with high parallel velocity (this is 
the region of the lower hybrid wave) and with one over 
the velocity of the electrons, if low parallel velocity 
electrons are accelerated – assuming trapped particles 
effects do not reduce this efficiency (this is the region of 
ohmic current drive). ICRF couples to the electrons 
whose parallel velocity is close to the phase velocity of 
the wave and near the minimum of both branches. 

One could consider in DEMO the use of a 
continuous array of low power density antennas, 
distributed over the whole outer circumference of the 
machine. The antennas would be an integral part of the 
blanket. The only penetrations though the outer chamber 
walls and blanket would be the transmission lines. By 
proper phasing between the antennas of the continuous 
array a well-defined toroidal wave number, with a well 
defined toroidal standing wave pattern would be 
generated. The resulting low k// would increase the 
coupling, while the smooth toroidal variation of the 
current would avoid induced currents at discontinuities 

and therefore large E// fields. By an appropriate slow 
phasing variation, a slow rotation of this wave pattern can 
be achieved. Since the rotation of this standing pattern 
can be arbitrarily slow, and if electrons can be accelerated 
using this slow rotation, one could possibly be on the 
branch of the current drive efficiency curve where the 
efficiency increases with 1/velocity. This is reminiscent 
of the rotamak type current drive [22]. 
Should this concept work, 3 critical areas of the use of 
ICRF would be, if not solved, at least substantially 
improved (impurity production, high voltage, low current 
drive efficiency) improving the prospect of ICRF for 
DEMO and machines beyond it. 
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The configuration effect on the energetic ion and the global energy confinement has been investigated in the 
NBI plasmas of Heliotron J with regard to the effect of the bumpy magnetic field (bumpiness) being the key factor 
of the drift optimization in the helical-axis heliotron configuration. The configuration scan experiments have been 
carried out by changing the bumpy magnetic field (εb) with keeping plasma volume, plasma axis position and edge 
rotational transform almost constant. It has been found that the 1/e decay time of high energy CX flux after the NB 
turned-off has increased with bumpiness. The co-going ion flux of fast ions induced by energetic-ion-driven MHD 
modes has been observed by installing the hybrid directional Langmuir probe system. The preferable energy 
confinement time to the international stellarator scaling law ISS95 has been obtained in the high and medium-εb 
configurations. The improvement in the electron temperature mainly contributes to the enhancement of the plasma 
performance in the high- and medium-εb configurations The control of bumpiness is effective not only in the 
energetic particle transport but also in the global energy confinement in NBI plasmas of Heliotron J. 

 
Keywords: Helical-axis heliotron configuration, Heliotron J device, neutral beam heating, drift optimization, 

bumpiness magnetic field component, energetic particle confinement and energy confinement.  

1. Introduction 
For the optimization of helical/stellarator magnetic 

configurations toward the fusion reactor, it is important 
subject to reduce the ripple loss of helically trapped 
particle and to control the neoclassical transport since the 
magnetic field has the three-dimensional structure. The 
configuration optimization in terms of “drift optimization” 
has been achieved by aligning the drift orbit surface to the 
magnetic flux one. In the planner axis heliotron 
configurations such as LHD, Heliotron E and CHS [1-3], 
the drift orbit surface has been optimized when the 
magnetic axis was shifted inwardly and the reduction in 
neoclassical transport coefficient in the 1/ν regime has 
been found [4]. From the viewpoint of the Boozer 
coordinate system, the side-band of the helical magnetic 
field is adjusted in the inwardly-shifted configuration, 
which plays a key role to reduce the loss of trapped 
particles. An improvement in the energetic particle 
confinement has been obtained experimentally in the 
inward-shifted configuration. In such a case, the 
enhancement factor of the experimental energy 
confinement time to the international stellarator scaling 
(ISS) law has also become better than that of the 

outward-shifted configurations [5,6]. This suggests that the 
drift optimization is a candidate to mitigate the anomalous 
transport. 

A helical-axis heliotron device Heliotron J [7,8] is 
designed based on the omnigeneous optimization scenario 
[9,10]. In the helical-axis heliotron configuration, the 
theoretical analysis has predicted that the control of the 
toroidal mirror ratio, bumpiness, in the Boozer coordinate 
system has been important for the drift optimization. The 
neoclassical diffusion coefficient and the loss rate of the 
energetic particles have had a dependence on bumpiness. 
Therefore it is important to investigate experimentally the 
bumpiness effect both on the energetic particle transport 
and bulk plasma confinement.  

In this paper, we describe the configuration effect on 
the energetic and energy confinement in the NBI plasmas 
of Heliotron J, focusing on the effects of the bumpy 
magnetic field. The experimental setup and the 
characteristics of the configurations used in the 
bumpiness scan experiments are explained in section 2. 
The energetic particle transport in the NBI plasmas is 
shown in section 3. The dependence of the energetic ion 
transport on bumpiness magnetic field is investigated 
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experimentally with charge exchange neutral particle 
analyzer (CX-NPA). The experimental result of the 
energetic-ion-driven MHD activities is shown by 
installation of the hybrid directional Langmuir probe 
system. The bumpiness effect on the global energy 
confinement is described in section 4. Summary is given 
in section 5. 
 

2. Experimental Setup 
 

2.1. Heliotron J Device 
 
Heliotron J is the medium sized (R0/ap = 1.2m/0.17m) 

helical-axis heliotron device with an L/M = 1/4 helical 
winding coil, where L and M are the pole number of the 
helical coil and helical pitch, respectively. Figure 1 shows 
the bird’s-eye view of Heliotron J including the coils and 
the heating systems. To achieve a flexible configuration 
control in Heliotron J, five sets of coils are installed, i.e. 
helical and main vertical (H+V), toroidal A and B (TA and 
TB) and inner and auxiliary vertical (IV and AV) coils. The 
TA coils are located at so-called “corner” section where 
tokamak like magnetic field is formed. On the contrary, the 
magnetic field in the “straight” section in which the TB 
coils are set has a local quasi-omnigeneous magnetic field. 
As shown in Fig. 1, two tangential beamlines of the 
hydrogen neutral beam injection (NBI) system have been 
installed in Heliotron J (BL1 and BL2). Each beamline has 
two bucket-type ion sources and the maximum beam 
power and acceleration voltage of 0.7 MW and 30 keV, 
respectively. The mean pitch angle of the beam ions is 
about 155 (25) degree in the co- (counter-) injection case 
of the standard configuration of Heliotron J. The numerical 
analysis of the NBI absorption power is described in 
section 4. An E//B type CX-NPA system can measure the 
hydrogen and deuterium charge-exchange neutral fluxes 
separately. This system also has a capability to scan both 
poloidal (θNPA) and toroidal (φNPA) angles with the ranges 
of -3 o < θNPA < +10 o and -10 o < φNPA < +18 o. The initial 

plasma is produced by 2nd harmonic 70 GHz ECH with a 
maximum injection power of 0.4 MW. The deuterium gas 
was used for working gas to obtain the energy spectra for 
bulk (D+) and beam (H+) ions separately. 

 
2.2. Configuration Characteristics in Bumpiness 
Scan Experiment 

 
In this study, we selected three bumpiness εb (= 

B04/B00) configurations of high (εb = 0.15), medium (0.06) 
and low (0.02) at r/a = 2/3 by changing the current ratio of 
TA and TB coils with keeping the edge rotational transform 
(ι(a)/2π = 0.56), plasma volume (Vp = 0.7 m3), and 
magnetic axis position (Rax = 1.2 m) almost constant. 
Figures 2(a)-(c) show the radial profiles of the magnetic 
well, bumpiness, helicity εt (= B14/B00) and toroidicity εt (= 
B10/B00), where Bmn is the Fourier component of the field 
strength with m/n mode numbers in the Boozer coordinate 
system. The standard configuration of Heliotron J 
corresponds to medium-εb configuration. In the low-εb 
configuration the bumpiness can change its sign in the core 
region. As shown in Figs. 2(a)-(c), other main Fourier 
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ECH
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Fig. 1 Schematic view of Heliotron J including coil, 
heating and diagnostic systems.  
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Fig. 2. (a)-(c) Radial profile of magnetic well, helicity, 
toroidicity and bumpiness in Boozer coordinate 
systems and (d)-(f) field strength along the field 
line in the high-, medium and low-εb 
configurations. 
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components, i.e. helicity and toroidicity, are almost 
unchanged to clarify the bumpiness effect on the energy 
confinement. The magnetic well in the entire plasma 
region is formed in the three εb configurations. Figures 
2(d)-(f) illustrate the magnetic field strength at r/a = 0.4 
along a field line in the Boozer coordinate system. In the 
case of high-εb, the ripple amplitude is higher than the 
others and the minimum values of field strength at the 
bottoms of the ripple are relatively flat. In contrast, in the 
configuration with low-εb, the strength of the ripple 
bottoms varies along the field line. From the viewpoint of 
the Boozer coordinate system, it has been found that the 
difference between B and ∇B becomes small as 
increasing bumpiness [11], which expects the reduction in 
the gap between drift and flux surfaces in the high-εb 
configuration. 
 
3. Energetic Ion Transport 
 
3. 1. Dependence on Bumpiness 

 
The decay of the CX flux just after NB turned-off 

investigated because this provides information regarding 
the slowing down and the confinement time of the beam 

ions [11]. Figure 3(a) shows the time evolution of the CX 
flux (E = 18 keV) after the NB turned-off for high, medium 
and low εb cases. The base plasma was sustained by 70 
GHz ECH at the line-averaged electron density (n̄e) of 
0.8x1019 m-3. The NPA toroidal angle was set to be φNPA = 
+12 o to measure the CX flux having more similar pitch 
angle to the tangentially injected beam ions. The gap 
between the pitch angle of beam ion and observation one is 
around 25 degree, since the pitch angle of the detected 
particle at the plasma axis is about 130 degree in the 
medium εb configuration. In that case, the numerical 
calculation shows that CX-NPA observes passing particles. 
A clear dependence of the decay of the CX flux on 
bumpiness is found, i.e. the observed 1/e decay time of the 
CX flux after the NB turned-off, which is much smaller 
than the classical beam energy slowing down time as 
described below, increases with bumpiness.  

From an aspect of the classical collision processes, the 
loss term of fast ion is mainly classified into orbit loss, 
pitch angle scattering, slowing-down, and charge exchange. 
The orbit calculation predicts that loss time of the ions 
where CX-NPA observes at φNPA = +12 o is longer than 5 
ms and there is no difference on the bumpiness 
configuration, since these particles correspond passing 
particles. Figure 4 shows the time evolution of the loss rate 
of the energetic ions deduced by the orbit following 
calculation with the initial energy of 18 keV for the three 
bumpiness εb cases [11]. The bumpiness dependence on the 
loss rate appears in the trapped particles, that is, growth of 
the loss rate becomes slower with bumpiness. This is 
consistent with the slow grad-B drift due to the control of 
bumpiness as expected. At the quasi-steady-state condition 
after t = 0.1 ms, the difference in the loss rate is 29 % and 
25 % for the high- and low-εb cases, respectively, which 
corresponds to the loss cone angle. The slowing-down time 
was estimated to be around 60 ms and its difference among 
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Fig. 3 (a) time evolution of the CX flux (E = 18 keV) 
just after the NB turned-off for high-, medium-
and low-eb configurations, respectively, [11] 
and (b) energy spectrum obtained in the 
CX-NPA measurement and Fokker-Planck 
calculation. [12] 
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Fig. 4 Time evolution of the loss rate of fast ion (E = 

18 keV) deduced by the ion orbit following 
calculation for ion guiding center. The orbit 
calculation was done until the test particles 
from the initial position at ρ = 0.25 strike the 
wall. [11] 
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the three configurations was negligibly small under the 
experimental condition. The CX loss time is considered to 
be unchanged in the experiments, since the Hα/Dα intensity 
normalized by n̄e did not change. In order to interpret the 
measurement result with CX-NPA, the Fokker-Planck 
analysis for the fast ion distribution is carried out using a 
zero-dimensional Fokker-Planck equation taking the 
effective loss time into account [12]. Figure 3(b) shows the 
measured and calculated CX energy spectra in the energy 
range from half- to full-energy of beam ion in the three 
bumpiness configurations. The effective loss time in the 
high-εb configuration is longer than that for the medium 
and low-εb cases. These results indicate that the effective 
confinement of the energetic ions improves as bumpiness 
increases. 
 
3. 2. Energetic-ion-driven MHD activities 

 
Interaction of fast ions with MHD activities is one of 

the most important issues in burning plasma physics, 
because it may decreases α-particle heating efficiency. In 
low-magnetic-shear helical devices, global Alfvén 
eighenmode (GAE) is a candidate of most unstable modes 
when fast ion pressure becomes fairly high. GAEs have 
been observed at several magnetic configurations in NBI 
plasmas of Heliotron J, however, strong bursting GAE has 

not been observed in low εb configuration [13]. In order to 
investigate the ion transport in detail, we installed Hybrid 
Directional Langmuir probe (HDLP) system into Heliotron 
J [14]. HDLP can measure the co-directed and counter 
directed ion fluxes separately using some pairs of probe tip. 
This system can control the radial, poloidal and rotation 
angles simultaneously to detect the spatial distribution of 
fast ions and to align the pair of the probe tip with the 
magnetic field line. 

Figure 5 shows the time evolution of the bursting 
GAE occurred in NBI and ECH plasmas [14]. The 
frequency of GAE chirped down quickly from 70 kHz to 
40 kHz. The co-directed ion flux synchronized with GAE 
burst was observed and it was sensitive to the burst interval 
and amplitude. On the contrary, the response of the 
counter-going ion flux to GAE burst was weak. Then the 
co-going ion flux of fast ions is considered as a resonant 
convective oscillation [14]. These results indicate that the 
influence of GAE on the energetic ion confinement should 
be taken into account for further optimization of the 
helical-axis heliotron configuration toward fusion reactor. 
 
4. Global Energy Confinement 

 
In order to investigate the bumpiness effect on the 

energy confinement in NBI plasmas, we carried out 
bumpiness scan experiment in the NBI sustained plasmas. 
To clarify the absorbed power dependence, the power 
scan experiments are performed with keeping the 
line-averaged electron density almost constant. Figure 6 
shows the plasma stored energy as a function of the 
absorbed NBI power (Pabs) in the three bumpiness 
configurations [15]. These data were obtained at the 
averaged electron density of 2×1019 m-3. The 
counter-direction neutral beam is injected to cancel out 
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Fig. 6 Stored energy as a function of absorbed NBI 
power Pabs obtained in high-, medium- and 
low-εb configurations [15]. 

Fig. 5 The contour map of the power spectrum by 
magnetic fluctuation and its wave forms 
located on the chamber wall, co- and 
counter-directed (Is_co and Is_ctr) ion 
currents measured by HDLP at r/a= 0.9 [14]. 
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the change in the rotational transform by beta effects. The 
stored energy is evaluated by the diamagnetic loop data. 
The stored energy in the high- and medium-εb 
configurations is clearly higher than that in the low εb 
case. The difference of Wdia between the high- and 
medium-εb configurations is small, but the Wdia in high-εb 
case is more than 5% higher than that of the medium-εb 
configuration.  

The beam absorption profile and the total absorption 
rate are estimated by the following steps [16]; (1) 
calculation of birthpoints of the beam ions using 
Monte-Carlo method (HFREYA), (2) estimation of orbit 
loss and the redistribution of the beam ions by orbit 
calculation for ion guiding center (MCNBI) and (3) 
analysis of heating profile using Fokker-Planck equation 
(FIT) [17]. The Monte-Carlo code HFREYA is modified 
to apply the three-dimensional shape of the plasma and 
the inner vacuum vessel of Heliotron J. The ion orbit is 
calculated only at the initial energy of beam ions without 
slowing down process. The slowing down process of fast 
ions and the energy transfer to both the bulk electrons and 
ions are calculated by the Fokker-Planck analysis 
including the CX loss of fast ions. The density profiles 
are assumed to be parabolic. The shape of the radial 
profile of the electron (ion) temperature is also parabolic 
with the core temperature of 400 eV (300 eV). The edge 
neutral density is assumed to be 2x1016 m-3. In case of n̄e 

= 2x1019 m-3, the absorption fractions is about 35 % for 
the three bumpiness configurations. The detailed 
evaluation of the orbit loss of fast ions including the 
slowing down process remains as a future work. 

Figure 7(a) shows the bulk (deuterium) ion 
temperature deduced by CX-NPA as a function of the 
NBI absorption power Pabs obtained in the three εb 
configurations. A slightly increase in the ion temperature 
as increasing εb is observed, that is, the ion temperature in 
the high, medium- and low-εb configurations are 0.23, 
0.20 and 0.18 keV at Pabs of 200 kW, respectively. The 
ion temperature dependence on the NBI power is weak. 
As shown in Fig. 7(b), the electron cyclotron emission 
intensity (IECE) at the core region increased with Pabs in 
high- and medium-εb cases, while a relatively weaker 
dependence of the ECE intensity on Pabs is obtained in the 
low-εb configuration. The ECE measurement indicates an 
increase in the electron temperature both in high- and 
medium-εb configurations. Although the calibrated ECE 
measurement is not available at present, the configuration 
dependence of the stored energy plotted in Fig. 6 can be 
explained qualitatively in terms of the difference in the 
electron temperature. The improvement in the electron 
temperature mainly contributes to the enhancement of the 
plasma performance in the two εb configurations. 

Figure 8 shows the comparison of the energy 
confinement time between experimentally obtained τE

DIA 
and International Stellarator Scaling law ISS95 τE

ISS95 
[18]. The energy confinement time is deduced by τE

DIA = 
(Wdia – Wbeam)/Pabs, where Wbeam is the beam component 
of the stored energy deduced from the Fokker-Planck 
analysis, which is less than 7 % under these conditions. In 
the present experimental conditions, the electron 
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Fig. 7 (a) Bulk (deuterium) ion temperature and 

(b) ECE intensity as a function of Pabs in 
high-, medium- and low-εb configurations 
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scaling law, ISS95, obtained in the NBI 
plasmas at the three bumpiness configurations 
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collisionality is in the plateau regime. The enhancement 
factor of the energy confinement to the scaling (HISS95 = 
τE

DIA/τE
ISS95) is about 1.8, 1.7 in the high and medium εb 

configurations, respectively, which is higher than the 
low-εb case of 1.4. These results suggest that the high and 
medium-εb configurations have better confinement 
characteristics for bulk plasma than that for the low-εb 
configuration in these experimental conditions.  

Since the data shown in Fig. 8 were obtained at the 
constant density condition, the dependence of the energy 
confinement time on the heating power is investigated. 
Figure 9 shows the experimental energy confinement 
time as a function of NB absorption power. τE

DIA is 
proportional to Pabs

-0.72, Pabs
-0.66 and Pabs

-0.68 for the high-, 
medium- and low-εb cases, respectively. The power 
dependence is almost similar to the ISS95 scaling (τE

ISS95 
∝ P-0.59), although the beam absorption was calculated 
under the assumed density and temperature profiles.  
 
5. Summary 

 
The energetic particle and global energy 

confinement in the NBI plasmas of Heliotron J has been 
investigated. The bumpiness control experiments have 
revealed the effectiveness of the control of bumpiness on 
the confinement both for the energetic particle and the 

bulk plasma. Under the present experimental conditions, 
the temperature dependence on bumpiness suggests that 
the electron energy transport mainly dominates the global 
energy confinement. Further experiments and analyses 
are needed to clarify the physical mechanism of the 
bumpiness effect on the anomalous electron transport. 
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Steady-state operation scenario and the first experimental result on 
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QUEST focuses on the steady state operation of the spherical tokamak by controlled PWI and electron 

Bernstain wave current drive. One of the main purposes of QUEST is an achievement of long duration discharge 
with MW-class injected power. As the result, QUEST should be operated in the challenging region on heat and 
particle handling. To do the particle handling, high temperature all metal wall up to 600K and closed divertors are 
planned, which is to realize the steady-state operation under recycling ratio, R=1. This is a dispensable check to 
DEMO, because wall pumping should be avoided as possible in the view of tritium retention. The program to 
execute QUEST experiments will be developed in increment step such as, I. low β steady state operation in limiter 
configuration, II. low β steady state operation in divertor configuration, III relatively high β steady state operation 
in closed divertor configuration. Phase I in the project corresponds to these two years, and final goal of phase I is to 
make full current drive plasma up to 20kA. Closed divertor will be designed and tested in the Phase II. QUEST is 
running from Oct., 2008 and the first results is introduced. 

 
Keywords: steady state operation, spherical tokamak, electron Bernstain wave, plasma wall interaction 

1. Inroduction 
It is important to obtain the academic basics to 

support high beta and steady state operation approaches. 
The QUEST (Q-shu University Experiment with Steady 
State Sperical Tokamak) project focuses on the steady 
state operation of the spherical tokamak (ST) which has 
the capability to attain high β rather than conventional 
tokamaks. A final target of the project is the steady state 
operation of ST with relatively high β (10%) under 
controlled plasma wall interaction (PWI).  

The main difference between a pulsed operation 
and a steady one is the difficulties of handling of the heat 
and the particles loads. Although the transient huge heat 

load comes from plasma in the pulsed operation, the 
condition of the plasma facing components (PFCs) does 
not affect the performance of the plasma so much. While 
in the steady state operation, the erosion and the 
supptering of the material make serious effect in the 
maintenance of the high performance plasmas [1,2]. The 
continuous heat load makes large damages to the material 
of PFCs. The particle handling is more complicate in 
steady state operation. Because the wall pumping works 
well even on the divertor configuration, therefore the 
temperature and the number of absorbed particles of the 
PFCs should be controlled during discharges. Long 
duration discharges were sometimes terminated by the 
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wall saturation phenomenon that the particles stored in 
the wall come back to the plasma abruptly. When the wall 
saturation phenomenon takes place, the in-flux of the 
particles increases and the particle handling could not 
work well and as the result the plasmas were terminated 
[3]. To avoid the appearance of the wall saturation 
phenomenon, the control of the wall temperature and the 
number of the absorbed particles to the wall should be 
done [4].  

The QUEST program will be developed in 
increment step such as, I. low β steady state operation in 
limiter configuration, II. low β steady state operation in 
divertor configuration, III relatively high β steady state 
operation in closed divertor configuration. The specific 
purpose in phase I is: 

(1) To examine the steady state current drive and 
the generation of closed flux configuration by electron 
Bernstain wave (EBW) current drive (CD).  

The purposes in Phase II are: 
(1) To comprehensively establish recycling control 

based on wall temperature control, advanced wall control 
under high plasma performance. 

(2) To improve diverter concepts and to establish 
the way of controlling particles and heat loads during 
long duration operation. 

(3) To obtain relatively high β (10%) under high 
elongated plasma shape and additional heating power in 
short pulse discharge down to 1 s. 

In this paper, the physical design and the specification 
of QUEST are described in Section 2, and the first 
experimental results are shown in Section 3 and the 
summary is described in Section 4. 

 

2. Physical design and specification of QUEST 
2.1 Machine size decision 

Machine size is the most important parameter of the 
project, because the appropriate size should be naturally 
derived from the mission of the project. The final goal of 
the project mission is to provide an academic basis for 
steady state high β operation at low aspect ratio as 
contributed to ST-based CTF, which is an important step 
to develop a fusion power plant. We should select the 
machine size to attain the final goal of the mission in the 
view of scientific consideration. 

Before the investigation for the machine size, the 
limitation associated with the machine site should be 
shown. The commercial power source at the site is 
limited up to 7MVA and a MG of 125 MJ (effective 
power is 60 MJ within 1 sec) is available in the shout 
pulse operations. When toroidal magnetic field of 0.25 T 
at 0.64 m would be applied to the machine, the electric 
power source of 4MVA is required continuously and it 

will be supplied from commercial power source. Avaiable 
heating power of 3-5MW will be restricted by the 
capability of MG up to 1sec. In particular, the maximum 
plasma current have the strong relation to the machine 
size and the capability of available power source and is 
compelled to be restricted up to 0.3 MA in the case of 
major radius of 0.64 m. When the larger machine size is 
selected, the maximum plasma current will be reduced to 
the lower level because of the increment of the electric 
power source required to operate poloidal field (PF) coils. 
When we would like to sustain the plasma in steady state, 
all of electric power should be supplied from commercial 
power source. Therefore the maximum plasma current is 
limited to 100kA under the heating power is less than 1 
MW. RF heating power of 8.2GHz up to 400kW, 170GHz 
up to 200kW and 2.45 GHz up to 50kW was prepared for 
plasma heating. The maximum power of 170GHz RF 
source is due to the output power of the gyrotron, the 
power supply can be applied to 500kW heating source. 
The power supply for a gyrotron of 170 GHz will be 
converted to different RF heating system, because the 
gyrotron frequency is not suitable for plasma heating at 
the low toroidal magnetic field such as QUEST. After the 
conversion, we can operate 1MW power source for 
plasma heating in Phase II.  
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Fig. 1 Operation window in the case of L-mode 
confinement scaling [5] provide from the data base for 
conventional tokamaks under the condition of 
IP=300kA, BT=0.25T, Pinj=3MW, κ=2.55, δ=0.68, 
n20=0.3. The heat load is estimated from the width of 
heat flux on the midplane in low field side [6] and it is 
not considered about the expansion of magnetic flux 
surface on the divertor plate. A dot shows the selected 
parameter. frad shows the fraction of radiation loss to 
the input power.  
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Figure 1 shows an operation window on minor and 
major radii considering under the above-described site 
limitation for heating power, plasma current and toroidal 
magnetic field. The solid and dotted red lines show the 
line for q95=4 and 3, respectively. Generally speaking, it 
is difficult to operate on q95<3 in tokamaks and the solid 
red line provide a low q limit. The solid black line shows 
the heat load limitation to a divertor plate under the 
condition of the fraction of radiation, Prad=40% in double 
null configuration. In steady state, the heat load to PFCs 
should be kept down on less than 10MW/m2. This is also 
the requirement for ITER [5]. When the major radius is 
less than the black line, the heat load to divertor plate 
goes beyond the boundary of the ITER requirement. The 
solid and dotted green lines show the aspect ratio, A=1.4 
and 1.3, respectively. The reduction of aspect ratio leads 
to the difficulty of the construction of the machine 
because of the technical limit to construct the machine. 
The solid and dotted blue lines show the constant β of 
10% and 5% based on the ITER 89P L-mode scaling 
under the condition of IP=300kA, BT=0.25T, Pinj=3MW, 
κ=2.55, δ=0.68, n20=0.3 respectively. This indicates the 
possibility to complete the mission of the project. The 
machine size window to attain β=10% is not so large and 
the selected machine size (red point on the figure) has the 
candidate to attain the mission. The vacuum vessel and 
TF, PF coils of QUEST are shown in Fig. 2 and the 
selected parameters are listed in Table 1. 

  

 Phase I Phase II Phase III

 Steady Pulse Steady Steady 

R(m) 0.68 

a(m) 0.4 

BT (T) 0.25 0.5 0.25 0.25 

IP (kA) 20 300 100 300 

PH(MW) 0.45 3 1 5 

Table 1: Specifications and major parameters of QUEST 
 
2.2 Non-inductive Current Drive in Phase I and II 

In Phase I, the most important issue of the QUEST 
project is to achieve steady state operation. Non-inductive 
current drive is indispensable for steady state operation. 
As discussed in section 4.1, the different way to drive the 
plasma current from that in conventional tokamaks 
should be developed. Lower hybrid wave (LHW) is one 
of the promising methods to make current and the long 
duration discharge more than 5h was achieved on 
TRIAM-1M [7,8]. However LHW cannot penetrate to the 
center part of the high density plasmas under the low 
magnetic field condition because of accessibility of the 
wave. As for electron cyclotron current drive (ECCD), it 
is difficult to avoid the cut-off of electron cyclotron wave 
(ECW) under the low field condition. Instead of LHW 
current drive (LHCD), electron Bernstein wave current 
drive (EBWCD) and higher harmonics fast wave current 
drive (HHFWCD) are candidates to establish the 
maintenance of plasma current in steady state on STs. As 
we do not have any heating source for HHFWCD in the 
view of frequency at present, EBWCD is suitable way to 
apply to QUEST in Phase I.  

In Phase II, upgraded heating source (NBI) up to 
2MW will be prepared. At that time, NBCD and bootstrap 
current are additional candidates to provide sufficient 
plasma current. The current drive efficiency of NBCD is 
mainly decided by the fast ion thermal process that is 
classical slowing down process. In ST, the confinement 
of fast ion is crucial issue for NBCD because of low 
toroidal magnetic field. A present fast ion orbit 
calculation predicted better fast ion confinement than 
conventional tokamaks. In this section, it is difficult to 
discuss about the current drive efficiency including fast 
ion confinement. We assume that the fast ion confinement 
in ST is the similar to the conventional tokamaks. Before 
discuss about the current drive efficiency of NBCD, the 
beam energy to inject plasma should be decided, because 
large amount of through power is dangerous as well as 
inefficient. The absorption of the beam is decided by the 
cross-section for the processes, which are charge 
exchange, ionization by ion, and ionization by electron. 

 
Fig. 2 The vacuum vessel and TF, PF coils of QUEST  
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In QUEST, the machine size is not so large and plasma 
density is in medium range. Therefore the suitable beam 
energy may be around 20-30keV, where the charge 
exchange process will be dominant. When electron 
density is 5 x 1019 m-3, cxnσ =5 [m-1] at 10keV of 
hydrogen beam, cxnσ =3 [m-1] at 20keV and cxnσ =2 
[m-1] at 30keV. As tangent length of QUEST is 1.7m, 
96% absorption can be expected at 30keV beam. We 
assume that 30keV hydrogen beam will be injected to 
tangential direction for the estimation of efficiency of 
NBCD. In this case, several 100kA can be expected.  

Investigation of estimation of current drive efficiency 
of EBWCD is done under the given machine size and 
heating source in Phase I and II.  At first, two excitation 
scenario of EBW (O-X-B and X-B) should be discussed, 
because injection way of RF depends on the scenario of 
wave excitation. The O-X-B scenario is utilized a mode 
conversion from O-mode to X-mode at the cut-off region 
for O–mode. The conversion rate from O-mode to 
X-mode is well-understood and depends on the injection 
angle to the cut-off layer. When we are willing to adopt 
this scenario, the adjustment of the injection angle is 
crucial. The converted X-mode will transfer to the upper 
hybrid resonance (UHR) from high field side and it will 
convert to EBW. EBW propagates inwards again and is 
absorbed bulk electrons effectively. By the effect of the 
magnetic shear, EBW has the single directed momentum 
in specified situation and it delivered to plasma. 
Accordingly plasma is provided single directed 
momentum from EBW and plasma current can be driven. 
The X-B scenario is the same in delivery and receipt of 
the momentum, however the mode conversion process is 
different. The RF will injected perpendicular to the 
magnetic field and 3 wave coupling play an essential role 
in mode conversion process and the mode conversion 
efficiency significantly depends on the scale length of 
electron density at UHR. To convert to EBW, we should 
control the density gradient at UHR.  

Experimental observations of EBWCD are obtained 
in various devices. Driven current of 100 kA at 60GHz 
600kW was achieved in COMPASS-D on the O-X-B 
scenario [9]. Full non-inductive plasma current up to 20 
kA in a sequence of plasma start-up on CS-less 
configuration was achieved for 5 sec on LATE [10]. The 
X-B scenario was executed on TST-2 by appropriating 
RF power source of 8.2 GHz, 200kW. Plasma heating 
could be observed in the case of application to ohmic 
heated plasma. Full non-inductive plasma current of 4kA 
for 0.3 sec could be sustained by only-RF on TST-2 [11]. 

In order to study the wave propagation and 
absorption of EBW, the wave trajectory has been 
calculated with some ray tracing codes [12]. The wave 
trajectory of the incident wave was calculated using the 

TASK/WR ray-tracing code [13]. The local wave electric 
fields were evaluated in the ray trace calculation, and 
used for the Fokker-Planck (TASK/FP) [13] analysis. The 
driven-current profile was estimated in the FP analysis. 
The geometrical coordinates were taken as a simple 
tokamak configuration with circular poloidal 
cross-sections. The major and minor radii were R0=0.64m 
and a=0.36m in this study. The profiles of electron 
density and temperature, and plasma current were 
assumed to be parabolic. The central electron density and 
temperature were ne0 = 0.2×1019m-3 and Te0 = 100eV, 
respectively. The total plasmacurrent was 20kA. The 
O-cutoff was at the plasma radius r=0.2. The local wave 
electric fields were calculated in the ray trace calculation, 
and used for the Fokker-Planck (TASK/FP) analysis. In 
the TASK/FP code, a quasi-linear RF operator in the 
velocity space was evaluated from the wave field , and 
the bounce averaged velocity distribution function was 
calculated to evaluate the plasma current driven by the 
EBWH/CD. The nonlinear collision operator was used 
with the trapped electron effect.  As the results 
IP/PH=0.11 [A/W] can be obtained [14]. 

Bootstrap current will play a significant role in 
driving non-inductive current at low collisional region. 
We try to calculate the bootstrap current at some given 
plasma parameters. Expression provided by S.P. 
Hirshman [15] is utilized in the calculation. Total value of 
bootstrap current is 36kA even in high β (~ 20 %) plasma. 
To confirm the result, modification of density and 
temperature profile were executed, however total 
bootstrap current did not change so much. This indicates 
that the bootstrap current may not play an essential role in 
non-inductive current drive in QUEST.  
 
2.3 Control of Plasma Wall Interaction  

Control of plasma wall interaction (PWI) is the key 
issue to maintain plasmas in steady state. In TRIAM-1M, 
strong wall pumping played an essential role in the 
particle balance in ultra long duration discharge [16]. The 
estimated value of wall pumping rate depended on 
plasma parameters such as density, therefore it was 
difficult to control wall pumping rate during plasma 
discharge [16]. Moreover the property of the wall 
pumping was alternatively turned on and off [16] and the 
wall sometimes modified to source of particles. When the 
wall works as particle source, the control of plasma 
density becomes to be difficult and finally plasma 
termination may take place. To avoid this difficulty of 
particle handling in long duration discharge, high 
temperature wall (HTW) is quite effective, because HTW 
can hold recycling rate of particles to unity. This property 
of the wall made sure in laboratory experiments [17]. We 
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would like to install HTW in the vacuum vessel on 
QUEST as shown in Fig. 3. The temperature of HTW will 
be decided by the desorption property of Hydrogen from 
the wall. At the first year in Phase II, HTW will be 
installed on the vacuum vessel. 

To handle heat and particle load, the divertor is a 
key component. The plan of the construction of divertor 
structure is also shown in Fig. 3. In Phase I, limiter 
configuration is mainly used. The center stack is 
surrounded by limiters made of SUS306 coated by 
Tungsten. The flat divertor plates are installed on the top 
and bottom side of the vacuum vessel as shown in left 
half of Fig. 3 and its surface will be also coated by 
Tungsten. In the first step, diagnostics to monitor heat 
and particle flux during discharges will be installed and 
the estimated heat and particle flux will be used for the 
design of closed divertor structure.  
 

3. Results of the first experiments  
The first experiments on QUEST started on Oct., 

2008. The purpose of this experimental campaign is to 
make sure the soundness of the machine and to obtain 
tokamak plasma. In this experimental campaign, it is 
impossible to operate the machine in steady state and the 
pulse duration is limited up to a few seconds because of 
the limitation of power supply for TF coil. The power 
supply will be improved in next year and steady state 
operation will be done. 

Figure 4 shows the time trace of 2D image of Hα in 
first formation of tokamak configuration. The center 
solenoid with the cancel coil and a pair of PF coil were 
used to achieve this discharge. Peak of plasma current is 
about 10kA and plasma shifts outwards at 0.50595s 
because of poor equilibrium due to weak vertical field. At 
first plasma was produced by power of RF and a 
cylindrical plasma around electron cyclotron resonance 
(ECR) layer can be observed at 0.4545 s. And then the 
current of center solenoid increases gradually and plasma 
deformation appears due to the upwelling of return 
magnetic field from the seam of coils of the center 
solenoid, which is composed of three independent coils. 
At 0.486675 s, the plasma was divided into three parts. 
The center part of plasma forms tokamak configuration 
afterwards. At 0.4923 s, a bright point appears on the 
surface of inner limiter and this bright point expanded as 
shown the picture at 0.49365 s. Just before the 
appearance of the bright point, a glimmers at the top side 
of limiter can be observed. At 0.49875s, tokamak 
configuration was formed tentatively and the plasma 
shifts outwards because of weak vertical field. These 
pictures will be useful to understand the formation of 
closed flux surface.  

After this experiment, we try to obtain the formation 
of closed flux surface without the assistance of magnetic 
flux from the center solenoid. This is the crucial point to 
achieve the steady state operation of ST.  
 
 
4. Summary  

Fig. 3 Schematic view of the plan of the installation of 
the first wall on QUEST is shown. Left half of the 
figure illustrates the situation of the first step (the flat 
divertor plates and HTW). Right half shows the 
second step (the closed divertor and HTW).  

0.486675sec 0.4923sec 0.49365sec 0.49875sec0.4545sec 0.50595sec

Fig. 4 Time traces of 2D image of Ha on the first formation of tokamak plasma measured with high speed camera. 
The center stack can be seen at the center part of each picture.  
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Physical design of the machine size of QUEST is 
shown. Conventional tokamak scaling indicated the 
expected plasma parameters, and ray trace and 
Fokker-Plank calculation for EBWCD were executed. As 
the result, the specification of QUEST is consistent with 
the mission. Heat and particle handing is the crucial issue 
to obtain steady state operation, and it is shown that the 
combination of closed divertor and high temperature wall 
is a candidate to resolve the difficulty. In QUEST the 
concept will be adopted and the preparation will proceed.  
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This paper reports the integrated performance, achieved in JT-60U, towards the steady-state operation foreseen 

in ITER and DEMO reactor. Advanced tokamak plasmas with weak shear or reversed shear have been optimized to 

confront the critical issues such as the high-beta operation with high confinement, the compatibility of high-density 

operation with high confinement, and long sustainment with high non-inductive current drive. As a result, 

high-integrated performances were achieved in both plasma regimes. For example, high confinement reversed shear 

plasmas with high bootstrap current fraction exceeding no-wall beta limit are obtained in reactor relevant regime, 

where N ~ 2.7, p ~ 2.3 is achieved with reversed q profile with qmin ~ 2.3, and then HH98y2 ~ 1.7, ne/nGW ~ 0.87 and 

fBS ~ 0.9 are also obtained at q95 ~ 5.3. 

 

Keywords: advanced tokamak, integrated performance, DEMO reactor, high beta, high density, high confinement, 

long sustainment 

 

1.  Introduction 

High fusion performances were achieved so far in 
JT-60U, which is one of the largest tokamak in the world. 
For example, the record values of fusion triple product 
n T = 1.53x1021 m-3skeV [1] and the DT equivalent 
fusion gain QDT

eq = 1.25 [2]. Towards steady-state 
operation of tokamak, however, high-integrated 
performance is required, where high values of 
confinement enhancement factor over ELMy H-mode 
scaling (HH98y2), normalized beta ( N), bootstrap current 
fraction of plasma current (fBS), non-inductive driven 
current fraction of plasma current (fCD), fuel purity, the 
ratio of radiation loss power to absorbed heating power 
(frad) and normalized electron density by Greenwald 
density limit (ne/nGW) should be sustained long time [3]. 
For example, ITER steady-state operation scenario 
foresees HH98y2 = 1.61, N = 2.93, fBS = 0.46, fCD = 1.0, 
fuel purity of 0.82, frad = 0.53 and ne/nGW = 0.78 [4]. 
Furthermore, other reactor relevant conditions are also 
important in which the operation region of q95 ~ 5, 
electron temperature nearly equal to ion temperature and 
low momentum input due to alpha heating. 

In JT-60U, two types of advanced tokamak plasmas 
with an internal transport barrier (ITB) and an edge 
transport barrier (ETB) have been optimized towards 
high-integrated performance [5]. One is a high p 
H-mode plasma, the so-called a weak shear plasma, 
which is characterized by safety factor (q) profile with 
weak positive magnetic shear in the core region, the 
parabolic-type weak ITB and a higher beta limit 

compared with that of reversed shear plasmas. The other 
is a reversed shear H-mode plasma, which is 
characterized by q profile with negative magnetic shear in 
the core region, the box-type strong ITB and larger 
bootstrap current and higher confinement compared with 
those of weak shear plasmas. 

Critical issues towards the high-integrated 
performance focused in this paper are as follows. First 
issue is simultaneous achievement of high beta and high 
confinement, because these performances directly 
enhance the fusion performance. Second issue is the 
compatibility of high density with high confinement. 
Since the large amount of particle fueling by gas puff 
degrades temperature in the core region, we should 
develop the high-density operation with keeping the high 
confinement. Third issue is long sustainment, where 
demonstration of steady-state plasma with high 
non-inductive current drive fraction over the 
characteristic timescales, for example energy 
confinement time ( E), current diffusion time ( R) and 
wall saturation time ( W) and so on, is required.  

Progress of integrated performances achieved in 
weak shear and reversed shear plasmas on JT-60U is 
described in this paper and which is organized as follows. 
High-beta operation above no wall beta limit is described 
in section 2. High-density operation with high 
confinement is described in section 3. Long sustainment 
with high non-inductive current drive fraction is 
described in section 4. A summary is presented in section 
5. 
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2.  High beta operation above no wall beta limit 

The stability limit of ideal low n kink modes is 
significantly improved when a plasma is close to a 
perfectly conducting wall. However resistive wall modes 
(RWMs), which are a branch of ideal low n kink modes, 
are destabilized due to the finite resistivity of the 
conducting wall when the plasmas exceed no-wall beta 
limit due to the ideal low n kink modes. The RWM can 
be stabilized by using externally applied 
nonaxisymmetric magnetic field with coils [6] and/or by 
sufficient plasma rotation [7]. Recent experiments in 
JT-60U and DIII-D identified that a low toroidal rotation 
threshold for stabilizing RWM, where the toroidal 
rotation velocity at the low order rational surface plays 
important role [8, 9]. High beta experiments above 
no-wall beta limit were performed in weak shear and 
reversed shear plasma in JT-60U. 

In weak shear plasma regime, high N ~ 4 was 
transiently achieved by wall stabilization [10]. Recently, 
quasi-steady state weak shear plasma with wall 
stabilization was obtained by utilizing the control of 
toroidal rotation velocity to keep above critical velocity 
[11]. Figure 1 shows the waveform of the stationary 
sustained weak shear plasma above no-wall beta limit, 
where N ~ 3 sustained for ~ 5s. In the discharge, low 
power of neutral beam (NB) heating was applied during 
Ip ramp-up phase to produce the weak positive shear 
configuration, and high power NB heating with negative 
ion-based neutral beam (N-NB) was injected to produce 
ITB. The N was sustained by using feedback control of 
stored energy via perpendicular NBs. The toroidal 
rotation velocity at q ~ 2 surface is much faster than the 
critical velocity ~ 20 km/s as shown in the figure. The 
no-wall beta limit is roughly indicated as 3.0 times the 
internal inductance, while the ideal wall beta limit as 3.8 
times the internal inductance, which is confirmed by 

MARG2D code [12]. According to ACCOME code [13], 
which solves the inductive and non-inductive current 
density profiles that are consistent with plasma 
equilibrium, fCD > 0.8 and fBS ~ 0.5 were achieved. Since 
the large volume configuration was utilized for wall 
stabilization, lower confinement (HH98y2 ~ 0.8) is 
attributed to the lack of strong central heating. The 
duration is determined by the increase of no-wall beta 
limit due to gradual penetration of inductive field. 
Furthermore, some MHD instabilities cause the 
disruption in the high beta weak shear plasmas above 
no-wall beta limit. In particular, n = 1 bursting mode and 
slowly growing mode as a RWM precursor have been 
observed [11]. The bursting mode, so-called energetic 
particle driven wall mode (EWM) [*], is the energetic 
particle branch as the results of the interaction between 
the energetic particle and a marginally stable RWM, and 
then directly triggers RWM despite of enough toroidal 
rotation velocity for RWM stabilization. The slowly 
growing mode, which has longer growth time than the 
resistive wall time, makes toroidal rotation velocity and 
its shear at the rational surface reduce, and then the RWM 
is destabilized. 

In reversed shear plasma regime, typical waveforms 

of the discharge with above no-wall beta limit are shown 

in Fig. 2, where the plasma parameters are as follows: 

plasma current Ip = 0.8MA, toroidal magnetic field BT = 

2.0T, q95 ~ 5.3 and the ratio of the wall radius to the 

plasma minor radius d/a ~ 1.3 [15]. The value of q95 is 

actually close to the design parameter of DEMO reactors. 

The discharge was established under the low momentum 

input condition expected in DEMO reactors, where 

tangential neutral beams (NBs) were injected by balanced 

 

Fig.1 Waveforms of the stationary sustained weak 

shear plasma with wall stabilization. 
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Fig.2 Waveforms of the wall-stabilized reversed 

shear discharge. 
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way in which the injected power of co-tangential NBs is 

similar to that of ctr-tangential NBs. The normalized beta 

increased continuously by following the stored energy 

feedback control. However, the discharge was terminated 

by disruption at t ~ 6.1s. The MHD instability (n = 1) was 

observed just before the disruption, of which growth time 

is the order of the resistive wall time ( W ~ 10ms), 

suggesting RWM. In this discharge, N ~ 2.7 was 

achieved just before disruption, and the achieved high p 

~ 2.3 leads to high fBS. The achieved value of N is much 

higher than reversed shear plasmas with N ~ 1.7 - 2.2 at 

d/a ~ 1.5. The no-wall beta limit is estimated at about 

three times the internal inductance as shown in the figure. 

Actually, the detail analysis of MHD stability using the 

MARG2D code indicates that the ideal wall beta limit is 

N ~ 2.9 and the no-wall beta limit is ~1.9, resulting C  ~ 

0.8, where C  = ( N - N
no-wall) / ( N

ideal-wall - N
no-wall). It 

should be noted that values of q such as q95 and qmin is 

very similar to those of ITER steady-state scenario (VI) 

for strong negative shear in which q95 ~ 5.4, qmin ~ 2.3 and 

q(0) ~ 5.9 are expected [4]. Thanks to ITBs, high 

confinement enhancement factor HH98y2 ~ 1.7 was 

obtained at high normalized density (ne/nGW ~ 0.87), and 

the ratio of electron and ion temperatures was Te/Ti ~ 0.9 

at the center. Furthermore, extremely high bootstrap 

current fraction of ~ 92% is obtained in the plasma, 

which is evaluated from ACCOME code. The RWM 

became unstable when toroidal rotation velocities at q = 3 

surface decreased to the critical toroidal rotation velocity 

as shown in Fig. 2(d). By comparison of balanced- and 

co-injected discharges, the toroidal rotation velocity at 

outer q = 3 surface might play the important role for 

RWM stabilization.  

Figure 3 shows simultaneous achievement of high 
beta and high confinement in both weak shear and 
reversed shear plasmas with/without wall stabilization. 
Beta limit was improved by RWM stabilization, 
especially in reversed shear plasmas with keeping high 
confinement. The high value of N ~ 3 was achieved with 
high HH98y2 ~1.5 in both plasma regimes, which is 

expected in ITER steady-state operation scenario. In 
weak shear plasmas, high N and high confinement was 
obtained even without wall stabilization as shown in the 
figure. Since the large volume configuration was utilized 
for wall stabilization discharges, lower confinement in 
the weak shear plasma with wall stabilization is attributed 
to the lack of strong central heating. 

 
3.   High-density operation with high confinement 

Although the high-density operation above 
Greenwald density is preferable in DEMO reactors, 
confinement degradation was observed in the ELMy 
H-mode plasmas without ITBs [16]. In the plasmas with 
ITB, strong central heating is required for sustaining high 
confinement especially in weak shear plasmas. However 
it is difficult to keep a centrally peaked heating profile at 
high density due to the attenuation of neutral beam for 
heating. 

Figure 4 shows the comparison of high-density 
operation in weak shear plasma discharge with pellet 
injection and with gas fueling [17], where the electron 
density was enhanced up to ne/nGW ~ 0.7 under the 
conditions of BT = 3.6 T, Ip = 1.0 MA, q95 ~ 6.5,  ~ 0.45 
and q95 ~ 6.5. The pellets were injected from high field 
side. In addition, negative-ion based neutral beam 
(N-NB), which have high beam energy (~360 keV), was 
injected at high-density phase in order to keep a centrally 
peaked heating profile. In the pellet-injected discharge, 
the confinement enhancement factor over the L-mode 
scaling (H89PL) stays almost constant even with increasing 
electron density, as shown in Fig. 4(a), where HH98y2 
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Fig.3 Simultaneous achievement of high 

normalized beta and high confinement. 

 

Fig.4 Waveforms of high-density operation by 

utilizing (a) pellet injection and (b) gas puff. 
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=1.05, N =2.2 and fBS ~ 60% was simultaneously 
achieved at ne/nGW ~0.7. On the other hand, H89PL 
decreases with increasing electron density in the gas 
fueled discharge as shown in Fig. 4(b). The ITBs in 
temperature profile were sustained and the density profile 
was peaked in the pellet-injected discharge, while the 
ITBs produced in the early phase disappeared in the 
gas-fueled discharge. One of the differences is seen in the 
pedestal parameter. The electron density at the pedestal is 
almost similar in both discharges, while the temperatures 
at the pedestal in the pellet-injected discharge are higher 
than that in the gas-fueled discharge. The pedestal 
temperature and density increases gradually in time in the 
pellet-injected discharge, where the core-edge parameter 
linkage plays an important role [17]. On the other hand, 
the temperature decreases with increasing density, which 
leads to decrease in the core temperatures and the energy 
confinement.  

In reversed shear plasma regime, on the other hand, 
stronger ITBs are produced including electron density 
profile. The wide ITB radius can contribute the 
high-density operation with keeping high confinement 
characteristics. Figure 5 shows the electron density 
profile normalized to the Greenwald density in the 
high-density reversed shear plasma at before ITB 
formation and at fully developed ITB phase [18]. Here, 
BT = 2.5T, Ip ~ 1.0MA, q95 ~ 6.1, and NB and LHRF 
heating were utilized. It should be noted that the density 
increases with NB fueling only. The density profile 
changes from relatively flat to a broad central peaked 
profile, where the density inside ITB increases, while the 
edge density remains almost constant. Although the edge 
electron density is smaller than 0.4nGW, the central 
electron density largely exceeds nGW due to the wide 
radius of ITB. Therefore the high ne/nGW is obtained due 
to the peaked density profile inside the wide ITB. Thanks 
to ITBs, HH98y2 =1.3, N ~ 2 and fBS ~ 70% were 
simultaneously achieved at ne/nGW = 1.1. It should be 

mentioned that the pedestal pressure is lower than that in 
the ELMy H-mode plasmas, and the core-edge parameter 
linkage is weak compared to weak shear plasmas. 

Figure 6 shows the compatibility of high density and 
high confinement in both weak shear and reversed shear 
plasmas, where standard ELMy H-mode and impurity 
seeded plasmas [18] are also shown. Basically 
confinement performance is degraded with increasing 
ne/nGW in ELMy H-mode, weak shear and reversed shear 
plasmas. High-density operation region is expanded in 
weak shear plasmas with small degradation of 
confinement property by utilizing capability of density 
profile control such as pellet injection as described above, 
and impurity seeding with Argon, and then the high 
confinement region of HH98y2 > ~ 1 was achieved up to 
ne/nGW ~ 0.9. Furthermore, high-density operation region 
at ne/nGW ~ 1, foreseen in ITER steady-state operation 
scenario and DEMO reactor such as Slim CS, was 
obtained in reversed shear plasmas with very high 
confinement property (HH98y2 = 1.3 -1.7). In addition to 
high-density operation, high radiation loss fraction (frad > 
0.9) was also obtained in the cases of impurity-seeded 
discharge. It is noted that HH98y2 ~ 0.95 at ne/nGW ~ 0.7 
was obtained so far under the wall saturated condition, 
which is expected in steady-state plasmas [19]. 

 
4.   Long sustainment with high non-inductive 

current drive fraction 
Towards steady state operation of tokamak, the long 

sustainment of plasmas with full non-inductive current 
drive condition should be demonstrated. Critical issues 
for long sustainment are avoidance of neoclassical tearing 
modes in weak shear plasmas and the disruption in 
reversed shear plasmas. 

 

Fig.5 Profiles of electron density normalized by 

Greenwald density obtained in high-density 

reversed shear plasma. 
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Fig.6 Compatibility of high density and high 

confinement in weak shear and reversed 

shear plasmas together with ELMy H-mode. 
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In the weak shear plasma regime, suppression of 
NTMs was demonstrated by electron cyclotron current 
drive [20]. However it is required for the complete 
avoidance of the NTM with m/n = 3/2 that the value of q 
in the whole plasma region is beyond 1.5. Typical 
waveform of such a scenario is shown in Fig. 7 [21], 
where Ip = 1 MA, BT = 2.4 T,  = 1.44,  = 0.5 and q95 ~ 
4.5. The plasma with N ~ 2.4 ( p ~ 1.7) has been 
sustained for 5.8 s. This duration corresponds to ~ 26 E 
and ~2.8 R. Loop voltage was reduced near zero, which 
indicates the nearly full non-inductive current drive 
condition. The analysis of non-inductive current drive 
indicates that fBS ~ 50-43% and fBD ~ 52-47% were 
obtained. The sustained duration was determined by the 
pulse length of N-NB (~ 4 MW, ~ 6.5 s). In this discharge, 
HH98y2 ~1.0 was obtained at ne/nGW ~ 0.54. It should be 
emphasized that no NTM was observed in this discharge 
by the optimization of q profile.  

In reversed shear plasma regime, one of the 
difficulties to obtain a long sustainment is avoidance of 
disruption due to the lower beta limit without wall 
stabilization. The reversed shear q profile gradually 
changes towards the stationary condition, where the value 
of q in core plasma region, including qmin and its location, 
decreases continuously due to the penetration of inductive 
current. Therefore the value of qmin passes through integer 
values until reaching stationary condition. Then the 
discharges frequently terminate by disruption when qmin 
goes across the integer values. In order to avoid 
disruptions, the pressure gradient at the ITB should be 
decreased when the plasma becomes unstable. The 
technique of the control of the ITB strength had been 
developed in JT-60U reversed shear discharges by the 
control of toroidal rotation, where local reduction of Er 
shear affects the whole ITB layer [22]. For the long 
sustainment of the reversed shear plasmas with large fBS 
under nearly full non-inductive current drive condition, 
we attempted the toroidal rotation control to avoid a 

disruption. Typical waveform of the long sustained 
reversed shear discharge are shown in Fig. 8, where Ip = 
0.8 MA, BT = 3.4 T, q95 ~ 8.3, x = 1.6,  x = 0.42 [21]. 
Utilizing the feedback control of the stored energy by the 
perpendicular NBs, N ~ 1.7 ( p ~ 2.4) was maintained 
from t ~ 5.1 s until the end of the NB heating (t = 12.5 s). 
Loop voltage decreased to nearly zero and was kept 
nearly constant, which indicates the nearly full 
non-inductive current drive condition. The high HH98y2 of  
~1.9 was also maintained thanks to ITBs at ne/nGW ~ 0.6. 
According to ACCOME code, fCD > 0.9 and fBS ~ 0.75 
were achieved. In this discharge, toroidal rotation control 
for pressure gradient control was applied during t = 7 – 8s 
at qmin being 4, where ctr-NB was switched off, and then 
the disruption was successfully avoided. The sustained 
duration of fBS ~ 0.75 is ~ 7.4 s, which corresponds to ~ 
16 E and ~ 2.7 R. At the stationary phase, the profile of 
measured total current density agrees closely with that of 
non-inductive current density, which implies the plasma 
approached the stationary condition. 

Figure 9 shows progress of long sustainment of 
weak shear and reversed shear plasmas with high fBS. By 
optimizing profiles of current and pressure, the sustained 
duration of both plasma regimes is extended under the 
nearly full non-inductive current drive condition. The 
plasmas with high fBS expected in ITER steady state 
scenario and DEMO reactor is sustained for longer than 
current diffusion time scale, which is typically ~ 2 s in 
JT-60U. Durations are limited by pulse length of NB or 
N-NB. 

 

Fig.7 Waveforms of long sustained weak shear 

plasma with nearly full CD. 

 

Fig.9 Progress of long sustainment of high bootstrap 

current fraction plasmas. 

 
Fig.8 Waveforms of long sustained reversed shear 

plasma with nearly full CD. 
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5.  Summary 

JT-60U tokamak optimized weak shear and reversed 
shear plasmas towards steady-state operation of tokamak 
and demonstrated (1) high beta and high confinement 
simultaneously, (2) compatibility of high density with 
high confinement, and (3) long sustainment under the 
nearly full non-inductive current drive condition. As the 
results, high-integrated performances were achieved in 
both plasma regimes. Achieved integrated performance in 
weak shear and reversed shear plasmas is shown in Fig. 
10(a) and 10(b) together with the design parameter of the 
ITER steady-state scenarios [4]. In weak shear plasma 
regime, the discharge with high confinement and high 
beta plasma under the full non-inductive current drive 
condition [3] and the discharge with high density 
produced by pellet injection are shown in the figure. In 
reversed shear plasma regime, the discharge with high 
confinement and high beta plasma at reactor relevant q95 
~ 5.3 and the long pulse discharge at high q95 ~ 8.3 are 
shown in the figure. In both plasma regimes, 
high-integrated performance compared to ITER 
steady-state scenario was achieved. However some 
parameters are not satisfied simultaneously. And also 
long sustainment is still one of the remaining issues. 

Concerning DEMO reactor, Slim CS [23] is one of 
the examples of economical and compact DEMO reactor 
with high N ~ 4.3 and high fBS ~ 0.77. Figure 10(c) 
shows comparison of integrated performance among 
ITER steady state scenario, Slim CS and JT-60SA [24]. 
There are large gaps in design parameter between Slim 
CS and ITER, especially in N, fBS and frad. JT-60SA will 
address the key issues for DEMO, as satellite tokamak of 
ITER, where demonstration of high beta operation by 
RWM control coils, and heat and particle control with 
divertor pumping capability. Then we hope ITER 
scenario can be improved by results of JT-60SA. 
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This review paper presents status of research activity of plasma facing materials, mostly tungsten and critical 
issues towards DEMO reactors. A helium effect on tungsten surface morphology and its impact on fusion reactors 
and a pulsed heat effect to tungsten are briefly summarized. For DEMO, effects of steady-state operation and heavy 
neutron irradiation are important subjects to investigate. Present understandings on these are briefly summarized. 
Finally, issues of helical system towards DEMO will be discussed. 
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1. Introduction 
Plasma facing materials in divertors in fusion 

reactors are subject to high heat load up to ~10 MW/m2. 
To withstand this heat flux, only materials with high 
thermal conductivity and high melting (sublimation) 
points can be used. Tungsten and CFC (Carbon Fiber 
Composite) graphite are the sole candidates. Both 
materials, however, have concerns: for CFC enhanced 
erosion of graphite by chemical sputtering, for tungsten 
cooling of fusion plasma by core accumulation in the 
burning plasma. 

In ITER, serious discussion on the choice of plasma 
facing materials for divertor is going on. The safety issues 
are the most critical such as keeping in-vessel tritium 
retention below the administrative limit (presently set at 
700 g [1]) and also amount of dusts (especially dusts on 
hot surfaces) should be below the limit[1]. In ITER, 
coolant of water will be used with its inlet temperature of 
about 100 °C, leading to relatively low wall surface 
temperature (200~300 °C) except for high heat flux region. 
Under this temperature condition, any material will 
potentially contain non-negligible amount of tritium even 
for metallic materials. It is believed that the use of tungsten 
is the best choice with regard to these viewpoints, since 
carbon materials will keep significant amount of tritium in 
codeposition layers with high T/C ratio (up to 0.4 for 
plasma facing side). 

For DEMO, several operation conditions are 
essentially different from those of ITER such as 
steady-state operation (up to several years), high 
temperature walls (more than 500 °C), and high fluence 
neutron dose (more than 10 dpa). Under these conditions, 
tritium retention problem will be probably eased, while 
neutron effects at elevated temperature will become critical. 
Tritium permeation from the plasma facing surface to the 
coolant will need to be properly evaluated. 

In this paper, material issues of tungsten and CFC 
graphite for ITER and DEMO will be reviewed and critical 
issues for DEMO reactors will be presented. 

 
2. Basic properties of graphite and tungsten 

Graphite has been widely used for many magnetic 
confinement devices, and gives excellent plasma 
performance and new confinement regime because of less 
impact on plasma confinement than metallic materials. 
CFC graphite has also an excellent feature as a divertor 
material such as non-melting feature and high thermal 
shock resistance. However, erosion by plasma ion 
bombardment is quite large due to chemical sputtering. In 
addition, redeposition layers contain tritium, which would 
be dominated for in-vessel T retention. Therefore, CFC can 
probably be used only in the first phase of ITER. Although 
wall temperature could be high enough to neglect T 
retention in graphite in DEMO, hydrocarbon transport to 
remote area, leading to thick deposition with T retention, is 
serious concerns. In addition, heat shock resistance of CFC 
materials (NB31) may not be very high under repetitive 
heat pulse irradiation[2]. For NB31, pitch fibers are 
arranged perpendicular to a plasma facing surface. The 
fibers were broken at 10~100 µm from the top, which will 
be eventually released as dust particles and lead to 
enhanced erosion.  

Tungsten has also good performance under high heat 
flux plasma exposure because of a high melting point and 
low sputtering by fuel ions. However, there is quite a 
concern because of a melting feature and brittleness such 
as low temperature brittleness, recrystallization brittleness, 
and neutron irradiation brittleness. Once tungsten melts, 
material strength is greatly reduced. After solidification, 
yield stress is greatly reduced and internal stresses is 
generated during a solidification process. These changes 
will cause cracking and destruction of high heat flux 
components in the worst case. Helium effects are very 
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important and critical to use tungsten as plasma facing 
materials. Details will be shown in Sec. 3. The neutron 
effect will not be a big concern for ITER since neutron 
fluence to wall materials is not high (up to about 1 dpa for 
tungsten). But for a steady-state rectors such as DEMO, it 
would be the most critical issue for tungsten divertor. 
Details will be shown in Sec. 5-2. 
 

3. Helium effects  
Recently, helium effects on tungsten have attracted 

increasing attention in terms of material degradation[3], 
leading to exfoliation and grain ejection (dust formation). 
Helium atoms have high trapping energy with point 
defects (4.0 eV – 4.4 eV) in tungsten, while hydrogen 
atoms have much lower binding energy with point defects 
(~1.4 eV for a single vacancy, ~2.1 eV for a void). 
Therefore, He atoms are hardly detrapped from these 
defects even at elevated temperatures. In addition, when 
tungsten temperature exceeds recrystallization 
temperature (1300 °C), helium and defect complexes 
becomes mobile and tend to agglomerate to form, 
so-called, helium bubbles. Below this temperature range 
(more than about 800 °C), nanoscopic structure is formed 
[4,5]. The typical nanostructure is shown in Fig. 1[5]. The  

Fig. 1 He plasma induced nanostructure on tungsten [4] 
 
thickness of nanostructure increases with square root of 
time, indicating diffusion-like behavior.  

There are several disadvantages for He bubble- or 
nano-structure on tungsten. At first, it can be pointed out 
that the bubble structure in the subsurface region 
significantly reduce thermal diffusivity, leading to 
melting and evaporation of surface layer by transient heat 
loads. Secondly, dust formation associated with enhanced 
erosion would take place by the He effects. At elevated 
temperature, He bubbles diffuse into the bulk of tungsten 
and tend to be trapped at grain boundaries. He bubbles 
along the grain boundaries reduce adhesion between the 
grains, which are easily ejected by the effects of thermal 
stress or internal stress caused by hydrogen isotopes 
and/or helium containment. Figure 2 shows the ejected 
grain particles on the tungsten sample surface. This 
tungsten sample was exposed to He plasma at 1,600 K to 
the fluence of 9 x 1025 m-2 at first, followed by deuterium 

Fig. 2 Grain ejection of tungsten surface after deuterium plasma 
exposure at 550 K subsequent to He plasma pre-exposure at  
1,600 K. (D. Nishijima et al.[5]). 

 
plasma exposure at 550 K to the fluence of 2.5x 1025 m-2. 
It was recrystallized during He plasma exposure and He 
bubbles with the diameters less than 1 μm were densely 
formed along grain boundaries. Therefore, the grain 
ejection in this case took place probably due to reduced 
adhesion between grains by He bubble accumulation. 

Therefore, it is important to study formation 
conditions, effects to core plasma, and suppression 
technique (if necessary) for He bubbles and nanostructure 
in fusion reactor environments. 

Recent studies have shown that He bubble layers act 
as a hydrogen isotope diffusion barrier. By this effect, 
reduction of deuterium retention and suppression of 
blistering take place[6], see Fig. 3. In ITER, since wall  

Fig. 3 Temperature dependence of surface morphology of ion 
irradiated W by 1 keV H, C, and He mixed ion tungsten [6] .  

 

I-22

93



 
 

Proceedings of ITC18,2008 

 

temperature except for near strike points is low 
(200~300 °C), this effect greatly affects T retention in a 
tungsten wall material. For DEMO, T retention in wall 
materials will not be a issue but T permeation to coolant 
tubes is a matter of concern. The barrier effect of He 
bubbles could greatly reduce T permeation. According to 
the reference[6], this effect is effective at least up to the 
temperature of 450°C (723 K). Over this temperature, 
more studies are needed to understand T behavior in first 
walls of DEMO. 

 
4. Pulsed heat load effects 

For more than 20 years, many good confinement 
modes of core plasmas have been found in tokamak 
devices and are the keys to achieve economical fusion 
reactors. One of them is H-mode, which has transport 
barriers near the edge plasma (so called pedestal). This 
mode, however, is known to be accompanied by repeated 
energy and particle ejection, so-called ELM (Edge 
Localized Mode). For ITER, a pulse length and a heat 
load of Type I ELMs were predicted to be ~0.2 ms and 
0.5–1.2 MJ/cm2, respectively[7,8]. This Type I ELM 
pulse can raise the surface temperature of tungsten above 
the melting point of tungsten (3422˚C). Once tungsten 
melts, grain growth and significant reduction of yield 
strength will occur, leading to crack formation and dust 
generation. Therefore, it is believed that the mitigation of 
the ELM pulse energy is of great importance for fusion 
reactors.  

Recently it has been pointed out that even under 
non-melting conditions the repetitive ELM pulse effects 
could be serious[9]. Repetitive heat pulse cause surface 
expansion and contraction alternately, which would cause 
metal fatigue and cracking. Particle induced processes, 
mainly due to helium ions, could enhance this effects. 
More studies will be needed to comprehensively 
understand this effect and to avoid serious effect in fusion 
reactors for tungsten walls. 

So far, no similar repetitive heat pulse to wall 
materials like ELM’s in tokamak has not been found in 
the helical system. But it is noted than ELM is associated 
with pedestals near the separatrix, which appears as a 
result of improved plasma confinement, known as 
H-mode. So in the future, there still remain some 
possibility to obtain good confinement regimes with 
ELM-like edge plasma behavior in helical system. In this 
case, repetitive heat pulse must be reduced or suppressed 
to an acceptable level.  
 
5. Issues for reactor environment 
5-1. Steady-state operation 

Plasma duration in present magnetic confinement 
devices are limited to a few hours. Especially for high 

performance plasmas with the fusion energy gain factor 
around 1, the duration is limited to an order of seconds. 
On the other hand, the discharge duration of DEMO 
reactors will be an order of several months. There still 
remains a significant gap between the present and next 
step device, even ITER, and DEMO. 

There are several time constants in terms of plasma 
wall interaction. Wall saturation for fuel atoms (hydrogen 
isotopes) is one of the important time constant. If wall 
saturation do not take place, walls always suck tritium, 
eventually the tritium wall retention exceeds accepted 
level (~700 g for ITER). In addition, wall pumping of 
tritium reduces usable tritium produced in blankets, 
leading that requirements of TBR (Tritium Breeding 
Ratio) should be raised in blankets. According to present 
reactor design study[12], TBR is very marginal compared 
with the required value (~1.1). Therefore, wall pumping 
should be terminated in an acceptable short operation 
duration.  

In JT-60U, plasma performance under these 
wall-saturated conditions have been investigated[10]. The 
wall saturation time in this case is an order of minutes. 
This is acceptable because it is much shorter than 
expected operation time of DEMO. In Tore Supra, 
however, wall saturation has not been observed for 2 min 
discharge and wall pumping continued at least up to the 
cumulative discharge time of 5 hours[11]. In these 
devices, wall materials were graphite and the relatively 
low first wall temperature (less than 300 ˚C). 

In DEMO, in the case of metallic wall materials 
(tungsten as a leading candidate), implanted tritium will 
diffuse into the bulk to be trapped at intrinsic or neutron 
induced trapping sites or permeate to the rear surface or 
interface with structural materials (low activation 
materials such as RAF, vanadium alloys, SiC as present 
candidates). For metallic structural materials, tritium will 
permeate through to reach coolants. On the other hand, 
for ceramic materials such as SiC, since this is a strong 
diffusion barrier of tritium, tritium will not permeate to 
the coolants. If the wall temperature is high enough, 
tritium will not accumulate in metallic armor materials 
and permeate to the coolants, which are the most 
desirable situation in terms of tritium retention. But if the 
coolant temperature is not very high (ex. 300 °C of water), 
tritium could accumulate around coolant tubes. This will 
not only increase tritium retention but also will affect 
deterioration of material properties. In addition, as was 
mentioned in the section 3, helium bubble layers tend to 
work as tritium diffusion barrier. If there are two diffusion 
barriers both on the plasma facing side (ex. He bubble 
layer) and on the rear side (ex. SiC/SiC composite), tritium 
tends to be confined in wall materials between these 
diffusion barriers, which increase tritium retention and 
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probably deteriorate the wall materials. Therefore, in 
DEMO reactors, issues of tritium implanted from the 
plasma facing side are closely related to the design of 
divertor and blankets. This issue, however, have not been 
studied so far, and will be one of the most important R&D 
subjects for blanket development. 

As was described, tritium retention in codeposited 
layers is a matter of concern for ITER. Even in DEMO, 
since erosion of wall materials does not have a clear limit, 
formation of codeposition layers would continue during 
plasma operation. It is known that hydrocarbon molecular 
radicals have low sticking coefficients on high 
temperature walls. These molecules are transported far 
from plasma facing walls through exhaust ducts. Even if 
the surface temperature of in-vessel components are high 
enough for these radicals not to stick, there are low 
temperature surface somewhere in remote area (vacuum 
pumps etc.). Hydrocarbon radicals will deposit on these 
surface and produce T retained deposition layers. This is 
also a concern related to the use of carbon contained 
walls for steady-state reactors. To solve this issue, 
complete understandings of transport of hydrocarbon 
radicals and effective removal methods of T retained 
deposit must be needed. 

Degradation of wall materials under steady-state 
conditions also needs to be investigated. There have been 
quite a few studies for the effects of plasma exposure to 
wall materials. Ion fluence of these studies, however, are 
limited up to 1028 m-2, while ion fluence to divertor plates 
in fusion reactors will reach 1031 m-2 in a year. At present, 
no plasma device can simulate wall materials under this 
fluence condition, and there are even no plans for it. We 
need to make a strategy for the development of reliable 
wall materials under very high fluence conditions. 

 
5-2. Heavy neutron irradiation 

As was pointed out, one of the most significant 
differences between ITER and DEMO is neutron fluence. 
In fact, ITER will provide a test bed of 14 MeV neutron 
irradiation for materials and components. Its fluence, 
however, is much lower than that in DEMO due to low 
duty plasma operation. ITER will be able to provide the 
average neutron fluence of about 0.3 MWm-2 year. On the 
other hand, neutron fluence to wall materials of fusion 
reactors would reach about 10 MWm-2 year[12].  

Fusion neutrons (14 MeV) will have several effects 
on wall materials. Radiation damages produced by elastic 
collision with lattice atoms. These damages will result in 
hardening, swelling and some other material degradation. 
In addition, transmutation of materials needs to be taken 
care of due to very high fluence in DEMO. For example, 
some of tungsten isotopes are transmuted to Re, then 
Os[13]. Thermal conductivity of tungsten contained with 

Re was studied by Fujitsuka et al.[14]. Their study showed 
that thermal conductivity of tungsten decreases with Re 
concentration. Tungsten with 10at% Re has lower thermal 
conductivity than pure tungsten by about 30% at 1000 K. 
Under fusion neutron irradiation, this composition would 
be reached in about 2 years of operation. The other 
heavy-atom transmutation effects have not been known 
well.  

In addition, (n, α) reaction will produce He atoms 
which appears with the neutron energy more than 10 MeV 
(tungsten). This means fission neutron (less than a few 
MeV) cannot cause this reaction. As already mentioned, 
helium could cause deteriorating effects on metals due to 
the formation of He bubbles. Therefore, definitely we need 
some facilities other than fission reactors or dedicated 
experiments to examine transmuted He effects on tungsten 
bulk material property.  

New tungsten material with the resistance to neutron 
irradiation is being developed by Kurishita et al.[15]. This 
new material, UFG-W(Ultra Fine Grained W) with TiC 
dispersoids, has much smaller grain sizes (less than 
sub-micrometer) which greatly improve embrittlement of 
ordinary tungsten. This material has also desirable feature 
under high flux plasma exposure environment. For 
ordinary tungsten, high flux plasma exposure produces 
blisters[16], but UFG-W did not show blisters up to the 
fluence of about 1026 m-2[17]. In addition, D retention is 
not higher than that in ordinary tungsten (stress relieved 
tungsten with the grain size of a few micrometer). 
Although it is necessary to examine at higher fluence 
conditions, UFG-W clearly has some advantages over 
ordinary tungsten as plasma facing materials for ITER and 
DEMO.  

For CFC graphite, neutron effects would be very 
serious. Most important effects are reduction of thermal 
conductivity and dimensional change[18]. Reduction of 
thermal conductivity changes appear even in ~0.01 dpa. 
The reduction is larger at lower temperatures. Over about 
1000 °C, reduction is small because of the annealing of 
radiation damage. On the other hand, dimensional change 
takes place during annealing process of damage, which 
makes new graphitic plane and expand graphite crystal 
along c-axis[19]. For carbon fibers, neutron irradiation 
leads to shrinkage in the direction parallel to the fibers and 
to swelling in the perpendicular direction. Since this 
process increases with the increase in temperature, the 
most serious effects of dimensional change would appear 
in CFC graphite tiles at strike points of divertor. Although 
we do not have database under reactor relevant high 
fluence conditions, this effect could be inevitable and the 
most serious problem for the use of CFC in DEMO. 
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5-3 Strategy needs for DEMO 
Design of tokamak based DEMO device has been 

carried out by several research groups[20,21]. Handling of 
divertor heat load is always an issue. The heat load of 10 
MW/m2 to the divertor is a typical standard of a design 
parameter. In terms of high heat flux technology, 
development of high heat flux components for DEMO has 
more limitation than ITER. Coolant tubes for ITER can be 
made of copper alloys (ex. CuCrZr alloy for ITER) due to 
high thermal conductivity. But this alloy is subject to 
hardening under heavy neutron irradiation. Therefore, 
under DEMO environment, the other materials need to be 
examined. One of the candidate materials in the JAEA 
design is RAF[22]. Design of water cooled tungsten 
monoblock divertor with the RAF coolant tube can handle 
the maximum heat flux of 13 MW/m2, while 25 MW/m2 
can be handled by the module with the Cu coolant tube. 
Heat removal capability for the plasma facing components 
in DEMO and the commercial reactors must have some 
tolerance for safety operation and material degradation 
during long term operation. Therefore, heat removal 
capability of the divertor with the abovementioned RAF 
cooling tube would not be enough for the 10 MW/m2 heat 
flux. The heat flux to the divertor plates in DEMO should 
be substantially reduced in comparison with ITER as long 
as solid materials would be used.  

In the roadmap shown in ITER home page[23], the 
DEMO reactor construction will start just before the 
second DT operation phase in ITER and the operation 
phase 1 in DEMO will start before the end of the ITER 
operation. IFMIF will be employed simultaneously with 
the ITER operation, which provide the opportunity to 
select and optimize blanket structural materials. For plasma 
facing components, however, there is no plan to make a 
selection and qualification test of the components for the 
steady-state operations of DEMO.  

The test conditions of divertor components are very 
complicated. They should include high heat flux irradiation 
up to 10-20 MW/m2, high fluence irradiation of 14 MeV 
neutron up to about 10MW·year/m2, and high fluence D/T 
and He (5~10%) plasma irradiation up to the fluence of 
about 1031 m-2. Combination of these mixed irradiation is 
extremely important. For example, thermal stress caused 
by temperature gradient would be closely related to 
neutron irradiation creep. Neutron damage and helium 
bubbles would strongly affect hydrogen isotope and helium 
behavior, and its effect on material degradation in tungsten.  

This combination test should be done before the 
installation of divertor modules in steady-state operation of 
DEMO. The relevant facilities (ideas) are CTF 
(Component Test Facility, steady-state magnetic 
confinement plasma for a volume neutron source), IFMIF 
with a high density plasma device, and the use of the 

operation phase 1 of DEMO. In any case, we need to 
seriously consider the strategy for R&D and a qualification 
test of divertor modules for DEMO.  

 
7. Towards helical reactors  

Helical reactors also have similar requirements as 
tokamak reactors in terms of plasma wall interaction. The 
important issues are avoidance of impurity accumulation in 
the core plasmas, and power and particle (He) control to 
the divertor. LHD type helical reactors already have 
several advantages over tokamak devices such as no major 
disruption associated with current quenching and natural 
divertor configuration with edge ergodic layers[24]. Since 
the connection length between divertor plates and X points 
is shorter in helical devices than tokamak devices, the role 
of the ergodic layers is very important to control impurity 
influx to the core plasma. Kobayashi et al. showed that the 
edge surface layer plays an important role in impurity 
retention, where the friction force significantly dominates 
over the thermal force in LHD[25]. In a short pulse 
discharge (an order of seconds), experimental data proved 
that this layer effectively blocked wall impurities from 
penetrating into the core plasma. In the future, 
investigation on impurity behavior in this ergodic layer for 
much longer time scale is needed. 

Power and particle control (He ash exhaust) is another 
important issue in helical system towards DEMO. As was 
mentioned before, it is better to reduce divertor heat load to 
much less than 10 MW/m2 for realistic solution for solid 
divertor system. According to the reactor design FFHR[24], 
divertor heat flux of 1.6 to 2.3 MW/m2 was a design 
parameter. This number is very attractive in terms of heat 
removal. In general, as particle flux to the divertor plate is 
low, neutral pressure near evacuation slot is also low, 
leading to reduction of He exhaust efficiency. The 
important issue is to achieve compatibility of low heat flux 
to the divertor plate and high He exhaust efficiency. 
Appropriate divertor design would be a key to find 
optimization of these. 

 
8. Conclusion 

Although there still remain several important issues 
on plasma facing components for ITER, there will be more 
challenging issues towards DEMO because of steady-state 
operation and high neutron dose. Feasibility study and 
development of relevant tungsten materials under 
steady-state fusion reactor environments must be pursued. 
For these purposes, we need clear strategy for the 
development of plasma facing components. 
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Steady-State In Vessel Components 

for the WENDELSTEIN 7-X Stellarator

R. Stadler(1), A. Vorköper(2), J. Boscary(1), A. Cardella(1), 
F. Hurd(1), Ch. Li(1), B. Mendelevitch(1), A. Peacock(1), H. Pirsch(1)

(1) Max-Planck-Institut für Plasmaphysik, EURATOM Association, 85748 Garching, Germany

(2) Max-Planck-Institut für Plasmaphysik, EURATOM Association, 17491 Greifswald, Germany

The WENDELSTEIN 7-X (W7-X) stellarator, presently under construction in Greifswald, Germany, will be a “fully-

optimized” stellarator device with the aim to demonstrate the reactor potential of the HELIAS line at steady operation 

close to fusion relevant parameters. 

The in-vessel components of W7-X are designed for steady state operation with high heat flux divertor target plates 

designed to withstand 10 MW/m2 power loading. The plasma vessel and the ports are further protected by a series of 

water cooled graphite tiles clamped on CuCrZr cooling structure and of stainless steel panels. Behind the divertor 

components are the cryo vacuum pumps and the sweep/control coils. 

For the first operation phase in 2014, an inertial cooled divertor of the same geometry as the high heat flux divertor will 

be installed as well as all in-vessel components except cryo vacuum pumps. Mostly, the components will be operated 

without water-cooling since during this phase the power will be restricted to 8 MW for 10s and 1 MW for 50s. 

This paper describes the selected technical solutions and the present status of the various in-vessel components of W7-

X with a focus on the high heat flux divertor.

Keywords: WENDELSTEIN 7-X, stellarator, in-vessel components, divertor, wall protection. 

1. Introduction
The  experiment  WENDELSTEIN  7-X  (W7-X),  at 

present under construction at the Greifswald branch of the 
Max-Planck-Institut  für  Plasmaphysik  (IPP),  with  a 
superconducting  magnet  system and  actively  cooled  in-
vessel components (IVC), is the largest stellarator project 
to date [1]. The design of W7-X will allow steady state 
operation, with a 140 GHz ECRH cw input power of 10 
MW  over  a  pulse  length  of  up  to  30  min.  Additional 
heating sources,  ICRH and NBI,  will  provide additional 
power for flexible experimentation [2]. The IVC, shown in 
Fig. 1, consist of the divertor and the wall protection of the 
plasma  vessel.  Behind  the  divertor  components  are  the 
cryo  vacuum pumps (CVP)  and  the  sweep/control  coils 
(CC). 

For the first operation phase in 2014 [3] an inertial 
cooled  divertor  (TDU)  will  be  installed,  this  will  be 
replaced later for steady-state operation by the high heat 
flux (HHF) divertor. The TDU has the same geometry as 
the  HHF  divertor.  This  phase  aims  at  determining  the 
correct positioning of the target plates. This approach will 
minimize  the  necessary  commissioning  of  the  HHF 
divertor in steady-state operation. 

The other IVC except  CVP will  be installed at  the 

beginning  but  mostly  operated  without  active  water 
cooling.   This  is  possible  as the  input  power  will  be 
restricted to 8 MW for 10s and 1 MW for 50s. This paper 
presents  the selected technical  solutions and the present 
status of the IVC. 

The  complete  IVC  have  a  weight  of  33.8  tons, 
covering a total surface of 265 m2. The intrinsic challenge 
of this project is the 3D-geometry of the machine and the 
limited  available  space  within  the  vacuum  vessel.  IVC 

author’s e-mail: Reinhold.Stadler@ipp.mpg.de

Fig.1  Location of IVC in the W7-X plasma vessel at 
the “bean-shape” cross-section. 
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have been designed to maximize the plasma volume and 
require a high level of accuracy.

2. IVC Project 
The  development  and  construction  of  the  IVC  is 

managed in IPP Garching, in close cooperation with the 
team at IPP Greifswald. 

A large part of the IVC is manufactured and tested in 
the IPP Garching workshop. The manufacturing contract 
for  target  elements  (TE)  of  the  HHF divertor  has  been 
awarded  to  PLANSEE  SE,  Austria.  The  sweep/control 
coils have been manufactured by BNG, and the wall panels 
(WP) are being delivered by MAN-DWE, both companies 
are located in Germany. 

3. Divertor Components
The  divertor  consists  of  ten  similar  discrete  units, 

arranged above and below in each of the five modules. The 
plasma facing components  are  the  target  modules  (TM) 
and the baffle modules (BM).  Behind them are the CVP 
and CC. The highest thermally loaded parts are the target 
plates with a surface area of ~25m² to allow a wide range 
of plasma configuration and magnetic parameters. 

3.1 High Heat Flux Divertor
The ten similar units of the HHF divertor are divided 

into  nine  horizontal  and  three  vertical  TM,  with  an 
intermediate pumping gap between horizontal and vertical 
TM. The horizontal  part  consists of four  HHF-TM, two 
clamped low heat flux modules (LHF) and three additional 
HHF-TM in a row along the toroidal circumference. 

Each HHF TM consists of eight to twelve actively 
cooled  TE  (Fig.  2).  The  HHF  divertor  requires  the 
production of about 900 TE of 13 different types. These 

elements are each designed to remove a maximum power 
of 100 kW and to withstand a steady-state heat load of 10 
MW/m2. 

The  design  comprises  flat  carbon  fiber  composite 
(CFC) tiles bonded to actively water-cooled CuCrZr heat 
sinks. For the TE production, the initial approach was to 
use as much as possible well-known technologies. A large 
experience in the manufacturing in large quantities of HHF 
elements  designed  for  similar  loading  conditions  was 
gained during the fabrication of about 600 finger elements 
for  the  toroidal  pump  limiter  of  Tore  Supra  [4].  The 
contract  was  awarded  to  the  same  company  that 
successfully  produced these finger  elements,  in order  to 
avoid significant R&D activities. The strategy consisted of 
a preliminary phase of pre-series activities to qualify the 
manufacturing  process  to  be  adapted  to  the  different 
geometry of  target  elements  (longer, wider,  trapezoidal), 
followed by the launching of the serial fabrication of the 
required 900 elements. 

In  addition,  Sepcarb® NB31  CFC  material  was 
selected instead of N11 for Tore Supra produced by the 
same company, namely Snecma Propulsion Solide, France. 
This  grade  offers  higher  mechanical  properties  to  cope 
with  the  loading  occurring  during  the  fabrication  and 
operation at the critical interface between the CFC and Cu. 
Many  unexpected  difficulties  occurred  during  this 
fabrication  and  significant  differences  in  the  obtained 
mechanical  properties  between  delivered  batches  were 
observed. This required substantial additional qualification 
activities,  and  approximately  900  kg  CFC  was  finally 
successfully delivered to IPP.

The heat sink is manufactured by joining by electron 
beam welding two plates of CuCrZr into which have been 
machined semi-circular channels. Swirl tapes are inserted 
and the plates are welded together. This design can suffer 
from  leakage  between  adjacent  channels  with  a 

author’s e-mail: Reinhold.Stadler@ipp.mpg.de

Fig.3  GLADIS HHF-test  facility, with new designed 
vacuum lock

Fig.2   Two full  scale  prototype  HHF target  modules 
with dummy target  elements,  already mounted 
on adjustable frame. 
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significant reduction of  the thermal performance which 
affects  the  critical  interface  with  CFC tiles.  Additional 
efforts have been dedicated to the improvement of this 
weld design. 

The bonding technology between CFC tiles and heat 
sink underwent also significant improvement. The initial 
Active  Metal  Casting  (AMC)  technology  will  be 
improved  by  a  bi-layer  technology:  a  copper  layer  is 
active  metal  cast  to  CFC tiles,  and  then an OF-copper 
layer  is  added  by  hot  isostatic  pressing.  The  tiles  are 
finally bonded by electron beam welding onto the cooling 
structure, with the same process used by Tore Supra. This 
solution, as shown in samples, is expected to improve the 
reliability and the robustness of the bond for all types of 
TE under thermal cycling, and to avoid or reduce crack 
propagation at the interface. However, adaptation of the 
Tore  Supra  solution  to  the  new geometry  showed  that 
several  problems  have  to  be  overcome  resulting  in  a 
significant pre-series effort.

About sixty prototype TE have been evaluated during 
pre-series activities. All elements were tested in the HHF 
ion  beam facility  GLADIS (Fig.  3)  of  IPP Garching  in 
fatigue tests of 100 cycles @ 10 MW/m2  for 10 seconds. 

The last delivered elements showed no visible defects at 
the  end  of  the  test  campaign.  In  addition,  one  element 
survived 10.000 cycles without visible damage. Tests with 
increased power were also performed. A critical heat flux 
of 31 MW/m² was achieved on an element without tiles, 
compared  to  the  25  MW/m² specified.  A screening  test 
with heat fluxes up to 24 MW/m2 was also achieved. With 
these  promising  results  a  sufficient  margin  for 
experimental  steady-state operation can be expected and 
shall be verified by an additional development program.

The  LHF-units  are  designed  for  1  MW/m² steady-
state and use the same technology as the BM. The divertor 
pumped volume is closed by toroidal and poloidal closure 
plates.   For  the  toroidal  part  a  water  cooled  structure 
similar  to  the  BM is  used  and  for  the  poloidal  closure 
stainless steel panels are used. 

3.2 Baffle Modules
The 170 BM are  designed for  a  maximum steady-

state heat load of 500 kW/m2. The BM consists of CuCrZr 
plates vacuum brazed to stainless steel tubes that form the 
cooling circuit. Graphite tiles are clamped to the structure 
using  TZM  screws  (Fig.  4).  A compliant  layer  of  soft 
carbon is used to provide the thermal contact. 

3.4 Cryo-Vacuum Pump
The CVP are located behind the horizontal TM in the 

divertor volume. Each CVP is built up of two units, which 
are  shielded  by water  cooled chevrons  against  radiation 
loads  (Fig.  5).  The  CVP are  designed  for  an  optimum 
pumping speed of 75 m3/s in front of the chevrons. 

author’s e-mail: Reinhold.Stadler@ipp.mpg.de

Fig.4   Baffle  Module  with  graphite  tiles  temporarily 
clamped during acceptance tests.

Cryogenic Unit 2
Cryogenic Unit 1

Cryo-Plug-In 

Water-chevrons

Cryogenic Unit 2
Cryogenic Unit 1

Cryo-Plug-In 

Water-chevrons

Fig.5  CAD model of Cryo Vacuum Pump

Fig.6  Control coil in IPP test facility.
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3.5 Control Coils
The ten CC (Fig. 6) are located behind the BM. The 

CC  allow  to  compensate  for  symmetry  breaking  error 
fields and to sweep the strike point and spread the power 
deposition  along  the  target  surface  in  order  to  increase 
steady-state reliability of the TE.

4. Wall Protection
The plasma vessel wall and the ports are protected by 

actively cooled components. On the inboard side, close to 
the plasma surface, graphite protected heat shields (HS) are 
installed. The outboard side is covered by stainless steel 
wall panels (WP). 

4.1 Heat Shields
The HS (Fig. 7) use similar technology to the BM, but 

are  designed  for  a  maximum heat  load  of  300  kW/m2. 
Some of the 162 HS include beam dump elements for the 
neutral beam injection (NBI), the ECRH heating and the 
diagnostic-injector,  as  well  as  special  solutions  for 
integrated diagnostics systems. 

4.2 Wall Panels
The  outboard  region  of  the  plasma  vessel  and  the 

pumping gap area will be covered by 320 steel WP (Fig. 
8). They are designed for a heat load of up to 200 kW/m2. 

For the layout of the WP, the plasma vessel geometry 
was  divided  into  facets  with  small  cylindrical  shaped 
segments. This reduced significantly manufacturing effort 
by allowing 1D-bending on the individual WP.

Each WP is made from two stainless steel sheets that 
are welded together and quilted by overpressure to form a 
meander of cooling channels. Along the circumference a 
vacuum tight weld seals the WP. 

4.4 Port Liner
Some  ports,  that  require  internal  protection  during 

HHF operation,  are  equipped  with  WP-type  port  liners. 
The NBI ports – due to the higher thermal loads -  will be 
equipped with graphite and CFC tile protection similar to 
the BM.

5. Internal Cooling Supply
All 1500 plasma facing components are actively cooled 
during  steady  state  operation.  4.5  km  of  pipe  work  is 
installed  as  150  individual  cooling  loops.  The  cooling 
circuits  are  the  first  to  be  installed.  Design  and 
manufacturing technology were verified with a prototype, 
installed and hydraulically tested in a wooden mock-up of 
a plasma-vessel segment (Fig. 9).

author’s e-mail: Reinhold.Stadler@ipp.mpg.de

Fig.7   Heat  shield,  shown  without  clamped  graphite 
tiles.

 
Fig.9  Prototype  cooling  circuit  during installation in 

the wooden mock-up.

Fig.8  Wall panel, rear view. 

I-24

101



Proceedings of ITC18,2008

7. Test Facilities used for the IVC-activities
Several  test  facilities  are used regularly  to  perform 

acceptance tests of all IVC. 
A vacuum  chamber,  with  3  m  length  and  1.2  m 

diameter, is used for leak and out-gassing tests (Fig. 10), 
hot leak tests for the plasma facing components at (160°C) 
and cold tests at LN2 temperature for the CVP. 

Hydraulic tests and temperature distribution analysis 
to identify hot spots on the WP with an infrared camera are 

also used. 

8. Conclusions
The  IVC  for  W7-X  are  designed  for  steady-state 

operation  at  10  MW  and  the  components  are  actively 
cooled.

Prototype HHF testing has shown encouraging results 
for the development of the technology for the standard TE. 
A significant development program is still required before 
all  13  types  of  TE  for  W7-X  are  fully  qualified. 
Manufacturing of the HS, WP and BM is well progressed. 
Procurement  of  graphite  tiles  is  on-going.   Serial 
production of the cooling loops was initiated, all CC are 
delivered.  First  delivery  of  the  components  to  IPP 
Greifswald has started.

The present time schedule, based on the experience 
gained throughout the project, shows that all components, 
including  the  TDU,  will  be  available  for  installation  to 
allow machine commissioning in 2014.
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Imaging diagnostics systems are very important to aid the understanding of core and edge confinement in
3D helical magnetic devices. In this paper we consider recent developments in optical ”coherence imaging”
interferometric systems that open new diagnostic capabilities for next generation devices, with particular focus
on Motional Stark Effect (MSE) imaging. We present preliminary results obtained using a hybrid spatio-temporal
heterodyne snapshot imaging polarimeter-interferometer for motional Stark effect imaging of the q-profile in the
TEXTOR tokamak.
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1 Introduction

Motional Stark Effect spectro-polarimetry has become a
routine diagnostic for high power fusion devices that em-
ploy diagnostic or heating neutral beams. In tokamaks,
measurement of the polarization state of the Stark split
multiplet is used to infer the internal toroidal current den-
sity profile [1, 2], while for stellarators MSE can be used
to help determine the plasma equilibrium. Until now, be-
cause of various technical limitations, especially in low
field compact systems where the Stark multiplet is diffi-
cult to resolve or is contaminated by other spectral fea-
tures, MSE systems have been limited to 10 or 20 discrete
channels viewing positions across the injected beam.

The MSE technique relies on the splitting of the
Doppler-shifted neutral beam Balmer α light into orthog-
onally polarized σ and π components as a result of the
motion-induced strong electric field E = v×B experienced
in the rest frame of the neutral atoms. The Doppler shift,
which arises due to observation at an angle to the ener-
getic beam, conveniently shifts the multiplet away from
the background Hα radiation. When viewed in a direction
perpendicular to E the Stark split σ and π components are
polarized respectively perpendicular and parallel to the di-
rection of E. When viewed along E the σ components
are unpolarized and the π components have no brightness.
The Stark separation of adjacent Balmer alpha spectral
components varies as ∆λS = 2.7574 × 10−8E nm where
E =| v×B | is the induced electric field [3]. Integrated over
wavelength, the Stark multiplet is nett unpolarized and no
orientational information can be obtained.

The magnetic field pitch angle is usually estimated by
isolating and measuring the polarization direction of the
central cluster of σ lines. This requires a tunable narrow-

author’s e-mail: john.howard@anu.edu.au

band filter to spectrally resolve the multiplet in order to ob-
tain a nett polarization that is analysed by a modulated po-
larimeter. Every spatial channel thus requires a dedicated
filter whose passband must be optimized by tilt or thermal
tuning. Recently we have proposed a variety of optical
systems that can capture the full polarimetric information
about the entire Stark multiplet in a single snapshot [4].
This is achieved by using interfero-polarimetric methods
to produce orthogonal spatial carrier fringes which encode
the optical coherence (spectrum) and polarimetric informa-
tion.

In the slightly simpler scheme described here, a spatial
heterodyne polarization interferometer is used to provide
spectral discrimination and to imprint interference fringes
on an image of the neutral beam. The contrast and phase of
the fringes depend on the spectral separation of the Stark
components and their mean wavelength. A front end po-
larimeter which employs a switching liquid crystal wave-
plate modulates the fringe phase in proportion to the lo-
cal polarization orientation of the entire Stark multiplet.
Successive independent images can then be phase demod-
ulated to recover an image of the local magnetic field pitch
angle. Because of the spatial encoding and the ability to
accept a relatively wide spectral window, it becomes feasi-
ble to undertake two-dimensional magnetic field imaging.
Moreover, the resulting extracted image of the Stark mul-
tiplet polarization orientation is insensitive to arbitrary un-
polarized spectral contamination such as the wing of the
Hα emission, or leakage from adjacent beam energy com-
ponents. Under certain conditions, it is also insensitive to
background radiation that has become polarized due to re-
flections from various surfaces.

This paper is organized as follows. Section 2 gives a
brief description of the optical system, its operating prin-
ciple and its implementation on TEXTOR for observations
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of the Hα multiplet. First observations are presented in
Sec. 3. The experimental images when compared with
modeling results, suggest that line-of-sight integration ef-
fects may be important for the interpretation of the pitch
angle images. The results also suggest a number of tests
and crosschecks which will be undertaken during a dedi-
cated day of operations in March 2009. These issues are
considered in Sec. 4.

2 MSE imaging spectro-polarimeter

2.1 Measurement principle

Figure 1(a) shows the optical arrangement for a simple po-
larization interferometer comprising a polarizer, birefrin-
gent delay plate (of phase delay φ) with fast axis at 45◦ to
the polarizer axis, and final analyzer parallel to the first po-
larizer. Within a factor, the interferometric signal is given
by

S = I0(1 + ζ cos φ) (1)

where I0 is the brightness, ζ is the fringe visibility at optical
delay φ = 2πLB/λ0, L is the birefringent plate thickness, B
is the birefringence and λ0 is the wavelength.

Output signal

P olarizers

W ave-p late (delay φ)

Inpu t

P olarizer

S avart p late  (delay φ(x))

Inpu t
Focal p lane

fringe pattern

(a)

(b)

S = I [1 - ζ cos2θ cosφ(x) ]

S = I [1 - ζ cosφ ]

Fig. 1 (a) A simple polarization interferometer. The fringe vis-
ibility ζ depends on the optical coherence at phase delay
φ. (b) When the input light is already polarized, the first
polarizer can be omitted. The fringe contrast then also de-
pends on the input polarization orientation with respect to
the final analyzer. A shearing Savart wave-plate produced
a sinusoidal fringe pattern in the lens focal plane.

If the light source is already polarized, the first polar-
izer can be removed and the signal becomes

S = I0(1 + ζ cos 2θ cos φ) (2)

where θ is the polarization angle with respect to the fi-
nal analyzer axis. If the wave-plate is replaced with a
Savart shearing plate [5], the phase delay becomes a func-
tion of position and an interference fringe pattern is formed

in the focal plane of a final imaging lens. The fringes
carry the polarization orientation through the amplitude
term ζ cos 2θ.

If a quarter wave plate with fast axis parallel to the
analyzer is installed as the first element in the optical chain,
the polarization orientation is shifted to the phase domain
and the detected image is

S = I0
[
1 + ζ cos(φ − 2θ)

]
. (3)

Because the phase delay φ(x) is generally not known abso-
lutely, it is necessary to introduce a modulating element in
order to extract the polarization orientation. In our case, we
insert a ferroelectric liquid crystal (FLC) half wave-plate
between the first quarter wave plate and the following op-
tical delay plate (see Fig. 2). Nominally the FLC fast axis
is aligned parallel to the delay plate and φ becomes φ + π.
By reversing the polarity of a low voltage bias of order 5V
across the FLC cell, the birefringent axes rotate through
45◦ so that the fast axis is now crossed with the axes of the
quarter wave-plate, reversing the sense of the quarter-wave
delay and changing the sign of the term 2θ in Eq. (3). The
images in the two FLC states are respectively

S 1 = I0
[
1 − ζ cos(φ − 2θ)

]
(4)

S 2 = I0
[
1 + ζ cos(φ + 2θ)

]
(5)

and it is clear that a suitable demodulation procedure ap-
plied to successive images will produce an image of 4θ.
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Fig. 2 Layout of the hybrid spectro-polarimeter. The quarter-
wave plate and FLC switch constitute the polarimeter.
The primary delay plate and polarizer provide spectral
discrimination. The Savart plate imprints a sinusoidal
spatial carrier wave in the x-direction.

Because the MSE multiplet is nett unpolarized the
signs of the π and σ contributions to the image of the com-
plete multiplet are opposite and, in the absence of spectral
discrimination, the fringe pattern vanishes. However, by
appropriately choosing the optical delay offset φ it is possi-
ble to maximize the difference between ζπ and ζσ to ensure
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good fringe visibility, even when the ratio of the separation
to width of the multiplet components is small [4].

2.2 The TEXTOR optical system

The TEXTOR neutral beam and viewing geometry is de-
picted in Fig. 3. A custom turning prism mounted in vac-
uum is used to direct light from the beam through a fused-
silica window into the spectro-polarimeter. The instrument
is constructed from the various optical birefringent compo-
nents of diameter 25mm housed in a 40 mm diameter turret
that screws into the filter thread of a 17 mm focal length
wide-angle C-mount imaging lens (see Fig. 6). The lens
(focused at infinity) forms an image of the plasma onto an
8 mm × 6 mm imaging fibre bundle array which transports
the image to a Cooke sensicam CCD camera. The turret,
lens and fibre cable are inserted into a re-entrant port and
positioned adjacent to the fused-silica vacuum window.
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Coherent fibre bundle
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Fig. 3 The TEXTOR system geometry. The neutral beam spans
the region designated by the lines labeled ‘a’, ‘b’ and ‘c’.
A coherent fibre bundle transports the image to a broad-
band interference filter and CCD camera synchronized to
the FLC switch.

At the fiber cable exit a 55 mm focal length F-mount
lens collimates the light through tiltable 2nm pass-band
interference filter centered on 662.5nm. The filter is ad-
justed so that the centre wavelength approximately tracks
the variation in Doppler shift of the multiplet across the
beam image. A final 50 mm focal length F-mount lens

forms the final image.
We have constructed a numerical model of the TEX-

TOR system to calculate the expected spectrum and associ-
ated nett fringe contrast versus optical delay as a function
of viewing angle to the beam [4]. The results shown in
Fig. 4 indicate that an optical delay of approximately 1000
waves at 663 nm should give excellent nett fringe contrast
across the viewing region. The delay is obtained using a
field-widened lithium niobate delay plate of total thickness
6 mm and effective diameter 30 mm. A conventional cal-
cite Savart shearing plate of thickness 1 mm is used to gen-
erate the spatial heterodyne fringe pattern in the focal plane
of the focusing lens.
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Fig. 4 Top: The model MSE spectrum for the imaging ar-
rangement on TEXTOR and Bottom: the corresponding
fringe contrast versus optical delay. The fringe contrast is
poorer near plasma center where the separation between
Stark components is small.

Figure 5(a) shows the interior of the TEXTOR vac-
uum vessel as viewed by the spectro-polarimeter. Various
image features such as port openings and flanges are used
to calibrate the observed field of view. The 2×2 binned im-
ages (688×520 pixels) have been cropped to show only re-
gions accepted by the spectro-polarimeter optical system.
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Figures 5(b) and (c) show images of plasma light in the
660 nm filter pass-band without and in the presence of the
neutral heating beam respectively. The color scales are in
units of photo-electrons and the image exposure time was
4 ms. Note that the plasma light image shows no evidence
of interference fringes, indicating the absence of polarized
features of spectral width comparable to the MSE multi-
plet components. As evident in Fig 5(c), the spatial fringes
have been oriented parallel to the horizontal midplane in
order to maximize the radial spatial resolution. The re-
sulting radial resolution ∼ 3mm is set by fibre cable res-
olution and image binning, while the vertical resoution of
∼ 15 − 20 mm is set by fringe period. While the observed
fringe curvature can be eliminated by field-widening the
Savart plate [5], it is of no consequence in the present opti-
cal configuration where the fringe phase can be recovered
by demodulating the images column-by-column.

2.3 Optical system calibration

The system polarimetric response is calibrated by filling
the field-of-view using Balmer-alpha light from a hydro-
gen lamp and replacing the 663 nm filter with a filter at 656
nm. A rotatable polarizer is used to vary the incident po-
larization and image sequences are acquired and processed
for a range of polarizer angles spanning 90◦. A typical cal-
ibration arrangement is shown in Fig. 6. Central horizontal
slices for a sequence of calibration phase images for polar-
izer angles between 0◦ and 90◦ in increments of 10◦ ± 1◦

are shown in Fig. 7. We have implemented both wavelet
and Hilbert transform demodulation algorithms. The lat-
ter method, which is based on fast Fourier transforms and
is therefore quite fast, generally suffices when the signal
to noise ratio is good (as is the case for data presented in
this paper). Image lines show typical root mean square
phase noise of ∼ 0.5◦. Small systematic departures from
uniformity may be due to component alignment inaccura-
cies which will be addressed in the next version of the in-
strument. These distortions, which are nevertheless quite
small, have not been compensated in the results presented
in this article.

3 Results

To illustrate performance the system performance we con-
sider an image sequence for discharge #108250 during
which the toroidal magnetic field was 2.25T on axis and
the toroidal current was ∼ 350 kA. For this discharge, the
camera exposure time was 2 ms, the frame period was ∼50
ms and the image size was 344 × 260 pixels. The time his-
tory of the interferogram brightness averaged over a central
cell of dimensions 10 × 10 pixels is shown in Fig. 8. Note
the strong modulation in the beam brightness and accom-
panying phase modulation of amplitude ∼ 0.2 radians cor-
responding to a periodic modulation in the beam energy of
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Fig. 5 (a) Image of interior of TEXTOR vacuum vessel as
recorded by the spectro-polarimeter. (b) Plasma emis-
sion within the 660nm filter pass-band (no neutral beam
emission) for discharge #108248. Notice the absence of
interference fringes. (c) Image of the neutral beam. Visi-
ble interference fringes indicate that the light is polarized.
Successive images can be demodulated for the polariza-
tion orientation.

amplitude ∼ 0.4 keV - consistent with independent beam
energy measurements. It is important that the image ex-
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Fig. 6 A photograph of the optical head during calibration pro-
cedure. The optical head is inserted into a re-entrant port
that views the plasma and neutral beam through a turning
prism and fused silica window
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Fig. 7 Central horizontal slices for a sequence of calibration
phase images for polarizer angles between 0◦ and 90◦ in
increments of 10◦±1◦. The image discontinuities are due
to a faulty optical cable pixel.

posure time be less than the modulation period in order to
maintain good fringe visibility.

The interferograms have been demodulated using a
wavelet-based algorithm and images of the fringe visibility
and inferred polarization orientation θ versus image coor-
dinate angles (χ, ψ) where χ is the angle between the line
of sight and tokamak Y-axis as shown in Fig. 3 and ψ is
the vertical angle above the horizontal midplane. Repre-
sentative images taken at time 1.8 s in the discharge are
shown in Fig. 9. As expected, the fringe contrast deterio-
rates towards the center of the plasma where the multiplet
splitting decreases (compare with Fig. 4). We have not
corrected for weak instrumental fringe contrast variations.

To interpret the experimental polarization tilt angle
image, we have developed a numerical model to calcu-
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Fig. 8 Temporal behaviour of central image brightness and car-
rier phase. A strong modulation in the beam parameters
is evident. See text for discussion.
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Fig. 9 (a) Demodulated polarization tilt angle image at 1.8 s and
(b) corresponding fringe visibility image. See text for
discussion.

late the expected inclination distribution for the TEXTOR
viewing geometry. We assume a toroidal current distribu-
tion of the form j(r) = j0(1−r2/a2)γ and in the simulations
reported here, have taken the value γ = 2 for the exponent
and the plasma minor radius is a = 0.47m. To calculate the
polarization orientation, for each point in the field of view,
we project the local E = v × B onto a measurement Carte-
sian coordinate system having z axis connecting the mea-
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surement pixel and the field point and x-axis in the toka-
mak horizontal plane. Because the beam is extended both
vertically and toroidally, the measured polarization angle
at a given image point can be derived from the summation
of the Stokes vectors describing the polarization state for
all points on the z-axis that intersect the beam.

While the brightness weighting along the view line
is unknown, it is nevertheless instructive to calculate the
electric field orientation on vertical planes intersecting the
beam on axis (label ‘b’ in Fig. 3) and on planes labeled ‘a’
and ‘c’ in Fig. 3 that are 1◦ displaced either side of the axis
with respect to the model beam origin. These planes are
at angles within the estimated divergence of the 50 keV
hydrogen heating neutral beam. The calculated polariza-
tion angle distributions are shown in Fig. 10. As or Fig.
9(a), the color contours span the range [80◦, 105◦] while
the vertical angular extent for each of the images is set by
the beam model and geometric perspective effects. We ob-
serve a strong dependence on beam inclination that sug-
gests that path integration effects may be important in the
TEXTOR case. Moreover, we note that the three computed
images taken together tend to capture many of the features
observed in the experimental image and match satisfacto-
rily the observed range of inclination angles. Additional
experiments and crosschecks are required to confirm these
results.

4 Discussion and future work

Polarization interferometers have a number of advantages
for spectro-polarimetric imaging, including high through-
put, simple and compact optics with easy alignment and
2-d imaging capability. By obviating the need for narrow-
band filters, the spectro-polarimeter described here allows
MSE imaging for the first time. Importantly, the technique
is insensitive to unpolarized or wideband polarized back-
ground contamination. There would also seem to be some
sensitivity advantage in that the instrument is sensitive to 4
times the polarization inclination.

The preliminary results reported here suggest a num-
ber of cross-checks and validation experiments, including
beam into gas calibration, reversal of field direction etc.
which will be undertaken during dedicated experiments in
2009. Clearly it will be necessary to attempt to quantify
and possibly unfold line-of-sight integration effects. In
addition, a custom compound optical system to undertake
double-spatial-heterodyne snapshot imaging will be imple-
mented. Ultimately, a snapshot imaging system will be de-
ployed for high speed imaging using a CMOS camera for
studies of MHD relaxation and other transient phenomena.
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Wendelstein 7-X is a drift optimized stellarator with improved thermal and fast ion confinement. Additional 
optimization criteria are a stiff equilibrium configuration and MHD stability up to a volume averaged β of 5%. The 
main objectives are to demonstrate reactor relevant plasma performance under steady state conditions including 
power and particle exhaust with an island divertor. To that effect Wendelstein 7-X has superconducting coils with a 
maximum average magnetic field of 3 T and will be equipped with actively cooled plasma facing components for 
heat fluxes of up to 10 MW/m2. Besides fulfilling this research mission, the extrapolation from Wendelstein 7-X to 
a stellarator reactor will depend on the comparison with the results from other stellarators, the ITER results and 
here in particular the experience gained with α-particle heating and operating a nuclear device, and the possibility 
to extrapolate these results by first principle theory. 

 
Keywords: Wendelstein 7-X, stellarator optimization, Helically Advanced Stellarator

1. Introduction 
Wendelstein 7-X (W7-X) is a drift optimized low 

magnetic shear stellarator to demonstrate basic reactor 
capability of the stellarator concept [1]. With a major 
radius, R, of 5.5 m and an average minor radius, <a>, of 
0.5 m the resulting plasma volume of 30 m3 lies between 
those of ASDEX Upgrade and JET. The maximum 
magnetic field is 3 T, corresponding to 600 MJ of magnetic 
field energy. The rotational transform, ι, ranges from 5/6 to 
5/4 and, in contrast to the partially optimized predecessor 
of W7-X, Wendelstein 7-AS  (W7-AS) [2], is practically 
independent of the plasma β . 

The design of W7-X is based on an elaborate 
optimization procedure to overcome the essential 
deficiencies of the stellarator concept: (1) The introduction 
of quasi-symmetry – in case of W7-X a quasi-isodynamic 
configuration has been chosen – yields reduced 
neoclassical transport and, in particular, good fast ion 
confinement which is a prerequisite for any type of fusion 
reactor. Since in a stellarator the neoclassical diffusion 
scales like εh T7/2, the helical ripple, εh, has to be kept as 
small as possible. (2) By minimizing the Pfirsch-Schlüter 
and bootstrap currents the Shafranov shift is minimized 
and thus a high equilibrium limit is achieved. (3) Finally, 
the magnetic field configuration provides sufficiently large 
magnetic well to avoid pressure drive instabilities such as 
interchange modes, aiming at an volume averaged 
<β> of 5%. 

High power steady state operation of W7-X will be 
approached in two steps: (1) An inertially cooled test 
divertor will allow pulses from 10 to 50 s, corresponding 
to heating power levels from 8 to 1 MW. During this 

initial phase three heating systems will be available: 
Neutral beam injection (NBI), ion cyclotron resonance 
heating (ICRH) or electron cyclotron resonance heating 
(ECRH). Depending on the combination of the heating 
methods, the available heating power will vary between 8 
and 11 MW. (2) After the installation of the actively 
cooled divertor and the completion of the water cooling 
of all plasma facing components, 30 minutes plasmas 
with 10 MW ECRH [3] are foreseen. Later upgrades will 
include increases of the neutral beam heating power from 
10 to 20 MW and of the ion cyclotron heating power 
from 2 to 10 MW. 

Various studies of a HElical Advanced Stellarator 
(HELIAS) reactor have been conducted already (see e.g. 
[4,5]). The HELIAS reactor is basically an extrapolation 
from the W7-X design, which in itself is based on results 
from the W7-AS stellarator, the first advanced stellarator 
experiment. Essentially, three requirements form the basis 
of the HELIAS reactor concept: (1) Sufficiently good 
confinement has to be guaranteed to reach ignition. 
Probably owing to the different weighting of neoclassical 
and anomalous transport in the different stellarator devices, 
a unified scaling law does not exist. Recent studies have 
shown that the cross-device scaling improves with the 
introduction of a configuration factor, which appears to 
correlate with the degree of neoclassical optimization [6]. 
Therefore, conservatively an confinement improvement, 
such as observed in the H-mode, has not been assumed. 
(2) To provide a super-conductor with sufficient ductility 
for the fabrication of the non-planar modular coils,  NbTi 
has been chosen. At the temperature of super-fluid helium 
of 1.8 K maximum magnetic fields of 10 T are possible, 
corresponding to 5 T on axis. (3) For the blanket a space 
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with 1.3 m thickness has been reserved between plasma 
and coils. Although no detailed design for the blanket has 
been made up to now, this is thought to be sufficient. With 
<β> = 4 – 5%, the resulting HELIAS reactor concepts have 
3 GW of fusion power. Three types with different aspect 
ratios, but similar plasma volumes, have been investigated 
[7]: The HR22/5 with a five-fold symmetry, a major radius 
of R = 22 m, an aspect ratio of A = 12 and 50 modular coils, 
the HR18/4 with R = 18 m, A = 9 and 40 modular coils, 
and the HR3/15 with R = 15 m, A = 6 and 30 modular coils. 
Less coils for a given plasma volume means lower cost. 
However, the limit for reducing the aspect ratio is given by 
the α-particle losses, which for the HR3/15 already 
become critically high. Therefore, the HR18/4 is regarded 
as the best compromise between a reasonably small 
number of coils and sufficient α-confinement. Because of 
the low volume to surface ratio, the advantage of a large 
aspect ratio is a low neutron flux to the wall which for the 
HR4/18 is calculated to be on average 1 MW/m2 reaching 
peak values of 1.6 MW/m2. 

Recently the European fusion facilities have 
undergone an extensive review to assess their relevance for 
the future fusion programme. Seven R&D missions have 
been defined which provide an efficient and focused 
implementation of the fusion programme [8]. Their titles 
are burning plasma, reliable operation, operation 
compatible with first wall, technology and physics for 
steady state operation, predicting fusion performance, 
operation in nuclear environment and DEMO integrated 
design. The following discussion of the W7-X programme 
will be made with respect to these R&D missions. The last 
two missions, however, do not apply, as W7-X is neither a 
nuclear device (no deuterium-tritium operation) nor will 
DEMO components such as a breeder blanket be tested in 
W7-X. 

 

2. Burning Plasma 
The confinement of the fast helium ions or α-particles 

from the D-T fusion reactor is a prerequisite for a future 
fusion reactors. While in tokamaks it has been 
demonstrated that at least for low fast ion pressure 
α-particles are confined [9] and heat the plasma [10], in 
stellarators this is not so easily achieved. Without 
optimization of the stellarator magnetic field configuration, 
in the long mean-free path regime fast ions tend to drift 
radially and thus leave the confinement region. The 
quasi-isodynamic symmetry of W7-X solves this problem 
by increasing the magnetic field in transition areas between 
the five field periods, basically establishing a system of 
linked mirrors [11]. The trapped particles oscillate between 
these regions of high magnetic field, making a net poloidal 
rotation but no radial movement as they are kept away 
from zones of high field inhomogeneity. Fig. 1 shows the 

orbits of 50 keV protons calculated for W7-AS and W7-X. 
It can be seen that for the partially drift-optimized W7-AS 
the fast ions are not confined for all pitch angles. 

A particular characteristic of the W7-X configuration 
is that the collisionless fast particle confinement requires a 
finite β of about 2–3% [12]. As a consequence, full 
demonstration of fast ion confinement will be possible only 
during the 2nd phase of operation, as power and pulse 
duration are limited during the 1st phase. To reach a fully 
equilibrated magnetic field configuration the pulse duration 
has to be of the order of τ = L/R ≈ 20 s. 

Extrapolated to the HELIAS reactor (HR4/18) a 
α-loss fraction of 2.5% is predicted. With respect to the 
power balance this is in any case not critical, but in a 
fusion reactor the α-losses have to be kept this low, as 
undue localized fast ion fluxes leaving the plasma damage 
first wall components. 

 

3. Reliable Operation 
To achieve a high fusion power density, a fusion 

reactor requires high β and high plasma density. This, 
however means, that reliable operation near operational 
boundaries will be needed. Here, stellarators have a clear 
advantage as, without current driven instabilities and 
disruptions, the plasma behaviour at the β-limit is fairly 
benign. In addition, much higher densities can be achieved 
in stellarators as the Greenwald limit, known from 
tokamaks, has not been observed [2]. 

While W7-AS still showed pressure driven modes, the 
W7-X design should include sufficient magnetic well to 
provide stability up to <β> = 5%, at least for the standard 
and high mirror configurations. However, also in W7-AS 
examples exist where the increase of <β> eventually led 
to a stabilization of these modes. This is explained by 
the formation of a magnetic well as the configuration 
changes with rising <β>. Owing to a small Shafranov 
shift also to equilibrium limit of W7-X should not curtail 
the value of <β> = 5%. 

Already during the 1st operational phase high density 

Fig. 1  Orbits of 50 keV protons in the poloidal 
projection for W7-AS (left) and W7-X (right). 
The colors denote the pitch angle: 0°, 50°,, 
70°, 80° 
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will be addressed. To this effect W7-X is equipped with an 
ECRH system prepared for 2nd harmonic O-mode which 
works above electron densities of ne = 1×1020 m-3. Based 
on neoclassical transport in the plasma core (and an 
anomalous edge) at a density of 1.8×1020m-3 and 10 MW of 
ECRH, electron and ion temperatures of Te = 6.2 keV and 
Ti = 4.2 keV, corresponding to <β> = 4.1%, are predicted. 
Depending on the actual confinement, high β might be 
possible only at lower magnetic field (meaning below 2.5 T, 
which is the nominal field for 140 GHz ECRH). During the 
2nd phase of operation β- and equilibrium limit studies will 
become possible at power levels of 20 MW and above. 

With <β> = 4–5% and ne = 2-3×1020 m-3 the HELIAS  
does not exceed the values envisaged for W7-X. 
Confinement time (1.6 – 2.3 s) and ion temperature 
(Ti = 11 – 15 keV) are of course higher. 

 

4. Operation Compatible with First Wall 
On the one hand, an undue contamination of plasma 

with impurities from the first wall has to be avoided and, 
on the other hand, wall erosion and tritium retention have 
to be limited. Therefore, carbon is ruled out as a first wall 
material and tungsten is considered as a candidate material 
for a fusion reactor [13]. 

Nevertheless, W7-X will start operation with carbon 
covering the high heat flux target elements (≥ 1 MW/m2). 
For stellarators in particular, because of effectively missing 
temperature screening effect, impurity accumulation is a 
critical issue. For the power and particle exhaust W7-X is 
equipped with an island divertor which utilizes the large 
magnetic islands forming at the plasma boundary at ι = 1. 
This concept was for the first time successfully tested in 
W7-AS. In W7-AS the introduction of the island divertor 
also led to the discovery of the high density H-mode 
(HDH-mode), which not only showed improved energy 
confinement, but at the same time much reduced impurity 
confinement [ 14 ]. This very favourable behaviour is 
illustrated in Fig. 2. The explanation for the low impurity 
confinement are strong density gradients at the plasma 
edge, which hinders the penetration of impurities, and an 
additional outward impurity transport. The latter, however, 
is not understood. Because of these properties the 
HDH-mode is the candidate scenario for high density 
steady state plasma operation in W7-X. However it is 
unclear how the HDH scales to W7-X. 

During the 1st phase of W7-X operation first the 
divertor topology will have to be investigated. Here, the 
inertially cooled test divertor has the advantage that, 
because of its intrinsically robust design, overheating or 
damaging the cooling structure does not have to be 
considered. Subsequently, first attempts to re-establish the 
HDH-mode will be made. The 2nd phase of operation will 
then address full steady state power and particle exhaust. 

Eventually also high-Z wall materials, such as tungsten, 
will have to be considered. Here, a gradual increase of the 
wall coverage as successfully demonstrated in ASDEX 
Upgrade [15] could be a feasible approach. 

 

5. Technology and Physics for Steady State 
W7-X is the first optimized stellarator with an 

integrated design for steady state operation. This includes 
super-conducting coils made of NbTi for a magnet field of 
up to 3 T on axis, an actively cooled first wall for heat 
fluxes of up to 10 MW/m2 [16], and device control, data 
acquisition, diagnostics and an ECRH system [3] 
developed for continuous plasma operation. Many aspects 
of these technologies are similar to the ITER requirements. 

During the 1st operational phase of W7-X stationary 
plasma operation is only possible at very low power levels 
of the order of 100 kW to test basic system properties. 
Going to 1 MW, 50 s pulse will already give some insight 
into plasma behaviour for times longer than the L/R time. 
In addition to what is described in the previous chapters, 
short pulses (8 MW for ∼10 s) will be used to verify the 
improved neoclassical transport. In the 2nd phase the 
objective is to develop a fully steady state high power 
plasma scenario demonstrating the reactor capability of the 
stellarator. 

The plasma control requirements of W7-X are 
generally very low. This also applies to the necessity to 
control the magnetic field. One of the optimization criteria 
of the W7-X design is the minimization of the bootstrap 
current. While the smallest bootstrap current is expected in 
the high mirror configuration, calculations show that 
depending on confinement and density bootstrap currents 

 

Fig. 2 Energy and impurity confinement time as a 
function of plasma density. The transition 
from normal confinement, NC, to the 
HDH-mode becomes evident in a rise of τE

and a simultaneous drop of τal (which is the 
measured decay time of aluminum injected by 
laser blow-off).  
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of up to 50 kA might develop at 5 MW heating power. This 
level is thought to be adequate to go from 2nd harmonic 
X-mode to 2nd harmonic O-mode, as in O-mode the 
microwave absorption strongly increases with electron 
temperature and a thermal collapse has to be avoided [17]. 
As a consequence of the bootstrap current the plasma 
equilibrium will show an initial temporal evolution. To 
illustrate this effect, a sequence of equilibria with different 
amounts of toroidal currents have been calculated using the 
VMEC code and a field extender for the magnetic island 
regions outside the last closed flux surface (Fig. 3). The 
current diffusion is simulated by assuming that the 
bootstrap current, IBS, is initially balanced by an ohmic 
current, ∫ σE dA (E: toroidal electric field, ∫ dA: integral 
over poloidal cross-section), where the electrical 
conductivity, σ, is essentially given by the temperature 

distribution. The ohmic current is then successively 
reduced, until finally the total current, I = IBS +  ∫ σE dA 
matches the bootstrap current. Fig. 3 shows an example 
where the final equilibrium with the fully developed 
plasma current is consistent with the island divertor 
operation. However, on the way to this configuration, the 
edges of the divertor tiles and the pumping gap will be 
loaded with plasma. To avoid high thermal loads at these 
regions, either current drive has to be applied simultaneous 
with ECRH or the rotational transform has to be adjusted. 
In W7-X the latter should be in principle possible by using 
the planar coils, but is technically limited due to a limited 
number of allowed load cycles of the magnets. An 
additional option is the introduction of protection limiters. 

 

6. Predicting fusion performance 
The prime objective of W7-X is to demonstrate the 

basics reactor capability of the stellarator. W7-X will 
have to verify the theory based optimization criteria and 
thereby also improve the theoretical understanding of 
stellarator physics. In a more general context, there are 
however also a range of physics issues related to 3D 
effects concerning both stellarators and tokamaks. E.g., in 
stellarators the generation of ambipolar electric are 
caused by the open magnet field lines in the plasma 
boundary. Recently, the effect of such electric fields on 
momentum transport has been observed in tokamaks with 
an ergodic divertor [18]. The control of edge localized 
modes (ELMs) using dedicated perturbation coils to 
ergodize the plasma edge is now one of the methods to 
mitigate ELMs in ITER. In this context W7-X could 
provide information on ELM control without strong 

 

Fig. 3 Sequence of W7-X equilibria with different amounts of plasma currents simulating the current diffusion while 
a bootstrap current of 43 kA is building up. The red circles show the critical regions near the edges of the 
divertor tiles. 

Fig. 4  Variation of the edge electron temperature 
and the ELM characteristic (from Hα signal) 
with edge rotational transform in W7-AS [2]. 
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plasma currents and, thus, without the contribution of 
current driven instabilities. As an example Fig. 4 shows 
the effect of the change of the rotational transform on the 
ELM signature in W7-AS [2]. 

The size of the step from W7-X to a larger stellarator 
device towards a stellarator reactor will depend on the 
ability to extrapolate the results. This includes the 
transferability of the ITER results to stellarators, and here 
in particular the α-particle heating, and will strongly 
depend on the progress made with first principle theories 
and their applicability to 3D magnetic field configurations. 
In this context Wendelstein 7-X fits well into the ITER 
schedule and the development plan for high performance 
computing. 

 

7. Summary and Conclusions 
Wendelstein 7-X is an optimized stellarator designed 

for steady state operation. Its main objective is the 
demonstration of the basic reactor capability of the 
stellarator. 

W7-X addresses the main physics issues for the 
development of a stellarator reactor: (1) Fast particle 
confinement and fast particle driven instabilities in a 3D 
configuration. Owing to the high plasma densities a 
reduced drive is expected for the latter. (2) Neoclassical 
versus turbulent transport. Latest calculations suggest also 
for the turbulent transport a dependence on the degree of 
neoclassical optimization [19]. (3) Impurity confinement. 
Plasma scenarios, such as the HDH-mode have to be 
further developed to avoid impurity accumulation. Also 
here the possible role of a turbulent drive has to be 
investigated. (4) 3D divertor configuration. W7-X will 
utilize the natural magnetic islands at the plasma boundary 
and combine them with actively cooled divertor targets. 

Correspondingly specific stellarator technology issues 
are: (1) Coil configuration, coil support structure and the 
choice of superconductor. In a stellarator with modular 
non-planar coils the forces on the support structure need 
particular attention. (2) Divertor. In a 3D magnetic field 
configuration a divertor is also technically more 
complicated, requiring very accurate alignment to avoid 
unbalanced heat load distributions. (3) Depending on the 
aspect ratio, the possibility to provide enough space can be 
very limited in stellarators. (4) In addition, both 
accessibility and maintainability need to be thoroughly 
investigated in future stellarator reactor studies. 

The further optimization of stellarators has to include 
also simplified engineering solutions. To that effect a 
first-of-a-kind device such as W7-X is not optimized. 
Future stellarator reactor studies will have to combine in a 
more rigorous way physics and engineering optimization.  
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Abstract  New control method of the unstable operating point in the helical reactor FFHR makes the ignition 
study on the high density and low temperature operation possible.  Proportional-integral-derivative (PID) 
control of the fueling with the error of the fusion power of e(Pf)= -(Pfo-Pf) can stabilize the unstable operating 
point.  Here Pfo(t) is the fusion power set value and Pf(t) is the measured fusion power.  Although the large 
parameter variation would lose its control due to the inherently unstable nature, it is possible to control the 
ignited operation by pellet injection with the pellet size between 12 mm and 16 mm.  Unstable ignited operation 
is robust against disturbances such as impurity increments by fueling feedback alone.  However, if the heating 
power feedback control is added, robustness to the disturbances is improved, and an operational regime with 
respect to the integration time and derivative time is expanded. 
 
1. Introduction  
  Achievement of the superdense-core (SDC) 
plasmas in LHD experiments [1][2] stimulates the 
study on the stabilization method of the thermal 
instability in a fusion reactor. Recently, new, simple 
and comprehensive control method of the unstable 
operating point is proposed for the high-density and 
low temperature ignited operation for the FFHR 
helical reactor [3,4].  PID feedback control of the 
fueling based on the error of the fusion power with an 
opposite sign of e'DT(Pf)= -(Pfo-Pf) can stabilize the 
unstable operating point and the desired fusion power 
is obtained at the same time.  Here Pf is the 
measured fusion power and Pfo is its set value.  
Using this control algorithm, the operating point with 
the box type density profile can reach the 
high-density and low temperature steady state 
condition (n(0)~1x1021 m-3, T(0)~6.4 keV, and <β>~ 
2.5 %) from the initial very low temperature and 
density regime [5].  Although this control was 
demonstrated using the zero-dimensional analysis, it 
can be also applied to one-dimensional simulation 
code and implemented in a reactor because 
linearization is not necessary in equations different 
from previous studies [6-11].   

Although the high-density and low temperature 
ignited operation is inherently unstable, it is 
demonstrated that the steady state can be maintained 
even when plasma parameters are disturbed by pellet 
injections [5].  So far feedback control was used for 
fueling, and not for the external heating power [4,5]. 
Although preprogramming of the heating power is 
enough for ignited operation in FFHR in many cases, 
it may expand the operational capability if it can be 
developed.  

  In this study we demonstrate that feedback control 
of the external heating power is possible and expands 
the operational regime for ignited operation.  
Especially, it improves control robustness to 
disturbances such as the change in the impurity 
fraction than that without the feedback control of the 
heating power.   

 
2. Zero-dimensional equations and density profiles 

of SDC plasma  
   In this analysis, the global power balance 
equation is used,   

   dW

dt
= P

EXT
! P

L
+ P

B
+ P

S
! P

"( )        (1) 

where PEXT is the external heating power, PL is the 
total plasma conduction loss, PB is the total 
bremsstrahlung loss, PS is the total synchrotron 
radiation loss, which is negligible in the low 
temperature operation, and Pα is the total alpha 
heating power.  The ISS95 confinement scaling is 
used for the plasma conduction loss where γISS 
represent the confinement enhancement factors over 
the ISS95 scaling.  POPCON is the contour map of 
the heating power of P

HT
= P

L
+ P

B
+ P

S
! P

"( )  
plotted on the n-T plane.  Sudo density limit scaling 
on the line density of the core plasma with the 
density limit factor of γSUDO=5.5 is used as a measure 
of density. In the power balance equation the equal 
ion and electron temperature was assumed due to 
very high density [3-5].  
  The combined particle balance equation using the 
charge neutrality condition is  
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where fo is the impurity fraction, αn is the density 
profile factor, SDT is the D-T fueling rate, fD is the 
deuterium fraction, fT is the tritium fraction, fα is the 
helium ash fraction, τp* is the D-T fuel particle 
confinement time, and τα* is the helium ash 
confinement time. The helium ash confinement time 
ratio of τα*/τE=3, and the fuel particle confinement 
time ratio of τp*/τE=3 have been used in the helium 
ash particle balance equation unless otherwise noted.  
We assumed the box type density profile n(x) for 
SDC plasma using hyperbolic tangent, and used the 
broad temperature profile T(x) with αT=0.25 [5] as 
shown in Fig. 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.Unstable ignition control algorithm 
3.1. Feedback control of fueling  
  Stable ignition in FFHR reactor is controlled by 
the continuous D-T fueling rate: 

 SDT (t) = SDT 0
Gfo(t) eDT (Pf ) + 
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  (3)            

where the PID control is used based on the fusion 
power error of eDT(Pf) = +(1-Pf(t)/Pfo(t)), where Pfo(t) 
is the fusion power set value and Pf(t) is the measured 
fusion power [13].  However, the opposite sign of 
eDT(Pf)= -(1-Pf(t)/Pfo(t)) can stabilize the thermal 
instability [3-5]. 
  This behavior is understood as shown in POPCON 
in Fig. 2 for the continuous fueling.  When Pf is 
larger than Pfo, the operating point (A) moves toward 
the higher density and lower temperature side.  This 

operating point slightly shifts to the higher 
temperature side due to ignition nature between (A) 
and (B).  When it enters in the sub-ignition regime 
(B), it goes to the lower temperature side due to 
sub-ignition nature and crosses the constant Pfo line 
(C).  The fueling is now decreased and the operating 
point proceeds to the lower density and higher 
temperature side, and goes into the ignition regime 
(D), and crosses the constant Pfo line.  Thus, 
oscillations take place and are damped away. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, fueling is digitized for pellet 
injection.  The PID signal Error(Pf), based on the 
fusion power error of eDT(Pf) = -(1-Pf/Pfo),  

  
Error(Pf ) = eDT (Pf ) + 

1

T
int

eDT (Pf )dt + Td
deDT (Pf )

dt0
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determines the timing when the pellet is injected or 
not.  Injected fueling quantity is discriminated by  

  SDT (t) = SDTpellet !!! for !Error(Pf ) > 0

SDT (t) = 0!!!!!!!!!!! for !Error(Pf ) ! 0

"
#
$

%$

         (5) 

where SDTpellet is the fueling particle number per the 
plasma volume by one pellet as given below.  In this 
case the operation path moves straightly, and crosses 
the unstable ignition boundary along the constant 
beta line.  
 
3.2. Pellet size:  
  As the D-T solid molar volume is 19.88 mm3/mol 
[12], D-T ice density is given by  
{6.02x1023x2}/19.88[mm3/mol]=6.05x1028 m-3.  For 

 
FIG. 2. Schematic movement of the operating point 
around the unstable ignition point on POPCON for 
continuous fueling[3-5]. 0
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Fig. 1. Assume box type SDC density and 
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the pellet size of Lp=14 mm diameter and Lp=14 mm 
length, the total D-T particle number is 
Npell=π(Lp/2)2Lpx6.05x1028=130x1021.  Therefore, 
fueling particle number per plasma volume of 
Vo=827 m3 is SDTpell= 1.57x1020 m-3/(1 pellet pulse) , 
which corresponds to fueling rate in the continuous 
fueling operation (see Fig 3-(d)). As three 
consecutive pellets are injected and no injection in 
the successive duration, the minimum repetition time 
of pellet injection is 0.12 s. Here, the calculation time 
step is Δt=0.02 s. Detailed pellet injection 
algorithm was described in the reference [13].  
 
3.3. Feedback control of the heating power  
   In the stable ignition the external heating power is 
feedback controlled using the density limit scaling 
[14].  However, as it is difficult to use the density 
limit scaling in the unstable operation, the different 
control algorithm must be developed.  In this study 
we used the fusion power error as used in the ITER 
ignition study [15].  When the fusion power is 
smaller than the set value, the heating power is 
applied by the following algorithm.   

 
PEXT (Pf ) = PEXTO eEXT (Pf ) + 

1

TP int

eEXT (Pf )dt 
0

t
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%
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'

  (6) 

where PEXT0=500 MW, eEXT(Pf)=(1-Pf/Pfimp), and Pfimp 
is the set value given by Pfimp(t)=Pfo(t)(1.8/1.9).  In 
the steady state Pfimp=1.8 GW is lower than 1.9 GW 
in order to prevent the heating power application 
during the fusion power oscillation. Here, PI 
feedback control has been used with TPint=15 s.  
 
4. Ignition access to the unstable operating point  
  Figure 3 shows the temporal evolution of plasma 
parameters for the pellet size of Lp=14 mm in 
FFHR2m with R=14 m,  a =1.73 m, Bo=6 T, Pf=1.9 
GW and γISS=1.6.  For the fusion power rise-up time 
of Δτrise=20 s and the maximum external heating 
power of PEXT=90 MW, the time averaged density is 
initially built up to ~0.6x1021 m-3 by the density 
feedback (NGW trace) until 12.8 s and then raised up 
to n(0)~1x1021 m-3 and decreased to 8.9x1020 m-3 by 
the fusion power control switched on at 12.8 s.  The 
external heating power is preprogrammed to decrease 
it to 0 at 24 s. We see that even by fueling at the 
discrete time the ignition access is possible. When the 
density is increased by three consecutive pellets, the 

temperature is dropped. Their variations are out of 
phase due to adiabatic process by the power balance 
equilibrium in a short time.  We found that the 
density variation of Δn~ 5x1019 m-3 is allowed for 
ignited operation.  
  Especially for τα*/τE=5, the time averaged peak 
temperature at the steady state is Ti(0)~7.14 keV, the 
volume averaged beta value is <β>~ 2.55 %, the 
helium ash fraction is 8.9 %, the effective charge is 
Zeff~1.60, and the average neutron wall loading is 
Γn~1.5 MW/m2.  As the confinement time is 
increased to 4.1 s due to high-density operation, the 
plasma conduction loss PL is decreased, reducing the 
divertor heat load to Γdiv~6.3 MW/m2 for the 10cm 
width of the divertor plate at the right angle to the 
magnetic field line.  
  The ratio of the bremsstrahlung loss power PB to 
the alpha heating power Pα is as large as PB/Pα ~ 
70 %.  The variation of the diverter heat flux is 
ΔΓdiv/Γdiv~0.5/6.3=8 %, and variation of the first wall 
heat flux is ΔPHF/PHF~0.018/0.23=8 %.  
  In Fig. 4 is shown the operation path to the unstable 
ignition point on POPCON corresponding to Fig. 3-(a). 
The operation is stabilized by cooling with fueling and 
by heating with the fueling reduction, which is 
controlled by the error of the fusion power eDT(Pf) = 
-(1- Pf/Pfo). We see that the operating point never go 
beyond 7.2 keV, which may avoid the neo-classical 
transport.  
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Fig.3. Temporal evolution of the plasma parameters for 
τα*/τE=5 and the pellet size of 14 mm. (a) Peak 
temperature, peak density, density limit, (b) alpha ash 
fraction, fusion power and its set value, (c) density limit 
margin, beta value, and (d) D-T pellet fueling rate, and 
the heating power. (Tint=8 s and Td=0.26 s). The density 
variation is Δn~5x1019m-3.  
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Fig. 7. Operation regime for the integration and 
derivative times for 14 mm pellet. Open circle shows 
without the heating power feedback and solid square 
with the heating power feedback. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   For the larger pellet size of 16 mm, ignition can 
be accessed although the density variation becomes 
as large as Δn~ 8x1019 m-3.  For the larger pellet size 
of 17 mm, ignition is terminated at t=50 s due to 
large density variation. At the termination phase, the 
density and the temperature are both decreased at the 
same time, and their variations are in phase.   
 
5. Operation parameters with pellet injection 
   So far, the integration time of Tint=8 s and the 
derivative time of Td=0.26 s have been used for 
fueling control.  By adjusting these time constants, 
the fusion power waveform can be optimized.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   For example, in the case of Tint=45 s and Td=0.39 

s as shown in Fig. 5, the fusion power rise-up is 
delayed due to decrease in the temperature by 
frequent pellet injection just after 12.8 s which is 
caused by the large derivative term.  Advancing the 
phase by the large derivative time rather delays the 
fusion power rise-up.  This time delay can be 
improved by the feedback control of the heating 
power.  However, as 100 MW heating power should 
be applied for a long time, it is not efficient at all.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  On the other hand, the fusion power rise-up is not 
delayed by the smaller derivative time of Td=0.001 s 
as shown in Fig. 6.  As the calculation time step is 
Δt=0.02s, corresponding to Td~0, the derivative term 
does not play any role.  Therefore, just after 12.8 s, 
pellets are not injected due to negligible derivative 
term. Thus, the temperature does not decrease and the 
fusion power rises up linearly. Although the heating 
power helps the operation, fueling should be 
optimized at first by these control parameters. 
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Fig. 4. The operation path to the unstable ignition point 
on POPCON corresponding to Fig.3-(a). 
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Fig. 5. Temporal evolution of the plasma parameters 
for Tint=45 s and Td=0.39 s.  The fusion power delays 
with respect to the set value for τα*/τE=3.  
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Fig. 6. Temporal evolution of the plasma parameters for 
Tint=45 s and Td=0.001 s with the pellet size of 14 mm.  The 
fusion power is not delayed with respect to the set value.  
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Fig. 8. Temporal evolution of the plasma parameters after 
impurity increment from fo=0.0075 to 0.013. 
Ignition is maintained by fueling control alone. 

  The ignited operational regime with respect to the 
integration time Tint and derivative time Td is shown 
in Fig. 7. In this study Tint=8 s and Td=0.26 s are used 
unless otherwise noted.  It s seen that the operation 
regime is expanded by the feedback control of the 
heating power.   
 
6. Control robustness to the disturbances 

with/without heating power feedback control  
  Without heating power feedback control, ignition 
can be maintained by the feedback control of the 
pellet fueling alone when the impurity fraction is 
increased from fo=0.0075 to 0.013 as shown in Fig. 8. 
When impurity fraction is larger than 0.013, ignition 
is terminated.  
  However, when the heating power feedback 
control is switched on at 15 s, the heating power is 
automatically applied and reduced to zero after some 
oscillation as shown in Fig. 9.  When the impurity 
fraction is increased up to fo=0.021 after 40 s, the 
heating power is automatically applied to prevent the 
fusion power drop during impurity increment as 
shown in Fig. 9, and then ignition is recovered.  
Thus, feedback application of the heating power is 
found to be effective to keep ignition when 
disturbances exist.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7. Shutdown in the unstable operation  
  The fusion power shutdown is also important for 
ending discharge and machine operation.  It was 
studied whether shutdown can be done without 
problems with the feedback control of pellet injection  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
alone.  In Fig. 10 is shown the shutdown phase 
using the preprogram of the heating power.  In the 
late shutdown phase after 70 s, the external heating 
power of 20 MW is applied for smoother shutdown.  
The divertor heat load does not increase at all during 
the shutdown phase.  For smooth fusion power 
shutdown the heating power should be applied 
because the operating point should pass the contour 
map of the heating power on POPCON to come back 
to the initial low temperature and density regime.  
Therefore, when the heating power is not applied 
during the fusion power shutdown phase, the fusion 
power abruptly decreases.  
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Fig. 9. Temporal evolution of the plasma parameters after 
impurity increment from fo=0.0075 to 0.021. Ignition is 
maintained by fueling and heating power feedback control. 
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Fig. 10. Temporal evolution of the plasma parameters 
during the shutdown phase without the heating power 
feedback control. 
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  When the fueling is stopped at 65 s during the 
shutdown phase, the operation loses its control, and 
the fusion power is excessive and the divertor heat 
load would increase to 39 MW/m2 for the 10 cm 
divertor plate with the right angle to the magnetic 
field line as shown in Fig. 11.  Therefore in the 
shutdown phase, fueling should not be stopped when 
operated in the unstable ignition regime.  A large 
quantity of fueling provides rather safer operation in 
the whole discharge.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 When feedback control of the external heating 
power is applied at 15 s during the fusion power rise 
up phase, the heating power is automatically 
switched off and then automatically applied during 
the shutdown phase.  But as calculation was 
terminated before 80 s, after 75 s in the late shutdown 
phase the heating power of 20 MW was applied for 
smoother shutdown.   
 
8. Discussion and summary 
  In this study we have used a larger confinement 
factor of 1.6, and the helium ash confinement time 
ratio of 3 and 4.  Detailed studies were conducted 
for other parameters [5].  To lower the operating 
temperature for good pellet penetration, the helium 
ash confinement time ratio should be as small as 
possible.  

  In this study we demonstrated that thermally 
unstable ignited operation is stabilized when the 
pellets are injected repetitively. The operational 
regime is expanded when the feedback control of the 
heating power based on the fusion power is applied 
as well as fueling.   
  Unstable ignition control used in this study is 
robust to disturbances such impurity injection during 
the discharge with the feedback control of the heating 
power. However, as we studied the transient response 
to the set value and disturbances only in an ignited 
operation, further studies are required for the unified 
control algorithm applicable to ignition and 
sub-ignition.  
  This work is performed with the support and under 
the auspices of the NIFS Collaborative Research 
Program NIFS04KFDF001, NIFS05ULAA116 and 
NIFS07KFDH002.  
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Fig. 11. Temporal evolution of the plasma parameters 
during the shutdown phase without the heating power 
feedback control. At 65 s fueling is stopped externally.  
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The Design Windows and Economical Potential 
of Heliotron Reactors  

Yasuji Kozaki, Shinsaku Imagawa and Akio Sagara 
National Institute for Fusion Science 

 

Abstract. The design windows analysis and economical evaluation on Heliotron reactors have been carried out 
based on the recent experiment results of LHD and the technology-cost basis of magnets developed for LHD and 
ITER. We found that the Heliotron reactors have the technically and economically attractive design windows, where 
the major radius is increased as large as for the sufficient blanket space, but the magnetic stored energy is decreased to 
reasonable level because of lower magnetic field with the physics basis of H factor near 1.1 to the ISS04 scaling and 
beta value of 5%.  

 
Keywords: reactor design, heliotron, design windows, cost analysis, superconducting magnet  

1. Inroduction 
The Heliotron reactors are characterized by a pair of 

helical coils with large major radius but moderate aspect 
ratio, which give us different approaches for power plants 
from tokamak reactors.  

For design studies on magnetic fusion reactors many 
integrating system design codes had been developed and 
guided design studies, such as Generomak (J. Shefield, 
1986) and system design codes in ARIES design studies. 
Most of the previous studies showed the importance of 
the mass power density, and suggested the much higher 
beta value and the smaller reactor size is necessary to 
achieve economical fusion reactors. But as far as 
magnetic confinement fusion the direction for the 
compact reactor has become suffer from severe neutron 
wall loads, diverter heat loads, and tritium beading ratios. 
For practical fusion power plants, we should consider 
adequate size and mass power density. 

To remove those misunderstandings on the necessity 
of compactness, we must investigate design windows 
with estimating the detail mass-cost relationships, 
especially on magnets and blankets. We have much 
experience on costs of fusion device through preparing 
ITER construction. Now we can discuss the costs of 
magnet and major facility with some reality with the 
ITER database.  

 

2. The HeliCos code for system design 
 

2.1 Major design parameters and relationships 
The major relationships between plasma parameters 

and reactor parameters in the HeliCos code are identified 
as follows.  

1) Basic geometry of plasma and helical coils 
The geometry of plasma and helical coils are similar 

to LHD, i.e. polarity l=2, field periods m=10, coil pitch 
parameter γ=(m/l)/(Rc/ac)=1.15~1.25. We consider ap, ac 
(minor radius of plasma and coil) and apin (inner 
minimum plasma radius) are also similar to LHD inward 
shift plasma case. The plasma radius ap is given by the 
LCFS (Last closed flux surface) of the LHD magnetic 
field calculations depending on γ. The larger plasma 
volume and the better plasma confinement conditions are 
discussed in the LHD inward shift cases. We should 
consider making the largest plasma volume given by 
optimizing the LCFS conditions, also with making the 
ergodic layer thin as possible.  

We can describe the relationships between ap and ac, 
or Rp, as an equation of a linear regression and also an 
index regression only depending on γ, in the γ=1.15~1.25, 
based on LHD experiment.  
       ap=ac (-1.3577+1.603 × γ) 

ap= 0.2904× γ 3.495 ac = 0.06292 × γ 4.495 Rp    
The plasma volume Vp is expressed by the Rp and γ.    

Vp= 2π2ap
2Rp = 0.0841×Rp

3 γ 8.87  
    

2) The space for blanket: Δd 
The Δd is described with the configuration of plasma 

and helical coils as follows (Fig. 1),  
Δd = ac - (Rc-Rp) - apin - H/2 - Δt  --------------(1) 
apin=(-1.2479+1.2524 γ)×(Rc/3.9)   
H=(IHC/(j×W/H))0.5  
IHC=RP B0/(2m)×10  
IHC, j: helical coil current and current density,  
H, W: height and width of helical coils, 
Δt: thermal insulation space.  

FIG.1 The profile of plasma, helical 
coil and blanket. The required Δd 
gives the minimum Rp   
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The current density j depends on the Bmax, which is 
given by the ratio of Bmax/B0, 
 Bmax/B0 

 =(0.4819+0.41847(ac/H)+0.0066851(ac/H)2 ) ×(Rp/Rc) 
The minimum blanket space Δd depends not only on 

the blanket-shield design but also the ergodic layer depth, 
of which optimization is one of the most important issues.   

  
3) Fusion power given with B0, β, and VP  

The fusion power is calculated by the volume 
integration of fusion power density pf using the following 
reaction rate <σv>DT and the plasma profile assumptions 
in the HeliCos code.  
  pf = nT nD <σv>DT Vp×17.58(MeV) ×1.6021×10-19 (J/eV)  
     ×10-3 [GW] 
 <σv>DT=0.97397×10-22×exp{0.038245(ｌn(Ti))3  

             - 1.0074(ｌn(Ti))2 + 6.3997ln(Ti) -9.75}(m3/s) 
 
We might use a simple parabolic profile, index an for 

plasma density, and aT for temperature to consider 
peaking factors. As we can calculate Pf easily by a good 
approximation, <σv>DT ∝ Ti

2 for Ti~10keV to be well 
known, we use a following equation for sensitivity 
studies. 
Pf =0.06272/(1+2an+2aT)×ne(0)2Ti(0)2Vp×10-6 ∝β2 B0

4VP  
  [GW], ne:1019/m3, Ti : keV                    (2) 

 
4) Power balance with the confinement scaling ISS04  

The power balance is described using the required 
energy confinement time τΕr, 

 Pαfα - Rloss=Wp / τΕr  

( Pα =0.2Pf, fα : α heating efficiency, Rloss:Radiation loss  
 Wp : plasma stored energy, Wp∝ne(0)Ti(0)Vp )  

 
We use the energy confinement scaling ISS04, 

which can be expressed only with the Rp and γ as 
geometrical parameters [1]. 

τE(ISS04) 
=0.134 (fα Pα- Rloss) -0.61 nel

0.54 B0
0.84 RP

0.64 ap
2.28 ι2/3 

0.41  
=6.23×10-5 Rp

1.09 γ2.98 (pf（1－ rloss）)-0.61 B0
0.84 nel

0.54   
 [ms] 

  (pf = Pf / Vp , rloss= Rloss /(0.2 fα pfVP),  
   rloss: radiation loss rate) 

 

The H factors are calculated using the density limit 
and density profile conditions as follows.  

Hf (ISS04)= τEr / τE(ISS04)  
Hf =76.4× fnp× Rp

 -1.09 γ -2.98 pf 
-0.16（1－rloss）

-0.66 B0 
-1.11 (3) 

   fnp : density profile effect coefficient  
   (fnp=1.0 in the nel=1.2nc. and an=0.5 case) 
  nc=149.0×pf 

1/2 B0
1/2 [1019/m3], nc : Sudo density limit 

 
2.2 Major equations and calculation flow  

We can calculate the major design parameters, B0, 
Rp , γ, Pf , based on the three equations (1),(2),(3). 
Therefore the design points of the LHD-similar heliotron 
reactor are given with the cross points of the following 
three equations on the B0-Rp plane.  

 
1) The Δd-equation : B0(Rp , γ , Δd, j) from eq.(1) 
  B0=(16j/Rp)((0.2633- 0.1312 γ) Rp - 20.41(Δd +0.1)) 2   

                                         [T] (4) 
2) The Pf equation : B0(Rp , γ , β , Pf) from eq. (2)   
  B0=92.64 Pf 1/4 β -1/2 γ -2.22 Rp

-3/4  [T]              (5) 
3) The Hf -equation : B0(Rp , γ , Hf, Pf) from eq. (3)      
 
The relationships between major equations, calculation 
flows and the issues to be considered are shown in Fig. 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 The profile of plasma, helical coil 
and blanket. The required blanket space 
constraints the minimum Rp.   

Fig.2 The major design parameters and calculation flows.  

T breading 
ratio 

ap=f0(Rp, γ) Δd=f1(Rp, γ , B0, j)  (4) 
Eq.1 

 Pf=f2(β , B0,Rp, γ) (2) 

Hf=τEr/τEISS04=f3 (Rp, γ , B0 , Pf , ne) (3) 

 Density profile and density limit 

Optimizing LCFS 
(large volume and 
thin ergodic layer) 

【Size and shape】 【Pf, B0】 【Reactor system】 
              【power balance】 

Vp=f0(Rp, γ) 

τEr=Wp/ (0.2fαPf-Ploss) 

 B0 =f3(Rp, γ , β , Pf) (5) 
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3 The design windows of Heliotron reactors 
 

3.1 The constraints of design windows  
In general the design spaces of magnetic fusion 

reactors are limited with following three constraints,  
 
1) the Δd blanket space conditions necessary for 
tritium breading,  
2) the B0 and VP conditions satisfying power 
balance with H factor limitation,  
3) the upper magnetic stored energy (W) constraints 
for avoiding the difficulty of manufacturing.  
 

Then the design space on the RP -B0 (or W) plane has 
the minimum RP boundary given by the Δd constraints, 
the lower boundary of B0 from H factor conditions, and 
the upper boundary of B0 from the W constraints. With 
increasing γ the design points of helical reactors move to 
the larger RP according to increasing plasma radius and 
much severe Δd constraints. For each γ Bo decreases with 
increasingΔd, although W increases.  
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3(a) Design windows on the Rp-B0 plane. 

 
 
 
 
 
 
 
 
 
 
 
 
 

      Fig. 3(b) Design windows on the Rp-W0 plane. 
Fig. 3(a), (b) Design windows are limited with the 
constraints of Δd≥1.1m, Hf≤1.15 and W<160G, depending 
on γ (β 5%, Pf 4GW case).  
  

Though the minimum RP increases with increasing γ, 
the B0 decreases so much that the W also decreases with 
increasing the minimum RP . 

 
3.2 The design windows depending on γ  and β 

 Searching for attractive fusion power plants a wide 
range of design options was investigated, β values from 
3% to 5%, and fusion power Pf from 2GW to 4GW as 
shown in figure 4(1)~(3). 
 

 
 
 
 
 
 
 
 
 

  Fig. 4(1)(a) B0 in β 3%      Fig. 4(1)(b) W in β 3% 
 
 
 
 
 
 
 
 

 
  Fig. 4(2)(a) B0 in β 4%      Fig. 4(2)(b) W in β 4% 

 
 
 
 
 
 
 
 
 
 

   Fig. 4(3)(a) B0 in β 5%      Fig. 4(3)(b) W in β 5% 
Fig. 4(1)~(3) The design windows of Heliotron reactor 
strongly depend on γ and β, limited with the constraints 
of Δd=1.1m, Hf≤1.15, W<160GJ. The γ dependence are 
shown with the four points, γ=1.15, 1.18, 1.20, 1.25 on 
each line[4].  

 
In the β 3% cases, even though in the smaller Pf 

plants, magnetic stored energy W is near upper boundary. 
In the β 4% cases, we can consider wide design space 
with B0=5~6T, Pf=3~4GW, although W is rather large, 
~150GJ.  

In the β 5% cases, we can consider the optimum 

Δd=1.05m 

Δd=1.1m 
Δd=1.15m 

Δd=1.20m 
γ=1.15 

 
γ=1.20 

 

γ=1.25 
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Hf≤1 .15 
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Hf<1.15 
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J 
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5 
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5 
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design windows of Pf=3.3~4GW plants with 
RP=14.6~16.3m, B0=4.4~5.5T, and W=125~140GJ 

 
We should notice that the H factor conditions in β 

5% are severe in the smaller Pf case and the larger γ case. 
Therefore in the Hf=1.10 case we must consider the 
minimum Pf is 3.8GW for γ=1.15, and Pf is 4.5GW for 
γ=1.25. We should also notice that the design windows 
must shift the larger Rp and the larger W in the large Δd 
case, as shown in figure 3.  

 
4. Cost model 
 
4. 1 Cost estimating methods 

The COE (Cost of Electricity) is calculated with the 
general cost estimating method and the unit cost data and 
scaling lows for BOP (balance of plant) [5,6]. The cost of 
magnets and blanket -shield are estimated based on mass 
cost analysis. The capital costs are calculated using rather 
low FCR (~0.0578:Fixed charge rate) used in the recent 
report of Japanese AEC for estimating nuclear power 
plants (40 years life time and 3% discount rate).  

The operation cost of magnet should be taken 
special care for the inherent characteristics of long 
lifetime and easy maintenance. In regard to blanket the 
periodic replacement is necessary, and the availability 
factors are estimated in changing with neutron wall loads.  

 
4. 2 Magnet cost estimation 

We estimated the unit cost of magnets to be related 
to weights and magnetic stored energy, thorough 
analyzing the cost factors of magnet systems based on the 
LHD construction, ITER construction and the FFHR-2m1 
design studies [2]. In the FFHR2m1 design we considered 
a CIC conductor for helical coils based on the 
engineering base for ITER and the winding technology of 
LHD helical coils.  

The cost factors are estimated in breakdown 
components such as super conducting strands, conduits, 
support structures, and winding process in each coil 
systems. The costs of the conductors and the winding 
occupy about 70% of the total magnet costs (Fig. 5). 

 
The total weight 16,000 ton and the total cost 210 

BYen are estimated for the total magnet systems of the 
3GW Heliotron power plant, in which the magnetic 
stored energy is 133GJ [3]. 

Comparing the helical reactor magnets to ITER 
magnets, the magnetic stored energy is about three times, 
the weight is 1.6 times and the cost is about 2 times of 
ITER (ITER 2002 report, and FDR1999 report).  

For the superconducting magnets having similar 
configuration we could consider the costs are 

proportional to weights, which are approximately 
proportional to the stored energy. In HeliCos code we can 
use the above unit cost per ton that means the total unit 
cost is 1.59 BYen/GJ (14.4 M$/GJ).  

  
5. Standard Heliotron power plants and 
economic analysis 
 
5.1 Heliotron reactors of 3~ 4 GW fusion power  

Table 1 shows the major design parameters and 
costs of typical Heliotron reactors. For 4GW fusion 
power plants β=5% is expected, but for 3GW plants the 
smaller β (~4.4%) is yet manageable. With selecting 
adequate γ we can consider the wide range of design 
parameters, Rp=14.6~16.3 m, B0=4.2~5.7 T, and 
W=122~144 GJ.    

We could understand the reason why the difference 
of design parameters for different γ is so large, by 
comparing plasma volume, i.e., 920 m3 in γ=1.15 versus 
2600 m3 in γ=1.25. The sensitivity of increasing VP versus 
decreasing B0 is very interesting. The optimization of the 
LCFS (Vp) might be one of the most important issues. 

 
The major parameters in Table 1 are dominated with 

the simple relationships shown in 2.2. But there are 
remaining many uncertainties regarding power flows and 
mass flows, especially in the local heat load to the 
diverter. Those problems on optimizing LCFS, 
controlling ergodic layer and diverter plasma must be 
critical issues to be considered in the next design studies.  

Fig. 5 The weight and cost of the magnets of the 
helical reactor (FFHR-2m1) and the tokamak 
reactor(ITER).  
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Table1. The major design parameters and mass-cost estimation of standard Heliotron reactors  
 

Design Parameters Symbol (unit) 
4GW standard plants 
β=5%, Hf=1.06-1.15 

3GW 
Hf=1.15 

 Coil pitch parameter γ 1.15 1.20 1.25 1.20 
 Coil major Radius Rc (m) 15.91 16.70 17.63 16.69 
 Coil minor radius ac (m) 3.66 4.01 4.41 4.00 
 Plasma major radius Rp (m) 14.69 15.42 16.27 15.40 
 Plasma radius ap (m) 1.78 2.27 2.85 2.27 
 Inner plasma radius apin (m) 0.78 1.09 1.44 1.09 
 Plasma volume Vp (m3) 916 1565 2604 1561 
 Magnetic field B0 (T) 5.74 5.02 4.42 5.00 
 Average beta β 5.0 5.0 5.0 4.37 
 Fusion power Pf (GW) 4.00 4.00 4.00 3.00 
 Energy confinement time (ISS95) τE(ISS95) (msec) 0.84 1.04 1.25 1.14 
 Energy confinement time ISS04 τE(ISS04) (msec) 1.43 1.78 2.14 1.95 
 Required energy confinement time τEr  (msec)* 1.53 1.95 2.47 2.24 
 H factor to ISS04 Hf 1.064 1.094 1.151 1.150 
 Radiation loss ** Rloss (GW) 0.13 0.12 0.11 0.09 
 Electron density ne(0) (1019/m3) 36.06 25.77 18.75 22.31 
 Line average density nel (1019/m3) 28.32 20.24 14.73 17.52 
 Density limit nc (1019/m3) 23.6 16.87 12.27 14.61 
 Ion Temperature Ti(0) 14.68 15.67 16.69 15.69 
 Iota 2/3 ι(2/3) 0.904 0.775 0.641 0.775 
 Maximum field on coils Bmax (T) 12.16 11.91 11.78 11.88 
 Coil current IHC (MA)  42.18 38.67 35.93 38.50 
 Coil current density j (A/mm2) 26.0 26.0 26.0 26.0 
 Helical Coil height H (m) 0.90 0.86 0.83 0.86 
 Blanket space Δd (m) 1.10 1.10 1.10 1.10 
 Neutron wall loads fn (MW/m2) 2.9 2.2 1.7 1.7 
 Weight of Blanket and shield Mbs (ton) 8580 11360 14920 11340 
 Magnetic stored energy W (GJ) 144 131 123 130 
 Weight of magnets Mmag (ton) 18000 16400 15400 16200 
 Magnet cost (%)*** Cmag 2079(34.6) 1893(31.0) 1780(28.0) 1875(33.7) 
 Blanket and shield cost (%)*** Cbs (M$) 889(14.8) 1177(19.3) 1546(24.3) 1175(21.1) 
 Total construction cost C (total) 7270 7393 7705 6735 
 Net electric power  Pn (GW) 1604 1601 1598 1194 
 Total auxiliary power Pa (GW) 109 112 115 91 
 Plant availability factor fA  0.680 0.706 0.726 0.727 
 Capital cost mill/kWh 44.0 43.2 43.8 51.2 
 Operation cost mill/kWh 26.8 27.1 28.2 31.4 
 Replacement cost mill/kWh 8.18 8.19 8.21 8.24 
 Fuel cost mill/kWh 0.023 0.022 0.021 0.021 
 COE(Cost of electricity) mill/kWh 79.0 78.5 80.3 90.9 

      *Effective ion charge Zeff=1.32, 
     **Alpha heating efficiency 0.9, and profile index an=0.5,aT=1.0.  
    *** The magnet costs, blanket and shield costs include the engineering indirect cost. 

5. 2 Economic potentials of Heliotron reactors 
We could consider the magnet cost and the 

blanket-shield cost are dominant cost factors in the 
magnetic confinement fusion reactor, as far as the normal 
steady operations are achieved with the reasonable 
recirculating power, and the sufficient plant availability 
factors without suffering from too high heat load or 
neutron load.  

Using the magnetic stored energy and the unit cost 
mentioned in figure 5, we estimated the magnet costs 
shown in Ttable 1, which are 1800 M$ (γ=1.25, 15400 

ton) to 2080 M$ (γ=1.15, 18000ton). Those magnet cost 
ratio to total plant cost are about 30%, which can make 
the Heliotron power plants of fusion power 3~4GW 
economically attractive.   

 In the LHD-similar-shape Heliotron reactors, when 
the major radius Rp and γ (i.e., ap) increases, the magnetic 
field B0 decreases much in the same β-Pf and Δd 
conditions as shown in figure 6(a). That is why the 
magnetic stored energy W decreases even if in the larger 
coil size. These characteristics between plasma volume 
(given with Rp, γ) and B0, and magnet cost are shown in 
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figure 6(a). The costs of blanket and shield (Cbs) are 
estimated basing on FFHR-2m1 blanket design studies 
[2] and are increased in proportion with Rpap. The 
sensitivity analysis regarding current density, plasma 
profile and density limit are carried out. 

When the Rp and γ increase, the magnet cost 
decreases but the blanket-shield cost increases. Therefore 
the COEs of Heliotron reactors, depending on Rp, γ, show 
the bottom as the result of the trade-off between the 
magnet cost and the blanket-shield cost, i.e., B0 versus 
plasma volume 

The COEs of Heliotron reactors shown in figure 6(b) 
suggest us that the technically and economically 
attractive design windows exist in the rather wide area of 
the large Rp (15~16m), medium γ (~1.20) and β values 
(~5%), and the reasonable magnetic stored energy (~130 
GJ).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6. Conclusions 
We can summarize the results of analysis as follows, 
 

1) LHD-type helical reactors have the attractive design 
windows in rather large plasma major radius of 
15~16m, with the sufficient blanket space and the 
reasonable magnetic stored energy of 120~140 GJ 
based on the physics basis of H factor near 1.1 and β 
of 5%.  

2) The β dependence is very important for selecting the 
optimum fusion power with reasonable magnetic 
energy, so that the confirming good confinement in 
the near β~5% plasma is the first priority of critical 
issues. 

3) The γ dependence is essential in Heliotron reactors 
that is critically sensitive not only for optimizing 
LCFS (plasma volume) but for selecting the 
optimum blanket design. 

4) There are many remaining subject to be studied, in 
especially, the problem of the particle and heat loads 
on the diverter are a critical issue to be considered in 
the next analysis. 
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Fig. 6(a) The B0, magnet cost (Cmag), and blanket 
Cost (Cbs) depend on Rp, γ and β. When Rp and γ 
increase, Cmag decreases but Cbs increases. Those 
plots on Rp (γ) are given with Δd=1.1m. 

β6% 
4.75GW 

β4%3GW 
β5%4GW 

Fig. 6(b) The COEs of Heliotron reactors, which 
depend on plasma major radius Rp, coil pitch 
parameter γ and β, show the bottom near 
Rp=15~15.5m with blanket space condition Δd=1.1m.  
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Three candidates to secure the blanket space are proposed in the direction of reactor size optimization without 
deteriorating a-heating efficiency and with taking cost analyses into account. For this direction the key engineering 
aspects are investigated; on 3D blanket designs, it is shown that the peaking factor of neutron wall loading is 1.2 to 
1.3 and the blanket cover rate over 90% is possible by proposing Discrete Pumping with Semi-closed Shield 
(DPSS) concept. On large superconducting magnet system under the maximum nuclear heating of 200W/m3, CICC 
and alternative conductor designs are proposed with a robust design of cryogenic support posts. On access to 
ignited plasmas, new methods are proposed, in which a long rise-up time over 300 s reduces the heating power to 
30 MW and a new proportional-integration-derivative (PID) control of the fueling can handle the thermally 
unstable plasma at high density operations. 

 
Keywords: helical reactor, blanket, COE, nuclear heating, superconducting magnet, ignition 

 
 

 

1. Introduction 
On the basis of physics and engineering results 

established in the LHD project, conceptual designs of the 
LHD-type helical reactor FFHR have made continuous 
progress from 1991 [1, 2]. Those design activities have 
led many R&D works with international collaborations in 
broad research areas [3, 4]. 

Due to inherent current-less plasma and intrinsic 
diverter configuration, helical reactors have attractive 
advantages, such as steady operation and no dangerous 
current disruption. In particular, in the LHD-type reactor 
design, the coil pitch parameter g of continuous helical 
winding can be adjusted beneficially to reduce the 
magnetic hoop force (Force Free Helical Reactor: FFHR) 
while expanding the blanket space, where γ=(mac)/(lRc) 

with a coil major radius Rc, a coil minor radius ac, a pole 
number l, and a pitch number m. 

2. Candidates to secure the blanket space 
The design parameters of FFHR2 are listed in Table 

1, which newly includes the recent results of cost 
evaluation based on the ITER (2003) design. In this base 
design, one of the main issues is the structural 
compatibility between blanket and divertor configurations. 
In particular, the blanket space at the inboard side is still 
insufficient due to the interference between the first walls 
and the ergodic layers surrounding the last closed flux 
surface.  

From the point of view of a-heating efficiency over 
0.95, the importance of the ergodic layers has been found 
by collision-less orbits simulation of 3.52MeV alpha 
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particles as shown in Fig.1. Therefore, the reactor size is 
increased. In this case, as shown in Fig.2, it is expected 
that there is an optimum size around Rc of 15m by taking 
into account the cost of electricity (COE), the total capital 
cost, and engineering feasibility on large scaled magnets.  

3. Progress and issues on 3D blanket designs 
In the direction of optimizing neutronics 

performances, the 3D distribution of neutron wall loading 
is basically important.  Under the averaged neutron wall 
loading of 1.5 MW/m2, the maximum loading for the 
uniform and helical source are 2 MW/m2 and 1.8 MW/m2, 
respectively, at the first wall of blankets on the helical 
coils. Therefore the peaking factor is estimated to be 1.2 
to 1.3. 

 The FFHR blanket designs have been improved to 
obtain the total TBR over 1.05 for the standard design of 
Flibe+Be/JLF-1 and long-life design of Spectral-shifter 
and Tritium Breeding (STB) blanket [2, 3] by 
enhancement of the blanket cover rate to 80%. More 
increase of the cover rate over 90% is effectively possible 
by a new proposal of Discrete Pumping with Semi-closed 
Shield (DPSS) concept as shown in Fig.3, where the 
helical divertor duct is almost closed with partly opened 
at only the discrete pumping ports. This DPSS is very 
important not only to increase the total TBR over 1.2 but 
also to reduce the radiation effects on magnets. In fact, as 
shown in Fig.4, the first neutron fluxes at the poloidal 
coils just out side the divertor duct and at the side of the 
helical coils are successfully reduced to the acceptable 

level lower than 1x1022 n/m2 in 40 years. The total 
nuclear heating is also reduced from 250kW to 40kW, 
which means the cryogenics power to be about 12MW 
and acceptable level below 1% of the fusion output. 

Table 1.  Design parameters of helical reactor 
Design parameters LHD FFHR2 FFHR2m1 FFHR2m2 SDC

Polarity l 2 2 2
Field periods m 10 10 10
Coil pitch parameter ¬ 1.25 1.15 1.15
Coil major Radius Rc m 3.9 10 14.0
Coil minor radius ac m 0.98 2.3 3.22
Plasma major radius R p m 3.75 10 14.0
Plasma radius <ap> m 0.61 1.24 1.73
Plasma volume Vp m3 30 303 827
Blanket space ¬ m 0.12 0.7 1.1
Magnetic field B 0 T 4 10 6.18

Max. field on coils Bmax T 9.2 14.8 13.3
Coil current density j MA/m2 53 25 26.6
Magnetic energy GJ 1.64 147 133
Fusion power PF GW 1 1.9
Neutron wall load ¬n MW/m2 1.5 1.5
External heating powe Pext MW 70 80 43 100
¬ heating efficiency ¬¬ 0.7 0.9 0.9 0.9
Density lim.improvement 1 1.5 1.5 7.5
H factor of ISS95 2.40 1.92 1.92 1.60
Effective ion charge Zeff 1.40 1.34 1.48 1.55
Electron density ne(0) 10^19 m-3 27.4 26.7 17.9 83.0
Temperature Ti(0) keV 21 15.8 18 6.33
Plasma beta ¬⇔ℜ % 1.6 3.0 4.40 3.35
Plasma conduction lo PL MW 290 453 115
Diverter  heat load ¬divMW/m2 1.6 2.3 0.6
Total capital cost G$(2003) 4.6 5.6
COE mill/kWh 155 106
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 Fig. 2  Rc dependences of the fusion output Pf, the total 
capital cost (TCC), magnetic field B0 at the plasma center, 
cost of electricity (COE) and magnetic energy Wg under 
almost same conditions on neutron wall loading Γ and 
current density J on helical coils. 

Fig.1 Poincare plot of helically trapped a particles 
(magenta dots) and the chaotic field lines (sky blue 
dots). 
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4.  Base design of large superconducting magnet 
system 

The base design for the FFHR2m1 superconducting 
magnet system has been preliminary proposed on the 
engineering base of ITER-TF coils as a conventional 
option, where the magnet-motive force of helical coils is 
about 50 MA and the cable-in conduit conductors (CICC) 
of current 90 kA with Nb3Al strands are wound in the 
grooves of the internal plates. In this concept, react and 
wind method is preferred to use conventional insulator 
and to prevent huge thermal stress. The maximum length 
of a cooling path is about 500 m that is determined by the 
pressure drop for the required mass flow against the 
nuclear heat of 1000 W/m3. This value has a 5 times 
margin of the maximum nuclear heating calculated on the 
FFHR helical coils, in which the gamma-ray heating is 
dominant and the maximum is about 200 W/m3.  

The total weight of the coils and the supporting 
structure exceeds 16,000 tons. As shown in Fig.5, this 
weight is supported by cryogenic support posts by 
adopting the same type of the LHD support post, which is 
a folded multi plates consisted of Carbon Fiber 
Reinforcement Plastic (CFRP) and stainless steel plates. 
Gravity per support is 16,000 ton / 30 legs ~ 530 ton, 
thermal contraction < max. 55 mm, and the total heat load 
to 4K is about 0.34 kW which is 1/20 of the case of 
stainless steel post. 

 The modal and dynamic response analysis using 
typical earthquake vibrations are the next issue for design 
optimization. 

5.  New proposals on access to ignited plasmas 
Minimization of the external heating power to access 

self-ignition is advantageous to increase the reactor 
design flexibility and to reduce the capital and operating 

3D design with 
DPSS

Fig.3 Discrete Pumping with Semi-closed Shield 
(DPSS) concept, where the helical divertor duct 
is almost closed with partly opened at only the 

 
 
Fig.4 The first neutron fluxes at the poloidal and 

helical coils (a) without and (b) with the DPSS, 
where the flux at the rear side of helical coils is 
high in (a) and one order reduced in (b). 
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Fig.5 The cryogenic support posts of FFHR2m1. 
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costs of the plasma heating device in a helical reactor. 
While the fusion power rise-up time in a tokamak 
depends on the OH transformer flux or the current drive 
capability, any fusion power rise-up time can be 
employed in a helical reactor, because the confinement 
field is generated by the external helical coils. It has been 
recently found that a lower density limit margin reduces 
the external heating power, and over 300 s of the fusion 
power rise-up time can reduce the heating power from 
such as 100 MW to minimized 30 MW in FFHR2m1 [5]. 

A new and simple control method of the unstable 
operating point in FFHR2m1 is proposed for the ignited 
operation with high-density plasma [6], as demonstrated 
in Fig.6, where a new proportional-integration-derivative 
(PID) control of the fueling has been used to obtain the 
desired fusion power. 

6. Summary 
Recent activities on optimizing the base design of 

LHD-type helical reactor FFHR2m1 is presented. Three 
candidates to secure the blanket space are proposed in the 
direction of reactor size optimization without 
deteriorating a-heating efficiency and with taking cost 
analyses into account.  

On 3D blanket designs, it is shown that the peaking 
factor of neutron wall loading is 1.2 to 1.3 and the blanket 
cover rate over 90% is possible by proposing Discrete 
Pumping with Semi-closed Shield (DPSS) concept. 
Helical blanket shaping along divertor field lines is a next 
big issue.  

On large superconducting magnet system under the 
maximum nuclear heating of 200W/m3, CICC designs of 
500 m cooling path and 90 kA with Nb3Al strands and 
alternative Indirect cooling Nb3Sn conductor designs are 
proposed with the LHD-type robust design of cryogenic 
support posts. 

On access to ignited plasmas, using the advantage of 
current-less plasma, new methods are proposed, which 
are a long rise-up time over 300 s to reduce the heating 
power to 30 MW and a new 
proportional-integration-derivative (PID) control of the 
fueling to handle the thermally unstable plasma at high 
density operations. 
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Fig.6  Temporal evolution of plasma parameters in 
FFHR2m1 at the thermally unstable boundary of high 
density operations, and the POPCON diagram. 
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Recent educational initiatives are outlined aiming to maintain the expertise that has placed the EU Fusion
Programme at the forefront of international fusion research and engineering, and to ensure the availability of
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1 Introduction

Fusion research is entering a new phase. The construction
of ITER, the Broader Approach activities, and the prepa-
ration for DEMO require an expansion of the fusion pro-
gramme and a shift of the emphasis from plasma physics
to engineering and nuclear materials. There is also a grow-
ing need for competences on nuclear project related issues
such as project management, nuclear licensing, quality as-
surance, risk assessment, and management of procurement
processes, as well as a need for stronger collaboration with
industry. Even within the fundamental plasma physics re-
search there are important shifts of emphasis.

In Europe, research in the field of nuclear fusion
by magnetic confinement is strongly integrated by EU-
RATOM. There are no national research programmes in
the strict sense. The EU programme is executed by more
than 20 institutes associated with EURATOM (called As-
sociations for Fusion). The large majority of EU coun-
tries plus Switzerland have signed Association contracts.
A more specific working framework EFDA (European Fu-
sion Development Agreement; www.efda.org) has been es-
tablished for the exploitation of the largest fusion experi-
ment in the world JET (Joint European Torus) and for tech-
nological developments necessary for future fusion instal-
lations. The EU fusion programme, a prototype of inte-
grated European research, has maintained a complemen-
tarity of programmes and installations. This strongly inte-
grated organization is at the origin of the dominating po-
sition of Europe in magnetic confinement fusion (MCF)
research and of the decision to build the next step large
international installation ITER in Cadarache.

In order to maintain the expertise that has placed the
EU fusion programme at the forefront of international fu-
sion research and engineering, and to ensure the avail-
ability of competent staff to construct and operate ITER
and DEMO, a long-term Human Resource Management
plan for the European Fusion Programme is needed, which
should reflect the increase of the volume of the programme,
the shifts in required competences, and the natural aging of
the present population of professionals in the fusion com-

author’s e-mail: guido.vanoost@ugent.be

munity. It is estimated that at least 40 new researchers
should come into the system each year.

A key element of this human resource strategy is a
well-planned programme for education in fusion science
and engineering, to make sure that a match between the
required competences and the available professionals is re-
alised, and that a sufficient number of new people enter the
fusion system. In the framework of the Bologna declara-
tion there is furthermore the need to harmonize advanced
fusion education, training and professional qualification,
and to strengthen interaction and exchange of academic re-
sources in the European Research Area.

Fusion education is a field that lends itself by ex-
cellence for European collaboration, as it can build on
the very well developed collaboration between the EU-
RATOM Associations through the EFDA agreement. Co-
ordinating fusion education across Europe allows the joint
development of common educational goals and standards,
high quality educational materials, and easy access to
hands-on experiments and experimental facilities through-
out Europe. A special role is played by the Joint European
Torus JET, exploited jointly by the European researchers
under the EFDA coordination, which as a joint European
facility is a particularly inspirational environment for edu-
cation and training.

Presently, the following activities exist in the field of
fusion training and education in the EU:
• Mobility Scheme (starting usually from Post-Doc

level)
• National schemes and fellowships by the associated

laboratories
• European PhD in Fusion Science and Engineering
• European Training Scheme for ITER: selected labo-

ratories offer posts on key topics for ITER R&D
• Erasmus Mundus Master in Nuclear Fusion Science

& Engineering Physics
• EU CSA (Coordinated Support Action) << Fusion

Education Network >>- FUSENET

The last two initiatives will be outlined below.
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2 Erasmus Mundus“ European Mas-
ter in Nuclear Fusion Science & En-
gineering Physics”(FUSION-EP)

The European Master in Nuclear Fusion Science and Engi-
neering Physics (FUSION-EP ) is offered by the following
partners:
• Universiteit Gent, Belgium (coordinator)
• Université Henri Poincaré, Nancy, France
• Kungliga Tekniska Högskola (KTH) Stockholm,

Sweden
• Universität Stuttgart, Germany
• Universidad Complutense de Madrid, Spain
• Universidad Carlos III de Madrid, Spain
• Universidad Polytécnica de Madrid, Spain

The ITER host country France is also member
of the present Erasmus Mundus consortium. All the
partners have a long relationship in the framework of
the coordinated EURATOM research programme on nu-
clear fusion, guaranteeing a strong synergy and visibil-
ity. The aim of the Masters programme (http://www.em-
master-fusion.org) is to provide a high-level multinational
research-oriented education in fusion-related engineering
physics, in close relation to the research activities of the
partners, and with a well-integrated language and cultural
experience. The combined and harmonized teaching &re-
search of the 7 universities offers a far greater variety of
competences in the field of fusion science and engineer-
ing physics than could be provided by each of the single
universities, and therefore guarantees a significant added
value for the students in terms of specialisation opportu-
nities. The Joint European Master Programme offers a
genuine European opportunity for Master level studies in
a field which is of crucial importance to contribute to the
solution of the ever more urgent and vital problem of world
energy supply. A large number of scientists and engineers
will be required in two main categories: “ Fusion tech-
nology and engineering physics”and“ Plasma physics”
and their formation takes typically 10 years, requiring a
structured European Master level education. Furthermore,
fusion research shows an increasing and very important
spin-off in many fields of science and engineering, such as
new materials, nanotechnologies, superconducting coils,
robotics, electronic components, high power RF sources,
space propulsion. The EU framework described in offers
many possibilities for summer schools and doctoral stud-
ies.

The studies in engineering physics are devoted to the
technical applications of physics and strongly supported by
the research activities in the different laboratories within
the Consortium. By combining in a balanced way the ba-
sic concepts of a degree in engineering with the essentials
of an education as a engineering physicist, these studies
seek to train engineers capable of performing or leading
technical and scientific research in universities, research

establishments or industry.
The engineering component of the studies makes the

physics engineer familiar with the analysis, design and
optimization of new and existing systems, products, ma-
chines, materials, etc., in which simplification to manage-
able system descriptions (from rules of thumb to expert
systems) is essential. In the physics component the reduc-
tionist approach holds centre stage; here experiments and
mathematical modelling seek to reduce physical phenom-
ena to their very essence and to discover the physical laws
applicable. Even though the approach has a more philo-
sophical slant, the rigorous attitude is essential and a phys-
ical theory should stand a validation by experiment.

Physics engineers are trained, first and foremost, for
R&D purposes. Their wide-ranging education makes
them fit for all companies and research establishments
where interdisciplinary R&D requires in-depth knowledge
of physics. They will constitute a substantial percentage of
the large number of additional researchers required for the
establishment of the EU as the best centre of excellence
in the world. Both components of the studies especially
qualify the physics engineer to fill executive jobs at a later
stage.

In view of the expertise of the partners, the pro-
gramme offers three programme tracks to the student:
(i) Plasma physics (fusion-oriented); (ii) Computational
methods in physics; and (iii) Instrumentation and Radia-
tion. The programme structure is combined with a manda-
tory stay of the student at three universities in three coun-
tries: semesters1&2 at University A; semester 3 at B and
semester 4 (Master thesis) in C. Semesters 3&4 are in a
particular track. After semester 2 a summer event is or-
ganized in which the tracks and Master thesis topics are
proposed. Student mobility is an inherent part of the pro-
gramme structure and philosophy.

The admission criteria are: a bachelor degree in en-
gineering physics, applied physics, physics or equivalent
degrees. Sufficient bachelor level knowledge in classical
and modern physics is mandatory together with the neces-
sary mathematical and computer programming skills. No
difference is made between third-country students, EU stu-
dents, grantees and non-grantees. Applicants (students and
scholars) from third countries (applying for a grant or not)
will be subject to a well defined selection procedure aiming
at high quality.

3 Erasmus Mundus International Net-
work for Nuclear Fusion Education

For collaborations outside Europe, EURATOM establishes
bilateral agreements, which are privileged channels for the
Associations and institutes outside Europe. Global collab-
orations have been established in the framework of IAEA
(International Atomic Energy Agency) and IAE ( Interna-
tional Energy Agency). Collaborations are formalized in

I-34

131



Proceedings of ITC18, 2008

the form of IAEA CRP’s (Coordinated Research Projects)
and IAE Implementing Agreements. IAEA has provided
the legal framework for the development of ITER since
1988. All the partners are involved in CRP ’s and Im-
plementing Agreements, and thus have privileged links
with non-EU universities and research institutes. Further-
more, several FUSION-EP partners have close collabo-
rations with NIS (New Independent States) institutes and
universities in the framework of INTAS.

The European thinking about fusion R&D emphasizes
an integrated and strongly coordinated approach which has
resulted in the leading position of the EU in magnetic
confinement fusion (MCF). The European Master in Nu-
clear Fusion Science and Engineering Physics - Erasmus
Mundus programme (FUSION-EP) offers the opportunity
to study this European vision on MCF R&D in Europe and
to experience the diversity in its approaches and applica-
tions. Therefore, in addition to the FUSION-EP teach-
ing and exchange programme, a new partnership has been
established between the FUSION-EP Consortium and a
number of high level key Third Country -institutions spe-
cialised in fusion research and education. The general ob-
jective of this network is to build and strengthen a world-
wide network of EU and non-EU based centres of excel-
lence in fusion R&D studies. The FUSION-EP Consor-
tium - itself a partnership of renowned European institutes
of research and training in fusion - aims at brokering an im-
proved connection and coordination between different key
non-EU institutions within its network range, in view of
collaboration between EU and non-EU scientists and engi-
neers in the international research project ITER.

Key Third Country-institutes have been selected on
the basis of their competence, (inter)national network den-
sity, and longstanding links with the FUSION-EP Consor-
tium partners. They are among the world’s most renowned
and active institutes in the field of MCF studies.

• UCLA (USA)
• University of Wisconsin-Madison (USA)
• St. Petersburg State Polytechnic University (Russia)
• Moscow Engineering Physics Institute (Russia)
• University of Science and Technology of China

(Hefei)
• Tsinghua University Beijing (China)
• Southwestern Institute of Physics, Chengdu (China)

The main political-economic spheres in fusion R&D
(Europe, North-America, and Asia) are represented by two
or three leading institutes as main network nodes. How-
ever, every institute has its own network partners down-
stream and thus plays a broker ’s role in its own turn. It
is this spirit of brokerage between different network nodes
(‘ tertius iungens ’principle) that promises to allow for
a dynamic learning network. This network brokerage be-
tween FUSION-EP and its non-EU partners can be visually
imagined as a hub-and-spokes-model, with the FUSION-
EP Consortium in the middle connecting different previ-

ously disconnected networks. Futhermore, all the coun-
tries involved are members of the large scale international
research project ITER, and within these countries the part-
ner institutions are main players.

The specific objective of this new partnership is to in-
tensify the exposure and interaction of FUSION-EP insti-
tutes with non-EU fusion R&D approaches and education
in the rest of the world. The interaction in this new partner-
ship modality is being realized through outgoing mobility
of EU students and scholars on the one hand and joint re-
flection and analysis seminars on the other hand. This in-
teraction is deemed crucial to better adapt the FUSION-EP
curriculum to non-EU students. Exposure of EU students
and scholars to institutes in Third Countries is critical for
a better understanding of the teaching needs of non-EU
students with reference to the European model of fusion
R&D. It also enhances the understanding of fusion R&D
problems and solutions in Third Countries and thus al-
lows for the integration of interesting approaches and prac-
tices from other regions in the teaching activities of the
FUSION-EP.

The interaction will also increase the specialized
knowledge on specific characteristics of fusion R&D in
the hosting countries and thus contribute to more tar-
geted future research and teaching collaboration. This
new partnership will also allow the assessment of teach-
ing plans/methods in the partner institutes with the aim
to develop mutual standards and facilitate the future ex-
change between education institutes (e.g. by better prepa-
ration of Bachelor students wanting to follow the FUSION-
EP). Through the exchange of students and in particular
scholars we also want to strengthen the general interaction
among EU and non-EU countries with respect to research,
exchange of practices and policies of fusion R&D.

Finally, through this cooperation an increased out-
reach of FUSION-EP is envisaged. Firstly, by establish-
ing reference institutes for future non-EU FUSION-EP stu-
dents in different parts of the world. Partner institutes can
not only distribute information on the FUSION-EP in their
country or region, but also serve as information centres
for students of that part of the world searching for more
detailed information about the study programme of the
FUSION-EP, the specific required skills (by e.g. the organ-
isation of short preparatory courses in the partner institutes,
…). Partner institutes become in that way information and
pre- selection antennas for the FUSION-EP. All this must
help to increase the quality of the FUSION-EP programme.
Secondly, offering the possibility to complete short train-
ing periods in non-EU institutes will also increase the ap-
peal of the FUSION-EP programme to EU students. This
Erasmus Mundus programme enforces the intercultural ex-
change among EU and non-EU students, sparks the inter-
est to know the other countries better, and enhances mutual
understanding and cooperation.
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4 FUSENET

The European Fusion Education Network (FUSENET) for
education in fusion science and technology started in Oc-
tober 2009, as part of a comprehensive package of co-
ordination actions, in order to increase, enhance, and
broaden fusion training and education activities in Eu-
rope. FUSENETconsists of eleven focussed work pack-
ages, with a total budget of 2.0 M¤. The project brings to-
gether a broad representation of the European fusion com-
munity with 35 participants from 18 countries, of which
22 Universities and 13 EURATOM Associations. The
FUSENET project will cover all education levels, from
secondary school through Bachelor and Master level, to
PhD.

The specific objectives of the FUSENET project are:

1. The sustainable establishment of the FUSENET As-
sociation, which provides a permanent platform for
the coordination of existing actions, the initiation, de-
velopment and execution of new EU-wide actions,
and for the exchange and dissemination of informa-
tion.

2. A coherent programme of EU-wide learning opportu-
nities in the fusion programme and related industry,
with jointly developed educational goals for different
target groups, which is easily accessible and transpar-
ent through the central FUSENET website.

3. High quality teaching materials and hands-on exper-
iments, which are used throughout Europe to create
highly attractive and effective learning opportunities,
and which lead to more coherence in the level and
scope of knowledge of students.

4. A mobility system in which the best learning oppor-
tunities are available to students throughout Europe,
and which leads to the forming of many interpersonal
links among people in the fusion system.

The actions of FUSENET build upon the already
strongly integrated European Fusion Research programme,
coordinated under EFDA. The experimental facilities and
research groups in this programme will play a major role
in the educational programme, and optimizing the accessi-
bility of those facilities for students is an important goal of
FUSENET. A special role is played by the Joint European
Torus JET, exploited jointly by the European researchers
under the EFDA coordination, which as a joint European
facility is particularly inspirational as a place for education
and training.

The network will be given a permanent identity by
the establishment of the FUSENET Association, which
will provide a platform for the coordination of existing ac-
tions, the initiation, development and implementation of
new EU-wide actions, and for the exchange and dissemi-
nation of fusion education information.

The envisaged concrete end result of the FUSENET
project is an integrated fusion education system in Eu-

rope, with strong links between fusion institutes and higher
education institutes. Through a central website, the pro-
gramme will offer a transparent structure of coherent edu-
cational actions, accessible and inviting, in which students
and teachers can easily find their way to a variety of attrac-
tive ways to participate in the fusion research programme.

The strategy of the work plan is directly connected to
the goal of a broad base of knowledge transfer to secondary
school and bachelor/master/technical students, and a high
peak of PhD students. This leads to actions aimed at all
levels of fusion education. There are three main elements
to the strategy:

1. Critical mass. As the number of students in fusion
subjects in most countries is not large enough to sup-
port specialised Master or PhD degrees, actions need
to be coordinated and initiated on a European scale,
in order to reach sufficient critical mass.

2. Coherence. To optimise the flow of students through
the system, better links are needed between the dif-
ferent education layers. This means both a focus
on secondary school teachers and good connections
between higher education institutes and fusion insti-
tutes.

3. Transparency. Learning opportunities need to be
more accessible to students across Europe, through
dissemination of information, and improvement of
mobility. The educational goals of bachelor/master
and doctoral level courses need to be more aligned,
to make it easier for students to navigate the fusion
system.

The European Fusion Education programme should
be considered as the natural counterpart of the European
Fusion Research programme, coordinated under the EFDA
agreement. The two will work in close harmony and the
synergy will be obvious. The ultimate aims of the educa-
tional programme are the support of the fusion programme,
either directly by training high level researchers, or indi-
rectly by improving the rooting in society. More directly,
FUSENET will contribute significantly to the coordination
of high-quality research, because it

• enhances the participation and exchange of students
and their teachers in the fusion programme,

• stimulates the creation of attractive student training
opportunities,

• further strengthens the ties between research groups

To make the network sustainable, an association (the
FUSENET Association) will be set up with the task to
manage and further develop the network formed under the
CSA. The organization of the network and its embedding
in an Association is similar to that of the European Nuclear
Energy Network (ENEN).
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In the last years, lithium wall conditioning has been carried out in several fusion devices by different techniques, 
providing in many instances record values of plasma parameters and enhanced plasma reproducibility and opening the 
possibility of developing high radiative, low recycling liquid divertor concepts of high potential for future reactors. This 
concept has been termed the Li Tokamak Reactor. Compared to tokamaks, stellarator plasmas show distinct features in 
their interaction with the surrounding materials. The lack of disruptions and type I ELMs make them more reliable for 
reactor operation. So it is the lack of MHD-driven density limit. On the other side, the intrinsic radiative character of the 
density limit of stellarators and the tendency to central impurity accumulation makes wall-material selection paramount. 
In the present work, the plasma performance of the TJ-II Heliac under Li-coated wall conditions is described. 
Compared to previous coatings, lithium has produced the best plasma performance to date, leading to the achievement 
of record values in plasma density and energy confinement. Plasma profiles free from impurity accumulation have been 
obtained under specific fuelling schemes. The development of L-H transitions has been characterized in terms of steep 
gradients in edge parameters and broadband fluctuation suppression. 
Keywords: lithium, stellarator, fusion reactor, first wall materials, recycling, impurity accumulation, TJ-II, H-mode 

 
1.Introduction

Plasma wall interaction issues are paramount in 
achieving fusion plasmas with high purity, controlled 
density and high confinement. Compared to tokamaks, 
stellarator plasmas show distinct features in their 
interaction with the surrounding materials. On the good 
side, the lack of disruptions and type I ELMs make the 
choice of plasma facing components less demanding. 
In addition, the lack of MHD-driven density limit [1] 
has allowed their operation at densities well above the 
corresponding Greenwald limit for tokamaks [2]. Since 
plasma collapse in stellarators seems to be mainly 
governed by local power balance considerations [3], 
changes in wall materials are ideally suited for the 
validation of the running models for the density limit in 
these devices.  As a potential drawback, neoclassical 
transport characteristics of the core plasma in 
stellarators make them prone to impurity accumulation 
[4], thus stressing the use of low Z elements as PFC. A 
closed coupling between the divertor efficiency and the 
recycling characteristics of the wall has been recently 
evidenced in LHD, as shown by the achievement of the 
IDB-SDC mode in the absence of the LID operation, 
only under low recycling wall conditions [5]. Therefore, 
low Z, low recycling first wall scenarios look highly 
promising if a stellarator reactor concept is to be 

developed. Among the available low Z coating options 
(Be, C and B) lithium is a very attractive element due 
to its very low radiation power, strong H retention and 
strong O getter activity and excellent results have been 
achieved recently in tokamaks [6]. Also, and in direct 
connection to the lower recycling scenario leading to 
decreased CX losses and higher temperatures, 
important changes in energy confinement have been 
predicted and observed [7]. In the present work, the 
operation of a stellarator, the TJ-II Heliac [8], with 
lithium-coated walls is described. The most relevant 
changes on the plasma performance and confinement 
characteristics associated to the new wall scenario are 
described and analysed in terms of enhanced impurity 
and particle control. 
 
2. Coating technique    

The TJ-II stellarator has been operated under 
different first wall conditions since its beginning and 
details about the applied techniques and resulting 
plasma performance can be found in [9]. Basically, 
under ECR plasma generation and heating, the density 
control is hampered by the combination of low cut-off 
density (ne (0) <1.7 .1019 m-3) and the fast saturation of 
the small (~0.5 m2 vs. ~40 m2) plasma-interacting 
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surface located at the grooved wall area which 
surrounds the two characteristic central coils.  

 For the results here reported (2007-08 campaign), 
a low recycling, low Z wall has been produced by in 
situ lithium coating. It is generated by evaporation 
under vacuum from four ovens, symmetrically spaced 
and oriented tangentially to the vacuum vessel in the 
equatorial plane of the machine. A total of 4g of 
metallic Li are evaporated during each conditioning 
cycle, at temperatures of 500-600 ºC over the chamber 
(at room temperature). Effusion from the ovens creates 
an atomic beam aiming at the remote region opposed to 
the corresponding flange. Under HV operation, the 
mean free path of the Li atoms is long enough to 
produce a thin layer at the vessel walls located midway 
between adjacent ovens. The initial deposition pattern, 
directly visible in the groove protecting the central 
coils, matches the line of sight flight of the Li atoms. 
However, plasma operation was found to redistribute 
the initial coating very efficiently and the beneficial 
effect of the coating extended far beyond that expected 
from the localized deposition. Nevertheless, in order to 
extend the lifetime of the Li coating, and due to the 
very high reactivity of this species with background 
gases (water, O2, N2, CO…) a ~50 nm boron layer was 
deposited by glow discharge in a He/o- carborane 
mixture prior to the evaporation (see [9] for more 
details). A He GD depleted the H from the B coating 
after its deposition. Also, He GD was applied every day 
on the Li layer in order to remove hydrogen from the 
areas not fully covered by the coating. A total of 12 g 
of Li were evaporated for the ~1000 discharges 
performed in a four month period.  

 
3. Density control 

The most remarkable change upon lithiation of 
TJ-II was a conspicuous improvement of particle 
control by external puffing compared to the former, 
B-coated scenario. Not only the required puffing levels 
were significantly higher, by a factor of 2-3, to obtain 
the same density (feed-forward operation mode), but 
also no sign of wall saturation was observed after a full 
day of ECRH operation. Particle balance measurements 
under the Li coated walls yields a total retention 
~4.1021 H/m2 after one day of operation (~45, 200 ms 
discharges), a factor 5 higher than the B wall saturation 
limit at room temperature, which takes place at total 
retained inventory of ~ 8.1020 H/m2 (RT values). Of 

particular relevance on machine performance is the 
recovery of pumping walls characteristics after shots 
with densities above cut-off. Typically, one or two 
purges (dry discharges) were required in B scenarios. 
However, no such a need was found upon lithiation, the 
wall memory effect being basically washed out. All 
these observations concerning wall inventory under Li 
walls point to strong diffusion of the implanted H into 
the wall coating, which may be different from the 
initially deposited one after plasma operation.  

 The dynamic behaviour of plasma particles for H 

and He plasmas was investigated by perturbative 

experiments. A value of the effective confinement time, 

tp/(1-R), of ~8 ms were deduced for H plasmas in 

freshly deposited Li. Assuming no major changes in 

particle confinement respect to the boron and metal 

cases [10], a value of R<0.20 is obtained. This value 

was slowly evolving after some hundreds of shots up to 

values of R~0.5. Perturbative experiments in He fuelled 

discharges yields an R value of ~0.93. This, less than 

one, recycling coefficient value is in line with previous 

observations of He pumping in low temperature Li 

walls [6] and opens the possibility to selective removal 

of reactor fuel particles and resulting ashes. Of special 

challenge in TJ-II, density control in NBI plasmas was 

dramatically improved by the lithium coating. Both, 

plasma reproducibility and density control were 

significantly better than in previous campaigns [10]. As 

an example of density control in NBI heated plasmas, a 

high challenging issue under previous wall conditions, 

figure 1 shows the plasma density and fuelling 

waveform of three consecutive discharges. As seen, an 

almost flat density plateau is achieved by external 

puffing control. It is also worth noting that particle 

fluxes to the wall during the NBI phase, as monitored 

by the different Ha monitors located all over the 

machine, remain basically at the ECRH plasma level 

thus indicating a strong enhancement (up to a factor of 

4) of global particle confinement. For high particle 

confinement and NBI pulse length of ~100 ms, the 

density rise should be ultimately limited by the beam 

fuelling rate which, for a 31keV, 0.5 MW power can be 

evaluated in ~1020 e-/s. 
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     discharges under different fuelling waveforms. 

This value was indeed experimentally observed. 

Furthermore, no sign of collapse was seen up to central 

density values of 8.1019 m-3, depending on the shape of 

the resulting plasma profile (see below). 

4. Impurity behaviour and plasma profiles 
 Significant effects concerning impurity 

concentration have been observed upon Li wall 

conditioning: the electron density-normalized signals 

from carbon emission, radiated power, neutral lithium 

and other impurity-related signals were seen to 

systematically decrease during the operation. A 

concomitant evolution of particle recycling towards 

lower levels was eventually observed. A spectroscopic 

estimate of the erosion yield of Li by the plasma was 

made from the calibrated intensities of the Ha and LiI 

(671 nm) lines. A yield of (0.5-1). 10-3 Li/H was 

deduced at several locations of the vessel. These figure 

is at least a factor 30 lower than expected from TRIM 

code [11] for the calculation of the corresponding 

sputtering yield at the measured edge temperature of 

50-60 eV and the reason of this mismatch is still under 

investigation. Plasma spectroscopy and soft X ray 

measurements, together with the IONEQ impurity 

transport code [12] indicate that carbon still represents 

the main contaminant in Li-wall scenarios. Radial 

profiles of radiation losses were determined from 

absolutely calibrated bolometer arrays located at 

several toroidal and poloidal locations. Two different 

profiles developed depending on fuelling strategy and 

local plasma parameters. Examples of these profiles are 

shown in figure 2. For the broad, dome-type profile (on 

the left), central radiation levels are almost half than 

those observed in the peaked, bell-type counterpart (on 

the right). From the analysis of SXR emission profile, 

it is concluded that central values of Zeff differ, 

indicating an impurity accumulation in the bell-type 

scenario with central Zeff values up to 2.8. The radial 

shapes of plasma emissivity of figure 5 are mirrored by 

the Thomson Scattering data of plasma density, with 

central values up to 8.1019 m-3 in the bell-type profile 

and almost constant electron temperatures of 200-300 

eV across the plasma minor radius. 

 

 

Fig.2. Radial profiles of plasma emissivity (bolometer) for         
two different type of profiles obtained under Li-wall 
operation: left: dome type, right: bell type. Note the 
different central and peripheral radiation levels. 

 
In spite of their lower, total radiated power, 

development of the dome-type profile was 

systematically associated to a prompt plasma collapse. 

One of the possible causes of this fact can be found in 

the local power balance established at the plasma edge 

under central heating conditions. Indeed, the data 

shown in fig.3 indicate a significantly lower radiated 

power at the edge for the peaked, non-collapsing 

profiles. This balance has been called into play in 

defining the density limit in stellarators through the 

so-called “low-radiative collapse”[4]. Interestingly, 

transition from the bell to the dome type profile can be 

readily achieved by gas puffing during the NBI phase 

of the discharge.  

5. Energy Confinement and L- H mode transition 

Figure 3 shows the evolution of plasma energy 

content as a function of the average electron density for 

B and Li wall scenarios. The energy content is 
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Fig.3. Plasma energy content versus line density for B       

(black pluses) and Li (red squares) coated-wall 

discharges in plasmas heated with only one NBI. 

For the density span shown in the figure, a clear 

improvement of energy confinement from the B to the 

Li wall scenario takes place. Confinement times were 

evaluated at the maximum of diamagnetic energy 

content, Total injected power by the NBI system was 

measured by calorimetry and corrected by 

shine-through an ion losses effects. Total radiation was 

also taken into account for the available power coupled 

to the plasma.  A strong dependence of tE with <ne> 

was deduced at least from the Li-wall scenarios, with tE 

up to 20 ms [13]. This enhancement of energy 

confinement with density is beyond that expected from 

usual scaling laws for stellarators [14]. Some evidence 

on the presence of transport bifurcations leading to 

enhanced confinement modes was provided through 

the conspicuous ELMy behaviour in the Hα signals 

observed under NBI operation. A periodic oscillation 

in the edge parameters, with sharp bursts of less than 

300µs duration and a repetition rate of a few kHz, 

between two defined levels takes place at given line 

average density values and magnetic configuration. 

This plasma edge activity is correlated with important 

changes in the broadband density and electrostatic 

fluctuation levels at the edge, as detected by the 

reflectometer (in the density gradient region) and 

Langmuir probes (region around the LCFS), and it 

shows the characteristics of the L-H transition reported 

elsewhere [8,15]  

6.Conclusions 

In the last year, the TJ-II has been operated under 

lithium-coated wall conditions, the first time that this 

technique has ever been applied to a stellarator. Very 

encouraging results in terms of density control, plasma 

reproducibility and confinement characteristics have 

been obtained, dramatically enlarging the operational 

window of the machine even when only partial wall 

coverage with Li was achieved. NBI heated plasmas 

under stationary conditions have been produced up to 

record central densities of 8.1019 m-3, with no sign of 

local thermal collapse under the limited NBI power 

available during the campaign. Two different types of 

plasma profiles were recorded, with different behaviour 

respect to impurity accumulation. Strong ELM-type 

activity has been detected, in close correlation to 

fluctuation suppression at the edge and enhanced 

confinement. 
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Present Progress of Plasma Transport Study on HL-2A
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The recent experiments of HL-2A tokamak have been focused on studying the physics of turbulence and
transport. A spontaneous particle transport barrier has been observed in Ohmic discharges without any external
momentum input. The barrier was evidenced by density perturbation study using modulated supersonic molecular
beam injection (SMBI) and microwave reflectometry. The new features of the non-local transport effect induced
with SMBI have been analyzed. The suppression of m/n = 2/1 tearing modes may be sustained by ECRH
modulation at a frequency about 10 Hz. Continuous confinement improvement was observed after the mode
suppression.
Keywords: Transport, Transient, Perturbation, Turbulence, ECRH, Modulation

1 Introduction

The understanding of transport physics and plasma con-
finement is an important subject for the design of future
fusion reactors, especially the physics for particle trans-
port [1–4], electron heat transport [5–8] and the internal
transport barrier formation [9–11]. The recent experiments
of HL-2A tokamak (R=1.65 m, a=0.4 m) have been fo-
cused on studying the physics of turbulence, transport,
MHD instabilities and energetic electron dynamics. This
paper presents some new experimental results for trans-
port on HL-2A, including the spontaneous particle trans-
port barrier, the non-local phenomena triggered by SMBI
and the confinement features during modulated ECRH.

2 Present Status of the HL-2A Toka-
mak

The main operation parameters of the device are as fol-
lows: the toroidal magnetic field is 1.2-2.7 T, the plasma
current is 150-450 kA and the plasma density is (1 - 6) ×
1019 m−3. ECRH system with four 68 GHz / 500 kW / 1
s gyrotrons has been built up in HL-2A. The ECRH power
with both fundamental O-mode and second harmonic X-
mode up to 2 MW is injected from the low field side of the
device. The deposit position of ECRH is determined by
the toroidal magnetic field. When toroidal magnetic field
varies from 2.43T to 2.2T for O-mode, the resonance point
can be replaced from the plasma core to the point at r=16
cm. The wave energy deposits in a range of 3cm. The ef-
ficiency of the transmission system is more than 80 %, so
at least 1.6 MW power can be injected into plasmas. The
electron and ion temperatures are 5 keV and 1.5 keV dur-
ing 2MW ECRH respectively.

The supersonic molecular beam injection (SMBI) sys-

author’s e-mail: dingxt@swip.ac.cn

tem has been improved with the modulation frequency
reaching 50 Hz. Particles of the gas are accelerated by
imposed pressure through the nozzle to get into the vac-
uum chamber of the tokamak. It is an attempt to enhance
the penetration depth and fuelling effect. The penetration
depth is very important to trigger the non-local transport
phenomena. Hα intensity profile measured by Hα detector
array and the density profiles measured by microwave re-
flectometry indicate that the penetration depth of the SMBI
is more than ρ= 0.7. The SMBI injection has deeper pene-
tration and better locality than conventional gas puffingthe
system is not only an advanced technology for fuelling,
but also a powerful tool (combined with microwave reflec-
tometer or ECE ) for particle as well as electron thermal
transport studies.

The device is equipped with extensive and advanced
diagnostics for transport study, including ECE and mi-
crowave reflectometry with high spatial and temporal reso-
lution. There are also the Thomson scattering for electron
temperature measurement, the 8 channel HCN laser inter-
ferometer for density profile, the five soft x-ray arrays for
MHD study and the Doppler reflectometry for plasma ro-
tation and core turbulence measurements.

3 Experimental results

3.1 Spontaneous internal particle transport bar-
rier

On HL-2A tokamak, spontaneous particle transport barri-
ers were observed in purely Ohmic heating plasmas with-
out any external momentum input. The internal particle
transport barriers (pITBs) were found to be formed when
the line averaged electron density increases to a critical
value in HL-2A experiments. Figure 1 shows the temporal
evolution of the density profile measured by a broadband
O-mode reflectometer for a representative discharge with
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Fig. 1 Temporal evolution of the densityprofile at selected mo-
ments: before theappearance of the barrier (250 ms); at
thebeginning of the appearance of the barrier(420 ms);
strong barrier (480 ms); just after a particle pulse injec-
tion by SMBI(520 ms).

a transition to pITB formation. The pITB developed grad-
ually around r = 29 cm. The critical line-averaged elec-
tron density corresponding to this transition is nc = 2.2 ×
1019m−3. The width of the barrier is 1-2 cm. There is a
drastic change in the density gradient through the barrier:
Ln ∼10cm at the barrier, Ln ∼ 50cm for r=20-28 cm and Ln

∼25cm for r=30-36 cm.
To study the transport features of the pITB, the den-

sity modulation generated by SMBI has been employed.
The modulation frequency and the pulse duration of the
SMBI are 9.6 Hz and about 6 ms, respectively, while the
gas pressure is 1.3 MPa in the experiments. The simu-
lation with an analytical model for particle transport was
carried out to characterize this barrier quantitatively. The
phase and the amplitude of the 1st harmonic of the mod-
ulated density are displayed in Figs. 2 (a) and (b), where
the solid lines and closed circles are the simulation and ex-
perimental results, respectively. The model diffusivity D
and convective velocity V employed in the simulation are
presented in Fig. 2(c): D1 = 0.1 m2/s, V1 = 1.0 m/s in the
domain I (r < x1); D2 = 0.045 m2/s, V2 = -2.7 m/s in the
domain II (x1 < r < x2), and D3 = 0.5 m2/s, V3 = 6.0 m/s in
the domain III (r > x2). The model apparently represents
the experiment quite well. In comparison, a SMBI modu-
lation experiment has also been performed for a discharge
with a density ( ne = 1.9× 1019 m−3 ) lower than the criti-
cal density nc. In this case, no barriers have been observed
and the diffusivity obtained with the same method is D =
0.25 m2/s for r = (28 - 31) cm. In addition, a negative con-
vective velocity has been found as V = -2.2 m/s for r =
(28 - 31) cm and V = -4.2 m/s for r = (31 - 33) cm. From
the density modulation experiments, it may be concluded

Fig. 2 Profiles of the phase (a) and amplitude (b) of the 1st
Fourier harmonic of the modulated density.(c) Profiles of
the diffusivity D and convective velocity V for the simu-
lation.

that the convective velocity is negative when the density
is lower than the threshold and positive when the density
exceeds the threshold, except inside the barrier where the
particle convective velocity remains negative. The diffu-
sivity D is rather well-like instead of step-like.

The sign change of the convective velocity can be ex-
plained with the TEM/ITG turbulence regimes [10, 11].
The density threshold may correlate with the TEM/ITG
transition via the collisionality. However, the mechanism
leading to the pITB formation remains unclear at present.
On the other hand, the formation of the barrier may co-
incide with the TEM/ITG transition. Thus, it is not ex-
cluded that the transport barrier is created initially by the
discontinuity or jump in the convective velocity during the
TEM/ITG transition, or more precisely, by two convec-
tive velocities in opposite direction (inward/outward) at the
barrier. This speculation needs, of course, further experi-
ments to be confirmed.
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Fig. 3 Temporal evolution of Te measured bythe ECE at differ-
ent radii.

Fig. 4 Amplitudes and phases of the first three harmonics after
FFT of the Te measured by ECE(shot 8337, Bt = 1.4 T,
ne = 0.7 - 1.0 ×1019 m−3, Ip= 180kA ).

3.2 Non-local transport with SMBI

Since the first observation of the non-local electron thermal
transport on TEXT-U in 1995 [12], a variety of edge cool-
ing techniques [13–15] have been widely used in studying
the effect, including impurity injection by laser ablation,
ice pellet injection, carbon-based molecule injection, etc.
The effect has been observed after supersonic molecular
beam being injected the HL-2A tokamak. Shown in Fig.3
is the time evolution of electron temperature Te, measured
with ECE at different radii during modulated SMBI of 4
ms duration. The electron temperature sharp dropping in
the edge and fast rising in the core after each SMB pulse
are clearly shown. In addition, the duration of the core
electron temperature rise may be prolonged by adjusting
the time separation between two successive SMB pulses,
which are 20 ms, 20 ms and 15 ms, respectively, for the
three successive series here. Besides, both the thermal ra-
diation and the Hα emission decrease when the non-local
effect appears.

The transport properties of the non-local phenomena
were analyzed with Fourier transformation of the modu-
lated Te measured with ECE. The results for the modula-
tion of SMBI at f = 10 Hz are given in Fig. 4. A strong de-
crease in amplitude and a clear phase jump for all harmon-
ics occur at r ∼ -18 cm, where the reverse of the electron
temperature change takes place. The two peaks in each am-
plitude profile and the two corresponding troughs in each
phase profile are apparent for all harmonics. These may
indicate that two perturbation sources exist in the regions
outside and inside the inversion radius, respectively. The
position of the outer initial heat pulse was found to be at r
= - 25 cm, depending on the deposition location of SMBI.
The behaviour of the perturbation shows usual propaga-
tion features of SMBI cold pulse in this region. The value
of χe,HP deduced from the Fourier analysis, showing agree-
ment with the result from sawtooth pulse propagation, is in
the range of (2 - 3) m2/s. In the inner region, the initial
perturbation was found to be in the core. The profiles of
the amplitude and the phase of the first three harmonics
are independent of the SMBI modulation frequency. The
steeper profiles around the interface mean a reduction of
heat transport and indicate formation of an internal trans-
port barrier in this region. With the good flexibility and
easy controllability of the SMBI parameters (gas pressure,
modulation frequency, duty cycle, etc.), modulated SMBI
has been proven to be an effective tool for studies of the
non-local effect. Further investigation on the mechanism
of the effect is undertaken on HL-2A.

3.3 Improved Confinement during Off- Axis
ECRH

The investigation on the suppression of m = 2/ n = 1 tear-
ing mode by off-axis ECRH has been performed. With
the instability suppression, obvious increase of the plasma
density and stored energy has been observed. A transient
improved confinement was obtained after ECRH switch-
off in the experiments with the ECRH power in the range
of 0.6 < PECRH/Pohm < 1. The interesting feature of the
confinement after ECRH switch-off motivated us to apply
successive ECRH pulses for sustaining MHD-free phase
and obtaining a continuous confinement improvement.

The ECRH power must be deposited just around the
flux surface where the m/n =2/1 magnetic islands were lo-
cated in order to achieve perfect mode stabilization. The
frequency and depth of the modulation were about 10 Hz
and 100%, respectively, with a duty cycle of 50%. In
this operation mode the maximum power that the gyrotron
could deliver was limited to 250 kW. The results from two
identical discharges with the ECRH power deposited at
(#8207) and 3 cm inside (#8236) the q = 2 surface, respec-
tively, are shown and compared in Figure 5. The behaviors
of the line averaged density, the central electron temper-
ature (soft x-ray), and the stored energy are the same in
the two shots. The amplitude of the m/n=2/1 magnetic
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Fig. 5 Time traces of the density, the SXR intensity,the stored
energy, the time derivative of thepoloidal magnetic field
and the power of ECRH deposited at (the blue traces) and
inside (the red traces) the q=2 surface.

fluctuations begins to decrease after the injection of mod-
ulated ECRH at 425ms in discharge #8207. Concurrently
with the suppression of the tearing mode the plasma den-
sity, the stored energy, and the energy confinement time
increase 80%, 50%, and 40%, respectively, indicating
a significant confinement improvement. Thus, the experi-
mental results clearly show that indeed a better suppression
may be achieved with such a lower frequency modulated
ECRH in the vicinity of the q = 2 surface. The suppres-
sion event is characterized by a feature of the continuous
improvement of confinement, i.e. the steady increases of
the plasma density, temperature, stored energy and energy
confinement time throughout the modulated ECRH period.

4 Conclusions

A natural particle transport barrier has been evidenced
firstly in the ohmic plasmas in HL-2A without any aux-
iliary heating and external momentum input. The barrier
is located around r/a =0.6-0.7 with a width of 1-2 cm. A
threshold in central line averaged density has been found
for the observation of the particle transport barrier with

nc=2.2 × 1019 m−3. By analysing the propagation of a
particle wave, it is found that the diffusivity D is rather
well-like than step-like with important reduction inside the
barrier. The convection is found to be inward outside of
the barrier, and outward inside the barrier.

The non-local phenomena triggered by SMBI have
been observed on HL-2A firstly. The core electron tem-
perature Te rise increases from 18% to more than 40% and
the duration of the Te rise could be prolonged by changing
the conditions of SMBs injection. Repetitive non-local ef-
fect induced by modulated SMBs allows Fourier transfor-
mation of the temperature perturbation, yielding detailed
investigation of the pulse propagation. The suppression of
m=2/n=1 tearing mode has been realized with heating lo-
cated around q=2 surface. The continuous improvement
of confinement increase steadily throughout the modulated
off-axis ECRH.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (Grant No.10335060 ) and supported
partially by the JSPS-CAS Core University Program in the
field of ’Plasma and Nuclear Fusion’.

[1] F. Wagner, G. Faussmann, D. Grave et al., Phys. Rev. Lett.
53, 1453 (1984).

[2] M.J. Greenwald, D.A. Gwinn, S. Milora et al., Phys.
Rev.Lett. 53, 352 (1984).

[3] C.L. Fiore, J.E. Rice, P.T. Bonoli et al., Phys. Plasmas 8,
2023 (2001).

[4] E.J. Doyle, G.M. Staebler, L. Zeng et al., Plasma Phys. Con-
trolled Fusion 42, A237 (2000).

[5] Ryter F, Leuterer F, Pereverzev G, Fahrbach H U, Stober J,
Suttrop W and ASDEX Upgrade Team, Phys.Rev.Let. 86,
2325 (2001).

[6] Ryter F. et al., Plasma Phys.Contr.Fus. 48 ,B453 (2006).
[7] Garbet B. et al., Plasma Phys.Contr.Fus. 46, B557 (2004).
[8] Jacchia A, De Luca F, Cirant S, Sozzi C, Bracco G, Bruschi

A, Buratti P, Podda S, Tudisco O, Nucl. Fusion 42 1116
(2002).

[9] ”Electron heated ITB in JET” G.M.D.Hogowij, et.al.,
Plasma Physics & Control. Fusion 44, 1155 (2002).

[10] Garbet X. Garzoti L. Mantica P. et al., ., Phys. Rev. Lett. 91,
035001 (2003).

[11] Bourdelle C. Garbet X. Imbaux F. et al., ., Phys. Plasmas
14, 112501 (2007).

[12] Callen J. D., Phys. Fluids B4, 2142 (1992).
[13] Gentle K. W. et al., Phys. Rev. Lett. 74, 3620 (1995).
[14] Hogeweij G. M. D. et al., Plasma Phys .Contr. Fusion 42,

1137 (2000).
[15] Zou X.L. et al., ., Plasma Phys. Control. Fusion 42, 1067

(2000).

O-02

142



Proceedings of ITC18, 2008

Recent results of ECRH/ECCD experiments on TCV

F. Felici, E. Asp1), S. Cirant2) S. Coda, E. Fable, T. Goodman, J. Graves, M. Henderson3), J. Paley,
F. Piras, O. Sauter, G. Turri, V. Udintsev, C. Zucca and the TCV team

Centre de Recherches en Physique des Plasmas, Association EURATOM-Suisse,
École Polytechnique Fédérale de Lausanne, EPFL, 1015 Lausanne, Switzerland

1)EFDA-JET CSU, Culham, United Kingdom
2)Istituto di Fisica del Plasma, EURATOM-ENEA-CNR Association, Milano, Italy

3)ITER Organization, Cadarache, F-13108, St Paul-lez-Durance, France

December 11, 2008

Keywords: ECRH, ECCD, MHD, plasma control, steady-state scenarios, transport barriers

1. Introduction

The Tokamak à configuration variable (TCV) [1] (BT <

1.5T, R/a = 0.88m/0.25m, Ip ≤ 1MA) is located at the
Swiss Federal Institute of Technology (EPFL) in Lau-
sanne. It has been conceived primarily as a platform for
investigating the effects of different plasma shapes, which
can be obtained thanks to a set of 16 independently pow-
ered poloidal field coils and an elongated vacuum vessel.
This has allowed the study of greatly varying elongation
0.9 < κ < 2.8 and triangularity−0.6 < δ < 0.9.

The auxiliary heating system of TCV is comprised of
a 4.5MW EC system [2]. TCV is equipped with 6 gy-
rotrons providing low-field side launched second harmonic
X mode (X2) each 500kW, 82.6GHz and another 3 gy-
rotrons (500kW, 118GHz each) for top-launched third har-
monic X mode heating (X3). The power from each of the
X2 gyrotrons is transmitted through windowless transmis-
sion lines to a set of six independently steerable launchers.
Each launcher has a series of focusing mirrors, of which
the final one can move in real-time, adjusting the deposi-
tion location in the plasma during a shot. Additionally, the
entire launcher assembly can be rotated around the longi-
tudinal axis between shots to change the toroidal injection
angle and allow a combination of ECH and co/counter-
ECCD to be simultaneously injected in the plasma, both
on- and off-axis. By injecting co-ECCD, the plasma cur-
rent can be sustained non-inductively, using the ohmic
transformer only for breakdown and plasma current ramp-
up.

The flexibility provided by the X2 EC system is ex-
ploited in experiments on subjects such as transport bar-
rier formation [3], [4], [5], current density profile mod-
ulation [6], fast electron physics [7], electron transport
studies[8], and fully non-inductive, steady-state scenario
development [9], [10], [11]. These experiments have con-
tributed to progress in the understanding of physics aspects
of EC heated plasmas. A recent, ongoing development is

author’s e-mail: federico.felici@epfl.ch

the integration of the ECRH/ECCD system into a digital
real-time control system for TCV [12]. This has opened
up the possibility for advanced real-time feedback control
experiments and will offer increasing opportunities in the
future. As ITER will rely on steerable EC launchers for
suppression of MHD activity, this is an important line of
research.

This paper will focus on several recent results of
ECRH/ECCD experiments on TCV. A more complete
overview of recent TCV results not specifically related to
ECRH/ECCD is provided in [13]. In Section 2, results
from real-time control experiments are presented which
demonstrate feedback control of the sawtooth period and
of the x-ray emission profile peak. Then, an overview is
given of results from TCV plasmas featuring electron In-
ternal Transport Barriers (eITBs) (Section 3). Particularat-
tention will be devoted to plasmas with global oscillations.
Finally, Section 4 will discuss how tearing modes have
been created during off-axis current density profile mod-
ulation experiments, suggesting that TCV provides oppor-
tunity for studies of classical tearing mode stability and
current density profile control .

2. Real-time plasma control using
ECRH/ECCD

As mentioned, the angle of the final mirrors of the X2
launchers can be either driven by a feedforward reference
or controlled in real-time feedback by the control system.
Also the gyrotron power can be controlled in real-time.
Previously, the gyrotron power has been controlled in
experiments demonstrating the feedback control of ECCD
current and global plasma elongation [14]. Recently,
an upgraded system has been installed which allows
fast (∼ 10kHz) real-time analysis of diagnostic signals
and subsequent control actions on local parameters such
as magnetic shear[12]. The system is based on dTacq
acquisition cards sharing a PCI bus with an embed-
ded computer. Algorithms are designed and tested in
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SimulinkR© from which C code is automatically generated
and compiled on the target computer. This computer
executes analysis/control algorithms and sends command
signals to the DACs which control the EC system. The
first applications, using the system to control the launcher
injection angles, are discussed below.

2.1 Feedback control of the sawtooth period

The sawtooth instability manifests itself in Tokamaks as a
periodic sudden decrease in the plasma pressure and tem-
perature inside theq=1 surface. It is clearly visible in time
traces of central soft X-ray chords and ECE channels as a
sawtooth shaped trace. Besides causing a loss of confine-
ment, sawteeth are also known to be possible triggers for
Neoclassical Tearing Modes (NTMs) [4] and other MHD
activity which may cause disruptions. On the other hand, it
is likely that sawteeth will be required in burning plasmas
as a mechanism for removing helium from the core [15].
For this reason, it is useful to be able to tailor the sawtooth
period, either to stabilize the sawtooth – perhaps to such
an extent that the sawtooth period becomes longer than the
plasma lifetime– or to destabilize sawteeth, creating more
frequent but less perturbing crashes.

It is well known [16] that one of the conditions for the
occurence of a sawtooth crash is that the magnetic shear at
theq= 1 surface exceeds a critical limits1 > scrit . As the
core temperature builds up, the current carried in the core
increases until the shear exceeds this limit, and the crash
is triggered. The shear at theq = 1 surface can be influ-
enced by localized current injection, either directly by EC
current drive or indirectly by local resistivity reductionus-
ing EC heating. In past TCV experiments, sweeps of the
EC beams across theq=1 surface were used to investigate
the variation of the sawtooth period, demonstrating that a
maximum of the period is found as the beam is close to
theq= 1 rational surface [17]. It should be noted that an-
other important factor determining the sawtooth period is
the presence of fast particles, particularly in ICRH heated
or burning plasmas [18] but also in NBI heated discharges
[19]. However, since TCV does not have a neutral beam
injector nor a dedicated ion heating system, fast particles
play no role in TCV sawtooth stabilization

In a recent set of experiments, [20] this fact was ex-
ploited to control the sawtooth period in feedback. The
sawtooth period is determined by analyzing a set of cen-
tral soft x-ray channels. The period is compared to a re-
quested reference period to generate an error signal which
is fed to a controller. This controller moves the mirror of
one launcher, which injects 500kW of EC power into the
plasma with a combined heating and co-current drive ef-
fect. From feedforward sweeps of the mirror position, the
response of the sawtooth period to the mirror angle was
determined. This dependence, shown in Figure 1, is non-
linear with a clear peak as the deposition location moves
from outside to inside theq= 1 surface. Also, an hystere-

sis effect can be observed due to the global current den-
sity andq-profile modifications as the EC absorption lo-
cation moves radially. Attention is focused on controlling
the sawtooth period while moving the deposition location
on the outside of theq = 1 surface, thus staying on one
side of the peak. However, in this region the response is
the most nonlinear as can be observed from the increasing
slope of the response. This results in an increased gain of
the system to be controlled. As is well known from linear
control theory [21], using a simple linear controller such as
a PID controller may lead to instability if the system gain
increases. Reducing the controller gain will however lead
to a slow response of the closed-loop system.

In order to be able to obtain different sawtooth peri-
ods with the same controller, a nonlinear gain-scheduling
controller was designed which moves the mirror at two
different speeds depending on the requested sawtooth pe-
riod. Figure 2 shows the performance and effectiveness of
this controller. In the initial phase of the discharge, ECH
is turned on with the controller off. The heating location
was chosen such that the sawtooth period would increase
and exceed the requested period. Then, the controller is
switched on and moves the mirror away from theq = 1
surface to obtain a smaller sawtooth period as requested.
After some time, the target period is increased. The mirror
then rapidly moves closer to theq= 1 surface to increase
the period. Initially, no change in period is observed due to
the mentioned hysteresis effect, however after a while the
requested period is obtained and maintained. This provides
a demonstration of the possibility to control the sawtooth
period in real-time feedback using EC deposition.

2.2 Feedback control of emission profiles

Another application of the real-time feedback of the EC
injection angle is the control of profiles in TCV. As the
deposition can be steered on- and off-axis simply by point-
ing the mirror angle towards or away from the plasma cen-
ter, broader or more peaked profiles can be realised. As
TCV lacks a real-time current density profile measurement
and the ECE profile is not always straightforward to inter-
pret due to insufficient optical thickness of the plasma, the
most readily available diagnostic is the DMPX soft X-ray
diagnostic situated at the bottom of the vacuum chamber.
It provides good spatial and temporal resolution with 64
lines-of-sight at< 200kHz [22]. All the DMPX channels
are read by the real-time algorithm which filters the signals
and performs a spline fit to obtain a profile. From the re-
sult of the spline fitting, one can derive other quantities –
such as the total emission, the peak emission or the rela-
tive profile width – any of which can be chosen as control
variables.

In a first experiment, the value of the peak emission
(defined as the maximum value of the spline fitted profile)
was controlled using a single gyrotron and launcher, set
to 0◦ toroidal angle so providing mainly heating. The de-

O-03

144



Proceedings of ITC18, 2008

12 14 16 18 20 22 24 26 28
0

2

4

6

8

10

12

14

Launcher angle (deg)

S
aw

to
o
th

 p
er

io
d
 (

m
s)

plasma edge

1
2

plasma core

q=1 q=1

Fig. 1 TCV pulse #35807, Response of the sawtooth period to
mirror angle sweep. As the mirror moves across theq=1
surface the period peaks and then decays again. The gra-
dient of the curve varies greatly as one approaches the
peak. Note that theq=1 surface moves during the sweep
due to global changes to the current density profile, caus-
ing a hysteresis effect.

tected profile peak is subtracted from a reference value and
the result is fed into a PI controller. The controller then
steers the launcher mirror such that the deposition is closer
to the center (to increase the emission peak), or moved off-
axis (to decrease it). The controller gains were chosen
based on a rough model estimated from a previous pulse
where a scan of the mirror angle was done using feed-
forward control of the mirror position and were tuned only
slightly between experiments. Unlike early tokamak ex-
periments in which the ECpowerwas controlled to change
the central temperature, the controller here steers the injec-
tion angle to achieve the same objective.

Figure 3 demonstrates that the controller successfully
obtains two different reference values during the shot. At
0.25s, the gyrotron is switched on while the launcher angle
is set at a fixed angle. At 0.4s, the feedback controller
is activated and attempts to reduce the peak by moving
the deposition location more off-axis. When the reference
value is reached, the movement stops. The reference is
then increased and the controller responds by moving the
launcher back, to provide more central heating. After the
control is switched off the peak does not change much
since the angle coincidentally stays at a preprogrammed
position not far from where it ended up during the feed-
back control phase.

With these results as a starting point, this methodol-
ogy will be extended in the next TCV campaign to allow
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Fig. 2 TCV pulse #35833, demonstrating control of the saw-
tooth period using a nonlinear, gain-scheduling con-
troller. As soon as the controller switches on the mirror
moves to decrease the sawtooth period as is requested.
A short time later, the requested period is changed to a
higher value. The mirror moves as to move the deposition
towards the plasma core in order to increase the sawtooth
period. Initially, the period does not change due to the
hysteresis effect illustrated in Figure 1.

control of several parameters of the emission profiles by
varying in real-time the deposition location and power of
several gyrotrons.

3. Scenarios with eITBs

Internal electron transport barriers (eITBs) manifest them-
selves as a marked increase of the core electron tempera-
ture and density, resulting in confinement properties supe-
rior to L or H modes. Confinement enhancements of 3-6
above the standard L-mode confinement scaling of TCV
have been obtained. eITBs are routinely created in TCV
discharges in a variety of conditions, including a) fully
non-inductive scenarios and b) stationary discharges with
a large EC current drive and bootstrap current component,
combined with ohmic current [23] [3] [11] [4]. Typically,
these plasmas have low density (∼ 1019m−3) and current
(∼ 100kA). In previous TCV campaigns, it was demon-
strated for the first time unambiguously that the essential
requirement for obtaining eITBs is the presence of a neg-
ative shear region in the plasma center, and that increas-
ingly negative shear leads to increasing core electron con-
finement [24]. This was demonstrated by inducing current
density profile perturbations with neglibible input power
using the ohmic transformer during fully non-inductive
scenarios featuring eITBs and it has been confirmed by
detailed modeling in [25]. Additionally, precise tailoring
of the current and pressure profiles has allowed plasmas
to be sustained having 100% bootstrap current in steady
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Fig. 3 Control of X-ray emission profile peak. A step reference
is given to the controller, which adjusts the mirror angle
to obtain more on- or off-axis deposition. The measured
mirror angle lags slightly behind the controller reference
due to the launcher mechanics and protection filters. The
peak traces shown are the result of low-pass filtering and
spline fitting of several DMPX channels.

state, lasting over several current redistribution times [26].
Plasmas featuring ITBs are promising candidates for long-
pulse steady-state operation in advanced tokamak scenar-
ios as they have a high bootstrap current fraction and good
confinement properties. However, these scenarios are of-
ten affected by MHD activity, due to the proximity to the
infernal stability limit. The interplay between this MHD
activity and the eITB can lead to global oscillations of sev-
eral plasma quantities [5], [27]. In order for ITB scenarios
to be applicable to reactor-grade plasmas, such oscillations
need to be investigated and methods for their suppression
need to be assessed. TCV experiments have focused on
these modes and have demonstrated how they can can be
suppressed by perturbations of the current density profile.

3.1 Global plasma oscillations

Global oscillations are present in TCV discharges featur-
ing eITBs with strong ECRH/ECCD [5], [27]. These os-
cillations are caused primarily by the presence of a strong
pressure gradient in a region of low magnetic shear. In this
case, it can be shown that the eITB plasmas are close to the
ideal MHD limit, and so-calledinfernalmodes [28] can be
triggered. These modes then lead to a confinement degra-
dation and a weakening of the transport barrier. The sub-
sequent reduction of the bootstrap current – which forms
a significant part of the total current fraction – leads to a
global modification of the current density profile such that
the MHD modes are suppressed, the reverse shear region
is recovered and the transport barrier is formed again [5].
This cyclic behaviour manifests itself as an oscillation of
plasma current, temperature, density and/or radial position,

with a frequency of the order of∼10Hz. Depending on the
closeness to the ideal limit, the MHD modes may be of
resistive (tearing) nature or ideal (crash-like) nature. Sim-
ilar instabilities have been observed in other Tokamak ex-
periments, notably Tore-Supra, [29] and TRIAM-1M [30].
Recent TCV experiments demonstrated how these oscilla-
tions can be suppressed or triggered by modifications of
the current density profile.

3.2 Suppression of oscillations using current
perturbations

In the experiments described below, eITBs were obtained
by strong (typically 1.5MW) off-axis co-ECCD This cre-
ates the hollow current density profile required for the for-
mation of the barrier. On-axis heating is also applied to
increase the core temperature. Often this central heating is
combined with a small counter-current drive component in
order to make the current density profile more hollow and
the transition more pronounced. Based on this scenario,
several methods were tested to perturb the current den-
sity profile [27] [5]. The most straightforward perturbation
method is the addition of more co-ECCD in the core. In
one particular experiment 0.25MW of on-axis co-ECCD
was added, effectively making the current density profile
less hollow and resulting in a reduction of the barrier and
the suppression of the oscillatory regime.

In a second experiment, illustrated in Figure 4, the
oscillatory regime was again triggered in a fully non-
inductive discharge with 1.5MW of ECCD off-axis and
one centrally heating gyrotron with a counter-current drive
compoment. This time, however, the co-ECCD power is
gradually reduced from 1.5MW to 0.6MW between 1.5s
and 2s. In this case, the oscillatory regime is suppressed,
but this time it does not lead to a loss of the barrier. The
reason for the suppression of the global oscillations has
been found by studying the change inq profile due to the
change of driven off-axis current. Since TCV does not
have a direct measurement of the current density profile,
the profiles were modelled by ASTRA [31] transport sim-
ulations combined with the CQL3D code [32] to calculate
the ECCD current density profile. The result of these sim-
ulations is that theq profile minimum is close to 3 (within
simulation error bars) in the initial oscillatory phase, but
tends to increase as the off-axis ECCD decreases. The
main resistive MHD mode (identified asm/n = 3/1) is
therefore suppressed and the plasma oscillations disappear
[27].

The change in ECCD power which causes the sup-
pression of the oscillatory regime not only affects the cur-
rent density profile, but inevitably also changes the total
power deposition. For this reason, a different set of TCV
discharges were performed using the ohmic transformer to
induce co- or counter current in the plasma. As the plasma
conductivity is highest in the center, this perturbation is
peaked on axis and significantly affects the reverse shear
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responsible for the barrier. It is important to note that
ohmic current drive is an order of magnitude more effi-
cient than ECCD, therefore the additional ohmic power is
negligible. This experimental method, previously used to
prove the link between transport barriers and hollow cur-
rent density profiles, has also been applied to experiments
for suppression of the oscillatory regime [5]. Depending
on the sign of the ohmic current perturbation, the plasma
can evolve in two different ways. In the case where counter
current drive is induced, (making the current density pro-
file more hollow) the barrier strength is increased and the
plasma further approaches the ideal MHD limit. In this
case, a minor disruption often follows, degrading or de-
stroying the barrier and reducing the confinement. The
eITB then recovers with a differentq profile which can
be oscillation-free. In the opposite case, where co-current
drive is induced (making the current profile less hollow)
the barrier strength is reduced. This reduces theβN and
the proximity to the MHD limit. The MHD mode is seen
to disappear and the plasma maintains good confinement,
albeit with a weaker transport barrier. In Figure 5, an ex-
ample of the latter case is shown. Towards the end of this
fully non-inductive discharge, a positive current perturba-
tion (∼ 60mV) is added. The low frequency MHD mode,
which was initially responsible for the oscillatory plasma
behaviour disappears. The central SXR trace shows that
the oscillations stop while the barrier is maintained. This
is confirmed by comparing Thomson profile measurements
before and after the ITB phase [5]. Comparing the case
with ECCD (Fig. 4) and ohmic current (Fig. 5) perturba-
tions show that it is indeed the modification of the current
density profile which is the key and not the actuators used.

These experiments provide insight into the dynam-
ics of the global plasma oscallations in high-performance
eITB scenarios and how they can be avoided. The results
suggest that careful tailoring of the current density profile
will be necessary in advanced tokamak scenarios in order
to maintain a steady-state barrier.

4. Tearing mode triggering by current density
profile tailoring

As a final example of the application of ECCD for cur-
rent density profile modifications in TCV, we illustrate a
series of experiments devoted to the modulation of the cur-
rent density profile. In these so-called Swing-ECCD ex-
periments, two groups of up to three gyrotrons each are
set up such as to drive either co- or counter current at the
same radial location in the plasma. The power of these
two groups is then modulated, one group being on while
the other is off. By taking care to carefully align the depo-
sition locations from the different gyrotrons, it was possi-
ble to perform experiments modulating the current density
profile only, keeping the total injected power constant. The
objective of these experiments was to demonstrate the ef-
fect of the shear profile on elecron transport. The results of
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Fig. 4 Perturbation of the current density profile during an eITB
discharge by ramp-down of the co-ECCD power com-
bined with counter-ECCD on-axis. The disappearance of
the MHD mode is attributed to the dissappearane of the
q = 3 resonant surface. As can be seen from the SXR
measurements, a weaker, oscillation-free barrier remains
during the rampdown.

these experiments are detailed in [6] and will not be treated
here. During these experiments, however, MHD modes
were occasionally visible. These modes are identified as
magnetic islands from soft x-ray channel signatures. It is
well known that tearing modes can be destabilized classi-
cally when∆′ becomes positive [33]. The∆′ parameter
depends on the localq profile and its derivatives, which is
why local current density perturbations affects the classi-
cal tearing stability [34],[35]. Cylindrical tearing stability
simulations of the TCV experiments have confirmed that
this stabilization or destabilization effect can be achieved
with the ECCD injected and it depends on both the direc-
tion of the induced current and the location of the current
deposition with respect to the rationalq surface. It is inter-
esting to perform systematic experiments and comparison
with theoretical predictions on the stabilization/ destabi-
lization of tearing modes via localized current drive, not
necessarily inside the island as is usually done for tearing
mode stabilization and as is forseen in ITER. This should
shed further light on the triggering mechanisms determin-
ing the onset of tearing modes and methods to prevent and/

or suppress them. These issues will be a focus in coming
TCV experiments.

5. Summary and conclusions

This paper has provided an overview of recent experimen-
tal results in TCV plamas featuring ECRH/ECCD. Thanks
to the localized deposition provided by ECRH or ECCD,
many different effects arising from current density and
temperature profiles modifications have been studied. No-
tably, the recent upgrades to the TCV control system have
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Fig. 5 Perturbation of the current density profile during an eITB
discharge by co current induced by the ohmic trans-
former. The current density profile becomes less hollow,
leading to a reduced barrier strength, reduced proximity
to the MHD limit and disappearance of the MHD mode
responsible for the global plasma oscillations. The gy-
rotron power does not change throughout the shot.

opened the way to advanced real-time feedback control ex-
periments, demonstrating feedback control of the sawtooth
period using a nonlinear controller and preparing the way
for further feedback control of both current density and
pressure profiles. Much attention has been devoted to sce-
narios featuring internal electron transport barriers. The
fundamental role played by hollow current density profiles
in the sustainment of transport barriers has been demon-
strated. Furthermore, 100% bootstrap fractions have been
achieved in which the bootstrap current profile and the high
pressure gradient region are spontaneously well-aligned.
In addition, global plasma oscillations often present in
high-confinement discharges with eITBs have been stud-
ied, revealing that they are intrinsically linked to the ap-
pearance of modes due to the proximity to the ideal MHD
limit. It has been shown that these modes can be sup-
pressed in a variety of ways by changing the current den-
sity profile without necessarily losing the barrier itself.Fi-
nally, tearing modes appearing during shear modulation
experments indicate that TCV can be a valuable tool for
detailed studies of current drive effects on tearing mode
stability.
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A joint Japan-EU R&D activity is in progress to optimize the accelerator for the ITER NBI. The accelerator baseline 

design is based on a five grids system which can be adapted to operate with three grids for initial operations at low voltage 

(500 kV). Moreover, in order to speed up the test of the NBI system at the Test Facility, a negative ion source with 

extraction voltage up to 100kV will be operated in parallel to the full injector. In this contribution the three accelerators 

mentioned above are presented discussing the procedure to optimize the grid geometry in order to assure optimum optics 

during operation when the grids undergo deformations and thermal stresses due to the particles that hit their surface 

 

Keywords: ITER, heating and current drive, negative ion acceleration 

1. Introduction 

Two Neutral Beam Injectors (NBI) are foreseen in ITER 

in order to deliver a total of 33 MW of heating power. 

Each NBI is designed to operate at 1 MV and 40 A 

current in Deuterium and at 870 kV and 46 A in 

Hydrogen [1,2]. In recent years a joint revision of the 

NBI design for ITER performed by the Japan and EU 

Domestic Agencies in close contact with ITER has led to 

important changes which have improved the availability 

and reliability of the NBI system [3]. The insertion of an 

absolute gate valve between the NBI and the duct and the 

modification of the Beam Line Vessel with possibility of 

vertical access, have improved the availability of the 

system while shortening the time required for 

maintenance and repair in case of fault. The adoption of 

the air insulated High Voltage deck and the choice of the 

RF Ion Source have led to less demanding maintenance in 

particular for the source which does not require 

replacements of the filaments as it was for the arc driven 

source. Passive and active protection systems for the 

accelerator grids and power supplies are now 

implemented in the project therefore improving the 

reliability of the system. Finally the design of the Test 

Facility to be built in Padova and aimed to test and 

optimize the NBI and to assist the operations in ITER has 

been almost completed [4]. A robust R&D program is in 

progress at the 1 MV test facilities in Naka (JAEA) and 

Cadarache (CEA) to tackle and solve the remaining 

issues related to High Voltage holding and particle 

acceleration in the 1 MV range [5,6,7]. To assess a 

multi-aperture multi-grid (MAMuG) and a 

single-aperture single-gap (SINGAP) accelerator [ 8 ] 

concepts at the same test facility with the same 

diagnostics, a collaborative R&D was performed between 

JAEA and CEA Cadarache under an ITER task agreement. 

As a result of better voltage holding and less electron 

acceleration, the MAMuG was confirmed as the baseline 

design for ITER [5,7]. All these activities have led to a 

better understanding of the physics of the 1 MV 

accelerator and of the negative ion extraction which have 

allowed the accelerator design to be further advanced as 

discussed in the following. 

2. The accelerator design 

In the ITER NBI baseline design the accelerator is a 

MAMuG system based on five grids [9]. In order to 

provide auxiliary heating to the initial operation of ITER 

in Hydrogen at relatively low current, it has been 

proposed to operate one of the NBI as a three grid system 

at a reduced voltage of 500 kV. It has been verified that 
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the present grid support structure and power supply 

layout can easily be adapted to a three grids system. In 

this contribution three accelerators of interest for ITER, 

namely the five-grids 1 MV accelerator in the reference 

design, the three-grids 500 kV accelerator foreseen for 

initial operations and the single grid 100 kV accelerator 

to optimize the extraction in the Ion Source are presented. 

The criteria and the method applied to optimize the 

accelerator design are described. In particular the design 

of the accelerator grids has to provide optimum 

perveance, compatible with the finite size of the grids due 

to the cooling channels and the insertion of permanent 

magnets required to deflect the unwanted electrons 

co-extracted from the source or generated by stripping 

losses. The thermo-mechanical analysis of the grids has 

been performed by taking into account the power load 

due to co-extracted and secondary electrons. In order to 

minimize the grid bending and the thermal stresses the 

grids are actively cooled and the cooling channels have 

been carefully designed in order to be accommodated in a 

relatively narrow space. 

The optimization process is therefore based on a 

sequence of the following steps which are reiterated up to 

final convergence: 

a) The initial electric field distribution is computed. 

b) The magnetic field distribution as obtained from 

the combination of magnetic filter and 

permanent magnets inserted in the grids is added 

c) The particle trajectory is computed. 

d) The interaction with the background gas is 

simulated by evaluating the stripping losses and 

the generation of secondary particles due to 

interaction of primary particles with material 

surfaces. 

e) The new electric field distribution due to the 

charge distribution and the related trajectories 

are calculated up to convergence. 

f) The thermal load due to ions and electrons 

intercepting the grids is evaluated and the 

deformation, when the cooling is applied, 

evaluated. The design of the grids (cooling 

channels size and layout and position of 

permanent magnets) is modified in order to 

minimize the deformation. 

g) Steps from a) to f) are repeated until an optimum 

configuration is obtained for a single or a couple 

of beamlets. 

h) Interaction among beamlets is evaluated to 

compensate for the divergence of the beamlets 

by a suitable mechanical displacement of the 

apertures 

These steps are accomplished using different codes. The 

electric field and the initial trajectories are computed by 

using the code SLACCAD [10,11] and then by adding the 

magnetic field distribution. Recently a new code BYPO 

[12], which solves in a self-consistent way the trajectories 

with an initial distribution of magnetic and electric field, 

has been developed and the results applied to benchmark 

the results of SLACCAD. The interaction of the particles 

with background gas and material surfaces are described 

by the Monte Carlo Code EAMCC [13]. The thermal 

analyses are performed by using ANSYS. Finally the 

beamlet-beamlet interaction is studied by using the code 

OPERA [14]. This procedure has been applied to the 

optimization of the highest priority accelerator, namely 

the 100kV one, as in the present planning it is expected to 

enter into operation in three years from approval. This 

accelerator shares several characteristics with the 

accelerator required by the diagnostic neutral beam 

(DNB) [9] for operation in Hydrogen, so that the initial 

development of the accelerator has been performed in 

parallel with that of the DNB. The main requirements of 

this accelerator are a current of 60 A H- (and later 40 A 

D
-
) and an energy of 100 keV. In Fig. 1 a comparison of 

the beam profile for the three accelerators is shown. 

 

Fig. 1 - Ion beam trajectories simulated with SLACCAD. 

The aperture profiles and the magnetic field due to 

suppression magnets are also sketched. 

 

3. Study of the beam optics 

All three accelerators operate with multi-aperture grids 

biased at different potentials. Each grid features 1280 

apertures. All systems have a Plasma Grid (PG) and an 

Extraction Grid (EG) at approximately 10 kV. The 

accelerations steps are respectively: 

• 5 acceleration grids for ITER MAMuG (5 

acceleration steps of 200 kV each)  
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• 3 acceleration grids for ITER Half-Voltage (3 

acceleration steps of about 160 kV) 

• 1 acceleration grid for SPIDER (a single 

acceleration step of 90 kV) 

The interactions among particles inside the accelerator, 

like secondary particle production processes, are studied 

by the code EAMCC [13]. This is a 3-dimensional (3D) 

relativistic particle tracking code which allow 

macroparticle trajectories, in prescribed electrostatic and 

magnetostatic fields, to be calculated inside the 

accelerator. In the code, each macroparticle represents an 

ensemble of rays. This code needs as inputs the electric 

and magnetic fields inside the accelerator. The former 

was calculated with SLACCAD, as explained above. The 

latter was calculated by summing the field given by the 

SmCo permanent magnets and the field from the plasma 

grid filter current (calculated by assuming an infinitely 

thin electron sheath). Collisions are described using a 

Monte-Carlo method. Several types of collisions are 

considered in the code: (i) electron and heavy ion/neutral 

collisions with grids, (ii) negative ion single and double 

stripping reactions and (iii) ionization of background gas. 

In Fig. 2 the trajectories of negative ions and stripping 

loss electrons for a single beamlet are shown. The 

corresponding thermal load is also shown [15].  
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Fig. 2 - EAMCC simulation of negative ion beamlet in the 

100 kV accelerator: the particle trajectories and 

stripping reaction are simulated with a Monte Carlo 

approach in a domain with electrical and magnetic fields. 

The power corresponding to the whole accelerator (1280 

beamlets) is reported.   

The transmitted beamlet power distribution features a 

ring that is hotter than the central part. These could be 

due to the chamfered shape of the PG apertures. In fact, 

this effect is reversed in case of a flat PG surface [15]. 

The backstreaming positive ions are concentrated in the 

center of the aperture area. The consequent heat power 

density is quite high, as it covers only an area of some 

tens of square millimeters. These ions could give rise to 

sputtering phenomena on the plasma source back plate 

and on the driver Faraday shields, with a consequent 

decay of the plasma purity and problems of surface 

integrity. The sputtering yield due to the backstreaming 

deuterium ions is generally reduced by a factor of about 5 

if the copper surface is coated with Molybdenum. Hence, 

in order to minimize the detrimental effects consequent to 

sputtering, a layer of Molybdenum of some microns is 

foreseen to be applied on the plasma source back plate. 

 

4. Thermo-mechanical optimization 

The accelerator grids must be designed in such a way that 

the corresponding apertures stay well aligned during all 

the operating scenarios, in order to maintain good beam 

optics. For this reason and for manufacturing 

requirements the grids are vertically split in four 

segments, independently supported with a fixed pin at the 

left side and with a sliding pin at the right side [16]. For 

optical reasons, the maximum allowable misalignment 

between the corresponding apertures of the three grids is 

fixed to 0.4 mm, whose 0.2 mm due to thermal 

expansion.  

The grids have also to withstand two categories of 

stresses: a) Cyclic thermal stress due to the temperature 

gradients between hotter and colder zones. These stresses 

must be maintained low in order to satisfy the 

requirement on fatigue life. b)Static stress due to the 

water pressure. The local values of equivalent stress must 

be lower than the allowable values for electrodeposited 

copper (fixed at 100 MPa). The position and dimensions 

of the cooling channels, as well as the water flow, must 

be optimized in order to satisfy all the requirements on 

alignment and stresses according to the ITER criteria [17] 

and in all foreseeable scenarios (conditioning, partial 

power, full power etc.). 

Several analyses have been performed to estimate the 

temperatures and stresses along the grids [18]. It was 

found that the thermal stresses are causing also an 

out-of-plane deformation of the grids. The analyses have 

shown that these deformations can be minimized in order 

to keep within tolerable values the increase in the beam 

divergence. 
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5. Compensation of Beamlet repulsion 

As one of the techniques applied to compensate beamlet 

deflection due to the beamlet-beamlet interaction, 

aperture offset was examined numerically in a three grid 

accelerator at 500 kV in JT60U [19]. The trajectories of 

fifty beamlets from 10 x 5 apertures were traced utilizing 

the three dimensional beam analysis code, OPERA-3d. 

Fig. 3 shows the calculated beam footprints at 3.5 m 

downstream from the grounded grid. In Fig. 3a, the 

centers of all calculated beamlets are represented by 

points. They moved outward from the aperture positions 

due to the beamlet-beamlet interaction. The maximum 

deflection angle was 6 mrad in beamlet coming from 

peripheral apertures. The proper aperture offset to 

compensate 6 mrad of beamlet deflection was evaluated 

to be 0.7 mm according to thin lens theory. Fig. 3b shows 

that all beamlets stay in the positions extrapolated from 

the apertures by proper aperture offset at the bottom of 

extractor. The results have shown that a proper aperture 

offset within 1 mm is enough to correct the beamlet 

deflection by the beamlet-beamlet interaction. This 

compensation technique is to be applied to design 100 kV, 

500 kV and 1 MeV accelerators. 

 

Fig. 3 - Calculated beam footprints at 3.5 m downstream 

from the grounded grid (a) before and (b) after proper 

aperture offset in the extractor. The beam parameter is 

110 A /m
2
 of D

-
 ion beam current density and 340 keV at 

beam energy. Opened circles represent the original 

aperture positions. 

 

6. Conclusions 

The better understanding of the physics and the numerical 

tools available allow the optimisation of the accelerators 

for ITER to be carried out. 

The procedure to optimize the 100 kV accelerator for 

ITER has been described with the present design of the 

accelerator. Using this procedure, the design of the 

extraction and acceleration system for the ITER NBI and 

related experiments can been accomplished by taking into 

account at the same time physics and engineering 

requirements. 
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The 6 MeV Heavy Ion Beam Probe (HIBP) was installed to Large Helical Device (LHD) and it has been

developed. The radial profile of potential in the region where normalized minor radius, , is less than 0.5 was

measured, and the electric field obtained from the fitting function of experimental data was compared with the

neoclassical theory. The experimental results fairly coincided with the theory. The negative pulses were

observed in potential signal in the case of the inward shifted magnetic configuration. The time constants of these

pulses were less than the energy confinement time. Potential fluctuations of coherent modes were also observed,

and one of their frequencies coincided with the geodesic acoustic mode (GAM). In this report, the present status

of potential measurements with HIBP system in LHD is described.

Keywords: Large Helical Device, heavy ion beam probe, potential, tandem accelerator, tandem analyzer

1. Introduction
In the toroidal magnetized plasmas, radial electric

field is a very important parameter. In transition

phenomena, such as H-mode transition, the change of

radial electric field structure was observed in tokamak

[1-3]. In helical devices, the bifurcation phenomenon is

predicted from the neoclassical theory, and the

confinement property is improved by the produced radial

electric field. In the experiment of helical device, this

type of phenomenon was observed and an internal

transport barrier (ITB) was created [4-6]. It is considered

that the poloidal shear flow plays a very important role in

the production of ITB because the shear flow can reduce

the anomalous transport by suppressing the turbulence in

plasma [7]. In the torus plasma, the radial electric field is

related to the poloidal flow, therefore, the shear of electric

field is also important. Thus, measurements of radial

electric field are very essential to study these attractive

physics in toroidal plasmas.

Heavy Ion Beam Probe (HIBP) [8] is a very useful

tool to study these attractive physics, because it can

directly measure plasma potential in the inside of high

temperature toroidal plasma. Moreover, this tool can

measure it with good spatial/temporal resolution, without

disturbing plasma. In order to measure the radial

structure of potential and its fluctuation in Large Helical

Device (LHD), the 6 MeV Heavy Ion Beam Probe was

installed and has been developed [9,10]. In this report,

the present status of HIBP in LHD is described and the

recent results obtained from our system are shown. Up to

now, the operation of this system at the acceleration energy

of 6 MeV was done, however the resolution of potential

measurement was not good because the acceleration

voltage was not stable above ~ 1.3 MV (Acceleration

energy in this case corresponds to 2.6 MeV). Therefore,

most data shown here were obtained on the condition of

the acceleration voltage being less than 1.3 MV.

2. HIBP system in LHD
In Fig.1, the schematic view of HIBP system in LHD

is shown. The toroidal magnetic field strength of LHD is

3 T, and the typical major/minor radius is 3.6 m / 0.6 m.

In order to inject the Au+ probing beam to the center of

plasma, the acceleration energy of 6 MeV is required. To

reduce the required voltage to be half, the tandem

accelerator is used in our system. The negative ion, Au-,

is produced in the target sputter ion source [11]. The Au-

is extracted and pre-accelerated up to 50 keV. After that,

this beam is injected to the tandem accelerator and

accelerated to 3 MeV. In the gas cell located in the center

of the tandem accelerator, Au- ions are stripped two

electrons and changed to positive ions, Au+. These ions

are re-accelerated to 6 MeV. This beam is guided to

plasma through several components: the charge separator,

the 4.8 m cylindrical deflector, the 7.8 degree deflector,

and so on. The orbit of probing beam has three
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dimensional structure in the plasma. The injection angle

and the ejection angle of probing beam are controlled by

two 8-pole electric deflectors (sweeper) at the injection and

ejection ports. By controlling these angles, the

observation point is changed. The injected Au+ is

stripped an electron by the collision with plasma, and at

this time it obtains the potential energy at this ionized point.

Here, we call the Au+ beam as the primary beam, and the

produced Au2+ beam as the secondary beam. By

measuring the difference of energy between the primary

and the secondary beam, the plasma potential at the ionized

point can be measured. The ionized point is called as a

sample volume. The sample volume positions are

arranged three dimensionally in plasma, because that the

beam orbit has three dimensional geometry. The

projection of sample volume positions on the vertically

elongated cross section are shown in Fig.2, on the

condition that the toroidal magnetic field strength is 1.5 T,

the major radius of magnetic axis is 3.75 m, the

acceleration energy is 1.376 MeV. The potential in the

domain of the normalized minor radius from 0 to 0.5 can

be measured with our HIBP system.

For the energy analyzer, if the traditional Proca-Green

type of energy analyzer [12] is used, the required voltage

reaches to 500 kV - 1 MV for the beam energy of 6 MeV.

The electric power supply for this voltage costs much and

is not realistic. Therefore the tandem type of energy

analyzer is applied [13] in our system. With this analyzer,

the required voltage is reduced to 120 kV with keeping the

second order focusing property of the beam injection angle.

There are three slit holes at the entrance of this analyzer, so

of HIBP system in LHD is
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the potential of neighboring 3 sample volumes can be

measured. For detecting secondary beam current, high

gain detector, micro channel plates (MCPs) are used, by

which a very small amount of secondary beam current can

be detected. In LHD, the order of detected current is

about a few tens pA - nA. The ratio of detected

secondary beam current to injected primary beam current is

= 1.254, Bq = 100 %. The energy of probing beam was

1.376 MeV. The plasma was produced by ECH and

sustained by NBI heating. The line averaged density was

about 0.2  1019 m-3 at ECH phase, and it gradually

increased. Fig.3 shows the temporal evolution of line

averaged density and the heating methods. Central

temperature was about 2.5 keV in ECH phase and 1.0 keV

O-07
3

10-5 - 10-4 in the density range of 0.5 - 1.0  1019 m-3.

3. The radial profile of potential
With our HIBP system, the radial profile of potential

was measured. The magnetic configuration of LHD can

be characterized by the major radius of the axis, Rax, the

toroidal magnetic field strength, Bt, the pitch parameter, ,

and the quadrupole component of magnetic field, Bq. The

radial potential profile was measured in the magnetic field

configuration of a standard one, Rax = 3.75 m, Bt = 1.5 T,

in NBI phase. The position of sample volume was

changed by changing the injection angle of probing beam

at 10 Hz. The radial profiles of potential obtained from

HIBP in the duration from A to E are shown in Fig.4. In

ECH phase, the potential was positive at the center, and it

gradually decreased as the density increased. In the NBI

phase, the potential at the central region was positive

however the electric field was almost zero or a little

negative.

By fitting these experimental data with polynomial

functions and differentiating them, the profiles of electric

field were obtained and compared with the neoclassical

theory as shown in Fig.5. Fig.5 (a) shows the radial

profile of electric field obtained from the fitting function of

experimental results and Fig.5 (b) shows the calculation

results estimated from the neoclassical theory. In Fig.5

(b), in the region where  > 0.25, the multiple roots exist.

In this region, the largest positive one corresponds to the

electron root, and the smallest negative one or almost zero

corresponds to the ion root. The one between these roots

is the unstable root. The theoretical calculations are
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4

almost consistent with experimental results, so we can

conclude that the electric field in the core region of this

experiment is almost determined by the neoclassical

theory.

3. Negative pulses observed in potential signal
In the case of the inward shifted configuration, the

negative pulses were observed in the potential signal.

The parameters for this magnetic configuration were as

follows: Rax = 3.6 m, Bt = 1.5 T, = 1.254, Bq = 100 %. In

this case, the probing beam energy of HIBP was 1.562

MeV. Plasma was produced by co-injection NB heating

and sustained by it. Temporal evolutions of heating

methods, line averaged density, and potential are shown in

Fig.6 (a). The line averaged density is about 0.4  1019

m-3. At the 1.4 sec, the ECH was additionally applied.

In the ECH phase, negative pulses were observed as shown

in Fig.6 (b). The normalized minor radius of the sample

volume position was fixed at ~ 0.3. Negative pulses can

be seen in the temporal evolution of potential signal. The

typical time constants are 90 s in the drop phase and 500

s in the recovering phase as shown in Fig.7. The energy

confinement time is ~ 100 ms in LHD. The time constant

of negative pulses were much faster than the energy

confinement time, so these phenomena are considered to

be the bifurcation of the electric field.

In CHS, such bifurcation phenomena were observed

[14,15], which is called as "pulsation". In CHS, various

types of pulsation were observed. In the case of low

density, the drop of potential was very large. The

potential at the center in the additional ECH phase was ~ 1

keV in the electron root, and it dropped to a few hundreds

eV in the ion root. The change of potential was ~ 1 keV.

However, in the high density case in CHS, the drop of

potential was small: the change of potential was about 100

~ 200 eV. The result of LHD is very similar to the high

density case of CHS. These negative pulses were

observed only the inward shift case, Rax = 3.6 m, and were

not observed in the other configuration at present. The

reason for it may be the difference of configuration

property in the context of neoclassical theory.

4. Observation of coherent modes
The signal to noise ratio of our system was improved,

so coherent modes were observed in LHD. An example

of it is shown in Fig.8. As shown in Fig.8 (a), the plasma

was produced and sustained by NB heating. The line

averaged density was about 0.1  1019 m-3, relatively low.

The ECH was applied from 1.0 to 1.6 sec, which was

injected for co-directed current drive. In Fig.8 (b), the

spectrogram of potential signal are shown. The position

of sample volume was  ~ 0. These signals had the

coherence with signals of magnetic probes, therefore these

are considered to be the coherent modes caused by MHD

instabilities. In this case, the rotational transform at the

central region was increased by ECH current drive, and the

shear in the rotational transform profile in the central

regime becomes small. Then, it is considered that a sort

of Alfven Eigen modes were excited. Around the

frequency of 20 kHz from 1.68 to 1.76 sec, the fluctuation

having constant frequency was seen, which coincided with

the geodesic acoustic mode (GAM) [16,17]. This mode
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Fig.8 (a) The temporal evolution of potential and heating
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was localized to the central region of plasma [18]. The

fluctuation amplitude was several hundreds volts.

Up to now, the fluctuation caused by turbulence was

not measured clearly in the potential signal, because the

signal to noise ratio of our system was not sufficient. The

more improvement of S/N ratio is needed in the future.

5. Summary
In LHD, 6 MeV Heavy Ion Beam Probe has been

developed. On the condition of the acceleration energy

begin below 2.6 MeV, the acceleration energy was stable,

so the potential in plasma could be measured with a good

signal to noise ratio. The radial potential profile was

measured in the magnetic field configuration Rax = 3.75 of

LHD. Results were compared with the neoclassical

theory. The radial profile of electric field obtained from

the experiment fairly coincides with the theoretical

calculation. In the inward shifted configuration (Rax =

3.6), the negative pulses were observed in potential signal.

The fluctuations of coherent modes were measured with

HIBP. The frequency of one of them coincided with the

GAM. The fluctuation amplitudes were about several

hundreds volts.
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In recent tokamak experiments it is found that so-called stochastic diffusion theory based on the “field line
diffusion” overestimates the radial energy transport in collisionless edge plasma affected by resonant magnetic
perturbations, though the perturbations induce chaotic behavior of the field lines. These results imply that the
conventional modeling of the edge transport should be reconsidered for covering the range from lower to higher
collisionalities. It is required to construct the modeling extracting information contributing to the transport in
macro-scale from kinetic motions in micro-scale. A simulation study of collisional transport in the ergodic region
is attempted for estimating the transport coefficients according to the modeling. By using a drift kinetic equation
solver without the assumption of nested flux surfaces (the KEATS code), it is possible to execute the estimation.
In this paper, we report the modeling constructed from the viewpoint of stochastic approach and the simulation
study of the ion transport in the ergodic region under the assumption of neglecting effects of an electric field and
neutrals.

Keywords: collisional transport, ergodic region, chaotic field line, stochastic analysis, diffusion process,δ f sim-
ulation

1 Introduction

In recent tokamak experiments it is found that so-
called stochastic diffusion theory based on the “field line
diffusion” [1] overestimates the radial energy transport in
the edge added resonant magnetic perturbations (RMPs)
[2, 3]. This fact is discovered in the experiments of edge
localized modes (ELMs) suppression by adding RMPs to
the edge plasma. (The idea of suppressing the ELMs by us-
ing RMPs has been proposed in Ref. [4].) When the RMPs
induce a chaotic behavior in the field lines, the theory pre-
dicts that a thermal diffusivity is given by “diffusion of the
field lines.” In collisionless edge ergodized plasma, the ex-
perimental thermal-diffusivity χexp = −qr/(n∇T) is incon-
sistent with the prediction of the stochastic diffusion theory
χql; i.e.χexp

e /χ
ql
e ≪ 1/10 for the electron thermal diffusiv-

ity [3], whereqr is the radial energy flux,n the density, and
T the temperature measured in the experiments. The above
experimental results imply that the conventional modeling
of transport in the ergodic region should be reconsidered
in torus plasmas, and kinetic modeling is required for un-
derstanding stochastic transport in the ergodic region [5].

For construction of kinetic modeling, statistical prop-
erties of the guiding center orbits in the ergodic region
are previously studied in the monoenergetic test-particle
simulations in detail [6]. The doubt on the validity of

author’s e-mail: kanno@nifs.ac.jp

the stochastic diffusion theory for the collisionless limit
has been reported; i.e. guiding center orbits in the ergodic
region are not Brownian for lower-collisionality. On the
other hand, for the collisional limit, the radial behavior of
the guiding center orbits is numerically observed to be a
standard diffusion process. These results mean that it is
not a trivial problem whether the transport coefficients in
the ergodic region can be always estimated by tracing mo-
noenergetic test-particle orbits. We should note that the
statistical properties of the neoclassical radial diffusion for
the range from lower to higher collisionalities in a mag-
netic configuration having nested flux surfaces are con-
firmed through direct comparison with a Brownian pro-
cess in configuration space given by tracing monoenergetic
test-particle orbits [7]. It is important to construct the mod-
eling extracting information contributing to the collisional
transport in macro-scale from the kinetic motions in micro-
scale, even if the guiding center orbits themselves are non-
Brownian. The modeling of the transport should be recon-
sidered from the viewpoint of stochastic approaching the
statistics of kinetic motions exposed to noise caused by the
RMPs.

In order to estimate transport coefficients in the er-
godic region, we develop a new transport simulation code
without the assumption of nested flux surfaces; the code
is named “KEATS” [8, 9, 10]. The code is programmed
by expanding the well-known Monte-Carlo particle simu-
lation scheme based on theδ f method [11, 12, 13]. By
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using the KEATS code, it is possible to execute the estima-
tion.

In this paper, we discuss the modeling of the trans-
port exposed to noise caused by chaotic behavior of field
lines, and apply the KEATS code to a torus plasma having
the ergodic region for estimating the transport coefficients
(in particular, thermal diffusivity). Here, because of a lim-
ited computational-time we treat ions (protons) in higher-
collisionality for our numerical study of the transport in the
ergodic region. The modeling and simulations are useful
for understanding transport properties in the ergodic region
generated in the edge of a helical plasma. The details of the
modeling are discussed in Sec. 2. In Sec. 3, the simulation
results are shown. Finally, summary is given in Sec. 4.

2 Modeling of Collisional Transport

First, we consider the collisional transport in macro-
scale under the assumption of neglecting effects of chaotic
field lines, an electric field, and neutrals. For a fluid
quantity u(t, x), i.e. the densityu = n(t, x) or energy
u = (3/2)nT, the fluid equation is given as [14, 15]

∂u(t, x)
∂t

+∇· (Vu)− 1
2
∇· (D · ∇u)+νu = h(t, x), (1)

where∇ = ∂/∂x, a position in Euclidean spacex ∈ R3,
time t ∈ [0, t1), the initial conditionu(0, x) = ϕ(x) at t = 0,
and the boundary conditionu(t, x) = g(t, x) at the bound-
ary. Here, the mean velocityV and the diffusion coefficient
D = (Di j ) are assumed to be given functions oft andx.

The above fluid equation is the initial-boundary value
problem (written fort replaced byt1 − t):

(L + ν∗)u+
∂u
∂t
= h∗(t, x) in Q =M× [0, t1), (2)

u(t1, x) = ϕ(x) onM, (3)

u(t, x) = g(t, x) onS, (4)

whereM is a bounded domain with the boundary∂M,S =
∂M× [0, t1), and

Lu :=

{
1
2

Di j ∂2

∂xi∂x j
+ Vi

∗
∂

∂xi

}
u, (5)

Vi
∗ = −Vi +

1
2
∂Di j

∂x j
, (6)

ν∗ = −ν −
∂Vi

∂xi
, (7)

h∗ = −h. (8)

The solution of Eqs. (2)-(4) is given as [16]

u(t, x) = Et,xg(τ, ξ(τ)) exp

[∫ τ

t
ν∗(s, ξ(s))ds

]
χτ<t1

+Et,xϕ(ξ(T)) exp

[∫ τ

t
ν∗(s, ξ(s))ds

]
χτ=t1

−Et,x

∫ τ

t
h∗(s, ξ(s)) exp

[∫ s

t
ν∗(λ, ξ(λ))dλ

]
ds, (9)

whereEt,x is the expectation operator given by the diffu-
sion process:

dξi(t) = σi
j(t, ξ(t))dw

j(t) + Vi
∗(t, ξ(t))dt (10)

havingDi j = σi
kg

kℓσ
j
ℓ
, gkℓ is the metric,w(t) is a Brownian

motion,χA is the indicator function of a setA, τ is the first
timeλ ∈ [t, t1) thatξ(λ) leavesM if such a time exists and
τ = t1 otherwise. Therefore, the transport in macro-scale is
expressed by using the diffusion process given as Eq. (10).

The diffusion process given as Eq. (10) is originally
caused from the collision operator. Let us take the follow-
ing collision operatorC( f ):

C( f ) = νcol
∂

∂u
·
{
u f + v2th

∂ f
∂u

}
, (11)

where f = f (t, x, u) = fM(t, x, u; V(t, x)) + δ f (t, x, u) is
a distribution function expressing statistics of kinetic mo-
tions in micro-scale,fM is a shifted Maxwellian back-
ground,νcol = νcol(x) is the collision frequency,vth the
thermal velocity, (V + u) the velocity of a guiding center,
andV = V(t, x) the mean velocity [17]. The operator (11)
is simpler, but is used only to get a rough idea of collisional
effects [18].

We consider the motion of a guiding center along a
field line for estimation of radially spreading the guid-
ing centers in a perturbed field. The guiding center mo-
tion exposed to the collisions (11) is given as an Ornstein-
Uhlenbeck process:

dx(t) = (V + u)dt, (12)

du(t) = σdw(t) − νcoludt, (13)

where a perturbation field is neglected in the above equa-
tions,V = V∥b, b = B/B the unit vector along a field line,
σ = vth

√
νcol, andB the unperturbed magnetic field. Here,

the effects of toroidal and helical ripples are neglected for
simplicity. Here,vth andνcol are assumed to be constant.

One may consider that effect of a perturbation field
on the guiding center motion is interpreted as noise on the
motion. If the effect is expressed as a linear operatorÑ(V+
u), then instead of Eq. (12) the motion of a guiding center
is described as

dζ =
{
(V + u) + Ñ(V + u)

}
dt. (14)

After sufficient exposure to the collisionst ≫ 1/νcol

(νcol → ∞ andvth/
√
νcol = const.), the stochastic process

ζ(t) (written for t replaced byt1 − t) becomes

dζ(t) ≈ vth√
νcol

(1+ Ñ) · dw(t) − (V + Ṽ)dt, (15)

whereṼ = ÑV, andÑ = (Ni
j) is assumed to be a continu-

ous function int, together with its firstt-derivative. Here,
the noise expressed asṼ andÑ is bounded, i.e. there exist
V0 andN0 satisfying|Ṽ| ≤ V0 and|Ni

j | ≤ N0.
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From Eqs. (9) and (10), the collisional transport in
macro-scale is described as diffusion phenomenon, thus
the processζ(t) is projected onto a diffusion process:

lim
ϵ→0+

1
ϵ

E
[
ζ i

t−ϵ,x(t) − xi
∣∣∣∣Pt−ϵ

t

]
= U i

∗(t, x), (16)

lim
ϵ→0+

1
ϵ

E
[{
ζ i

t−ϵ,x(t) − xi
}

×
{
ζ

j
t−ϵ,x(t) − x j

}∣∣∣∣Pt−ϵ
t

]
= D̃i j (t, x), (17)

whereζ t−ϵ,x(t) is a pathζ(t) satisfyingζ(t − ϵ) = x, and
U∗ is the mean velocity affected by the noise:U∗ =
−{V + E[Ṽ|Pζt ]}. Here,E[ · |Pt−ϵ

t ] denotes the conditional
expectation with respect toPt−ϵ

t , and theσ-algebraPt−ϵ
t

is generated by the set of sample paths{ζ t−ϵ,x(s); t − ϵ ≤
s ≤ t} [19]. Note thatE[ · |Pt−ϵ

t ] is Pt−ϵ
t measurable, i.e.

limϵ→0+ E[ · |Pt−ϵ
t ] is a function oft and x. The diffusion

process extracted from the processζ(t) is given as

dξi(t) = σ̃i
j(t, ξ(t))dw

j(t) + U i
∗(t, ξ(t))dt, (18)

i.e., the diffusion in velocity space for micro-scale becomes
the diffusion in configuration space for macro-scale, see
the first term in the right hand side of Eq. (18), whereD̃i j =

σ̃i
kg

kℓσ̃
j
ℓ
. In this case, the partial differential operatorL

given by the diffusion processξ(t) is derived as

−∂u(t, x)
∂t

= lim
ϵ→0+

u(t − ϵ, x) − u(t, x)
ϵ

= lim
ϵ→0+

1
ϵ

E
[
u(t, ξt−ϵ,x(t)) − u(t, x)

]
=

1
2

D̃i j (t, x)
∂2u(t, x)
∂xi∂x j

+ U i
∗(t, x)

∂u(t, x)
∂xi

, (19)

whereu(t−ϵ, x) = E[u(t, ξt−ϵ,x(t))] andE[u(t, x)] = u(t, x).

3 Results of KEATS Code

For estimation of the radial fluxes in the ergodic re-
gion, we use a magnetic configuration which is formed by
adding RMPs into a simple tokamak field having concen-
tric circular flux surfaces, where the major radius of the
magnetic axisRax = 3.6 m, the minor radius of the plasma
a = 1 m, and the magnetic field strength on the axisBax =

4 T. The unperturbed magnetic field is approximately given
as BR = −(BaxRax/q)Z/R2, Bφ = −BaxRax/R, and BZ =

(BaxRax/q)(R− Rax)/R2 [20], whereq is the safety factor
andq−1 = 0.9 − 0.5875(r/a)2, andr =

√
(R− Rax)2 + Z2.

The RMPs causing resonance with, for example, the ra-
tional surfaces ofq = m/n = 3/2,10/7,11/7 are numeri-
cally given by using the perturbation fieldδB = ∇ × (αB)
[6], and order of the strength isO(|δBr/Bt|) ∼ 10−1. Here,
the functionα, which has unit of length, is used to repre-
sent the structure of perturbed magnetic field;α(R, φ,Z) =∑

m,nαmn(ψ(R,Z)) cos{mθ(R,Z) − nφ + φmn}, whereψ is a
label of magnetic flux surfaces andφmn is the phase. The

Fig. 1 Poincaŕe plots of the magnetic field lines on a poloidal
cross section for case of∆δB = δB/δB(0) = 1, where
δB = |δB| is the strength of RMPs andδB(0) is the
strength of the RMPs in the case b) of Fig. 2. The er-
godic region is placed betweenr/a = 0.5 and 0.7, where
r =

√
(R− Rax)2 + Z2 andRax = 3.6 m.

Poincaŕe plots of the magnetic field lines on a poloidal
cross section are shown in Fig. 1. The ergodic region ap-
pears inr/a ≈ 0.7∼ 1. In the KEATS code, the number of
marker particles isNMP = 16,000, 000.

To investigate effect of the existence of the ergodic re-
gion on the transport phenomena, we evaluate the energy
flux of ions (protons)qi , because the evaluation of elec-
tron energy flux is highly time-consuming. The calculation
time for ions is about 40 hours in real time to get the re-
sult with sufficient numerical-accuracy by using the vector-
parallel supercomputer SX-7, and the calculation time for
electrons is estimated to be about 40 (≈

√
mi/me) times

longer than the one for ions if the number of PEs (process-
ing elements) is fixed, where 64 PEs are used in this paper.

The evaluation of the ion energy flux is carried out in
the configuration having lower temperatureTedge ∼ 100
eV at a center of the ergodic region. The temperature
profile is given asTi = Tax{0.02 + 0.98 exp[−4(r/a)2.5]}
with Tax = 250 eV, which neglects the existence of the
ergodic region. The density profile is set homogeneous,
ni = const.= 1× 1019 m−3. The radial profiles of thermal
diffusivities estimated from the KEATS computations are
shown in Fig. 2, where from the modeling of the transport
given in the previous section the thermal diffusivity can be
estimated asχi

eff = qr/(ni |∂Ti/∂r |), andqr the radial energy
flux evaluated by the KEATS code. Here, the radial mean
velocity Vr is neglected because of|Vr/vth| ≪ 1. For sim-
plicity, the radial energy fluxes are given by neglecting the
existence of the ergodic region, because we have no mag-
netic coordinate system including several magnetic field
structures as the core and ergodic regions. The energy flux
qi is averaged over concentric circular shell region in the
whole toroidal angles as if there were nested flux surfaces.
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Fig. 2 Radial profile of the ion thermal diffusivity χr for a) no
RMP (black squares), b)∆δB = δB/δB(0) = 1 (red cir-
cles), c)∆δB = 1.5 (green triangles), and d)∆δB = 2 (blue
lozenges), whereδB = |δB| is the strength of RMPs and
δB(0) is the strength of the RMPs for the case b). Ra-
dial profile of temperature is fixed asTi = Tax{0.02 +
0.98 exp[−4(r/a)2.5]} with Tax = 250 eV (black solid
line), wherer =

√
(R− Rax)2 + Z2 andRax = 3.6 m. The

center of the ergodic region is located atr/a ≈ 0.6.

Here, in the KEATS computations the energy flux is given
as [9, 10]

qi(x) =
∫

d3v
miv2

2
(u∥ + ud)δ f , (20)

where· · · means the time-average, and the averaging time
is longer than the typical time-scale ofδ f (both the orbit
and collision times). It is confirmed that the energy flux
evaluated by the KEATS code becomes quasi-steady after
a sufficient time. The radial profiles of the thermal diffusiv-
itiesχr in Fig. 2 show that the diffusivity in the ergodic re-
gion is proportional to the square of the strength of RMPs.

4 Summary

We have been developing the modeling of collisional
transport to study the transport phenomena in the ergodic
region. For estimation of transport coefficients, we apply
the KEATS code to ions in the ergodic region disturbed by
resonant magnetic perturbations under the assumption of
neglecting effects of an electric field and neutrals, and find
that the coefficients are proportional to the square of the
strength of RMPs.

For a lower-collisionality case, the transport is
strongly affected by the existence of the ergodic region.
The strong particle and energy fluxes cause the time-
evolution of the background described by the fluid equa-
tions. Further simulation study of the transport by solv-
ing simultaneously both the kinetic and fluid equations

is needed for understanding of the collisionless edge er-
godized plasma; the interim report of developing the
KEATS code is written in Ref. [9].
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TASK3D is an hierarchy-integrated simulation code for toroidal helical plasmas. For the further development
of the TASK3D, new module for neutral beam injection (NBI) heating, FIT3D, has been implemented to the
TASK3D. In order to check the applicability of the FIT3D module, test simulation for the FIT3D module has
been performed together with MHD equilibrium VMEC module, one-dimensional diffusive transport TR module,
radial electric field ER module and neoclassical transport database DCOM/NNW module.
Keywords: integrated simulation, helical plasma, NBI heating

1 Introduction

In order to systematically clarify confinement physics
in toroidal magnetic confinement systems, a hierarchy-
renormalized simulation concept is being developed un-
der domestic and international collaborations with univer-
sities and institutes [1]. The hierarchy-renormalized sim-
ulation model in toroidal magnetic confinement systems
consists of a hierarchy-integrated simulation approach and
a hierarchy-extended simulation approach. The hierarchy-
integrated approach is mainly based on a transport sim-
ulation combining various simplified models describing
physical processes in different hierarchies. This approach
is suitable for investigating whole temporal behavior of
experimentally observed macroscopic physics quantities.
For the hierarchy-integrated simulation approach, the in-
tegrated modeling code for three dimensional configura-
tions (TASK3D) is being developed on the basis of an inte-
grated modeling code for tokamak plasmas, TASK (Trans-
port Analyzing System for tokamaK) [1], which was de-
veloped in Kyoto University. In order to extend the TASK
code to be applicable to three dimensional configurations,
the transport equations for the rotational transform and the
radial electric field have been reformulated by taking the
three-dimensional nature of configurations into account.
With this new formulation, new modules for the rotational
transform (EI module)[2-4] and radial electric field (ER
module) [5] have been developed and implemented. The
TASK3D has also been extended to read LHD experimen-
tal data in Ufile format[5].

The TASK3D has a modular structure as shown in
Fig.1. The modular structure of the TASK3D allows us to
conduct simulations using an individual module or combi-
nation of some modules according to the user’s objective.

author’s e-mail: masahiko@nifs.ac.jp

For example, in ref[2-4], calculations on the temporal evo-
lution of the rotational transform and non-inductive cur-
rent for an LHD experiment have been performed by using
the combination of VMEC module for MHD equilibrium,
EI module for rotational transform and BSC/FIT module
for bootstrap current and Ohkawa current. In ref[6], the
MHD stability beta limit in LHD has been analyzed by us-
ing VMEC module for MHD equilibrium and TR module
for diffusive transport. In this analysis, a linear stability
module was used together with these modules to include
the effect of MHD instabilities. From the analysis, it is
found that the volume average beta value is expected to be
beyond 6% in LHD.

In this paper, the further development of the TASK3D,
implementation of the NBI (Neutral beam injection) heat-
ing module (FIT3D module), is reported. In order to check
the applicability of the FIT3D module, test simulations
have been performed by using the combination of VMEC
module, TR module, ER module, DCOM/NNW module
and FIT3D module.

This paper is organized as follows. In Section 2, the
numerical scheme of the test simulation for the application
of the FIT3D module and the modules used here are ex-
plained. In Section 3, we show the numerical result of the
test simulation for an NBI heating plasma in LHD. Finally,
Section 4 is devoted to brief summary.

2 Numerical scheme of test simulation
on application of FIT3D module

The FIT3D is an neutral beam injection (NBI) heating
module. The FIT3D has been developed based on three
simulation codes[7]: HFREAYA, MCNBI and FIT, where
HFREYA evaluates beam ion birth points using Monte-
Carlo method and MCNBI calculates radial redistribution
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Fig. 1 Module structure of TASK3D.

of beam ions due to prompt orbit effects. Then, heat-
ing profiles are obtained by FIT code solving the Fokker-
Planck equation. In order to check the applicability of the
FIT3D module, test simulation has been performed by us-
ing the combination of VMEC module, TR module, ER
module, DCOM/NNW module and FIT3D module. The
numerical scheme of the test simulation on application of
the FIT3D module is shown in Fig.2. The TR module is
a one-dimensional diffusive transport module for solving
particle transport and heat transport equations. In this test
simulation, the density profile is fixed. Hence, the follow-
ing heat transport equation is solved;

1
V ′5/3

∂

∂t

(
3
2

nsTsV ′5/3
)

= − 1
V ′

∂

∂ρ

(
V ′〈|∇ρ|〉3

2
nsTsVEs

−V ′〈|∇ρ|2〉nsχs
∂Ts

∂ρ

)
+ Ps, (1)

where ns is density, Ts is temperature and s expresses
species of particles. VEs = VKs +

3
2 Vs, where VKs is a

heat pinch velocity and χs, Vs are a thermal diffusion coef-
ficient, and a particle pinch velocity which consist of neo-
classical part and anomalous part. t, ρ, V are time, minor
radius variable of magnetic surface and volume enclosed
by the magnetic surface, respectively. The prime denotes
the derivative with respect to ρ, and 〈〉 represents the mag-
netic surface average. Ps is the energy source (or sink).
The NBI heating power is included in the energy source

Fig. 2 Numerical scheme of test simulation on application of the
FIT3D module, where n is density and T is temperature.
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Fig. 3 Time evolution of electron (Te0)and ion (Ti0) temperature
at the plasma center.

term Ps, which is calculated by the FIT3D module. The ge-
ometry factors V ′, 〈|∇ρ|〉, 〈|∇ρ|2〉 in eq.(1) are calculated by
the VMEC module. In the test simulation, the profiles of
the geometry factors are fixed after the MHD equilibrium
is calculated for the initial state by the VMEC module.

Since the ambiplolar condition is not satisfied in-
trinsincally due to the non-axisymmetry of helical plasmas
and the radial electric field Er is determined by neoclassi-
cal transport. For this purpose, ER module is calculated the
radial electric field from the ambipolar condition Γe = Γi,
where Γe and Γi are electron and ion neoclassical parti-
cle flux, respectively. For the evaluation of the neoclas-
sical transport flux, DCOM/NNW module is used. The
DCOM/NNW is the database of the neoclassical diffusion
coefficients being constructed by the DCOM/NNW (Diffu-
sion Coefficient Calculator by Monte Carlo Method / Neu-
ral NetWork) [8], based on the Monte-Carlo code, DCOM.

By the TR module, the profiles of the temperature of
the electron and ion are updated and then the updated pro-
files are used for input parameters of the FIT3D module.
Then, the heating power is recalculated for new tempera-
ture profiles.

3 Numerical result of test simulation
on application of the FIT3D module

In order to check the applicability of the FIT3D module,
test simulation has been performed for an LHD plasma ac-
cording to the numerical scheme shown in Fig.2. In this
section, numerical result of the test simulation is shown. In
the test simulation, the initial temperature profiles of elec-
tron and ion are chosen as Ts = (Ts,0 − Ta,s)(1 − ρ2) + Ta,s,
where Ts,0 = 0.1[keV] and Ta,s = 0.01[keV]. We set the
density profile as n = (n0 − na)(1 − ρ8) + na, where n0 =

2.0
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2[1019/m3] and na = 0.01[1019/m3]. Anomalous transport
coefficient is assumed to be χan = 2/(1 − 0.85ρ2) [m2/s].
The profiles of the density and the anomalous transport co-
efficient are fixed. The magnetic field strength is set to
be B=2.5[T]. For the NBI heating, three tangential NBI in
LHD are considered. Their injection beam ion energy Eb

and beam power Pb are set to be (Eb, Pb) = (170 [keV],3.45
[MW]), (150 [keV],2.75 [MW]),(148 [keV], 2.75 [MW]),
respectively. Figure 3 shows time evolution of the temper-
atures of the electron (Te0) and the ion (Ti0) at the plasma
center. The temperatures Te0 and Ti0 are saturated at about
t=0.05[s]. The profiles of the temperature, heating power
and transport coefficient at t=0.07[s] are shown in Figs.4,
5 and 6, respectively. The heating power for the electron is
about three times that of the ion as shown in Fig.5. On the
other hand, the temperature of the electron is about twice
that of the ion as shown in Fig.4.

4 Summary

The NBI heating module, FIT3D, has been implemented to
TASK3D. In order to check the applicability of the FIT3D
module, test simulation of a NBI heating plasma for LHD
has been performed by the combination of VMEC, FIT3D,
TR, ER and DCOM/NNW modules. From the test simula-
tion, the applicability of the FIT3D module and the linkage
of essential modules for analysis of the transport phenom-
ena in LHD have been confirmed. In this paper, the anoma-
lous transport coefficient is fixed for simplicity. The eval-
uation of the energy confinement time for various anoma-

lous transport model is a future work.
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Fully three-dimensional, compressible and nonlinear MHD simulations are carried out to study nonlinear
evolution of ballooning-like modes in LHD. A near-ideal dynamical evolution shows that growths of ballooning
modes in brings about drastic deformations of the pressure.Another simulation which starts under a finite-
amplitude flow parallel to the magnetic field lines suggests that the ballooning modes, which are obtained by the
near-ideal simulation, are not sensitive to the parallel perturbation. In the nonlinear stage, only the parallel
component of the velocity withn = 1 wavenumber survives the nonlinear saturation and the perpendicular
velocity components become less energetic. Consequently,the saturated profile of the simulation with flow
becomes more organized than that in the simulation without flow.

Keywords: MHD simulation, stability, parallel flow

1 Introduction

Study of magnetohydrodynamic (MHD) instability is one
of the most basic and important subjects in the magnetic
confinement research. In the Large Helical Device[1],
pressure-driven instabilities are expected especially for the
position of vacuum magnetic axis positionRax < 3.75m
(inward-shifted magnetic axis position). Although some
MHD signals are observed under an inward-shifted mag-
netic configuration (typicallyRax = 3.6m), the MHD activ-
ities do not bring about critical deterioration of the plasma
profile and a highβ-value of 〈β〉 ≃ 5% has been been
achieved.[2, 3, 4]

In order to clarify the mechanisms of a hot plasma to
overcome the instabilities in LHD, we have been carrying
out the fully three-dimensional, compressible and nonlin-
ear MHD simulations by the use of the MHD In the Non-
Orthogonal System (MINOS) code.[5, 6, 7, 8] The series of
the MINOS simulations have revealed that there are some
mechanisms which can reduce the impact of the instabil-
ity, such as the profile modification (local fattenings) of
the pressure, the release of the free-energy as the parallel
kinetic energy, and the linear compressibility effect to re-
duce the growth rates of the unstable modes. However, we
have also found that these mechanisms are not necessar-
ily sufficient to suppress the high-wavenumber ballooning
modes when the growths of them are near ideal.[8] Be-
cause of the overlapping of linear eigen-functions of the
high-wavenumber ballooning modes, a local flattening of
the pressure at one rational surface cannot stop growths of
the multiple ballooning modes. In the simulations the con-
siderable part of the free energy to drive the instability is
released in the direction parallel to the magnetic field lines
and the compressibility reduce the growth rates. However,
these two mechanisms are not sufficient when the initial

author’s e-mail: miura.hideaki@nifs.ac.jp

equilibrium is strongly unstable.

These results in conjunction with some simulations
with the parallel heat conductivity suggest that the mild
saturations in the LHD might be achieved through dissipa-
tive processes (including some sorts of turbulent viscosi-
ties caused by turbulence, which are out of scope of the
single-fluid MHD), not through the processes in the frame-
works of ideal MHD dynamics. Here we have to note
that the suggestions or speculations are based on the sim-
ulations starting from an unstable equilibrium with very
small random perturbations. While starting simulations
from the equilibrium with small perturbations is basic and
essential in the framework of the linear stability theory, it
also makes senses to consider the plasma dynamics with
finite-amplitude perturbations, or finite flows. In fact, the
toroidal velocity in LHD experiments reaches to about
40∼50 km/s[9], which is not negligible in comparison with
the Alfvén velocity, though it is also pointed out in the ref-
erence that the flow velocity is not sufficient to stabilize the
MHD modes.

Since the computations of the equilibrium with finite
flows for fully three-dimensional configurations are not
prepared sufficiently yet, it is still difficult to discuss the
evolutions of unstable linear eigen-modes in the LHD now.
Nevertheless, it may be worth carrying out MINOS simu-
lations starting from the equilibrium with finite-amplitude
perturbations, since such a computation can serve as a sort
of numerical experiment to examine sensitivity of the lin-
ear eigen-modes without the flow to the strong perturba-
tions. Here we concentrate on an initial flow in the direc-
tion parallel to the magnetic field lines, since the parallel
flow is not directly related with the linear stability theory
of the static equilibrium and thus we may be able to un-
derstand the time evolutions in the frame work of the sta-
bility theory of the static equilibrium. In the next section,
we study numerical results of simulations with flows. The
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concluding remarks will be in§.3.

2 Nonlinear Simulation

A MINOS simulation with an initial finite-amplitude paral-
lel flow is provided as follows. We make use of the numer-
ical results of the near-ideal simulation in Ref.[8] as refer-
ence data. The number of grid points is 193× 193× 640.
Dissipative coefficients are set as the resistivityη = 1 ×
10−6, the shear viscosityµ = 1 × 10−6, the isotropic part
of the heat conductivityκ = 1 × 10−6. We make use of
a snap shot of the time evolution att = 64 in the refer-
ence data as a part of the initial condition because the lin-
ear eigen-functions of the ballooning modes are formed at
this time.[8] We perturb this initial data by adding a flow
parallel to the magnetic field lines. The parallel flow is
provided so that the velocity profile in the minor radial di-
rection has the same profile as the pressure, for simplicity.
It meansB · ∇v// = 0 initially where v// is the parallel
velocity. Then the most unsteady effect is expected in the
centrifugal force. Here we set the maximum parallel veloc-
ity as theρ0v2

//
/p = 1/1000 at the position of the magnetic

axis, wherevA is the Alfvén velocity andρ is the mass den-
sity. Note that we have provided the initial equilibrium in
the reference data with the peaked beta valueβ0 = 3.7%.
A simple ordering of the right-hand-side terms of the mo-
mentum equation suggests that the centrifugal force of the
parallel flow is quite smaller than the pressure gradient an
the Lorentz force so that the parallel flow can be consid-
ered as a sort of the (finite-amplitude) perturbation to the
equilibrium without flow.

In Fig.1, time evolutions of the (a)parallel and (b)sum
of the normal and binormal components of the velocity
with some specific poloidal (m) and toroidal (n) wavenum-
bers are shown. The wavenumbers are chosen so that the
Fourier coefficients are the representatives of the linear
eigen-functions. In Fig.1(a), many of the Fourier coeffi-
cients grow rapidly, while them/n = 0/0 coefficients of
the parallel component of the velocity has extremely large
amplitude and stay almost constant. Them/n = 2/1 coef-
ficient is perturbed initially due to numerical noise in the
preparation of the perturbation. The perpendicular counter
part of the 0/0 coefficient in Fig.1(b) is only 1/10000 of
the parallel one, although it is also sufficiently large com-
pared to the amplitudes of the other (n ≥ 1) coefficients. A
quick comparison of Fig.1 to Figs.2(b) and (c) in Ref.[8]
reveals that the growth of the Fourier coefficients in Fig.1
are more rapid than those in Figs.2(b) and (c). Further-
more, the growths of the Fourier amplitudes in Fig.1 are
slightly curved, suggesting the contributions of the nonlin-
ear couplings through the dynamical evolutions.

In Fig.2, we see the radial profiles of then = 1 pres-
sure Fourier coefficients in the reference data and the per-
turbed simulation. It has been verified that the Fourier co-
efficients compose the linear eigen-function of the balloon-
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Fig. 1 Time evolutions of the Fourier amplitudes of (a)the paral-
lel and (b)the perpendicular components of the velocity.
The wavenumbers are selected as representatives of the
linear eigen-modes of in the reference simulation.

ing mode in Ref.[8]. We find that the Fourier coefficients
in the perturbed simulation are very similar to that in the
reference data.

In Figs.3 and Figs.4, we see the radial pressure pro-
files of then = 9 and 15 modes respectively in the refer-
ence data and the perturbed simulation. The coefficients
in Figs.3(c), (d) and Figs.4(c), (d) are the linear eigen-
functions of the ballooning modes obtained in the refer-
ence data. Again we find that the Fourier coefficients in
Figs.3(a), (b) and Figs.4(a), (b) are very similar to the lin-
ear eigen-functions. These observations suggest that the
linear eigen-functions are not sensitive to the finite parallel
perturbations and they might be good references to study
the dynamical evolutions with the flow before the study of
the stability theory for the equilibrium with flows are pro-
gressed.

In Fig.5(a), the three-dimensional view of the satu-
rated state are shown. The isosurface and contours on a
poloidal cross-section (left-hand-side to the paper) of the
pressure are shown. The contours on a cross-section in the
right-hand-side to the paper are for the pressure fluctua-
tions. It is clear in the contour plots of the pressure fluc-
tuations that the positive fluctuations are localized in the
inner-side of the torus while the negative fluctuations are
in the outer-side of the torus. The localization is mostly
contributed by them/n = 2/1 structure of the parallel ve-
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Fig. 2 Comparisons of the radial profiles ofn = 1 Fourier co-
efficients. The (a)cosine and (b)sine parts of the Fourier
coefficients in the perturbed simulations are compared to
those in the reference simulation data (c) and (d), respec-
tively.

locity as is seen in Fig.1(a) and the centrifugal force of the
parallel motions appear being less important. In Fig.5(b),
them/n = 0/0 pressure profile of the perturbed simulation
at the saturated time is compared to that in the reference
data. Note that we have already seen in Ref.[8] that the lo-
cal fattenings of the pressure can not stabilize the growths
of high-wavenumber, near-ideal ballooning modes suffi-
ciently and the 0/0 profile of the pressure is drastically
modified. However, it is easily found that the radial pro-
file in the perturbed simulation is improved to that in the
reference data.
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Fig. 3 The radial profiles of the pressure Fourier coefficients
with n = 9 wavenumber. The(a)cosine and (b)sine parts
of the Fourier coefficients in the perturbed simulations
are compared to those in the reference simulation data (c)
and (d), respectively.

3 Concluding Remarks

In this article, we have seen a very primitive view of an
influence of the finite perturbations to the linearly-unstable
MHD system. It appears that the linear stability theory
of an equilibrium without flow can be a starting point to
study the dynamical evolution with the parallel flow when
neither an equilibrium with flow nor the stability analy-
sis around the equilibrium for the three-dimensional heli-
cal configuration are prepared. Although the introduction
of the initial parallel flow does not stabilize the instabil-
ity sufficiently, the mean pressure profile appears better-
organized than that in the near-ideal simulation without the
parallel flow.

The numerical simulations in this articles have been
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Fig. 4 The radial profiles of the pressure Fourier coefficients
with n = 15 wavenumber. The(a)cosine and (b)sine parts
of the Fourier coefficients in the perturbed simulations
are compared to those in the reference simulation data (c)
and (d), respectively.
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　　　　Effects of Static Magnetic Islands on Interchange mode　
　　　　 in Straight Heliotron Configuration

Kinya SAITO1), Katsuji ICHIGUCHI1,2) and Nobuyoshi OHYABU1,2)

1)The Graduate University for Advanced Studies, Toki 509-5292, Japan
2)National Institute for Fusion Science, Toki 509-5292, Japan

The interaction between resistive interchange mode with single helicity and static islands due to an external
perturbed field is numerically studied in a straight heliotron configuration based on the reduced MHD equations.
Especially, the dependence of the island width in the saturation state of the interchange mode on the static island
width or the external field magnitude is focused. The dependence is different between the large and small static
island cases. In the large static island case. the saturated island width increases as the static island width. In
this case, the interchange mode reduces the island width. On the other hand, in the small static island case, the
saturated width has an oscillatory tendency with respect to the static island width.

Keywords: magnetic island, resistive interchange mode

1. Introduction
In the magnetic confinement of the fusion plasma, a

configuration with nested surfaces is the most favorable.
However, error magnetic field originated from such as mis-
alignment of the field coils and the terrestrial magnetism
induces static magnetic islands. The static islands have
a possibility to degrade the plasma confinement substan-
tially. Particularly, the heliotron configuration is easily af-
fected by the static islands because all of the confinement
magnetic field is generated by the outer coils. In the Large
Helical Device (LHD), which is a typical heliotron device,
the Local Island Divertor coils are installed in the system
to control the static islands with (m,n) = (1,1) actively and
investigate the effects on the global confinement[1], where
m andn are the poloidal and toroidal mode numbers, re-
spectively.

On the other hand, the interchange mode is a crucial
MHD mode in the heliotron configurations. A lot of
theoretical analyses have been done for the behavior in
the nested surface configurations. However, only a few
works treated the behavior of the interchange mode in the
existence of the static islands. Therefore, comprehensive
study about the direct interaction between the interchange
mode and the static islands has not been carried out. Thus,
the interaction between the static magnetic island and the
dynamics of the interchange mode is numerically analyzed
in the present work. Particularly, the island width in the
saturation state of the interchange mode is focused. To
investigate the basic mechanism, we employ a straight
heliotron configuration corresponding to the LHD.

2. Basic Equations and Incorporation of Static Magnetic
islands

Since the nonlinear treatment is inevitable for the
study of the magnetic islands, we utilize the NORM

author’s e-mail: saito.kinya@nifs.ac.jp

code[2]. This code solves the nonlinear reduced MHD
equations for the poloidal magnetic fluxΨ, the stream
functionΦ and the plasma pressureP. In the straight he-
liotron configurations, the equations in the cylindrical co-
ordinates (r,θ,z) are given by

∂

∂t

(
Ψ̃

R0

)
= − 1

µ0
B · ∇Φ̃ + ηJ̃z (1)

ρ
d
dt

Ũ = −(B ·∇J̃z+ B̃ ·∇Jz eq)+∇Ωeq×∇P̃· ẑ+ν52
⊥ Ũ (2)

and

dP
dt
= κ⊥∇ · ∇⊥P̃+ κ‖

B
B0
· ∇(

B
B0
· ∇P̃), (3)

where the subscript ’eq’ refers to the equilibrium quantity
and the tilde denotes the perturbed quantity. The factors of
ρ andµ0 are the mass density and the vacuum permeability,
respectively. The magnetic differential operator and the
convective time derivative are given by

B · ∇ = B0
∂

∂z
+ ẑ× ∇

{ 1
R0

(Ψeq+ Ψ̃)
}
· ∇ (4)

and

d
dt
=
∂

∂t
+ ṽ⊥ · ∇, (5)

respectively, wherẽv⊥ = ∇Φ̃ × ẑ. The operator∇⊥ is de-
fined as∇⊥ = ∇ − ẑ(∂/∂z) and ẑ is the unit vector in the
z direction. The vorticityŨ and the current densitỹJz are
expressed byŨ = ∇2

⊥Φ̃, J̃z = ∇2
⊥(Ψ̃/R0) , respectively.

The average field line curvatureΩeq is given by

Ωeq =
1

4π2

∫ 2π

0

∫ 2π

0
dθdζ

(
R
R0

)2 1+ |Beq− Beq|2

B2
0

 . (6)

The viscosity and the perpendicular and parallel heat con-
ductivity are introduced with the coefficients ofν, κ⊥ and
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κ//, respectively. The resistivityη is also introduced, which
is measured by the magnetic Reynolds numberS hereafter.

The effects of the static island are incorporated by as-
suming the existence of an external poloidal magnetic flux
perturbation at the plasma boundary[3]. The poloidal flux
corresponding to the (m,n) magnetic islands in vacuum
configuration is given by the solution of the current-free
equation,

∇2
⊥Ψ̃ = 0 (7)

with the boundary condition,

Ψ̃(r=1) = Ψb cos(mθ − n
z

R0
). (8)

The size of the static magnetic islands is controlled by
changing the value ofΨb. Here,Ψb corresponds to the
magnitude of the external perturbed magnetic field. We
use the solution of Eq.(7) as the initial condition ofΨ̃ for
the nonlinear calculation. By following the time evolution
of the interchange mode under the boundary condition (8),
we can investigate the effects of the static island on the
dynamics of the mode. In the present work, the magnetic
island (m,n) = (1,1) is examined.

We study the interaction between the static islands and
the interchange mode with (m,n) = (1,1). For this pur-
pose, we assume that the perturbations have a single helic-
ity of n/m= 1 as follows:

Ψ̃(r, θ, z) =
N∑

n=0,m=n

Ψm,n(r) cos(mθ − n
z

R0
) (9)

Φ̃(r, θ, z) =
N∑

n=0,m=n

Φm,n(r) sin(mθ − n
z

R0
) (10)

P̃(r, θ, z) =
N∑

n=0,m=n

Pm,n(r) cos(mθ − n
z

R0
), (11)

whereN = 30 is employed in the present calculation. The
magnetic energy of the perturbation is defined asEM =

ΣnEn
M andEn

M =
1
2

∫
|∇⊥Ψnn cos(nθ − n z

R0
)|2dV.

3. Equilibrium and Linear Stability
We examine a straight heliotron equilibrium corre-

sponding to the LHD configuration with the vacuum mag-
netic axis located at 3.6m. The equilibrium is obtained by
utilizing the cylindrical part of a three-dimensional equi-
librium, which is calculated with the VMEC code[4] under
the no net current and the free boundary conditions. We as-
sume the pressure profile of theP = P0(1 − r4)2 with the
beta value at the axis ofβ0 = 4%. Figure 1 shows the pro-
files of the pressure and rotational transformι. The rational
surface ofι = 1 is located atr = 0.85 with substantial pres-
sure gradient.

In order to enhance the effect of the interchange
mode, we use a large resistivity ofS = 104. We also
choose the dissipation parameters ofν, κ⊥ andκ// so that
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Fig. 1 Profiles of pressure and rotational transform.
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Fig. 2 Linear growth rates of the interchange mode withΨb = 0
versus toroidal mode numbern.

the n = 1 mode should be dominant. Figure 2 shows the
linear growth rares for these parameters. The growth rate
decreases as the toroidal mode numbern. Only then = 1
andn = 2 modes are linearly unstable. The growth rate of
then = 1 mode is almost twice of that of then = 2 mode.

4.Development of Magnetic Islands due to Nonlinear
Dynamics of Resistive Interchange Mode

We examine the development of the magnetic islands
in the nonlinear evolution of the resistive interchange mode
discussed in Sec.3. Figure 3 shows the dependence of both
widths of the initial static islands att = 0τA(wi) and the
islands in the saturation state att = 14, 000τA(ws) on the
external poloidal fluxΨb. Positive and negative values cor-
respond to the magnetic islands with the X-points located
at θ = 0 andθ = π in thez = 0 poloidal cross section, re-
spectively. The width of initial islandwi is a monotonous
function ofΨb. However, the tendency of the island width
in the saturation statews varies depending onΨb.

At first, we look at the case ofwi = 0 (Ψb = 0) as the
reference of the case without the static islands. In this case,
a typical evolution of the resistive interchange mode is ob-
tained. Figure 4 shows the time evolution of the magnetic
energy. There exists a stationary saturation region after the
linear growth of the mode. The (m,n) = (1,1) mode is
dominant in the whole region as expected in Sec.3. Fig-
ure 5 shows the contour of the helical magnetic flux in the
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Fig. 3 Dependence of island width in the initial state(wi) and
the saturation state(ws) onΨb. The width is normalized
by the minor radius.

saturation state att = 14,000τA, which is defined as

Ψh(r, θ, z) = Ψeq(r) + Ψ̃(r, θ, z) − r2

2
n
m

B0

R0
. (12)

The (m,n) = (1,1) island is generated by the resistive inter-
change mode evenΨb = 0. This is due to the assumption
of the large resistivity ofS = 104 and the cylindrical ge-
ometry. The X-point is generated atθ = π in z= 0 poloidal
cross section in this case. Dashed line shows the position
of the rational surface withι = 1. The vortex flow occurs
so that the plasma insideι = 1 surface moves toward the
X-point.

Next, we consider the cases of the finite initial static
islands. The dependence ofws on wi or Ψb is different
between large and small cases of|wi |.

In the large|wi | case of|wi | ≥ 5.3× 10−2 (|Ψb| ≥ 5.0×
10−4), there exists a tendency that|ws| increases as|wi | as
shown in Fig.3.

Figure 6 shows the time evolution of the magnetic en-
ergy for wi = 0.10 (Ψb = 2.0 × 10−3). As in the case of
wi = 0, there exits a stationary saturation state, however,
the behavior of the mode in the linear region is different.
SinceΨ1,1 has a large and constant amplitude due to static
magnetic islands, the growth rate ofΨ1,1 is almost zero.
The growth rates of other modes are determined by the
convolution withΨ1,1, therefore, each mode has almost the
same growth rate. This property of the linear growth rate
is common for all finitewi , but quite different from that in
the case ofwi = 0 shown in Fig.4.

In the initial state forwi = 0.10 (Ψb = 2.0 × 10−3),
the X-point is located atθ = 0 as shown in Fig.7(a). This
point remains at the same position in the saturation state
as shown in Fig.7(b). That is, the phase of the island in
the saturation state is determined by that in the initial state,
which is independent of the island phase ofwi = 0. In this
case,|ws| is smaller than|wi | and the vortices are gener-
ated so that the plasma inside of theι = 1 surface moves
from the X-point to the O-point as shown in Fig.7. This
result indicates that the interchange mode reduces the is-
land width in the nonlinear evolution. This property is
common for large initial island cases of|wi | ≥ 5.3 × 10−2
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Fig. 4 Time evolution of the magnetic energy forwi = 0.

Fig. 5 Contour of helical magnetic flux inz = 0 poloidal cross
section att = 14, 000τA.

(|Ψb| ≥ 5.0× 10−4).

On the other hand, in the small initial static island case
of |wi | < 5.3 × 10−2 (|Ψb| > 5.0 × 10−4), the dependence
of ws on wi orΨb is not monotonous, rather oscillatory, as
shown in Fig.3. The property of the island development is
different from that in the large initial island case.

Figure 8 shows the change of the magnetic islands for
wi = 4.1× 10−2 (Ψb = 3.0× 10−4). In this case, the phase
of the islands are the same as that for|wi | = 5.3 × 10−2,
however,ws is larger thanwi as shown in Fig,8(a) and (b).
Figure 8(c) shows that the vortices are generated so that
the plasma inside of theι = 1 surface moves from the O-
point to the X-point. This flow is considered to enhance
the reconnection at the X-point. Therefore, the interchange
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Fig. 6 Time evolution of magnetic energy .
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(a) (b) (c)

Fig.7 Contour of helical magnetic flux forwi = 0.10 at (a) t=0τA and (b)t = 14, 000τA, and (c) flow pattern att = 14,000τA

for the samewi .

(a) (b) (c)

Fig.8 Contour of helical magnetic flux forwi = 4.1 × 10−2 at (a) t=0τA and (b)t = 14,000τA, and (c) flow pattern at
t = 14,000τA for the samewi .

(a) (b) (c)

Fig.9 Contour of helical magnetic flux forwi = −4.1 × 10−2 at (a) t=0τA and (b)t = 14,000τA, and (c) flow pattern at
t = 14,000τA for the samewi .
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mode enhances the island width in the case.
In the case ofwi = −4.1 × 10−2 (Ψb = −3.0 × 10−4),

we obtain another behavior of the island. In this case, the
phase of the island changes in the nonlinear evolution of
the interchange mode. The X-point is located atθ = π at
t = 0, while the point is located atθ = 0 at t = 14,000τA

as shown Fig. 9(a) and (b). The vortices are generated so
that the plasma inside theι = 1 surface moves from X-
point to O-point in the initial island as shown in Fig. 9(c).
The direction of the flow is the same as in the large initial
island case, however, it may be strong enough to change
the island phase.

5. Conclusions
We study the interaction between the (m,n) = (1, 1)

static magnetic islands and the nonlinear dynamics of
the resistive interchange mode with the single helicity of
n/m= 1 by following the time evolution of the mode. Par-
ticularly, the dependence of the island development on the
width of the initial static islandwi is focused.

At first, we obtain a common feature in the linear state
of the time evolution of the interchange mode for all finite
wi . The (m,n) = (1,1) component of the magnetic energy
is dominant and almost constant due to the existence of
the initial state islands in the present analysis. Therefore,
other components have almost the same growth rate be-
cause these components are mainly generated by the con-
volution with the dominant mode.

As the interchange mode evolves nonlinearly, the
width and the phase of the magnetic islands can change.
Such change are considered to be attributed to the vortex
flow generated by the interchange mode. A common ten-
dency between the flow and the change of the islands is
also found for all finitewi . When the flow is generated so
that the plasma moves toward the initial O-point, the is-
land width is reduced or the phase of the island is changed.
On the other hand, the flow is generated so that the plasma
moves toward the initial X-point, the island width is en-
hanced.

The dependence of the island width in the satura-
tion state onwi is different between the cases of the large
and small|wi |. In the large initial island case for|wi | ≥
5.3×10−2, the island width in the saturation state increases
monotonously as|wi |. The location of the O-points and
the X-points is determined by the positions in the initial
islands and independent of the island phase forwi = 0. In
this case, the interchange mode has a contribution to re-
duce the island width for eachwi .

On the other hand, in the small island case for|wi | <
5.3 × 10−2, the island development does not have such a
definite tendency as in the large island case. The depen-
dence of the island width in the saturation onwi is not
monotonous. In one case, the width is enhanced by the
interchange mode evolution with the phase fixed. In other
case, the island phase changes so that the positions of the
X-point and the O-point are replaced in the saturation state.

Such behavior in the small island cases may be due to the
existence of a large island forwi = 0, which results from
the choice of the large resistivity ofS = 104 in this analy-
sis.
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Identification of magnetic islands in Heliotron J experiments
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The equilibrium response on the magnetic island produced by external perturbed coils is studied in a He-
liotron J plasma. In order to identify the equilibrium response, the magnetic diagnostic system is developped.
This system consists of two parts. One is the diagnostic system based on the toroidal array of the magnetic probe.
Another is a numerical code based on the 3D MHD equilibrium calculation code. Using the diagnostic system,
the perturbation field friven by the equilibrium response is identified.

Keywords: magnetic island, equilibrium response, magnetic diagnostics, HINT2

1 Introduction

Generating and keeping clear flux surfaces are an aim of
magnetic confinement researches, because magnetic is-
lands and stochasticity of magnetic field leads the degra-
dation of the confinement connecting and overlapping filed
lines. In tokamaks, the degradation of the confinement due
to generating islands like the locked mode and neoclassical
tearing mode (NTM) were observed and studied [1, 2]. The
same degradations is also observed in helical system [3].
Thus, understanding and controlling of island dynamics
are urgent and critical issues to aim the fusion reactor.

A method to identify magnetic islands is measuring
electron temperature and density. However, if islands are
rotating or healing, the profile measurement cannot iden-
tify island structure. Another method is the magnetic diag-
nostics. Since the magnetic diagnostics detects the change
of magnetic flux directly, above problems are resolved but
the diagnostics must be installed appropriately to detect
perturbed field of islands.

In this study, we study island dynamics using the mag-
netic diagnostics in Heliotron J plasmas. Heliotron J is
an L = 1/M = 4 helical axis heliotron configuration. A
characteristic is the rotational transform profile with low
magnetic shear (ι ∼0.5) to improve the particle confine-
ment. This means there is a possibility of generating of
large magnetic islands with coupling the perturbation. If
low-n resonances are superposed, low-n/m islands appear.
This is an advantage to study the equilibrium response on
those islands. Thus, in order to generate low order mag-
netic islands and study the impact of the equilibrium re-
sponse, external perturbation coils are designed and in-
stalled in Heliotron J device. In next section, the external

author’s e-mail: ysuzuki@LHD.nifs.ac.jp

coil to produce low-n perturbation field and magnetic diag-
nostic system are explained. Then, first result of the island
experiment is shown. Lastly, we summarize this study and
show the outlook.

2 Experimental setup

2.1 Heliotron J device

The Heliotron J device is a medium sized helical-axis
heliotron device (R0 = 1.2[m], ap = 0.17 [m], B0 ≤
1.5 [T]) with an L = 1/M=4 helical coil. Figure 1
shows a schematic view of the experimental system. In
this experiment, the initial plasma is produced by us-
ing the second harmonic X-mode ECH (70 GHz,< 0.45
MW, non-focusing Gaussian beam) launched from a top
port. To measure the perturbed field, four magnetic
probes (MP01∼04) are installed along the toroidal di-
rection. These probes detect the perturbation along the
toroidal direction.

2.2 Installation of external perturbation coils

The magnetic island is produced by the perturbed field
from the ‘MHD instability’ and ‘MHD equilibrium re-
sponse’ (equilibrium response). The identification of the
perturbation on the MHD instability is easy because only
detection of the perturbation from the equilibrium field
is done. However, the identification of the perturbation
on the equilibrium response is difficult because the equi-
librium response driven by the equilibrium current (the
Pfirsh-Schl̈uter (P-S) current, inductive and non-inductive
net toridal currents) along rippled field lines is very small.
To detect the perturbation and identify the mode, the im-
provement of the magnetic diagnostic is necessary. As a
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Fig. 1 Experimental setup

first step, we measure the distortion of the P-S current flow
on a low-n (n=1) magnetic island. In theoretical analy-
ses, spontaneous generation of the magnetic island by the
equilibrium response is only forn ≥ 4 because ofM=4.
In order to appear the distortion of the P-S current on the
low-n island, the external perturbation withn=1 is neces-
sary. Thus, we designed and installed two pair of resonant
magnetic perturbation (RMP) coils in Heliotron J device.
RMP coils to generaten=1 perturbation were installed at
hatched positions in fig. 1. Poincaré maps of magnetic field
lines are plotted atϕ=0. Bold lines in the figures indicate
the wall of the vacuum vessel. In Fig. 1(a), an island chain
by n/m=4/8 natural resonance appears. On the other hand,
in figs.1(b) and (c), large magnetic islands withn/m=1/2
appear by the external perturbed field and the phase of is-
lands is different in both cases. The external perturbed field
is the quadrupole field and it is generated by two pairs of
trim coils. The phase of islands can be changed by control-
ing the current of the trim coil. Figure 2 shows radial pro-
files of the rotational transform as a function of the major
radius R atϕ=0. Although the external perturbed field is
superimposed, profiles and positions of the magnetic axis
are hardly changed.

3 Equilibrium response on low-n is-
lands

Since the profile of the plasma pressure becomes flat on
the island, the P-S current changes with flattering pressure
profile. The distortion of the P-S current leads the equi-
librium response. The magnetic diagnostic identifies the
response localized along the toroidal direction.

To study the equilibrium response due to the finiteβ

(a) Poincaŕe plots
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Fig. 2 Poincaŕe plots of magnetic field lines with and without
the RMP and profiles of the rotational transform as the
function ofR are plotted atϕ=π4. Wth the RMP,IRMP is
20kA.
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effect, the MHD equilibrium is caluclated by the HINT2
code [4], which is a 3D MHD equilibrium solver with-
out an assumption of nested flux surfacesa priori. In
fig. 3, Poincaŕe plot of magnetic field lines and the rota-
tional transform are shown for< β >∼0.2% corresponding
to fig. 2. For the comparison, the rotational transform for
the vacuum is also shown in fig.3(b). Increasedβ, the rata-
tional transform on the axis increases and the resonant sur-
face withn/m=1/2 disappears. Thus, islands withn/m=1/2
also disappear. However, flux surfaces sitll distort due to
external RMP field.

(a) Poincaŕe plot
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Fig. 3 Poincaŕe plots of magnetic field lines with and without
the RMP and profiles of the rotational transform as the
function ofR are plotted atϕ=π4. Wth the RMP,IRMP is
20kA.

To identify the equilibrium response due to the finite-β

effect, the pressure-induced driven by the plasma is calcu-
lated. In fig. 4, the normal component of pressure-induced
field, Bn, is shown. Poloidal and toroidal angle are nor-
malized by 2π andθ=0 is the ourtermost position onZ=0
plane. The marginal difference appears alongϕ=0.9 line.
On the other hand, the poloidal component of pressure-
induced field,Bθ, is plotted along the position of mag-
netic probes in fig. 5. the poloidal field changes along the
toroidal angleϕ. However, the change alongϕ is very small
because ofδBθ < 1[G]. Since the difference is very small,
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Fig. 4 The normal field component on the vacuum vessel

the observation by the magnetic probe is difficult. In order
to observe significantly, the improvement ofS/N ratio by
the flux loop is necessary. This result will be the basis to
design the flux loop in Heliotron J device.
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Fig. 5 The poloidal field at magnetic probes

Finally, we show the first result of the experimants
with the RMP. For a typical shot (#32741) in this exper-
iments, the density was kept∼ 1019 and small net-toroidal
current (< 1kA) flowed in the plasma. Unfortunately, in
this experiment, the profiles of electron temperature and
densitycould not be observed. In fig. 6, signals of mag-
netic probes with (#32741) or without (#32745) the RMP,
respectively. Comparing fig. 6 (a) and (b), differences ap-
peared in both cases. With the RMP, there are no signals of
MP02∼04. This suggests a possibility that the P-S current
flow was distorted by the magnetic island and the exter-
nal field driven by the P-S current was changed. However,
this is still a speculaion. The identification of the equilib-
rium response is a future subject. The signal observed by
the magnetic probe was very small. Since the equilibrum
response is guessed ver small, the flux loop is efficient to
observe small perturbation field. The design of flux loop
to Heliotron J device is another future subject.
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(a) Ipc=0kA

(b) Ipc=20kA

Fig. 6 Signals of magnetic probes in two shot (no RMP and
RMP). With the RMP,IRMP is 20kA.

4 Summary

we designed and installed external RMP coils to Heliotron
J device. These coils can produce low-n magnetic island in
the plasma. To detect the distortion of the equilibrium cur-
rent flow by large magnetic islands, we can study the effect
of the equilibrium response on the spontaneous changing
magnetic islands. We also show the fisrt result of the con-
figuration with the RMP field. The difference on signals of
magnetic probes appeared by superposing the RMP field.
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High-beta toroidal equilibria with flow in reduced fluid models

Atsushi ITO and Noriyoshi NAKAJIMA
National Institute for Fusion Science,322-6 Oroshi-cho, Toki 509-5292, Japan

A reduced set of equations for high-beta tokamak equilibria with flow comparable to the poloidal sound
velocity are solved analytically for the single-fluid MHD case and numerically for the case of two-fluid model
with ion Finite Larmor radius (FLR). The analytical solution for single-fluid MHD equilibria shows that the shift
of the magnetic axis from the geometric axis is enhanced by a slightly super-poloidal-sonic flow and it produces
a forbidden region of equilibrium by the poloidal-sonic flow. Numerical analysis shows that there are regular
solutions for the two-fluid model with FLR that are singular for the single-fluid and Hall MHD models, and that
the solutions depend on the sign of theE × B flow compared to that of the ion diamagnetic flow.

Keywords: two-fluid model, finite Larmor radius, equilibria with flow, magnetohydrodynamics

1 Introduction

In magnetically confined plasmas, equilibrium flows may
suppress instability and turbulent transport to give rise to
improved confinement modes where high-β is achieved. In
such equilibria, the scale lengths characteristic of micro-
scopic effects not included in single-fluid magnetohydro-
dynamics (MHD) cannot be neglected. Small scale effects
on flowing equilibria due to the Hall current have been
studied with two-fluid or Hall MHD models [1]. However,
these models are consistent with kinetic theory only for
cold ions. A consistent treatment of hot ions in a two-fluid
framework must include the ion gyroviscosity and other fi-
nite Larmor radius (FLR) effects. In the fluid formalism
of collisionless magnetized plasmas, these effects are in-
corporated by means of asymptotic expansions in terms of
the small parameterδ ∼ ρi/a, whereρi is the ion Larmor
radius anda is the macroscopic scale length. With a slow
dynamics ordering,v ∼ δvth wherev andvth are the flow
and thermal velocities respectively, the ion FLR terms [2]
are much simplified in the reduced models for large-aspect-
ratio, high-β tokamaks [3] after relatingδ to the inverse as-
pect ratio expansion parameterε ≡ a/R0 � 1, whereR0 is
the characteristic scale length of the major radius.

We have derived reduced sets of two-fluid equations
for axisymmetric equilibria with flow in the orders of the
poloidal sound velocities [4]. The poloidal-sonic flow can
be described by the reduced model with the relationδ ∼ ε.
This reduced set can describe the three models: single-fluid
(ideal) MHD, Hall MHD, two-fluid model with ion FLR.
For the single fluid case, we can find analytical solutions
and study the effects of poloidal-sonic flow on the equilib-
rium profiles (Sec. 3). For the case of two-fluid model with
ion FLR, we have found numerically regular solutions that
depend on the sign of theE × B flow compared to that of
the ion diamagnetic flow (Sec. 4).

2 Basic equations

The equations for two-fluid equilibria with hot ions are

∇ · (nv) = 0, (1)

∇ × E = 0, (2)

minv · ∇v = j × B − ∇ (pi + pe) − λi∇ · Πgv
i , (3)

E + v × B =
λH

ne
(j × B − ∇pe) , (4)

µ0j = ∇ × B (5)

v · ∇pi + γpi∇ · v + λi

(
2
5
γ∇ · qi

)
= 0, (6)

(v − λH j/ne) · ∇pe + γpe∇ · (v − λH j/ne)

+λe

(
2
5
γ∇ · qe

)
= 0, (7)

wheremi is the ion mass,n is the density,v is the ion flow
velocity, E and B are the electric and magnetic fields,j
is the current density,pi and pe are the ion and electron
pressures,Πgv

i is the ion gyroviscous tensor,qi andqe are
the ion and electron heat fluxes respectively, andγ = 5/3.
The diagonal components of the pressure tensors are as-
sumed to be isotropic. The electron massme is neglected
becauseme � mi . The electron gyroviscosity is also ne-
glected sinceρe � ρi . We have introduced the artificial
indicesλi , λe and λH that label the two-fluid, non-ideal
terms: (λi , λe, λH) = (0,0,0) for single-fluid (ideal) MHD,
(0,0,1) for two-fluid MHD with adiabatic electron pres-
sure but zero ion Larmor radius (Hall MHD) and (1,1,1)
for two-fluids with finite ion Larmor radius. Here we shall
consider the corresponding toroidal axisymmetric equilib-
ria, where, in cylindrical coordinates (R, ϕ,Z), the mag-
netic fieldB can be written as

B = ∇ψ(R,Z) × ∇ϕ + I (R,Z)∇ϕ (8)

The asymptotic expansion is defined in terms of the
inverse aspect ratioε ≡ a/R0 � 1 wherea and R0 are
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the characteristic scale length of the minor and major radii
respectively. The following high-β tokamak orderings for
compressible reduced MHD are applied,

Bp ∼ εB0, pi ∼ pe ∼ ε
(
B2

0/µ0

)
, |∇| ∼ 1/a.

The variables are expanded asf = f1 + f2 + f3 + . . . We
assume slow dynamics ordering,

v ∼ δvthi, minv2 ∼ ‖Πgv
i ‖ ∼ δ2pi,e,

qi ∼ vpi,e ∼ δvthi pi,e.

The energy of flows in the order of the poloidal sound
speedv ∼ Csp ≡ (Bp/B0)(γp/nmi)1/2 is the third order
of the magnetic energy,

minv2 ∼ ε2p ∼ ε3
(
B2

0/µ0

)
.

The equation forψ1 is identical to the reduced GS equation
for single-fluid, static equilibria,

∆2ψ1 = −µ0R2
0

[(
2x
R0

)
p′1 + g′∗

]
−


I2
1

2


′
, (9)

where∆2 ≡ (∂2/∂R2 + ∂2/∂Z2), p1 ≡ pi1 + pe1 and

pi2 + pe2 +
B0

µ0R0
I2 ≡ g∗ (ψ1) . (10)

The following quantities are shown to be arbitrary func-
tions ofψ1,

n0 = n0(ψ1), pi1 = pi1(ψ1),

pe1 = pe1(ψ1), I1 = I1(ψ1). (11)

The effects of flow, two-fluid and ion FLR appears in the
equation forψ2 [5, 4].
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Fig. 1 The Shafranov shift as a function of poloidal Mach num-
ber. The shaded region is beyond the equilibrium beta
limit.
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3 Single-fluid equilibria

Single-fluid MHD equilibria are given by setting
(λi , λe, λH) = (0,0,0). For linear profiles of the lowest-
order quantities, we have derived analytical equilibria of
high-beta tokamaks with poloidal-sonic flow and the ex-
pressions for the shift of the magnetic axis, the shift of the
pressure maximum and the equilibrium beta limit [6]. We
assume linear profiles for the following free functions,

p1 = ε
(
B2

0/µ0

)
p1c (ψ1/ψc) , (12)

g∗ +
I2
1

2µ0R2
0

= ε2
(
B2

0/µ0

)
gc

(
ψ1

ψc

)
, (13)

M2
Ap = εM2

Apc(ψ1/ψc) , (14)

MAp (ψ1) ≡ − [
µ0min0 (ψ1)

]1/2 R0Φ′1 (ψ1) /B0 (15)

is the leading order of the poloidal Alfvén Mach number,
β1 ≡ γp1/(B2

0/µ0). The fixed boundary conditions forψ1

andψ2 are given by assuming circular cross section as

ψ1(a, θ) = ψ2(a, θ) = 0. (16)

We have also solved for the vacuum region 1≤ r assum-
ing thatψ1 andψ2 are smoothly connected at the plasma-
vacuum boundaryr = a. We then apply the following nor-
malization

r/a ≡ r , ψ1/ψc ≡ ψ1, ψ2/ψc ≡ εψ2,

a/R0 ≡ ε, ψc/B0R0a ≡ εBp.

(For figures 1 - 8,ε = 0.1, gc = 4, p1c = 3.2 andBp =

1.) The solution indicates the modification of the mag-
netic structure and the departure of the pressure surfaces
from the magnetic surfaces by sub- or super-poloidal-sonic
flows. We have shown that the shift of the magnetic axis
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from the geometric axis is enhanced by a slightly super-
poloidal-sonic flow and it produces a forbidden region of
equilibrium by the poloidal-sonic flow (Fig. 1). Figure 2
shows the magnetic structure forM2

Apc/γp1c = 1.05, where
the equilibrium beta limit is violated since the separatrix
appears in the plasma region. The physical mechanism of
the shift of the pressure maximum from the magnetic axis
due to the poloidal-sonic flow can be explained in analogy
to those of the geodesic acoustic mode and the slow mag-
netosonic wave.
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Fig. 3 Isosurfaces ofψ for VEc = −√γp1c andVdc = −1.
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Fig. 4 Isosurfaces ofp for VEc = −√γp1c andVdc = −1.

4 Two-fluid equilibria with FLR

Two-fluid equilibria with FLR are obtained by setting
(λi , λe, λH) = (1,1,1). From Faraday’s law (2), we obtain
E ≡ −∇Φ. The generalized Ohm’s law (4) is rewritten as

E + v × B =
λH

ne

(
∇pi + minv · ∇v + λi∇ · Πgv

i

)
.(17)

The ion flow velocityv is defined from Eq. (17) up to the
second order as

v ≡ vE + λHvdi + v‖(B/B), (18)
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Fig. 5 Isosurfaces ofΨ for VEc = −√γp1c andVdc = −1.

vE ≡ −∇Φ × B
B2

, vdi ≡ −∇pi × B
enB2

. (19)

The ion gyroviscous force is needed only in their leading
orders [5],

∇·Πgv
i ' −

mi

eB0
(R0∇ϕ × ∇pi1)·∇v−∇

(
χv + χq

)
,(20)

Unlike for single-fluid equilibria, the profile ofn0 must be
specified in order to give the profiles ofE× B and diamag-
netic flows for two-fluid equilibria. We assume the linear
profile ofn0,

n0 = ncψ1. (21)

Then theE × B and the diamagnetic flows are given by

VE/VAp =
√
εVEcψ

1/2
1 , (22)

Vdi/VAp =
√
εVdcpi1cψ

−1/2
1 , (23)

Vde/VAp = −√εVdcpe1cψ
−1/2
1 , (24)

where

Vdc ≡ −√εµ0min0c

R0

(
B2

0/µ0

)

en0cB0ψc
. (25)

We solve the GS equation forψ2 by using the finite element
method with 40×40 grid points. Figures 3 - 5 show the iso-
surfaces ofψ, p and the ion stream functionΨ respectively
for VEc = −1 andVdc = −1. The single-fluid equilibria
with V2

Ec = γp1c is singular because of the poloidal-sonic
singularity. The Hall-MHD equilibria also have singularity
at r = 1 because the convective term in the equation forψ2,

MAp

(
MAp − λi

Vdi

VAp

)

goes to infinity for the given profiles. Thus, this solution is
regular in the presence of both two-fluid and FLR effects.
Figures 3 - 5 also show that the isosurfaces ofψ, p andΨ

do not coincide with each other due to the two-fluid effect.
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Fig. 6 The profiles ofψ in the mid plane.
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Fig. 7 The profiles ofp in the midplane.

Figures 6 - 8 show the profiles ofψ, p and the ion stream
functionΨ respectively in the midplane forVEc = ±1 and
Vdc = −1. The solid lines are forVEc = Vdc and the dashed
line are forVEc = −Vdc. These results show that the equi-
librium solutions for two fluid equilibria with FLR depend
on the sign of theE × B flow.

5 Summary

We have solved a reduced set of equations for high-beta
tokamak equilibria with flow comparable to the poloidal
sound velocity analytically for the single-fluid MHD case
and numerically for the case of two-fluid model with ion
Finite Larmor radius (FLR). The analytical solution for
single-fluid MHD equilibria shows that the shift of the
magnetic axis from the geometric axis is enhanced by a
slightly super-poloidal-sonic flow and it produces a for-
bidden region of equilibrium by the poloidal-sonic flow.
Numerical analysis shows that there are regular solutions
for the two-fluid model with FLR that are singular for the
single-fluid and Hall MHD models, and that the solutions
depend on the sign of theE × B flow compared to that of
the ion diamagnetic flow.
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Intrinsic rotation of magnetic island with finite width

Ken UZAWA, Akihiro ISHIZAWA and Noriyoshi NAKAJIMA

National Institute for Fusion Science, 322-6 Oroshi-cho Toki-city, GIFU 509-5292, Japan

The direction of island rotation is investigated by using a two fluid equations, which includes effects
of poloidal beta and also diamagnetic drifts of both ion and electron. It is found that the island rotates
toward the electron diamagnetic drift in all cases in the linear regime. The parameter beta plays an
important role in determining the direction of the island rotation in the nonlinear regime. It is also
found that when the island width is small comparable to the ion Larmor radius, the real frequency
strongly is affected to rotate toward the ion diamagnetic direction.

Keywords: island rotation, neoclassical tearing mode, two fluid model

1 Introduction

Tearing modes are resistive Magnetohydrodynamic
(MHD) instabilities which break topology of ideal
magnetic field and lead to the formation of helically
perturbed structures called magnetic islands by tear-
ing or reconnecting magnetic field line around the res-
onant surfaces in magnetic confinement devices such
as LHD. The linear theory shows that the classical
tearing mode is stable when the stability parameter

∆′ =
1
ψ̃

[
dψ̃

dx

∣∣∣∣∣
x=+0

− dψ̃

dx

∣∣∣∣∣
x=−0

]

is negative, which is given by the logarithmic jump
of the perturbed magnetic flux around the rational
surface[1]. However, the new type of tearing modes
which can occur even when classically stable (the
stability parameter is negative) due to helically per-
turbed bootstrap current in recent low collisional plas-
mas. The metastable (linearly stable but nonlin-
early unstable) tearing modes are called neoclassi-
cal tearing modes (NTMs). The NTMs are found
to limit the achievable beta in high performance dis-
charges and deteriorate plasma confinement leading
to plasma disruption. Therefore, much attention
has been focused on NTMs both theoretically and
experimentally[2, 3, 4].

To understand NTM dynamics theoretically, the
modified Rutherford equation is often used as the
model equation describing temporal evolution of mag-
netic island width,

τs

rs

dw

dt
= rs∆′ + βp

(
∆bw

w2 + w2
0

− ∆p

w3

)
, (1)

where τs = µ0r
2
s/1.22η is the resistive diffusion time at

the magnetic surface of radius rs, η is the neocalssical
resistivity, ∆′ is the classical tearing stability param-
eter which is discussed above, βp is the poloidal beta
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at rs, w0 is the characteristic island width. The co-
efficients ∆b and ∆p represent destabilizing bootstrap
current effect and polarization current effect, respec-
tively. Typical representation of ∆p is

∆p =
L2

s

kv2
A

ω(ω − ω∗i),

where ω is island rotation frequency, ω∗i is ion dia-
magnetic drift frequency, Ls is the magnetic shear
length, k is the wave number of the mode, and vA =√

B2
0/4πnmi is the Alfven velocity[5]. It clearly shows

that when ∆p < 0 the polarization term plays a stabi-
lizing role on NTM growth. And note that the island
growth depends on rotation of island direction. It is
of much importance to determine the direction of the
island so much works have been investigated by using
several models[5, 7, 8, 9]. However, effects of finite
beta and also ion and electron diamagnetic drifts are
not fully investigated. In this work, we investigated
numerically the rotation of magnetic island for various
island width including both effects.

2 Model Equations

Since there is no degree of freedom determining the
island rotation in conventional MHD models, we have
investigated the rotation of the island based on a re-
duced two fluid model which includes both effects of
ion and electron diamagnetic drifts. The model equa-
tions used here is a two dimensional slab version of
the four-field model[6], which consists a set of four
equations that describes temporal evolutions of the
magnetic flux ψ, the electrostatic potential φ, the per-
turbed electron pressure p, and the parallel ion veloc-
ity v‖, i.e.,

∂U

∂t
= −[ϕ, U ]−∇‖J + ν∇2

⊥U

−δτ

2
(
[p, U ] + [ϕ, ∇2

⊥p] +∇2
⊥[p, ϕ]

)
,
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∂ψ

∂t
= −∇‖ϕ + ηJ + δ∇‖p,

∂p

∂t
= −[ϕ, p]− 2βδ∇‖J − β∇‖v

+
1
2
βη(1 + τ)∇2

⊥p,

∂v

∂t
= −[ϕ, v]− 1

2
(1 + τ)∇‖p + Dv∇2

⊥v,

with vorticity U = ∇2
⊥φ, and z-directed current den-

sity J = ∇2
⊥ψ. Usual Cartesian coordinate (x, y, z) is

adopted. The validity of two dimensional calculation
is justified in low beta plasmas, where the magnetic
field is represented by B = B0ẑ +∇ψ × ẑ, where B0

is the ambient magnetic field along the z-axis. The
normalization used here is (x, y, t, ψ, φ, n, v‖i) =
(x/a, y/a, vAt/a, ψ/εB0a, cφ/vAB0a, n/n0, δv‖i/vA).
Here, a is the minor radius, c is the light speed, ε

is the inverse aspect ratio, ν is the viscosity, η is
the resistivity, and both equilibrium ion and electron
density n0 are constant due to charge neutrality.
We suppose that ion and electron temperatures are
constant by incroducing the ratio of them τ = Ti/Te.
And two parameters are introduced as two fluid
parameters δ = (2ωciτA)−1, which is related to the
ion skin depth, and β = [1 + (1 + τβe)/2βe]−1, where
ωci =

√
4πn0e2/mi is the ion plasma frequency and

βe = 8πn0Te/B2
0 is the electron beta value, and Te

is the constant electron temperature. We note that
the parameters are related to the ion Larmor radius,
i.e., (ρi/a)2 = 2τβδ2. The operator [, ] denotes the
Poisson bracket, [A, B] = ∇⊥A×∇⊥B · ẑ, and total
derivative d/dt = ∂/∂t + [ϕ, ] includes only E × B

drift velocity.

3 Numerical Results

3.1 Numerical Settings

The model equations are solved numerically by us-
ing pseudo spectral code in two dimensional slab ge-
ometry. We impose the zero boundary condition for
radial direction x, so all components are automati-
cally set to zero at the radial boundary. A finite-
differential method is applied to the direction and
the periodic boundary condition is imposed for the
poloidal direction y. The domain of numerical sim-
ulation is x = [0, 1] and y = [0, 1]. The number of
grids in a simulation box is chosen to 400×20. Tem-
poral evolution is calculated by using a predictor-
corrector method with time step ∆t = 10−3. The
pressure and magnetic flux equilibrium profiles are
peq(x) = 0.25 (1− tanh(x− 0.5)) /Lp, and ψeq(x) =
Ls ln[cosh(x− 0.5)/Ls]. And no equilibrium parts are

considered for electrostatic potential φ and ion paral-
lel velocity v, i.e., φ = φ̃, v = ṽ. In all simulations,
we have ν = 10−4, η = 10−4, and Dv = 10−4.

3.2 Linear Resluts

At first, we examine the island rotation by performing
linear calculation. A perturbed quantity A(x, y, t) in
the slab coordinates is assumed to varies as

Ã(x, y, t) =
∑
m

Am(x) exp i(my − ωt) + c.c.,

where m is the poloidal wave number. Then model
equations are reduced to

∂Ũ

∂t
=

∂ψeq

∂x

∂J̃

∂y
− ∂ψ̃

∂y

∂Jeq

∂x
+ ν∇2

⊥Ũ

+δτ

(
−∂peq

∂x

∂Ũ

∂y
− ∂2peq

∂x2

∂2ϕ̃

∂x∂y

)
,

∂ψ̃

∂t
=

∂ψeq

∂x

∂ϕ̃

∂y
+ η∇2

⊥ψ

+δ

(
−∂ψeq

∂x

∂p̃

∂y
+

∂peq

∂x

∂ψ̃

∂y

)
,

∂p̃

∂t
=

∂peq

∂x

∂ϕ̃

∂y
+ 2βδ

(
∂ψeq

∂x

∂J̃

∂y
− ∂Jeq

∂x

∂ψ̃

∂y

)

+β
∂ψeq

∂x

∂ṽ

∂y
+

βη

2
(1 + τ)∇2

⊥(peq + p̃),

∂ṽ

∂t
=

1 + τ

2

(
∂ψeq

∂x

∂p̃

∂y
− ∂peq

∂x

∂ψ̃

∂y

)
+ Dv∇2

⊥ṽ.

In Fig.1, the dependence of real frequency of m =
1 island is illustrated as a function of τ for various
δ. Here, β value is chosen to 0.01, and the ratio of
the shear scale length Ls to the density scale length
is chosen to 2/3. The real frequency is normalized by
the electron diamagnetic drift velocity, ω?(e) = δmp′0.
Note that the island is rotating with pure electron
diamagnetic drift velocity when normalized Ω is unity.
It is found that the real frequency reduces with respect
to τ in small δ case, but in large δ case the dependence
is less effective and the island is almost rotating in the
direction of electron diamagnetic drift.

Figure 2 shows the dependence of real frequency
with respect to δ for various β. Here, τ = 1 and
Ls/Lp = 2/3 is chosen. It is found that the real fre-
quency increases with respect to δ, indicating that ef-
fects of finite Larmor radius weaken island rotate in
the direction of the ion diamagnetic drift. The de-
pendence is same as beta increases. Totally the direc-
tion of island rotation points the electron diamagnetic
drift.
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Fig. 1 The dependence of real frequency as a function of
τ for various δ. Other parameters are β = 0.01 and
Ls/Lp = 2/3.
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Fig. 2 The dependence of real frequency as a function of
δ for various β. Other parameters are τ = 1 and
Ls/Lp = 2/3.
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Fig. 3 The dependence of real frequency as a function of
β for various δ. τ = 1 and Ls/Lp = 2/3.

Figure 3 illustates the dependence of real fre-
quency with respect to β for various δ. Parameters
for τ and Ls/Lp are same as used in Fig.2. It is found
that the real frequency monotonically decreases with
respect to β. The tendency is same for different δ

value. As shown in these resuls, the island rotates to-
ward electron diamagnetic drift in the linear regime.

3.3 Nonlinear Results

Next, we examine the island rotation in the nonlin-
ear regime. Here, δ and Ls/Lp is chosen to δ = 0.01,
Ls/Lp = 2/3. Only m = 1 mode grows up and sat-
urate with finite island width because of positive ∆′

in this parameter. In Figure 4 the real frequency is il-
lustrated as a function of the island width in the case
of β = 0.01. The island width w is defined as the dis-
tance between the separatrix at magnetic neutral sur-

face which is approximately given by w ' 4
√

ψ̃/ψeq
′′.

The ion Larmor radius is estimated as ρi ' 0.001 in
this case. The dotted lines indicate the real frequen-
cies calculated from linear theory. It is found that
when the island width is small comparable to the ion
Larmor radius, the real frequency drastically decreases
to that estimated by the linear calculation. Through
the transient phase from w ' 0.04 to 0.12, the real fre-
quency varies across the line Ω = 0 when it saturates.
Therefore, the island finally rotates in the direction
of ion diamagnetic drift whereas it is rotating toward
electron diamagnetic drift in the linear regime.
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Fig. 4 The dependence of real frequency as a function of
the island width for various τ . Other parameters
are chosen to β = 0.01, δ = 0.01, and Ls/Lp = 2/3.

Figure 5 shows the real frequency with respect
to the island width in the case of β = 0.02, with
ρi ' 0.002. We can also see the reduction of real
frequency when the width is around the ion Larmor
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radius. And it has wide plateau region where linear
analysis is enough valid with respect to the width, and
finally becomes approximately zero and the island has
locked.

Figure 6 illustrates the real frequency as a func-
tion of the island width in the case of β = 0.05. The
ion Larmor radius is estimated as ρi ' 0.01. The real
frequency has a finite positive value when the island
saturates. The island is still rotating in the direc-
tion of electron diamagnetic drift. The parameter beta
plays an important role in determining the direction
of the island.
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Fig. 5 The dependence of real frequency as a function of
the island width for various τ in the case of β =
0.02. Other parameters are same as used in Fig.4.
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Fig. 6 The dependence of real frequency as a function of
the island width for various τ in the case of β =
0.05. Other parameters are same as used in Fig.4.

We have also investigated dependence of δ on the
island rotation. It is found that the growth rate of the

island susceptibly depends on δ. In linearly stable re-
gion where island remains small comparable to initial
noise, island rotates toward the electron diamagnetic
drift.

4 Conclusion

We have investigated the intrinsic rotation of mag-
netic island based on a reduced two-fluid model which
includes both effects of ion and electron diamagnetic
drifts as well as the ion parallel motion. In nonlin-
ear regime, the direction of island rotation strongly
depends on β, whereas it rotates toward the electron
diamagnetic drift in the linear regime. It is also found
that when the island width is small comparable to the
ion Larmor radius, the real frequency is affected to
rotate toward the ion diamagnetic direction.
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3D MHD equilibrium calculations for Tokamaks with resonant
magnetic perturbations: TEXTOR as an example
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For the first time three dimensional equilibrium calculations for the tokamak TEXTOR with dynamic
ergodic divertor are presented. These calculations were performed with the HINT2 code which was applied for
the first time to tokamaks with high net toroidal current and island structures. The results are compared with
the often used vacuum superposition approach. In case of the DED in 6/2 mode the differences are found to be
minor. In case of the DED in 3/1 mode, a large appearing 1/1 island in the core plasma shows that a further
understanding of the treatment of the net toroidal current density has to be achieved.

Keywords: MHD equilibrium, TEXTOR, DED, HINT2

1 Introduction

The application of Resonant Magnetic Perturbations
(RMP) to tokamaks recently gained a lot of attention due
to the possibility of ELM suppression or mitigation [1, 2].
The iron core tokamak TEXTOR with circular plasma
cross-section is specially suited to study the 3D effects of
RMPs due to its Dynamic Ergodic Divertor (DED) [3].
The DED consists of 16 helically aligned perturbation coils
installed in-vessel at the high-field side and can be operated
in several base modes (m/n = 12/4, 6/2 and 3/1) with ei-
ther DC or AC current supply. The penetration depth of the
RMPs depends on the choosen poloidal mode number m.
Knowledge of the magnetic field topology is a necessary
prerequisite for further studies concerning e.g. the trans-
port charateristics. Earlier work on error field penetration
has shown strong indications that screening and amplifi-
cation of RMPs play an important role in determining the
magnetic field topology (see e.g. [4, 5]). Nevertheless, in
this study a full penetration of the RMPs is assumed. The
focus lies on the effect of the RMPs on the plasma equi-
librium itself as the equilibrium force balance is distorted.
The converged 3D equilibria will be compared with the
simple vacuum assumption.

2 HINT2 code

To investigate the resulting 3D equilibrium the HINT2
code [6,7] is applied. This code is an Eulerian initial value
solver which relaxes the given initial magnetic field con-
figuration into an equilibrium by solving resistive MHD
equations. Screening of the RMPs due to plasma rotation

author’s e-mail: c.wiegmann@fz-juelich.de

is not taken into account.
HINT2 uses a quasi-eulerian helically rotating grid
(u1, u2, u3) which in case of tokamak calculations reduces
to a cylindrical like coordinate system whose relation to
normal cylindrical coordinates is given by

r = R0 + u1 (1)

z = u2 (2)

φ = −u3 . (3)

The relaxation process is carried out in two steps. In-
stead of solving the evolution equation for the pressure, the
pressure distribution is relaxated in step A with fixed mag-
netic field by a field line tracing method. The pressure is
adjusted to satisfy a vanishing pressure gradient along the
field lines (B ·∇p = 0) by evaluating the line integral along
a field line

pi+1 = p̄ =

∫ Lin

−Lin

F pi dl
B∫ Lin

−Lin

dl
B

, F =

1 : if LC ≥ Lin

0 : if LC < Lin .

(4)

On field lines which leave the computational region or in-
tersect with a limiting contour the pressure is set to zero.
Depending on the value of Lin a finite pressure in the
stochastic edge region can be sustained. Hence, Lin plays
a crucial role in describing the vacuum-plasma transistion.
In step B, a set of resistive MHD equations with fixed pres-
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Fig. 1 DED in 6/2 configuration with the limiting contour used
in HINT2 calculation.

sure distribution is solved

∂v
∂t

= − fCFL (∇p + (J − J0) × B) (5)

∂B
∂t

= ∇ ×

{
v × B − η

(
J − J0 − B

〈J · B〉net〈
B2〉 )}

(6)

J = ∇ × B, J0 = ∇ × Bvac. (7)

The factor fCFL is necessary to ensure that the Courant-
Friedrich-Levy condition is satiesfied in case that field
coils are located inside the computational domain. J0 de-
notes the vacuum current density due to the poloidal and
toroidal coils within the computational domain. The net
toroidal current density B 〈J·B〉net

〈B2〉
is made up by the ohmic

current, the bootsstrap current, currents due to heating and
current drive schemes. A functional dependence on the
normalized toroidal flux is assumed.

3 Calculation results

The input data for the HINT2 calculation were prepared as
follows. Usually, a 3D free boundary equilibrium calcula-
tion assuming nested flux surfaces, typically done with the
VMEC code [8,9], is used to initialize the HINT2 calcula-
tions. In case of TEXTOR, this procedure is not applicable
due to the existing iron core and a missing 3D model tak-
ing the iron core effects into account. Instead, a version
of the 2D equilibrium code DIVA, specially adapted for
TEXTOR and the iron core, is used to provide an axisym-
metric 2D equilibrium. The perturbation field of the DED
is calculated via Biot-Savart from the given polygon de-
scription which also includes the current feeds (see Fig.1).
The initial total magnetic field for HINT2 is than a super-
position of the 2D equilibrium, an 1/R toroidal field cor-
rected for the diamagnetic behaviour of the plasma and the
vacuum perturbation field. To obtain an initial 3D pres-
sure distribution, the calculated 2D pressure of DIVA is
mapped toroidally. The net toroidal current density profile
is obtained by surface averaging the toroidal current den-
sity profile of DIVA and mapping this with the help of the
safety factor profile onto the normalized toroidal flux.
As the DED coils are located very close to the plasma it-
self, the usage of a limiting contour in the calculation is in-

Fig. 2 Pressure and safety factor profiles of vacuum superposi-
tion (red) and 3D equilibrium (blue) of DED in 6/2 con-
figuration, both at the toroidal angle φ = 0.

Fig. 3 Edge region of the 3D converged equilibrium for the
DED 6/2 case at φ = 0. At the top, the limiting struc-
tures of the DED (middle) and of the ALT-limiter (upper
right) can be seen. The 4/2 island chain inside the core
plasma and the remanent 5/2 and 6/2 island chains are
clearly visible.

evitable. Otherwise, stochastic field lines extending from
the plasma into the coil region could be captured there and
could lead to an additional build up of a finite pressure in
the plasma edge region as their connection length exceed
Lin.

3.1 TEXTOR with DED 6/2

Here, a 3D equilibrium for TEXTOR with a DED 6/2 per-
turbation field was calculated. Due to the perturbation field
symmetry only a half torus calculation was necessary. The
resolution was chosen to be 129 × 129 × 184 grid points
(u1, u2, u3) corresponding to a spacial resolution of 1.02cm
in a poloidal plane and about 1◦ in toroidal direction. The
underlying 2D equilibrium had the following parameters:
Ip = 245kA, Btor(@1.75) = 1.3T and a central axis pres-
sure of paxis = 16kPa.
In step A, Lin = 200m was used for the pressure relax-
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Fig. 4 Enlarged area of vacuum superposition (left) and con-
verged 3D equilibrium (right) for the DED 6/2 case.

Fig. 5 Connection length plot of enlarged area of vacuum super-
position of DED in 6/2 configuration at φ = 0.

ation to ensure that the inner islands are traced out com-
pletely and the pressure profile is flattened there accord-
ingly. In Fig.2 the profiles for the safety factor q and the
pressure p as functions of the major radius are shown for
the vacuum superposition and the converged 3D equilib-
rium. Both profiles do not differ very much from each
other. Deviations in the pressure profiles can especially be
seen in the plasma edge and can be assigned to the location
of the islands and stochastic region. The q-profiles agree
well in the edge region but the 3D equilibrium one has a
slightly lower value in the core region. This is caused by
the changed net toroidal current distribution. Furthermore,
the q-profiles can only be computed up to a major radius of
2.1m as it is not possible to compute a q-value further out
due to the ergodicity of the edge region. The Differences
around rminor = 1.98−2.0m are due to the 3/2 island chain.

The magnetic field structure of the converged equilib-
rium is shown in Fig.3 for the edge region. The gross
structures agree very well between the vacuum superpo-
sition and the 3D equilibrium. This can be attributed to the

Fig. 6 Connection length plot of enlarged area of converged 3D
equilibrium of DED in 6/2 configuration at φ = 0.

low plasma pressure and current in the edge region result-
ing in a very small modification of the magnetic topology
due to the equilibrium response. Having a closer look, a
starting ergodisation of the X-point of the 4/2 island chain
at r ≈ 0.36m can be observed in the converged equilib-
rium case (see Fig.4). Furthermore, the island width of the
high m island chain at r ≈ 0.39m has decreased. Connec-
tion length plots for both cases are shown for an enlarged
area in Fig.5 and Fig.6, respectively. In both cases a sharp
separation between the stochastic region and the remanent
5/2 islands as well as the core area can clearly be seen.
But in case of the converged 3D equilibrium the separa-
tion between the remanent 5/2 islands and the surrounding
stochastic region is no longer that pronounced as it is in the
vacuum superposition case.

3.2 TEXTOR with DED 3/1

As the perturbation field of the DED 3/1 configuration
offers no symmetry, a full torus calculation is necessary.
The resolution was chosen to be 121 × 121 × 184 result-
ing in a spacial resolution of exactly 1.0cm in a poloidal
plane. The toroidal resolution had to be decreased to 2◦

due to computational costs, especially memory needs. As
underlying 2D equilibrium the following parameters were
choosen: Ip = 300kA, Btor(@1.75m) = 2.25T and an axis
pressure of paxis = 8.6kPa. As TEXTOR discharges tend
to be sawtooth unstable in this scenario, an axis value of
the safety factor below one was chosen for the underly-
ing DIVA equilibrium. Consequently, by adding the DED
field a large 1/1 island appears. The vacuum superpo-
sition and the converged equilibrium solution are shown
in Fig.7 and Fig.8, respectively. The 1/1, 2/1, 3/1 and
4/1 islands are clearly visible. Major changes in the mag-
netic field topology can be observed around the magnetic
axis and the 1/1 island in the converged equilibrium case.
A closer analysis shows then that these changes are not
caused alone by physics but that the pressure profile is
not flattened accordingly within the 1/1 island evenso the
value of Lin was choosen sufficiently high. An accurate

P1-13

194



Proceedings of ITC18, 2008

Fig. 7 Vacuum superposition of the DED in 3/1 configuration
and 2D equilibrium at φ = 0.

Fig. 8 Converged 3D equilibrium of the DED in 3/1 configura-
tion at φ = 0.

flattening is a necessity in case of tokamak calculations
with the HINT2 code as the toroidal flux distribution is cal-
culated from the relaxated pressure distribution and than
used for distributing the net toroidal current density. Here,
a small deepening of the pressure profile within the 1/1
island leads to a deepening of the calculated toroidal flux
distribution and then to a wrong scaling of the net toroidal
current. This causes a net toroidal current distribution,
which compromises island confinement, as shown in Fig.9,
and drives then via Eq.(6) the modification of the magnetic
field topology, which in this case is partly caused by nu-
merics.

4 Conclusions

The presented DED 6/2 case shows only very minor
changes in the converged equilibrium solution so that the
vacuum superposition appears to be a resonable approxi-

Fig. 9 Surface plot of the net toroidal current density [internal
units] in the plasma core region of the converged 3D equi-
librium of the DED in 3/1 configuration at φ = 0.

mation for the considered case. The low equilibrium re-
sponse can be attributed to the low pressure gradient and
current density in the edge. Furthermore, the chosen pa-
rameter Lin = 200m leads to a smoothed pressure distribu-
tion in the ergodic edge region. Lower values of Lin could
give a better resemblance of the local pressure distribution
and could lead to a higher pressure in the edge region but
will cause an insufficient profile flattening of the core is-
lands. The effect of different values for Lin will be studied
in the future.
For the 3/1 configuration, the picture is different. Here, a
large 1/1 island in the core plasma causes numerical prob-
lems in the distribution of the net toroidal current density
due to an inaccurate normalized toroidal flux distribution.
For studying the 3/1 configuration with safety factor pro-
files, whose value is below one at the axis, or tokamak
equilibria with large internal islands an improvement of
the pressure flattening algorithm or of the calculation of
the flux distribution will be necessary. Furthermore, the
grid dependence of these effect has to be studied.
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Electron heat transport parallel to the magnetic field in thescrape-off layer plasma is investigated with the
use of a particle-in-cell code PARASOL. Coulomb collisionsare simulated correctly by a binary collision model.
The heat flux is lost by radiation cooling, in addition to the convection/conduction to the divertor plates. It is
confirmed for the collisional case that the conductive heat flux is given by the Spitzer-Härm expression. For the
long mean free path case, the conductive heat flux is limited to a factorαe of the free streaming value. It is found
thatαe is small (∼ 0.1 of the sheath-limited value) for the low radiation condition, but becomes large (∼ 1.0) for
the high radiation condition.

Keywords: tokamak scrape-off layer, conductive heat flux, PIC simulation, PARASOL, collisionless flux limit

1 Introduction

The divertor design in a tokamak reactor produces a sepa-
ratrix system with closed magnetic field lines surrounded
by open field lines terminating at the divertor plates. The
burning core plasma lies inside the separatrix and exhibits
good containment, though a large amount of heat is lost
by anomalous transport and ELMs across the separatrix to
the scrape-off layer (SOL). The heat in the SOL is carried
mainly by the parallel transport along the open magnetic
field lines to the divertor plates. Therefore, the SOL acts
as a mediator between the hot core and the solid divertor
plates.

Many features must be addressed in the SOL that are
absent in the core; the plasma can no longer be assumed to
be collisionless and strong parallel gradients develop that
negatively affect the containment. In order to reduce the
huge heat load on the plates, divertor simulation studies us-
ing fluid modelling are devoted to optimizing the divertor
configuration and operation scenario. However, assump-
tions regarding kinetic effects, such as boundary condi-
tions at the wall, heat conductivity, and plasma viscosity,
are significant liabilities for the fluid model and are typ-
ically addressed by introducing primitive approximations
[1, 2], which must be validated separately by full kinetic
modelling. This can be accomplished by particle methods
that suffer from large statistical errors or finite-difference
methods that suffer from inefficient phase-space coverage.
In this paper, electron heat transport parallel to the mag-
netic field in the SOL plasma is investigated with the use of
a particle-in-cell code PARASOL in which Coulomb colli-
sions are simulated correctly by a binary collision model.

author’s e-mail: aaron@riam.kyushu-u.ac.jp

2 Parallel heat conduction

Parallel heat conduction by electrons is given by

qe =
me

2

∫
dv · V2V|| fe(x, v),

whereme is the electron mass,v is the velocity,V = v − u
is the velocity relative to the fluid velocityu, and fe(x, v)
is the phase-space distribution function. In a collisional
plasma, this evaluates to the Spitzer-Härm expression [3].

qS H = −neχ
S H
e ∇||Te χS H

e = 3.2vteλee (1)

wherene is the electron density,vte = (Te/me)1/2 is the
thermal speed,λee = vteτee is the thermal mean free path,
andτee ∝ v3

te is the electron-electron collision time. Since
χ has a strong dependence on thermal speed, which in turn
depends on particle mass, so the ion conduction is negligi-
ble. However, this expression is not general due to the pro-
portional relationship with the mean free path. The maxi-
mum heat flux in a collisionless plasma is the order of the
free-streaming flux

qFS = neTe
(
Te||/me

)1/2
. (2)

We wish to determine the collision-dependent behavior of
the heat flux, so as to replace it with a simpler expression
that retains resonable accuracy. The preferred method is
using the harmonic average form [1],

qe f f =

(
1

qS H
+

1
αeqFS

)−1

, αe = lim
λee→∞

q
qFS
, (3)

whereαe is the flux-limiting coefficient, i.e. the ratio be-
tween free-streaming and actual heat fluxes in the colli-
sionless limit. Since the Spitzer-Härm heat flux is propor-
tional to the mean free path, when the collisionality is high,
qS H ≪ αeqFS becomes small andqe ≃ qS H , but when
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Fig. 1 Diagram of PARASOL half-system showing the temper-
ature and heat flux profiles in the system withfrad = 0.5
andλm f p/L = 0.1. The divertor plate (navy) and radiation
(blue), intermediate (white), and source (yellow) regions
are marked.

the collisionality is low,qS H ≫ αeqFS becomes large and
qe ≃ αeqFS . A number of studies using kinetic simula-
tions have produced widely disparate values forαe, rang-
ing from 0.03 to 3 [2]. However, there has been little in-
quiry into the cause of this range of results, with the excep-
tion of an investigation of the effect of collisionality using
BIT1 [4]. In this study, we look at both collisionality as
well as temperature gradient by adjusting the particle mean
free path length and radiation loss from the SOL, respec-
tively.

3 Simulation model

PARASOL is a 1d2v electrostatic particle-in-cell model on
a closed domain with energy sources and sinks mirrored
across the midpoint. The plasma is free to move in the spa-
tial dimensions parallel to the separatrix magnetic field
(Fig. 1a), but approximated as homogenous in the perpen-
dicular directions. A hot ambipolar plasma source is in the
domain centers/L|| = [0.4, 0.5] to mimic diffusion from
the plasma core. Particles generated at the source are given
a thermal velocity distribution consistent with the temper-
ature of the particles already occupying the hot source re-
gion, essentially causing the core and SOL to equilibrate.
Ions that strike the divertor plate are reintroduced as a hot
ion-electron pair, maintaining a constant ion number in the
simulation. Due to the fact that electrons escape sooner
than ions, this leads to a slightly positive charge in the
plasma.

Energy loss occurs via a radiative loss region and flow
to the divertor plates. For this study, recycling at the di-
vertor has been deactivated and neutrals are ignored. The
divertor plate is set at an angleθ = 20◦ to the magnetic
field, such that the connection length is related to the sys-
tem length byL = θL||. The radiative energy sink lies be-
side the divertors/L|| = [0.01, 0.21] to simulate radiation
into the private plasma. During each time step, all elec-
trons occupying the radiation region lose a small fraction
of their kinetic energy with no change in direction. The
input parameterfrad = Qrad/Qtot specifies the ratio of the
radiative energy-loss flux to the total energy flux.

Fig. 2 Spatial variation profiles of conductive heat flux, poten-
tial, and electron density and temperature for plasma with
the following properties:
(red) low rad. frad = 0.1, collisionalλm f p/L = 10−2

(green) low rad.frad = 0.1, collisionlessλm f p/L = 102

(blue) high rad.frad = 0.5, collisionalλm f p/L = 10−1

(purple) high rad.frad = 0.5, collisionlessλm f p/L = 103

Coulomb collisions are treated using a binary colli-
sion model, where in each time step each particle is paired
with both an ion and another electron in the same cell,
and given a collision angle proportional to the length of
the time step. While the initial mean free path is spec-
ified as the input parameterλm f p0 ≡ 33/2λee, it evolves
with the local plasma density and temperature such that
λm f p/λm f p0 = (Te||/me)1/2(3Te/Te0)3/2. Ions progress in
time via a kinetic equation and electrons by a drift kinetic
equation. The ion gryo-radius is set toρi/L = 5×10−3, the
number of spatial cells to 800, and the number of particles
per cell to greater than 100. Except where specified, the
ion-electron mass ratio is alwaysmi/me = 1800.

4 Results

A cursory glance at the plasma profiles of high versus low
collisionality and high versus low radiation rates shows

P1-15

197



Proceedings of ITC18, 2008

Fig. 3 Dependence ofαe in collisionless limit on radiationfrad.

Fig. 4 Dependence ofαe in collisionless limit on ion-electron
mass ratiomi/me. Mass ratio 3600 corresponds to a deu-
terium plasma.

that the heat flux changes drastically in the four cases (Fig.
2). The collisional cases (red and blue) exhibit large gradi-
ents in potential, density and temperature compared to the
collisionless cases (green and purple). They consequently
have much smaller heat fluxes. As is expected, increas-
ing the radiation causes the temperature and heat flux to
drop precipitously before the divertor plate, but actually
increases the rate of energy loss from the core plasma. In
the collisional plasmas, the thermal energy is equally par-
titioned between all three dimensions, such thatT || = T⊥,
whereas in the collisionless plasmas, the thermal energy is
equally partitioned parallel and perpendicular to the mag-
netic field, such thatT || = T⊥/2.

The PARASOL code has previously been used to de-
termineαe to be a relatively high value of 0.75 for an ion
electron mass ratio ofmi/me = 400 [5]. Our results show
that this falls within the range of possible values seen in
Fig. 4. The collisionless limitαe has a simple harmonic
form relationship with the radiation loss, growing from
near zero when there is no radiation to nearly one when
the energy reaching the divertor is negligible Fig. 3. The
point of transition shifts to higher radiation as the mass ra-
tio is increased, as Fig. 4 of ion-electron mass ratio depen-
dencemi/me shows. This shift occurs because high mass
ions are less prone to collisional effects, spend less time in
the radiation region, and therefore, the radiation becomes
effectively less.

While αe is defined as a collisionless limit without lo-
cal energy sources or sinks, we wish to check if Eq. 3 can
be used in the general case, as it often is. Therefore, the

Fig. 5 Dependence ofαe on mean free path by region. Each
point represents a poloidally-average over the indicated
region with error bars omitted for clarity.

dependence ofαe on position and collisionality is of inter-
est, with the results presented in Fig. 5. As expected,αe

always asymptotes to a constant value in the collisionless
limit. This limit does not appear to depend on position (and
hence energy balance) much, in keeping with the expecta-
tion that a sheath-limited plasma is almost uniform. The
collisional limit, on the other hand, strongly changes with
the local energy balance. In the source region,q ≃ qS H ,
which results in large errors in the calculated value of
αe. The intermediate region shows a radiation-independent
nearly linear growth withαe ∝ λm f p that results in a peak
when the mean free path is on the order of the connection
length. The radiation region exhibits similar linear growth,
except that high radiation produces a much more rapid in-
crease inαe than low radiation.

We wish to examine the validity of usingqe f f in Eq. 3
as a general substitute for the heat flux as calculated by
a fully kinetic simulation. Figure 6 shows the relation-
ship q/qe f f over a range of collisionalities and radiation
rates. Of course, the function converges to unity at the col-
lisionless limit because of the previous fitting to the free
parameterαe. However, without any fitting, the collisional
limit also correctly shows that the heat flux approaches the
Spitzer-Härm limitq → qS H . Unfortunately, as the func-
tion transitions from the Spitzer-Härm limit to the free-
streaming limit, the simple model deviates from the actual
heat flux. When the radiation rate is high, the match be-
tweenqe f f andq is acceptably within error. However, as
the radiation is reduced, such that particles become more
likely to pass from the radiation region back into the inter-
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Fig. 6 Ratios of measured heat flux to Spitzer-Härm limit,αe-
adjusted free-streaming limit, and effective heat flux (Eq.
3) for different radiation rates and measured in the inter-
mediate region. The values ofαe for each case are taken
from the results in Fig. 6.

mediate region, the ratioq/αeqFS alone rises above unity
for a moderate mean free path length. This result is due
to both a rise in the heat flux, as well as a reduction in the
free-streaming heat flux. This may be attributable to the
fact that the temperature gradient falls drastically with col-
lisionality in the high radiation case, but almost not at all
in the low radiation case.

5 Summary

Electron heat transport parallel to the magnetic field in the
SOL plasma is investigated with the PARASOL simula-
tion. It is confirmed that in the collisional case the conduc-
tive heat flux is given by the Spitzer-Härm expression. In
the collisionless case, conductive heat flux is limited to a
factorαe of the free-streaming value, withαe small (∼ 0.1
of the sheath-limited value) when little energy is lost to ra-
diation, but becomes large (∼ 1.0) when the radiation is
high. Outside these limits, the currently used model of the
conductive heat flux is an insufficient approximation forqe.
The model deviates strongly from the calculated results for
a moderately collisional plasma with low radiation. Behav-
ior in regions with energy sources or sinks also requires a
multiply-definedαe. Constraining usage of the model to
regimes that behave correctly is not practical, and there-
fore, a more robust model is required. Due to the relative

economy of system memory, a database lookup forqe as
a function of electron density and temperature may be the
most tenable solution.
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We apply the computer simulation code, which was developed to study the flute modes fluctuation in the

divertor, to the GAMMA10 tandem mirror.
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1. Introduction
Flute modes are the most dangerous instabilities

for open magnetic systems such as GAMMA10 tan-

dem mirror. So that the GAMMA10 contains the non-

axisymmetric minimum-B mirror regions for the suppres-

sion of the flute instabilities. The non-axisymmetric mag-

netic field, however, causes the neoclassical radial trans-

port of ions in the central cell, so that the fully axisymmet-

ric tandem mirror is desirable. A divertor magnetic mirror

is a candidate for the axisymmetric tandem mirror stable

to the flute modes as a future device [1]. There is a plan to

replace one of anchor cell in GAMMA10 with an axisym-

metric divertor mirror cell [2].

We have derived a set of the basic equations to analyze

the flute mode fluctuations in the axisymmetric magnetic

divertor and have developed a computer simulation code

[3, 4]. In the present paper, we will apply the computer

code to the GAMMA10 magnetic field and will perform

the computer simulation on the flute mode fluctuations and

the associated plasma radial transport.

In order to apply the computer code, where the basic

equations used in the code were derived in the axisymmet-

ric systems, to the GAMMA10 with the non-axisymmetric

mirror regions, we make the following assumption. The

stability criterion of the flute modes is given as [5, 6]

∫ L

−L

( p̃⊥ + p̃‖)
B

κψdζ ≥ 0 (1)

Here the anisotropic pressures are written by the separation

of variables as p⊥(ψ, ζ) = p̃⊥(ζ)ν(ψ), p‖(ψ, ζ) = p̃‖(ζ)ν(ψ)

and κψ is the normal curvature described in the flux coor-

dinates (ψ, ϕ, ζ) with B = ∇ψ × ∇ϕ,

ê‖ · ∇ê‖ ≡ κ = κψ∇ψ + κϕ∇ϕ (2)

The familiar stability criterion of the flute modes with

isotropic plasma pressure is [7]

δ

∫ L

−L

dζ

B
< 0 ⇒ ∂U

∂ψ
< 0 , U ≡

∫ L

−L

dζ

B
(3)

author’s e-mail: katanuma@prc.tsukuba.ac.jp

Noticing that ∂U/∂ψ = −2
∫
κψdζ/B in the vacuum mag-

netic field, where ∇⊥B = Bκ, we redefine the specific vol-

ume of a magnetic field line U as

U =
∫ L

−L

( p̃⊥ + p̃‖)
B

dζ (4)

This definition of specific volume U in eq.(4) satisfies the

stability criterion eq.(1) with the axial pressure profile such

as in Fig.1. So the simulation code can be applied to the

non-axisymmetric magnetic field with anisotropic plasma

pressure if the specific volume U defined in eq.(4) is ax-

isymmetric.

2. Application to the GAMMA10 tandem mirror
GAMMA10 is an effectively axisymmetrized tan-

dem mirror, which is designed to satisfy that the integral∫
κψdζ/B does not depend on the azimuthal coordinate ϕ.

The definition of U in eq.(4) retains the axisymmetric char-

acter of U, and the computer code [3,4] can be used to cal-

culate the flute mode fluctuations in GAMMA10. The ax-

ial plasma pressure profile adopted here is shown in Fig.1.

-756 0 756

B

p

(cm)

Fig. 1 GAMMA10 axial pressure model. Here p = p̃⊥ + p̃‖.

Figure 2 plots the radial profiles of the specific volume

U for the various ratio pc ≡ ( p̃⊥+ p̃‖)Anchor/( p̃⊥+ p̃‖)central.

In light of stability criterion eq.(1) or eq.(3), the cases of

Figs.2(b) and 2(c) are stable to the flute modes near axis.

r / r0
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u

r / r0
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0.0 0.5 1.0
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(c)

Fig. 2 Radial profiles of u ≡ U(r)/U(0) of GAMMA10.

The basic equations adopted in the code are that the

equation of motion of vorticity ŵ,

∂t|ψŵ+[[Φ, ŵ]]−[[ρ̂, 〈v
2
α

2
〉]]+ 1

Uγ
∂U
∂ψ

∂(ρ̂0T̃ + T̂0ρ̃)

∂ϕ
= {DT }w (5)

where ŵ is related to the specific volume integrated vortic-

ity ∇ × (ρ̂B × ∇Φ/B2) due to plasma E × B drift flux, i.e.
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ŵ = wU. The transport equation of density ρ̂ integrated

along a magnetic field line, i.e. ρ̂ = ρU, is

∂t|ψρ̂ + [[Φ, ρ̂]] = {DT }ρ (6)

And the transport equation of heat T̂ integrated along a

magnetic field line, i.e. T̂ = TUγ−1, is

∂t|ψT̂ + [[Φ, T̂ ]] = {DT }T (7)

Here the terms {DT }w, ρ,T are the classical dissipative terms

[3, 4, 8], and [[Φ, ŵ]] ≡ (∂Φ/∂ψ)∂ŵ/∂ϕ − (∂Φ/∂ϕ)∂ŵ/∂ψ
is known as the Poisson bracket. The quantities with sub-

script 0 means the equilibrium ones and γ is the adiabatic

index γ = 5/3. The symbol 〈v2
α〉 is the square of plasma

flow velocity, and the vorticity ŵ can be represented by the

scalar potential Φ as

ŵ = ∂ψ(ρ̂〈r2〉∂ψΦ) + ∂ϕ
(
ρ̂〈1/r2B2 + λ2B2〉∂ϕΦ

)
(8)

where 〈A〉 means the average of A along a magnetic field

line.

The linear dispersion relation obtained from eqs.(5)-

(8) is

(ω − m∂ψΦ0)2m2ρ̂0〈1/r2B2 + λ2B2〉
+ (ω − m∂ψΦ0)

⎧⎩m(∂ψρ̂0)∂ψ(〈r2〉∂ψΦ0) − m∂ψŵ0

⎫⎭ (9)

−
⎧⎪⎩(m2/2)(∂ψ〈v2

α〉)∂ψρ̂0 + (m2/Uγ)(∂ψU)∂ψ(ρ̂0T̂0)
⎫⎪⎭ = 0

Here m is the azimuthal mode number and ω is the fre-

quency of the mode. In the case of ∂ψŵ0 = 0 and ∂ψρ̂0 = 0,

eq.(9) gives the simple dispersion relation of

ω = m∂ψΦ0+
⎧⎩(1/Uγ)(∂ψU)(∂ψT̂0)/〈1/r2B2 + λ2B2〉⎫⎭1/2

(10)

Equation (10) indicates that the mode drifts azimuthally

with the E×B drift velocity, and is unstable if (∂ψU)∂ψT̂0 <

0 which is just the same as the stability condition of flute

modes of eqs.(1) or (3).

3. Motivation of the simulation and flute instability
The GAMMA10 tandem mirror improves the axial ion

confinement with the help of plug potential formation in

the end-mirror cells. Figure 3 is a copy of Fig.6 in [9]

as it was. The authors discussed the effects of Neutral

beam injection (NBI) on the line densities measured in

GAMMA10 in their article [9]. But we are interested in the

behavior of the diamagnetism (DMcc) in Fig.3(c) around

Time 
 130ms. The figure indicates that the diamagnetism

dropped suddenly just when the plug ECRH was turned on.

We suppose the mechanism of the sudden drop of DMcc to

be the flute mode fluctuations, and carry out the numerical

simulation on the flute mode fluctuations.

What kind of effects does the plug-ECRH bring into

the GAMMA10 confinement region? It is reasonable to

understand that the plug ECRH brings the charge density

perturbation into the system, because the plug-ECRH is ex-

pected to create the plug potential. The potential, however,

is created by the vortex within the framework of MHD as
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Fig. 3 Time evolution of (a) east anchor line density, (b) central

cell line density, and (c) central cell diamagnetism. This

figure and the caption are a copy of Fig.6 in [9].

shown in eq.(8), so that the plug ECRH is assumed to bring

the vortex into the system.

At first we carry out the simulation in the case of

pc = 1.0, where the axial pressure is constant and so the

specific volume U is Fig.2(a). The flute modes are unsta-

ble because of ∂U/∂ψ > 0. The initial condition is that

ŵ(x, ϕ) = +1, ρ̂(x, ϕ) = 1, T̂ (x, ϕ) = exp{−2x2}u2/3, where

all quantities are normalized, and the radial profile of tem-

perature is T (x, ϕ) = T̂ (x, ϕ)/u2/3. Here x ≡ r/r0, where

r0 = 18cm is chosen as the radial position of a limiter. The

constant ŵ gives the rigid azimuthal rotation of plasma by

E × B.
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Fig. 4 Contour plots of potentialΦ and temperature T at t = 0 in

(a), (d), at t = 20 in (b), (e) and at t = 70 in (c), (f). Here

each Φ(x, ϕ) is normalized by its maximum value at each

time, while each T (x, ϕ) is normalized by its maximum

value at t = 0.

Figures 4(a) and 4(d) plot the contour surfaces of the

initial potentialΦ and initial temperature T profiles, where

a small initial perturbation is added to T (x) which is too

small to be seen in Fig.4(d). It can be seen that the flute
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instability makes the temperature profile flat at t = 70.
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Fig. 5 Time evolution of Fourier components of Φ and T for

various azimuthal mode numbers m at x = 1/2.
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Fig. 6 The time variation of magnitudes of T (x, ϕ) and Φ(x, ϕ)

is plotted as a function of t at x = 0, 0.09, 0.18, 0.26,

0.34. All data points are at ϕ = 0.

Figures 5 shows the time evolution of Fourier com-

ponents of Φ and T at x = 1/2 and Fig.6 plots the time

evolution of Φ and T at various x and ϕ = 0. Before the

flute instability saturates, a large transport of T occurs in

Fig.6(b), when the potential profile deviates from the ax-

isymmetry in Fig.4(b). The flute instability saturates when

the temperature profile becomes flat radially like Fig.4(f).

4. Effects of the anisotropic potential
The flute instability causes a large energy transport

due to the anisotropic potential profile generated by the

instability shown in Fig.4(b). If the external μ-wave for

plug potential formation (ECRH) brings the perturbed vor-

ticity in the system, the resultant anisotropic potential can

cause a large transport just like the flute instability. To in-

vestigate this mechanism of transport we carry out the nu-

merical simulation with initial conditions of non-uniform

vorticity ŵ in Fig.7.

0.0−1.0 1.0
−1.0

0.0

1.0
w

Fig. 7 Initial condition of ŵ(x, ϕ).

The initial condition of ŵ in Fig.7 is given by

ŵ(x, ϕ) = w0 + wf sin{πx} sin ϕ (11)

Here w0 and wf are constants which give the initial poten-

tial Φ(x, ϕ) as shown in Fig.8. The following simulation

adopts pc = 4.0, that is the radial profile of U is given by

Fig.2(b). By changing the coefficients w0 and wf , various

anisotropic initial potential profile is realized in Fig.8.
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Fig. 8 Initial condition of potential, which is obtained by eqs.(8)

and (11) for various wf . Here the case w0 = +0.3 is plot-

ted.

We show the simulation results of wf = 0.1, 0.3, 0.6,

0.9 with w0 = +0.3. Figures 9–12 plot the time variation of

potentialΦ(x, ϕ = 0) and temperature T (x, ϕ = 0) at x = 0,

0.09, 0.18, 0.26, 0.34, respectively. The temperature T at

each local spatial point decreases slowly in time in Figs.9

and 10.

x = 0
0.09

0.18
0.26

0.34

x = 0
0.09

0.18
0.26

0.34

0.0
0.0

1.0

-1.5

-2.5

-2.0

0.5

16.0 32.0 48.0 64.0 80.0

t

φ

Τ
0.0 16.0 32.0 48.0 64.0 80.0

w0 = +0.3 wf = 0.1pc = 4.0

Fig. 9 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of wf = 0.1.
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Fig. 10 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of wf = 0.3.

However, a large transport results from the initial

anisotropic potential in Figs.11 and 12. After t = 40 in

Fig.11 and after t = 30 in Fig.12 the temperature radial

profiles becomes almost flat. So the initial anisotropy of

potential has the strong influence on the transport. The os-

cillations of potential observed in Figs.9–12 comes from

the anisotropy of the potential, which means that the initial

anisotropy of potential survives for a long time. This can

be seen clearly in Fig.13.

Figure 13 plots the time evolution of Fourier ampli-

tudes of potential. The dominant mode is m = 1, amplitude

of which is order of magnitude larger than other modes

m � 1. The system is not unstable to the flute modes, be-
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Fig. 11 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of wf = 0.6.
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Fig. 12 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of wf = 0.9.

cause the m = 1 initial perturbation of Φ does not grows in

time, but the system is in the marginally stable state.
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Fig. 13 The time evolution of Fourier amplitudes m = 1 ∼ 5 for

w0 = 0.3.

The cases of high potential of w0 = +3.0 are plotted in

Figs.14, 15. The anisotropy of initial potential is given by

the ratio wf /w0 only. The comparison of two cases w0 =

+0.3 and w0 = +3.0 indicates that a larger magnitude of

potential cause larger transport as long as the ratio wf /w0

is the same. This results is supported by the consideration

that the transport results from the E × B-drifts, that is the

larger magnitude E cause the larger magnitude of drifts.

The time evolution of Fourier amplitude of potential

Φ in the case w0 = +3.0 is plotted in Fig.16. The m = 1

initial perturbation of Φ is the dominant mode in this case,

and which decreases in time so that the system is stable.

5. Summary
We applied the simulation code, which developed for

the axisymmetric system, to the non-axisymmetric tandem

mirror, taking into account the effect of axial pressure pro-

file to the magnetic specific volume U. In the case of the
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Fig. 14 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of w0 = 3.0 and

wf = 0.9.
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Fig. 15 The time evolution of the potential Φ and T measured at

the same positions as Fig.6 for the case of w0 = 3.0 and

wf = 2.0.
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Fig. 16 The time evolution of Fourier amplitudes m = 1 ∼ 5 for

w0 = 3.0.

uniform axial pressure profile, the system was unstable to

the flute modes which caused a large energy transport.

The initial anisotropy of potential, which is realized

by the initial anisotropic vorticity ŵ, causes a large energy

transport even in the system stable to the flute modes. The

mechanism of transport comes from the E × B-drift in the

radial direction due to the flute-like fluctuations having a

long life time. The life time of this flute-like fluctuations

becomes shorter in a very stable state to the flute modes in

Fig.2(c) than that in Fig.2(b)
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  Effects of the perturbed magnetic field with low toroidal mode numbers (n) are considered. One cause of this 
type of perturbation, which has recently been studied in tokamaks, is MHD-activities. In helical/stellarator, this 
low-n perturbation is sometimes artificially added for island diverters. In viewpoint of the neoclassical viscosities, 
these perturbed magnetic fields affect on both of bounce center drifts of toroidally trapped and ripple-trapped 
particles. However, in usual neoclassical analyses in helical/stellarator devices assuming periodic magnetic field 
strength, these effects had not been studied. For future studies in helical/stellarator devices, a method to use 
bounce-averaged drift kinetic equation for the toroidally trapped particles is proposed. 
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1. Inroduction 
  Neoclassical analyses in helical plasmas often assume 
the toroidally periodic magnetic field strength of 
B=ΣBmncos(mθ−nNζ) [θ, ζ : poloidal and toroidal angles, 
N: the toroidal period number] and thus effects of the 
low-n (n<N) error magnetic fields in a more general 
expression B=ΣBmncos(mθ−nζ) had not been investigated. 
However, in recent tokamak studies [1-3], this kind of 
low-n error magnetic field component induced by 
MHD-activities is considered to be important since it 
causes various additional neoclassical effects relating to 
the rotational stabilization of the resistive wall mode and 
island physics. The toroidal viscosity caused by 
additional bounce-averaged bounce center motions has 
been mainly investigated in these studies in tokamaks. 
When the low-n modes exist in helical and stellarator 
configurations, it affects not only on the toroidally 
trapped (berely trapped) particles but also on the 
ripple-trapped (deeply trapped) ones. It also should be 
noted that this type of low-n error fields is sometimes 
added artificially for island diverters. Although these 
effects for the viscosity are already covered by a recently 
proposed basic framework for the neoclassical transport 
in general non-symmetric toroidal plasmas [4], the “full 
torus” calculation including the low-n modes will be huge 
if we adopt the numerical procedures (such as variational 
methods and Monte Carlo methods) described in Ref.[4]. 
Practically usable methods to obtain the viscosity 
coefficients have still remained as future theme. Even in 
our previous study deriving and testing various 
analytically approximated formulas [5], the 
bounce-averaged effects due to the low-n modes are not 

included. Therefore we recently started to study an 
extension of the analytical approximation methods for the 
drift kinetic equation in helical and stellarator 
configurations to include these additional drift effects [6]. 
This understanding for the trapped particles’ dynamics 
will be useful not only for studies of mean flows [1-3] but 
also for studies investigating a relation of the neoclassical 
transport with the zonal flow [7-8]. 
  As an important implicit basis of the neoclassical 
transport analysis, we assume here existences of nested 
closed magnetic flux surfaces [4]. This assumption means 
that only resonant modes of m−nψ’/χ’=0 in the Fourier 
expansions of 1/B2 in the Boozer coordinates and of B2 in 
the Hamada coordinates are forbidden. Here, χ’ and ψ’ 
are radial derivatives (‘=d/ds with the arbitrary label of 
flux surfaces s) of the poloidal and toroidal magnetic 
fluxes, respectively, and (m,n) are the poloidal and 
toroidal Fourier modes in the expansions. We shall define 
the flux coordinates (s,θ,ζ) there to make the safety factor 
to be positive q !" ' /# ' > 0 . Non-resonant low-n modes 
of ⎪m−nq⎪≈1, and nearly resonant modes m−nq≈0 in 
other functions still can exist without breaking the flux 
surfaces. For the non-bounce-averaged guiding center 
drift effects such as the parallel viscosity force 
determining the parallel plasma flows, we already derived 
analytical formulas which is applicable to arbitrary 
Fourier spectra of the magnetic field including this type 
of low-n error fields. Therefore we shall focus on the 
bounce-averaged bounce-center drifts of the toroidally 
trapped and ripple-trapped particles in so-called 1/ν 
collisionality regime. In contrast to the non-averaged 
effects, in which all of Fourier coefficients Bmn are 
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required, the effective range of (m,n) is limited in 
calculation of the bounce-averaged effects. For e.g., 
contributions of extremely high frequency modulation 
along the B-field line with 

 
m ! nq ! Nq ! L  vanish in 

the bounce averaging and are not important for both of 
the ripple-trapped and toroidally trapped particles. Here 
(L.N) are the basic poloidal and toroidal modes of the 
helical modulation, which is used in a “conventional” 
model expression with the assumption of the toroidal 
periodicity [5,7,9,10,11,12] 

B/B00 = 1+ !T(") + !H(") cos L" # N$ + % ("){ }   (1) 

for the ripple-trapping effects. It should be noted here that 
the analytical bounce-averaging for the ripple-trapped 
particles [11,12] assumes that the phase term γ(θ) is a 
slowly varying small function. Furthermore, in the 
analytical bounce-averaging for the toroidally trapped 
particles, we shall treat this high frequency modulation 
(helical and bumpy ripples) !H(") cos L" # N$ + % ("){ }  
by a ripple-averaging. Also in this “ripple-averaging” of 
the toroidally trapped particles’ motion, this characteristic 
of γ(θ) is favorable. In existing helical/stellarator devices, 
this characteristic is not attained in the Hamada 
coordinates (s, θH, ζH), which are used in some theories 
for tokamaks [3,4]. The Boozer coordinates (s, θB, ζB) are 
better for analyses of helical/stellarator devices and thus 
we assume the use of the Boozer coordinates though we 
omit the subscript “B” indicating “Boozer”. Methods to 
include the low-n perturbed fields and to truncate 
nonessential B-field spectra in the bounce-averaged 
kinetic equation depend on the trapped orbit topologies 
and thus we consider them separately in the next section. 
It also is assumed in these discussions that Nq−L is 
positive and Nq−L  ! 1, which is satisfied in general 
helical/stellarator configurations. 
 
2. Expressions of the Magnetic Field Strength for 
the Bounce-averaged Motions 
  For a simplicity, we assume the stellarator symmetry of 
the B-field strength B(−θ,−ζ)=B(θ,ζ). In the 
bounce-averaged drift kinetic equations [3,11,12], 
parallel drift term [4] 

  
V! fa1 ! v!bi"(µ=const) fa1  vanishes 

as a result of the averaging 
  
dl /v!"! , and the substantially 

remaining guiding center drift is that due to 
  
!s " Bi!v!  

in the radial drift term [4] 
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However, B-field strength modulation along the field line 
 Bi!B  also is still implicitly included as the 

  
v!  

modulation and as a factor determining the positions of 
trapped particles’ reflection points. Procedures carrying 
out this averaging analytically depend on the trapped 
orbit topologies; the toroidally trapped orbits in the barely 
trapped pitch-angle range where 

  
v! " const  along the 

B-field line in a ripple period, and the ripple-trapped 
orbits in the deeply trapped range where 

  
v! ! const  in 

the period. This difference in a characteristic of the 
parallel drift velocity 

  
v!  results in different treatments 

of Bmn components around m~L, n~N. For the toroidally 
trapped particles with the long bounce period over larger 
poloidal angle ranges, the reflection points are almost 
determined only by the envelop function 
1+ !T(") + !H(")  in Eq.(1) and the bounce-averaging of 

  
!s " Bi!v!  can be carried out with an approximation of 

  
v! " const  in the ripple period. In this case, the parallel 
modulation  Bi!B  in 

  
!v!  due to non-axisymmetric 

(n≠0) Bmn modes is not essentially important, and the Bmn 
are separated into only two types; axisymmetric modes 
n=0 causing the trapping, and the non-axisymmetric 
modes as a cause of the bounce-averaged radial drifts. In 
the tokamak theory assuming !H(") # 0  [2,3], a 
following expression of B is used to calculate effects of 
m~nq non-axisymmetric modes on the toroidally trapped 
particles’ parallel velocity 

  
v! . 

B = Bm0
m

! cos(m")

      + cos(n#0 ) Bmn
m

! cos (m $ nq)"{ }
%

&
'

n(0

!

               $ sin(n#0 ) Bmn
m

! sin (m $ nq)"{ }
)

*
+

    (4) 

Here, !0 " q# $ !  is a label of the magnetic field lines. 
We shall use this method also for toroidally trapped 
particles in helical/stellarator devices. It should be noted 
that only non-axisymmetric modes of m ! nq < Nq ! L  
effectively remain in the field-line integral per the 
ripple-period in the case of 

  
v! " const , and this 

remaining poloidal mode (m) range becomes narrower in 
the integral for longer bounce periods. 
  On the other hand, we should take into account both of 
 !s " Bi!B  and  Bi!B  in 

  
!v!  for the ripple-trapped 
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particles with 
  
v! ! const  in the ripple-period. For this 

calculation, we consider a use of differential 
 
!s " Bi!Jr  

of the adiabatic invariant Jr [11,12], for which an 
analytically approximated expression for the model field 
in Eq.(1) is given by 

  

Jr ! v!dl"" =
16B# /B00

N $ L /q

% $ 2sin
$1&*

%
µB00'eff

ma

(

)*
+

,-

1/2

                  . E(/ ) $ (1$/ 2
)K(/ ){ }      (for / 2 < 1)

. (5) 

Here, K(κ) and E(κ) are the complete elliptic integrals of 
the first and second kind, respectively, and the 
pitch-angle parameter κ 2 in them is defined by 
κ 2≡{w−µB00(1+εT−δeff)}/(2µB00δeff). Although detailed 
definitions of the effective ripple-well depth δeff and the 
length correction α* are shown in Ref.[9], 
approximations of δeff ≅ εH and α*≅0 can be used in 
many helical/stellarator devices as stated in Ref.[5]. In 
contrast to the toroidally trapped cases, the axisymmetric 
B-field modulation n=0 scarcely has the trapping effects 
( Bi!B ) and substantially has only radial drift effects 
( !s " Bi!B ) for the ripple-trapped particles. Although 
the non-axisymmetric modulations n≠0 cause both of 
them, there are two types of the n≠0 modes; high 
frequency modulation along the field line 
!H(") cos L" # N$ + % ("){ } , and the low frequency ones 

 
Bi!cos(m" # n$ ) % 0 . If the non-axisymmetric mode 
satisfies 

 
!s " Bi!cos(m# $ n% ) ! const  in a ripple 

period, it is appropriate to include it into !T(") , but this 
treatment neglects the 

  
v!  modulation due to this mode. 

In case of the ripple-trapping, we should avoid this 
neglect as long as contributions of the n≠0 modes keeps 
an important characteristic of !H(")  as a slowly varying 
function along the B-field line. For this calculation, we 
shall consider an expression of B 
B = Bm0

m

! cos(m")

  + cos l(L" # N$ ){ } Bm, lN
m

! cos (m # lL)"{ }
%

&
'

l=1

(

!

          # sin l(L" # N$ ){ } Bm, lN
m

! sin (m # lL)"{ }
)

*
+

  + cos(m"0 ) Bmn
n,0 , lN

! cos (m/q # n)${ }
%

&
'
'm

!

          # sin(m"0 ) Bmn
n,0 , lN

! sin (m/q # n)${ }
)

*
+
+

.  (6) 

Here, !0 " ! # $ /q  in the third term is another label of 
the magnetic field lines. In previous stellarator theories 
[5,7,9-12], the first and second terms are used as 
1+ !T(")  and !H(") cos L" # N$ + % ("){ }  in Eq.(1), 
respectively, and the third term is neglected there. Even 
though it is well-known that l≥2 in the second term is 

truncated in Ref.[11], these higher harmonics can be 
included in the analytically approximated calculation of Jr 
and 

 
!s " Bi!Jr  by some methods such as that in 

Ref.[12], and thus we retain here the l≥2 terms. Also in 
this Eq.(6), effective poloidal mode (m) range, which 
remains in the integral along the field line per 
ripple-period is limited. Similarly to Eq.(4), only a range 
of m/q ! n < N ! L /q  is important in the first and third 
terms, and the third term with this truncation has a role as 
the low frequency modulation along the field line 
analogous to 1+ !T(")  in Eqs.(1),(5). In the second term, 
as discussed in Ref.[9], only a range of m ! lL < Nq ! L  
should be included to keep !H(")  as a slowly varying 
function compared with cos L! " N# + $ (!){ } . Therefore, 
only for this limited (m,n) region, we can include both of 

 
Bi!cos(m" # n$ )  and 

 
!s " Bi!cos(m# $ n% )  in 

 
!s " Bi!Jr . The trapping effects due to 

 
Bi!cos(m" # n$ )  vanish on the line of m ≅ nq in the 
(m,n) space, and it is appropriate to be included in 
!H(") cos L" # N$ + % ("){ }  for the modes in 
m < Nq + (l !1)L  which do not include this line. The 
modes in m>Nq being high frequency contributions in 
!H(")  must be separated from this term and be treated in 
the third term in Eq.(6) to include only 

 
!s " Bi!cos(m# $ n% )  since 

 
Bi!cos(m" # n$ ) % 0  near 

this line m ≅ nq. Although contributions of 
 
m ~ L ! nq  

with n≠0, lN in the third term do not automatically vanish 
only by the bounce-averaging for the ripple-trapped orbits 
with 

  
v! ! const , they are substantially slight toroidal 

modulations of !H(")  and ! (") , and are not important 
in the final flux-surface-averaged results. Therefore only 

 
!s " Bi!cos(m# $ n% )  in the range of m ! nq < Nq ! L  
is retained in the third term. 
  The low frequency B-field strength modulation along 
the field line !T(")  in Eq.(1) is now extended to include 
non-axisymmetric component !T

(na)
(" ,# )  by 

B/B00 ! 1+ "T
(as)

(#) + "T
(na)

(# ,$ )

            + "H(#) cos L# % N$ + & (#){ }
,      (7) 

where the non-axisymmetric component is defined by 
!T

(na)
(" ,# )

$
1

B00

cos(m"0 ) Bmn
n%0 ,lN

& cos (m/q ' n)#{ }
(

)
*
*m'nq <Nq'L

&

                          ' sin(m"0 ) Bmn
n%0 ,lN

& sin (m/q ' n)#{ }
+

,
-
-

 +
1

B00

cos(m"0 ) Bmn
n=lN

& cos (m/q ' n)#{ }
(

)
*

m'nq <Nq'L
m>Nq+(l'1)L

&

                            ' sin(m"0 ) Bmn
n=lN

& sin (m/q ' n)#{ }
+

,
-

 , 
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and the axisymmetric component !T
(as)
(")  is defined by 

!T
(as)
(") #

1

B00
Bm0

m$nq <Nq$L

% cos(m")  . 

As mentioned in the introduction, practically interesting 
B-field perturbations are low-frequency modulation 
m ! nq " 1  with low toroidal modes of n !N in both of 

the MHD-activity induced and artificially added 
perturbations, and thus n≥N in !T

(na)
(" ,# )  is not actually 

important. By these considerations, however, we find that 
the definition of the “low frequency modulation along the 
B-field lines” differs depending on the pitch-angle (κ 2) 
range. The treatment of (n ! N )q + L < m < Nq + (l !1)L  
at n=lN differs in two ranges discontinuously; toroidally 
trapped particles in κ 2>1, and ripple-trapped particles in 
κ 2<1. This difference corresponds to that of bounce- (or 
ripple-) averaged 

  
!v!  effects in two pitch-angle ranges 

κ 2>1 and κ 2<1. In contrast to Eq.(5) for κ 2<1, the 
ripple-averaged parallel velocity for κ  2>1 is given by 
[12],  

  

Jt ! v!dlripple
period
"" =

16B# /B00

N $ L /q
µB00%eff
ma

&

'(
)

*+

1/2

,E(1/, ) . (8) 

Although J in Eqs.(5),(8) and !1
+ , !

Xa
 in Eqs.(2),(3) 

are continuous at κ 2=1, !J  and the bounce average of 
!1
+ , !

Xa
 are discontinuously change at κ 2=1. An 

aforementioned approximation 
  
v! " const  in a ripple 

period at κ 2>1, in spite of a fact that 
  
v! ! const  at κ 2<1, 

is motivated by this discontinuous change. It may be 
thought that one problem in this definition of “low 
frequency” in the ripple-trapped pitch-angle range κ 2<1 
is a discontinuous change of our treatment at a boundary 
regime in the (m,n) space m≅Nq+(l−1)L. In the Fourier 
expansion of B on the magnetic flux surface coordinates 
(Boozer coordinates in many practical cases) making the 
phase function γ(θ) to be a slowly varying small function, 
however, Bmn in this region are small, and thus the 
discontinuous change is not a serious problem. In 
addition to it, since the poloidal mode (m) limiters of 
nq ! m < Nq ! L , m ! lL < Nq ! L , and so on in 

Eqs.(4),(7) are actually implemented by low-pass filters 
in !/!"  operation [9], the contributions of the modes do 
not change discontinuously. 
  A method to obtain approximated values of !H(")  for 
an approximation of 

1

B00

cos l(L! " N# ){ } Bm, lN
m"lL <Nq"L
$ cos (m " lL)!{ }

  " sin l(L! " N# ){ } Bm, lN
m"lL <Nq"L
$ sin (m " lL)!{ }

%

&

'
'
'
'

(

)

*
*
*
*

l=1

+

$

, -H(!) cos L! " N# + . (!){ }

, (9) 

which corresponds to retaining only first lowest mode 
term in the Todoroki’s “phase” Fourier series [12], is 
already described in Ref.[9] and will not be shown here. 
It only should be emphasized here on this high frequency 
modulation term !H(") cos L" # N$ + % ("){ }  that its 
amplitude !H(")  is more essential rather than the form 
of the modulation cos L! " N# + $ (!){ }  in calculating 
the bounce-averaged radial drifts. The higher harmonics 
of n=N with l=2,3,4,… can contribute to this amplitude 
!H(")  and are sometimes non-negligible [9]. The 1/ν 
component of the ripple-trapped particle distribution 
function can be obtained only by replacing !"T /!#  by 
! "T

(as)
(#) + "T

(na)
(#){ } /!#  in the previous ripple diffusion 

theories [11,12] and their applications [5,7,9,10]. In the 
next section, we describe only a method to obtain the 1/ν 
component in the toroidally trapped particle distribution. 
 
3. Bounce-averaged Solution for the Toroidally 
Trapped Particles 
  Another reason for aforementioned choice of the 
Boozer coordinates is a fact that we cannot fully include 
all of  !s " Bi!B ,  Bi!B  in 

  
!v!  and neglect some 

parts of  Bi!B  in the bounce-averaging as discussed in 
the previous section. Although the radial drift term !1

+  
given in the Boozer coordinates in a form of 

  
!s " Bi!(v! /B)  as shown in Eq.(2) is suitable this 
analytical approximation, use of !

Xa
 in Eq.(3) requires 

more exact calculation of 
  
Bi!v!  even in the bounce 

averaged equation. One more reason is that contributions 
of the boundary regime in the (m,n) space 

 
m ! lL ! Nq ! L  should be small in determining  the 

envelop function !H(")  in Eq.(9). Therefore, to derive 
the 1/ν diffusion coefficient, we execute a procedure in 
Ref.[3] in the Boozer coordinates, in which the Jacobian 
is given by gB = (V' /4!

2
) B

2
/B
2  [4], although this 

previous theory is originally written using the Hamada 
coordinates ( g

H
= V' /4!

2 ). In this derivation, we allow 
also existence of helical and bumpy ripple 
!H(") cos L" # N$ + % ("){ }  and therefore the 
ripple-averaged parallel velocity is given by Eq.(8), while 
the velocity in the axisymmetric limit is used in Ref.[3]. 
By rewriting Eq.(6) as  

B/B00 = 1+ !T
(as)

(")

            + An (") cos(n#0 ) + Bn (") sin(n#0 ){ }
n=1

$

%
,  (10) 

and with a boundary condition at 
  
v! = 0  making 

!GXa /!µ  to be finite, 
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!GXa

!µ
= "

c

ea# '$D
a

v//0

Baxisymmetric( )
2

!B
!%0

d&!'

v//0

Baxisymmetric( )
2
d&!'

    (11) 

is obtained. The integral period length for 
 
d!!"  is 

determined by the envelope function 1+ !T
(as)
(") + !H(") , 

and 
 
v
//0 , Baxsymmetric in this integral are defined by 

 

v//0 !
4/"

N # L /q
µB00$eff
ma

%

&'
(

)*

1/2

+E(1/+ )

Baxisymmetric ! B0 1+ ,T
(as)
(-){ }

.    (12) 

Note that E(κ) in 0≤κ ≤1 is a monotonically decreasing 
function in a range of 1≤E(κ)≤π/2, and thus the 
ripple-averaged parallel velocity coincides with the 
axisymmetric value 

 
v//0 = v(1! µBaxisymmetric /w)

1/2  in 
the small ripple limit of δeff→0. Results shown in 
Refs.[2-3] are those for this δeff→0 limit with only one 
axisymmetric B-field modulation B10 (Bm0=0 for m≥2). As 
a result of 

  
v! " const  in a ripple period and resulting 

 

  

v!(!B/!"0 )dlripple
period
"# $

N % L /q
2&B" /B00

(!B/!"0 )dlripple
period
"#

'
(
)

*)

+
,
)

-)
v!dlripple

period
"#

'
(
)

*)

+
,
)

-)

, 

Eq.(11) has a identical form to the !"T /!#  term in the 
stellarator ripple diffusion theories [11-12]. If at least one 
of 

  
v!  and !B/!"0  is almost constant in the period, this 

result is obtained. This approximation cannot be used for 
the ripple-trapped particles, and therefore !Jr /!"  
including !"H /!#  is calculated by using Eq.(5) for the 
deeply trapped pitch-angle range of κ 2<1 [11-12]. The 
approximation of 

  
v! " const  for the barely trapped 

pitch-angle range µ~w/BM [BM: maximum value of B in 
the flux surface] is justified by a fact that the 1/ν 
diffusions without the low-n and nearly resonant B-field 
modes of n<N and m ! nq " 1  are almost determined 
only by those of ripple-trapped particles in various 
helical/stellarator configurations [4,5,9,10]. This fact 
means that the toroidally trapped particles do not have 
effective bounce-averaged radial drift in spite of the 
break of the axisymmetry due to the ripples, and only 
!B/!"0  due to additional perturbation fields with 
m ! nq " 1  can cause their bounce-averaged drift. In 

cases with the stellarator symmetry B(−θ,−ζ)=B(θ,ζ), the 
contribution of Bn (!) , which is an odd function of θ, 
vanish in Eq.(11), and thus !B/!"0  is given there by 
(1/B00 )!B/!"0 = # nAn ($) sin(n"0 )% . By further 
pitch-angle integral with the boundary condition GXa=0 at 
the circulating/trapped boundary µ=w/BM, the 1/ν 

diffusion coefficients (the diagonal mono-energetic 
viscosity coefficient L* defined in Ref.[4]) can be 
obtained in a form of 

  

L(MHD)
  * !

1

"D
a

dµ  

n
2 v//0

Baxisymmetric( )
2
An (#) d#!$

%

&
'

('

)

*
'

+'

2

n=1

,

-

v//0

Baxisymmetric( )
2

d#!$
trapped$

. 
Though this integral can only be obtained numerically, 
this estimation is still easier than applications of existing 
numerical methods for helical/stellarator devices [4]. 
 
4. Conclusion 
  In this paper, we investigated effects of the nearly 
resonant magnetic field spectra on two types of trapped 
particles’ drifts (toroidally trapped and ripple trapped) by 
extending and combining the analytical methods for 
tokamak neoclassical viscosity [2-3] and the ripple 
diffusions in helical/stellarator devices [5-12]. The 
analytical bounce-averaging methods for these particles’ 
bounce-center drifts in the 1/ν collisionality regime are 
proposed. 
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Abstract 

 
In helical systems, the neoclassical transport is one of the important issues in addition to the 

anomalous transport, because of a strong temperature dependency of heat conductivity and an important 
role in the radial electric field determination. Thus the development of a reliable tool for the neoclassical 
transport analysis is necessary for the transport analysis in LHD. We have developed a neoclassical 
transport database for LHD plasmas, DCOM/NNW. The mono-energetic diffusion coefficients are 
evaluated based on the Monte Carlo method by DCOM code and the mono-energetic diffusion coefficient 
database is constructed using a neural network technique. The input parameters for the database are the 
collision frequency, the radial electric field, the minor radius and the configuration parameters (Raxis, beta, 
etc). Recent increment of heating power raises the plasma temperature in LHD. Because the collision 
frequency decreases in proportion to T3/2, we have to estimate the diffusion coefficient in the more 
collisionless regime. However, DCOM code requires huge calculation time to obtain the diffusion 
coefficient in such collisionless regime. 

In this paper, we improve the DCOM code to reduce the computation time in order to obtain the 
mono-energetic diffusion coefficients in the more collisionless regime. As a result the DCOM calculation 
becomes about 6 times faster than previous version. Also we apply GSRAKE code which solves the 
ripple-averaged drift kinetic equation to obtain further collisionless regime. Finally we construct a 
neoclassical transport database DCOM-GSRAKE/NNW for LHD (DGN/LHD). The neoclassical transport 
analyses of high temperature LHD plasma are done using DGN/LHD. 
Keywords: LHD, neoclassical transport, neural network, Monte Carlo method 

 
1. Introduction 

In helical systems, neoclassical transport is 
one of the important issues for sustaining 
high-temperature plasma. In particular, in the 
long-mean-free-path (LMFP) regime, the 
neoclassical transport coefficient increases as 
collision frequency decreases (1/  regime), and 
neoclassical transport plays an important role as 
well as anomalous transport by plasma turbulence. 
Moreover, the neoclassical transport plays an 
important role in the radial electric field 
determination in helical systems. 

The neoclassical transport coefficient has 
been evaluated using the Monte Carlo method 
directly following particle orbits, where the 
mono-energetic diffusion coefficients are estimated 
by the radial diffusion of test particles [1-3]. This 
method has a good property in the LMFP regime 
except for its long calculation time. Thus, we have 
developed a Monte Carlo simulation code, the 
Diffusion Coefficient Calculator by Monte Carlo 

Method (DCOM) code [4], which is optimized in 
performance in the vector computer. The DCOM 
code can calculate the mono-energetic diffusion 
coefficient without convergence problem even if in 
LMFP regime, especially with finite beta, a large 
number of Fourier modes of the magnetic field in 
the Boozer coordinates must be used. 

To evaluate the neoclassical diffusion 
coefficient of thermal plasma, we must take energy 
convolution into account. Therefore, it is necessary 
to interpolate discrete data by the DCOM. In a 
non-axisymmetric system, the diffusion coefficient 
shows complex behavior and strongly depends on 
collision frequency and radial electric field (e.g., 
1/ ,  and  regimes). The interpolation based 
on a traditional analytical theory has a problem with 
connected regions between two regimes. 

We apply the neural network (NNW) [5] 
method to the fitting of the diffusion coefficient of 
LHD, which shows a complex behavior in several 
collisional regimes, i.e., , , 1/ , plateau and 
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P-S regimes. We used a multilayer perceptron 
NNW with only one hidden layer, generally known 
as MLP1. The neoclassical transport database, 
DCOM/NNW [6], has been constructed with input 
parameters r/a, * and G, and D* can be obtained as 
an output of the NNW, where * is the normalized 
collision frequency, G is the normalized radial 
electric field and D* is the normalized diffusion 
coefficient respectively.  

However, as shown in the above-mentioned, 
the DCOM code has a problem of the computing 
time. When we calculate the diffusion coefficient of 
the finite beta plasma which has a complex 
magnetic field, because we have to consider a large 
number of Fourier modes of the magnetic field, the 
computational cost of the calculating the sum of all 
Fourier modes of the magnetic field become 
expensive. And when we calculate the diffusion 
coefficient in the extremely low collision frequency 
regime, because we have to trace the particle long 
time, the DCOM code requires a large computing 
time. In these cause, DCOM/NNW does not have 
sufficient data in the finite beta plasma or in the 
extremely low collision frequency regime.  

For overcoming these problems, first, we 
have improved the DCOM code to reduce the CPU 
time. We also apply the results of the GSRAKE [7] 
code to the neoclassical transport database using 
NNW in the extremely low collision regime. Thus, 
we reconstruct a new neoclassical transport 
database, DCOM+GSRAKE/NNW for LHD, 
DGN/LHD. 

 
2. Reconstruction of the neoclassical 
transport database for LHD  
2.1 Improvement of DCOM code 
      DCOM code evaluates a monoenergetic 
local diffusion coefficient, D, using the Monte 
Carlo method. In the simulation, monoenergetic N 
particles are released from initial minor radius 
position r0, where the particle randomly distribution 
in the poloidal and toroidal coordinates, and in the 
pitch angle space. The test particle orbits are 
monitored by solving the equations of motion in 
Boozer coordinates. The DCOM code has to 
calculate the summation of all Fourier modes of the 
magnetic field in the Boozer coordinate described 
as, m,n

m,n
= ( ) cos( )B B m n , whenever time step 

advances. When we evaluate the diffusion 
coefficient in the finite beta plasma which has a 
complicated magnetic configuration, we have to 
consider a large number of Fourier modes of the 
magnetic field and a large CPU time is required.  
      Therefore, we assume that the particles are 
subjected to forces from the magnetic field at initial 

position instead of from the magnetic field at the 
position where the particles moved. This enables us 
to use 2D-spline interpolation for expression of the 
magnetic field. By using 2D-spline table of only 
one magnetic surface for calculating the magnetic 
field, we can calculate the magnetic field quickly 
without calculating the summation of Fourier 
modes as before. Here, we call the DCOM(F) 
which calculates the magnetic field by adding up 
the Fourier modes and the DCOM(S) which 
calculates the magnetic field using 2D-spline table.  
      In Fig. 1, the calculation time as a function 
of the number of the Fourier mode of magnetic field 
are shown. When calculating the diffusion 
coefficients by the DCOM(F), the necessary CPU 
time increases as the number of the Fourier mode of 
the magnetic field increases. In contrast, when 
calculating by DCOM(S), the CPU time is almost 
constant even if the magnetic field is complicated. 
Figure 1 shows that the CPU time reduces to about 
1/6 when the number of Fourier mode is 50 and to 
about 1/10 when the number of Fourier mode is 150. 
Even when calculating the diffusion coefficient in 
the finite plasma needing a large number of the 
Fourier modes, the DCOM(S) can expeditiously 
calculate. 
 
2.2. Combine the results of the 
DCOM code with the results of 
GSRAKE code 
      In the LMFP regime, a necessary computing 
time of the DCOM code increases in inverse 
proportion to the collision frequency. Especially, in 
extremely low collision regime, the CPU time of 
over 500 hours is required for calculating the 
diffusion coefficient on the super computer, the 
SX-8. Consequently, the data concerning in the 
extremely low collision frequency regime are 
insufficient in the DCOM/NNW. 
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Fig. 1 Calculation time as a function of the number 
of the Fourier mode of magnetic filed.
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      Therefore, in extremely low collision 
frequency regime, we combine the results of the 
GSRAKE code with the results of the DCOM to 
construct the neoclassical transport database. 
GSRAKE is a code which solves general solution 
of the ripple-averaged kinetic equation. Though 
GSRAKE can treat few Fourier modes of the 
magnetic field, a necessary CPU time is small even 
for calculation in which collision frequency is very 
small. We supplemented the neoclassical transport 
database with the GSRAKE results for extremely 
low collision regime and have improved the 
neoclassical transport data base. 
      Because the DCOM and GSRAKE results 
are discrete monoenergetic diffusion coefficients, it 
is necessary to interpolate them. We apply the 
NNW method to the fitting of the diffusion 
coefficient of LHD. We consider a multilayer 
perceptron (MLP) NNW model which is the most 
widely used. We use the MLP1 model which has 
only one hidden layer. The accuracy of the NNW 
depends on the number of hidden units. We have to 
appropriately select the number of hidden units so 
that the NNW has a good generalization 
performance. In this research, we evaluate the 
generalization performance by using information 
criterion, the Minimum Description Length 
criterion (MDL criterion) [8] and we assume the 
number of hidden unit is set to 12. 
      Figure 2 shows the outputs of the old 
database, DCOM/NNW, and the outputs of the new 
database, DCOM+GSRAKE/NNW for LHD 
(DGN/LHD). At the plasma which has a standard 
profile of temperature and of density, whose 
collision frequency, *, are over 10-6 in the energy 
integral, the outputs of old database, DCOM/NNW, 

are accurate enough. However, in extremely low 
collision frequency regime, because the 
computational results of the DCOM don't exist, the 
outputs of the old database, DCOM/NNW are 
inaccurate. Because the newly neoclassical 
transport database, the DGN/LHD, contains the 
result of the GSRAKE, the outputs of the 
DGN/LHD are appropriate even in the extremely 
low collision frequency regime. By using the new 
neoclassical transport database, DGN/LHD, 
accurate evaluations of the neoclassical transport in 
high-temperature plasma and finite beta plasma 
become possible. 
 
3. Neoclassical transport analysis 
using the DGN/LHD 
      We compare the neoclassical transport 
analysis by the DGN/LHD and by the 
DCOM/NNW. In this analysis, we consider the 
hydrogen plasma and Raxis = 3.6 m configuration in 
LHD and 0=0%. We assume the low-collisional 
plasma which temperature and density profiles of 
electron and ion are, 

2
e i 4 (1 ( / ) )+1 [keV]-T T r a , 

  2 18 33 5 (1 ( / ) ) 1 5[10 / ]. .e in n r a m . 
In these profiles, the energy integral up to *=1×
10-7 is necessary. 
      In Fig. 3(a) and 3(b), the electron and ion 
particle fluxes, e and i, at r/a=0.5 are shown as 
function of radial electric field, Er. When Er is from 
about -20kV/m to 15kV/m, e calculated using 
DGN/LHD increases more than using 
DCOM/NNW and when Er is from about -3kV/m to 
3kV/m, i using DGN/LHD increases more than 
using DCOM/NNW. The reason of increases by 
using DGN/LHD is that DGN/LHD is considering 
the diffusion coefficient in extremely low collision 
regime. 
      Figure 4 shows the ambipolar radial electric 
field as a function of r/a. There are electron and ion 
root both using DGN/LHD and using DCOM/NNW. 
Er don't make much difference whether by 
DGN/LHD or by DCOM/NNW. However, as 
shown in Fig. 5, the thermal conductivities of 
electron, e, by DGN/LHD and by DCOM/NNW 
are different. In electron root, e, by DGN/LHD 
increases to about 1.5 times that of by 
DCOM/NNW and in ion root, e, by DGN/LHD 
increases to about 2 times that of by DCOM/NNW. 
 
4. Summary 
      We have improved the DCOM code to 
reduce the CPU time. Even in the case with a large 
number of Fourier modes of the magnetic field, 
DCOM(S) can calculate the diffusion coefficient at 
high speed. The GSRAKE results in the extremely 
low collision regime have been included in the 
neural network database. The outputs of the new 
neoclassical transport database, DGN/LHD, which 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 The normalized diffusion coefficient, D* as a 
function of the normalized collision frequency, *, 
which are outputs of old database, DCOM/NNW and 
the outputs of new database, DGN/LHD. 
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contains the GSRAKE results, are appropriate even 
in the extremely low collision frequency regime. By 
using the new neoclassical transport database, 
DGN/LHD, accurate evaluations of the neoclassical 
transport in high-temperature plasma and finite beta 
plasma become possible. 
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Fig. 3. Particle fluxes, , as a function of radial electric field, Er at r/a = 0.5 by (a) DCOM/NNW and (b) 

DGN/LHD. 
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Fig. 4. Radial electric field, Er, as a function of r/a by 

DCOM/NNW and by DGN/LHD. 
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Fig. 5. Thermal conductivity of electron, e, as a 

function of r/a by DCOM/NNW and by 
DGN/LHD. 

0

10

20

30

40

50

60

70

80

0 0.2 0.4 0.6 0.8 1 1.2

DCOM/NNW: electron root
DCOM/LHD: ion root
DGN/LHD: electron root
DGN/LHD: ion root

Th
er

m
al

 c
on

du
ct

iv
ity

, 
e 

[m
2 /s

ec
]

r/a

(a) (b) 

P1-19

Proceedings of ITC18, 2008

212



 
 
 

Peripheral Plasma Turbulence Measurement of Heliotron J 
plasmas 

 
N. Nishino, T. Mizuuchi1), S. Kobayashi1), K. Nagasaki1), H. Okada1), F. Sano1),  

S. Yamamoto1), and K. Kondo2) 
Graduate School of Engineering, Hiroshima University 

1) Institute of Advanced Energy, Kyoto University 
2) Graduate School of Energy Science, Kyoto University 

(Received 18 Dec. 2008 / Accepted               ) 

 
Using a fast camera with tangential view motion of the filamentary structures in peripheral regions was 

observed. It was already confirmed that motion of this turbulence was dithering during “Phase I” in former SMBI 
(supersonic molecular beam injection) experiment. During “Phase I” Heliotron J plasma did not always reach the 
H-mode nor radiation collapse even though the electron density was larger than the threshold. Moreover, the 
electron density may be controllable in “Phase I” plasma. It was favorable for fusion reactor plasma. This time 
SMBI experiment with careful adjustment of gas puff quantity was demonstrated for realizing “Phase I” and it was 
successful to obtain higher confinement energy shot. In this paper the fast camera measurement of this experiment 
is described.  

 
 

Keywords: turbulence, peripheral plasma, L-H transition, H-mode, Heliotron J, fast camera 
 

1. Introduction 
Fast cameras have been installed in Heliotron J [1,2] 

since several years [3-5]. Recent progress of fast cameras 
enables us to get information on the peripheral plasma 
turbulence. In particular, using a conventional gas puff, 
supersonic molecular beam injection (SMBI) [5], and 
solid target such as limiter [3] are very useful to visualize 
complex peripheral plasma behavior. Also, a combination 
of conventional peripheral plasma measurement 
(Langmuir probe, magnetic probe, etc) and fast cameras 
gives us the powerful method to study plasma turbulence 
[4]. 

In the first SMBI experiment of this year it was 
found that after SMBI a kind of improved confinement 
mode “Phase I” [6-8] appeared instead of the H-mode. 
Camera images show filamentary structure of peripheral 
plasma rotated with L-mode direction (if this was ErxB 
drift, Er is positive.), and sometimes the rotation changed 
to the H-mode direction (if this was ErxB drift, Er is 
negative). That was called “dithering”, and this was one 
of the feature of “Phase I” in Heliotron J. In this 
experiment, low frequency MHD activity occurred after 
SMBI with large gas quantity (too high pressure), and the 
energy confinement degraded.  

However, some shots maintained, “Phase I” and they 
did not reach H-mode. The latter case the electron density 
rose more than the transition threshold.  

 In Heliotron devices the rise of the electron density 
after H-mode is uncontrollable, and usually plasma reach 
radiation collapse with short time after the transition. 

This phase I sometimes did not reach H-mode, 
therefore the energy confinement is not better than 
H-mode. However, it did not reach radiation collapse and 
it is prominent improved mode to be able to control the 
density. 

In this experiment the gas quantity of SMBI was 
adjusted carefully and higher confinement energy shot 
was realized after SMBI. In this paper the fast camera 
measurement of this SMBI shot was reported. 

 

2. Experimental Setup 
Heliotron J device is a medium sized helical-axis 

heliotron device (averaged R/a=1.2m/0.17m, B=1.5T) 
with l=1, m=4 helical coil configuration. Figure 1 shows 
top view of Heliotron J and main diagnostics used in this 
paper and the camera location.  

In general the initial plasma is produced by ECH 
(70GHz, 0.45MW, non-focusing Gaussian beam) 
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launched from a top port. Two NB system (BL-1,2; 
30keV, 0.7WM) are installed with tangential port, and 
they faced each other. Selecting one of the two 
beam-lines or changing the direction of the confinement 
field, Co- or CTR-injection can be performed.  

One SMBI and four conventional gas puff systems 
with piezoelectric valves are installed at the outer side 
and inner side ports, respectively.  
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Fig.2 Typical waveform of Heliotron J plasma with SMBI
(#32816) 

 

 
 

 
 
 

 

 
 
 
 
 

3. Results and discussion 
The waveforms with or without SMBI are shown in 

Fig.2 and 3, respectively. After SMBI the diamagnetic 
signal rose gradually, and ~13 ms later the diamagnetic 
signal began to decrease. 

From ECE and AXUV signals (not shown in the 
figure) it was inferred that the electron temperature 
decreased due to SMBI [9,10] and the electron density 
increased. It seemed that these effects cancelled out each 
other, and the diamagnetic signal did not increased just 
after SMBI. Afterwards the diamagnetic signal increased 
gradually due to NBI. However, more precise profile 
information is needed to conclude this scenario. 

 
Fig.1 Top view of Heliotron J  
The fast camera can view the ICRF antenna and
SMBI. 

 The important thing is that after SMBI the electron 
density became larger than the threshold of the L-H 
transition, however, plasma did not reach H-mode. 
Therefore, plasma terminated without the radiation 
collapse. This feature is called ‘Phase I’ in Ref [5].  

The fast camera images with 40000 FPS show that 
filamentary structure was seen near the ICRF antenna, 
and it was brighter when filament hit the antenna. Fig.4 
shows the fast camera image during SMBI. Near ICRF 
antenna the motion of filamentary structure rotate with 
unti-clockwise firstly. However, after ~190ms sometimes 
rotation direction changed to clockwise. Therefore, it was 
recognized that plasma was ‘dithering phase’ after 
~190ms. To visualize this motion clearly 
two-dimensional phase images of 8.75kHz frequency 
component were shown in Fig. 5.  
 -2
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Fig.3 Typical waveform of Heliotron J plasma without 
SMBI (#32783) 
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Fig.4 Fast camera image during SMBI 

Filamentary 
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R

SMBI ICRF antenna 
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       time 
 

Fig.5 Two-dimensional phase images during “dithering phase” 
A part of images near the ICRF antenna are shown. 
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The way to create these images is that first the 

frequency peak in the power spectra from FFT during 
suitable period for one pixel data in ROI (region of 
interest) is selected, and second the phases of the same 
frequency for all pixels are colored by color chart. 
Therefore, this phase images show the wavelength of the 
turbulence at the selected frequency and its motion. If 
there was no frequency peak in the spectra obtained by 
pixel data in ROI, typical frequency of the turbulence in 
Heliotron J plasma could be selected. 

This time typical frequency of 8.75kHz in the 
frequency range of the peripheral turbulence (5-10kHz) in 
Heliotron J plasma was selected. 

Just after SMBI the whole plasma began brighter and 
the whole picture was the same color in two-dimensional 
phase image, but afterwards the turbulent motion was 
recognized. The apparent filamentary structure motion 
was recognized “dithering phase”, and that meant plasma 
was “Phase I”.  

Without SMBI shot the “dithering phase” was 
confirmed after ~190ms, and it was believed that plasma 
was “Phase I”  

This SMBI experiment reproduced the former SMBI 
experiment very well, and it was not found the difference 
of the filamentary structure motion between the camera 
images before and after SMBI. 

Figure 6 shows the magnetic probe signal for MHD 
activity. The time slices of the spectrum of this signal are 
shown in Fig. 7.  
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The MHD activity in low frequency range of 10-20kHz 

grew from ~190ms and after 210ms (time of SMBI) this 
activity was decreased temporary. Afterwards (~220ms) 
this activity was growing again. It seemed that the effect 
of SMBI reduced this activity. There were another 
frequency peaks in high frequency range and those were 
thought as GAE mode (global Alfven eigen-mode). 
However, those GAE mode existed with no relation to 

SMBI, therefore GAE mode in this experiment did not 
affect the characteristics of the energy confinement.  
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Fig.7 Spectra of magnetic probe signal  
SMBI starts at 209ms and reduction of low frequency
activity at 215ms was recognized. 
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Only difference between with or without SMBI was 

the former low frequency MHD activity. Thus, it possibly 
relate to the energy confinement of Heliotron J plasmas. 

Unfortunately in this experiment plasma was not so 
bright before and after SMBI, and the camera images 
could be taken up to 40000 FPS. Therefore, the 
turbulence of these frequency ranges could not be 
obtained. Plasma is very bright during SMBI using the 
view port of this experiment, thus the view port at other 
toroidal section is needed for turbulence measurement 
included in SMBI period. Because Hα signals strongly 
depend on the toroidal section during SMBI. 

Fig.6 Magnetic probe signal (raw data) 
Red line shows SMBI time. MHD activity was
decreased due to SMBI. 

This is the experimental problem to be solved. 

4. Conclusion 
 

Using SMBI high confinement energy shots, which 
could not be reached by conventional gas puff, were 
obtained. Also it was confirmed that these shots were a 
kind of improved mode “Phase I” by the fast camera 
images. 

Further investigation is necessary to understand the 
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physical mechanism why “Phase I” plasma did not reach 
H-mode even though the electron density is over the 
threshold of the L-H transition. For this purpose the 
experiments are in progress in Heliotron J. 
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Langevin Equation for Guiding Center Motion
and its Application to Neoclassical Transport Theory
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Neoclassical transport in toroidal plasmas is addressed by the Langevin equation. To ensure the diffusive
nature of a stochastic process, the dynamics of test particles is expressed in terms of the Langevin equation
with the assumption of sufficiently small radial orbit width. The transport coefficients are evaluated by the time
integration of auto- and cross-correlation functions for each pair of time-reversal expressions of microscopic
fluxes. As a test of this method, the neoclassical viscosity coefficients are calculated numerically and are shown
to agree with analytical formulas.

Keywords: Neoclassical Transport, Langevin Equation, Linear Response Theory

1 Introduction

The Langevin equation[1] is used to describe the trans-
port processes in a system close to thermal equilibrium.
An advantage of the Langevin-type description is that it
can be easily simulated using a quasi-random number gen-
erator. The Monte Carlo methods have been extensively
used in the stellarator/heliotron research, in particular, to
estimate the 1/ν radial diffusion[2], which gives the irre-
ducible minimum of the transport level in a toroidal con-
figuration. The calculation of parallel transport such as
bootstrap currents is also important for predicting the non-
inductive currents which are observed in experiments.

Mathematically, the Langevin equation is an example
of stochastic differential equations(SDEs)[3]. When we
consider a stochastic variable X(t) in a Gaussian random
process with t, a time variable, the evolution of X(t) can be
written in terms of SDEs by

dX(t) = a(X; t) dt + b(X; t) dW(t), (1)

where a(X; t) is the deterministic part of test particle mo-
tion, while b(X; t) denotes the random acceleration with
the standard Wiener process W(t). In most cases, we need
not solve exact trajectories of test particles. Instead, the
Wiener increments dW(t) are approximated by relatively
simple random variables, such as the two-point or uniform
ones. The Monte Carlo collision operator introduced by
Boozer and Kuo-Petravic[2] is an example of using the
two-point random variables as an approximation of the
Wiener increments.

On the other hand, the transport theory in such a
stochastic system can be treated quantitatively by the
correlation-function method[4]. The transport coefficients

author’s e-mail: matuyama@center.iae.kyoto-u.ac.jp

are then calculated from the time-integration of correla-
tion function between microscopic fluxes carried by each
particle. This method is also known as the Green-Kubo
formula[5, 6]. In the linear response theory of stochas-
tic process[7], this approach is valid in a variety of trans-
port phenomena, provided that the evolution of a system is
dominated by Gaussian probability distributions.

In the present paper, we propose a method for comput-
ing neoclassical transport matrix using the Langevin equa-
tion and correlation function. Although it is not easy to
calculate the correlation function in general, the neoclas-
sical ordering[8] enables us to evaluate it as a function of
magnetic surface label. In Sec. 2, we derive the Langevin
equation for guiding center motion. Section 3 describes
the correlation-function method for neoclassical transport
theory, in which we calculate the neoclassical viscosity
coefficients[9] as a numerical test. In Sec.4, we summa-
rize the main finding of this work and comment on future
studies.

2 Langevin Equation

We now wish to derive the Langevin equation for
describing the neoclassical transport in toroidal plasmas.
Here, we note that the phase-space coordinates of guiding
center are regarded as stochastic variables. The test parti-
cle experiences the deterministic friction and random ac-
celeration together with the complex Hamiltonian motion,
which is formulated by the drift Hamiltonian theory[10].
If we denote the guiding center coordinate by zi (i =
1, . . . , 5), its Hamiltonian motion is expressed by the Pois-
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son bracket {•, •} or Poisson tensor ωi j ≡ { zi, z j } as

zi = { zi,H } = ωi j
∂H
∂z j

, (2)

where H is the drift Hamiltonian[10]. If we take into ac-
count the Coulomb collisions, equations of motion must be
written in terms of SDEs like Eq.(1). Therefore,

dzi(t) =
[

a(H)
i (t, z) + a(F)

i (t, z)
]

dt + bi j(t, z) dW j(t),

(3)

where we divided the deterministic part ai into the Hamil-
tonian a(H)

i = ωi j ∂H/∂z j and the friction part a(F)
i . We

note that Eq.(3) becomes non-Hamiltonian and stochastic
because of the friction force and random scattering.

In the present work, we retain only the pitch angle
scattering in the collision operator. We used the coordinate
system (s, θ, ζ, v, ξ), where s is the surface label, θ and ζ are
the poloidal and toroidal angles, respectively, v is particle
velocity, and ξ is the pitch variables. This choice is con-
venient because, in our case, the particle energy becomes
manifestly a constant of motion, and the non-Hamiltonian
terms are included only in ξ. We also note that the Boozer
coordinates[11] were used to describe the guiding center
position. From Eq.(3), we can write the stochastic motion
of guiding center by

ds = { s,H } dt,

dθ = { θ,H } dt,

dζ = { ζ,H } dt,

dv = 0,

dξ = { ξ,H } dt − νDξ dt +
√

(1 − ξ2)νd dWt, (4)

where νD is the deflection frequency. The Poisson brack-
ets appeared in Eqs.(4) represent the guiding center equa-
tions used in the orbit calculation. Equations (4) contain
the guiding center drifts up to the first order of dimension-
less parameter ε ≡ ρL/L, where ρL is the Larmor radius
and Lc is the characteristic scale length in the radial di-
rection. In the local and diffusive picture of neoclassical
transport[8], however, the effect of finite radial orbit width
is neglected so that the particle dynamics relevant to the
transport can be expressed only by the terms up to zeroth
order. Therefore, we approximate the Poisson brackets up

to the lowest order:

ds = 0,

dθ =
vξ
B

χ′
√

gB
dt,

dζ =
vξ
B

ψ′
√

gB
dt,

dξ = −v(1 − ξ2)
2B

[
χ′
√

gB

∂ ln B
∂θ
+

ψ′
√

gB

∂ ln B
∂ζ

]
dt,

−νDξ dt +
√

(1 − ξ2)νD dWt, (5)

where χ and ψ are the poloidal and toroidal flux func-
tion, respectively, the prime denotes the derivative with re-
spect to the surface label s, and the Jacobian

√
gB is of

Boozer coordinates. For simplicity, we did not consider
the poloidal and toroidal drifts induced by the radial elec-
tric field in Eqs.(5). As discussed in the next section, the
radial drift term {s,H} affects the transport only through
the linear response to the radial thermodynamic force. Ac-
cordingly, the dynamics of test particles involves only the
motion along magnetic field lines. In this approximation,
the treatment using the Poisson bracket guarantees conser-
vation of energy.

The numerical solution of Eqs.(5) gives the stochas-
tic motion of test particles. Those ensemble relax to the
stationary probability distribution, P0, within the statisti-
cal error due to the finite number of test particles. We use
P0 as the initial condition of test particle distribution when
we calculate the correlation function.

3 Correlation Function Method

In this section, we discuss the correlation-function
method for calculating the neoclassical transport matrix.
The transport matrix determines the phenomenological re-
lation between the macroscopic fluxes and thermodynamic
forces[12], and it can be evaluated through the auto- and
cross-correlations of the microscopic fluxes.

The correlation function of microscopic fluxes, σi(z)
and σ j(z), is given by

Ri j(t) =
∫

dz P0(z)σi(z(0))σ j(z(t)), (6)

where we assumed that σi(z) and σ j(z) have the time-
reversal symmetry (an even function of pitch variable) and
the test particles are distributed with P0 at t = 0. If the
thermodynamic force is switched on at t = 0, the first-
order flux such as radial drifts will be driven as a linear
response. The time-dependent transport coefficient, which
is called as the running transport coefficient[13], is evalu-
ated by

Di j(t) =
∫ t

0
dτRi j(τ). (7)
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Fig. 1 The correlation functions RUU , RXX and RXU numerically
calculated by Eq.(6). The collisionality is νD/v = 1 ×
10−3, the banana regime. The horizontal axis denotes the
time normalized by νD.

This quantity will converge to a finite value if the transport
process is characterized by diffusive nature[13].

In Eq.(6), we choose σi(z) and σ j(z) by[9]

σU ≡ −mv2 P2(ξ) B · ∇ ln B, (8)

σX ≡ −v2 P2(ξ)
B
Ω

(
Ũb +

∇s × b
B

)
· ∇ ln B, (9)

where m is the particle mass, P2(ξ) is the second order Leg-
endre polynomial and B is the magnetic field, B = |B|,
b = B/B, and Ω is the Larmor frequency. The quantity Ũ
is defined by the solution of

B · ∇(Ũ/B) = B × ∇s · ∇(1/B2), 〈BŨ〉 = 0. (10)

The bracket denotes the surface averaging operation. We
calculate the auto- and cross-correlation functions of σU

and σX as

RUU(t) =

∫
dθdζdξ P0 σU(t = 0)σU(t),

RXU(t) =

∫
dθdζdξ P0 σX(t = 0)σU(t),

RXX(t) =

∫
dθdζdξ P0 σX(t = 0)σX(t),

(11)

where the integrals are evaluated by the Monte Carlo meth-
ods. We note that the correlation functions parametrically
depend on the initial surface label and particle velocity be-
cause ds = 0 and dv = 0 in Eqs.(5).

The evolution of correlation functions for each pair of
fluxes are given in Figs. (1). The magnetic field model
used here is the same with that in Ref.[9]. For this case,
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Fig. 2 The running transport coefficients DUU , DXX , and DXU

calculated by the time integration in Eq.(7) for the cor-
relation functions in Fig.(1). The horizontal axis denotes
the time normalized by νD.

magnetic field strength is given by B = B0[1 − εt cos θ −
εh cos(lθ − mζ)] with εt = 0.1 and εh = 0.01, where l
and m are the poloidal and toroidal field periods, respec-
tively. The collisionality is set as νD/v = 1 × 10−3 (Ba-
nana regime). We observed that the correlation functions
decayed within the relaxation time. Figure (2) shows the
running transport coefficients, which are denoted by DUU ,
DXU , and DXX , respectively, were converged to the finite
values, asymptotically.

The choice of microscopic fluxes given in Eqs.(8)
and (9) is useful because the neoclassical viscosity
coefficients[9] can be evaluated by DUU , DXU , and DXX .
We calculate the neoclassical viscosity coefficients, L, M,
and N by

M =
1
T

DUU

[
1 − 3DUU

2mTνDK〈B2〉

]
, (12)

N =
1
T

DXU

[
1 − 3DUU

2mTνDK〈B2〉

]
, (13)

L =
1
T

DXX +
3D2

XU

2mT 2νDK〈B2〉

×
[
1 − 3DUU

2mTνDK〈B2〉

]
, (14)

where T is the temperature in energy units and K ≡
mv2/2T . Once we obtain the collisionality dependence of
L, M, and N (or the geometric factor instead of N, defined
by GBS = −e〈B2〉N/M), we can calculate the Onsager-
symmetric viscosity matrix using the energy integral[9].

Figures (3), (4) and (5) show the collisionality de-
pendence of normalized viscosity coefficients L∗, M∗, and
GBS for the same magnetic field strength with that used
in Fig.(1) and (2). The solid lines represent the analytical
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1/

Fig. 3 The collisionality dependence of radial diffusion coef-
ficients L∗ ≡ L/[ 1

2 (vT /T )(BvT /Ω)2K3/2], where vT =√
2T/m is the thermal velocity.

Fig. 4 The collisionality dependence of Parallel viscosity coef-
ficients, M∗ ≡ M/(mvT K3/2), against parallel flows.

asymptotic expressions given in Ref.[9]. In these figures,
the numerical results obtained by the correlation-function
method show reasonable agreements with the analytical
values. Therefore, we have concluded that the correlation-
function method in Eq.(11) has been successfully veri-
fied through the calculation of neoclassical viscosity co-
efficients.

4 Conclusions

In the present work, we derived the Langevin equa-
tion of guiding center motion and developed the method
for computing neoclassical transport using the correlation-
function method. As noted in Sec.2 and 3, the neoclassical
ordering for the Langevin equation is important to ensure
the local and diffusive nature of neoclassical transport. We
should also mention that, owing to this assumption, the ex-
plicit calculation of correlation functions becomes possi-

Fig. 5 The collisionality dependence of geometric factor GBS.

ble.
As a specific example, we evaluated the neoclassi-

cal viscosity coefficients, L∗, M∗ and GBS, which are
used in the moment-equation method[9] for obtaining the
viscosity-flow relation. We showed that the viscosity coef-
ficients can also be calculated by the correlation-function
method, which is based not on the kinetic but on the
stochastic approach using the Langevin equation.

In future work, the effect of radial electric field should
be taken into account in Eqs.(5) and we will test the method
for realistic toroidal MHD equilibria.
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Two-dimensional (2D) turbulence measurement by using microwave imaging reflectometry (MIR)
has been performed in the reversed field pinch (RFP) plasma in TPE-RX. In this work, the maximum
entropy method (MEM) is used to estimate the 2D k-spectrum. The turbulences between the pulsed
poloidal current drive (PPCD) and the high Θ plasmas are studied. The m=1 modes are dominant in
PPCD plasma, while in high Θ plasma the k spectrum expands to the high k range and the turbulence
propagates in the electron drift direction. The preliminary result shows that PPCD plasma switches off
the turbulence, and the high Θ plasma has strong turbulence.
Keywords: MIR, MEM, density fluctuation

1. Introduction
Microwave reflectometry, based on the radar tech-

nique, is a powerful tool to measure the plasma density
profile and density fluctuation [1, 2]. In a reflectom-
etry system, the launching wave is reflected by the
cutoff layer in the plasma. The phase difference be-
tween the launching wave and the reflection wave can
be detected, and the phase fluctuation is mainly mod-
ified by the density fluctuations near the cutoff region
in 1D geometric approximation [1].

However, 2D configuration of the fluctuation may
cause a complicated interference pattern on the de-
tection plane due to the diffraction effects [1–4]. Mi-
crowave imaging reflectometry (MIR) uses large aper-
ture optical technique to correct the disturbed wave
front. The image of the cutoff surface is made by the
wide aperture lens onto the 2D detector array located
at the detector plane. The feasibilities of MIR for
2D turbulence measurement have been investigated in
theories and experiments intensively [1–7].

To obtain the fine structures of the fluctuations,
a big detector array is required. However, the detec-
tor size is often smaller than the correlation length of
the fluctuation. The measurement area in plasma is
limited by the small window. On the other hand, the
turbulent signals are often mixed with long distance
correlation and short distance correlation modes, lead-
ing to the complicated 2D cross-correlation function.
The traditional two-point cross-correlation can’t dis-
tinguish the multiple modes. To obtain the useful in-
formation from the limited experimental data, it is
necessary to develop a new numerical method to es-

author’s e-mail: shi.zhongbing@nifs.ac.jp

timate the turbulence structure from the signals ob-
tained by a few detectors.

In this paper, we have developed a MIR system
to investigate the 2D turbulence in the reversed field
pinch (RFP) [8] plasma in TPE-RX. The maximum
entropy method (MEM) [9, 10] is used to improve
the spectral resolution. The turbulences between the
pulsed poloidal current drive (PPCD) and the high Θ
plasmas are studied. The preliminary result shows
that the PPCD plasma switches off the turbulence
which agrees with the nonlinear MHD dynamo model
[8]. The paper is organized as follows: Section 2
presents the MIR system in TPE-RX. The analysis
methods are described in section 3. The turbulences
between PPCD and the high Θ plasmas are discussed
in section 4. The summary is given in section 5.

2. MIR system in TPE-RX
TPE-RX is a large RFP device with major radius

R =1.72 m and minor radius a =0.45 m [11, 12]. The
experiments with MIR have been performed with the
plasma current of 200-300 kA and electron density of
(0.5 − 1) × 1019 cm−3. In the TPE-RX plasma, the
cutoff radius of 20 GHz mainly located at the region
of rcut/a=0.6-0.9 because the density profile usually
becomes flat or hollow in the case of PPCD and gas-
puffing operations. This region is near the reversed
field surface. It is useful for the calibration of the
optical aberration of MIR optical system.

Figure 1 shows the schematic diagram of the MIR
system in TPE-RX [13]. It consists of a optical sys-
tem and a 2D receiver system. The quartz window of
the TPE-RX viewing port is located at r = 67 cm.
The RF wave illuminating from the horn antenna is
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Fig. 1 Schematic diagram of the MIR system on TPE-RX

reflected by the first plain mirror (M1). The RF wave
passes through the first beam splitter (BS1) to the
main mirror (M2). The main mirror, which is an ellip-
tic concave mirror with the size of 40 cm in diameter
at r = 140 cm, makes a parallel illumination beam
in the plasma. The reflected wave is collected by the
main mirror and is separated from the illumination
beam by the first beam splitter (BS1). The local os-
cillation (LO) wave and the reflected wave are mixed
at the second beam splitter (BS2). The image of the
plasma fluctuation is made on the detector surface by
the Teflon lens (L1). The optical system has been de-
signed and tested carefully, and good agreement be-
tween the measured beam profiles and those obtained
by a ray tracing simulation was confirmed.

The receiver system consists of a planer Yagi-
Uda antenna, a Schottky barrier diode, low pass fil-
ter, intermediate frequency (IF) amplifier and phase-
detector. The Yagi-Uda antenna array is made on the
Teflon printed circuit board (PCB). On the design of
antenna system, a computer code for electro-magnetic
field is employed. The 4 by 4 2D antenna and detector
circuits are made by the micro strip line technology,
which enables high sensitivity measurement. 4 ele-
ments are set on a PCB with a distance of 12 mm, and
4 PCBs are stacked with a distance of 15 mm. The
spacial resolution of the detector array in the plasma
is about 3.7cm.

A Gunn oscillator generating the microwave with
frequency of 20 GHz is used. The RF wave illumi-
nates in the O-mode, so the cutoff density is necut =
0.5 × 1019 m−3. The LO wave with the frequency
of 20.11 GHz is made by mixing the RF wave (20
GHz) and the low frequency wave (110 MHz) at an

up-converter. By mixing the reflected wave and the
LO wave, the 2D mixer array makes intermediate fre-
quency (IF) signal of 110MHz. This IF signal con-
tains the amplitude A and the phase φ of the density
fluctuation in plasma. The amplitude is obtained by
rectifying the IF signal with a diode detector. The
phase is obtained by comparing the IF frequency and
the mixed signal by the phase demodulator.

3. Analysis technique
3.1 2D cross-correlation

The two-point cross-correlation [14] is a tradi-
tional analysis method to study the correlation be-
tween two fluctuations, given as

Γij =< ninj >=
∫

∆t

∫

∆ω

ni(ω, t)n∗j (ω, t) dωdt (1)

where the asterisk ∗ denotes complex conjugation,
n(ω, t) is the Fourier transform of the time series, i and
j represent different channels. The cross-correlation
spectrum array can be obtained by doing the cross-
correlation between the reference channel and every
channel in the detecting region. The cross-correlation
spectrum is the inverse Fourier transforms of the
power spectrum. According to the Wiener–Khinchin
theorem, the power spectrum is the Fourier transform
of the autocorrelation function, defined as

S(kx, ky) =
∫ ∫

Γ(x, y)e−i(kxx+kyy) dxdy (2)

where, kx and ky are the toroidal and the poloidal
wavenumbers, respectively. Γ(x, y) is the average au-
tocorrelation array which is averaged over different
reference channels.

Figure 2 shows the power spectrum estimated by
equation 2. The spectrum shows a dominant broad
peak with distinct sidelobes caused by too small detec-
tor size. The broad spectrum with the dominant en-
ergy might conceal the other modes with small power
density. It shows pool spectral resolution. Therefore,
the traditional Fourier transform fails to resolve the
spectral peaks.

3.2 MEM
The power spectrum estimated by Fourier trans-

form is similar as using a bandpass filter in the un-
known autocorrelation function we want to solve. If
one can extend the correlation measurements outside
the measured region, the power spectrum with high
resolution can be restored. One possible way is trying
to find the filter coefficients by autoregressive method.
However, the result is sensitive to the noise and is
not very reliable sometimes. It may cause spurious
peaks if we fail to set the convergence condition and
fail to select the optimized order of the autoregressive
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Fig. 2 The power spectrum S(kx, ky) obtained by Fourier
transform

filter. So far, many numerical methods such as autore-
gressive, maximum likelihood method and Pisarenko
methods have been used to the power spectral esti-
mation. Among them, 2D MEM is the most powerful
and effective method because of better spectral reso-
lution [9, 10]. In this study, the Skilling MEM will be
used, because it is a model-free method which can give
more reliable result than the other MEM algorithms,
for example the method based on the autoregressive
model. The entropy is defined as

H(S) =
∫ ∫

log(S(kx, ky)) dkxdky (3)

Define the constraint statistic, chi-squared, to esti-
mate the misfit between the experimental value and
expectation value.

C(S) = χ2(S)− χ2
tar.

=
Nch∑

i=1

(Γmeas. − Γaim)2/σ2 − χ2
tar. (4)

The entropy is changed as solve the following equation
in maximum.

P (S) = H(S)− λC(S) (5)

under the constrain of C → 0. Here λ is the Lagrange
multiplier. Γmeas. is the 2D autocorrelation function
given by equation 1. Γaim is the autocorrelation func-
tion estimated by MEM. σ is the standard error of
Γmeas.. χtar. is the target to converge maximum of
equation 5 within reasonable calculation time. The
maximum condition is satisfied when Γmeas. = Γaim

and it is possible for the 1D MEM. However, the max-
imization process of equation 5 in 2D array requires
non-linear optimization. χtar. should be equal to chan-
nel number but it is determined empirically for good
convergence. This problem is solved iteratively by
searching for maximum entropy over three well cho-
sen search directions [10,15].

Figure 3 shows the power spectrum log S(kx, ky)
estimated by MEM in PPCD plasma. Note that the
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Fig. 3 The power spectrum log(S(kx, ky)) of PPCD
plasma (rc=0.85) obtained by MEM

logarithm axis is used. The peak in the power spec-
trum is much higher than the background fluctuations.
Therefore, the k-spectrum estimated by MEM shows
high 2D spectral resolution.

4. Turbulence of PPCD and high Θ
plasmas
The RFP configuration is generated by the re-

laxation process and sustained by the dynamo effect,
which is caused by the turbulences and instabilities.
The nonlinear MHD dynamo model is used to ex-
plain the dynamo mechanism [16]. This model as-
sumes that the fluctuation-induced electromotive elec-
tric field sustains the field aligned current against re-
sistive decay. The plasma current is given as

ηj// = E//+ < ṽ × B̃ >// (6)

where, η is the electric resistivity. j// is the paral-
lel equilibrium current, ṽ, B̃ are the fluctuating fluid
velocity and magnetic field, respectively. <> denotes
the average over an equilibrium flux surface. E// is
the external electric field parallel to the magnetic field.
< ṽ × B̃ >// represents the dynamo term.

In the high Θ plasma the dynamo is dominant.
The pinch parameter Θ is defined as the ratio of the
poloidal magnetic field at the edge to the volume av-
eraged toroidal magnetic field, Θ = Bp(a)/ < Bt >.
The high Θ is defined as Θ>1.6. The fluctuation be-
comes more coherent and the fluctuation amplitude
of the magnetic probe increases as the Θ increases.
The sawtooth crashes are often observed during high
Θ operation [11, 12]. In PPCD operation, an exter-
nal pulsed poloidal field drives the poloidal current,
so that the Taylor state is sustained without the help
of the dynamo effect. As a result, the dynamo-related
fluctuations can be suppressed.

The turbulences of PPCD and high Θ plasmas
are compared between the 2D k spectra estimated by
MEM. As shown in figure 3, the peaked power is ob-
served at kx=-3±3 m−1 and ky=3±3 m−1 in PPCD
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Fig. 4 The power spectrum log(S(kx, ky)) of high Θ
plasma (rc=0.7) estimated by MEM

plasma. The mode energy is limited at the low k

range which means low turbulence in PPCD plasma.
The dominant mode is m=-1/n=7 with the error of
∆m=1/∆n=7. This is the single helicity mode which
is dominant in many case of TPE-RX PPCD plasma.
Figure 4 shows the power spectrum log(S(kx, ky)) in
the case of high Θ plasma. The cutoff radius is about
r/a= 0.7. The peaked power is observed at kx=-3±5
m−1 and ky=-3±6 m−1. The dominant modes are
m=-1±2/n=-7±14. It is wider than that of PPCD
plasma. Therefore, the spectrum of high Θ plasma
expands to the high k range.

The revered surface can be obtained by the modi-
fied Bessel function model [8]. Generally, the reversed
surface is at about r/a=0.9 in the high Θ plasma,
while it is at about r/a=0.8 in the typical PPCD
plasma due to the driving of the external field. In
PPCD plasma, the cutoff surface of MIR is at about
r/a=0.85 because the electron density profile is rather
high. MIR detects the density fluctuation outside of
the reversed field surface. In the high Θ plasma, the
cutoff surface of MIR is at about r/a=0.7 due to the
low density. MIR detects the density fluctuation in-
side of the reversed field surface.

The evolutions of the tearing modes during a dy-
namo event have been discussed by using magnetic
probe [11, 12]. Those observations show that the
multi-modes will be excited during the dynamo event
in the high Θ plasma. At the low k region it shows
a flat peak which agrees with the multi-modes in the
high Θ plasma.

The expansion direction in k spectrum of the high
Θ plasma is mainly in toroidal direction which indi-
cates by an arrow shown in figure 5. The magnetic
field is mainly poloidal near the reversed field surface.
The expansion direction is perpendicular to the mag-
netic field line. It is in the electron drift direction.
Therefore, the turbulence in the high Θ plasma prop-
agates in the electron drift direction. The expansion
in high k range means the strong turbulence in the

high Θ plasma. This result agrees with the nonlinear
MHD dynamo model.

5. Summary
In summary, 2D turbulence measurement by using

MIR has been done in the RFP plasma in TPE-RX. A
large aperture optical system is used to make an image
of the cutoff surface onto the 4 by 4 detectors array
located at the imaging plane. The 2D k spectrum ob-
tained by the traditional Fourier method shows poor
spectral resolution due to the small detector array
whose size is smaller than the cross-correlation length
of the fluctuation. The MEM is used to estimate the k

spectrum, and the spectrum shows high spectral res-
olution.

The turbulences between the PPCD and the high
Θ plasmas are studied. The low k mode is dominant
in PPCD plasma, while in high Θ plasma it shows
multi-modes in the low k region. The k spectrum
of the high Θ plasma expands to the high k range
and the turbulence propagates in the electron drift
direction. The preliminary result shows that PPCD
plasma switches off the turbulence, and the high Θ
plasma has strong turbulence, which agrees with the
nonlinear MHD dynamo model.
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The high density H-mode (HDH) is an ELM-free H-mode regime at the Wendelstein 7-AS (W7-AS) stellarator 
exhibiting no impurity accumulation. Quasi-Coherent (QC) modes found recently on Mirnov coil signals are 
thought to be prime candidates responsible for the low impurity concentration in this regime based on their strong 
correlation to impurity radiation. These modes are high frequency (50-150 kHz), high poloidal mode number 
(m~40), possibly pressure-driven oscillations, showing strong amplitude modulation. QC modes are occasionally 
accompanied by low frequency oscillations (principle frequencies <50 kHz plus higher harmonics) not unique for 
the HDH regimes detected by both the Mirnov coils and Langmuir probes, as well as high frequency oscillations 
(250-350 kHz) that - when present - decrease the QC amplitude. QC modes on W7-AS show similarities to 
quasi-coherent modes found on the Alcator C-Mod tokamak, responsible for the low impurity concentration in the 
similar ELM-free, high density H-mode called Enhanced D-alpha mode, prompting a careful comparison between 
the two modes.  

 
Keywords: ELM-free H-mode, high density H-mode, quasi-coherent modes, impurity transport, W7-AS

1. Introduction 
The High Density H-mode (HDH) [1] is a stationary 

ELM-free improved H-mode regime at the Wendelstein 
7-AS (W7-AS: major radius R = 2 m, minor radius aeff ≤ 
0.16m, toroidal magnetic field BBt ≤ 2.5T) [2] stellarator not 
subject to impurity accumulation even at high line 
averaged electron densities up to 4·10  m .  It has been 
obtained above a threshold density after the realization of 
the island divertor concept on W7-AS. It is characterized 
by flat density profiles, edge-localized radiation and  
energy confinement times about 2·τ

20 -3

e
ISS95 beside 

significantly low impurity retention times. This is of 
particular interest as future fusion-oriented devices are 
mainly preferred to be run at high densities, a regime often 
susceptible to impurity accumulation and ensuing radiation 
collapse as it is the case for the standard ELM-free H-mode 
regime of W7-AS called the Quiescent H-mode (H*). The 
mechanism responsible for this low impurity concentration 
of the HDH regime has not yet been identified.  

Recent investigations of Mirnov coil data found an 
MHD mode appearing in the HDH phase showing 
remarkable correlation with the impurity radiation making 
it a promising candidate for the impurity flushing 
mechanism.. The mode was named quasi-coherent (QC) 

mode due to its similarity to the QC modes [3] found in the 
Enhanced D-alpha (EDA) regime [4] of the Alcator C-Mod 
tokamak, responsible for the low impurity concentration in 
that high density ELM-free regime. Characteristics of these 
modes and their relation to the impurity transport are 
reported here. Other MHD modes accompanying the QC 
modes are investigated here as well. A careful comparison 
of the QC modes to other similar MHD modes present in 
stable ELM-free regimes of other devices is attempted as 
well, in order to gain better insight into the nature of these 
modes.  

  

2. Quasi-Coherent Modes in Wendelstein 7-AS 
Quasi-coherent modes are bursty, narrow band 

(~10-15 kHz) oscillations in the 50-150 kHz frequency 
range detected in the poloidal magnetic field fluctuations 
showing good correlation with the impurity radiation. Fig. 
1. shows a spectrogram of a Mirnov coil signal and the 
corresponding impurity radiation from bolometry for two 
ELM-free H-mode time windows, namely the quiescent 
H* and the HDH mode. In H* the impurity radiation 
increases due to impurity accumulation in the core and 
broadband fluctuations can be observed that appear to be 
the reminiscent of small ELMs. In the HDH phase a QC  
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Fig. 1. Spectrogram of the magnetic fluctuations 

measured by a Mirnov coil for the Quiescent 
H-mode and HDH phase showing the presence of a 
quasi-coherent mode. The corresponding impurity 
radiation is indicated as well.  

 
mode appears with its frequency sweeped down from 
about 120 kHz to 90 kHz, and the impurity radiation 
decreases corresponding to an outward flux of impurities. 
Bolometer tomography confirms that the radiation profile 
becomes strongly localized to the edge in the HDH phase 
[2]. At around 0.455-0.48 s the mode’s amplitude drops 
an order of magnitude whereas the impurities start to 
accumulate anew and the radiation increases. This phase 
is then followed by a stable HDH phase with the QC 
mode reappearing at 90 kHz. A subsequent accompanying 
oscillation is present as well around 78 kHz, its presence 
is however not correlated with the impurity behaviour. 
For a quantitative comparison between radiation and the 
QC mode amplitude first, the frequency of the QC mode 
is obtained from a 16 channel poloidal Mirnov array by 
determining the frequencies present in at least a preset 
(10 and 13) number of Mirnov coil signals. The QC 
amplitude is then defined as the mean of 16 normalized 
bandpower signals [5] in the narrow frequency band 
containing the QC frequency obtained from the 16 
Mirnov coil signals. The frequency band, QC amplitude 
and impurity radiation is shown in Fig. 2. The clear 
correlation between the QC mode amplitude and the 
radiation is obvious. The strong amplitude modulation of 
the QC mode can also be seen. 

 Determination of the mode number has been 
attempted from three poloidal Mirnov coil arrays (16, 8 
and 8 channels respectively) by time-windowed Fourier 
decomposition of the signals and analysing the relative 
phase shift of the fluctuations. No poloidal mode number 
(m<6) could be obtained, indicating a higher value than 
what the limited number of Mirnov channels could resolve. 
A reciprocating probe housing two poloidal field pick-up  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Frequency band (dotted lines) and QC amplitude 

(defined as the mean normalized bandpower for the 
given frequency band for the 16 poloidal Mirnov 
coil array. The corresponding impurity radiation is 
indicated as well.  

 
coils (MRCP), based on the concept of Snipes et al [6], has 
been inserted into the plasma measuring the radial decay of 
the magnetic field perturbations along the distance to the 
separatrix. As shown in Fig. 3., the amplitude of the mode 
falls off rapidly, in about 2 cm-s, with the distance from the 
separatrix with an exponential decay length of kr~2.82 
(±0.78) cm-1 and kr~ 3.18 (±0.79) cm-1 respectively for the 
90 kHz and 110 kHz QC modes. By assuming a field 
aligned perturbation and using the Laplace equation 
outside the fluctuating current layer (method described in 
[6]) kr ≈ kpol  (as ktor ~ kpol · 0.037 can be neglected). Thus 
using this rapid radial decay of the amplitude a rough 
estimate of the poloidal mode number of m ~ 40 is 
obtained. This corresponds to roughly n~20.  

In order to get information on the driving force of the 
QC modes, the end phase of the discharge is studied in 
detail. Fig. 4 shows main plasma parameters at and after 
the shut down of the NBI heating (at 0.9s). Spectrogram 
of the Mirnov coil signal is shown as well, including the 
corresponding amplitudes for the QC mode at 90 kHz and 
the second MHD mode at 78 kHz. Two back-transitions 
can be observed, first after about 5 ms the impurities start 
to accumulate indicated by the increase of the radiation 
power as the plasma transitions back from HDH to 
H-mode. At about 10 ms the plasma goes through a 
second transition, i.e. an H-L back-transition indicated by  
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Fig. 3. (a) Spectrogram of the magnetic fluctuation 
measured by the high resolution Mirnov coil array 
and the MRCP coil including the Hub signal 
showing the relative distance of the MRCP coil to 
the separatrix (#56172). (b) Radial decay of the 
magnetic fluctuations measured by the MRCP 
probe in the frequency range of the QC modes 
respectively.  

the change in the diamagnetic energy, H-alpha signal and 
the impurity radiation (a single ELM can be seen in the 
H-alpha signal before). By studying the disappearance of 
the MHD modes, an indication at their driving forces can 
be obtained. The QC mode at 90 kHz disappears about 5 
ms after the shut down of the NBI in correlation with the 
HDH-H mode back-transition, indicating that it could be 
a pressure-gradient driven mode, whereas the second 
MHD mode at 78 kHz disappears rapidly, in only about 
1-2 ms, indicating that it could have a different drive. 

QC modes are not the only MHD oscillations present 
in the HDH regime. They are occasionally accompanied 
by low (LFO) and high (HFO) frequency oscillations. 
LFOs are oscillations with principle frequencies below 50 
kHz often with higher harmonics detected by Mirnov 
coils, H-alpha diagnostic and Langmuir probes. These 
modes are not  unique  for  the HDH phase,  are often  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Overview of the global parameters and Mirnov 
coil spectrogram including the amplitudes of the 
two MHD modes present in the discharge (#56801).  

 

present in Quiescent H-mode as well, and do not correlate 
well with the impurity accumulation. HFOs are, on the 
other hand, observed in HDH regimes with frequencies of 
250-350 kHz. They are detected by high resolution 1 
MHz) Mirnov coil signals operated only in a relatively 
short time window, thus its relation to the impurity 
transport or more information on these modes could not 
be obtained. Preliminary analysis shows that both these 
low and high frequency oscillations are accompanied by 
quasi-coherent modes, whereas the amplitude of the QC 
modes seem to decrease in the presence of HFOs.  

 The detection and localisation of the QC modes 
remains an open question. It is still unresolved whether 
these modes are present in all HDH phases. The 
investigations are based on three poloidal arrays of 
Mirnov coils (16 channels sampled at 350 kHz, two 8 
channel arrays at 1 MHz for limited time intervals) for 
given time interval and a single Mirnov channel at 250 
kHz available throughout the discharge. Fig. 5. shows the 
setup of the MIR-1 16 channel poloidal Mirnov array and 
the magnetic reconstruction of the discharge series shown 
in Fig. 1,2 and 4.  
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At present, the modes are only detected in the 
magnetic fluctuations measured by Mirnov coils, as other 
diagnostics fail to measure the needed frequency regime 
and location due to the very high densities. The Lithium 
Beam Emission Spectroscopy did not detect these modes 
in the SOL, thus the location of these modes is thought to 
be inside the separatrix, presumably in the pedestal area. 
This is also supported by the fact that the QC mode 
frequency appears to be extremely sensitive to small 
changes in the rotational transform, therefore it is 
probably localized to a narrow radial region in the 
pedestal. 

 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
Fig. 5. Setup of the 16 poloidal Mirnov coil array and 

magnetic reconstruction of flux surfaces (#56801). 
  

 The universality of the QC mode is tested by 
analysing specific parameter scan, such as density scans 
for given heating powers (1, 2 MW NBI), magnetic 
configurations (different divertor configurations and iota 
values) and isotope plasmas (Hydrogen or Deuterium). 
An example is shown in Fig. 6. for 2 MW NBI, 
Deuterium plasma discharges at an iota value of 0.55. 
The mean coherence between Mirnov coil signal pairs is 
plotted for a normal confinement phase (ne= 2.25·1020 
m-3) and an HDH phase (ne= 2.38·1020 m-3), just before 
and just after the density threshold of the 2 MW NBI 
HDH regime. At the HDH phase, modes are present 
appearing to be QC modes. The universality of the QC 
modes is, however, still unresolved. It should be noted 
that detection can be clearly hampered by the high mode 
numbers and small plasma sizes. In large plasmas 
(increase of 2cm in the plasma minor radius compared to 

standard configurations, shown in Fig. 1,2,4) a clear 
behaviour of QC modes is observed. They are present in 
and through all HDH phases showing remarkable 
correlation to the impurity radiation.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Mean coherence between pairs of mirnov coil 

signals of two discharges in normal confinement 
and the HDH phase, just below and above the 
density threshold for the HDH regime respectively. 
The QC mode peaks are circled.  

 

3. Conclusion 
Quasi-coherent modes found in the HDH regime are 

high mode number (m~40), high frequency (f~50-150 
kHz), and possibly pressure-driven oscillations that show 
strong amplitude modulation and correlation to the 
impurity radiation. At this time, no definite answer can 
yet be given, whether the QC mode is the mechanism 
responsible for the enhanced impurity transport in the 
HDH regime or it is a by-product of the real mechanism. 
The strong correlation, however, makes it a promising 
candidate. Further work is under way to deepen the 
physical understanding of this mode. At the Alcator 
C-Mod tokamak, similar QC modes are known to be 
responsible for the impurity transport in the ELM-free, 
stable, high density H-mode regime, the Enhanced 
D-alpha (EDA) H-mode. This prompts a careful 
comparison of the QC modes in the two regimes to gain 
more insight into the nature of these modes.  
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A closed divertor configuration for reduction of the heat load and 
efficient particle control for helical fusion reactors 
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An innovative closed helical divertor concept is proposed for reduction of a heat load on the divertor plates and 
efficient particle control/pumping. The closed divertor configuration is investigated by a neutral particle transport 
simulation code coupled with a one-dimensional plasma fluid analysis on the divertor legs for a helical fusion 
reactor in which the geometry of the plasma and the magnetic field line configuration is same as that in the large 
helical device (LHD). The closed divertor configuration practically utilizes intrinsic three-dimensional magnetic 
field line configurations in the plasma periphery (an ergodic layer and divertor legs). The divertor configuration is 
optimized to an inward shift magnetic configuration in which the best energy confinement time has been achieved, 
a highly ergodized magnetic field line structure is formed in the inboard side of the torus, and the neutral density 
there is higher than that in the other region in the LHD vacuum vessel. It means that the divertor configuration is 
compatible with good main plasma confinement, effective divertor heat load reduction and efficient particle 
control/pumping from the inboard side. The analysis in this closed helical divertor configuration shows many 
advantageous over that in the other divertor concepts. 

 
Keywords: neutral particle transport simulation, closed divertor, helical fusion reactor, plasma fluid analysis, 

ergodic layer, particle control, plasma periphery, LHD. 

1. Introduction 
The most critical issue for realizing fusion reactors is 

reduction of a heat load on the divertor plates with efficient 
particle control in the plasma periphery. For solving this 
issue, closed divertor configurations are designed and 
investigated in many plasma confinement devices. A new 
innovative closed helical divertor configuration which 
practically utilizes intrinsic magnetic field line structures in 
the plasma periphery (ergodic layer and divertor legs) in 
helical systems can solve the above critical issues. 

Recent plasma experiments in the Large Helical 
Device (LHD) demonstrate that control of the peripheral 
plasma density is an important factor for achieving super 
dense core (SDC) plasmas [1]. The closed helical divertor 
configuration can contribute to sustaining the SDC plasmas 
by active pumping of neutral particles in the plasma 
periphery. An operational regime for sustaining the SDC 
plasma can propose a more attractive operational scenario 
in a helical fusion reactor with significant reduction of a 
heat load on the divertor plates. 

In this paper, the neutral particle density profile and a 
heat load on the divertor plates in the optimized closed 
helical divertor configuration for a helical fusion reactor is 
investigated by a three-dimensional neutral particle 
transport simulation code coupled with a one-dimensional 
plasma fluid analysis on the divertor legs. Many 

advantages of the closed helical divertor configuration over 
the other divertor concepts are also mentioned. 

 
2. Magnetic field line structures in the LHD 

plasma periphery 
The LHD is the largest super-conducting helical 

device [2]. The magnetic configuration for plasma 
confinement is produced by external two twisted helical 
coils and three pairs of circular poloidal coils, forming 
helically twisted plasma (•/m=2/10, where • and m are the 
polarity and the toroidal field period). Non-axsymmetric 
magnetic components by the helical coils produce 
three-dimensionally complicated magnetic field line 

Fig.1  Poincare plots of magnetic field lines in the 
present open divertor case. 
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structures (ergodic layer) in the plasma periphery in 
which the connection length of the magnetic field lines 
reaches to several km. These magnetic field lines are 
bundled and directly connected to the divertor plates at 
strike points along divertor legs on which the connection 
length is only a few meter. The radial position of the 
magnetic axis is flexibly controlled by changing the coil 
current in the poloidal coils. 

Figure 1 shows the Poincare plots of magnetic field 
lines in the present open divertor case in an inward shift 
magnetic configuration (Rax=3.60m) on a poloidal cross 
section where the plasma is horizontally elongated. The 
Poincare plots indicate that most of the magnetic field 
lines in the ergodic layer are bundled into the divertor 
legs in the inboard side of the torus with highly ergodized 
magnetic field line structure, indicating that most of the 
strike points (neutral gas source) locate in the inboard 
side in this magnetic configuration. 

 
3. Design of an optimized closed helical divertor 

configuration 
An optimized closed helical divertor configuration 

has been designed by using a fully three-dimensional 
neutral particle transport simulation code (EIRENE) 
coupled with a one-dimensional plasma fluid analysis on 
the divertor legs [3]. A plan of the three-dimensional 
geometry of the closed divertor components viewed from 
an outboard side of the torus is illustrated in Figure 2. The 
closed divertor consists of the following four main 
components: a V-shaped dome, slanted divertor plates, 
back plates and target plates. These four components 
contribute to concentration of the position of the strike 
points in the inboard side and enhancement of the neutral 
particle density there. Pumping ducts are placed behind the 
dome for particle pumping form the inboard side. An 
analysis by the neutral particle transport simulation 
predicts that enhancement of the neutral pressure by more 
than one order of magnitude compared to that in the 
present open divertor configuration [4]. 

Figure 3 is the Poincare plots of the magnetic field 
lines in the plasma periphery including a particle diffusion 
effect for the inward shift magnetic configuration. The 
particle diffusion effect (D~0.1m2/s) is necessary for 
explaining the experimental results of the toroidal/poloidal 
distribution of the heat load on divertor plates measured 
with thermo-couples embedded in the divertor plates [5]. 
The poloidal cross section of the closed divertor 
components is also illustrated in this figure. The plasma 
wetted area on the divertor plates is enlarged in this closed 
divertor configuration due to the highly ergodized divertor 
legs in the inboard side of the torus, which contributes to 

strong reduction of the heat load on the divertor plates. 
This divertor configuration has the following four 
advantages over other closed divertor concepts [6]:  
1.  The highly ergodized magnetic field line structure on 

inner divertor legs extends the plasma wetted area on 
the divertor plates, which can be effective for 
mitigation of the heat load on the divertor components. 
The plasma on the divertor legs effectively prevents the 
outflow of the neutral particles from the divertor region 
to the main plasma due to ionization of neutral particles 
on the ergodized divertor legs. 

2.  The curved divertor legs toward the inboard side of the 
torus are also favorable for efficient particle 

Fig.2  Three-dimensional geometry of the closed 
divertor configuration planned in LHD. 

Fig.3  Poincare plots of the magnetic field lines 
including a particle diffusion effect in the 
closed divertor case. 
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control/pumping from the inboard side. This is because 
most of neutral particles and impurities released from 
the slanted divertor plates directly reach to the pumping 
ducts through the space between the V-shaped dome 
and the inner vacuum vessel. 

3.  The ergodic layer functions as a shield against impurity 
penetration, which has been experimentally confirmed 
by comparing the measurements of carbon emission 
and the calculations by a three-dimensional plasma 
fluid code (EMC3-EIRENE) [7, 8]. The long 
connection length of the magnetic field lines in the 
ergodic layer contributes to cooling down the plasma 
temperature in the periphery. 

4.  Most of the strike points (about 80%) are directly 
connected to the divertor and the target plates in the 
inboard side for the inward shift magnetic 
configuration, which is favorable for efficient neutral 
particle control. This is because neutral particles are 
pumped out from the inboard side with no interference 
with plasma heating and diagnostic systems which have 
to be installed in outboard side of the torus. 

 
4. Neutral par ticle transport analysis in the closed 

divertor configuration 
The neutral particle transport simulation code has 

been applied to calculate the neutral density profile in the 
closed divertor region. In this simulation, trajectories of 
many test particles (representative of neutral particles) are 
traced in a three-dimensional grid model. We constructed a 
model for simulating a helical fusion reactor in which the 
shape of the plasma/vacuum vessel and the closed divertor 
components is identical to that planed in LHD. The size of 
the geometry is linearly extended to a Force Free Helical 
Reactor (FFHR) size (R0=14.0m) from the LHD size 
(R0=3.9m), where R0 means the major radius of the device 
center [9]. Some closed divertor components (the V-shaped 
dome and the target plates) are approximated as assemblies 
of triangular plates in this model. Because of the arbitrary 

shape of the two components which crosses over toroidal 
sections, these components are included in the model by 
using a function ‘additional surface’ implemented in the 
code. The entrance of the pumping duct is set on the 
vacuum wall in the inboard side of the torus (behind the 
V-shaped dome). A special surface is introduced for 
simulating the entrance of the duct which absorbs test 
particles with a probability satisfying a predefined 
pumping speed there. Two surfaces at the both toroidal 
ends of the model are treated as a periodic one on which 
the position of an injected test particle are moved to 
another surface, and the direction of the particle is rotated 
at the one-toroidal pitch angle (36°) on the machine axis. 

The trajectories of the test particles are determined by 
a Monte-Carlo method including various atomic/molecular 
processes in pasmas. Some parameters of neutral particles 
released from divertor plates are determined by using a 
database on plasma-wall interactions calculated by the 
TRIM code. We regard the surface of all vacuum 
components in the model as carbon. The particle reflection 
coefficient of the vacuum components is set to be 1.0 (no 
particle absorption) for modeling a steady state plasma 
discharge operation. The absorption probability of the 
special surfaces at the entrance of the duct is set to be 0.01 
which provides a reasonable pumping rate (~72 m3/s) for 
the helical fusion reactor. 

The particle source profile on the divertor/target 
plates is obtained from the calculations of plasma 
parameters on the divertor legs. The parameter profiles are 
calculated by solving one-dimensional plasma fluid 
equations of three invariances (plasma density, momentum 
and energy) along the magnetic field lines on the divertor 
legs. The equations are solved under the boundary 
condition between the outer edge of the ergodic layer and 
the upstream of the divertor legs for satisfying the Bohm 
criterion on the divertor plates [10]. The parameter profiles 
are determined by an iteration process with the calculation 
of neutral particles by the neutral transport simulation. 

Fig.4  Calculations of the three poloidal cross sections of the density profile of neutral hydrogen molecules for the 
closed divertor configuration in a helical fusion reactor case. 

P1-24

232



 
 

Proceedings of ITC18, 2008 

 

The plasma parameter profiles inside of the ergodic 
layer are calculated by the EMC3-EIRENE code for the 
FFHR (no divertor leg version, Poutput=284MW, 
Te

LCFS~400eV, ne
LCFS~1×1020m-3, Γoutput=1.6×106A), where 

Poutput is the total output power from the ergodic layer, 
Te

LCFS, ne
LCFS are the electron temperature and the plasma 

density at the last closed flux surface, respectively, and 
Γoutput means the total current of the plasma flow at the 
upstream of the divertor legs [11]. 

When the plasma temperature at a position on 
magnetic field lines in the divertor legs equals to nearly 
zero for solving the three differential equations, we 
regarded that the plasma is fully dissipated and recombined 
by the background neutral particles at the position. It is 
assumed that a volume source which equals to that of the 
dissipated plasma is formed there. The heat load onto the 
divertor plates is calculated by plasma parameters at the 
front of the plates including the effect of the plasma sheath. 
Conversion of the calculations of the plasma parameter 
profiles along the divertor legs to the volume averaged 
values in the three-dimensional grid model is based on a 
procedure adopted in a track length estimator. 

 
5. Calculation of the neutral density profile and a 

heat load distr ibution on the divertor plates 
Figure 4 gives the calculation of the three poloidal 

cross sections of the density profile of neutral hydrogen 
molecules in the closed divertor configuration. The density 
of hydrogen molecules at the front of the pumping duct is 
about 7×1015cm-3 (~30Pa). Local formation of the high 
neutral pressure there contributes to mitigation of 
requirements for the vacuum pumping system in the helical 
fusion reactor. The calculation shows that most of neutral 
particles are ionized in the divertor legs. Ionization in the 
ergodic layer near the X-points is very low (about 2% of 
the neutral particles released from the divertor plates). It 
indicates that plasmas produced by the ionization of neutral 
particles released from the divertor plates are almost 
recycled in the inner divertor region. The highly ergodized 
divertor legs in the inboard side contribute to effective 
ionization of the neutral particles in this region. 

Figure 5 indicates the calculated profile of the plasma 
density on a poloidal cross-section where the plasma is 
horizontally elongated. The plasma density at the front of 
the divertor plates in the inboard side is significantly low. A 
high density and low electron temperature plasma 
(ne>8×1013cm-3, Te<0.1eV) is formed at the upstream on 
the inner divertor legs by strong interactions between the 
plasma and neutral particles released from the divertor 
plates. This low electron temperature is effective for 
enhancing plasma recombination processes on the divertor 
legs, which leads to strong reduction of head load on the 
divertor plates. The heat load on the divertor components is 

estimated to be less than a few MW, which is due to a 
combined effect of the large plasma wetted area (~600m2), 
ion energy loss by ionization of high neutral particle 
density in the inboard side, plasma recombination process 
on the divertor legs, and formation of the low plasma 
temperature in the ergodic layer. 

 
6. Summary 

An innovative closed helical divertor concept for a 
helical fusion reactor is proposed for an effective particle 
control/pumping with reduction of the head load on the 
divertor plates with keeping good main plasma energy 
confinement in the inward shift magnetic configuration. 
The neutral particle transport simulation with a plasma 
fluid analysis of the divertor legs predicts high neutral 
density at the entrance of the pumping duct (behind the 
dome), which is enough for efficient particle pumping 
from the inboard side of the torus. The simulation also 
shows reduction of the heat load on the closed divertor 
components by combined effect of ion energy loss by 
ionization and recombination, large plasma wetted area, 
and low plasma temperature in the ergodic layer. 
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One dimensional plasma and neutral models of the divertor plasma in Large Helical Device is presented. The
plasma is described by stationary fluid equations for electron and ion. The atomic processes such as dissociation
of hydrogen molecules released from the divertor plate, ionization of hydrogen atoms, charge exchange and
recombination are included in equations of neutrals. This model is intended to be employed in an integrated
simulation where an equilibrium of the upstream plasma and plasma-surface interactions at the divertor plate are
solved in different numerical codes separately. From the computational point of view, the numerical code for
the divertor plasma is developed for 1D flux tube where the boundary conditions of both ends are specified. The
calculation time is less than one second and reasonably short to use in future integrated simulations. In the results,
interactions between plasma and neutrals and dependence of the energy loss on the plasma density are studied.
In low density case, the energy is lost through ionization and charge exchange but the total amount of the loss is
small and the impurity loss is negligibly small. In high density, or high recycling case, the ionization loss and
impurity cooling increases much larger than the charge exchange loss and causes the drop of the heat flux at the
divertor plate.

Keywords: LHD, divertor, fluid, neutral, recycling

1 Introduction

The Large Helical Device (LHD) [1] is a heliotron/ ter-
satron type device with helical divertors. The LHD plasma
has an ergodic layer [2] outside the core plasma. The di-
vertor plasma is connected to the ergodic layer and paral-
lel flow along the magnetic field is dominant there. The
plasma profiles such as density and temperature determine
the motion and the charge state of impurities. There-
fore, physical understandings of the divertor plasma and its
modeling are important issues in the LHD boundary plas-
mas.

In this paper, we present plasma and neutral models in
the divertor plasma to determine the plasma profiles from
input parameters such as heat flux coming from the ergodic
layer and the plasma density at the upstream boundary. The
model presented here is intended to be employed in our fu-
ture studies as a divertor leg model to connect the follow-
ing two simulation codes; EMC3 code [2] for the ergodic
layer and ERO code [3] for the plasma-surface interactions
at the divertor. The former code solves fluid equations to
obtain equilibrium plasma profiles in the stochastic mag-
netic field and the latter solves the equations of motion for
impurity particles to obtain the sputtering yield, time evo-
lution of surface conditions and impurity transport near a
target plate. In order to avoid a numerical difficulty aris-
ing from the strong magnetic shear in the LHD boundary
plasma and to keep the amount of the computational re-
sources in reasonable level, we developed 1D model along

author’s e-mail: kawamura.gakushi@nifs.ac.jp

the magnetic field line, i.e. a flux tube model.
The plasma fluid equations are described in Sec. 2.1.

They include interaction with neutrals and impurity cool-
ing [4–7]. The differences of our model from these models
are the neutral equations discussed in Sec. 2.2, which in-
cludes atomic processes such as dissociation and ionization
of hydrogen molecules and atoms. In Sec. 3, comparisons
with our previous model [8] and discussion of heat flux
and energy loss are given. Finally in Sec. 4, conclusions
are presented.

2 Divertor plasma and neutral models

2.1 Fluid equations of plasma

We use Braginskii-type two fluid equations [9] to describe
the divertor plasma. Since 1D fluid equations along the
magnetic field and the method of numerical solution was
reported in the previous work [8], we summarize them
briefly here. We denote the plasma density, velocity, elec-
tron and ion temperatures and electrostatic potential by
n(s), v(s), Te(s), Ti(s) andφ(s), respectively. The posi-
tion along the magnetic field is described bys and has
zero value,s = 0, at the upstream boundary and the con-
nection length,s = lc, at the entrance of the magnetic
presheath [10]. The four conservation equations of den-
sity, momentum and temperatures and Ohm’s law, or elec-
tron momentum conservation, are given by

dnv
ds
= Sn, (1)
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d
ds

[
minv

2 + n (Te + Ti)
]
= Sp, (2)

d
ds

[
5
2

nvTe − κe0T
5/2
e

dTe

ds

]
= env

dφ
ds

− 3men
mi

νeq(Te − Ti) − Lr impn2 + SEe, (3)

d
ds

[
minv3

2
+

5nvTi

2
− κi0T5/2

i

dTi

ds

]
= −env

dφ
ds

+
3men

mi
νeq(Te − Ti) + SEi, (4)

1
n

dnTe

ds
+ 0.71

dTe

ds
− e

dφ
ds
= 0 (5)

where the electron and ion mass, carbon impurity ratio,
the heat conduction coefficients and temperature equili-
bration coefficient were denoted byme, mi , r imp, κi0 =

1.2 × 1069 [W/mJ7/2], κe0 = 5.0 × 1067 [W/mJ7/2] and
νeq = 6.9 × 1017nT3/2

e [11]. The source terms associated
with neutrals in the right-hand side, i.e.Sn, Sp, SEe and
SEi, are discussed later in Sec. 2.2. The following condi-
tions and relations are assumed in these equations; i) the
temperature anisotropy time is negligibly short compared
with the particle dwell time, i.e.T⊥ = T‖ = T, ii) am-
bipoler flow, i.e.ve = vi = v, iii) quasineutral condition,
i.e.ne = ni = n.

In this paper, we use variables with subscripts ’0’ and
’1’ to indicate boundary values ats= 0 andlc, respectively.
The plasma equations, Eqs. (1) – (5), are integrated numer-
ically from the wall to the upstream boundary. Since our
model is intended to be employed to connect different sim-
ulation codes ats = 0 andlc, the plasma density and heat
flux at the upstream boundary are implemented as free pa-
rameters. The integral of the plasma equations, however,
requires boundary values ats= lc as initial values. There-
fore we utilize the Newton’s method to determine the ini-
tial values satisfying the density and heat flux ats= 0 and
the following four conditions; i) equality of the Bohm cri-
terion ats= lc, i.e.v1 = cs ≡

√
(Te1+ Ti1)/mi , ii) potential

φ1 = 0, iii) and iv) electron and ion heat fluxes ats = lc
determined by the sheath theory [8,11].

2.2 Modeling of neutral particle

In order to describe interactions of plasma, hydrogen
molecules and atoms, we choose five dominant reactions
in the divertor plasma.

(d1) H2 + e− → 2H+ e−,

(d2) H2 + e− → H+ + H + 2e−,

(cx) H+ H+ → H+ + H,

(iz) H + e− → H+ + 2e−,

(rc) H+ + 2e− → H + e−.

The fist and second reactions represent the dissocia-
tion of hydrogen molecule to atoms. The reaction
(d2) consists of two reaction, H2 + e− → H+2 + 2e− and

H+2 + e− → H+ + H + e−, but the dissociation rate of H+2 is
relatively high and the particle speed of H2 is slow. Thus
these two reactions are regarded as one reaction in this
work. The last three reactions, (cx), (iz) and (rc), repre-
sent charge exchange, ionization and recombination, re-
spectively. The rate coefficient of these reactions [12, 13]
are denoted by〈σd1v〉, 〈σd2v〉, 〈σcxv〉, 〈σizv〉 and 〈σrcv〉,
respectively.

There are several types of expressions to obtain the
neutral profiles; Monte Carlo simulation, kinetic equation,
fluid equation and diffusion equation. Since the mean-free-
path (MFP) of hydrogen atom, e.g. approximately 2 [m]
for a typical neutral density 1019 [m−3], is comparable to
the plasma size and much longer than the neutral decay
length [8]. Therefore the diffusion process is negligible in
the divertor plasma and also the fluid equation of the neu-
tral gas does not correctly describe the characteristics of
the wide range of particle energy such as few eV of dissoci-
ation atoms and tens eV of charge exchange atoms. There-
fore in this paper, we use simplified kinetic-type equations.

We classify the neutrals into four components;
molecules released from the divertor plate, dissociated
atoms from the molecules, charge exchange atoms and re-
combination atoms. The particle speed of each component
is treated as a constant;vm, vd, vcx and vrc, respectively.
The density of each component is denoted bynm, n±d , n±cx

andn±rc, respectively. The superscript ‘±’ corresponds to
two components with opposite direction, i.e. positive and
negative velocity ons-coordinate. They have each char-
acteristic temperature, or energy, determined from their
sources. The molecule temperatureTm is same as that of
the divertor plate. The temperature of dissociation atoms
is determined from the Frank-Condon dissociation energy,
i.e. Td ∼ 2.5[eV]. The temperatures of charge exchange
and recombination atoms,Tcx andTrc, are determined from
the averages energy of the generated atoms by each pro-
cesses overs = 0 to lc. The velocity of each compo-
nent are calculated from corresponding temperature;vm =√

Tm/πmi/ cosϕ, vd =
√

2Td/πmi , vcx =
√

2Trc/πmi and
vrc =

√
2Tcx/πmi . The angle of the magnetic field mea-

sured from the surface normal on the divertor plate was
denoted byϕ and used to obtain the equivalent velocity
of molecules. This conversion is due to the existence of
the difference between the directions of plasma and neu-
tral flows.

The particle conservation equations of neutrals are
given by

−vm
dnm

ds
= (〈σd1v〉 + 〈σd2v〉) nmn, (6)

±vd
dn±d
ds
= (2〈σd1v〉 + 〈σd2v〉) nmn

− (〈σizv〉 + 〈σcxv〉) n±dn, (7)

±vHcx

dn±cx

ds
= (1− rpl)

vcx ± v
2vcx

〈σcxv〉nan

− (〈σizv〉 + 〈σcxv〉) n±cxn, (8)
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±vrc
dn±rc
ds
= (1− rpl)

vrc ± v
2vrc

〈σrcv〉n2

− (〈σizv〉 + 〈σcxv〉) n±rcn, (9)

where the total density of hydrogen atoms were denoted
by na ≡ n+d + n−d + n+cx + n−cx + n+rc + n−rc. Since the source
of the hydrogen is the molecules released from the divertor
plate, we use the boundary condition,nm1vm = n1v1/2. The
particle loss of generated hydrogen atoms was introduced
as a constant ratiorpl in Eqs. (8) and (9). We note that each
equations, (7) – (9), consists of two equations for positive
and negative velocities. The coefficients of the first terms
in the right-hand side of Eqs. (8) and (9), (vcx ± v)/2vcx

and (vrc± v)/2vrc, represent the momentum conservation in
the charge exchange hydrogen atoms and ions. In order to
conserve the total energy whenrpl = 0, the temperatureTcx

andTrc are calculated as

Tcx =

∫ lc
0

(
Ti +miv

2/3
)
〈σcxv〉nan ds∫ lc

0
〈σcxv〉nan ds

, (10)

Trc =

∫ lc
0

(
Ti +miv

2/3
)
〈σrcv〉n2 ds∫ lc

0
〈σrcv〉n2 ds

. (11)

The source terms in Eqs. (1) – (4) are given by

Sn = 〈σd2v〉nmne + 〈σizv〉nane − 〈σrcv〉nine, (12)

Sp = mi〈σcxv〉ni

[(
n+d − n−d

)
vd +

(
n+cx − n−cx

)
vcx

+
(
n+rc − n−rc

)
vrc − nav

]
, (13)

SEe = −25e〈σizv〉nan, (14)

SEi =
3
2

(〈σizv〉ne + 〈σcxv〉ni)
[(

n+d + n−d
)
Td

+
(
n+cx + n−cx

)
Tcx +

(
n+rc + n−rc

)
Trc

]
+ 4.3e〈σd2v〉nenm

− 〈σcxv〉nsni

(
3
2

Ti +
1
2

miv
2

)
. (15)

3 Results and discussions

We modified the numerical code in Ref. [8] to solve the
plasma equations (1) – (5) and the neutral equations (6)
– (9) self-consistently. The plasma equations and neu-
tral equations with negative velocity are integrated from
the wall boundary,s = lc, and the neutral equations with
positive velocity are integrated from the upstream bound-
ary, s = 0. The integrals are carried out numerically by
the fourth order Runge-Kutta method and the step width
is changed adoptively. Since the plasma profiles and neu-
tral profiles depend on each other, we obtain solutions by
solving plasma and neutral equations iteratively. The to-
tal calculation time including the iterations is less than one
second on an ordinary PC. Although the time is longer than
that of the previous code [8], it is still reasonable for the in-
tegrated simulation in the future plan.
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Fig. 1 (a) neutral density, (b) heat flux and (c) plasma density

profiles obtained from the previous and present models.

Comparisons of the solutions between present and
previous models are shown in Fig. 1. The plasma den-
sity and electron and ion heat fluxes ats = 0 were chosen
asn0 = 5 × 1018 [m−3], Qe = Qi = 5 [MW/m2]. Tem-
perature of the hydrogen molecules, angle of the magnetic
field, particle loss ratio and impurity ratio wereTm = 600
[K], ϕ = 80◦, rpl = 0.2 andr imp = 3%, respectively. The
global recycling coefficient was calculated as 84% from
the particle fluxes ats = 0 and lc. The density profiles
of neutrals,nn = na + nm, in Fig. 1(a) were similar each
other in this case. The heat fluxQ of the previous model in
Fig. 1(b), however, had lower value than that of the present
one near the divertor plate. The reason of the difference
is due to the overestimate of the energy loss by charge ex-
change in the previous one. A small peak in front of the
wall was observed in theQ profile of the present model. It
is caused by the interaction of the ion and neutral energy.
High speed neutrals are generated through the charge ex-
change processes and their energy are transported by the
neutral flow. The neutrals remaining in the plasma region
are ionized and their energy returns to the plasma. There-
fore the small peak represents energy transport by neutrals
from the vicinity of the wall tos ∼ 2.7 [m]. The overes-
timate of the plasma density in Fig. 1(c) is also caused by
the overestimate of the energy loss, or underestimate of the
ion temperature.

The heat fluxes at the divertor plate,s= lc, are shown
as functions of the plasma density ats = 0 in Fig. 2(a).
The electron, ion and total heat fluxes were denoted by
Qe1, Qi1 andQ1, respectively. The input heat flux is fixed
to Qe0 = Qi0 = 5 [MW/m2]. When the density is rela-
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Fig. 2 (a) heat flux at the divertor plate and (b) heat flux loss
as functions of plasma density at upstream boundaryn0.
Electron, ion and total heat fluxes were denoted byQ, Qe

andQi .

tively low, e.g.n0 < 1019 [m−3], almost all heat flux com-
ing from the upstream boundary deposits on the divertor
plate, while in the high recycling regime the heat flux de-
creases and especially the ion heat flux becomes half. The
contributions of three main energy sinks to the heat flux are
compared in Fig. 2(b). The largest energy loss is caused
by radiation due to the electron impact ionization. The
loss caused by ionization and impurity radiation increases
in high recycling regime because the electron temperature
decrease to about 10 [eV], while the charge exchange loss
does not change. From above discussions we can identify
the energy transfer channels. In the low recycling regime,
n0 ∼ 5× 1018 [m−3], electron and ion energies are lost by
ionization loss and charge exchange loss, respectively. The
each amount of the loss is comparable and much smaller
than the total heat flux coming from the upstream plasma.
In the high recycling regime,n0 > 1 × 1019 [m−3], ion-
ization and impurity losses increases and the plasma en-
ergy is lost through the electon channel mainly. The im-
purity cooling increases more rapidly than ionization for
n0 > 1.5× 1019 [m−3].

4 Conclusions

A fluid model of LHD divertor plasma and a neutral model
were presented. The atomic processes such as dissociation
and ionization of hydrogen molecules and atoms were in-
cluded. We developed a numerical code which has bound-
ary conditions relevant to code connections at the both end
of the calculation region, i.e.s = 0 and lc. The self-
consistent solutions were obtained by iterative calculations
of the plasma and neutral equations. The calculation time
is less than one second and it is reasonably short for inte-
grated simulation of future studies.

Comparisons of heat flux, neutral and plasma density
profiles between the previous [8] and present models were
carried out. Although the deviation of the neutral density
was negligibly small, the heat flux and plasma density pro-
files changed significantly. By treating the interaction of
energy between plasma and neutrals directly, the amount
of energy loss due to the energetic neutral atoms are in-
cluded correctly in the model, and thus the overestimate of
the energy loss is improved.

The dependence of the heat flux on the plasma density
were studied by using the code. In the low density case, the
plasma loses its energy by ionization and charge exchange,
but effect of the loss on the heat flux decrease is small. On
the other hand in the high density, or high recycling case,
the ionization loss and impurity cooling becomes large and
the heat flux decreases by 20% when the plasma density at
the upstream boundary is 1.8× 1019 [m−3]. We confirmed
that the ion energy is transfered to electron and it is lost by
ionization and impurity radiation.

In the paper, we employed constant impurity ratio.
The dynamics of impurities is important to obtain the im-
purity profiles and to elucidate the role of the divertor
plasma on the core plasma. Implementation of a fluid im-
purity model and the application of the model to the inte-
grated simulation will be future issues.
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Visible bremsstrahlung emission has been measured using a optimized Czerny-Turner spectrometer newly 
installed on LHD.  The bremsstrahlung emission profile has been successfully observed in some limited discharge 
conditions having no asymmetric strong edge bremsstrahlung emissions which are originated in the ergodic layer.  
Zeff profiles are analyzed for peaked, flat and hollow density profiles as the first trial of the analysis.  As a result, a 
flat Zeff profile is obtained for all different density profiles.  It indicates that the partial impurity pressure is 
basically constant against the plasma radius.  

 
Keywords: Zeff profile, visible bremsstrahlung, density profile

1. Introduction 
Fuel dilution and enhanced radiation loss caused by 

impurity buildup are still one of serious problems in 
magnetic confinement fusion research.  Impurity 
transport study becomes therefore important for 
understanding the impurity behavior and for improving 
plasma performance [1,2].  In Large Helical Device 
(LHD), a variety of electron density profiles such as 
peaked, flat and hollow profiles have been observed in 
different experimental conditions, which are quite 
different from the density profile usually seen in 
tokamaks, i.e., peaked profile.  It is very interesting to 
study the impurity transport in such different density 
profiles.  For the purpose full-vertical Zeff profiles have 
been measured in LHD to obtain important information 
necessary for the impurity transport study, especially in 
plasma core region. 

Visible bremsstrahlung emission has been measured 
with an optimized Czerny-Turner visible spectrometer [3] 
newly installed on LHD  The instrument can entirely 
eliminate line emissions from the bremsstrahlung signal, 
which was one of serious problems in old bremsstrahlung 
measurement system with interference filter [4].  The 
new visible spectrometer system consists of 44 fiber array, 
an astigmatism-corrected Czerny-Turner visible 
spectrometer and a charge-coupled device (CCD) with 
vertical spatial resolution of 2.6cm and time resolution of      
100ms.  However, an asymmetric bremsstrahlung profile 
has been still observed after changing the diagnostic 

system.  As a result of detailed data analysis, it was 
found that the asymmetric part of the signal originates in 
edge bremsstrahlung emission from thick ergodic layer.  
Fortunately, we could confirm that the lower half of the 
vertical bremsstrahlung profile had no influence from the 
edge emission in inwardly shifted magnetic 
configurations (Rax≤3.6m) where the ergodic layer 
thickness is relatively thin.  The local bremsstrahlung 
emission is calculated from chord-integrated signals after 
Abel inversion using elliptical magnetic surface with 
finite-β effect.  The Zeff profile is finally obtained with 
considering electron density and temperature profiles 
measured by Thomson scattering diagnostic [5].  In this 
paper the Zeff profiles from LHD are presented in 
different density profile cases. 

   

The Czerny-turner visible spectrometer consists of a 
toroidal mirror, a flat mirror, two spherical mirrors and 
three gratings.  A short focal length of 300mm is 
adopted to achieve a highly bright system.  The three 
gratings of 120 (blaze: 330nm), 300 (500nm) and 1200 
(200nm) grooves/mm are set in the turret.  In the usual 
LHD experiments, the 300 grooves/mm grating is mainly 
used to observe wider wavelength range of 500nm to 
600nm with relatively higher spectral resolution.  The 
brightness of the 300 grooves/mm was very similar to the 
120 grooves/mm.  Vertical fiber array (-0.6m≤z≤0.6m) 
is installed with parallel view chords at horizontally 

 
2. Experimental setup 
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elongated plasma cross-section of LHD.  The fiber array 
consists of 44 quartz optical fibers with core diameter of 
100µm and clad diameter of 125µm.  The spatial 
resolution, e.g., 30mm at the plasma center, is defined by 
optical lens with focal length of 30mm, which is coupled 
with each optical fiber.  The output spectra are detected 
by CCD.  The CCD has detection area of 13.3 × 13.3 
mm2 (1024 × 1024 channels, 13 µm × 13 µm/pixel).  It 
is generally operated at -20°C to reduce the thermal noise.  
Exposure time of 31ms and temporal resolution of 100ms 
are selected in the present study with readout speed of 11 
µs/line and 0.4 µs/pixel. 0
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FIG.1  Waveform of high-density discharge with 

 
3. Analysis of radial Zeff profile  

Density profiles in LHD basically changes according 
to heating power, magnetic field strength, magnetic axis 
position and fuel method.   

 

FIG.2  Profiles as a function of normalized radius at 
t=1.822s for multi-pellets injection discharge. 
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multi-pellets injection for peak density profile. 

The peaked density profile is easily produced by 
hydrogen multi-pellets injection.  The Zeff profile is 
analyzed for the peak density profile formed in 
high-density range with the pellet injection.  A typical 
waveform of such a discharge is traced in Fig.1.  Ten H2 
pellets are repetitively injected in magnetic axis of 3.85m 
during 1.70-2.02s.  Plasma energy quickly increases 
during pellet injection and reaches 0.9MJ.  
Line-averaged electron density evaluated from density 
profile measured with Thomson scattering continuously 
increases and reaches 3.5×1014cm-3, whereas electron 
temperature in the plasma center dramatically decreases 
down to 0.3keV.  Chord-integrated bremsstrahlung 
emission also increases in the same way as density 
behavior and reaches a quite large value of 
490μWcm-2nm-1.  The β value is largely increased and 
becomes 1.13%.  At 1.822s after the third pellet 
injection, the radial Zeff profile is analyzed with electron 
density and temperature profiles in addition to local 
bremsstrahlung emissivity after Abel inversion.  It is 
shown in Fig.2.  The temperature profile is entirely flat 
at ρ<0.8 and quickly decreases at ρ>0.8.  The outside 
boundary of the edge temperature expands to ρ=1.2 in the 
ergodic layer.  The bremsstrahlung emissivity profile is 
also peaked as density profile.  The Zeff profile analyzed 
from the peaked density profile is fairly flat at the core 
plasma region inside ρ =1.0.  The values of Zeff 
distribute around 1.13.  In the ergodic layer, which is 
denoted with yellow square hatch in Fig.2, it is difficult 
to analyze the Zeff because of large uncertainties in 
density and temperature profiles of Thomson scattering.  
Error bars of the Zeff profile basically originated in the 
density and temperature profiles are considerably inside 
ρ= 0.7.  However, it gradually increases at edge plasmas, 
e.g., 23% at ρ=1.0.  The fitting curves for electron 
density and temperature profiles used in the present 

analysis are also indicated in Fig.2 (a) and (b).  Another 
important point on uncertainty of the Zeff profile is in the 
selection of magnetic surface deformed by plasma 
pressure.  The magnetic surface is of course necessary 
for Abel inversion of the line-integrated bremsstrahlung 
signal. 
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The uncertainty of the Zeff profile due to magnetic 
surface deformation is checked using different two 
magnetic surfaces with β=0 and 1.07.  Two 
bremsstrahlung emissivity profiles are obtained from the 
two magnetic surfaces, as shown in Fig.2 (c).  The two 
bremsstrahlung emissivity profiles are quite similar, 
whereas a small difference is appeared in the plasma core.  
Since the visible bremsstrahlung is horizontally observed 
from outboard side of the torus, the effect on the 
magnetic surface distortion becomes much less compared 
to vertical measurement.  Especially, the difference in 
the Zeff value can be neglected at the outer plasma region, 
because the magnetic surface distortion is mainly occured 
in the plasma core.  It is then strongly suggested that the 
uncertainty in the Zeff profile on the assumed magnetic 
surface is quite small compared to that on the density and 
temperature profiles in the present diagnostic system. 
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FIG.4  Radial profiles at t=2.531s produced  by 
stable discharge. 
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G.3  Time evolvement of stable discharge for flat 
density profile. 

t=2.531s 
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Next, the Zeff profile is analyzed for flat density 

profile.  The data are taken from stable plasma discharge 
in Rax=3.6m.  The discharge waveform is traced in Fig.3.  
The plasma energy is constantly sustained from 0.8s to 
3.3s.  The line-averaged electron density is roughly kept 
at 3.5x1013cm-3 and the central electron temperature 
slightly increases from 2.0keV to 2.2keV during the 
steady phase accroding to the gradual decrease in the 
density.  The chord-integrated bremsstrahlung behaves 
similar to the desnity.  The β value is 0.88% at the 
steady phase.  The Zeff profile is calculated at 2.531s 

with electron density and temperature profiles as shown 
in Fig.2 (b).  The density profile is entirely flat at ρ < 
0.9, whereas the temperature profile is peaked.  The 
bremsstrahlung emissivity profile after Abel inversion 
becomes a little hollow.  This indicates small 
temperature dependence in the visible bremsstrahlung 
emission.  The Zeff profile is flat with values near 2.05.  
The analysis in the ergodic layer is still difficult.  Error 
bars of the Zeff profile gradually increase toward plasma 
core and the maximum error bar is appeared as 12% at 
the plasma center.  It is clear that the error bars 
increased at the plasma core is originated in the local 
emissivity calculation of the bremsstrahlung based on 
Abel inversion method.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Finally, the Zeff profile is analyzed for hollow density 
profile.  The hollow density profile is observed at 
density rise phase in Rax=3.60m.  The discharge 
waveform used in the analysis is shown in Fig.3 (a).  
The line-averaged electron density gradually increases 
during 0.5-1.5s and finally reaches 6x10-13cm-3, although 
the plasma energy is kept constant.  The central plasma 
temperature then decreases from 1.8 to 1.2keV.  The 
chord-integrated bremsstrahlung also increases according 
to the density rise.  The β value is 0.88% in the 
discharge.  At 2.531s, The Zeff profile is analyzed at 
2.531s.  The electron density and temperature profiles 
are shown in Fig.3 (b) with local bremsstrahlung 
emissivity profile.  The hollow density profile is formed 
having its peak value at ρ=0.9.  On the contrary the     
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FIG.6  Profiles as a function of normalized radius at 
1.131s during stable discharge.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
temperature profile is peaked and forms a triangle 
shape.The bremsstrahlung emissivity largely decreases at 
the plasma core and the profile becomes much hollower 
than the density profile.  The Zeff profile is also flat with 

values around 1.58.  In case of the hollow density 
profile, the analysis is generally difficult because of 
relatively large error bars in the density profile and 
difficulty in the Abel inversion calculation.  The error 
bars in the Zeff profile become also large in this case, i.e., 
~20% at ρ = 0.4 and ~30% at plasma core.  At present, 
any discussions can not be therefore done on the detailed 
structure in the Zeff profile. 

FIG.5  Trace of stable discharge for hollow density 
profile.  
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4. Summary and Discussion 

Zeff profile from visible bremsstrahlung 
measurement is analyzed for peaked, flat and hollow 
density profiles in LHD plasmas.  The flat Zeff profile is 
basically obtained for all different density profiles.  It 
indicates that the impurity partial pressure is constant in 
general discharges of LHD.  The error bars seen in the 
Zeff profiles are mainly originated in fitting curves to 
express the electron temperature and density profiles and 
in process in the Abel inversion calculation.  The 
uncertainty on magnetic surface distortion is relatively 
small.  More precise Zeff profile analysis will be done 
after optimizing the magnetic surface used in the 
calculation and modifying the method on Abel inversion 
calculation.   
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In fusion reactors, extremely high heat load on divertor plates is one of the serious problems, and the use of 
high-Z material is planned in terms of consistency between “ignited fusion burning” and “plasma facing component 
(PFC) materials”. However, high-Z impurity from these PFC causes large radiation loss even if its content is quite 
little amount. High-Z impurity transport analysis with MHD effects is carried out using TOTAL code. The critical 
level of impurity concentration in ITER is found 4.0% for carbon, 0.1% for iron, and 0.008% for tungsten with respect 
to electron density.  The ITB formation for electron density can prevent high-Z impurity accumulation. It is also 
shown that sawtooth oscillation is beneficial for the reduction of radiation loss from plasma core (~20%), although it 
might leads to unfavorable fusion power fluctuation of 10%. 

 
Keywords: impurity transport, sawtooth oscillation, internal transport barrier, Tokamak, 

1. Introduction 
In fusion reactors, the divertor plate and other PFC 

material get some interactions with hot plasma, by ion 
backscattering, chemical and physical sputtering processes, 
and then yield impurities into plasma. Especially heat loads 
on divertor plates are predicted to be very large, and high-Z 
materials such as tungsten will be used in such parts due to 
its high heat conductivity and low erosion rate. However, 
resulting high-Z impurity tends to accumulate in plasma 
core due to strong inwardly directed drift velocities caused 
by neo-classical convection and cause large radiation loss. 
Besides they displace reacting ions by large number of 
electrons released by them and cause fuel dilution. 

The radial distribution of impurity in tokamak and 

helical system is calculated by using a 1.5D transport code 
TOTAL (toroidal transport analysis linkage) [1]. In Section 
2, a simulation code used in this paper is described. In 
Section 3, typical machine parameters and plasma 
parameters are described. In Section 4, simulation results 
are presented. First, we clarify the permissible impurity 
level for ITER plasma. Secondly we make a study of 
impurity behavior in plasmas with internal transport barrier 
(ITB). Thirdly, effects of sawtooth oscillation on impurity 
are investigated. In Section 5, summary and conclusion are 
presented.  

 

2. Numerical Model 

2-1. Transport Model  
To investigate transport of fuel and impurity ions in 

tokamak and helical system, we used 1.5-D (1-D transport 
/ 2-D equilibrium for tokamak), or 2.0-D (1-D transport / 
3-D equilibrium for helical) time-dependent simulation 
model with low-Z gas and high-Z metal impurity dynamics. 
The plasma density ne, ni and temperature Te, Ti are 
described by 

Pe
e SV

Vt

n
=Γ′

∂
∂

′
+

∂
∂

ρ
1                           (1) 

eii i nnz ≈∑                                 (2) 

reradeiHeeee
ee EPPPTqV

Vt

Tn Γ−−−=















 Γ+′
∂
∂

′
+

∂
∂

2

51

2

3

ρ
 (3) 

riicxeiHiiii
ii EzPPPTqV

Vt

Tn Γ−−−=















 Γ+′
∂
∂

′
+

∂
∂

2

51

2

3

ρ
 (4) 

10-3

10-2

10-1

100

101

102

0 10 20 30 40 50 60 70 80

f 
[
%]

Atomic Number

HeHeHeHe
LiLiLiLi

BeBeBeBe BBBB

CCCC OOOO
NeNeNeNe
AlAlAlAl

ArArArAr
TiTiTiTi

FeFeFeFe

MoMoMoMo

WWWW

Fig.1 Fractional impurity level which produces radiation 
power equal to 10% of the total fusion power. 
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Using the normalized radius ρ and the volume V 
defines by the equilibrium magnetic surface. The radiation 
loss Prad is the summation of bremsstrahlung radiation, 
impurity line radiation and synchrotron radiation powers. 

For the anomalous part of the transport coefficients, a 
Bohm-type model is used in this paper; 

Pe
T

e
Bie Lq

B

T
/2

Ψ== αχχ  ,                   (5) 

where, Te, Bt and qΨ are the electron temperature, toroidal 
magnetic field and MHD safety factor, respectively. LPe is 
the scale length of the pressure gradient normalized by the 
minor radius. 

We examined high-Z impurities with a model for 
impurities in TOTAL: the multi-species dynamic impurity 
code IMPDYN was used to model the ionization states and 
the NCLASS code was used for the full neoclassical 
transport of each charge state considering arbitrary aspect 
ratio and collisionality. 

 

2-2. Impurity Model  
For the impurity dynamics [2,3], the rate equation and 

the diffusion equation are solved using IMPDYN code 
coupled with ADPAK atomic physics package which can 
calculate cooling rate: 
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with ionization rate kγ , recombination rate kα  and 
particle source term Sk. Here, diffusion constant Dk and 
simply modeled velocity Vk=V(a)・ (r/a) are used for 
anomalous transport (Vk>0 corresponds to outward 
velocity). The main fuel neutrals are calculated by the 
AURORA Monte Carlo code. 

The neoclassical impurity flux in tokamak is 
expressed by 
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The neoclassical ripple transport coefficient in helical 
system is given by the density gradient, temperature 
gradient and the radial electric field 

TZETTDnnD rTripnrip
NCa

k −∇+∇∝Γ ∇∇      (9) 

Here, we adopted the neoclassical expression of fuel 
ions to include the impurity ions in addition to the 
tokamak-like axi-symmetric neoclassical flux. 

The radial electric field in the helical system is 
determined by the neoclassical transport flux including 
impurity ions as follows, 
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Here, the subscript k denotes fuel ions (D & T), helium and 
impurity ions. The neutral impurity density is given by 
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n

e
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ρ
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Here, v0 is neutral impurity velocity, and S0 and ne is 
ionization coefficient and electron density at plasma 
boundary. 

In the simulation, the impurity source was defined as 
the impurity neutral flux on the plasma boundary. When 
steady state conditions have been established, continuous 
neutral impurity influx was introduced, and after a transient 
phase the system settles into a new radiation-enhanced 
steady state.  

 
3. Model of Tokamak and Helical Plasmas 

We considered three reacting or burning plasmas; JET, 
ITER and helical reactor HR-1. 

 

4. Simulation Results 

4-1. Permissible Impurity Level 
We clarify the critical impurity content for tokamak 

plasma. As a result, in ITER, critical concentrations of 
impurity is 4.0% for carbon, 0.1% for iron, and 0.008% for 
tungsten impurity with respect to electron density to 
maintain Q>10.  
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Table.1 Typical machine and plasma parameters.  

ITER JET HR-1

R [ m ] 6.2 2.9 13

a [ m ] 2 0.95 2.54
κ 1.7 1.6 -
δ 0.3 0.2 -

B　[ Ｔ ] 5.35 3.45 4.6

IP [ MA ] 9.5 4 -  
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Regardless of same decrease of Q value for each 
impurity, they have different radiation power individually. 
In the case of High-Z impurity (W), the main effect is large 
radiation loss. On the other hand, it is considered that 
Low-Z impurity (C) dominates other influence on plasma, 
such as fuel dilution, rather than radiation itself. 
 
4-2. Effects of Internal Transport Barrier 

To control impurity influx, the modification of edge 
plasma density profile might be beneficial. According to 
the neoclassical theory, a finite gradient of temperature (i.e. 
negative ∇T/T) might contribute to the impurity shielding 
effect. But finite density gradient leads to impurity 
pinching effect. Figure 3 shows the effects of edge electron 
density profile in the case of ITB foot-point at ρ =0.8. 
When the edge density profile becomes rather flat due to 
strong gradient at temperature ITB, the impurity line 
radiation can be reduced as shown in the figure. 

This result indicates that ITB formation, such as by 
pellet injection, can prevent high-Z impurities from 
accumulating inside the ITB. 

 
4-3. Effects of Sawtooth Oscillation 

Sawtooth oscillations are periodic and MHD-initiated 
mixing events that occur in a tokamak plasma in the near 
axis region where the safety factor q is less than or equal to 
unity. It is known to affect the transport of main plasma 
and impurity by flattening radial profile of densities and 
temperatures periodically in the core plasma. Thus, if 
inward anomalous convection is present, small sawtooth 
may be considered as beneficial in preventing the 
accumulation of impurities in the core region. In this paper, 
we simulate the argon seeding experiments in JET[4,5] and 

Fig.5 Results of sawtooth oscillation effect on impurity 
in ITER plasma. Figure (a) and (b) shows time 
evolution of main plasma parameters and electron 

temperature, respectively. Figure (c) and (d) shows total 
impurity density profile and total radiation profile in the 
case of argon, respectively, before (solid line) and after 
(dashed line) sawtooth crash. Figure (e) and (f) are the 
same for tungsten. 
 
 

Fig.4 Results of sawtooth oscillation effect on impurity in 
JET plasma. Figure (a) and (b) shows total impurity 
density profile, and total radiation profile in the case of 
argon respectively before (solid line) and after (dashed 
line) sawtooth crash. 
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also predict the impurity (Ar/W) behavior in ITER  
discharge with sawtooth in the case of existing relatively 
large inward drift velocity for impurity. 

Simplified sawtooth model is included in the TOTAL 
code which evolves the plasma profiles between crashes. 
In the model, the profile is made to be flat inside the 
inversion radius at the crash, based on the Kadomtsev’s full 
magnetic reconnection model. 

As a result, in JET experiments, sawtooth oscillation 
is found to be effective for controlling impurity [4,5]. 
Figure 4 shows that sawtooth oscillation in JET can 
prevent impurity from accumulating into plasma core and 
can reduce corresponding impurity line radiation about 
25% and total radiation loss about 26% from plasma core. 
The results roughly agree with experimental data. 

On the other hand, in ITER, as shown in Fig.5, since 
argon impurity is almost fully ionized, corresponding line 
radiation is nearly zero along whole radius except plasma 
boundary. Similarly, the case of tungsten impurity, 
existence of highly charged ion in core region makes 
profile of line radiation hollow. In both cases, sawtooth 
oscillations reduce bremsstrahlung radiation and 
synchrotron radiation from plasma core, and about 20% 
reduction in radiation loss is realized, although it is not 
affect line radiation profile. It is shown that sawtooth 
activities can effectively reduce radiation loss from plasma 
core, which is caused by the temperate and density drop 
due to internal disruption and might fluctuate about 10% of 
fusion power. Moreover, the sawtooth event might initiate 
a seed island for neoclassical tearing mode (NTM). 
Therefore, the sawtooth avoidance is important for ITER 
operations. 
 

5. Summary and Conclusion 
We investigated transport of high-Z impurity with 

MHD effects and show the following results:  
(1) In ITER, the critical level of impurity concentration is, 
4.0% for carbon, 0.1% for iron, and 0.008% for tungsten 
with respect to electron density. 
(2) ITB formation for electron density, such as pellet 
injection, can prevent high-Z impurity from accumulating 
inside the ITB region. 
(3) Sawtooth oscillation is beneficial for reduction of 
radiation loss from plasma core (~20%), although it leads 
to unfavorable fusion power fluctuation of 10%. Moreover, 
to avoid its harmful effects on NTM excitation and so on, 
the control of sawtooth oscillation is necessary in spite of 
impurity exhaust. 
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Tungsten samples were irradiated by high density helium plasma in the divertor plasma simulator NAGDIS-II to 

investigate the formation condition of the fiberform nanostructured tungsten. Experimental result indicates that the 
surface temperature threshold exists around 1000 K. When the surface temperature is above 1130 K, when the 
incident ion energy is 50 eV, the fiberform nanostructure thickens with the increase of the sample temperature. 
Three samples manufactured by different procedure (ultra fine grained tungsten, ITER-reference tungsten grade and 
powder metallurgy tungsten) were exposed to helium plasma, and the nanostructure was formed in all the samples. 

 
Keywords: Helium plasma, Tungsten, Optical reflectivity, Nanostructure, NAGDIS-II 

1. Introduction    
Recently, it has been found that the fiberform 

nanostructured tungsten is formed on tungsten surface by 
irradiating helium plasma [1]. Tungsten is a candidate 
material for divertor armor in ITER [2] because of its good 
thermophysical properties, high melting point, low 
sputtering yield and a low tritium inventory. Additionally, 
tungsten is also a candidate material for in-vessel mirror 
material in fusion devices [3]. When it is used as a material 
of these positions, the nanostructure may cause serious 
problems because it could lead to the decrease of the 
optical reflectivity [4] and the thermal conductivity [5]. 
Therefore, it is necessary to investigate the formation 
condition and the formation mechanism of the fiberform 
nanostructure. 

Until now, it has been revealed that the high helium 
ion fluence (>1025 m-2) is necessary to cover the surface 
with the fiberform nanostructured tungsten [1,4,6]. 
Moreover, it has been found that the incident ion energy is 
an important parameter to form the nanostructured 
tungsten. When the incident helium ion energy was above 
30 eV, the fiberform nanostructure was formed at the 
surface temperature of 1800 K, although only the helium 
bubbles and holes were formed when the incident ion 
energy was 15 eV [4]. Additionally, it is reported that a 
nanostructured layer thickness of 5µm is observed by 
irradiating helium plasma at the fluence of 1.1 x 1027 m-2 
[6]. 

In this paper, to investigate the formation condition in 
detail, helium plasma irradiations are performed at 

different surface temperatures with fixed incident ion 
energy. In addition, experiments are performed by using 
the tungsten samples manufactured by different 
procedure. The fluence of the helium ion to form the 
nanostructure is evaluated by the measurement of the 
optical reflectivity because the optical reflectivity 
decreases to ~ 0 % due to its complicated structure when 
the surface is covered with the nanostructure. The surface 
is analyzed by scanning electron microscope (SEM) after 
the helium plasma exposure.   
  

2. Experimental setup 
Experiments were performed in the divertor plasma 

simulator NAGDIS-II (NAGoya university DIvertor 
Simulator-II). Figure 1 shows a schematic view of the 
experimental setup. High density helium plasma, which is 
produced by dc arc discharge, was irradiated to tungsten 
samples situated in parallel to the magnetic field line. The 
sample, which is powder metallurgy tungsten provided by 
Nilaco Co. with 99.95 % purity, was polished by 
sandpapers and alumina suspension. In order to control the 
incident ion energy to the samples, the samples were 
electrically biased in the helium plasma. The optical 
reflectivity of the sample was measured by using a He-Ne 
laser, of which wavelength is 632.8 nm, and a photodiode 
with a band-pass optical filter to exclude the emission of 
plasma. The surface temperature of the samples was 
measured by a pyrometer and the incident ion flux was 
derived by the ion current. After the helium plasma 
irradiation, the samples were analyzed by a SEM and were  
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measured with a spectrophotometer (Nihon Bunkosya: 
ARV-47S) for the wavelength between 200 and 900 nm. 
 
3. Results 

3. 1. Surface temperature dependence  
Figure 2 shows the relative optical reflectivity as a 

function of helium ion fluence while helium plasma was 
irradiated. Five samples were irradiated to the helium 
plasma at different surface temperatures from 900 K to 
2040 K. The incident helium ion energy was fixed to 50 
eV. When the sample temperature was 900K, the relative 
optical reflectivity decreased to 0.55 at the fluence of 4.5 
x 1025 m-2 and the surface had a metallic luster even after 
the helium irradiation. On the other hand, when the 
sample temperature was 1130 K, the relative optical 
reflectivity decreased to ~ 0 at the fluence of 3.0 x 1025 
m-2 and the surface color changed to black. Figure 3 
shows the SEM micrographs of samples after the helium 
plasma exposure. The surface irradiated at 900 K was 
modified to the wavy structure (Fig. 3, (a)). However, the 
surface irradiated at the temperature from 1130 K to 2040 
K was covered with the fiberform nanostructure (Fig. 3, 
(b)~(e)). It is indicated that the sample temperature 
should be greater than ~ 1000 K to form the 
nanostructure.  

The size of the fiberform nanostructured tungsten is 
different by the temperature of the samples. The size of 
the structure are, typically, < 40 nm at 1130 K (Fig. 3 (b)), 
< 200 nm at 1750 K (Fig. 3 (c)), and < 1 µm at 2040 K 
(Fig. 3 (e)). The structure irradiated at 1750 K is 
complicated, but the average size is < 1 µm (Fig. 3 (d)). It 
is indicated that the size of nanostructure thickened with  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the increase of the sample temperature. Besides, more 
helium fluence was required to decrease the relative 
optical reflectivity to ~ 0 with the increase of the sample 
temperature from Fig. 2.  

Figure 4 shows the wavelength dependence of 
reflectivity of polished sample, and samples after the 
helium plasma exposure. The optical reflectivity at the 
wavelength of 632.8 nm corresponds to the one that was 
measured by the photodiode. For the wavelength λ = 900 
nm, the reflectivity decreases by ~ 20 %; on the other 
hand, it decreases by ~ 70 % for λ = 200 nm. The degree 
of reflectivity reduction increases as the decrease of the 
wavelength. From Fig. 3 (a), the size of the surface 
roughness is approximately several tens nm. Thus, it is 
suspected that the roughness does not nave significant 
influence on the optical reflectivity if the wavelength is 
ten times greater than the structure. When the irradiation 
temperature was higher and the surface is covered by the 
fine structure, the optical reflectivity becomes 0 in the 
range of 200 < λ < 900 nm. 

It has been reported that helium ions produce bubbles 
and holes on the surface at the incident ion energy below 
the threshold value of physical sputtering [7-9]. When the 
surface temperature is higher than ~ 1600 K and the 
incident ion energy exceeds ~ 5 eV, the micrometer-sized 
bubbles and holes are formed [9]. This paper shows that 
the necessary minimum sample temperature to form the 
fiberform nanostructure is approximately 1000 K when 
the incident ion energy is 50 eV. This temperature is 
lower than the threshold of the micrometer-sized bubble 
and hole formation. Meanwhile, the nanometer-sized 
bubbles formation is reported at the temperature of 700 K 
[10]. Since the bubble size increases due to the high 
sample temperature, the nanostructure thickens with the 
increase of the sample temperature. We believe that the 
nanometer-sized bubbles formation and their coalescence  

Fig. 1 Schematic illustration of the 
experimental setup in the divertor simulator 
NAGDIS-II. 
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Fig. 2  Measured reflectivity of tungsten under 
helium plasma exposure at different sample 
temperatures from 900 K to 2040 K 
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play a role to form the fiberform nanostructured tungsten. 
The incident helium ion energy threshold of the 
nanostructure formation is ~ 30 eV which is higher than 
that of the bubble formation at the surface temperature of 
~ 1800 K. The formation mechanism of the nanostructure 
is not understood well yet. 
 
3. 2. Different manufacturing procedure 

Figure 5 shows the optical reflectivity as a function 
of helium ion fluence. Three samples, which were 
manufactured by different procedure, were irradiated to 
the helium plasma. First one is the ultra fine grained 
(UFG) W-0.5 wt. % TiC consolidate which is fabricated 
utilizing mechanical alloying in purified Ar and hot 
isostatic pressing [11]. The grain size is approximately 70 
nm. Second one is the ITER-reference tungsten grade 
(ITER). The grain size is approximately 20 µm. Third one 
is the powder metallurgy tungsten. The incident ion 
energies were 50 eV and the surface temperatures were 
1700 K, 1880 K and 1750 K, respectively. The fiberform 
nanostructured tungsten was formed on all the samples. 
Figure 6 shows the SEM micrographs of UFG and ITER 
after the helium plasma exposure. The size of the 
nanostructure is almost same. The fluence to form the 
nanostructure was almost same at ~ 1026 m-2 from Fig. 5. 
Clear differences on the formation of the nanostructure 
were not observed even when  the manufacturing 
procedure and grain size are different. It is noted that the 
surface temperature was higher than the recrystallization 
temperature. Thus, the recrystallization process may 
modify the originality of each sample. For further work, it 
is expected that the irradiation at lower temperature make it 
clear the difference between them. 
 

 
 
 
 

Fig. 3  SEM micrographs of the tungsten surface 
after the helium plasma exposure. The sample 
temperatures are (a) 900 K, (b) 1130 K, (c) 1400 K, 
(d) 1750 K and (e) 2040 K, respectively. 

Fig. 4  Reflectivity of polished samples and 
samples irradiated at 900 K, 1130 K, 2040 K. 
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4. Conclusion 

Helium plasma irradiation experiments have been 
performed to investigate the necessary conditions for the 
formation of the fiberform nanostructure. This paper 
reveals that the necessary minimum sample temperature 
to form the nanostructure is approximately 1000 K when 
the incident ion energy is 50 eV. Moreover, it has been 
reported that the incident ion energy threshold of the 
nanostructure formation is ~ 30 eV. Considering the use 
of tungsten as divertor and mirror materials, the 
formation of the fiberform nanostructured tungsten has to 
be prevented. Thus, it is necessary for the fusion device 
materials to keep a material temperature under ~ 1000 K 
or to keep the incident helium ion energy under ~30 eV. 

The nanostructure thickens with the increase of the 
sample temperature. We consider that the size of helium 
bubbles influence the size of the nanostructure. No clear 
differences on the formation of the nanostructure were 
observed at the temperature of ~ 1800 K even when the 
manufacturing procedure and the grain size are different. 
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Two sets of material probes were installed at the pumping duct of the Local Island Divertor (LID) in the Large Helical 

Device (LHD) during 9th (2005) and 10th (2006) experimental campaign. One set of the material probes were faced to the 
LID head which consists of carbon fiber composite (CFC) tiles, and the other set were far from the head. After the 
campaigns, the material probes were extracted, and their surface morphology, the depth profile of atomic composition, 
thickness of the deposition layer on them, the amount of retained hydrogen in the layer and crystal structure of the layer 
were investigated. The value of hydrogen concentration in the carbon layers on the probes faced to the LID head was H/C 
= 0.55 in the atomic ratio. On the other hand, the value on the probes far from the head was significantly large, H/C = 1.25 
in the atomic ratio. The microstructure analysis of the carbon deposition layers using Raman spectroscopy indicates that 
the layers were polymer like amorphous hydrogenated carbons, which was possibly resulted from the large deposition of 
chemically sputtered hydrocarbon on the probes. As the result, the co-deposited layers with a large amount of hydrogen 
were formed. 
Keywords: Carbon deposition layer, Co-deposition, Hydrogen retention, Local Island Divertor, Large Helical Device, 
 
1. Introduction 

One of the important issues for ITER is to evaluate 
in-vessel tritium inventory because the retained amount of 
tritium in ITER is limited below 350 g. Carbon fiber 
composite (CFC) will be used for a divertor plate material of 
ITER. Carbon materials are easily eroded by incident 
hydrogen isotopes ions for physical and chemical sputtering, 
and carbon co-deposits with plenty of hydrogen isotopes in 
the vicinity of the divertor. When tritium is employed for fuel 
gas in ITER, large amount of tritium will be retained in the 
deposited carbon layer. So the characterizations of the carbon 
co-deposition layer and its hydrogen isotope retention are 
important concerns associated with the reactor safety [1]. 

In tokamak devices, hydrogen retention behaviors in 
carbon components, such as divertor tiles, have been 
investigated so far [2-4]. It was found that the tritium 
retention in the shadow area could be significantly large. The 
CFC was also employed for divertor material of the local 
island divertor (LID) in the Large Helical Device (LHD). 

The CFC tiles were eroded by hydrogen ion 
bombardment and carbon co-deposits with hydrogen in the 
pumping duct of LID, which is shadowed from the plasma. 

In this paper, we focused on the co-deposited carbon layer 
produced in the pumping duct of LID in 9th (2005) and 10th 
(2006) experimental campaign. The relationship between the 
structure of carbon layer, wall temperature and hydrogen 
concentration was investigated.  
 
2. Experimental 

In LHD, the LID experiments have been conducted since 
2003, in addition to intrinsic helical divertor 
experiments [5]. Figure 1 shows a schematic view of the 
LID configuration. A divertor head that is covered by 
the neutralizer plates made of CFC is inserted into the 
m/n=1/1 magnetic island in the horizontally elongated 
cross-section where the width of the island is maximum 
(about 20 cm). The pumping duct surrounds the divertor 
head, and it works as a baffle. Outer separatrix of the 
island connects the divertor head as the divertor legs, 

and the last closed flux surface is determined by the 
inner separatrix of the island. Plasma-surface interaction 
occurs only at the divertor head ideally, and thus the wet 
area (< 0.1 m2) is less than one tenth of that of helical 
divertor. Therefore, the divertor head receives much 
higher heat and particle fluxes than those to the helical 
divertor plates, and a considerable amount of carbon 
was eroded and co-deposited with hydrogen during the 
experiments [6]. The crystal structure and the hydrogen 
retention properties of the co-deposited carbon layers in 
the vicinity of LID head were investigated with a 
technique of material probe [7]. During each 9th (2005) 
and 10th (2006) experimental campaign, silicon and 
stainless steel (SUS316L) probes were installed at four 

 
Fig.1 Schematic view of the LID configuration. The 
LID head is inserted into the m/n=1/1 magnetic island. 
The black parts on the LID head are made of carbon 
(graphite or CFC), and the gray parts are the base 
structure of the head that is made of SUS316. Material 
probes (1U, 1L, 2U, 2L) were installed inside the 
pumping duct. The neutral gas pressure in the pumping 
duct close to the LID head was considered to be ~1 Pa. 
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positions in the pumping duct as shown in Fig.1. Two 
probe sets (1U, 1L) were placed inside the pumping 
duct, which was faced to the LID head and have 200 
mm distance from the tip of the pumping duct. The 
other sets of probes (2U, 2L) were 870 mm far from the 
tip of the pumping duct and had shallow line of sight to 
the head. In these experimental campaigns, hydrogen 
gas was employed for the LID discharges. The numbers 
of the discharge with the LID configuration were 707 
(9th) and 313 (10th). 

The stainless steel probes were used for analysis of 
surface morphology and gas retention, and silicon probes 
were used to investigate depth profile of atomic 
composition, the thickness and the crystal structure of the 
deposited carbon layers, respectively. The size of each 
probe is 10 mm × 20 mm × 1 mm. Typical surface 
temperatures of the head near the strike point and the 
pumping duct near the LID head estimated from  
thermocouple measurements were approximately 1000 K 
and 600 K, respectively. At the probe position close to 
the head (1U, 1L), the maximum wall temperature during 
the discharge was ~570 K. In the case of the other probe 
position far from the head (2U, 2L), the wall temperature 
during discharge was in the range from RT to 323 K. 

After each experimental campaign, the probes were 
extracted and analyzed using scanning electron 
microscope (SEM), Auger electron spectroscopy (AES), 
surface roughness meter, thermal desorption 
spectroscopy (TDS), X-ray deflection, and Raman 
spectroscopy.  
 
3. Results and discussion 
3.1 Surface morphology 
Figures 2 (a) and (b) show the SEM photographs of 

the 1U and 2U surfaces after the 9th experimental 
campaign. On the surface of 1U, sub-micron size 
protuberant structures were observed. On the other 
hand, the surface of 2U was smooth compared to 1U. 
The surfaces conditions of 1L and 2L were similar to 
those of 1U and 2U, respectively. This difference of 
surface morphologies between 1U and 2U might be 
caused by the deposition process of sputtered carbon 
atoms. The neutral gas pressure in the pumping duct 

close to the LID head reached up to ~1 Pa. Therefore, 
sputtered carbon particles were scattered before they 
redeposit on the probes. And then, they incident to the 
surface of the probe close to the head from random 
angle and deposit selectively on the protuberant 
structure. This is one of the possible explanation for 
the formation of protuberant structure. On the other 
hand, the smooth surface might result from the direct 
deposition of chemically sputtered hydrocarbon. 
 
3.2 Atomic composition and film thickness of 
deposited layer 

In AES analysis, Ar ion with an energy of 3keV 
was used for sputtering. The depth of the crater 
formed by the Ar ions bombardment was measured by 
a surface roughness meter, and then the depth was 
estimated from the sputter-etching time. The 
concentration of oxygen was below 1 at.%, which 
were similar to those of other probes. Figure 3 shows 
the thickness of the deposition layer measured by 
using the surface roughness meter. The thickness of 
the layers on 1L and 1U after 9th experimental 
campaign was in the range from 500 to 700 nm. On 
the other hand, the thickness on 2L and 2U was in the 
range from 160 to 200 nm. In 10th experimental 
campaign, the thickness was approximately a half of 
that in 9th experimental campaign. This is owing to 
the reduced number of hydrogen discharge in 10th 
experimental campaign. Assuming the typical duration 
time in a LID discharge to be 2 s, the deposition rates 
of the carbon on 1U and 2U are estimated to be 0.64 
nm/s and 0.14 nm/s, respectively 
 
3.3 Hydrogen retention 

 
Fig.3 The thickness of the deposition layer on the 
probes.  

Fig.4 Retained amounts of hydrogen of the deposited 
carbon films on the probes. 

 
Fig.2 SEM images of the surface morphologies of 
the stainless steel probes, (a) 1U and (b) 2U after 9th 
experimental campaign. 
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Figure 4 shows the retained amounts of hydrogen in 
the probes. Most of retained hydrogen desorbed in 
form of hydrogen molecular during the TDS 
measurements. In the case of 10th experimental 
campaign, the retained amount of hydrogen was 
approximately a half of that in 9th experimental 
campaign. These results indicate that the retained 
amount of hydrogen of each position was roughly 
proportional to the deposited carbon film thickness. 
 
3.4 Crystal Structure of Carbon Films 

 Figure 5 shows X-ray diffraction patterns of the 
carbon deposition layers after 9th experimental 
campaign. In the case of graphite, (002) X-ray 
deflection peak appears around 2�=26 degree. In the 
case of the probes, however, no peak was observed. 
This result indicates that the structures of the carbon 
layers on 1U and 2U probes were amorphous. Figure 6 
shows Raman spectra of the carbon layers on the 
probes in 10th experimental campaign. Raman 
spectrum of isotropic graphite has two peaks as shown 
in the figure with the black line. The peak at 1580 cm-1 

is called “G’’ peak which originates from graphite 
structure. The other peak at 1355 cm-1 is called “D’’ 
peak which originates from defects [16]. The spectra 
of the carbon films on the probes were not similar to 
that of isotropic graphite but were similar to that of 
polymer-like amorphous hydrogenated carbon film 
[16]. The spectra of 1U have a broad peak around 
1580 cm-1, indicating that this layer contained carbon 
hexagonal structure like graphite. On the other hand, 
the “G’’ peak was not clear in the spectra of 2U. The 
carbon layer of 2U is considered to be more 
polymerized than 1U, which might have been caused 
by deposition of chemically sputtered hydrocarbon at 
low temperature. 
 
3.5 Hydrogen concentration 
In the present study, the mass densities of the 

carbon layers on the probes were not measured 
directly. For the estimation of hydrogen concentration, 
it is necessary to evaluate the density of carbon layers 
produced in the LID experiments. For this purpose, we 
prepared amorphous hydrogenated carbon film (a-C:H 
film) by using a magnetron sputtering device. The 
discharge gases in this device were argon and 
hydrogen gas with the mixture ratio of 1/20 in H2/Ar. Input power was 1 kW. The distance between substrate 
and graphite target was 3.5 cm. The discharge pressure 
was kept at 1.5 Pa. The discharge time was 2 hours. 
The film thickness of the produced a-C:H film was 
estimated to be 160 nm by using the surface roughness 
meter. The mass density of the a-C:H film was 
estimated to be 0.98 g/cm3 by a weight gain 
measurement. Next, we measured the etching rate of 
the a-C:H film by Ar ion etching in the AES apparatus 
to compare the rate to that of the LID samples. For the 
etching rate is proportional to the mass density, we can 
estimate the mass densities of the LID samples. The 
density of carbon film on the probes close the LID 
head (1U, 1L) was estimated to be 0.93 g/cm3 and that 
of the probes far from the head (2U, 2L) was 
estimated to be 0.90 g/cm3. These values were lower 
than that of isotropic graphite (1.8 g/cm3), and thus, 
they are so called “soft” deposition layer.  Using the 
volume of the deposition layer, which was calculated 
using the surface area and the thickness of the layer, 
and the estimated mass density, a number of carbon 
atoms in the carbon layer was obtained. Using the 
number and the measured amount of the retained 
hydrogen with the TDS measurement, the hydrogen 
concentration (H/C) was obtained for each sample. 
The atomic ratios of H/C for 1U, 1L, 2U and 2L were 
estimated to be 0.53, 0.55, 1.26 and 1.24 after 9th 
experimental campaign, and H/C = 0.52, 0.58, 1.25 
and 1.27 after 10th experimental campaign. Fig.7 
shows the relationship between the atomic ratio of 
H/C for the probes and the maximum temperature of 
the probes during the LID discharge. The deuterium 
concentrations in graphite after the irradiation of 
deuterium ion beam with the energy of 1.0 keV at 
different graphite temperature [11,13] are also plotted 
in Fig.7. In the laboratory experiment, the deuterium 
concentration in graphite, D/C, after deuterium ion 
irradiation at the temperature from room temperature 

 
Fig.6 Raman spectra of the surface of the carbon film 
on the probes after 10th experimental campaign. 

 
Fig.5 X-ray diffraction patterns of the deposited 
carbon films after 9th experimental campaign. 
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to 570 K is approximately D/C=0.3 [11, 12, 13]. The 
H/C ratios on 1U and 1L probes were double of this 
value. For the carbon layer on 2U and 2L probes, the 
hydrogen concentrations were approximately triple of 
the graphite case. The large hydrogen concentration in 
2U and 2L probes was associated with for 
polymerized amorphous structure in the carbon layers 
deposited on 2U & 2L probes. This result suggests that 
the characteristics of the carbon layers produced in the 
pumping duct of the LID were dominated by the 
deposition of hydrocarbon. In JT-60U, the atomic ratio 
of D/C for a carbon film deposited on the divertor tile 
was < 0.04 with the divertor temperature above 600 K 
[14]. Compared with this value, the atomic ratio of 
H/C in the carbon film produced in the vicinity of LID 
head was much higher. On the other hand, the D/C 
ratio for the carbon film deposited on the divertor tiles 
in JET MK-IIA divertor with the temperature below 
500 K [14] was 0.1~0.4, and the D/C ratio in the 
re-deposited layers on the louvers, which was 
shadowed from the plasma and was kept at low 
temperature, was 0.8 [2,15]. This value was close to 
that of the co-deposited carbon film produced in the 
vicinity of LID obtained in the present study. The 
present results indicates that the hydrogen 
concentration of co-deposited layer could be large 
compared to that at the plasma-wetted region. 
 
4. Conclusion 
The relationship between the structure of carbon 

layer and hydrogen concentration in the layer on 
material probes in the vicinity of LID in LHD was 
investigated. The hydrogen concentration in the 
carbon films (H/C) on the probes close to the LID 
head (1U and 1L) where wall temperature was 570 K 
was around 0.55. On the othedddr hand, H/C in the 
carbon films on the probes far from the head (2U and 
2L) where wall temperature 327 K was significantly 
large, 1.25. These values were several times larger 
than those in graphite after deuterium ion beam 

irradiation. The structures of these carbon films were 
polymer like amorphous hydrogenated carbon. This 
suggests that the hydrogen concentration in 
co-deposited carbon layer formed could be large due 
to deposition of hydrocarbon.  
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Study of α particle Confinemet in the LHD Type Reactor
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Theα-particle confinement of the heliotron type reactor is investigated based on three typical LHD configu-
rations with different magnetic axis positions in the major radius. The GNET code is applied, in which the drift
kinetic equation for theα-particle is sloved including the particle collisions with background plasma, is applied
to evaluate the velocity space distributions, the radial profiles and energy loss rates.

It is found that the inward shift of magnetic axis improves the alpha-particle confinement strongly and a
sufficient confinement of alpha-particle for fusion reactor is obtained in the strongly inward shifted configuration.

Keywords: LHD,α-particle, confinement, finite-β, GNET

1 Introduction

D-T fusion reaction produces a high energyα-particle
which has the energy of 3.5MeV and the plasma heat-
ing by the energeticα-particle is necessary to sustain
a high ion temperature plasma in the fusion reactor.
Therefore, it is important to confine the energeticα-
particles until the energy slow-down to the thermal
energy. Also, the lost of the high energyα-particles
may cause the damage of the first wall of the reac-
tor. Therefore, a sufficient confinement of the high
energyα-partiles is required. In helical systems, the
magnetic configuration is mainly genereated by the
coil currents so that we can obtain steady state plasma
without an additional plasma current drive system.
However, the behaviores of trapped energetic par-
ticles are complicated due to the three-dimensional
(3D) magnetic configuration compared with that in
the tokamak configuration. Thus, the detail analysis
of theα-particle confinement is necessary for the re-
actor desing assuming helical configurations.

In this paper we study theα-particle confine-
ment in the LHD type heliotron reactor extending
the LHD configuration. The LHD can be flexible
about the configuration and we can move the plasma
horizontally to shift the magnetic axis position in-
ward or outward relative to the center of helical coils
by controlling the axisymmetric poloidal fields. The
shift of the magnetic axis position alters characteris-
tics of the ripple-induced transport and, especially, a
strong inward shift reduces the ripple-induced trans-
port to the comparable level of “advanced stellara-
tors”[1] The trapped particle orbits are also improved
as the magnetic axis shifts to the inward (Fig.1), from
Rax = 3.75 toRax = 3.53.

author’s e-mail: masaoka@p-grp.nucleng.kyoto-u.ac.jp

Fig. 1 Trapped particle orbits in the typical magnetic con-
figuration of LHD.

2 Simulation Model

Theα-particle confinements are investigated assum-
ing reactor sized devices base on three typical config-
uration of LHD with different magnetic axis position
in the major radius. The first one is the “OS” config-
uration based on the Rax=3.75m (standard heliotron
configuration) of the LHD. The secound is the “IS”
configuration based on the Rax=3.6m (σ-optimized
configuration) and the last one is the “NO” configura-
tion based on the Rax=3.50m (near the neoclassical-
tarnsport-optimized configuration). The optimum
axis position for the ripple-induced transport is 3.53m
and a good confinement of energetic particle is ex-
pected in the NO configuration. The assumed pa-
rameters for extending to the heliotron reactors are
the plasma volume : 1000m3 and the magnetic field
strength : 5T.

The GNET code [2] is applied to study theα-
particle confinement. The drift kinetic equation in the
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5D phase-space

∂ f
∂t
+ (u‖ + uD) · ∇ f + u̇ · ∇V f

= Ccoll( f ) + Lparticle( f ) + Sα, (1)

is solved with the pitch angle and the energy scatter-
ing, where f is the particle flux andCcoll is the col-
lision operator term.Lparticle andSα are the loss and
the source terms of theα- particle, respectively.

The source term,Sαis evaluated assuming the
temperature profiles and thefollowing density .

Te(r) = 9.5× 103

[
1−

( r
a

)2
]

+5.0× 102 [eV], (2)

ne(r) = 1.90× 1020

[
1−

( r
a

)8
]

+1.00× 1019 [m−3]. (3)

Fig. 2 shows the radial profile of the source term of
theα- particle.

Fig. 2 Plot of the source term of theα-partile.

3 Simulation Results

We steadyα-particle confinement in the heliotron re-
actor extending the typical three configurations of
LHD; OS, IS, and NO. As a first step we study the
configurations in a low beta limit to show a flexibility
of LHD magnetic configuration. We run the GNET
code until the steady state of theα-partile is obatined.
The typical time to obtain the steady state ist = 0.2s.

Fig. 3 shows the velocity space distribution of
the α-particle in the NO and OS configurations.
We can see the slowing-down distribution of theα-
particle from the energy of 3.5MeV. It is also found
that the distribution nearV‖ = 0 rigion (trapped parti-
cle region) is decreased compared with other regions
due to the radial diffusion and the orbit loss of trapped
particles. Also the less decrement is found in the NO
configuration than that in the OS configuratin.

Fig. 4 shows the radial profile of theα-particle
after the slowing-down to the thermal particle;t =
0.2s. We can see the radial broadening of theα-
particle from the initial profile in both cases and the
larger change in the radial profile is found in the OS
configuration than that in the NO configuration.

-6 -4 -2  0  2  4  6
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 6        

NO β=0% total
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-6 -4 -2  0  2  4  6
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OS β=0% total
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Fig. 3 The velocity space distributions of theα-particle;
in the NO (top) and OS (bottom) configurations.

Fig. 4 The radial profiles of theα-particle after slowing-
down in the NO (top) and OS (bottom) configura-
tions.

Next we study the distribution of the lostα-
particle in the energy and velocity space. The energy
spectrum of the lostα-particle in the OS configura-
tion is shown in Fig. 5. The large loss near the initial
energy 3.5MeV can be seen in the OS configuration
and this indicates the large prompt orbit loss of par-
ticle. This loss is strongly reduced in the NO config-
uration where the trapped particle orbit is improved
largely.

Fig. 6 shows the velocity distribution of the lost
α-particle in the OS configuraton. It is found that the
lostα-particle has the similar pitch angle close to the
trapped and passing particle boundary in the velocity
space. This shows that the radial diffusion of the tran-
sition particle between the trapped and passing mo-
tions is large.
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Fig. 5 Energy spectrum of lostα-particles in the OS con-
figuration.
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Fig. 6 Velocity space distribution of lostα-particles in the
OS configuration.

We, next, show the time development of the en-
ergy loss rate ofα-particle in Fig.7. We can see large
energy loss after very short time (t < 10−3s) in the
OS configuration due to the prompt orbit loss and the
initial loss is very small in the IS and NO configura-
tions. The loss rate increased to about 5% in the NO
configuration.

Fig. 7 Energy loss rate

4 Conclusion

We have studied theα-particle confinement of the
heliotron type reactor assuming reactor sized LHD
based on three typical configurations with different
magnetic axis positions in the major radius. The

GNET code has been applied, in which the drift ki-
netic equation for theα-particle is sloved including
the particle collisions with background plasma. The
velocity space distributions, the radial profiles and
energy loss rates have been evaluated chainging the
magnetic configurations. It is found that the inward
shift of magnetic axis improves the alpha-particle
confinement strongly and a sufficient confinement of
alpha-particle for fusion reactor is obtained in the
strongly inward shifted configuration.

[1] S. Murakami, et al., Nucl. Fusion, 42 (2002). L19
[2] S. Murakami, et at., Fusion Sci. Technol. 46 (2004)

241.
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Influence of Neutral Beam Injection Direction on Fast Ion 
Distribution Function in Large Helical Device (LHD) 

Evgeny Alexandrovitch VESHCHEV1, Tetsuo OZAKI1, Tsuguhiro WATANABE1, Shigeru SUDO1 
and LHD Experimental Group1

1) National Institute for Fusion Science, Toki, Gifu 509-5292, Japan 
 

Effective ion heating and good fast ion confinement are essential for ignition. Therefore the influence of various 
types of plasma heating on fast ion distribution function in various configurations of magnetic field should be 
studied. To study distribution of fast ions in LHD plasma a new Angular Resolved Multi-Sightline Neutral Particle 
Analyzer (ARMS-NPA) has been developed [1-3]. It scans plasma by 20 sightlines and can provide detailed 
information about angular and radial distribution of fast particles. In this paper the influence of co- and counter- 
Neutral Beam Injection (NBI) on angular distribution of suprathermal particle tail is shown (Fig.1). Measurements 
were made for different directions of magnetic field in inward- (R=3.6m) and outward-shifted (R=3.9m) magnetic 
axis position. Dependence of width of suprathermal ion tail angular distribution during co- or counter- NBI was 
measured for different magnetic field strength and demonstrated in current work. The simulation results of fast 
particle orbits are shown as well in order to explain the experimental results. 

 
Keywords: fast ion heating, neutral particles, angle resolved measurements, fast particle flux simulation, diagnostic,  

fast particle orbits, energy resolved measurements, angular distribution function, ion distribution.  

1. Inroduction 
Fast ion distribution plasma may suffer significant 

changes under various plasma heating mechanisms in 
different magnetic field configurations and plasma 
parameters. Therefore, as effective ion heating and good 
fast ion confinement are essential for ignition, fast ion 
distribution function should be studied properly. For this 
purpose numerous diagnostic tools have been developed on 
modern fusion devices and on LHD in particular. LHD 
plasma has a very complex 3D shape that complicates 
diagnostics and investigations of fast particle distribution 
function.  

One of recently developed is Angular Resolved 
Multi-Sightline Neutral Particle Analyzer (ARMS-NPA) 
scanning plasma by 20 sightlines and being upgraded 
currently up to 40 sightlines. Among previously used 
NPAs on LHD for angular resolved measurements of fast 
particles there was only one “multi-sightline” Silicon 
Detector based NPA (SD-NPA) with 6 scanning chords 
[4]. However, the angular resolution of SD-NPA was not 
enough for profound investigations of fast particle 
angular distribution in a single plasma discharge and  for 
studying of such an effect as predicted by theory 
existence of fast particles loss-cone regions in helical 
plasma.  

The key feature and unique advantage of 
ARMS-NPA is the possibility to make detailed time-, 
angular- and energy-resolved measurements of fast 
particle distribution in plasma  in a single plasma 

discharge.  
First experimental results demonstrated the 

possibility of loss-cone existence in LHD plasma [3,5]. 
Same time, as comparisons of fast particle population in 
plasmas shifted in and out in major radius are important 
in the suprathurmal ion confinement studies, 
investigations of fast particle angular distribution has 
been started in inward-shifted (Rax=3.6m) and 
outward-shifted (Rax=3.9m) magnetic axis position 
configurations in [3]. As Neutral Beam Injection is 
widely used for fast particle heating and considered to be 
one of the heating mechanisms in future fusion devices as 
well, it is important to study how does direction of neutral 
beam particles influence on fast ion distribution in 
different plasma conditions and different magnetic axis 
positions.  

In this paper experimental results of fast particle 
angular distribution obtained by ARMS-NPA are shown 
for inward-shifted (Rax=3.6m) and outward-shifted 
(Rax=3.9m) magnetic axis positions for co- and 
counter-injected NB for every case of magnetic axis 
position. Experimental results are compared with 
theoretical predictions based on fast ion orbit 
calculations. 
 

2. Experimental Setup 
The position of ARMS-NPA on LHD versus NB 

injectors and ICRF antennas is shown on Fig.1. For 
investigation of influence of NBI direction on angular  
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distribution of fast particles NBI#1 was used with the 
energy of injected particles equal to 180keV. In the case 
with positive magnetic field (marked by orange on Fig.1) 
NBI#1 serves as counter-injector and in the case with 
negative magnetic field (marked by blue on Fig.1) as 
co-injector.  

New ARMS-NPA
9-O port

Bneg

Bpos

New ARMS-NPA
9-O port

Bneg

Bpos
 

Fig.1  ARMS-NPA location on LHD (blue) versus 
NBI#1 (red). 

 
3. Experimental Results 

Experimental angular-resolved fast particle spectra 
are shown on Fig.2. Spectra on Fig.2a) and 2b) correspond 
to co- and counter-injected NBI#1 regimes 
correspondingly with inward-shifted (Rax=3.6m) magnetic 
axis position. Spectra on Fig.2c) and 2d) correspond to co- 
and counter-injected NBI#1 regimes correspondingly with 
outward-shifted (Rax=3.9m) magnetic axis position. The 
colored scale units of every picture correspond to the 
ln(Γ(E)), where Γ(E) [counts] is the flux of fast particles 
detected by diagnostic. 

 

CO-injection 

 

COUNTER-injection 

 

  

Rax=3.6m 

Rax=3.9m 

a) b)

c) d)

B = -1.5T B = 2.0T

B = -2.5835T B = 2.5835T

Fig.2  Comparison of experimental fast particle angular distribution in co- and counter-injected NBI#1 regimes 
for Rax=3.6m and R=3.9m magnetic axis positions 
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Let’s compare spectra obtained in co- and counter- 
regimes, i.e. compare Fig.2a) with Fig.2b) and compare 
Fig.2c) with Fig.2d). From these comparisons one can 
notice that angular distribution of high-energy tail from 
NBI#1 is wider during co-injection for both outward- and 
inward magnetic axis positions. 

Let’s compare spectra obtained in co-injected regimes 
with inward (Rax=3.6m) and outward (Rax=3.9m) 
magnetic axis positions and spectra obtained in 
counter-injected ones, i.e. compare Fig.2a) with Fig.2c) 
and compare Fig.2b) with Fig.2d). From these comparisons 
one can notice that although total flux has been reduced in 
regimes with outward-shifted magnetic axis (colored scale 
limit is equal to 4 for Rax=3.9m against scale limit equal to 
6.5 for Rax=3.6m), the high high-energy tails from NBI#1 
in outward-shifted magnetic axis configuration are wider 
than those ones in inward-shifted magnetic axis 
configuration.  

In order to confirm if such a difference has appeared 
due to increased magnetic field strength (B=2T for 
Rax=3.6m case against B= 2.6T for Rax=3.9m) or due to 
magnetic axis shift effect, dependence of fast ion angular 
distribution on magnetic field strength has been measured 
for the case of Rax=3.6m. The magnetic field strength was 
varied from -0.75T to -2.811T. Results of such 
measurements are shown on Fig.3. It shows angular 
distribution of fast particles with the energies of 65÷70keV 
as it is marked, for example, on Fig.2a) and Fig.2b) by red 
colored arcs. Black circles of Fig.3 correspond to the 

positive magnetic field direction and counter-injecting 
NBI#1 correspondingly. All other colored dots correspond 
to the negative magnetic field direction and co-injecting 
NBI#1. Black circles and colored dots except blue dots 
correspond to magnetic axis position at Rax=3.6m, blue 
dots correspond to slightly shifted out magnetic axis 
position at Rax=3.65m. 

It can be noticed on the Fig.3 that although the flux of 
fast particles is increasing with increasing of magnetic field 
strength (for the case of negative magnetic field), the 
angular range of suprathermal ion tail remains the same 
(35°÷67°) degrees for the case of negative magnetic field 
and magnetic axis position at Rax=3.6m. However, the 
slight shift of magnetic axis to the outward direction 
(Rax=3.65m) together with increasing of magnetic field 
strength (B=-2.811T) leads to the broadening of angular 
distribution (35°÷80°) together with increasing of fast 
particles population. 

Same time from Fig.3 it can be clearly seen that fast 
particles angular distribution for the case of B=2T is 
narrower than those ones for the case of negative magnetic 
field and, accordingly, co-injected NBI#1 in the whole 
range of scanned magnetic field strength from -0.75T to 
-2.811T. 

Therefore, from experimental results it may be 
concluded that co-injecting NB is more effective than 
counter-injecting NB for fast ion heating on LHD. 

In addition to that, outward shift of magnetic axis is 
more favorable than inward shift of magnetic axis for fast 
ion heating from the point of view of creating a broader 
angular distributed high energy tail from NB. 
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Accordingly, outward shifted magnetic axis 
configuration with co-injecting NBI (in our case it is 
Rax=3.9m, B=-2.5835T and operating NBI#1) is the most 
appropriate for broad heating of fast ions by tangential NBI 
in LHD plasma. 
 
4. Simulation Results 

Obtained experimental results can be explained by 
fast particle orbit simulation results, which predicted that 
co-injection is more favorable for fast ion heating than 
counter-injection on LHD [5]. These simulation results 
from manuscript [5] can be seen on Fig.4, which shows the 
most outermost drift surfaces of co-injected (by red color) 
and counter-injected (by green color) NB particles with 
E=180keV. Magnetic axis radius is Rax=3.6m for both 
cases and magnetic field strength at the axes is B=0.5T for 
Fig.4a) and B=2.75T for Fig.4b).  

Fig.3 Angular distribution of high energy tail 
particles from NBI#1 (particles energies are 
in the range of 65÷70keV). Blue squares 
correspond to Rax=3.65m magnetic axis 
position. All other dots correspond to 
Rax=3.6m. Black dots correspond to positive 
direction of magnetic field and , accordingly, 
to counter-injecting NBI#1, all other dots 
correspond to negative magnetic field and , 
accordingly, to co-injecting NBI#1. 

From the Fig.4b) it can be seen that in usual LHD 
operating range (Bax=2.75T E=180keV) the confinement 
region of the counter-injected NB particles is slightly 
smaller than the Last Closed Flux Surface (LCFS) and the 
confinement region of co-injected NB particles reaches 
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Fig.4  Relations between the magnetic surface, the outermost drift surfaces and magnetic field intensity are shown 

by the Poincar´e plots at the poloidal cross section of ϕ = π/10. Red (green) color dots show the almost 

outermost drift surface of co-NBI (counter-NBI) particle with E = 180 keV. Cyan color dots show the structure 
of lines of force. Position of magnetic axis is ‘inward shifted’ one (Rax = 3.6 m). (a) Low magnetic field case 
(Bax = 0.5 T). (b) Standard magnetic field case (Bax = 2.75 T). 

even the boundary of the chaotic field line layer 
exceeding the LCFS. However, in the low magnetic field 

operation case, the effect of the  drift motion 

increases. The drift surface of the co-NBI can extend fairly 
outside the LCFS and the drift surface of counter-NBI is 
reduced fairly compared with the LCFS as it is shown on 
figure Fig.4a). 

BB ∇×
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A Theoretical Model of Ripple Resonance Diffusion of Alpha
Particles in Tokamaks
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Keiji TANI 2)

1)Tokyo Institute of Technology, 2-12-1-N1-11 Ookayama, Meguro-ku, Tokyo 152-8550, Japan
2)Nippon Advanced Technology Co., Ltd. Naka Office, 801-1 Mukoyama, Naka 311-0193, Japan

A theoretical model of ripple resonance diffusion of fusion-producedα particles in tokamaks is presented. An
M-shaped energy dependence of diffusion coefficients around ripple resonance conditions, in which the toroidal
precession motion of banana particles resonates to the field strength with ripples, was numerically obtained.
The M-shaped dependence comes from both island structure and initial distribution ofα particles in a (Nφ, ψ)
phase space, whereN is the number of toroidal field coils, and (Nφ, ψ) is the coordinate of the reflection point of a
banana particle in the toroidal angle and the poloidal flux space. Although the particles have periodic motions and
a normalized hamiltonianC(Nφ, ψ) is conserved without collisions, pitch angle scattering by collisions changes
constant parameters inC and causes the diffusion whose characteristic step size and time are the island size
and a variance time to the separatrix respectively, while the characteristic time just outside of the separatrix is
determined by a collisionless process.

Keywords:α particle, tokamak, diffusion, ripple resonance

1 Introduction

The confinement of fusion producedα particles is impor-
tant to maintain burning plasmas in tokamaks. Although
α particles are well confined in axisymmetric fields, it has
been shown that the loss ofα particles due to magnetic
field ripple is dominant in the diffusion process in actual
tokamaks [1, 2]. However the understanding of the loss
processes in detail is not sufficient.

The pitch-angle scattering of fusion-producedα parti-
cles in one bounce motion is small enough to maintain ba-
nana orbits. Then collisonless orbits are important for the
diffusion process. Since the radial displacement of a ba-
nana orbit by ripples depends on the toroidal phase at the
banana tip [3], the cumulated radial displacement becomes
resonantly large when the difference in the toroidal an-
gles of successive banana tips is a multiple of the toroidal
angle of adjacent TF coils (the ripple resonance). This
toroidal distance of successive banana tips is determined
by a toroidal precessionφp. Yushmanov theoretically an-
alyzed this ripple resonance diffusion by means of the
banana-drift kinetic equation without the radial change of
the toroidal precession∂φp/∂r [4]. Since the toroidal pre-
cession, however, strongly depends on the radial position
in an actual tokamak, we investigated the ripple resonance
diffusion in a realistic system with the radial change of
the toroidal precession by numerical calculations. Then
the diffusion coefficients with an M-shaped energy depen-
dence around the ripple resonance energy was represented
[8]. In this paper, we analyze the physical phenomena of
the ripple resonance diffusion using a theoretical represen-

author’s e-mail: hmimata@nr.titech.ac.jp

tation of collisionless orbits.
Section 2 shows the numerical calculation of the ripple

resonance diffusion. Then the importance of the collision-
less orbit is explained. In Sec. 3, we analyze the physical
phenomena of the ripple resonance diffusion using the the-
oretical representation of collisionless orbits. The conclu-
sions are given in Sec. 4.

2 Ripple Resonance Diffusion

In axisymmetric field, the toroidal canonical momentum,

Pφ = mv∥I/B+ eψ = eψb, (1)

wherev∥ is the velocity parallel to the magnetic field and
I = RBφ, is conserved and corresponds to the poloidal
magnetic flux at a banana tip,ψb. However it is not con-
served in rippled fields and has displacements depneding
on the toroidal angle of the banana tip [3, 5, 6, 7],

∆ψ = ∆b sin(Nφ ∓ π/4), (2)

∆b = IγρL

√
πNq/(ε |sinθb|), (3)

whereγ is the ripple strength,ρL is the Larmor radius,θb is
the poloidal angle of the banana tip,∓ corresponds to the
upper and lower banana tip,ε = r/R0, and each parame-
ter is evaluated at the banana tip. Then the cumulated ra-
dial displacement becomes resonantly large when the dif-
ference in the toroidal angles of successive banana tips is
a multiple of the toroidal angle of adjacent TF coils. This
ripple resonance conditon is given by

2Nφp = 2kπ (k = 0,±1,2,3, · · ·), (4)
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where φp is the toroidal precession during half bounce
[6]. Yushmanov theoretically analyzed this ripple reso-
nance diffusion without the radial change of the toroidal
precession and diffusion coefficients have peaks at reso-
nance energies [4]. Since the toroidal precession, however,
strongly depends on the radial position in an actual toka-
mak, we investigated the ripple resonance diffusion in a
realistic system with the radial change of the toroidal pre-
cession and found that it has an M-shaped energy depen-
dence around the resonance energies [8] (Fig. 1). The dif-
fusion coefficient also changes with the ripple strength and
the plasma density. The value of the coefficients is propor-
tional to the ripple strength, while the energy range where
diffusion is enhanced by the ripple becames wider with in-
creasing ripple strength. Diffusion coefficients are roughly
proportional to the collision frequency.

 0.01

 0.1

 1

 0.1  1  10
Energy [MeV]

1/2 ripple

1/4 ripple

with ripple

w/o ripple

D
 [

m
2
/s

]

Fig. 1 Energy dependence of the diffusion coefficient changes
with the ripple strength. In this configuration, 0.4, 1.5,
and 2.9 MeV are the ripple resonance energies without
ripples (open circles). Particles start from the same ba-
nana tip at any energies. Diffusion coefficients have an
M-shaped dependence around each resonance energy. At
energies over about 5 MeV, the diffusion coefficient in-
creases with the energy, since this range is nealy stochas-
tic [5].

Next, we investigated collsionless orbits in rippled
fields using a mapping model to understand the M-shaped
dependence of diffusion coefficients. Then,(

(ψ − ψk)/∆p

)2
+ cos (Nφ + Φk) = C , (5)

∆p =

√
2∆b cos(Φk − π/4))/

(
N(∂φp/∂ψ)|ψk

)
(6)

is obtained except for the singular point, cos(Φk−π/4) = 0,
whereψk is the resonance surface satisfying Eq.(4),

Φ = N(φb(ψ) + φp(ψ))/2, (7)

φb is the toroidal length of the banana orbit,

φb = 2qθb, (8)

andΦk = Φ(ψk). Equation (5) determines the island width
and location. Around the resonance surfaceψ = ψk, an
island structure is formed and the width of the island is de-
termined by∆p. The integration constantC determines the
collisionless orbit andC is conserved in collisionless cases,
andC = 1 and−1 < C < 1 correspond to the separatrix
and an orbit inside the separatrix, respectively. The change

in the island structure mainly depends onψk, Φk and∆p.
The position of the O-point and the width of the island are
specified by (Φk, ψk) and∆p, respectively. When particles
outside the separatrix enter inside the saparatrix by colli-
sions, they can jump about the width of the island, leading
to the enhancement in the diffusion. Therefore we numeri-
cally evaluated the diffusion coefficients starting from each
collisionless orbit on the Poincaré map. The results are
shown in Fig. 2.C obtained from the guiding center orbit
computation is not constant. Then, we introduce a label of
each trajectory,̃C, defined by

C̃ =
(
(ψ − ψk)/∆̃p

)2 − 1, (9)

where 2
√

2∆̃p is the width of the island skimmed from the
Poincaŕe map of the guiding center orbits. Just outside of
the separatrix, the diffusion coefficient is large and it be-
comes small with the distance from the separatrix. On the
other hand, inside the separatrix, diffusion coefficients are
small. Since the collisionless orbit is important for the rip-
ple resonance diffusion, we consider a theoretical model of
the ripple resonance diffuion from the analytical represen-
tation of the collisionless orbit, Eq. (5).
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Fig. 2 (A) C̃-dependence of diffusion coefficients at 1.5 MeV
from which the neoclassical diffusion is subtracted.̃C >

1, two plots correspond to the trajectory upper and lower
side of the island. (B) Initial trajectories of the calculation
of each diffusion coefficient in (A). Initial positions are
randomly given from a few hundred bounce motions on
these collisionless trajectories.
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3 Theoretical Model of the Ripple Res-
onance Diffusion

In this section, we analyze the ripple resonance diffusion
by a model consistent with the results of the previous sec-
tion: the step size of the diffusion is the width of the island,
∆p, and the characteristic time of the diffusion is the time in
which particles reach the separatrix by collision. Here we
assume particles are uniformly distributed on a constant
C orbit, and hence the characteristic time must be much
greater than the bounce time. We evaluate this characteris-
tic time below. As shown in the previous section, the island
structure is determined byψk andΦk. Since the separatrix
is determined byC = 1, the characteristic time is the time
in whichC becomes 1 by collisions.

The energy, W, and the magnetic moment,µm, of the
particle are conserved in collisionless cases and these are
changed by Coulomb collisions. The time evolution of the
average and variance of W and sin2 ζ = (v⊥/v)2 = µmB/W
(ζ is the pitch angle) by collisions is represented by the
slowing-down time,τs, the deflection time,τd, and the
energy-exchange time,τε, by taking emsemble average.
Parameters,φ, ψ, Φk andψk, which determine theC value
of the particle, is changed by the change in W and sin2 ζ,
then a change inC is occured. A change in the position of
the particle by collisions brings a change inC,

∆Cφ = − sin(Nφ + Φk)N∆φ, (10)

∆Cψ = ±(2/∆p)
√

C − cos(Nφ + Φk)∆ψ, (11)

where± is corresponds to each case,ψ > ψk andψ < ψk.
When the toroidal angle of the banana tip varies, a phase
difference to the map is occured andC is changed. While
a change of the resonance surface,ψk, and the phase,Φk,
of the island by collision bring a change inC,

∆CΦk =
[
(C − cos(Nφ + Φk)) tan(Φk − π/4)

− sin(Nφ + Φk)
]
∆Φk, (12)

∆Cψk = ∓(2/∆p)
√

C − cos(Nφ + Φk)∆ψk. (13)

Since the contribution of the change inψ and ψk to a
change inC depends on the width of the island, the rip-
ple strengthγ and the spatial change in the toroidal pre-
cession,∂φp/∂ψ, are important. Whenφp is changed by
collisions, resonance surfaceψk moves to satisfy the reso-
nance condition (4). Since a change inψk becomes large
with the decrease of∂φp/∂ψ, the contribute ofψk de-
pends on∂φp/∂ψ while the analysis by Yushmanov [4]
is the case,∂φp/∂ψ = 0. In this paper, we consider the
magnetic configulation withψ/φp(∂φp/∂ψ) ≫ ε2S/Nq,
ε2φp/(Nq)2 ≪ N∆p(∂φp/∂ψ) < π/2

√
2 and collision times

with τd/τs≪ (Nq/ε)2∆p(∂φp/∂ψ)/φp, τd/τε ≪ 1.
As described above, a change in the orbitC by col-

lisions is described by the a change inW and sin2 ζ via a
change in the parameters,φ, ψ, Φk, andψk. Then the time
evolution of the average and the variance ofC is described

by collision times by taking the emsemble average. First,
we evaluate the time evolution of the average ofC by col-
lisions. The average of∆Cψ is zero because the change
in back and forth banana motion calncels each other. Be-
cause we consider the particles outside the separatrix in
this model,∆Cφ and the second term of∆CΦk are vanished
by taking average overφ. Then, the time evolution of av-
erage ofC is given by

d
dt

〈
〈C〉φ

〉
=

∓2
√

C + 1
∆p

E

√ 2
C + 1


+C tan(Φk − π/4)Nθb

∂q
∂ψ

)
φp

∂φp/∂ψ

1
τs
, (14)

where〈〉φ means average overφ, E(k) is the complete ellip-
tic integral of the first kind. bThe first term arises from the
change in the resonance surfaceψk and the second term
arises from the change in the width of the island by the
change inΦk. The characteristic time, in whichC becomes
unity is given by the inverse of Eq. (14),

τs
eff = (1−C)dt

/
d
〈
〈C〉φ

〉
. (15)

Next, we evaluate the time evolution of the vari-
ance ofC. With the conditionψ/φp(∂φp/∂ψ) ≫ ε2S/Nq
andε2φp/(Nq)2 ≪ N∆p(∂φp/∂ψ), the contribution of the〈
(∆Cψ)2

〉
and

〈
(∆Cψk)

2
〉

is much smaller than
〈
(∆CΦk)

2
〉
.

Moreover,
〈
(∆Cφ)2

〉
/
〈
(∆CΦk)

2
〉
∼ (φp/qε)2 is much less

than unity. Ignoringτε sinceτd ≪ τε, the time evolution
of the variance ofC is given by

d
dt

〈〈
(C − 〈C〉)2

〉
φ

〉
=

[(
C2 +

1
2

)
tan2(Φk − π/4)+

1
2

]
×

(
NqR0

r sinθb

)2 1
2

〈
sin2 2ζ

〉
b

1
τd
, (16)

where〈〉b means the average over the bounce time. The
main contributions are the changes in the width of the
island and in the phase, and these are caused by the
change inΦk. The particles onC spread to the separa-
trix, when the variance ofC changes 0 to (C − 1)2. Be-
cause ofψ/φp(∂φp/∂ψ) ≫ ε2S/Nq and ε2φp/(Nq)2 ≪
N∆p(∂φp/∂ψ), the change inC comes from the change in
ψ andψk is much smaller than the width of the island, then
the change in the averege ofC is much less than the change
in the variance ofC. Therfore the change in the average of
C can be ignored duringC spreads. Then the characteris-
tic time is given by (C − 1)2 over the rate of change atC,
Eq. (16),

τd
eff = (C − 1)2 dt

/
d
〈〈

(C − 〈C〉)2
〉
φ

〉
. (17)

The average ofC changes proportionally toτ−1
s and the

variance ofC changes proportionally toτ−1
d . However, as

mentioned above, the change inC by the change in the
variance ofC is dominant. Then the effective collision
frequendy isνeff = 1/τd

eff and the diffusion coefficient is
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evaluated byD ∼ ∆2
pνeff . In this diffusion model, diffu-

sion coefficient becomes small withC which corresponds
to the distance from the separatrix and the particles inside
the separatrix (−1 < C < 1) do not contribute to the diffu-
sion. Since, however, at the separatrix, the diffusion coeffi-
cient becomes infinity, other characteristic time determines
the peak of the diffusion.

We considered when a particle reachs a separatrix, it
can jump the width of an island so far. However, it takes
half a time in which particle rounds the island on a colli-
sionless orbit (τp) to jump the width of an island. Therefore
we assume the effective collision frequency is

νeff = 1/(τd
eff + τp/2). (18)

Hereτp is evaluated atψ − ψk = ∆p in the axisymmetric
field,

τp = 2πτb

/[
N∆p(∂φp/∂ψ)|ψk

]
(C ≤ 1) , (19)

whereτb is the bounce time. Then the diffusion coefficient
at the separatrix is evaluated,D ∼ ∆2

pνeff = ∆
2
p/(τp/2).

It has a dependenceD ∝ W and D ∝ γ1/2 since∆p ∝
W0, ∆p ∝ γ1/2 andτp ∝ W−1, τp ∝ γ−1. Meanwhile, the
dependence of diffusion coefficients becomesD ∝ W−3/2

and D ∝ γ when particles are away from the separatrix
because of the deflection timeτd ∝W3/2.

Fig. 2 also shows the comparison between above theo-
retical model (solid line) and the numerical results. In this
magnetic configulation,τp/2 ∼ 9τb and the peak of the dif-
fusion coefficients at the separatrix is about 1.0 m2/s. and
the main contribution to the change of C is the change of
the island width determined by Eq. (12). Thus particles of
C > 2(1/ cosΦk)2 − 1 can not enter inside the separatrix
since the island width is limited and cannot be extended
to all region by collisions. However trajectories on large
C can be changed to unity by the changes in the width of
the island and the phase in the theoretical model. Then
Eq. (17) has a finite value atC = ∞ and there is difference
between the theoretical model and the numerical results at
largeC in Fig. 2.

If the diffusion coefficients at the separatrix is deter-
mined byτp, it does not depend on the collision frequency.
Fig. 3 shows the dependence of the diffusion coefficients
on the plasma densisy (collision frequency). Except for
just outside the separatrix, diffusion coefficients are propo-
tional to the plasma density. However the diffusion coef-
ficients just outside the separatrix are independent of the
plasma density. Therefore the peak of the diffusion coeffi-
cients at the separatrix is considered to be determined by a
collisionless process, the physical mechanism for which is
left for future work.

4 Conclusions

The diffusion coefficients were found to have an M-shaped
energy dependence around resonance energies by the nu-
merical calculation and it was shown to be caused by the
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Fig. 3 The dependence of the diffusion coefficients (Fig. 2) on
the plasma density. The peak of the diffusion coefficients
at the separatrix do not depend on the plasma density.

collisionless orbit in the phase space. The ripple resonance
diffusion was analyezed by the theoretical model: step size
of the diffusion is about the width of the island,∆p and
characteristic time of the diffusion is the time in which
particles reach the separatrix by collisions. Concluding re-
marks are made as follows,

1. In the magnetic configuration withψ/φp(∂φp/∂ψ) ≫
ε2S/Nq andε2φp/(Nq)2 ≪ N∆p(∂φp/∂ψ) < π/2

√
2,

particles enter inside the separatrix, jump the island
then cause the large diffusion by collisions via the
change in the phase of the island, which has root in
the chage in the poloidal angle of the banana tip.

2. The peak of the diffusion coefficient at the separatrix
is determined by a collisionless process. Meanwhile,
the dependence of diffusion coefficients becomesD ∝
W−3/2 andD ∝ γ when particles are away from the
separatrix.
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Comparison of neutral particle flux decay times on the NBI plasmas 
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We compare the decay times of charge exchange neutral particle fluxes in various NBI plasmas after 
switching-off NBI by using the Compact Neutral Particle Analyzer in Large Helical Device. Here the decay times at 
co-, counter and perpendicular injections are observed at the magnetic axis of Rax=3.65. The decay times are 
determined mainly by the electron drag in tangential NBI. The decay time decreases by the weak magnetic field 
same as the simulation. The decay time at the perpendicular beam NBI is several – ten ms, which is less than one 
tens of that at the tangential injections. The decay time determined by the ion-ion collision, which is the main 
process of the energy loss and the pitch angle scattering at the injection energy of 40 keV, is about 10-20 ms. The 
observed decay times are still several times smaller than those values. The results are compared with the results 
from Angular Resolved Multi-Sight line neutral particle. 

 
Keywords: Loss cone, Chaotic region, Decay time, Compact Neutral Particle Analyzer, Angular Resolved 
Multi-Sight line neutral particle analyzer, LHD, NBI  

1. Introduction 
Helical Devices have plasma stabilities even if the 

plasma density is high, because the magnetic field to 
confine the plasma is created by the external coil current. 
Recently the high-density scenario [1] toward the 
achievement of Lawson criterion for the nuclear fusion 
has been proposed in Large Helical Device (LHD) [2]. In 
this scenario, the heat load at the first wall can be reduced 
because the plasma temperature can keep low although 
the plasma density is extremely high. However the loss 
particle in loss region, which reduces the plasma quality 
and damages the first wall, still remains in helical devices. 
In LHD, the loss cone is minimized by the magnetic 
configuration so as there is no loss cone within one third 
of the minor radius [3] at the high magnetic field and at 
the inner magnetic axis shift. In this design, all particles 
outer from the last magnetic surface are assumed to be 
lost. In real, some particles re-enter to the plasma 
although partially particles are lost by the enhanced 
charge exchange at the outer region of the plasma. There 
is also the chaotic region near the last magnetic surface, 
which consists of the un-closed magnetic field line [4]. 
The chaotic region actually can be relax the particle loss 
because the particle in this region can be alive with 
longer life-time than in the loss cone. 

From previous experiments in LHD, the loss cone is 
not serious for the high-energy particle confinement at 
the strong magnetic field and at inner magnetic shift 
indirectly by observation and simulation. Actually the 

energetic particle over 1 MeV, can be observed on the ion 
cyclotron heating plasma. This fact means there is not a 
big loss cone in LHD. Perpendicular neutral beam heating 
(NBI) [5] is applied to the perpendicular direction against 
the magnetic axis, where is near the loss cone (of the 
traditional prediction). However the NBI heating is 
successfully performed if the base plasma exists. 

The decay times of the neutral flux can provide to 
understand the loss mechanism indirectly. Here we 
discuss them at the switching-off the heating on different 
NBI directions. Each beam is individually used instead of 
the beam modulation overlapped base plasma [6] in order 
to obtain clear signals. The decay time consists of the 
classical atomic process and another loss mechanism. 
Therefore quick decay time may be due to additional loss 
mechanism. We also measure the loss cone directly by the 
Angular Resolved Multi-Sight line neutral particle 
analyzer (ARMS). The results are compared each other. 

 

2. Experimental Apparatus 
LHD has a toroidal mode number of m=10, and a 

helical mode number of l=2. The major and minor radius 
are 3.9 m, 0.6 m, respectively. The helical ripple is 0.25 
and the magnetic field is a maximum of 3 T. Although the 
standard magnetic axis is 3.75 m, it can be changed from 
3.4 m to 4.1 m by applying a vertical magnetic field. The 
maximum electron temperature of over 10 keV can be 
observed by using Thomson scattering and electron 
cyclotron emission. The electron density can be changed 
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from 0.01 to 1x1021 m-3. The density profile is measured 
with a multi-channel interferometer [7]. The stored 
energy is monitored by a magnetic probe. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

Time and energy resolved charge exchange neutral 
particle is measured by the Compact Neutral Particle 
Analyzer (CNPA) [8], which is installed in the 
perpendicular direction against LHD plasma near the 
mid-plane. CNPA is a traditional E//B particle analyzer 
with a diamond-like carbon film as a stripping foil, a 
permanent magnet for the energy analysis of particles and 
condenser plates for particle mass separation. Mainly 
hydrogen ions with the energy range from 0.8 to 168 keV 
can be observed using 40 rectangular channeltrons. 

It is determined that the spatial resolution is 5 cm 
using several apertures in the neutral particle flight. Time 
resolution is set to be 0.1 ms. 

ARMS is the silicon detector with different sight lines 

of 20 channels. It has the energy range from 20 keV to 
1000 keV with the energy resolution of few keV. The time 
resolution is 5 ms. A detail specification of ARMS is 
mentioned in the reference [9]. 
 
3. Experimental Results (CNPA)  

In experiments, the NBI plasmas are created at the 
same magnetic axis and various magnetic fields. The 
neutral particle flux is observed by CNPA when the 
NBIs#1-4 are applied. NBI#1 and #3 have the same 
tangential direction. NBI#2 is also a tangential injection 
although it is different direction from NBI#1 and 3. NBI#4 
is a perpendicular direction. Here we compare the neutral 
particle flux decay times when the co-, counter and 
perpendicular NBIs are applied at the magnetic axis of 
Rax=3.65 m. In simulation, the chaotic region is minimized 
and the energetic particle is well confined at Rax =3.65 m 
[4]. The decay time of the neutral particle flux with a 
certain energy, which is originated from NBI, is 
determined by the electron drag (at the high energy region), 
the charge exchange loss (at the middle and low energy 
regions), the pitch angle dispersion (which is occurred in 
low energy region), and the orbit loss in the loss cone or 
chaotic region. Former three effects may be independent 
on the injection direction of NBI. Therefore if there is large 
discrepancy of the decay times between the tangential and 
perpendicular injections, the orbit loss is the most probable 
candidate of the loss mechanism. 

Figure 1 shows the decay times in different magnetic 
fields. The difference between the beam directions can be 
found clearly. The energy loss time due to the electron drag 
τbe is given by [10] 
 

                                      (1) 
 
 
where, ε0, mb, me, Te, ne, Zb, e and lnΛ are the permittivity 
in vacuum, the beam ion mass, the electron mass, the 
electron temperature, the electron density, the beam charge 
state, the electron charge and the Coulomb logarithm, 
respectively. If the experimental parameters are chosen, the 
decay time is almost agreed with the energy loss time by 
the electron. This means the decay of the neutral particle is 
determined by the electron drag. When the magnetic field 
increases, the decay times in the tangential NBIs also 
increase. Two possibilities are proposed. One candidate is 
that the electron temperature is high because the good 
particle confinement can be achieved in the high magnetic 
field. Another possibility is that the chaotic region is 
narrow in the high magnetic field. 
  In the perpendicular NBI case, the decay time is from 
several ms to 10 ms. Here maximum injection energy is 40 
keV. Therefore the ion-ion collision is essential for the 
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Fig. 2. Comparison between τbe, τd and the
experimental results. τbe and τd can be obtained
from eqs. (1)-(4). 

Fig. 1. The magnetic field dependence of the
neutral flux decay time at Rax=3.65 m. Ctr, Co and
Perp mean the NBI injection direction against the
magnetic field, counter, co and perpendicular,
respectively. 
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energy relaxation and the pitch angle scattering. The 
neutral particle from the tangential NBI has uniform 
angular distribution when the particle injects to the CNPA. 
However we must be aware of the escape from the sight 
line because the sight line of CNPA is also perpendicular. 
The energy loss time τbi by the ion-ion collision is given by 
[10] 
 
                                           (2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
where Ab, Ai, mp, Vb, ni and Zi are the beam mass number, 
the plasma ion mass number, the proton mass, the beam 
velocity, the plasma ion density and the plasma ion charge 
state, respectively. For typical plasma parameters, the 
energy loss time by the plasma ion τbi is 100 ms. The value 
is too large than the experimental value. The ion-ion 
collision time τii for occurring the pitch angle is given by 
[11] 
     
                                     (3) 

 
For typical plasma parameters, ion-ion collision time τii is 
about 10 ms, which is smaller than τbi. This means the 
decay of the perpendicular NBI is determined mainly by 
the escaping from the sightline due to the ion-ion collision. 
Therefore the decay time τd is defined by the convolution 
of those times as, 
 

              (4)  
 

The perpendicular injected particle is lost from the sight 
line with the ion-ion collision time, and decays with the 
beam-ion decay time. The observed decay time is still 
slightly small than the calculation value.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 shows the comparison between the 

calculation of τbe (strait lines) and τd (broken lines) 
obtained from eqs. (1)-(4) and the experimental results. 
The experimental data areas are shown by the rectangular 
in Fig. 2. In τbe and τd, the experimental decay times both 

Fig. 3. The ARMS signal in NBI#4 plasma. The
intensity of the flux is colored. The analyzer is
covered from 70 to 100 degrees of the pitch angle. 

Fig. 4(a). Plasma density profiles at the
tangential NBI experiments. The penetration
depth of the background neutral depends on the
plasma density. 

Fig. 4(b). The ARMS signal in tangential NBI
plasma. To study the loss region, we compare
two signals of the different chords, No. 15
(non-loss), No. 19 (loss). 

Fig. 4(c). The spectra of ARMS signals in chords, 
No.15 and No.19. The spectra of two different chords 
are compared at the high- and low-density case. At 
less than 30 keV, the particle loss is large in the 
high-density plasma. 
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in the tangential and perpendicular NBIs are smaller than 
the calculated values. However it is not true that the most 
of particles are lost in the classical loss cone because the 
loss time should be several µs if there is a large loss cone. . 
The particle loss from the classical loss cone or chaotic 
region is not so large especially in the high magnetic field. 

 
4. Experimental Results (ARMS)  

Figure 3 shows the neutral particle angular 
distribution around the pitch angle of 90 degrees obtained 
by ARMS when the perpendicular NBI is applied. The 
horizontal and vertical velocities of the neutral particles are 
on the horizontal and vertical axes. Therefore the radial 
axis means the particle speed. The logarithmic flux of the 
particle is colored. 

In Fig. 3, the flux near 90 degrees is observed slightly 
intensive but broad because the NBI is applied to the 
perpendicular direction. This means the trapped particle 
near 90 degrees is well confined. The particle, which is 
injected to the perpendicular, is decreasing its energy and 
pitch angle by the ion-ion collision. In decreasing of the 
total particle flux over 15 keV at the pitch angle of 85 
degrees or less, the effect from the loss cone or loss from 
the chaotic region may be involved. The uniform angular 
distribution can be obtained from short ion-ion collision 
time of 10 ms. 

Figure 4 shows the pitch angle distribution when the 
tangential NBI is applied. When the tangential NBI is 
applied, the beam energy decreases by the electron drag, it 
has the large pitch angle at the low energy by the beam ion 
collision. Therefore the angular distribution of the beam is 
uniform at the low energy. However we find that the beam 
with the pitch angle over the 85 degrees strongly decreases 
(dent) from the measurement by ARMS. This suggests 
there is the loss region around there. 

It is very important to know where is the loss region 
and it is serious or not. For this purpose, we check the 
change of the dent near the pitch angle of 85 degrees by the 
plasma density. Figure 4(a) shows the density profiles of 
two different discharges with same NBI heating. Here we 
assume that the dent is due to the particle loss from the loss 
region. Usually the dent should change by the electric field 
in the plasma. The negative electric field enhances the loss, 
this means, makes deep dent. If the plasma density is high, 
the electric field becomes negative [12]. Therefore the dent 
should be deep. But the dependence between the density 
and electric field is not so strong at the density over 10-19 
m-3. Actually at Fig. 4(a), the electric fields may be almost 
the same. On the other hand, the flux will decrease because 
the background neutral, which is source of the charge 
exchange, cannot invade to the plasma at high-density case. 
The fluxes at the high and low-density plasmas come from 
the plasma outer and the whole region, respectively. 

Therefore by the comparison of the flux from between the 
high- and low-density plasma, we can estimate where the 
charge exchange occurs. Figure 4(b) shows the spectra of 
two different sight lines at the high and low-density 
plasmas. At one sight line (No.15), the energetic particle is 
well confined. Another sight line (No. 19) reflects the loss 
region. We compare the discrepancy between the No.15 
and No.19 at the high- and low- density plasmas. The 
discrepancy at the high-density plasma is larger than that at 
the low-density plasma. This means that the loss region is 
localized at the outer plasma. According to Aurora code 
calculation [13], the penetration depth of the background 
neutral is changed at ρ=1/3. Therefore there may be the 
loss region out of ρ=1/3 same as the original design of 
LHD. 

 
5. Summary 

We compare the flux decay times from CNPA at the 
end of NBIs. In co- and counter- tangential NBIs, the 
decay times are determined by the electron drag. The decay 
time is smaller than the escaping time from the sight line, 
which is determined by the ion-ion collision. But it is long 
enough than the specific time by the loss cone. This means 
part of the particles are lost. For checking this, we observe 
the angular distribution of the neutral flux by using ARMS. 
The loss region can be seen near 85 degrees. To specify the 
position of the loss region, we compare the angular 
distributions at different density plasmas. The loss region 
may be localized near the plasma edge. This means the loss 
region is not serious especially at the high magnetic field. 
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Analysis of particle orbits in spherical tokamak-stellarator 

hybrid system (TOKASTAR) and experiments in 

Compact-TOKASTAR device 
Y. Taira, K. Yamazaki, H. Arimoto, T. Oishi, T. Shoji  

Department of Energy Engineering and Science, Nagoya University, Furo-cho, Chikusa-ku, 
 Nagoya, Japan 

 

A compact spherical tokamak-stellarator hybrid system TOKASTAR was proposed, and particle orbit analysis in this 

configuration has been carried out.  In the original configuration, the average rotational transform is rather small, and 

several improved configurations were evaluated. The confinement improvement of fast particles was clarified. For the 

experimental demonstration of this configuration concept, a Compact-TOKASTAR device (C-TOKASTAR) was 

constructed, and the existence of these magnetic surfaces was suggested using an electron-emission impedance method. 

 
Keywords: TOKASTAR, tokamak, stellarator, hybrid system, magnetic surface, particle orbit    

1. Introduction 
A tokamak magnetic configuration system is widely 

accepted as a future attractive toroidal fusion reactor, 
because of axisymmetric simple coil configuration, and 
good plasma confinement properties. It has smaller and 
more compact coil system than the helical coil system. 
However, to operate in steady state, external power for 
plasma current drive is required and the risk of plasma 
current disruption should be considered. On the other 
hand, helical magnetic confinement systems are superior 
to tokamaks for steady-state operation and possible 
disruption-free operations, but non-axisymmetric 
configuration properties give rise to the loss of fast ions. 
Here, a compact spherical tokamak-stellarator hybrid 
system TOKASTAR was proposed1,2, which has a 
compact and simple coil system and natural diverter3. 
In this paper, we evaluated characteristics of particle 

orbit confinement in a Compact-TOKASTAR device 
(C-TOKASTAR). Figure 1 shows the C-TOKASTAR 
concept with toroidal number N=2. Two helical coils are 
combined at center of the system and one pair of poloidal 
coils is installed outside of helical coils to cancel vertical 
magnetic field made by helical coils. Plasma can be 
confined in this system and a natural divertor surface 
exits outside  the last closed magnetic surfaces [3]. 

2. Method of calculation 
In the configuration analysis, magnetic field tracing 

code HSD (helical system design) is used to calculate 
vacuum magnetic surfaces. We define coil configuration 
and its electric coil current as input parameters, and  

calculate magnetic field lines by the Biot-savart’s law in 
the HSD code. The guiding-center orbit theory is used to 
calculate the orbit trajectory of fast ions. The 
guiding-center equation which we used in this research is 
as follows;               
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Fig.1 N=2 TOKASTAR Concept 
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3.  Analysis of magnetic surface and particle 
confinement in TOKASTAR system 

Figure 2 shows a schematic drawing of the analysis 
layout in the case of circular magnetic surfaces. Here, θ is 
poloidal angle, r is minor radius of plasma, and R is 
major radius. In this figure we divided cross-sections into 
3 sections, “1/3 magnetic surface”, “2/3 magnetic 
surface” and “LCMFS (last closed magnetic field 
surface)” from magnetic axis in order. 

Fig.2  Layout of plasma analysis  
 

The average and local vacuum rotational transforms are 
shown in Figs. 3(a) and (b), respectively. The average 
vacuum rotational transform decreases as a function of 
small radius. The vacuum rotation transform of the present  

 

 

 

 
 
 
 
 
 

TOKASTAR system is smaller than 0.14 which might be a 
critical value of disruption-free operations. Moreover in 
Fig. 3(b), we can see the vacuum rotational transform is 
very small on the inner side of the system (θ < 2rad, θ > 
2rad). The reason why the vacuum transform is small is 
TOKASTAR system does not have helical magnetic 
components inside this system. 

 Secondly, we studied confinement of fast ions in 
TOKATAR (Fig.4). The fast ions in LCMFS is confined 
(passing particles), and there are some ions which are 
localized in TOKASTAR system in pitch angle~90degrees 
domain. Moreover, in this research we show that there are 
many fast ions in random out of LCMFS which are passing 
or localized in TOKASTAR. The particle confinement 
comparisons with this N=2 TOKASTAR and the N=6 
standard heliotron configuration has already been done in 
ref.[4].     

Fig.4 Fast ion confinement diagram of TOKASTAR 
 
4. Proposal of improved TOKASTAR 

We showed in Sec.3 that C-TOKASTAR has a low 
vacuum rotational transform. In order to raise rotational 
transform we propose improved TOKASTAR which has 
helical component in the inner side of this system as 
shown in Fig.5. In this figure, we define ha and hb as 
outer helical radius and inner helical radius, respectively. 

Fig.5 Improved TOKASTAR  
with inner helical coil 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3(a)  Average vacuum rotational transform 

in TOKASTAR. Colored circles corresponds to Fig.2 
 

Fig.3(b)  Local rotational transform as a 

function of poloidal angle θ  in TOKASTAR 
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We clarify that with increase in the ratio hb/ha, the 
vacuum rotational transform improves (Fig.6). When 
hb/ha is 0.14, the rotational transform becomes ~0.1. But, 
with the increase in hb/ha, the plasma volume becomes 
smaller. When hb/ha is 0.14, the plasma small radius of 
improved TOKASTAR is 1/3 as large as that of 
TOKASTAR.    

 
Generally, when average vacuum rotational transform 

increases, the deviation ∆ between fast ions orbit and 
magnetic surface will decrease and, fast ions 
confinement can be improved. We confirm its 
relationship between the rotational transform and the 
shift ∆ (Fig.7). In Table 1, we show the effect of inner 
helical modifications on rotational transform increase 
and loss particle reduction in improved TOKASTAR 
systems.  In Fig.7, as the vacuum rotational transform 
increase, 2 ∆ /2a, ratio of the orbit shift ∆ and the plasma 
small radius a, is decrease. When the vacuum rotational 
transform is 0.092, the shift ∆ becomes nearly zero. As 
shown in Table 1, the increase in vacuum rotational 
transform leads to the improvement of fast ions 
confinement. When hb/ha is 0.14, a ratio of loss particles 
is about 8.3%. 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Average rotational transform as a function  

Secondly, we proposed improved TOKASTAR(3) 
which reduces magnetic ripple on the outer side of 
TOKASTAR system. As shown in Fig.8, a large outer 

Table 1 A ratio of loss particle in improved TOKASTAR 

 hb/ha 
vacuum rotational 

transform 

ratio of loss  

particles 

TOKASTAR 0 0.024 0.133 

Improved 

TOKASTAR #1 
0.071 0.041 0.127 

Improved 

TOKASTAR #2 
0.14 0.092 0.083 

 
coil system is adopted for this analysis. We move helical 
component away from plasma, and magnetic ripple σ 
decreases on the outside of this system (left figure of 
Fig.8). The comparisons between improved #3 and 
original configurations are as follows; 
  σ =0.007/0.09=0.078 (improved TOKASTAR #3), 

σ =0.76            (original TOKASTAR). 
 
We expected that the outer helical ripple reduction 

causes improvement of fast ions confinement, but the 
ratio of loss particles increase (66.1%). It is because when 
we reduce helical ripple component, vacuum rotational 
transform decreases at the same time. So the present 
model #3 is not effective to improve fast particle 
confinement.      

 
Fig.8 Improved model #3 (left), 

and its magnetic ripple as a function of θ (left). 

 
Thirdly, we proposed improved TOKASTAR #4 

which have 4 helical coils as shown in Fig.9. It has ultra 
low aspect ratio as 

A~2   (improved TOKASTAR #4), 
   A~2.7  (original TOKASTAR). 
 

Fig.9 model #4 TOKASTAR  
with N=4 symmetry.  

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Rotational transform in the improved 
TOKASTAR with central helical coil modification 
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5. Impedance method in C-TOKASTAR experiments 
In order to check the existence of magnetic surface in 

C-TOKASTAR device, an electron-emission impedance 
method is used. Table 2 shows parameters of 
C-TOKASTAR device with double 10-turn helical coils 
and a pair of 20-turn poloidal coils. As shown in Fig.10, 
we insert electron gun filament in C-TOKASTAR, and 
detect the electron current. When the magnetic surface is 
formed, the electrons go round magnetic surface and go 
out to the ground finally. So larger circuit impedance can 
be detected than that  when magnetic surface does not 
exist.  
 

Table 2 Parameters of C-TOKASTAR device 

 

Fig.10 Experimental layout of electron-emission 
impedance method in C-TOKASTAR 

 
In Fig. 11(a) and (b), we show result of impedance 

method. In Fig. 11(a), we light an electron gun filament 
for about 18min, and during that we change helical coil 
current (H(A/turn)) and poloidal coil current (P(A/turn)). 
In this experiment a bias power supply voltage is 9.4V. In 
this figure we also show magnetic surfaces analyzed by 
HSD. When H/P is 6~10, magnetic surfaces are formed. 
This result agrees with that analysis.  

In Fig.11(b), we first energize helical and poloidal 
coils and then light an electron gun filament, which turn 
is reversed from Fig.12. The electrons are emitted for 
about 30second per shot, and 9 shot results are shown in 
Fig. 11(b). In this experiment with bias voltage of 19.2V, 
we confirm an influence of a magnetic field. When H/P is 
10, the impedance becomes smallest. By this 
electron-emission impedance method, we can confirm 
influence of a magnetic field, and suggest the existence of 
magnetic surface.  
 

Fig.11(a)  Impedance method with quasi-steady electron 
emission by changing magnetic configuration 

 

Fig.11(b)  Impedance method with short electron 
emission in quasi-steady magnetic configuration 

 
6. Conclusion  

We analyzed fast particle orbit in a compact spherical 
tokamak-stellarator hybrid TOKASTAR. Several 
concepts with inner helical coils are proposed to improve 
particle confinement, and the particle loss reduction in is 
clarified. A miniature machine C-TOKASTAR was 
constructed and an electron-emission impedance method 
is applied for checking magnetic surfaces. We found by 
comparisons with HSD analysis that magnetic surfaces 
might be formed in this C-TOKASTAR device  
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Configuration optimization is carried out for the heliotron-type fusion energy reactor FFHR. One of the 
important issues is to find sufficient clearances between the ergodic region outside the nested magnetic surfaces and 
blankets at the inboard side of the torus so that direct loss of alpha particles is minimized and the heat flux on the 
first walls is reduced. Though the primary option is to have a fairly large major radius Rc of the helical coils to be 
~17 m in the present design, it has been found that equivalent clearances are obtained with Rc = 15 m by employing 
a lower helical pitch parameter and by splitting the helical coils in the poloidal cross-section at the outboard side of 
the torus. On the other hand, splitting the helical coils provides another modified configuration with Rc ~ 17 m that 
ensures magnetic well formation in the fairly large nested magnetic surfaces with outward shifted configurations. 
From the engineering viewpoint, we propose that such helical coils can be constructed by prefabricating half-pitch 
segments using high-temperature superconductors and the segments are to be assembled on site.  

 
Keywords: heliotron, FFHR, configuration optimization, split-type helical coils, high-temperature 
superconductor, segmented-type helical coils  

1. Introduction 
Based on the successful progress of fusion relevant 

plasma experiments in the Large Helical Device (LHD) [1], 
the conceptual design studies on the heliotron-type fusion 
energy reactor FFHR are being conducted both on physics 
and engineering issues [2]. For FFHR, a magnetic 
configuration similar to that of LHD is employed so that 
the confined plasma is net current-free with steady-state 
operations. Though configuration optimization is still being 
pursued, the present choice gives the major radius of 14-18 
m with the toroidal magnetic field of 6-4 T in order to 
generate ~3 GW of fusion power. The stored magnetic 
energy of the superconducting coil system should be in the 
range of 120-150 GJ.  

In these studies, the helical pitch parameter γ defined 
by (m/l)(ac/Rc) for continuous helical coils (having the 
toroidal pitch number m, poloidal pole number l, average 
minor radius ac and major radius Rc) has been chosen to be 
lower than 1.25 that was adopted for the present LHD. This 
choice is made for the purpose of ensuring a sufficient 
blanket space (thickness > 1 m) between the ergodic region 
of magnetic field lines (outside the nested magnetic 
surfaces) and the blankets [3]. At the same time, the lower 
γ reduces the electromagnetic hoop-forces on the helical 
coils. The configuration proposed in 2005, “FFHR-2m1”, 
has m = 10, l = 2, Rc = 14 m and ac = 3.22 m with γ = 1.15.  

One of the difficult issues with this configuration is 
the still observed interferences between the ergodic region 

and blankets especially at the inboard side of the torus. In 
order to reduce the heat flux on the blankets, the “helical 
x-point diverter (HXD)” was proposed [4]. However, this 
choice gives an extremely high heat flux on the limiter-like 
structures. Moreover, the confinement of alpha particles is 
deteriorated by cutting the magnetic field lines in the 
ergodic region where alpha particles are still confined.  

In this respect, two approaches are being considered 
to secure more sufficient clearances. One is to enlarge the 
major radius of the helical coils, and the latest design, 
“FFHR-2m2”, gives Rc = 17.33 m and ac = 4.02 m with γ = 
1.20. The vacuum magnetic surfaces of this configuration 
are shown in Fig. 1, and the blanket space of 0.95 m is 
secured at the inboard side. As shown in Fig. 1, the 
magnetic axis is shifted inward (located at Rp = 16.0 m) in 
order to have good particle confinement.  

The other approach is to find optimized magnetic 
configurations by modifying the winding laws of the 
helical coils. In this respect, we found that favorable 
configurations could be obtained by splitting the helical 
coils in the poloidal cross-section. The new configurations 
were named “FFHR-2S”, and two options of FFHR-2S, 
namely, “Type-I” and “Type-II” are proposed in this paper.  

From the engineering viewpoint, we also propose 
that such complicated helical coils with the continuous 
manner and huge size can be constructed by 
prefabricating half-pitch segments of the windings using 
high-temperature superconductors (HTS), and the 
segments are to be assembled on site.  
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Fig. 1 Vacuum magnetic surfaces at (a) the toroidal angle φ = 0° and (b) φ = 18°of FFHR-2m2 (Type-A) with Rc = 17.33 m, 
ac = 4.02 m and γ = 1.2. The magnetic axis is shifted inward at Rp = 16.0 m. (c) Plan view of the coils.  
 

 

Fig. 2 Vacuum magnetic surfaces at (a) the toroidal angle φ = 0° and (b) φ = 18° of FFHR-2S Type-I with Rc = 15.0 m, ac = 
3.0 m and γ = 1.0. The magnetic axis is at the center of the helical coils (Rp = 15.0 m). (c) Plan view of the coils.  

 

 

Fig. 3 Vacuum magnetic surfaces at (a) the toroidal angle φ = 0° and (b) φ = 18°of FFHR-2S Type II with Rc = 17.33 m, ac 
= 4.02 m and γ = 1.2. The magnetic axis is shifted outward at Rp = 18.0 m. (c) Plan view of the coils.  
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2. Proposal of split-type helical coils 
It was previously found that the symmetry of 

magnetic surfaces is significantly improved by increasing 
the current density of the helical coils at the inboard side of 
the torus while decreasing at the outboard side [5, 6]. This 
situation can be practically realized by splitting the helical 
coils in the poloidal cross-section at the outboard side. It 
should be reminded, on the other hand, that good 
symmetry of magnetic surfaces is usually obtained by 
shifting the magnetic axis inward with conventional 
heliotron magnetic configurations, like that of LHD.  

Here, we newly found that drastically large nested 
magnetic surfaces (or the plasma volume) can be obtained 
by the symmetry improvement with split-type helical coils 
even if the original configuration (without splitting the 
helical coils) possesses a fairly large ergodic region outside 
the relatively small nested magnetic surfaces. In this 
respect, we first found that sufficient clearances are 
obtained even with a smaller major radius of Rc = 15.0 m 
(than that of the standard configuration of FFHR-2m2 with 
Rc = 17.33 m) by splitting the helical coils and at the same 
time by reducing the helical pitch parameter to be as low as 
γ = 1.0 [7]. The vacuum magnetic surfaces of this 
configuration are shown in Fig. 2. The magnetic axis is 
located at the center of the helical coils and the blanket 
space of ~1 m is secured at the inboard side. Here we 
should note that such a low helical pitch parameter has 
never been examined so far, as it is well known that one is 
almost in the so-called forbidden-zone for generating 
magnetic surfaces with a l = 2 heliotron configuration [8]. 
We understand that the low helical pitch parameter is 
effective for compacting the separatrix while the splitting 
of helical coils at the outboard side ensures larger nested 
magnetic surfaces by the symmetry improvement. This 
configuration is named “FFHR-2S Type-I”. Owing to the 
smaller major radius, we design that the toroidal magnetic 
field is as high as 6 T, while it is 4.84 T for FFHR-2m2.  

We then found that split-type helical coils could 
provide another configuration based on the same concept 
of symmetry improvement. The FFHR-2m2 has the 
inward shifted magnetic surfaces, which ensures good 
particle confinement properties. On the other hand, it has 
been recently found in the LHD plasma experiments that 
high electron density is achieved with the “superdense 
core (SDC)” at outward shifted configurations [9]. 
However, one of the problems with this configuration is 
that the nested magnetic surfaces become considerably 
smaller than those at inward shifted cases. Here, we 
propose that fairly large nested magnetic surfaces can be 
obtained even with outward shifted configurations as we 
split the helical coils. Figure 3 shows an example of the 
vacuum magnetic surfaces with this concept, which is 
named “FFHR-2S Type-II”. The basic parameters of this 

configuration are the same as those for FFHR-2m2 except 
for the split-type helical coils, and the magnetic axis is 
located at Rp = 18.0 m where the toroidal magnetic field is 
4.3 T. Though the original configuration gives ~35% 
reduction of the average minor radius at Rp = 18.0 m 
compared to that at Rp = 16.0 m, it is only ~7% with 
FFHR-2S Type-II. Here, it should be noted that a similar 
idea had been previously proposed in [6].  

Figure 4 shows the radial profiles of rotational 
transform and magnetic well depth for three 
configurations: FFHR-2m2, FFHR-2S Type-I and 
FFHR-2S Type-II. As shown in Fig. 4, magnetic well is 
formed within the entire magnetic surfaces of FFHR-2S 
Type-II. On the other hand, the rotational transform as 
well as shear are lower with this case than those of other 
configurations. For all these configurations, the field 
properties including the plasma beta should be investigated 
in our future studies.  

We here note that split-type helical coils are useful not 
only for configuration optimization but also for some other 
purposes, such as injecting pellets and/or RF waves from 
the high field side through the gaps of helical coils at the 
outboard side. It is proposed in [10] that ICRF heating has 
good accessibility in case of FFHR-2S configurations.  
 

 
 

Fig. 4 Radial profiles of (a) rotational transform and (b) 
magnetic well depth for FFHR-2m2, FFHR-2S 
Type-I and FFHR-2S Type-II.  
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3. Proposal of segmented-type helical coils  
From the engineering viewpoint for realizing the 

complicated winding of split-type helical coils with the 
huge size of FFHR, here we propose “segmented-type” 
fabrication [11], which could drastically ease the 
construction process. As shown in Fig. 4 (b), we employ a 
number of joints between the half-pitch segments which 
are prefabricated separately. Here we also propose that 
high-temperature superconductors (HTS) are adopted with 
indirect-cooling scheme and the surplus refrigeration 
power operated at 20-30 K is effectively used to remove 
the joule heating generated by the joints between segments 
[12]. Our proposal is to employ RE123-based 
coated-conductors, and Fig. 3(a) shows a conductor design. 
Here, the HTS tapes are packed without transposition, and 
the bending strain is limited to be 0.05%. Good mechanical 
properties are secured also by using a stainless-steel jacket. 
It should be noted that we have successfully carried out 
proof-of-principle experiments of HTS conductors with 
10-15 kA critical current at 8 T and 20 K [12]. At the joint 
locations, the HTS conductors are cut in step-like 
structures, then overlapped and joined with 
superconducting sides facing each other [11].  

Since the HTS conductor has a large temperature 
margin, the temperature rise at a joint may not be a big 
concern in terms of the cryogenic stability. For a 
temperature rise of 5 K, the power density of 990 W/m3 
can be allowed, which means that a joint resistance of 3 nΩ 
is acceptable [11]. On the other hand, according to the joint 
resistance measured with single tapes, it is expected that 
the overall joint resistance of a 100 kA conductor can be as 
low as 0.06 nΩ, which requires only 300 kW of additional 
refrigeration power for the entire system. Moreover, helical 
coils assembled in segments may have a further possibility 
that they can be demountable for maintenance as was 
originally proposed in [13] with NbTi superconductors and 
more recently in [14] with HTS conductors.  
 

4. Summary  
Configuration optimization is being carried out for the 

heliotron-type fusion energy reactor FFHR by splitting the 
helical coils in the poloidal cross-section at the outboard 
side of the torus, which is effective in having good 
symmetry of magnetic surfaces. Together by choosing a 
low helical pitch parameter of γ = 1.0, the FFHR-2S Type-I 
configuration provides a smaller major radius of Rc = 15 m 
to secure sufficient blanket space of ~1 m which is 
equivalent with that obtained for FFHR-2m2 with Rc = 
17.33 m. On the other hand, by splitting the helical coils 
with the FFHR-2m2 design, the FFHR-2S Type-II 
configuration provides magnetic well formation in the 
entire region of the fairly large nested magnetic surfaces 
with outward shifted configurations. It is also proposed 

that continuous helical coils with such complicated 
structure can be assembled by prefabricating half-pitch 
segments using HTS conductors.  
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Fig. 5 (a) Conceptual design of an HTS superconductor 

with 100 kA current capacity and (b) illustrative 
image of segmented-type helical coils.  
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We compared several fusion rectors from the view point of CO2 emission amount. Magnetic confinement 
systems we evaluated are Tokamak Reactor (TR), Helical Reactor (HR) and Spherical Tokamak reactor (ST). These 
models are calculated by Physics Engineering Cost (PEC) code. Parameters of Inertial confinement fusion Reactor 
(IR) is simply calculated by given pellet gains. In addition, different blanket modules and fuels are considered in 
TR designs. To calculate CO2 emission amount of fusion reactor defined by plasma parameters and radial build, we 
used basic unit for CO2 weights (k-t-CO2/t-material). Calculation results indicate that CO2 is the most emitted from 
the construction stage of coil systems for magnetic confinement fusion reactors. For the IR design, the construction 
stage of driver system and pellet purification stages involve much CO2 emission. By comparing fusion reactors with 
other power generation systems from the view point of CO2 emission amount, we confirmed that fusion reactor 
emits less CO2. Therefore, there is little influence on economics of fusion reactors by introducing carbon tax. 

 
Keywords: Tokamak Reactor (TR), Helical Reactor (HR), Spherical Tokamak reactor (ST), Inertial 

confinement fusion Reactor (IR), blanket, CO2 emission amount, Cost Of Electricity (COE) 

1. Introduction 
Fusion reactor is expected to be one of abundant 

energy resources in the future. However there are many 
technological problems to be solved. In addition it is 
essential to assess safety, economics and environmental 
burden of fusion reactor. In this paper we calculated the 
Cost Of Electricity (COE) and CO2 emission amount for 
several types of fusion reactors. And to assess economics 
and environmental issues at once, we considered the case 
of introduction of carbon tax. 
 

2. Assessment procedure 
Confinement systems we evaluated here are three 

types of magnetic confinement fusion reactors (Tokamak 
Reactor (TR), Helical Reactor (HR) and Spherical 
Tokamak reactor (ST)) and Inertial confinement fusion 
Reactor (IR). Several blanket modules and fuel systems 
(D-T or D-3He) are considered in TR. We used Physics 
Engineering Cost code (PEC code) [1, 2] to calculate COE 
of magnetic confinement fusion reactors. PEC code is a 
code which calculates plasma parameters and radial build 
of fusion reactor with input parameters such as net electric 
power output and ignition margin. 

The calculation flow of IR parameter is shown in 
Fig.1. Driver systems quoted here are Kr-F laser of 
SIRIUS-P [3] (driver energy is 3.4 MJ with 7.5% 
efficiency) and heavy ion beam (HIB) [4] (driver energy is 
7 MJ with 20.4% efficiency). Repetition rate is calculated 

by given driver energy and pellet gain. Chamber size is 
approximated by some other reactor designs [3, 4]. Cost of 
plant systems except for driver system and pellet 
production are calculated by the same scaling as PEC code. 
Driver system and pellet production cost are given by the 
scaling described in Ref. [4]. 

To estimate CO2 emission amounts, we used basic 
unit for CO2 weight (k-t-CO2/t-material) [2, 5, 6]. CO2 
emissions from mining, transport and fabrication are 
included in this factor. 
 

3. Assessment models 
Models of confinement systems and blanket models 

adopted here are explained below. To compare all of fusion 

input

assumption of tblanket & Rp

driver system

power balance

Pe,net = Ptarget

calculation of radial build

 
Fig.1  Calculation flow of IR. 
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reactors under the same conditions, 1000MWe net electric 
power output, 30 years operation period and 0.75 
utilization factor are assumed. 

In the reference case normalized beta value (average 
beta value for HR) is determined by the technical 
performance of reactor models which is considered now. 
When TR employs D-3He fuel, high temperature and high 
maximum toroidal field is required to design sufficiency 
compact and economical reactor. So D-3He fuel reactor is 
assumed to have high performances (high temperate, 
magnetic field and beta). Because of the low neutron 
generation rate of D-3He fuel, we assumed that there is no 
blanket exchange during D-3He fuel fusion reactors. Main 
parameters of magnetic confinement fusion reactors 
calculated by PEC code are listed in Table1. 

 Pellet gain of IR is given as an input in our 
calculation. And pellet gain is selected same value for Kr-F 
laser system reactor and HIB reactor. Li breeder liquid wall 
chamber is adapted to IR and we assumed that there is no 
blanket exchange during its operation period. The main 

parameter of the reference case of IR is listed in Table2. 
Blanket modules we adapted to TR are Li breeder 

with V structural material blanket (Li/V), Flibe breeder 
with ferrite steel structural material blanket (Flibe/FS), 
LiPb breeder with SiC structural material blanket 
(LiPb/SiC), Li2O breeder with SiC structural material 
blanket (Li2O/SiC) and fission fusion hybrid (F-F hybrid) 
blanket [7]. There is UO2 in F-F hybrid blanket model so 
its neutron energy multiplication rate is very high (We 
assumed 6.0). Each model has a difference in thermal 
efficiency and wall life time in PEC code [2]. Main 
parameter of the TR reactor which has different blanket is 
shown in Table3. 
 

4. Results 
The CO2 calculation results of reference fusion 

reactors are shown in Fig.2. The coil construction phase is 
the most CO2 emitting stage of magnetic confinement 
fusion reactors. CO2 emission amounts from coil system 
construction account for 10%, 8% and 20% of lifetime 
CO2 emission amount of TR, ST and HR, respectively. HR 
and D-3He fuelled TR needs rather larger coil than D-T 
fuelled TR and ST, and more CO2 are emitted at the Fusion 
Island (FI) construction stage. ST needs more 
re-circulating power including ohm loss at the normal 
conducting coil, and more CO2 are emitted at the Balance 
Of Plant (BOP) construction stage. On the contrary, HR 
requires less re-circulating power, and less CO2 is emitted 
at the BOP construction stage. Dependence of CO2 
emission amount and plasma major radius on beta value is 
shown in Fig.3. The achievement of higher beta value 
leads to more compact system and less CO2 emission. 

CO2 emission amounts of tokamak reactors with 
different blanket module are shown in Fig.4. Thermal 
efficiency is an influential factor to design fusion reactor. A 

Table1 Main parameters of several magnetic confinement 
fusion reactors calculated by PEC code 

ST HR
confinment scaling ISS mode

fuel D-T D-
3
He D-T D-T

normalized β value βN

average β value <β>　(%)
* βN=4 βN=6 βN=6 <β>=4%

Aspect ratio <A>
* 3.5 3.5 1.6 7.8

Average temperature <T> (keV)
* 15 42.5 15 10

Plasma major radius Rp (m) 6.3 13.9 4.3 14.9
Toroidal field Bt (T) 6.2 8.4 2.5 4.7
Total fusion power Pfus (MW) 3478 4823 4188 2346

Average density <n> (10
20

/m
3
) 1.5 1.5 1.0 1.0

* input parameter

TR
ITER Elmy H mode

 

Table2 Main parameters of inertial confinement fusion 
reactors. Driver systems considered here are Kr-F 
laser system and Heavy Ion Beam (HIB). 

laser system Kr-F HIB

Driver energy (MJ)
* 3.4 7

Driver efficiency
* 0.075 0.206

Pellet gain
* 120 120

Repetition rate frep(Hz) 6.5 2.7
Chamber size Rfw (m) 4.4 5.8
Total fusion power Pfus (MW) 2644 2260

* input parameter  

Table.3 Several blanket parameters in TR design 

Blanket module  Li/V  Flibe/FS  LiPb/SiC  Li2O/SiC
 F-F
hybrid

Thermal efficiency* 0.46 0.4 0.5 0.49 0.4

FW/Blanket lifetime  Wlife  (MWy/m2)* 18 15 20 20 15

Toroidal field Bt (T) 6.1 6.2 6.1 5.9 4.7

Total fusion power Pfus (MW) 2909 3478 2618 2682 592

Thickness of FW/Blanket tblanket (m) 0.4 0.6 0.8 0.5 0.9

Thickness of shield tshield (m) 0.8 0.7 0.4 0.8 0.6

Neutron wall load Lwall (MW/m2) 3.0 3.3 2.8 2.7 0.9

* input parameters 

0 5 10 15

 TR

 HR

 ST

 TR(D-3He)

 IR(Kr-F)

 IR(HIB)

Exchange blanket

Fuel cyclce
decommission

Operation
Balance Of Plant (BOP)
Fusion Island(FI)

g-CO2/kWh  
Fig.2  CO2 emission amount of several fusion reactors. 
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higher thermal efficiency model, such as LiPb/SiC or 
Li2O/SiC model, can give rise to more compact system and 
less CO2 emission than other blanket models. Vanadium 
needs much electric power to fabricate, so the CO2 
emission amount of Li/V blanket model is rather higher 
than others. F-F hybrid blanket model modify FI 
requirements because of its high neutron multiply factor. 
Therefore it is possible to construct with lower cost and 
less CO2 emission amount. But there exists another 
problem; high level radioactive waste disposal. 

Driver construction stage is the most CO2 emitting 
stage of IR. Additionally IR emits more CO2 than magnetic 
confinement fusion reactor at the fuel cycle stage. However, 
total CO2 emission amount from IR is lower than that from 
magnetic confinement fusion reactors because of its 
compactness and the assumption that no blanket exchange 
is required during its operation period. Dependence of CO2 
emission amount, laser repetition rate and chamber size on 

pellet gain is shown in Fig.5. When pellet gain is low, high 
laser repetition rate is necessary to attain desired net 
electric power. High laser repetition rate requires many 
pellets, and CO2 emission during fuel cycle is increased. 
Whereas, when high pellet gain is assumed, large chamber 
size is necessary to tolerate high fusion heat pulse. 

Figure 6 shows the comparison of fusion power pants 
and other power generation systems from the view point of 
COE and CO2 emission amount. Fusion reactors emit less 
CO2 than other conventional power plants do [6]. When 
comparing fusion reactor with atomic power plant, atomic 
power plant emits more CO2 in its fuel cycle. Atomic 
power plant needs uranium concentration, whereas fusion 
power plant needs tritium separation. In this paper, tritium 
separation of fusion reactor is optimistically evaluated, so 
it might be necessary to reconsider it well. 

COE of fusion reactor and other power plants in the 
case of carbon tax introduction is shown in Fig.7. CO2 
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Fig.3  Dependence of CO2 emission amount and plasma 

major radius on beta value. 
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Fig.4 CO2 emission amount, Cost Of Electricity (COE) 

and plasma major radius Rp of several TR designs 
with different blanket modules. 
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Fig.5  Dependence of CO2 emission amount, laser 

repetition rate and chamber size on pellet gain. 
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emission amount from fusion reactor during its life time is 
far less than those from thermal power plants. Introduction 
of carbon tax has little impact on COE of fusion reactors 
alike conventional clean energy recourses like solar and 
wind power etc. Carbon taxes assumed here are 1350, 3808,   
655 and 2300 yen/kWh (actual example of Norway, actual 
example of Sweden, a plan of Japanese environment 
ministry and recommendation of Central Research Institute 
of Electric Power Industry [8], respectively.)  

 

5. Conclusion 
We calculated CO2 emission amount from various 

fusion reactors including inertial confinement fusion 
reactor. CO2 is emitted mainly at the magnet system 
construction stage for magnetic confinement fusion 
reactors. So HR and D-3He fuelled fusion reactors with 
bigger magnet system emits more CO2 during its 
construction stage. FI of ST is so compact that CO2 is less 
emitted during its construction, but BOP construction stage 
involves much CO2 emission because of its large 
re-circulating power. For inertial confinement fusion 
reactors CO2 is emitted mainly at the driver system 
construction stage. The chamber size and quantity of pellet 
decided by repetition rate are also strongly related to CO2 
emission amount. After comparing fusion reactors with 
other power generation systems from the view point of 
CO2 emission amount, we conclude that fusion reactor 
emits less CO2. There is little influence on economics of 
fusion reactors even by introducing carbon tax. 
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Development of System Design Code for Heliotron Reactor 
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Heliotron reactors inherently have suitable properties for a DEMO reactor; no need of current drive power, 
easiness in steady state operation. To clarify a possible path to the DEMO reactor with utilizing such properties of 
heliotron reactors, system design code for heliotron reactors is being developed. Assuming the use for sensitivity 
analysis over a wide design space, computational time needs to be reduced as much as possible. Whereas 
calculation of an equilibrium magnetic surface, which requires long computational time including numerical 
integral, is indispensable to obtain several key engineering and physics variables in a system design. Here magnetic 
field configuration of heliotron system is considered to be described by geometric configuration of helical coil only. 
Thus it is expected that magnetic field configuration can be estimated by some empirical scaling laws and 
approximation formulae. In this paper, current status and some technical issues of code development are reviewed.  

 
Keywords: heliotoron reactor, system design code, simplified calculation method, scaling law  

1. Introduction 
The construction of international thermonuclear 

experimental reactor (ITER) has been started and the 
development of fusion energy source now enters into a 
quite important phase in which controlled and continuous 
fusion burn is demonstrated. Then the detailed design 
study of a DEMO reactor, which succeeds to ITER, should 
be started in the near future. Helical system, which 
confines plasma by the magnetic field generated by 
external conductors only, inherently has suitable properties 
for a DEMO reactor; no need of current drive power, 
easiness in a steady state operation. Thus it is quite 
meaningful to clarify a possible path to the DEMO reactor 
that fully utilizes such properties. The study of helical 
system parallel to tokamak is also important from the 
viewpoint of maintaining flexible developmental strategy 
of fusion energy.  

Generally, sensitivity analysis over a wide design 
space is an effective way to clarify the design direction of a 
reactor system. Helical system, however, has high degree 
of freedom in its design and requires the consideration of 
complicated three-dimensional effects and fast calculation 
with simple formulae is difficult. Thus system design code 
for helical system has not yet been built except for the use 
in the optimization study within a limited design space. 
Whereas, heliotron system, which uses 2 continuous 
helical coils for the plasma confinement, has achieved 
excellent plasma properties through the experimental 
studies by Large Helical Device (LHD) [1], and the design 
of a DEMO reactor can be extrapolated from these 
achievements. Thus design study of a DEMO reactor with 
heliotron system is quite significant. We can reduce a 
degree of freedom in design by specializing for heliotron 

reactors. The probable design space has been also 
narrowed down through the past experimental studies. In 
such a restricted area, we can obtain a valid estimation of 
the reactor performance by using several empirical scaling 
laws or approximation formulae. Then it becomes possible 
to build a system design code for heliotron reactors. In this 
paper, current situation and several critical issues of code 
development are reviewed.  
 

2. Application and Required Performance of 
System Code 

As described in the previous section, we assume the 
use of a system design code for sensitivity analyses over a 
wide design space. Then system code needs to be able to 
calculate core plasma performance, engineering design 
criteria, and plant performance (i.e., electric power output, 
cost, the amount of radioactive waste, etc.) simultaneously 
and with a consistent manner. Whereas computational time 
is required to be reduced as much as possible. Since 
scanning of 6 patterns of each 6 parameters yield 46,656 
design points and only 3 patterns of 10 parameters yield 
59,049. Then the computational time per one parameter set 
point is limited to be <1 sec to carry out a parametric scan 
with sufficient design points (more than 100,000) within 
reasonable computational time (e.g., about a day). 
However, in heliotron system, the position, shape, and 
current of helical and poloidal coils are the critical factors 
that determine its design feasibility. For example, the 
information of magnetic surface structure including 
ergodic layer is indispensable for the blanket and shield 
design. The design of vacuum vessel also cannot be fixed 
without the information of divertor strike points. Magnetic 
surface structure can be changed by adjusting position and 
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current of poloidal coils. But its degree of freedom is also 
limited by stored magnetic energy of the coil system. Then 
we need to consider these effects even in preliminary phase 
of the parametric scan to find viable design points. Though 
it is not described in this paper, we also need to consider 
feasibility of the sufficient TBR (tritium breeding ratio) 
achievement, the effect of maintenance time and frequency 
on plant availability, and operation scenario including 
transient phase (e.g., plasma lump-up and shutdown).  
 

3. Simplified Calculation Method 
In the system design of heliotron system, magnetic 

field calculation is necessary to get several important 
parameters (e.g., maximum field on coil, minimum minor 
plasma radius, etc.). However, it requires significant 
computational time because it cannot be solved 
analytically and needs numerical integral. Here we only 
need a moderate accuracy of the calculation result for the 
application in a parametric scan. The vacuum magnetic 
field configuration is uniquely determined by the coil 
geometric configuration and simplified calculation (e.g., 
approximation formula and inter- or extrapolation of 
tabulated data) can yield the sufficient accuracy. In the 
following, a brief description of such simplified 
calculation methods is given.  

 

3.1 Magnetic filed ratio scaling  
The estimation of the maximum magnetic field on coil 

Bmax and average toroidal field on magnetic axis <B0> with 
reasonable accuracy is indispensable in a system design. 
<B0> of tokamak system can be easily calculated from   
Bmax and shape of toroidal field coil by using a simple 1/R 
scaling. Whereas <B0> of heliotron system can be obtained 
by Ampere’s law as 

c

c0
0 2 R

mI
B

π
µ

=                             (1) 

where µ0, m, Ic, Rc are vacuum magnetic permeability, 
toroidal pitch number, helical coil current, and helical coil 
major radius. But Bmax of heliotron system cannot be 
calculated by an analytical way. Here the ratio of these 2 
parameters Bmax/<B0> is a non-dimensional parameter and 
determined by coil geometric configuration only. Thus the 
magnetic field ratio can be described by a function of 
several non-dimensional parameters related to geometric 
factors. Such scaling law has already been proposed by 
Yamazaki in the design optimization of Large Heclical 
Device (LHD) [2] as: 

05.0
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where jc is helical coil current density and γc is helical pitch 
parameter ( )ccc Rma l=γ . This scaling well reproduces 
the magnetic field ratio of heliotron system that has similar 

coil shape to LHD. However, it cannot reproduce that of 
recent designed heliotron reactors; FFHR-2m1 and 
FFHR-2m2 [3]. This is because that the coil cross-sectional 
shape of FFHR series is different from that of LHD. Thus 
we tried to build a new magnetic ratio scaling law 
including this effect. If we assume 2 helical coils has the 
same rectangular cross-section, the geometrical 
configuration of helical coils is uniquely determined when 
the following parameters are given; Rc, m, coil minor 
radius ac, pitch modulation parameter α, coil 
cross-sectional area Sc, and the ratio of coil width to height 
x=W/H. After some consideration, we selected 5 
non-dimensional parameters: m, α, γc, the parameter 
defined as cc RS≡ζ , and the parameter related to the 

maximum field on infinite-length linear conductor with 
rectangular cross-section;            
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Then we calculated magnetic field ratio of various 
heliotron system by using finite volume current element 
code developed based on Todoroki’s theory [4] and carried 
out regression analysis of the result. Here we assumed that 
poloidal coils were located at each vertex of the rectangle 
that has the inscribed circle with the same radius as the 
outer edge of the helical coil; ac+H/2.. According to the 
result of regression analysis, we proposed magnetic ratio 
scaling as following; 

( ) 815.0796.0156.0
c

853.0117.0

0

max 185.0 −−−+= ζξγα m
B

B .(3) 

As shown in Fig. 1, this scaling well reproduce the 
magnetic field ratio calculated by finite volume current 
element code within 2% error over wide range of design 
parameters: ,4.11,)12,10,8(,204 cc ≤≤=≤≤ γmR  

21,107.0,2.02.0 ≤≤≤≤≤≤− ξζα . 

 
Fig.1  Comparison of magnetic field ratio estimated 

by the proposed scaling (eq. (3)) and the 
calculation result by finite volume current 

element code.. 
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3.2 Calculation of Vacuum Magnetic Surface  
To achieve fast calculation in evaluation of plasma 

performance, we consider the use of ISS (International 
Stellarator Scaling) [5,6]. ISS scaling law consists of  
average plasma minor radius <ap>, major radius of last 
closed flux surface (LCFS) Rgeo, average toroidal field 
strength Bt, rotational transform ι at normalized radius of 
ρ=2/3. To obtain these parameters, calculation of an 
equilibrium magnetic surface is indispensable. But 
calculation of a magnetic surface needs filed line tracing, 
which requires long computational time. Whereas 
magnetic field structures including ergodic layer generated 
by similar shape 2 coils are always similar to each other. 
Thus it is expected that parameters related to magnetic 
configuration can be obtained by inter- or extrapolation of 
database generated by the detailed calculation with several 
data points.   

To calculate equilibrium magnetic field, the location 
and current of poloidal coils needs to be determined. 
Helical coil inevitably generate net vertical field in plasma 
confinement region. This vertical field is canceled out by 
poloidal coils symmetrically located against the equatorial 
plane. Generally two pairs of helical coils, one is located at 
inner side of torus and the other at outer side, are used to 
reduce leakage field. Then 6 parameters, radius, height and 
current of inner and outer poloidal coil, needs to be 
determined. For simplicity, here we assumed inner and 
outer poloidal coil has same height and located on the 
circle that shares its center with helical coil winding center. 
Then the location of poloidal coil is fixed by two 
parameters, the radius of circle RPC and angle between 
outer poloidal coil and equatorial plane θPC (see Fig. 2). 
Once the locations of poloidal coils are given, there 
remains two degree of freedom; currents of inner and outer 
poloidal coil. There are two main parameters used to 
determine the current of poloidal coils: cancellation of 
dipole field generated by helical coil (BD), that of 
quadrapole field (BQ). BD value coincides to the shift of 
vacuum magnetic axis. Here we gave BD value and BQ 
was fixed to be 100%. And RPC and θPC are selected to 
maximize the volume enclosed by the last closed flux 
surface.  

Table I shows the comparison of the parameter set of 
LHD at several magnetic axis positions with the 
calculation result obtained by the interpolation of database. 
This database is generated by the detailed calculation with 
parameter set: γc=1.1, 1.2, 1.3 and ζ=0.07, 0.08, 0.09, 1.0. 
As shown in the table, the parameters of LHD with 
magnetic axis position Rax=3.9m and 3.75m (coincides to 
the BD values of 96.01% and 101.84%) were reasonably 
reproduced. But the parameters of LHD with Rax=3.6m 
deviate from the result of equilibrium magnetic surface 
calculation. One reason of this deviation is the difference in 

the position of poloidal coils. In the case of BD=107.91%, 
the difference in current and position of poloidal coils from 
those of LHD is larger than the other cases. The largest 
deviation of magnetic axis position also shows this 
difference. Another reason is that the position and current 
of poloidal coils have not been fully optimized. The 
magnetic field generated by helical coil is monotonous 
function of coil geometric parameters. However, magnetic 
field structure around LCFS strongly depends on the 
position and current of poloidal coils. Then the volume 
enclosed by LCFS varies non-monotonically with the coil 
geometrical configuration. Therefore, the design of 
poloidal coils need to be optimized to obtain a database 
that can serve consistent data at any design point by inter- 
or extrapolation.  
 
Table I  Comparison of parameters related to magnetic 
surface structure of LHD at several vacuum magnetic 
axis positions with the value obtained by interpolation of 
database. The values in left row are results of equilibrium 
magnetic surface calculation, those in right row are 
obtained by interpolation of database. 
 LHD 

Rax=3.9m 
LHD 
3.75m 

LHD 
3.6m 

BD 0.9601  1.0184  1.0791  
<ap> 0.535 0.552 0.589 0.593 0.636 0.584 
ι0 0.432 0.402 0.349 0.334 0.378 0.306 
ιa 0.964 1.049 1.214 1.257 1.571 1.229 

Rax 3.9 3.903 3.75 3.767 3.6 3.651 
Rgeo 3.816 3.811 3.740 3.738 3.672 3.694 
 

4. Conclusion  
System design code for heliotron reactors is being 

developed. To reduce computational time, we introduced 
several simplified calculation methods. For calculation of 
magnetic field ratio (the ratio of maximum field on coil 
Bmax to average toroidal field on magnetic axis <B0>), we 
proposed a new scaling described by exponential law of 

Fig.2  Schematic viewing of poloidal cross-section 
of heliotron system.  
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non-dimensional parameter related to coil geometrical 
configuration. We also tried to establish tabulated database 
of parameters related to magnetic field and magnetic 
surface structure at several specific design point. We 
expected that we can obtain these parameters at any design 
point by inter- or extrapolation of the database. Magnetic 
field components generated by helical coils can be well 
reproduced. But magnetic surface structure strongly 
depends on current and position of poloidal coils and we 
have not yet established perfect database that can be 
installed in the system code. Though we need further 
optimization of them to establish a consistent database, we 
had a perspective to build system design code that satisfies 
the required performance.    

To achieve high reliability of the system design code, 
we plan to refine ISS scaling law by considering the effect 
of vacuum magnetic axis position and density/temperature 
profile and build it into the system code. We also need to 
consider finite beta effect on the magnetic configuration. 
Simplified evaluation method of tritium breeding ratio 
(TBR), plant availability, and operation scenario is also 
required to find viable design window. It is also quite 
important to clarify the design space with high robustness 
to the model uncertainty for assured development to a 
DEMO and commercial reactor instead of local 
optimization. To install procedures that can achieve these 
analyses, we can find the design point of the heliotron 
reactor that has high reliability and feasibility. 
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For tokamak fusion DEMO, neutronics and thermal design was carried out to find a blanket concept with reality. 
For the continuity with the Japanese ITER-TBM options, this study considered water-cooled blanket with solid 
breeding materials of Li ceramics (Li4SiO4, Li2TiO3 and Li2ZrO3) and Be multipliers (Be and Be12Ti). On the based 
on multilayered structure with Li4SiO4 pebbles, Be plate and mixture of Li4SiO4/Be12Ti, the local TBR of 1.42 
(corresponds to the net TBR of 1.05) was obtained. In addition, it was concluded that in-between conducting shell 
structure can be placed at rw/a = 1.32-1.35 with satisfying fuel self-sufficiency. 

 
Keywords: blanket, tritium breeding ratio, solid breeder, DEMO, fusion reactor 

1. Introduction 
Blanket of fusion reactor must meet three major 

requirements, 1) tritium self-sufficiency, 2) removal of 
nuclear heating, and 3) structural strength against 
electromagnetic forces acting on disruptions. The common 
maneuver in blanket design is to minimize the areas of 
coolant and structural materials so as to ensure fuel 
(tritium) self-sufficiency. Generally, it is difficult to ensure 
fuel self-sufficiency in itself. It is even more difficult to 
find a consistent solution satisfying all these requirements. 
Water-cooled solid breeding blanket treated in this paper, 
is regarded as a conservative and less challenging blanket 
concept. However, the fact is that the concept still has 
difficult problems to be resolved. In this paper, we report 
the blanket design study for a compact low aspect ratio 
DEMO “SlimCS” and clarify the critical design issues.  

2. Basic concept of blanket 
The DEMO reactor, SlimCS, has a major radius of 

5.5 m, aspect ratio (A) of 2.6, maximum field of 16.4 T, 
normalized beta (βN) of 4.3 and fusion output of 2.95 GW 
[1]. The average neutron wall load is 3 MW/m2. The 
reactor is characterized by a reduced-size central solenoid 
(CS) whose main function is plasma shaping rather than 
plasma current ramp-up. The CS has an outer radius of 
0.7 m, being capable of moderate plasma shaping 
(triangularity of ~0.35) and plasma current ramp of 3.8 
MA. Although such a CS provides a constraint in 
tokamak operation, especially in the current ramp-up 
phase, it has advantages to allow us to introduce a thin 
toroidal coil system, decreasing the reactor weight and 
perhaps contributing a reduction of the construction cost. 
In addition, the reduced-size CS produces the possibility 
of low A, which leads to advantages in physics design 
such as high elongation of plasma, high plasma current, 
high Greenwald density limit and high beta limit. 

The DEMO blanket is required to consider 
continuity with the Japanese ITER-TBM program [2] in 
which water-cooled solid breeder blanket using lithium 
ceramics (breeder), Be or Be12Ti (neutron multiplier) and 
F82H [3] (structural material) will be developed. In 
addition, a conducting shell structure should be installed 
near the plasma (preferablly, rw/a ~ 1.3) on the outboard 
side. For this purpose, the blanket consists of replaceable 
and permanent blanket, and the front and side plates of 
the permanent blanket are 0.07 m in thickness so that the 
plates have the function of the conducting shell (called 
“Kameari shell”) [4] assembly, as indicated in Fig.1. 
Since the first wall area on the outboard side is wide in a 
low-A reactor like SlimCS (inboard 27%, outboard 73%), 
the demand for tritium breeding on the high field side is 
comparatively reduced. This leads to the breeding blanket 
concept consisting of small inboard blanket and large 
outboard blanket modules. For this reason, SlimCS is 
designed to have replaceable and permanent blankets on 
the outboard side while no permanent blanket is installed 
on the inboard side. 

  
Fig.1 Replaceable and permanent blanket concept of 
SlimCS. 
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The temperature range and pressure of the coolant is 
one of the key design issues. The coolant temperature is 
required to be about 300ºC at least so as to avoid 
corrosion by radiation-produced hydrogen peroxides and 
radiation embrittlement like light water reactors. 
However, use in the PWR conditions (15 MPa, 
285-325ºC) will be problematic in that the required large 
amount of coolant in the blanket can detract the 
self-sufficiency of tritium production. On the other hand, 
use of supercritical water (25 MPa, 280-510ºC), which 
can allow heat removal with a smaller amount of water 
because of wide operating temperature range, is expected 
to lead serious corrosion of F82H. Accordingly, we 
decided to use water in the subcritical water condition of 
~23 MPa and 290-360ºC (ΔT = 70K).  

3. Blanket Structure 
3.1. Blanket segmentation  

A challenging issue in the blanket design is to assure 
robustness of the blanket casing and its support against 
disruptions. This requirement is a difficult issue 
especially for the replaceable blanket. Because it must not 
only withstand enormous electromagnetic (EM) forces 
acting on disruptions, but be easily de-installable and 
installable for periodic replacement. From the point of 
view of structural robustness, smaller blanket casing is 
desirable while such a casing seems to be problematic 
regarding tritium breeding. After all, the blanket casing 
should be large as long as it withstands disruptions.  

In order to determine a reasonable blanket casing in 
terms of the EM forces, eddy current due to a disruption 
and the resulting EM force moments were estimated. On 
the basis of the analysis on various blanket casings for a 
disruption (plasma current quench time of 0.03 s, without 
suffering vertical displacement event), we come to a 
conclusion that toroidally-long blanket casing has 
advantage in the viewpoint of support against disruptions 
[5] when the blanket is fixed with supports in the toroidal 
direction (Fig.1). 

 
3.2. Neutronics and thermal design of blanket  

The purpose of this research is to find a promising 
candidate of blanket concept. In this early stage of 
research, the one-dimensional analysis with simplified 
models is efficient to flexibly deal with a try and error 
process in the design. The code used in this study is an 
ANIHEAT code that calculates the nuclear heating 
distribution and solves heat transfer in the blanket. 
Eventually, the code provides the temperature profile in 
the blanket and the local tritium breeding ratio (TBR). 
The required local TBR for SlimCS is estimated to be ≥ 
1.38 to reach the net TBR of ≥ 1.05.  

Based on the result of various model calculations, 
the blanket is designed to have multilayered structure as 
shown in Fig.2. This is because such structure installing 
breeder and multiplier zones alternately can provides the 
highest TBR. Compared with other lithium ceramics such 
as Li2TiO3 and Li2ZrO3, Li4SiO4 has high Li density per 
unit volume (Table 1) and Si has low cross section for 
inelastic collisions in MeV range (Fig.3). This suggests 
that Li4SiO4 is anticipated to have the highest TBR 
among them. Actually, the calculated TBR is as expected. 
A distinctive feature of the blanket interior is to use both 
Be plate and Be12Ti pebbles in accordance with the 
intension. From the point of view of chemical stability, 
Be12Ti is favorable as neutron multiplier. However, we 
determined not to use Be12Ti in the forward multiplier 
zones (in the first and second multiplier zones). This is to 
avoid neutron absorption in MeV range by Ti of Be12Ti. 
Be intrinsically has excellent thermal conductivity 
(nominally, 200 W/mK). When it used as pebbles, 
however, the conductivity decreases to as low as 7 W/mK 
[6], which will make the thermal design of Be layers. For 
this reason, Be plates are allocated in the forward 
multiplier zones. Incidentally, Be plates are canned to 
avoid the reactive decomposition of Li4SiO4 by Be. In the 
backward multiplier zones of the blanket, neutron 
absorption by Ti of Be12Ti becomes less important 
because of reduced energy of neutrons. In fact, there is an 
affirmative reason for using Be12Ti in the backward. This 
is because Be12Ti is allowed to use in the mixture of 
Li4SiO4 without any partition due to its chemical stability, 
which contribute to increasing TBR.  

 

Fig.2 Interior of replaceable blanket 
 

The blanket structure shown in Fig.2 is modeled 
one-dimensionally and the nuclear heating and the 
temperature in the steady state are calculated. Figure 4 is 
an optimized arrangement in which the thickness of each 
material is determined to satisfy the operating 
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temperature; ≤ 900ºC for Li4SiO4 and Be12Ti, and 600ºC 
for Be. The coolant temperature is assumed to be same as 
the outlet temperature (360ºC) and the neutron wall load 
is 5 MW/m2 which corresponds to the peak wall load in 
the reactor when the average neutron wall load is 3 
MW/m2. Notice that the nuclear heating of Li4SiO4 in the 
first and second breeder zones is as high as 100 W/cm3. 
Since the heat thermal conductivity of Li4SiO4 pebbles is 
low (about 1 W/mK [7]), the zones must be as thin as 1 
cm to meet the operating temperature. 
 

Table 1 Comparison of lithium ceramics 
 Li4SiO4 Li2TiO3 Li2ZrO3 

Li density 
(g/cm3) 0.51 0.43 0.38 

Thermal conductivity 
(W/mK) 2.4 1.8 0.75 

Swelling ΔV/V 
(%) 1.15 0.8 0.5 

Reactivity with H2O small none none 

 
 

 
 
Fig.3 Cross section for neutron capture and inelastic 

collision for metals of Li ceramics. 
 
The calculated local TBR is summarized in Table 2, 
indicating that the required local TBR (≥ 1.38) is satisfied 
for both cases with Li4SiO4 and Li2TiO3 pebbles. In 
addition, most of tritium is produced on the outboard side. 
The thickness of the replaceable and permanent is about 40 
cm and 30 cm, respectively. Despite the thickness, the 
permanent blanket contributes little to the TBR. Figure 5 
illustrates the distribution of the local TBR at each breeder 
stage (zone) for the Li4SiO4 case. The figure suggests that 
the importance of the design for the replaceable blanket, 
especially for the forward breeder stages of the blanket. 
 

 
Fig.4 One-dimensional model of blanket and the 

calculated nuclear heating and temperature 
distribution. 

 
Table 2 Local TBR for Li4SiO4 and Li2TiO3 pebbles 
 Li4SiO4 Li2TiO3 

Inboard Replaceable 
blanket 0.31 0.30 

Replaceable 
blanket 1.07 1.04 

Outboard 
Permanent 

blanket 0.04 0.04 

Total 1.42 1.38 
 
 

Fig.5 Local TBR produced in each breeder zone in the 
blanket using Li4SiO4 pebbles. 

 
3.3. Conducting wall position and TBR  

In SlimCS, the problem on the conducting wall 
position is equivalent to the problem on the segmentation 
of replaceable and permanent blankets. This is because 
the front plate of the permanent blanket plays a role of a 
conducting wall as shown in Fig.1. From the point of 
view of plasma design, the wall position should be close 
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to the plasma as possible for high βN access and vertical 
stability of plasma. On the other hand, the conducting 
shell attenuates neutron flux, leading to a reduction in 
TBR. As the calculated TBR of the present blanket 
options is near the verge of fuel self-sufficiency, the 
relation between the conducting shell position and TBR 
becomes a critical issue regarding blanket design. Since 
fuel self-sufficiency is a necessary requirement of fusion 
reactor, one might have to accept a setback of wall 
position to ensure fuel self-sufficiency even if the design 
value of βN decreases.  

Figure 6 shows the summation of the local TBR 
between the inboard blanket and the n-th breeder stage 
(zone) of the replaceable blanket. When the conducting 
shell structure is located just behind the breeder stage (this 
means the replaceable blanket has n stages of breeder), the 
local TBR in the breeding zones behind the wall is 
expected to be as low as 0.05. Therefore, in order to meet 
fuel self-sufficiency, the summation of the local TBR must 
be 1.33 (= 1.38-0.05) or higher. The figure indicates that 
this condition is satisfied when the number of breeder 
stages is seven or more. This indicates a necessity to 
arrange the conducting shell at rw/a = 1.32 – 1.35, which 
may impose compromise on the design value of βN.  
 

Fig.6 Relation between rW/a and the number of breeder 
stages of the replaceable blanket on the outboard. 

 

4. Summary 
The present study focused on the neutronics and 

thermal design of water-cooled solid breeding blanket on 
SlimCS. Findings of this study are: 

1) In the modeled calculation, a blanket concept 
satisfying fuel self-sufficiency can be envisaged 
using the presently available data.  

2) In-between conducting shell structure can be 
placed at rw/a = 1.32-1.35 with satisfying fuel 
self-sufficiency. 
However, it must be noted that the present model 

calculation includes uncertainty in the treatment of 
contact heat resistance. This kind of heat transfer can be 
said to be an intrinsic difficulty in the design of solid 
breeding blanket. In order to pursuit reality of blanket 
design, it is necessary to find a concept that reduces 
uncertainty of contact heat resistance. For example, 
inserting a thin Be pebble layer between the Be plate and 
the casing improves the situation although it has a 
demerit in heat conductivity. In addition, more 
information on irradiation effect on heat conductivity of 
breeder and multiplier is required for reliable design.  
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An algorithm has been developed and realized as a FORTRAN code to calculate the volume integral power of a 

magnetic confinement nuclear fusion reactor and the fusion rate function in a general case taking as input data the 

nuclei energy distributions, fusion cross-sections and the magnetic surface geometry. Two fast and simple analytic 

models of practical magnetic flux surface shapes have been introduced and the corresponding Jacobian 

determinants have been found. The developed method has been applied to obtain the radial profiles of the nuclear 

fusion reaction rate and the volume integral power for both Maxwellian and suprathermal D and T particle 

distributions. Gaussian kernel empirical probability density estimation has been proposed to reconstruct the ion 

energy probability density function from experimentally obtained random samples of escaping neutral atom energy. 

Neutral particle diagnostic database may serve as a basis for an experimentally confirmed calculation technique for 

reactor power and ignition criterion. 
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1. Introduction 

The power of a magnetic confinement fusion reactor 

P [W] and the fulfillment of the ignition criterion are 

quantitatively determined by the nuclear fusion reaction 

rate αβ�  [m
-3

s
-1

] integrated over the plasma volume using 

the known magnetic surface geometry: 

3( )P dαβ∝ =∫ r r�  

( , , ) ( , , )R J d d dαβ ρ ϑ ϕ ρ ϑ ϕ ρ ϑ ϕ∫� ,    (1) 

where 

0

0

0 0 1

R R

Z Z
J

ρ ϑ

ρ ϑ

∂ ∂

∂ ∂

∂ ∂
=

∂ ∂
              (2) 

is the Jacobian determinant for the transformation from 

cylindrical coordinates ( , , )R Z ϕ  to flux coordinates 

( , , )ρ ϑ ϕ  with ρ , ϑ  and ϕ  designating the 

magnetic surface label, the poloidal angle and the toroidal 

angle respectively. Azimuthally symmetric magnetic 

surfaces are assumed in (2). 

The rate of the nuclear fusion reaction between the 

species α and β, 

1

n nα β

αβ αβ

αβδ
=

+
�� � ,             (3) 

in turn, is proportional to the rate coefficient  

( )αβ σ=�� v v  averaged over the velocity distribution 

functions of the reacting species by integrating over the 

six-dimensional velocity space: 

3 3( ) ( ) ( )f f d dαβ α α β β α βσ= ∫ v v v v�� v v ,    (4) 

where α β= −v vv  is the relative velocity and αβδ  

is the Kronecker symbol reflecting the fact that when the 

reacting species are identical as in DD and TT reactions, 

and their density is n, the rate is proportional to 
2

2 1
( 1)

2 2
n

n
C n n= − ≈ .  

The FORTRAN code for nuclear fusion rate and 

power calculation is based on (1) - (4) and nuclear 

cross-section approximations from [1-3]. Particle density 

profiles and the magnetic surface geometry are used as 

input data. Either analytic ion distribution functions based 

on theoretical models, or experimentally obtained ion 

distributions may be used for the calculations. 

 

2. Analytic Models of Magnetic Surfaces 

A rigorous treatment requires that Grad-Shafranov 

equation solutions are used. In order to increase the 

computation speed and simplify the code, two analytic 

models of magnetic surfaces have been used in the form of 

nested shifted D-shaped curves and nested shifted ellipses 

in the poloidal cross-section. The D-shaped last closed flux 

surface (LCFS) equation in cylindrical coordinates is 
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            ( )1 2( )
LCFS

Z R Rκ κ± = ± +  

2

3 4 5 6 7
R R Rκ κ κ κ κ× + + + + ,      (5) 

where 
1 2

out
Rκ γ= , 

2 1 2κ γ= − , 
3 1 4κ γ= − , 

( )( )4 32 2 1outRκ κ δ γ= − + − , 
2

5 3
2

out
Rκ κ δ= +  

( )2 1 outRγ× − 2δ+ , 
6

1κ =  and 
7 out

Rκ δ= −  are 

determined by three input parameters: outer plasma 

radius 
out

R  [m], LCFS poloidal cross-section width δ  [m] 

and dimensionless γ  to control the LCFS poloidal 

cross-section width to height ratio. One more dimensional 

input parameter ∆  [m] is to simulate the Shafranov 

shift. The magnetic axis position is then 

0
2

in out
R R

R
+

= + ∆ ,            (6) 

where the inner plasma radius 
in

R  [m] is calculated 

from the LCFS equation (5). The poloidal angle 

[ )0,2ϑ π∈  is defined in the same way as the polar 

angle assuming 
0 , 0R R Z= =  to be the centre point 

and Z  to be the polar axis. 

As for the transformation between the cylindrical 

coordinates ( , , )R Z ϕ  and flux coordinates ( , , )ρ ϑ ϕ , 

the azimuthal (toroidal) angle [ )0,2ϕ π∈  preserves. 

For a given point ( , )ρ ϑ  in the poloidal plane the 

coordinate transformation to cylindrical ( , )R Z  is 

performed as follows. First, 

( ) ( )signϑ π π ϑ π ϑ= − − −�         (7) 

is calculated, where ( ) 1sign y = −  for 0y <  and 

( ) 1sign y =  f o r  0y ≥ .  I f  0ϑ =� ,  t h e n 

( )0 0
0;

out
Z R R R Rρ= = + − .  I f  ϑ π=� ,  t h e n 

( )0 0
0;

in
Z R R R Rρ= = + − .  I f  2ϑ π=� ,  t h e n 

( ) ( )0 0
;

LCFS
R R Z Z R signρ π ϑ+= = − .  Otherwise, 

the nonlinear equation 

( )

0

tan 0
LCFS LCFS

LCFS

Z R

R R
ϑ

+

− =
−

�          (8) 

is resolved numerically with respect to 
LCFS

R  sought 

within [ ],in outR R  . Then, 

             ( )0 0LCFSR R R Rρ= + − , 

( ) ( )LCFS LCFSZ Z R signρ π ϑ+= − .    (9) 

The ellipse-shaped LCFS equation in cylindrical 

coordinates is 

( ) 2

1 2 3LCFS
Z R R Rκ κ κ± = ± + + ,    (10) 

where 
2 2

1 b aκ = − , ( )2 2

2
2

out
b R a aκ = −  and 

( )
22 2 2

3 out
b b R a aκ = − −  are determined by three 

 

Fig. 1.  a) D-shaped and b) ellipse-shaped isolines 

     ρ = const for Rin = 1.5 m, Rout = 3 m, ∆ = 0.1 m. 

 

Fig. 2.  Jacobian determinant for a) D-shaped and 

b) ellipse-shaped magnetic surface models. 
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dimensional input parameters: outer plasma radius 
out

R  

[m], major and minor ellipse semiaxes a [m] and b [m]. 

Again, one more dimensional input parameter ∆  [m] 

is to simulate the Shafranov shift. The magnetic axis 

position is then 

0 out
R R a= − + ∆ .           (11) 

The coordinate transformation from ( , )ρ ϑ  to 

cylindrical ( , )R Z  is performed using formulas (8) and 

(9) analogously to the case of D-shaped curves 

substituting the proper function ( )LCFSZ R
+

 given by (10) 

instead of (5). 

Fig. 1 shows ρ = const isolines obtained by using the 

coordinate transformation procedures for the two model 

magnetic surface shapes. The parameters are δ = 1.5  m, 

γ  = 0.326426 for Fig. 1 a); a = 0.75 m, b = 1.5 m for 

Fig. 1 b), Rin = 1.5 m, Rout = 3 m, ∆ = 0.1 m for both. 

Since R  and Z  are implicit functions of ρ  and 

ϑ , central difference derivative formulas are used to 

calculate the elements of the Jacobian determinant (2). 

Left and right difference derivatives are used at the range 

[ ]0,1ρ ∈ , [ )0,2ϑ π∈  extremities. The resulting | |J  

shown in Fig. 2 enables one to calculate the volume 

integral (1) for either of the two magnetic surface types. 

These fast simple analytic models or their 

combination may be used as a satisfactory practical 

approximation of a tokamak magnetohydrodynamic 

equilibrium whenever chord or volume integration, or 

mapping of plasma parameters as functions of magnetic 

surfaces to real space coordinates is required in physical 

and engineering tasks. For stellarator configurations more 

complicated full 3D models are needed.  

 

3. Nuclear Fusion Rate Coefficients 

 

3.1. Monoenergetic beam and Maxwellian target 

 

For the monoenergetic and monodirectional 

distribution of species α interacting with a Maxwellian 

target β, 

( )

23/2

2

2
( ) , ( )

m v

T
m

T
f f e

β

β β

αα α β β
π

δ
−

−
 

= =  
 

v Vv v , (12) 

the rate coefficient (4) is reduced to 

     ( )
21/2

( ) 2
21

,

m V

BM T
m

V m T e
V T

β

β

αβ β
π

− 
=  

 

��  

2

2 2

0

( )sinh

m

T
m V

e d
T

β

βσ
+∞

− 
×  

 
∫

v

v

v v v .     (13) 

Denoting the atomic velocity unit as 
8

0 2.188 10 /cm s≈ ×v  and introducing a 

dimensionless variable 
2 2

0y =v v  and dimensionless 

constants 

2

0

2

m
A

T

β
=

v

 and 
0B V= v , consider a 

dimensionless function 

( )
2 2

2 2
( )

AB y Ay AB AB y Ay AB
y y e e

− − − − −= −� .  (14) 

Then,  

( )( ) 0

0

, ( ) ( )
2

BM A
V m T y y dy

B
αβ β σ

π

+∞

= ∫�� �
v

.  (15) 

To avoid arithmetic overflows, the constant 
2ABe−

 

should not be taken outside the integral. ( )y�  is a 

nonnegative, slightly asymmetrically bell-shaped 

exponentially decaying function as shown in Fig. 3. The 

maximum position depends on the parameters. 

Qualitatively, function ( )y�  can very roughly be 

thought of as a Gaussian curve corresponding to the 

Maxwellian distribution of target particles, shifted along 

the abscissa axis by a value corresponding to the beam 

particle velocity. The exact maximum condition is 

expressed by a nonlinear equation 

2

2 2

2
tanh

2

AB z
z

z AB
=

−
,           (16) 

where 2z AB y= . Equation (16) can be solved 

numerically, taking as an initial left-hand approximation 

to its root the positive root of the quadratic equation 

corresponding to the unit right hand side. 

Assuming the cross-section ( )yσ  to be a 

smoother function compared to ( )y� , the integral in 
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0.0

0.5

1.0

1.5

2.0

2.5

3.0

�
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Fig. 3.  Function ( )y�  in the integrand in (15). 
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(15) can first be evaluated over a finite interval around 

the maximum of ( )y� . Then, at every subsequent step 

one should broaden the initially chosen arbitrary 

integration limits until the integral value becomes close 

enough to the one obtained at the previous step. Thus, the 

required relative precision may be achieved. 

 

3.2. Isotropically distributed projectiles and Maxwellian 

target. 

 

In the case when the velocity distribution of species α 

is expressed by an isotropic function ( )F vα  and the 

distribution of species β is Maxwellian as in (12), the rate 

coefficient is calculated as 

( )( ) 2 ( )

0

4 ( ) ,FM BM
v F v v m T dvαβ α α αβ α β απ

+∞

= ∫� �� � .  (17) 

The technique to compute ( )( ) ,BM v m Tαβ α β
��  is 

described above. The practical realization of formula (17) 

depends on the specific function ( )F vα . In particular, for 

suprathermal ion distributions occurring due to fast neutral 

beam injection heating the upper integration limit in 

practice appears to be finite. Another characteristic case of 

a bell-shaped exponentially decaying integrand implies that 

one should step-by-step broaden the integration range 

around the maximum position comparing the integral 

values until the required relative precision is achieved. 

 

3.3. Isothermal Maxwellian case. 

 

This is an important particular case of 3.2 above. For 

two Maxwellian species α and β at thermal equilibrium 

T T Tα β= =  the rate coefficient is 

( )( ) 3/2

0

0

2
( ) ( )MM

T y f y dyαβ αβµ γ σ
π

+∞

= ∫�� v ,  (18) 

where the dimensionless function ( )
y

f y ye
γ−= , the 

dimensionless variable 
2 2

0y =v v  and the 

dimensionless constant 

2

0

2T

αβµ
γ =

v

. The value 
0

v , as 

above, denotes the atomic velocity unit and 

( )m m m mαβ α β α βµ = +  is the reduced mass. The 

maximum of ( )f y  is attained at 1/y γ= . Assuming 

the cross-section ( )yσ  to be a smoother function 

compared to ( )f y , the integral in (18) can first be 

evaluated over a finite interval around the maximum of 

( )f y . Then, at every subsequent step one should 

broaden the initially chosen arbitrary integration limits 

until the integral value becomes close enough to the one 

obtained at the previous step. Thus, the required relative 

precision may be achieved.  

 

4. Fast Neutral Beam Injection-Induced 

Suprathermal Ion Distribution 

 

In order to describe the neutral beam injection 

heating-induced fast ion distribution, one can use the 

classical nonstationary slowing down distribution 

function for a delta-like fast ion source 

( )

( )
2

0

24

injv v

inj

S e
S v v

v

α

α

απ π

−
−

− =
2
e

e
         (19) 
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F v erf
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α
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α −  

−  
 e

,              (20) 

where Κ  is a normalization constant, the slowing down 

time 

3 2

2 4 1 2

3

4 2

e
s

e e

m T

n Z e m

α

α

τ
π

=
Λ

,           (21) 

cube of the critical velocity 

3 2
3

1 2

3 2

2

e
c

e

T
v

m mα

π
= ,               (22) 

Λ is the Coulomb logarithm, and, as shown in [4], 

( ) ( )( )
1/3

3 /* 3 3 3, s

c c

t
v v t v v e vα α

τ= + − .    (23) 

The normalization constant Κ  is determined by 

numerical integration. The ion velocity 2 /v E mα α= , 

vinj is the injection velocity corresponding to the injection 

energy Einj, the values S0 and e  in (19) determine the 

source rate and peak width, respectively, and t is the time 

since the commencement of the fast particle source 

action. 

 

5. Experimentally Obtained Suprathermal Ion 

Distributions 
 

Radial and angle dependence of the ion distribution 

function is studied experimentally by means of passive 

line-integral and also active localized charge exchange 
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neutral particle diagnostics [5, 6]. An extensive diagnostic 

database of this kind should enable one to predict the local 

ion distribution function evolution for a given plasma 

discharge regime in a certain device, for a specific heating 

method and time diagram. 

Using the diagnostic data in the form of an array of 

energies (E1, …, EN) of escaped neutral particles measured 

along a certain observation direction, where N is the total 

number of particles collected during a certain time interval, 

one can construct an empirical probability density function 

( )( )

1

1
, 0

N
jK

j

E E
f E K h

Nh h=

− 
= > 

 
∑    (24) 

with Gaussian kernel function 
2

2( ) 2zK z e π−= . The 

optimal kernel bandwidth h selection algorithm and the ion 

distribution function reconstruction are discussed in [7].  

Thus, a possibility exists to perform a correct 

experimentally confirmed calculation of the time evolution 

of the local fusion rate coefficient (4) and the fusion reactor 

power (1). Particular MHD equilibrium data can then be 

used rather than analytic approximations. 

 

6. Calculation Examples 

 

Assuming the radial density profiles to be 

( )( ), , , , , , , ,( ) (0) (1) (1)1
b

a

e D T e D T e D T e D Tn n n nρ ρ− − +=  (25) 

and radial temperature profiles 

( )( ), , , , , , , ,
( ) (0) (1) (1)1

r
q

e D T e D T e D T e D T
T T T Tρ ρ= − − + ,  (26) 

let us introduce an additive non-Maxwellian distortion of 

the form (20) to the deuterium distribution so that  

23/2

2

2
( ) (1 ) ( )D

D Dm

T
D D D

m

T
f A e A F

π

− 
= + − 

 
v

v

v ,  (27) 

where 1A ≤ . 1A =  corresponds to the pure undistorted 

Maxwellian case. The rate coefficient for the interaction of 

deuterium particles distributed according to (27) 

( )2 ( ) ( )2 (1 )MM FM

DD DD DD DDA T A Aµ= + −� � �� � �  

2 ( )(1 ) FF

DD
A+ − ��             (28) 

is then calculated using (17) and (18). The last term in (28) 

accounts for the “tail-tail” particle interaction rate. It is 

considered negligible because the non-Maxwellian 

distortion is assumed to be small, i.e. 
2(1 ) 1A− � . 

In the case when deuterium component distributed 

according to (27) interacts with Maxwellian tritons 

23/2

2

2
( ) T

T Tm v

T
T T

m

T
f e

π

− 
=  
 

v ,         (29) 

the rate coefficient is 

( )( ) ( )(1 )MM FM

DT DT DT DTA T Aµ= + −� � �� � � .  (30) 

The fusion rate radial profile and integral power 

calculation given below is for T(D,n)He
4
 reaction. Fig. 4 a) 

shows the electron density profile with a = 4, b = 2, 
14

(0) 1.0 10en = ×  cm
-3

, 
14

(1) 0.7 10en = ×  cm
-3

. The 

nuclei densities are / 2D T en n n= = . Fig. 4 b) shows the 

electron and ion temperature profile e D T
T T T= =  with 

q = 1.5, r = 2, 
3

, , (0) 5.0 10e D TT = ×  eV, 

, , (1) 50
e D T

T =  eV. 

Calculations have been performed for three variants 

of  the deuteron velocity distribution function shown in 

Fig. 5, namely, for undistorted Maxwellian distribution and 

for the cases when there exists 2.5% or 5% population of 

suprathermal particles described by the classical slowing 

down model of beam particles with the injection energy 

Einj = 150 keV. The non-locality, i.e., the radial dependence 
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Fig. 4.  a). Radial profile of deuterium and tritium 

density; b). Radial profile of deuterium and 

tritium temperature. 
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b) 
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of the ion distribution function in this model is due to the 

radial profiles of ne and Te, determining the slowing down 

time and the critical velocity values. 

For each of the three variants of the distribution the 

radial profile of T(D,n)He
4
 reaction rate has been 

calculated as well as the plasma volume integral power for 

two types of magnetic surfaces with D-shaped and 

elliptical poloidal cross-sections as shown in Fig. 1. Slight 

differences in the magnetic surface shape, as expected, 

have no significant direct “geometrical” influence on the 

power. Calculation results are shown in Fig. 6. In this 

example the presence of 5% suprathermal deuteron 

population leads to approximately 25 time increase in the 

fusion power compared to the pure Maxwellian case. 

 

7. Summary 

 

A general practical algorithm has been realized to 

calculate the nuclear fusion rate and power in a toroidal 

magnetic plasma confinement device. Volume integration 

is performed using analytical approximations of magnetic 

surfaces. A detailed description of velocity space 

integration technique for beam-Maxwellian, 

bi-Maxwellian and “isotropic function - Maxwellian” 

cases has been given. Fusion rate and power calculations 

can be done using either theoretical or experimentally 

obtained nuclei energy distribution functions. 

A significant contribution to the nuclear fusion 

reaction rates comes from suprathermal ions from 

high-energy distribution tails. Therefore, the production 

and good confinement of fast ions play the essential role. 

Reliable experimental data and theoretical understanding 

of the formation of fast ion distribution tails are required. 

The ion distribution function reflects the kinetic 

effects, the single particle confinement properties 

depending on the particular magnetic configuration, the 

finite β effects such as MHD induced fast ion losses, 

radial electric field effects, etc. As a method to investigate 

the ion component distribution function and its evolution 

due to the application of heating, measurements of kinetic 

energy distributions of neutral atoms escaping from the 

plasma may be used, which are often referred to as 

neutral particle analysis (NPA) diagnostics. 

Multidirectional passive measurements provide 
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Fig. 6.  Radial profiles of T(D,n)He
4
 reaction rate 

for thermal tritons and three variants of deuteron 

energy distribution and the corresponding plasma 

volume integral power values for two types of 

magnetic surface geometry. 
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Fig. 5.  Deuteron energy distribution function a) in 
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and in the presence of suprathermal “tail” 
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information on the angular anisotropy, fast ion 

confinement, and distribution tail shapes. Line-integral 

energy-resolved neutral fluxes are obtained at different 

observation angles. Special mathematical techniques are 

required for the correct data analysis [5]. Another 

approach is to create a localized dense target for 

charge-exchange in the plasma. A diagnostic pellet 

ablation cloud can be used for this purpose (pellet charge 

exchange, or PCX method). Time-resolved measurements 

of the neutral flux from the cloud as it moves across the 

plasma column result in radially-resolved information on 

the fast particle energy distribution [6]. 

Smooth normalized probability density functions for 

the nuclei energies can then be calculated from NPA data 

using the method given in [7]. Thus, experimentally 

confirmed calculations of nuclear fusion rate and power are 

possible on the basis of diagnostic data. 
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A Global Simulation Study of ICRF Heating by TASK/WM and
GNET in Helical Plasmas

Tetsuya YAMAMOTO1), Sadayoshi MURAKAMI1) and Atsushi FUKUYAMA1)

1)Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan

A global simulation code is developed to study the ICRF heating in helical plasmas combining two global
simulation codes: a full wave field solver, TASK/WM, and a drift kinetic equation solver, GNET. The both codes
can treat a 3-D magnetic configuration based on the MHD equilibrium by VMEC code. The developed code is
applied to the ICRF minority heating in Large Helical Device (LHD). The ICRF wave propagation is solved by
TASK/WM and the obtained RF electric field is used to solve the drift kinetic equation by GNET.
Keywords: ICRF heating, Simulation

1 Introduction

The ion cyclotron range of frequencies (ICRF) heating has
long been considered a primary plasma heating method.
The physics basis and the efficiency of ICRF heating have
been confirmed by experimental, theoretical and simula-
tion studies. However, there still remains several impor-
tant issues in ICRF heating, e.g. finite orbit effect of ener-
getic ions, current drive, toroidal flow generation, etc. In
order to clarify these problems, a global simulation study
which takes into account the wave-plasma interaction self-
consistently is necessary.

In this paper, we study the ICRF heating in helical
plasmas combining two global simulation codes: a full
wave field solver TASK/WM [1] and a drift kinetic equa-
tion solver GNET [2], as a first step to develop a self-
consistent simulation. The developed code is applied to the
ICRF minority heating in the Large Helical Device (LHD).
The realistic ICRF wave profile obtained by TASK/WM is
used to solve a drift kinetic equation by GNET. The both
codes can treat a 3-D magnetic configuration based on the
MHD equilibrium by VMEC code.

In Sec. 2 the simulation models and codes are de-
scribed and, then, simulation results are presented in
Sec. 3. Finally, the obtained results are summarized in
Sec. 4.

2 Simulation model

In this study we combine two simulation code to study
the ICRF heating. The simulation model is illustrated in
Fig. 1. First, Maxwell’s equation for RF wave is solved by
TASK/WM code, then the obtained RF wave electric field
profile is used to solve a drift kinetic equation by GNET
code. Finally, the steady state velocity distribution func-
tion of plasma is obtained.

TASK/WM code solves Maxwell’s equation for RF

author’s e-mail: yamamoto@p-grp.nucleng.kyoto-u.ac.jp

Fig. 1 The schematic diagram of simulation model

wave electric field, E, with complex frequency, ω,

∇ × ∇ × E =
ω2

c2

↔
ε · E + iωµ0 jext, (1)

where the external current density, jext denotes the antenna
current in ICRF heating, as a boundary value problem
in the 3-D magnetic configuration. In the present analy-
sis, a simple collisional cold plasma model is applied [3].
Maxwell’s equation Eq. (1) is formulated by expansion to
Fourier mode in poloidal and toroidal direction and finite
different method in radial direction. Then the electric field
is formulated as

E(ψl, θ, ϕ) =
∑
mn

Emn(ψl)ei(mθ+nϕ), (2)

where l,m, n are the radial grid number, poloidal and
toroidal mode numbers, respectively.

GNET code solves a linearized drift kinetic equa-
tion for energetic ions including complicated behavior of
trapped particles in 5-D phase space as

∂ f
∂t
+

(
u‖ + uD

) · ∇ f + a · ∇u f

−C( f ) − QICRF( f ) − L = S , (3)

where C( f ) and QICRF are the linear Coulomb collision op-
erator and the ICRF heating term, respectively. S and L
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are the particle source term by ionization of neutral par-
ticles and sink (loss) term including orbit loss and charge
exchange, respectively.

In order to solve the linearized drift kinetic equation
(3) by Monte Carlo method, the Green function, G, is in-
troduced as

∂G
∂t
+

(
u‖ + uD

) · ∇G + a · ∇uG

−C(G) − QICRF(G) − L = 0 (4)

with the initial condition G(x, u, t = 0|x′, u′) = δ(x −
x′)δ(u − u′). The G is evaluated by solving the equation
of motion for guiding center of test particles expressed by
the Hamiltonian of charged particle

H =
1
2

mv2
‖ + µB(ψ, θ, ϕ) + qΦ(ψ) (5)

in Boozer coordinate. In order to solve the equation of mo-
tion, 6th-order Runge-Kutta method is applied. The colli-
sional effects are taken into account using the linear Monte
Carlo collision operator [4].

The ICRF heating term is modelled by changing the
perpendicular velocity of the test particle passing through
the resonance layer, ω − k‖v‖ = nΩ, by

∆v⊥ ≈
[(
v⊥0 +

q
2m

I|E+|Jn−1(k⊥ρL) cos φr

)2

+
q2

4m2 {I|E+|Jn−1(k⊥ρL)}2 sin2 φr

]− 1
2

− v⊥0

≈ q
2m

I|E+|Jn−1(k⊥ρL) cos φr

+
q2

8m2v⊥0
{I|E+|Jn−1(k⊥ρL)}2 sin2 φr,

(6)

where E+ and φr are the left-circularly polarized com-
ponent of RF wave electric field and random phase, re-
spectively. Also, q, m, ρL, Jn are the charge, mass,
the Larmor radius of the particle and nth Bessel func-
tion, respectively. The time duration passing through the
resonance layer, I, is given by the minimum value as,
I = min(

√
2π/nΩ̇, 2π(nΩ̈)−1/3Ai(0)), which corresponds

to two cases; the simple passing of the resonance layer and
the passing near the turning point of a trapped motion (ba-
nana tip).

In the simulation |E+| evaluated by TASK/WM is
used in Eq. (6). We consider only fundamental ion cy-
clotron resonance. The finite larmor radius (FLR) effect,
Jn−1(k⊥ρL) term in Eq. (6), is considered by evaluating the
wave length, λ, from the electric field wave form directly
as Fig. 2 and calculating the perpendicular wave vector,
k⊥ = 2π/λ⊥.

Assuming Bϕ � Bθ for simplicity, k‖ is evaluated as

k‖ ≈
n
R
, (7)

λ/2

Electric field wave

Fig. 2 Evaluation of wave length, λ, from electric field wave

where n is the toroidal mode number in Eq. (2) and R is the
major radius.

Finally the velocity distribution function is calculated
by integrating the particle in the phase space over initial
position (x′, u′) and initial time t′ as

f (x, u, t) =
∫ t

0
dt′

∫
dx′

∫
du′S G(x, u, t − t′|x′, u′).

(8)

3 Simulation results

We study the ICRF minority heating using the developed
code in the helical plasma (LHD). The poloidal cross sec-
tions of the MHD equilibrium by VMEC code are shown
in Fig. 3. The assumed plasma parameters are listed in
Table 1. We assume deuterium (D) as a majority ion and
hydrogen (H) as a minority ion.
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Fig. 3 Equilibrium data by VMEC and NEWBOZ, Contour
plots of magnetic flux ψ (left) and absolute value of mag-
netic field (right) on a poloidal cross section
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Table 1 Parameters of helical plasma (LHD)
Plasma major radius R0 3.6 m
Plasma minor radius a 0.58 m
Magnetic field at magnetic axis B0 2.75 T
Temperature at magnetic axis T0 3.0 keV
Temperature on plasma boundary Ts 0.3 keV
Density at magnetic axis n0 0.7 × 1020/m3

Density on plasma boundary ns 0.07 × 1020/m3

Antenna current density jext 1.0 A/m
Wave frequency fRF 38.5, 40.0 MHz
Minority ion ratio H/D+H 5 %
Collisionality νs 0.003

We first analyze the ICRF wave propagation and ab-
sorption in the plasma by TASK/WM. Fig. 4 shows contour
plots of the real part of left circularly polarized component
of the RF electric field, Re E+ (left) and the power absorp-
tion (right) on the poloidal cross section in the case of the
ICRF wave frequency fRF = 40.0 MHz (on axis heating).
Fig. 5 are the same manner in the case of fRF = 38.5 MHz
(off axis heating). The ICRF waves are exited in the plasma
from the antenna set on the outer side of the torus (right
side). In the both cases, the Re E+ component of the
wave is absorbed by the plasma and the wave amplitude
is damped near the minority ion cyclotron resonance layer
(the minority ion cyclotron resonance layers are drawn as
green lines in the left figure of Fig. 4 and 5). Then the am-
plitude is damped further near the two-ion-hybrid cutoff
and resonance layers.

Re E+ Pabs

Fig. 4 Contour plots of Re E+ (left) and Pabs (right) on the
poloidal cross section in the case of fRF = 40.0 MHz.

Re E+ Pabs

Fig. 5 Contour plots of Re E+ (left) and Pabs (right) on the
poloidal cross section in the case of fRF = 38.5 MHz

Next, we analyze the evolution of velocity distribu-
tion function of minority ions and the plasma heating effi-
ciency by GNET. The RF electric field profile obtained by
TASK/WM is used to accelerate the minority ions follow-
ing Eq. (6). The k⊥ is directly calculated from electric field
waves by the method illustrated in Fig. 2. The k⊥ and the
|E+| are shown in Fig. 6. The same plasma parameters are

Fig. 6 k⊥ (left) and |E+| (right) in the case of fRF = 40.0 MHz

assumed as in the TASK/WM calculation. The test particle
orbits are followed for about 0.6 s to obtain the steady state
of the distribution function.

The velocity distribution functions of minority ions
are shown in Fig. 7 ( fRF = 40.0 MHz) and 8 ( fRF =

38.5 MHz). Fig. 7 are contour plots of the velocity distribu-
tion averaged on the flux surface between ρ (=

√
ψ/ψa) =

0.0 and 0.10 (left upper), ρ = 0.31 and 0.41 (right upper),
and ρ = 0.45 and 0.55 (left lower), ρ = 0.66 and 0.76
(right lower) with fRF = 40.0 MHz. Fig. 8 shows in the
same manner of Fig. 7 in the case of fRF = 38.5 MHz.

Figure 9 shows the radial profile of the ICRF wave

Fig. 7 Velocity distribution averaged in each radial ρ interval
( fRF = 40.0 MHz)

power absorbed by minority ions in the case of fRF =

40.0 MHz (red line) and fRF = 38.5 MHz (green line).
We can see that the radial profile of the absorbed ICRF

P2-01

299



Proceedings of ITC18, 2008

Fig. 8 Velocity distribution averaged in each radial ρ interval
( fRF = 38.5 MHz)

wave power depends on fRF and peaks at a specific ra-
dial position. The ICRF wave power absorbed by minor-
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Fig. 9 Power profile absorbed by minority ions (H) in the case
of fRF = 40.0 MHz (red line) and fRF = 38.5 MHz (green
line)

ity ions is transferred to the background ions and electrons
through particle collisions. The heating power profiles
of background ions, Pdep (D), and electrons, Pdep (e), are
shown in Fig. 10. Although the both Pdep (D) and Pdep (e)
slightly peak at the same radial point, the profile of them
are broader compared to that of Pabs (H). The heating effi-
ciencies (Total heating power/Total power absorption) are
0.697 ( fRF = 40.0 MHz) and 0.396 ( fRF = 38.5 MHz), re-
spectively.

4 Conclusion

We have carried out a global simulation of ICRF heating
in the helical plasma (LHD) combining the full wave field
solver (TASK/WM) and the drift kinetic equation solver
(GNET). The realistic ICRF wave profile have been ob-
tained by TASK/WM and been used to solve a drift kinetic
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Fig. 10 Heating power profile of background ion (left) and elec-
tron (right) in the case of fRF = 40.0 MHz (red line) and
fRF = 38.5 MHz (green line)

equation in the GNET. The wave number k⊥ profile has
been directly evaluated from the wave form.

The characteristics of the ICRF minority heating in the
LHD have been shown.
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Analysis of Propagating Mode Contents in the Corrugated
Waveguides of ECH System for Precise Alignment
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A new method is proposed to analyze mode contents of high power electromagnetic waves that are propagat-
ing through corrugated waveguides in the electron cyclotron resonance heating (ECH) system for nuclear fusion
devices. The method was applied to a 168GHz transmission line of the ECH system in Large Helical Device
(LHD) to evaluate the waveguide alignment. Mode contents of the propagating wave could be well analyzed us-
ing this method. Furthermore, the wave field in the waveguide was reconstructed using the obtained information
of the each mode content.

Keywords: ECH, gyrotron, corrugated waveguide, mode analysis, phase retrieval

1 Introduction

Electron Cyclotron resonance Heating (ECH) is one of the
most powerful heating methods for plasma heating and
current drive in fusion-oriented plasma devices. The high
power millimeter-waves for ECH are usually transmitted
by over-sized circular corrugated waveguides. The length
of such transmission lines becomes longer and longer due
to the huge size of plasma confinement devices. In the
over-sized corrugated waveguides, tilt and offset of the
waveguide axis easily cause conversion of the transmit-
ted mode of HE11 to unwanted modes. Improvement of
transmission efficiency is essential in view not only of in-
crease of usable power but reduction of heat load to the
millimeter-wave components by Ohmic loss. For example,
to suppress a mode conversion loss < 1%, tilt angle and
offset of the beam center should be less than 0.1 deg. and
2.9mm, respectively, for the 168GHz transmission through
the corrugated waveguide 88.9mm in diameter [1]. We al-
ready proposed an alignment method of transmission lines
based on infrared (IR) images on a target irradiated by high
power millimeter-waves [2].

As a next step, it is important to identify propagating
mode contents in the corrugated waveguides for clarify-
ing what kind of misalignment induces such mode con-
version. One method of the mode-content analysis has
been already proposed by using the irradiant waveguide
modes [3]. We will report another method of mode-content
analysis and reconstruction of the wave field in the corru-
gated waveguide. Figure 1 illustrates a flow chart of the
mode-content analysis. At first, a target plate, which is
set several tens centimeter away from the open edge of
the corrugated waveguide, is irradiated by a high power

author’s e-mail: shimozuma.takashi@LHD.nifs.ac.jp

Fig. 1 A flow chart of the mode-content analysis and electric
field reconstruction in the corrugated waveguide.

millimeter-wave. The temperature rise of the target plate
is measured by IR camera precisely for several target po-
sitions. Next, the phase information is retrieved by the
phase retrieval method [4]. In parallel with this, the first
and second moments of the radiation pattern are calculated
to evaluate the position of the power center and the waist
size of the beam. Once the information of the amplitude
and phase at the exit of the waveguide is determined, mode
contents can be analyzed by orthogonal-mode expansion in
the corrugated waveguide. Finally, the electric field in the
waveguide can be reconstructed up to its entrance using
the obtained mode contents and the phase factor of each
constituent mode.

This paper is organized as follows. In Sec. 2, the
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method of mode-content analysis is described, and the re-
sults of its application to a 168GHz transmission line in
LHD ECH system are given. In Sec. 3, a method and
calculated results of the electric field reconstruction in the
corrugated waveguide are described using the information
of analyzed mode contents in Sec. 2, Finally, Section 4
will be devoted to a conclusion.

2 Method and Results of Mode-
Content Analysis

In the process of designing phase correcting mirrors
and performing waveguide alignment, the phase retrieval
method was successfully used to reconstruct the phase in-
formation of the radiated waves using only measured in-
tensity profiles at several positions [4]. By using the phase
retrieval method, we can find the complex amplitude at ra-
diating edge of the corrugated waveguide. It can be de-
composed by the eigen modes in the corrugated waveg-
uide. The expansion coefficients by the eigen modes give
the mode contents of the corresponding eigen modes.

At the waveguide exit (z=0), the phase can be re-
trieved by the phase retrieval method. Such amplitude
A(x, y, 0) and phase ϕ(x, y, 0) can be expanded by the or-
thogonal functions in the waveguide as,

A(x, y, 0)e jϕ(x,y,0) =

N∑
n=1

Cne jϕnφn(x, y) (1)

, where Cn is the amplitude and ϕn is the phase of a mode n.
On the contrary, the expansion coefficients are represented
by

Cne jϕn =

∫
S A(x, y, 0)e jϕ(x,y,0) · φ∗n(x, y)ds∫

S |φn(x, y)|2ds
. (2)

So, a fraction of the mode n, pn, is calculated as,

pn =
|Cn|2 ·

∫
s |φn|2ds∫

S |A|2ds
=
|
∫

S A(x, y, 0)e jϕ(x,y,0) · φ∗nds|2∫
S |φn|2ds ·

∫
S |A|2ds

.

(3)

The eigen functions in an over-sized corrugated waveguide
with the radius of a are approximately given by [5]

φeven
n,m = Jn−1(Xn−1,m

r
a

) · cos(n − 1)φ

for n,m = 1, 2, · · ·

φodd
n,m = Jn−1(Xn−1,m

r
a

) · sin(n − 1)φ (4)

for n = 2, 3, · · · ,m = 1, 2, · · ·

Fig. 2 Measured amplitude and retrieved phase at the radiating
edge of the corrugated waveguide. The amplitude in a)
and phase profile in b) for the rough alignment case. The
amplitude in c) and phase profile in d) for the case after
realignment.

Here, Xn−1,m are m-th roots of Bessel function
Jn−1(Xn−1,m) = 0 and r =

√
x2 + y2, φ = tan−1(y/x).

This method was applied to the 168GHz transmission
line in the ECH system of LHD. Figure 2 shows measured
amplitude and retrieved phase at the radiating edge of the
circular corrugated waveguide. Figs. a) and b) correspond
to the amplitude and phase profiles for the rough alignment
case, respectively. Figs. c) and d) are the amplitude and
phase profiles for the case after realignment of the waveg-
uide. In the rough alignment case, the intensity pattern
breaks into several peaks and the phase in the lower part is
reverse to that in the upper part on the waveguide cross sec-
tion. After realignment, the intensity profile was improved
to be a Gaussian-like one and the phase distribution was
almost constant.

These data were used for mode-content analyses. Fig-
ure 3 shows the analyzed mode contents of both cases in
Fig. 2 for the orthogonal even- and odd-modes in the corru-
gated waveguide. In the rough alignment case, HE11 main
propagating mode is only 13%. The major component is
HE21 odd mode, which stems from the profile asymme-
try with respect to x-axis as shown in Fig. 2 a) and b).
HE12 mode of 18.5% is caused by a part of off-axis com-
ponents in the amplitude profile. In the case after realign-
ment, HE11 main propagating mode is recovered to dom-
inate 89% and the other unwanted modes are HE21/1.1%,
HE12/0.9% (even-mode) and HE21/5.4% (odd-mode). The
small fraction of HE21 odd mode attributes to the small
offset of the intensity center from the waveguide axis in
y-direction.

3 Field Reconstruction

On the contrary, the electromagnetic field at the arbitrary
position, z, in the waveguide can be reconstructed by using
the expansion coefficients of each eigen mode, Cne jϕn , and
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Fig. 3 Results of mode-content analysis for even and odd modes
in the corrugated waveguide.

propagation phase factor, e(− jβnz), where βn is a propagation
constant of the mode n in the z-direction.

The amplitude and phase at the arbitrary z position in
the corrugated waveguide are generally represented as fol-
lows,

A(x, y, z)e jϕ(x,y,z) =Ar(x, y, z) + jAi(x, y, z) (5)

=

N∑
n=1

Cne jϕnφn(x, y) exp(− jβnz)

(6)

, where

βn =

√
k2 −

(Xn

a

)2

(7)

k =
ω

c
=

2π
λ

(8)

ω and λ are the angular frequency and wave length of a
propagating wave, respectively. c is the speed of light. Fi-
nally the real and imaginary parts of the wave field, Ar and

Ai, are expressed as follows,

Ar(x, y, z) =
N∑

n=1

{
Cn cosϕn cos(βnz)+

Cn sinϕn sin(βnz)
}
φn(x, y) (9)

Ai(x, y, z) =
N∑

n=1

{
−Cn cosϕn sin(βnz)+

Cn sinϕn cos(βnz)
}
φn(x, y) (10)

Figure 4 a) shows the intensity and phase profiles of
the reconstructed field for the rough alignment case at sev-
eral positions (z=0, -1.6m and -3.2m) as indicated in the
illustration. The positions of z =-3.2m and z=0 correspond
to the entrance and exit of a corrugated waveguide under
test, respectively. In general, the n-th moment in the x-
direction weighted by the intensity A(x, y, z)2 can be de-
fined as,

< xn > (z) =
∫

xnA2(x, y, z)dxdy/
∫

A2(x, y, z)dxdy

(11)

As a representative of the power density center, the first
moment was calculated. The results are shown in Fig. 4
b). Since the beat wavelength between HE11 and HE21

(odd-mode), which is the most dominant mode among the
unwanted modes, is about 9.8m, this results in a periodic
change of the first moment < y > of which period cor-
responds to about a beat wavelength. In x-direction, the
non-axisymmetric unwanted even-mode of HE21 affects
the value of < x > and shows the same periodic change.
Because HE12 is an axisymmetric mode, the first moment
calculation is not affected by this mode.

Figure 5 a) shows the same intensity and phase
profiles of the reconstructed field for the case after re-
alignment. The peak position in the amplitude profile
moves slightly in y-direction. This is due to the existence
of the same dominant mode, HE21 (odd-mode). The phase
pattern, however, keeps almost uniform along the waveg-
uide axis. The first moment of the intensity profile are
shown in Fig. 5 b). The changes of < x > and < y > show
the same periodic change, and their periods correspond to
the beat wave length between HE11 and HE21 (odd-mode).
Although the center of intensity locates around the waveg-
uide axis at the entrance, the calculated phase indicates
an little inclined phase profile in the y-direction, which is
about 0.3 degree. This caused a generation of the dominant
unwanted mode of HE21 (odd-mode).

4 Conclusion

Mode contents of high power electromagnetic waves that
are propagating through corrugated waveguide in ECH
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Fig. 4 For the rough alignment case, a) contour plot of am-
plitude and phase of reconstructed electric field at sev-
eral positions (z=0, -1.6m and -3.2m) in the corrugated
waveguide and b) the first moment calculation for x- and
y- direction are given.

system could be well analyzed using retrieved phase in-
formation, and the wave field in the waveguide was re-
constructed on the basis of the complex amplitude of each
eigen mode. The advantage of this method is that the used
data are measured in the same configuration as the actual
transmission system and as the same high power level. The
obtained results can be useful to analyze the possible cause
of degradation of transmission efficiency.

Two cases of the rough alignment and after realign-
ment of the wave coupling were analyzed using this
method as examples. The results of mode-content analysis
clearly give the cause of misalignment between the inci-
dent beam axis and the waveguide axis. Subsequent field
reconstruction in the waveguide gives the change of the
field propagating through the waveguide and an unobserv-
able phase information of the incident wave at the waveg-
uide entrance. In special, the phase information at the
waveguide entrance gives a good guidance for alignment.
It was found that a burn-pattern measurement at two posi-
tions was insufficient for the beam alignment, because the
center of measurable intensity distribution changes with
a period of beat wavelength between the related modes.
This suggest that burn-pattern measurement should be per-
formed at several positions, quarter beat wave length be-
tween the main mode and unwanted modes, in special.

Fig. 5 For the case after re-alignment, a) contour plot of am-
plitude and phase of reconstructed electric field at sev-
eral positions (z=0, -1.6m and -3.2m) in the corrugated
waveguide and b) the first moment calculation for x- and
y- direction are given.

Acknowledgment

The authors gratefully acknowledge Professors A. Ko-
mori, S. Sudo and O. Motojima for their continuous guid-
ance and encouragement. This work has been supported
by NIFS under NIFS08ULRR501, 502, 503, and was
partly performed under the collaboration organized by
NIFS(NIFS08KCRR004). This work was also supported
by Grant-in-Aid for Scientific Research from Ministry of
Education, Science and Culture of Japan (19560051).

References
[1] K. Ohkubo, S. Kubo, H. Idei, M. Sato, T. Shimozuma

and Y. Takita, Int. J. Infrared and Millim. Waves 18, 23–
41(1997).

[2] T. Shimozuma, H. Idei, M. A. Shapiro, R. J. Temkin et al., J.
of Plasma and Fusion Research Vol.81, No.3, 2005, pp191-
196.

[3] H.Idei, M. A. Shapiro, R. J. Temkin, T. Shimozuma and
S. Kubo, Proc. of the 32nd Int. Conf, on Infrared and Mil-
limeter waves, p67-68, MonA3-3 (2007).

[4] M. A. Shapiro, T. S. Chu, D. R. Denison et al., Fusion Eng.
and Design, Vol. 53, 2001, pp537-544.

[5] N. L. Aleksandrov, A. V. Chirkov, G. G. Denisov and
S. V. Kuzikov, Int. J. of Infrared and Millim. Waves, Vol.
18, No. 8, 1997, pp1505-1516.

P2-03

304



 

 

Proceedings of ITC18,2008 

author’s e-mail: gianluigi.serianni@igi.cnr.it 

Active steering system for the Neutral Beam Injector for ITER 

Marco Cavenago
a
, Gianluigi Serianni, Vanni Antoni, Nicola Pilan, Pierluigi Zaccaria 

Consorzio RFX, EURATOM-ENEA Association, Corso Stati Uniti 4, I-35127 Padova, Italy 

a
Laboratori Nazionali di Legnaro-Istituto Nazionale di Fisica Nucleare (LNL-INFN), Viale dell’Università 2, 35020 

Legnaro (PD), Italy 
 

ITER requires an additional power injection of 33 MW from neutral beams, which can be provided by two 

injectors, delivering 16.5 MW each, having an ion current of 40 A and an accelerating voltage of 1 MV. 

The requirement of on-axis and off-axis injection into ITER is presently accomplished by mechanical tilting of 

the injector source. To preserve the integrity of the beam line components, on the horizontal plane, very tight 

misalignment is tolerable (±3 mrad); such accuracy requires precise installation of the components. Breaking the 

vacuum and executing a long series of operations is required to provide proper beam alignment. It would be helpful 

if such alignments could be performed remotely. 

A study has been conducted on the possibility of steering the negative ions by suitable magnetic fields, 

generated by dedicated coils located at the exit of the accelerator. It results that the magnetic system can meet the 

requirements in terms of beam alignment. The steering system will heavily affect the trajectory of the electrons 

extracted from the accelerator and can be used to deflect the electrons onto suitable dump plates. 

The system can steer the ions and dump the electrons in a controlled way, even in case of modulation of the 

acceleration voltage; a flexible beam aiming system can be used to adapt the power deposition profile in ITER to 

the plasma characteristics; active steering can provide a suitable way to control the power deposition with respect to 

the possibility of exciting Alfvén eigenmodes, which can reduce the performances of ITER plasmas. 

The present contribution reviews the preliminary design of the active steering system and provides an analysis 

of advantages and disadvantages. 

 

Keywords: ITER, heating and current drive, plasma instabilities, beam steering, heat loads  

1. Introduction 

Depending on the operating scenario, ITER requires 

an additional power up to 33 MW from neutral beam 

injection; such power can be provided by two injectors, 

each one delivering 16.5 MW; the ion current should be 

40 A and the accelerating voltage 1 MV [1]; this high 

particle energy implies the use of negative ions based on 

consideration of neutralisation efficiency [2]. 

It is required that the design allows both on-axis and 

off-axis injection into ITER; presently this is accomplished 

by mechanical tilting of the injector source. At the same 

time, on the horizontal plane, very tight misalignment is 

tolerable (±3 mrad), to preserve the integrity of the beam 

line components; such accuracy must be obtained by 

precise installation of the components. 

Modifications of the alignment using these systems 

require breaking the vacuum and executing a long series of 

operations. Consequently it would be helpful if such 

alignments could be performed remotely. 

Active aiming would allow to modify the power 

deposition profile in ITER according to the characteristics 

of the plasma; active steering can provide a suitable way to 

control the power deposition with respect to the possibility 

of exciting Alfvén eigenmodes, which can reduce the 

performances of ITER plasmas [3]. 

A study has been conducted on the possibility of 

steering the negative ions by magnetic fields, generated by 

suitable coils located at the exit of the accelerator. 

As a by-product, the steering system would heavily 

affect the electron trajectories outside of the accelerator 

and deflect the electrons onto suitable dump plates. 

Advantages of this system are the possibility of 

steering the ions and dumping the electrons in a controlled 

way, even in case of modulation of the acceleration 

voltage; aiming of the ions is provided without the need of 

moveable parts in vacuum and of flexible connections. 

The present paper reviews the preliminary design of 

an active steering system for ITER and describes the 

numerical tools developed to give the main specifications; 

finally advantages and disadvantages are analysed. 

 

2. Operating principle 

The principle of operation of an active steerer is 

illustrated in Fig. 1: the negative ions emitted from the 

accelerator are deflected by the magnetic field produced by 

suitable coils. Two sets of coils are required to provide 
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vertical and horizontal steering. Since the effect of 

magnetic fields on electrons is larger than on ions, the 

system can be used to deflect the co-accelerated electrons 

and a suitable dump plate must be provided. 

Two schemes are proposed for the system: a single 

steerer can be used to deflect the ions; the electrons leaving 

the accelerator are also deflected and are intercepted by the 

electron dump. The advantages of such a system are: little 

space required for magnetic field coils and simplicity of 

use; moreover, monopolar power supplies are required. 

The drawback is that the electron deflection is related to 

the deflection of negative ions; therefore the position of the 

panels intercepting the electrons requires a careful study, to 

comply with the requirements of beam steering in two 

directions. In this case the beam source is tilted and the 

steerer must recover the ion deflection at any time. 

In the case of the double-stage steerer the magnetic 

field of the first stage filters the electrons, deflecting them 

towards the electron dump; the second stage compensates 

for the deflection undergone by the beam trajectory and 

gives the required deflection of negative ions. This solution 

allows to decouple electron dumping from beam steering, 

as the two sets of coils serve different purposes. 

In both schemes an iron yoke is necessary, to prevent 

the steerer magnetic field from penetrating the acceleration 

region. It is worth noting that the iron yoke acts also as a 

protection for the cryopump panels, by intercepting the 

radiation emitted at the electron dump plates. 

 

3. Numerical tools 
Several numerical tools have been developed in the 

COMSOL Multiphysics environment [4] to investigate the 

performances of a steerer and to support its design. 

To analyse the main features of the system, the 

paraxial approximation is adopted, according to which the 

sine of an angle can be approximated by the angle itself: 

ϑϑ ≈sin . 

So conservation of energy and Larmor radius for a 

particle of mass mo and charge qp in an accelareting voltage 

V read: 

)1(2
−= γcmVq op

   
Bq

vm
R

p

o
L

γ
=

 (1) 

which give the particle deflection: 

2/1222 )2(

d

ppopo

xp

VqcmVq

zBqc

+

∫
=ϑ∆  (2) 

Eq. 2 shows that the deflection depends on the 

particle energy and on the integral of the magnetic field 

along the particle path. Hence uniformity of the deflection 

does not require uniformity of the magnetic field but 

uniformity of the integral of the magnetic field along the 

particle path: particles can have the same deflection after 

experiencing different magnetic fields along their paths. 

The integral of the magnetic field along the particle 

path is intrinsically a two-dimensional quantity. This opens 

the possibility of increasing the spatial resolution of 

numerical estimates of the deflection, without resorting to 

huge numbers of degrees of freedom [5]. As a matter of 

fact the analysis of the magnetic configuration has been 

realised in COMSOL, using the emqav application module; 

likewise COMSOL has been used to compute the particle 

trajectories and to model the magnetic field coils [6]. 

A numerical method has been realised also to estimate 

the power deposited on material surfaces [6]. Specifically 

each beamlet is subdivided into several small areas and the 

corresponding contribution to the particle flux is computed. 

By following the particle motion, each of the beamlet 

subdivisions is mapped onto its final position and the 

 

Fig.1  Operation of active steerers: in a single-stage 

steerer (top), electron and ion deflections are 

linked; ions are deflected separately from 

electrons in double-stage systems (bottom). 

 

 

Fig.2  Ion trajectories for a single-stage steerer 

corresponding to minimum and maximum 

required deflections. 
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numerical estimation of the Jacobian of the transformation 

allows the computation of the initial-to-final ratio of the 

beamlet surface, giving a sort of intensifying factor for the 

heat flux. Since the energy of the beamlet is known, this 

procedure provides a local estimate of the heat flux. 

 

4. Application to ITER 

The feasibility of a steering system for ITER has been 

investigated [7]. The following requirements in terms of 

particle deflection have been assumed: ±3 mrad on the 

horizontal plane and ±14 mrad on the vertical plane. 

The system has been located just downstream of the 

grounded grid (Fig. 3). In the vertical direction all the 

available space has been used; along the beam axis 

however, the necessity of pumping away the gas exiting 

the grounded grid limits the axial extension of the steerer. 

Due to the large difference between the vertical and the 

horizontal width of the beam at the exit of the accelerator, 

it seems better to install vertical electron dump plates. It is 

assumed that the plates extend 0.6 m in the axial direction. 

As sketched in Fig. 2, the specified range of the ion 

deflection results in the specification of maximum and 

minimum values for the corresponding magnetic fields; in 

the case of a single-stage steerer, the results are shown in 

Fig. 4: as a function of the entrance angle of ions in the 

magnetic field, α1, the required magnetic fields increase; 

the axial position where the electrons hit the dump plate 

decreases, their impact angle increases. These graphs can 

be used to define the minimum entrance angle of the 

particles, which results in the tilting angle of the beam 

source. A reduction of the plate length is desirable in terms 

of the reduction of the overall dimensions, but results in a 

larger impact angle and consequently in a large heat flux. 

In the case of the double-stage steerer, the first set of 

coils is dedicated to the horizontal deflection of electrons 

onto the dump plate; the second set of coils recovers the 

negative ion direction and provides the horizontal steering; 

 

Fig.3  Proposed location of a steerer in ITER NBI. 

Fig.6  Conceptual design of a single-stage steerer. 

Electron dump plates, housing the coils, and 

magnetic yoke are shown. 

Fig.4  Single-stage steerer. Minimum and 

maximum magnetic fields corresponding to 

specified range of vertical deflection; 

corresponding minimum and maximum axial 

positions and incidence angles of impact of 

electrons on the electron dump. 

Fig.5  Negative ion deflection as a function of the 

current imbalance in the double-stage steerer. 
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another set of coils is interlaced to provide the vertical 

steering. Fig. 5 shows the ion deflection due to a current 

imbalance between the two sets of coils: it can be verified 

that the requirements are satisfied. 

 

5. Conceptual design 

A conceptual design has been developed for both 

steering systems; deflection of electrons is mainly 

performed on the horizontal plane. 

Fig. 6 shows the case of the single-stage steerer. The 

magnetic coils are embedded in the electron dump plates. 

These plates are located between the beamlet groups, to 

shorten the distance between the plates and the apertures 

where electrons emerge. The magnetic yoke is also shown. 

The double-stage steerer involves three sets of coils 

(see Fig. 7): the first stage forces the electrons onto the 

electron dump plates, which are vertical; a second set of 

coils compensates for the beam deflection induced by the 

previous set and provides the required horizontal steering 

of the beam; the last set of coils is interlaced with the 

second one and steers the beam in the vertical direction. 

The magnetic yoke surrounds the whole system. 

 

5. Conclusions and future work 

An active steerer can meet the requirements of ITER 

in terms of beam aiming, both horizontally and vertically. 

The system can be located in the space between the 

grounded grid and the neutraliser. The influence of the iron 

yoke on pumping efficiency is still to be assessed. 

The advantages of active steering with respect to 

mechanical steering are: large flexibility, even at 

non-nominal acceleration voltages; control of power 

deposition profile and, consequently, of plasma 

instabilities; no need of mechanical tilting of the source; 

full control of beam aiming outside the vacuum vessel; 

controlled dumping of accelerated electrons; protection of 

cryopump panels from the radiation emitted at the electron 

dump plates. 
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Fig.7  Conceptual design of a double-stage steerer. 

The three sets of coils are shown together 

with the electron dump plates and the 

magnetic yoke. 
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 A comprehensive study of photon temperatures (Tph) of hard X-ray emission in the lower hybrid current drive 
(LHCD) plasmas and the current drive efficiency of lower hybrid waves in HT-7 tokomak is presented through a simple 
correlation. The photon temperature increases with increasing plasma current while it decreases with increasing plasma 
density. The current drive efficiency increases with the increase of the density in fully accessible condition of LHCD, 
with the decreased photon temperature Tph and increased population density of the fast electrons at fixed plasma current. 
These experimental results reveal that photon temperature depends mainly on global effects of the fast electron 
population, synergy between the fast electron and the loop voltage and the coulomb slowing down.   

 
Keywords: photon temperature, hard x-rays, current drive efficiency, HT-7 tokamak 

  

1. Inroduction 
Steady state operation of tokamak is the ultimate goal 

to realize a commercial fusion reactor. On the other hand, 
high performance, such as in advanced tokamak operation 
modes, is needed for the economic use of fusion reactors 
[1]. Lower hybrid (LH) waves are routinely used to drive 
currents in tokamak plasmas non-inductively, thus 
significantly extending the tokamak operation space to 
long-pulse, steady state discharges. In recent years lower 
hybrid (LH) waves  have been successfully utilized for 
electron and ion plasma heating, to sustain and ramp-up 
toroidal plasma current, and to stabilize sawteeth in 
tokamak  Investigations carried out in the HT-7 tokamak 
are contributing to these issues relevant to fusion reactors 
and the underlying physics. HT-7 is a medium sized 
tokamak with superconducting toroidal coils. Its main 
purpose is to explore high performance plasma operation 
under steady-state conditions. Since the very beginning of 
LHCD experiments in tokamaks, it has been recognized 
that hard X-ray emission from fast electrons provides 
considerable information on the LH wave power 
deposition profile and the fast electrons energy distribution. 
The measurement of the FEB emission in the hard X-ray 
energy range is the most efficient means for the 
investigation of LHCD experiments in plasma physics [2].. 
The photon temperature is just a parameter to 
characterize the level of anisotropy of the fast electron 
tail, which is determined by the exponential-like decrease 
of the FEB energy spectrum. The photon temperature is a 

commonly used parameter, to analyze qualitatively how 
the tail evolves with radio frequency wave parameters. 
The photon temperature indicates the “hardening” of the 
X-ray spectra, resulting from the interaction of fast 
electrons with residual loop voltage. It contains 
information of the energy distribution of fast electrons 
driven by the LH waves and residual electric field. For 
higher Tph, the fraction of the energetic fast electrons 
population is larger, which means more plasma current 
carried by the fast electrons. The current drive efficiency 
is one of the most important parameter in non-inductive 
current drive  for the evaluation of lower hybrid current 
drive experiments [3 ]. The experimental current drive 
efficiency is defined as  η= IrfneR/PLH, where Irf  is the 
current driven by the lower hybrid waves, ne is the central 
line average density, R is the major radius of the plasma 
and PLH is the injected LH wave power absorbed by the 
plasma through landau damping. A fully non-inductive 
CD efficiency ηo= IpneR/PLH0   is obtained when loop 
voltage approaches zero. PLH0  is the required LH power 
to attain zero loop voltage. The current related to RF 
power can be estimated by  Irf= -(ΔV/VOH)Ip , where 
ΔV= VLH -VOH  is the loop voltage change between the 
LHCD phase and ohmic phase if total plasma current is 
unchanged. The purpose of this paper is to give a 
description of current drive efficiency in the LHCD 
plasma of HT-7 tokamak through such a simple way 
which is directly linked to the population and averaged 
velocity of fast electrons.  
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2. Experimental Results and Discussion 
HT-7 is a medium sized tokamak with superconducting 

toroidal coils and water-cooled graphite limiters in 
circular cross section [4]. It has a major radius of R0 = 
1.22 m, minor radius of a = 0.27 m, one toroidal 
water-cooling belt limiter at high field side and a new set 
of actively cooled toroidal graphite limiters at the bottom 
and top of the vacuum vessel. A LH power (PLH) up to 
1.2 MW at 2.45 GHz is available presently in the HT-7 
machine. The power spectrum of the launched wave can 
be adjusted in the range 1.25 < n// < 3.45 by means of 
feedback control of the phase difference between adjacent 
wave guides of the couplers, where n// is the peak index 
of parallel refraction of the launched wave. The HT-7 
tokamak is normally operated at Ip = 100–200 kA, BBt = 2 
T, line-averaged density ne = (0.5 - 4) × 10  m , in the 
limiter configuration. The hard X-ray diagnostics system 
in HT-7 is the main tool to measure FEB and consists of a 
vertical X-ray detector array. On HT-7 the CdTe detector 
was also used in the vertical array since 2001 for its 
excellent performance and successful application. The 
CdTe detector here can detect an energy range of X-ray 
from 20 keV to 200 keV, which is the energy range of 
non-thermal bremsstrahlung emitted by the fast electrons 
driven by lower hybrid wave. In the present experiments 
the feed back controls were applied to keep plasma 
current, the position and central line averaged density 
constant.  

19 −3

A typical waveform of the LHCD discharge is 
shown in the Fig. 1. The plasma current is 150 kA, the 
line averaged density ne = 1.6 x1019 m-3, 230 kW LHCD 
was launched from 0.32 s to 1.1 s. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Waveforms of LHCD discharge no. 87655. (a) is the 
plasma current, (b) the loop voltage, (c) the center line –average 
density, (d) the LH power, (e) the center line-integrated FEB 
emission intensity 

 
 
For the plasma current scanning experiments it is 

experimentally and numerically observed that photon 
temperature increases with the increase in plasma 
current[5], which is mainly due to the interaction of the 
residual loop voltage and the fast electrons driven by 
lower hybrid waves. The population of fast electrons is 
higher at high plasma currents. Both increment of photon 
temperature and population of fast electrons at higher 
plasma currents leads to higher lower hybrid current drive 
efficiency.  

During the plasma density scan experiment, LH 
power with 500 kW at n// = 2.35 was injected into target 
plasma having current of 150 kA. The plasma densities 
scanned shot by shot were (1.2, 1.7, 2.1, 2.5) x1019 m-3. 
The photon temperature of central sight line is derived 
from FEB spectra, Tph decreases with increasing plasma 
density [5,6]. At plasma density of 1.2x1019 m-3 and a 
fixed plasma current 150 kA, the CD efficiency is lower, 
that is only 0.33 m-2A/W. The population of fast electron 
produced by the lower hybrid waves indicated by HX-ray 
intensity normalized by the line averaged density is low 
as can be seen in the Fig. 2. 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 2  Lower hybrid current drive efficiency and ratio of 
intensity of fast electron to density  of fast electron versus 
Photon temperature at Ip= 150kA , PLH

 = 500kW n// =2.35, 
(circle  and triangle represent  CD efficiency  and ratio of 
fast electron population to density  respectively). 
 

 At the lower line average plasma density of fixed 
plasma current, the electron temperature of the target 
plasma is higher, which will generate more resonant 
electrons with LHW on one hand. On another hand the 
less frequent collision with bulk electrons at lower 
plasma density can sustain the fast electron produced by 
LHW for longer time, which is partially responsible for 
higher photon temperature, due to lower slowing down 
time. At higher plasma density of 2.1x1019 m-3, the CD 
efficiency is about 0.44 m-2A/W, while the fast electron 
population is much higher than the low plasma density 
case as seen in Fig. 2. For higher density region the target  
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Fig. 3 Δ Tene versus lower hybrid Power at ne= 1.5x1019m-3 , 
Ip= 150kA, PLH

 = (188-532)kW, n// =2.35.   
 
plasma has low temperature at fixed plasma current and 
faster slowing down will leads a lower photon 
temperature. The increased population of fast electrons 
contributes the increased CD efficiency significantly. 
Figure 3 shows the increment of ΔTene  with the LHCD 
power, which gives a measure of the energy transferring 
to bulk electrons from LHW. This heating is mainly 
through the collision of the bulk electrons by the fast 
electrons generated by LHCD, which slows these fast 
electrons down. The slowing down time of fast electrons, 
which is generated primarily at the resonance energy of 
LHCD [7], is inversely proportional to the bulk electron 
density. It can be clearly seen from the increment rates of 
ΔTene  against LHW power in figures 3 and 4 for the 
densities of 1.5x1019 m-3 and 1.0x1019 m-3.   

 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig.4  Δ Tene versus lower hybrid Power at ne=  1.0x1019m-3 , 
Ip= 150kA, PLH

 = (204-490)kW.   
 

The slowing down via collisions can be responsible 
for the energy transferring to the bulk electrons from the fast 
electrons, which may account for the behavior of the photon 
temperature versus density. the population of the fast electrons 
generated by LHCD plays dominated role in generation of the 
current carried by fast electrons.   
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ICRF heating in helical reactor 
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ICRF heating is a favorable high-density plasma heating method since ICRF wave can propagate in 
high-density plasma. ICRF heating in helical reactor was calculated by using an antenna code and a ray tracing 
code assuming high-density plasma without resonance layers of α-particles in plasma core. Enough loading 
resistance and low electric field inside the ICRF antenna was obtained. The strong heating of plasma will be 
expected in high-density plasma by heating electron and tritium, especially with the configuration of the second 
harmonic resonance layer of tritium on the magnetic axis shifted onto the saddle point. 

 
Keywords: ICRF heating, helical reactor, LHD, α-particles, ray tracing, ELD/TTMP, second harmonic heating 

1. Introduction 
Helical fusion reactor [1, 2] has an advantage of 

steady-state operation since no need for a current drive. 
Before the ignition in the helical reactor, plasma must be 
heated by external heating such as ion cyclotron range of 
frequencies (ICRF) heating, electron cyclotron heating 
(ECH) and neutral beam injection (NBI). ICRF heating is 
a favorable high-density plasma heating method since the 
fast wave launched from ICRF antenna can be 
transmitted to plasma core even in high-density plasma. 
In Large Helical Device (LHD) [3], ions were efficiently 
heated by minority ion heating (hydrogen as minority 
ions, helium as majority ions) especially by locating ion 
cyclotron resonance layer on the saddle point of magnetic 
field strength where the gradient of magnetic field 
strength is zero, which is characteristic of helical device 
[4]. Injected energy of 1.6 GJ was achieved mainly using 
this heating method [5]. Mode conversion heating is also 
efficient heating method though heating deposition is far 
off-axis around normalized minor radius of 0.75 [4]. 
However, there are problems in the ICRF heating in 
reactor. One is that the loss of fusion-produced 
α-particles induced by the RF wave [6]. The other is 
existence of evanescence of the fast wave in vacuum 
region between plasma and ICRF antennas. 

In section 2, resonance configurations to reduce the 
induced loss of α-particles will be shown. In section 3, 
calculation of loading resistance and electric field in the 
ICRF antenna will be shown. Ray tracing analysis will be 
conducted in section 4. Section 5 is a summary section. 
 

2. Candidate of frequency and magnetic field 
strength in helical reactor 

It was shown by the Monte Carlo simulation that 
α-particles are well confined without RF field [7]. We 
propose the configurations where the second harmonic 

resonance layer of tritium locates at the plasma core and 
the resonance layers of α-particles locate out of the 
plasma core to reduce the induced loss of α-particles by 
RF waves. Figure 1-a shows the ion cyclotron resonance 
layers at the vertically elongated toroidal section, where f 

= n fci. Magnetic configuration is the same with that of 
LHD (Rax=3.75 m, vacuum), except for the scale factor of 
3.5. The magnetic field strength on axis Bax is 4.92 T and 
the RF frequency f is 50 MHz. The second harmonic 
resonance layers of α-particles do not exist inside of last 
closed flux surface and only the fundamental resonance 
layer locates in high-field peripheral region of the plasma. 
Therefore, loss of high-energy α-particles by RF field is 
expected to reduce and the energy of α-particles will be 
sufficiently utilized for plasma heating and the heat load 
by the α-particles on divertor plates or first wall will be 
kept low. A second harmonic resonance layer of tritium 
locates on the magnetic axis, therefore tritium heating is 
expected as well as electron heating by electron Landau 
damping (ELD) / transit-time magnetic pumping (TTMP) 
heating. Figure 1-b shows the resonance layers in the case 
of Bax=5.10 T and f=50 MHz. A fundamental α-particle 

Fig.1  Configurations of ion cyclotron resonance
layers. (a) Resonance layer of tritium on
magnetic axis (f=50 MHz, Bax=4.92 T). (b)
Resonance layer of tritium on saddle point
(f=50 MHz, Bax=5.10 T). 
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resonance a little approaches to the plasma core and the 
resonance layer of tritium does not locate on the magnetic 
axis, however it locates at the saddle point where the 
efficient ion heating is expected. 

Fig.2  Intensity of the component of pointing vector 
directed to plasma at the plasma edge. (a)
Opposite current direction case. (b) Same 
current direction case. 

 

3. Calculation of ICRF antenna performance 
The loading resistance and the electro magnetic field 

around ICRF antenna were calculated by using 
variational method [8]. In this calculation slab model of 
plasma was used and infinite area of Faraday shield and 
back plate was assumed. Wave launched from antenna 
never returns to antenna. Simplified dielectric tensor of 
cold plasma was used, where a component of electric 
field along to magnetic field line is zero. The size of 
model antenna was 600 mm in strap width, 1000 mm in 
strap height, 50 mm between Faraday shield and the strap, 
and 350 mm between the strap and the back-plate. Large 
distance of 500 mm between plasma and Faraday shield 
was assumed to avoid the intense heat load on the ICRF 
antenna. RF frequency was 50 MHz and the magnetic 
field strength was 4.5 T (constant). Parabolic density 
profile was assumed with the peak density of 2×1020 m-3. 
Ion species were deuterium and tritium with the same 
concentration. Power was fed into the two straps of upper 
and lower antenna by the coaxial lines with the 
characteristic impedance Zc of 50 Ω through an outer port 
at the vertically elongated toroidal section assuming 
FFHR-2S [2] since it is not necessary to use blanket area 
for the feed lines. By the calculation, it was found that the 
loading resistance R was 10 Ω in the case of the opposite 
current direction on straps. Assuming maximum voltage 
in the coaxial line Vmax of 70 kV, which is the twice of the 
interlock level in LHD, the allowable injection power by 
two antennas was estimated to be 19.6 MW by using the 
equation 
     

2
max

2
1









=

cZ
V

RPower .                  (1) 

 
Electric field inside the antenna was also calculated. The 
strength of electric field between Faraday shield and strap 
was the largest. In the case of 19.6 MW injection, it was 
8.1 kV/cm and was smaller than that of breakdown for 
E⊥B (>30 kV/cm) [9]. Figure 2-a shows the intensity of 
the component of pointing vector directed to plasma. 
Peaks locate near the antenna tips. In the case of the same 
current direction on straps, loading resistance of 9.5 Ω 
and the power of 18.6 MW is possible. Maximum electric 
field was 14.2 kV/cm and still allowable level. The peak 
of intensity of pointing vector located between antennas 
as shown in Fig. 2-b. 
 

4. Ray-tracing calculation of ICRF wave in 
helical reactor 

The ray tracing calculation was conducted using the 
peaks of pointing vector obtained in section 3 as initial 
positions. Four combinations of initial wave number 
parallel to magnetic field line and the wave number 
perpendicular to the magnetic field line projected on the 
flux surface of  (k//, k⊥) =(-0.7 m-1, -0.7 m-1), (-0.7 m-1, 
0.7 m-1), (0.7 m-1, -0.7 m-1), (0.7 m-1, 0.7 m-1) were 
supposed since waves are evanescent for larger wave 
numbers. In this calculation, magnetic field configuration 
of LHD was used with the scale factor of 3.5. Dielectric 
tensor of cold plasma was used for the calculation of ray 
trajectory and polarization. Absorbed power was 
calculated by using the absorption ratio Q and the wave 
energy W, 
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where, E
r

 is the polarized electric field and K
t

 is the 
hot plasma dielectric tensor. The absorbed power was 
superposed with the same weight ignoring the effect of 
interference. High density plasma with internal diffusion 
barrier (IDB) [10] with the following profiles of electron 
density and temperatures of ions and electrons were 
supposed, 

Fig.3  (a) Variation of k// for three electron densities
on magnetic axis. (b) Variation of
exp{-(ω/k//vte)2} as an index of ELD/TTMP
strength. 

 
]1.0)1(1.0})35.0/(exp{8.0[ 5.65.2

0 +−+−= ρρee nn
                                         (4) 

)1( 4
0,, ρ−= eiei TT                       (5) 

 
where, ρ is the normalized minor radius. Deuterium and 
tritium was the same concentration, and the fusion 
products and the impurities were ignored. Ion and 
electron temperatures on magnetic axis Ti,e0 were 8 keV. 
The electron density on magnetic axis ne0 was scanned 
from 1×1020 m-3 to 5×1020 m-3 supposing high-density 
ignition. 
 

4-2 Same current direction on straps 4-1 Opposite current direction on straps 
Initial position was set at the outer edge on 

mid-plane at the perpendicularly elongated plasma 
section, since the pointing vector was maximum there in 
the case of the same current direction on straps as shown 
in Fig 2-b. Ray tracing was conducted for two cases of 
resonance of tritium on the magnetic axis and the saddle 
point. As shown in Fig.4-3-a, in the case of resonance on 
the axis, tritium heating was dominant and power was 
deposited on the magnetic axis (Fig.4-3-b). One-pass 
absorption was small when the density was low. However, 
by the configuration of resonance layer of tritium on 
saddle point, it increased though the peak of deposition 
shifted around ρ=0.5 as shown in Figs. 4-4-a and 4-4-b. 
Therefore the configuration of the magnetic axis on the 
saddle point may be useful for intense core heating. The 
magnetic axis was shifted onto the saddle point 
artificially and resonance layer of tritium was located on 
the axis. In this case, the intense core heating by tritium 
was calculated as shown in Figs. 4-5-a and 4-5-b. The 
second harmonic heating was thought to be enhanced by 
the effects of large k⊥ around the axis and low gradient at 
the saddle point. Due to the strong absorption by tritium, 
electrons were not heated. Since the wave energy is 
dumped at the magnetic axis perfectly before the growing 
up of k//, even if resonance of α-particles exists in plasma 
by the Doppler effect, the acceleration of α-particles will 
be avoided. 

Ray tracing calculation was conducted from two 
initial positions where the strength of pointing vector 
shown in Fig 2-a is the maximum in the case of the 
opposite current direction on straps. The resonance layer 
of tritium located on the magnetic axis as shown in Fig 
1-a. Figure 3-a shows variation of k//. In spite of the small 
initial k//, it was strongly enlarged, especially with the 
high electron density. The large k// up-shift is the 
characteristic to helical devices as pointed out in ref. [11]. 
These large k// is preferable for the direct electron heating 
by ELD and/or TTMP since the components for electron 
heating of aK

t
 (anti-Hermitian part of K

t
) are 

proportional to exp{-(ω/k//vte)
2}. In Fig. 3-b, the values of 

exp{-(ω/k//vte)
2} for different electron densities were 

shown, and they grew up enough close to one. 
Figure 4-1-a shows the integrated absorbed energy 

by electron and tritium. Absorption increased with the 
plasma density, and the portion of absorption by electron 
and tritium was changed. Wave energy was absorbed 
mainly by tritium at low density, whereas, wave energy 
was absorbed mainly by electron at high density since 
before cyclotron resonance of tritium, electrons start to 
absorb wave energy due to enhanced electron heating at 
high density. Figure 4-1-b shows power deposition profile. 
Location of power deposition is near plasma but a little 
off-axis (ρ≈0.25). Figure 4-2-a shows the absorbed 
energies in the case of resonance on the saddle point. In 
this case, the ratio of tritium heating increased since rays 
experienced the resonance of tritium earlier. Therefore, 
deposition profile shifted outward as shown in Fig. 4-2-b. 

 

5. Summary 
To reduce the enhanced loss of α-particles by RF 

waves, the configurations without the cyclotron  
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Fig.4  (a) Absorbed wave energy by electron and tritium normalized by initial wave energy for various initial
positions and resonance configurations. (b) Deposited power density multiplied by dV/dρ. At the right side,
initial positions and resonance configurations are shown. 

resonance of α-particles layer in plasma core were 
selected as candidates for ICRF heating in helical reactor. 
The second harmonic resonance layer of tritium located 
at the plasma core. ICRF antenna for the helical reactor 
was not optimized but the large loading resistance of 10 
Ω and the power injection of 20 MW from two antennas 
were found to be achievable. By the calculation of ray 
tracing, it was found that the wave number parallel to 
magnetic field was up-shifted largely especially in 
high-density IDB plasma even if the initial wave number 
was small, which enabled ELD/TTMP heating. The 
configuration of the second harmonic resonance layer on 
the magnetic axis shifted onto the saddle point makes the 
intense core heating possible by emitting the RF wave 
from mid plane. 
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In the Large Helical Device (LHD), the development of new 77 GHz gyrotrons of the design value of more than 
1 MW for 5 s and 300 kW for CW have started from 2006 as the joint program between NIFS and University of 
Tsukuba. The replacement of the existing gyrotrons by the 77 GHz-1 MW tubes is in progress. Two 1 MW tubes 
have been installed in LHD up to now. We have also finished the arrangement of the peripheral components 
including the transmission line. We have attained the operation of 0.86 MW/ 1.1 s and 0.76 MW/ 5 s for each 77 
GHz gyrotron. 

 
Keywords: ECRH, gyrotron, matching optics unit, steady state operation, LHD 

1. Inroduction 
Electron cyclotron resonance heating (ECRH) is one 

of the most promising heating methods for fusion 
plasmas due to its higher power density and lower risk for 
neutron activation. From the view point of plasma control, 
ECRH also plays a key role as a control knob for local 
plasma parameters by local heating or toroidal current 
drive with a high spatial resolution [1]. Thus, it is 
substantially important to develop gyrotrons with a 
capability of high-power generation and long-time 
oscillation for effective utilization of ECRH as a plasma 
control knob and extension of parameter regime of 
long-time sustained plasma.  

In the Large Helical Device (LHD) [2], the 
enhancement of the output power per gyrotron was 
planed to enlarge the plasma operational regime and the 
replacement of the existing gyrotrons to high-power ones 
is progressed. 8 sets of gyrotron are operated and the total 
injection power of ECRH to plasma is less than 2 MW. 
We will replace all these gyrotrons to 1 MW-ones and set 
ultimate goal as the total injection power of 5 MW. The 
oscillation frequencies of these 1 MW-gyrotrons are 
selected as 77 or 154 GHz and are different from those of 
the gyrotrons already installed in LHD. The frequency of 
77 GHz is resonant with the fundamental electron 
cyclotron resonance layer on axis of the standard 
configuration of LHD, which shows good plasma 
confinement [3], so a higher electron temperature on the 
axis and a higher peaking factor of the temperature 
profile than that obtained previously are expected. 
Moreover, these gyrotrons have the capability of 300 
kW-continuous oscillation, thus the gyrotron will 
contribute to the expansion of the parameter regime of 

long-time-sustained plasma. LHD has a capability of 
long-pulse operation [4] of high temperature/density 
plasma due to the superconducting coil system and 
various heating source. Therefore, LHD can be said one 
of the most appropriate devices for extrapolation to 
steady-state fusion reactor in terms of the size and the 
feature. 

In this paper, we show the progress of the 
installation of the 77 GHz 1 MW-gyrotrons for LHD. The 
paper is organized as follows. In section 2, the ECRH 
system in LHD is described. Section 3 deals the 
characteristics of the 1 MW-gyrotrons and the peripheral 
components. In Section 4, the results of the short/long 
pulse operation and the achieved operational regime are 
shown. Final conclusions are presented in section 5. 

 

2. ECRH system in LHD 
LHD is the largest heliotron device with R = 3.9 m, 

a = 0.6 m, which has the pole number of 2 and the 
toroidal period of 10. The heliotron configurations are 
produced by a set of helical winding coils and three sets 
of poloidal field coils, which are all superconducting 
magnet. Therefore the steady-state formation of magnetic 
configuration and plasma sustainment has been realized. 
The magnetic field on axis is ~2.9 T. 

In LHD, ECRH system with 8 sets of gyrotron, 
which frequencies are 77 (Toshiba Electron Tubes & 
Devices, TETD), 82.7 (Gycom), 84 (Gycom) and 168 
GHz (TETD), have been operated for preionization and 
plasma heating [5]. Among them, the 77-GHz gyrotrons 
has been newly installed since the experimental campaign 
of 2007. These are the collector-potential-depression 
(CPD) type gyrotrons [6] for high efficiency operation 
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excluding those of 82.7 GHz. One of the 84 GHz 
gyrotron has the capability of continuous-wave (CW) 
oscillation and that is mainly used for steady-state plasma 
experiments [7]. The type of magnetron injection gun 
(MIG) is triode for TETD tubes and diode for Gycom 
tubes, respectively. These gyrotrons are set at the heating 
equipment room next to the LHD hall. Each ECRH 
system is composed of gyrotron tube, power supply for 
gyrotron, matching optics unit (MOU), waveguides, miter 
bends, arc detectors, dummy load, waveguide switch, 
antenna and the other components. The millimetre wave 
power is transmitted to LHD through the corrugated 
waveguides with the inner diameter of 31.75 mm or 88.9 
mm after transformation of the beam to HE11 mode at the 
MOU and injected to the plasma using injection antenas. 
One of the antennas is mirror type anntena consisted of 
one focusing mirror and one steering mirror. The other is 
waveguide anntena used for CW gyrotron. The 
transmission efficiency of ECW is about 60-95 % 
depending on the number of the miter bend, the length of 
the transmission line, and the othe factors. 

 

3. Configuration of 1 MW-Gyrotron 
Since July 2007, the installation of the 1 

MW-gyrotrons designed by TETD has progressed in 
LHD and two 1 MW-tubes have been operated in the 
present circumstance. The design of the gyrotron and the 
configuration with the MOU are shown in Tab I and Fig. 
1. The gyrotron type is CPD and the gun is a triode 
configuration cathode for controllability. 6 sweep coils 
are set around the collector and a triangular current of 1.9 
Hz is applied to the coils to change the injection point of 
the spent electron beam temporally in order to avoid the 
local heat accumulation. TE18,6 is selected as the cavity 
mode taking the cathode configuration, the radio 
frequency (RF) power loss on the inner wall, matching 
with the mode converter into consideration. RF beam is 
projected from output window after the shaping by 4 
copper mirrors in the gyrotron. A chemical-vapor- 
deposition (CVD) diamond disc with high thermal 
conductivity and low dielectric constant is used for the 
projection window so a higher output/ longer pulse 
operation is realized. Moreover, the diamond window 
allows the projection of RF beam with TEM00 mode 
leading to less power loss in the shaping to HE11 mode at 
the MOU. The diamond disc is also used for injection 
window to LHD. 

A MOU is set as illustrated in Fig. 1. The MOU 
mirror system consists of 2 copper mirrors with the major 
axis of 100 mm and the minor axis of 80 mm. A phase 
distribution of an RF beam is corrected by these mirrors. 
The mirror surface was designed by the convergence 
calculation for the height of the bumpy on the mirror 

corresponding to the phase difference between the initial 
phase distribution and the goal one, which was calculated 
from the inverse diffraction for HE11 mode at MOU 
projection port. The design value of transmission 
efficiency of the MOU is 98.8 %. The alignment of the 
RF beam was done by the adjustment of these two 
mirrors and the gyrotron final mirror. An arcing in the 
MOU is monitored through the sapphire window by the 
arc detector (photo diode) set at the ICF 70 port located 
on the same surface of the MOU projection port. The 
temperature profile of the diamond window during an 
operation is also monitored using an IR camera through 
the port. 

TAB I  Design of 77 GHz gyrotrons 
 

Items Design 
Frequency 

 
Power/ 

Pulse length 
 

Beam Current
 

Cavity mode 
 

MIG type 
 

Collector type
 

Output window

77 GHz 
 

1.0 MW/ 5.0s, 0.3 MW/ CW (#1) 
1.2 MW/ 5.0s, 0.3 MW/ CW (#2) 

 
≤ 50 A 

 
TE18,6 

 
Triode 

 
Collector Potential Depression 

 
CVD Diamond 

 

 

 
Fig.1  The gyrotron configuration with the MOU. 
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4. Short and long pulse operations 
After the arrangement of the cooling system for the 

gyrotron components, we started the short-pulse test. In 
this operation, the output power was monitored using 
short-pulse dummy load connected to the projection port 
of the gyrotron. Figure 2 shows the dependence of (a) the 
output power P on the coil current of the superconducting 
magnet at the cavity Ic, (b) the maximum output power 
Popt and the oscillation efficiency η on the electron beam 
current Ib for #1 77 GHz-gyrotron. In this operation, the 
dummy load was evacuated to ~10-4 Torr and the pulse 
length of the gyrotron oscillation was set for 3 ms. The 
oscillation region of the operating mode elongated to the 
lower magnetic field side with Ib increasing and P = 1.1 
MW was achieved at Ib = 48.5 A. The maximum 
oscillation efficiency of 30.5 % was confirmed at Ib = 
43.9 A. We also checked the transmission efficiency of 
the MOU. Figure 3 shows the dependence of (a) P on Ic 
and (b) Popt on Ib W/, W/O the MOU for #1 77 
GHz-gyrotron. It was confirmed that the power loss due 

to the MOU was small and the 1 MW output was attained 
even with the MOU. Eventually, we performed the 
operation of 1.05 MW/ 4 ms. 

After 1 MW test for short pulse, we proceeded to a 
long pulse operation. The conditioning in the long pulse 
operation was performed using CW-dummy loads. A 
pre-dummy load is set upon each CW-dummy load in 
order to absorb reflected waves from the CW-dummy 
load. The output power from the gyrotron in the 
long-pulse operation was evaluated as the sum of the 
absorption power at CW- and pre-dummy load. Figure 4 
shows the progress of the extension of the power and the 
pulse length for #1 ((a), (b)) and #2 gyrotron ((c), (d)), (e) 
the operational regime and its present boundary in power 
vs. pulse length until October 16, 2008. In Fig. 4 (e), the 
open circles and the open squares represent the attained 
operation regime for #1 and #2 gyrotron, respectively. We 
operated the gyrotrons for ~200 hours in the cumulative 
operational time. Up to now, we attained the operation of 
860 kW/ 1.1 s, 500 kW/ 5.0s for #1 gyrotron and 760 kW/ 
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Fig.2  The dependence of (a) the output power on the coil current, (b) the maximum output power and the oscillation 

efficiency on the electron beam current. 
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Fig. 3  The dependence of (a) the output power on the coil current and (b) the maximum output power on beam current 

W/, W/O the MOU. The operation of 1 MW output was attained even with the MOU. 
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5.0 s for #2 one. Finally, we show the typical oscillation 
of high power output for 5.0 s. Figure 5 shows the time 
evolution of (a) collector, body and anode voltage VC, VB, 
VA, (b) beam and anode current Ib, IA and (c) output 
power P. Although the output power exceeded 800 kW at 
the beginning of the oscillation, it decreased gradually 
with the beam current decrease. We now try to apply a 
temporal heater boosting with preprogram to compensate 
the beam current decrease. 
 

5. Summary 
77 GHz gyrotron of the design value 1 MW/ 5 s and 

300 kW/ CW was newly installed in LHD and the 
arrangement of the peripheral component has already 
done. We have attained the operation of 0.86 MW/ 1.1 s 
and 0.76 MW/ 5 s for each 77 GHz gyrotron. In future 
work, we will extend the operational regime to 1 MW/ 5 s 
or 1.2 MW/ 5s and 300 kW/ CW. In parallel to that, we 
start the installation of second 77 GHz gyrotron (1.5 
MW/ several sec., 300 kW/ CW), which has already 
developed. 
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Flux supply of a fieldreversed configuration by NBI heating 
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It  is  shown  that  the magnetic  flux  of  a  fieldreversed  configuration  plasma  can  be  supplied  by  neutral  beam 
injection  heating.  Although  the  beam  ion  current  leads  a  flux  decay  due  to  interaction  between  fast  ions  and 
electrons  that  carries  the  current  dominantly,  the  thermal  force  affects  sustainment  of  the  flux.  The  azimuthal 
electric field is the only source of flux supply in the newly developed model. 

Keywords:  neutral  beam  injection,  fieldreversed  configuration,  flux  supply,  resistive  decay,  thermal 
force, MonteCarlo simulation 

1. Inroduction 
Neutral beam injection (NBI) is most effective way to 

maintain  a  fieldreversed  configuration  (FRC)  plasma. 
Because  of  its  highbeta  nature  a  commonlyused  wave 
heating  method  is  believed  unfortunately  inapplicable. 
Therefore, NBI is a key  issue of  steady state operation of 
FRC plasmas. 

Recent  numerical  studies  are  focused  on  heating  of 
FRCs.  Takahashi  et  al.  showed  an  FRC  plasma  with  the 
trapped flux of 4.7 mWb confines well 15keV beam ions 
injected tangentially  to the plasma current [1]. A study of 
the flux supply by NBI, on the other hand, has not been as 
yet  investigated. The  theoretical model to discuss the  flux 
supply of an FRC plasma is needed to develop. 

It  has  been  thought  that  the  presence  of  the  beam 
current  could augment  the  confinement  field according  to 
the  Ampère's  law,  and  then  the  flux  is  thought  to  be 
supplied.  However,  the  resistive  force  between  beam 
particles and electrons can cause the flux decay, when one 
employs  the simplified Ohm's  law  and the Faraday's  law. 
This  suggests  that  the  azimuthal  component  of  electric 
field  should  be  modified.  Being  examined  the  azimuthal 
force on the electron fluid element the thermal force [2] 

e 
e e 

e 
T  2 

3  T 
B 

n 
∇ × − =  B R 

τ ω 
(1) 

can contribute to the flux supply of an axisymmetric FRC. 
Here,  e e e e  , , ,  T n τ ω  are  the  electron  density,  the  electron 
cyclotron  frequency,  the  electron  collision  time,  and  the 
electron temperature in Joule, respectively. When the core 
plasma is heated by fast ions, the electron pressure gradient 
enhances; it can lead the flux supply. 

In  the  present  paper,  we  will  develop  a  calculation 
model  to  discuss  flux  supply  and  show  its  possibility  by 
NBI heating. 

2. Heating by NBI 
Neutral beam injection into the FRC plasma is firstly 

demonstrated  at  the  FIX  (FRC  Injection  Experiment) 
machine  [3]. The  FRC  lifetime  is  extended  by NBI;  it  is 
thought that it results from suppression of a global motion 
of the FRC by a beam ion ring formed near the Xpoint [4]. 
Power deposition by beam ions to the plasma is calculated 
by tracing orbits of beam ions [5, 6]. Since the beam ions 
are  injected  obliquely with  respect  to  the  geometric  axis, 
they  suffer  from  the  end  loss  significantly. Therefore,  the 
deposition power  is at most 10 % of  the  injection power. 
Contrary to the axial injection, tangential NBI (TBNI) can 
suppress orbit losses of beam ions drastically [1]. We study 
now  heat  generation  of  electrons  by  Coulomb  collisions 
with beam ions. 

An  equilibrium  state  is  calculated  by  the 
GradShafranov  equation.  Neutral  beam  particles  are 
injected  tangentially  as  shown  in Fig.  1. We  consider  the 
case that the field resistively decays as 

θ η ψ  J r 
t 

− = 
∂ 

∂  .  (2) 

Ionization  of  neutral  particles  is  reproduced  by  a 
MonteCarlo  method  [5].  Orbits  of  beam  ions  are 
calculated  by  integrating  numerically  the  equation  of 
motion  that  includes  the  slowingdown  collision  term. 
Electron heat generation term is written as 

( ) b e eb eb  u u R − • − = Q  ,  (3) 
where  eb R  is the friction force by beam ions acting on the 
electron  fluid.  Heat  generation  of  beam  ions  can  be 

Fig.1  Geometry  of  tangential  neutral  beam 
injection.
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neglected,  because  the  mass  of  electron  is  much  smaller 
than  the  mass  of  beam  ions.  The  R.  H.  S.  of  Eq.  (3)  is 
calculated from the friction force of individual beam ion by 
using the PIC method [7]. 

Numerical  results  are  shown  in  Fig.  2,  3,  and  4, 
where  neutral  beam  particles  are  injected  at  w 24 . 0  r r = 
and  M 1 . 0  z z =  .  Here,  w r  and  M z  are  the  wall  radius  and 
the axial length  from the midplane to the mirror end. The 
beam  ion  density  is  shown  in  Fig.  2.  In  our  calculation, 
injection is done only at  0 = t  (the top  figure). We show 
also  the  case  A0 10t t =  (the  middle)  and  A0 20t t =  (the 
bottom).  It  is  found  that  beam  ions moves axially  toward 
the midplane;  this  implies  beam  ions  exhibit  the  betatron 
orbit.  The  azimuthal  flow  velocity  of  beam  ions  is  also 
presented in Fig. 3. The current of beam ions generates the 
poloidal  field,  and  it  contributes  to  flux  supply.  On  the 
other  hand,  interaction  between  beam  ions  and  electrons 
cause  the  azimuthal  electric  field.  This  results  in  the 
electron  current and  flux decay.  From Fig. 3,  the  flow of 
beam ions directs in the ion diamagnetic current initially. A 
paramagnetic  beam  flow  can  be  found  in 

M M  5 . 0 1 . 0  z z z ≤ ≤  . The orbit of beam ions changes  from 
the  betatron  to  gyrating motion with  time. By  comparing 
with  Fig.  2,  the  number  of  gyrating  particle  is  relatively 
few,  because  the  beam  ion  density  is  low  in  this  region. 
Electron  heat  generation  occurs  dominantly  near  the 
midplane and geometric axis. Therefore, it is possible that 
the electron temperature increases near the fieldnull. If so, 
the  electron  temperature  gradient  enhances with  time.  By 
the  thermal  force written  in  (1),  the magnetic  flux  can  be 
augmented. 

3. Flux supply by heating 
We  will  demonstrate  maintenance  of  the  magnetic 

flux of an FRC plasma numerically. Suppose that electron 
heat generation is done as 

) exp( 1  2 
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where β , ,  0 0 e  r Q  are  parameters  that  control  amount  of 
heat  and  a  region  where  electrons  can  be  heated.  The 
electron temperature increases as 

e 
e 

e 2 
3  Q 

t 
T 

n = 
∂ 

∂ 
.  (5) 

The  initial  temperature  assumed  to  be  uniform  in  the 
present  calculation.  The  time  derivative  of  the  flux 
function is written in 

θ 
ψ  rE 
t 

− = 
∂ 

∂  .  (6) 

The azimuthal electric field is 
θ θ θ η  T R J E + =  ,  (7) 

where θ η  T ,R  are  the  anomalous  resistivity  and  the 
azimuthal component of the thermal force written in (1). 

We employ the RungeKutta method for time integration 
of Eqs. (5) and (6). 

Fig.4  Color contours of electron heat generation by 
NBI.  (Top)  0 = t  ,  (middle)  A0 10t t =  ,  and 
(bottom)  A0 20t t =  . 

Fig.2  Color contours of the beam ion density. (Top) 
0 = t  ,  (middle)  A0 10t t =  ,  and  (bottom) 

A0 20t t =  . 

Fig.3  Color  contours  of  azimuthal  flow  of  the 
beam  ions.  (Top)  0 = t  ,  (middle)  A0 10t t =  , 
and (bottom)  A0 20t t =  .
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The  electron  temperature  profile  in  rz plane is  shown  in 
Fig. 5. The peak value becomes 1.6 times higher than the 
initial temperature T0 (124 eV). In this calculation, we set 

2 
w i 

w i 0 0 2 
0 e 

| | 
10 5 

r m 
q T n 

Q 
ψ − × =  , 

w 0  4 . 0  r r =  ,  2 
M / 15  z = β  . 

Here,  i i w 0  , , ,  q m n ψ  are the initial electron density at the 
fieldnull,  the flux function at the wall and midplane, the 
ion mass,  and  the  ion  charge,  respectively. To  show  the 
possibility  of  flux  supply  by  heating,  we  examine  the 
effect  of  electron  heat  generation  on  time  evolution  of 
flux  function. The midplane profiles of  the  flux  function 
and magnetic field are shown in Fig. 6. When we neglect 
the heat generation  term,  the  flux decays with  time as is 
drawn by the red solid line. On the other hand, if electron 
heat generation is present, the flux can be sustained. Time 
evolution of the maximum trapped flux is shown in Fig. 7. 
When the FRC plasma is heated, no decay of the trapped 
flux  is  found.  Therefore,  we  can  show  successfully  the 
possibility of flux supply by electron heating. 

Fig.6  The  midplane  (z=0)  profiles  of  (a)  the 
magnetic  flux  function and  (b)  the magnetic 
field. The black solid lines indicate the initial 
profiles. 

Fig.7  Time  evolution  of  the  maximum  trapped 
flux. The red solid line shows flux supply by 
the electron heat generation. The flux decays 
resistively for the case of the black solid line. 

Fig.5  Color  contour  of  the  electron  temperature  at 
A0 7 . 18  t t =  .The maximum of the temperature 

reaches  1.6  times  higher  than  the  initial 
value.
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4. Summary 
Electron heat generation by  tangential neutral beam 

injection  into  a  fieldreversed  configuration  has  been 
calculated  numerically.  The  heat  generation  has  been 
found near the fieldnull point. 

Taking  into  account  the  electron  thermal  force,  we 
have shown the possibility of the FRC flux supply by the 
electron  heating.  Numerical  results  evidently  show 
sustainment  of  the  magnetic  flux,  when  the  heat 
generation is present. 

From our  result, not  only NBI  but  also  such as  the 
electron  cyclotron wave  heating  is  also  possible method 
to drive the diamagnetic plasma current. 
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Second harmonic electron cyclotron current drive (ECCD) experiments were performed in Large Helical Device 
(LHD) to investigate the characteristics of the EC-driven current and its profile, and to investigate the possibility of 
controlling the current and rotational transform profiles by ECCD. By a scanning of EC-wave beam direction, a 
systematic change of plasma current is observed, and the direction of the plasma current is reversed by a reversal of 
the beam direction. Motional Stark Effect (MSE) measurement revealed tentative behavior of plasma current profile. 
At the early phase of ECCD, the EC driven current at the plasma core is mostly cancelled by counter current driven 
by an inductive electromagnetic force. It takes a few seconds for the inductive electromagnetic force to disappear, 
and the total plasma current gradually approaches to a constant value. 

 
Keywords: ECCD, current profile, rotational transform, MSE, LHD

1. Introduction 
Electron cyclotron current drive (ECCD) is an 

attractive tool to control plasmas. Using well-focused 
EC-wave beam, plasma current can be driven locally so 
that ECCD can control the profiles of plasma current and 
rotational transform which affect the 
magnetohydro-dynamics (MHD) activities [1-3]. In 
tokamak-type plasma confining devices, the effectiveness 
of ECCD on stabilization of neoclassical tearing mode 
(NTM) which is one of the harmful MHD activities has 
been demonstrated by driving current within the magnetic 
island [4]. Moreover, ECCD can be available for 
supporting ohmic plasma current startup in tokamaks.  

Also for stellarators which do not need plasma current 
for plasma confinement, the capability of current profile 
control is effective for fine plasma control. In the 
Wendelstein 7-AS stellarator, clear ECCD experiments 
have been carried out and the results were investigated 
precisely [5]. Also in Heliotron-J [6] and the compact 
helical system (CHS) [7,8], ECCD was successfully 
observed.  

In this paper, results of ECCD experiment in the large 
helical device (LHD) are described. LHD and the system 
for ECCD experiment are briefly explained in Sec. 2. 
Section 3 describes some results obtained in ECCD 

experiment such as EC-wave beam direction scan and long 
pulse ECCD. In Sec. 4, time evolution of plasma current 
and future plan of ECCD experiment are discussed. Then, 
the content of this paper is summarized in Sec. 5. 

 

2. LHD and the system for ECCD 
The LHD is a helical device with the toroidal period 

number m = 10 and the polarity l = 2. The magnetic field 
structure with the rotational transform for plasma 
confinement is generated totally by the external 
superconducting coils such as a couple of helical coils and 
three pairs of poloidal coils [9]. The major radius, or, the 
position of magnetic axis Rax of LHD plasma can be varied 
in a range from 3.42 m to 4.1 m. The averaged plasma 
minor radius is about 0.6 m, and the maximum magnetic 
field at the magnetic axis is about 3 T. Those values and 
characteristics of the magnetic field configuration such as 
rotational transform profile and magnetic field along 
magnetic axis are dependent on Rax.  

The magnetic fields along magnetic axis for 3 cases 
are plotted in Fig. 1 as functions of toroidal angle. In the 
case of Rax = 3.75m, the magnetic field on magnetic axis is 
nearly constant, while with Rax = 3.6 m or 3.9 m magnetic 
ripples of about 5 % exist. The ECCD experiments 
described in this paper were performed with the magnetic 
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configuration of Rax = 3.75 m to minimize the effect of 
magnetic ripple on ECCD. The magnetic field on axis is 
1.5 T, that is, the second harmonic resonance field for the 
frequency of 84 GHz. 

The EC-wave beam injection systems of LHD furnish 
2-dimensionally steerable mirror which enables the beam 
direction control. One of the beam injection systems which 
is used for ECCD experiment is composed of two 
inner-vessel mirrors. One of them focuses the EC-wave 
beam radiated from the waveguide inserted to LHD 
vacuum vessel as a circular Gaussian beam. The other 
plane mirror is used for changing the beam direction. The 
focused beam has a beam waist on the equatorial plane 
with a radius of 30 mm. The injection system is installed at 
the bottom port of LHD (1.5-L port), and the beam is 
injected from the low magnetic field side (LFS). The 
toroidal angle at the 1.5-L port is 0 (or 36) degrees. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Distributions of magnetic field along magnetic axis 
for the magnetic axis positions of 3.6, 3.75 and 3.9 m. With 
the magnetic axis position of 3.75 m, magnetic ripple is 
negligible so that trapping effect for electrons near the 
magnetic axis is minimized. 
 
 

3. Results of ECCD experiment 
The EC-wave beam direction was toroidally scanned 

keeping the beam aiming position on the magnetic axis. A 
schematic drawing to clarify the experimental 
configuration, definitions of EC-wave beam direction (N//) 
and plasma current direction is seen in Fig. 2. N// is defined 
as a projection of beam unit vector on the toroidal 
direction. 

The plasmas were generated and sustained only by the 
EC-wave power of 310 kW in the right-hand circular 
polarization for non-N// case, which is close to X-mode in 
the case of oblique injection. It has been confirmed that by 

an obliquely injected EC-wave beam with the left-hand 
circular polarization, plasmas can not be generated and can 
not be sustained effectively. The pulse length is limited to 
600 ms due to operating duty cycle of used EC-wave 
power source (gyrotron). For N// = 0, that is, for normal 
injection case the polarization was set as linear X-mode.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 A schematic drawing showing experimental 
configuration of EC-wave beam injection and definitions 
of directions of N// and plasma current. 

 
 
During the beam direction scanning, electron density 

was kept at rather low density around 0.08x1019 m-3. The 
plasma current at the end of plasma discharge is plotted 
against N// in Fig. 3. The total plasma current changes its 
direction according to the change of the sign of N//, and the 
direction agrees with the theoretical prediction from the 
Fisch-Boozer theory [10] in the case of the beam injection 
from LFS. When the toroidal component of EC-wave 
beam is clockwise with negative N//, (counter-clockwise 
with positive N//), the current is driven counter-clockwise 
(clockwise). Here, the current direction of clockwise 
(counter-clockwise) is defined as positive (negative) 
direction.  

The total plasma current shows negative and positive 
peaks against negative and positive variations of N//, 
respectively. The peak values are about +- 1 kA. Though 
precise dependence of driven current on electron density 
has not been investigated, higher driven current with 
higher density can be expected. With the density of 
0.5x1019 m-3 and with N// of 0.2, plasma currents of more 
than 3 kA by 600 ms pulse width were observed in other 
discharges. The density region lower than 0.1x1019 m-3 
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might be too low to assure sufficient power absorption. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 3 Dependence of plasma current on EC-wave beam 
direction. N// is defined as a projection of beam unit vector 
on the toroidal direction.  

 
 
Here it should be noted that during the 600 ms pulse 

width, the plasma current is continuously developing and is 
not saturated. Figure 4 shows waveforms of plasma current 
and electron density in a long pulse ECCD experiment 
done to investigate the long time evolution of plasma 
current. ECCD was performed with N// of -0.29, rather low 
EC-wave power of 100 kW and long pulse width of 10 s 
using a gyrotron which can be operated continuously. 
Plasma startup was supported by another EC-wave power 
of 300 ms and the plasma was sustained with the 100 kW 
EC-wave power for ECCD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Time evolution of plasma current and electron 
density in 100 kW, 10 s ECCD experiment. 

 
 
Excluding the perturbation by the neutral beam 

injection (NBI) from 2 to 4 s, it is seen that it takes a few 

seconds for plasma current to saturate, and the saturated 
value is about -5 kA. In this case, an ECCD efficiency γ 
defined using electron density ne, major radius R, plasma 
current Ip and absorbed power Pabs is evaluated as 

 
γ = ne R Ip / Pabs = 9x1017 A/Wm2.               
 

This value is comparable to that obtained in Wendelstein 
7-AS [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Distributions of rotational transform measured with 
MSE measurement for the cases of co-ECCD, 
counter-ECCD and ECH just before applying ECCD/ECH 
(0.8 s) and during ECCD/ECH (1.4 s). 
 
 

Setting the N// values at the optimum ones for ECCD 
(N// = 0.27 for co-ECCD and N// = -0.29 for counter-ECCD, 
respectively) and at zero for ECH, distribution of the 
rotational transform was measured with the motional stark 
effect (MSE) measurement. The MSE measurement needs 
NBI. The plasmas were generated and sustained with the 
NBI power injected from 0.5 s, and the EC-wave power of 
370 kW, 600 ms was superposed on the plasma from 1.0 s 
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to 1.6 s. Just before the EC-wave power injection at 0.8 s, 
the distributions of the rotational transform in the cases of 
co-ECCD, counter-ECCD and ECH do not differ so much 
as seen in Fig. 5. On the other hand, during the 
superposition of ECCD and ECH at 1.4 s, the distribution 
of the rotational transform in the case of co- (counter-) 
ECCD shows significant increase (decrease) from that in 
the case of ECH at 1.4 s, or those at 0.8 s. The estimated 
driven currents inside the normalized radius of 0.5 which 
cause the changes in the rotational transform are more than 
10 kA. From this result of MSE measurement, possibility 
of the control of rotational transform profile by ECCD was 
proved. Especially, removing of rational surface of 0.5 
would be effective for suppression of MHD activities 
concerning with the existence of the rational surface. 

 

4. Discussion and future plan 
In Fig. 5, there is no significant change in rotational 

transform at the peripheral region, ρ > 0.7. It means that 
though an EC-driven current over 10 kA flows at core 
region, the EC-driven current is cancelled by a 
counter-flowing current so that the residual total current is 
not so much. The counter-current is caused by an inductive 
electromagnetic force. This is consistent with the fact that 
in the ECCD experiment with 600 ms pulse width and over 
300 kW power, the total plasma current at the end of the 
discharge measured with a Rogowski coil surrounding the 
plasma is up to 4 kA. The counter-current should decay 
with a time constant of L/R (L: plasma inductance, R: 
plasma resistance here). Simply estimated L/R time for the 
plasmas in the ECCD experiment exceeds 10 s mainly due 
to large plasma volume of ~30 m3 in LHD. So the 
estimated L/R time qualitatively agrees with the 
experimental observation of current ramp up time of 3-4 
seconds as seen in Fig. 4 but not quantitatively. Precise 
estimation of L/R time in LHD would be needed. 

To clarify the precise evolution of the rotational 
transform distribution, or, EC-driven current profile, MSE 
measurement for long pulse ECCD experiment of over 5 s 
with NBI is necessary. At LHD, construction of ECH 
system by introducing higher power (up to 0.8 MW for 10 
s) gyrotrons with operating frequency of 77 GHz is 
undergoing [11]. By using new ECH system, higher driven 
current at higher density can be achievable, and then 
ECCD would contribute to improvement of plasma 
performance in LHD. 

Also, to investigate characteristics and physics in 
ECCD for further application of ECCD, basic experiments 
which reveal the dependences of driven current on plasma 
density, absorbed EC-wave power, configuration of 
magnetic field and so on, should be performed. 

 

5. Conclusions 
In LHD, 2nd harmonic ECCD experiments were 

performed using 84 GHz EC-wave. So far, effective ECCD 
by scanning EC-wave beam direction was successfully 
observed. A long pulse ECCD experiment of 10 s indicated 
that the time constant of plasma current saturation is a few 
seconds. At the early phase of ECCD, counter-current 
caused by an inductive electromagnetic force exists and 
cancels the EC-driven current. To evaluate ECCD results 
and investigate ECCD physics precisely, long pulse ECCD 
experiment over a few seconds and MSE measurement for 
it is necessary. New high power, long pulse 77 GHz ECH 
system would enable the next ECCD experiment. 
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The negative ion source of the neutral beam injectors for ITER requires that the co-extracted electron current is 

not larger than the negative ion current. To this purpose a suitable magnetic field configuration was adopted, 

generated by a current flowing in the plasma grid and by two permanent magnets on either side of the source. In the 

present design of the system however the magnetic field lacks uniformity across the beam. 

This paper focuses on strategies aimed at optimising the magnetic field distribution and improving the beam 

optics, based on two-dimensional magnetic simulations, including permanent magnets, ferromagnetic materials and 

electrical currents. 

A careful distribution of the filter field current can provide a more efficient extraction of negative ions with 

respect to electrons. The use of ferromagnetic material can reduce the magnetic field downstream from the 

accelerator, resulting in lower beam deflection. The interference with the permanent magnets of ITER reference 

design is also discussed. 

It is proposed that the path of the plasma grid current is divided between several conductors to minimise the 

stray field. Moreover, ferromagnetic material should be inserted in the grounded grid. It is shown that the proposed 

modifications reduce the magnetic field in the region downstream from the grounded grid, with the advantage of a 

smaller deflection of the beam. 

The effect on electrons is discussed. However, a three-dimensional simulation will be necessary to address the 

issue of electrons as well as the vertical uniformity of the beam, taking into account the effects of finite extension of 

the permanent magnets, and optimising the return current path. 

 

Keywords: ITER, heating and current drive, negative ion source, beam magnetic deflection, magnetic field 

computation, numerical computation 

1. Introduction 

The negative ion source of the neutral beam injectors 

for ITER requires that the co-extracted electron current is 

not larger than the negative ion current [1]. To reduce the 

number of extracted electrons, the reference design [2] is 

characterised by a magnetic field configuration generated 

by a current flowing in the plasma grid and by two 

permanent magnets on either side of the source [3]. In 

this configuration however the magnetic field is not 

uniform across the beam. 

The present contribution focuses on strategies aimed 

at optimising the magnetic field distribution and 

improving the beam optics, based on two-dimensional 

magnetic field simulations. Specifically the following 

objectives will be pursued: 

- uniformity of magnetic field in the beam source 

- reduction of the axial component of the magnetic 

field in the ion source 

- reduction of the horizontal magnetic field inside the 

accelerator 

- reduction of the horizontal magnetic field 

downstream from the grounded grid. 

Several magnetic field configurations have been 

considered, including the role of ferromagnetic material, 

suitable current distributions and permanent magnets; the 

overall aim is to obtain a more efficient and uniform 

extraction of negative ions with respect to electrons and 

to reduce the deflection of ions. The path of the filter 

field current is also carefully analysed to minimise the 

stray field. 

In the following, the sources of the horizontal 

magnetic field will be introduced along with the 

numerical model developed in the ANSYS environment; 

then the results of the best cases will be presented; finally 

a comparison of the proposed solutions, in terms of ∫Bdl 

P2-11

328



 

 

Proceedings of ITC18,2008 

 

and particle trajectories, will be given. 

 

2. Magnetic field sources 

In the ITER beam source the magnetic configuration 

results from two different contributions, which can be 

considered separately in a first analysis. The so-called 

filter field principally lies on the horizontal plane and 

should be as parallel as possible to the grids in the region 

immediately upstream from the plasma grid (PG); it has 

the aim to reduce the electron current extracted through 

the plasma grid apertures by forcing the electrons to hit 

the PG or the source walls, due to their lower Larmour 

radius than the ions. A vertical magnetic field is generated 

around the extraction grid (EG) by permanent magnets 

embedded in the EG, with the purpose of deflecting the 

co-extracted electrons onto the EG. 

The present paper is devoted to a two-dimensional 

investigation of the horizontal magnetic field; according 

to the ITER reference design, such field is generated by 

the current in the PG and by the permanent magnets,. 

 

Fig.1 Geometry of the 2D ANSYS model; source walls 

are also indicated (RF driver not shown). The 

beam is along z; numbers indicate dimensions. 

 

The possibility to improve the magnetic field 

profiles has been explored. A horizontal section of the ion 

accelerator was considered; thanks to the intrinsic 

symmetries, only half of the section has been modelled. 

The model is shown in Fig. 1: it comprises the area 

occupied by Bias Plate (BP), PG, EG and Grounded Grid 

(GG), at the bottom left of the picture; the filter field 

magnet, and another conductor at the bottom right. Also 

the conductor for the current return was considered, and 

different positions and configurations were tested; in the 

reference design the unique conductor for the return 

current is located on the back side of the device (Return 

Conductor A), behind a ferromagnetic shield. Because of 

the beamlet apertures and the cooling water manifold, the 

current flowing in the PG is characterised by a non 

uniform current density; so the PG has been modelled as 

a plate interrupted as many times as the holes. These 

“equivalent 2D holes” have a width which is given by the 

ratio between “vacuum” volume and solid volume, 

multiplied by grid length and divided by aperture number. 

The configurations tested are (see Fig. 1): 

a) reference case, comprising magnetic field due to the 

permanent magnets and to the 4 kA current flowing 

through the PG and the return conductors A; 

b) current return as in a; filter magnets as in a; filter 

field current divided between the PG, 3 kA, and two 

guard conductors, labelled C in fig 1 (2x1.5 kA); 

3 mm soft iron sheet inside the GG; 

c) same as b, but return current divided in the three 

Return conductors B, located on the back side of the 

plasma source, between the RF drivers: central 

conductor carrying a 3 kA current; those in the side 

1.5 kA each; 

d) same as case c, without permanent magnets. 

In cases b,c, and d the PG current is within the limits 

of the original specifications for ITER. 

In Fig. 2 the magnetic flux lines in the ion 

accelerator for the four different cases are compared; the 

line density convention is not the same in the panels: it is 

easy to see from cases a through d that the density of 

magnetic flux lines outside of the accelerator is lower 

than in the plasma source and such difference is strongly 

enhanced by the soft iron in the GG (cases b,c,d). 

Moreover, in cases a and b, several magnetic flux lines 

connect the holes of the lateral beamlet group to the 

plasma located upstream from the central beamlet group, 

thus facilitating the co-extraction of electrons; in case c 

only some flux lines which come from the source sides 

enter some apertures, whereas in case d the flux lines 

which reach the holes come from the region between BP 

and PG where the plasma has a lower density. So case d 

should reduce the number of electrons extracted from PG. 

Moreover, eliminating the permanent magnets reduces 

the intensity of the magnetic field at the side of the PG, 

and so the magnetic-mirror effect for electrons. 
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3. Particle deflection 

The main objectives of the present work are the 

reduction and the uniformity of the effect of the magnetic 

field on the trajectories of negative ions. Hence the 

various magnetic configurations have been compared in 

terms of the deflection of the particle trajectories. 

As the beamlet trajectories are mainly along the z 

direction, the x component of the magnetic field, which is 

given by PG current and permanent magnets, generates a 

vertical deflection (along y). 

 

 

 

 
Fig.2:  Magnetic flux lines for the four cases 

investigated. A discontinuity is produced by a 

3 mm soft iron plate in the GG (cases b,c,d). 

 

The vertical deflection angle, ϑ , can be defined, in 

the vertical plane, as the angle between the beamlet 

direction and the geometrical axis of the apertures. The 

vertical offset, defined as the vertical distance between 

beamlet centre and geometrical axis, is approximately 

proportional to the deflection angle for a given 

accelerator and position. 

The code EAMCC (Version 3.1) [4] was used to 

calculate the beamlet trajectories inside the accelerator. 

Table 1 shows that the difference between the deflection 

angles calculated at the “Central” and “Lateral” positions, 

18 mm downstream from the GG, is about 2 mrad with 

magnetic configuration a, about 1 mrad with 

configuration b, about 0.5 mrad with configuration c and 

about 0.2 mrad with configuration d. 

 

 Deflection 

angle 

“Central” 

beamlet 

[mrad] 

Deflection 

angle 

“Lateral” 

beamlet 

[mrad] 

Differential 

deflection 

between 

beamlets 

[mrad] 

Case a -3 -1 2 

Case b +0.5 +1.5 1 

Case c +1.5 +2 0.5 

Case d +1 +0.8 0.2 

Table 1: Deflection of “Central” and “Lateral” beamlets 

for the four cases investigated. 

 

Hence, it is confirmed that the magnetic 

configuration d gives the best results in terms of 

deflection uniformity. 

The evaluation of the vertical deflection of the 

beamlets by the EAMCC code is a time-consuming task 

when the computation must be carried out for a long 

distance downstream from the GG. 

In the paraxial approximation, using conservation of 

energy along the particle path and neglecting the 

contribution of focusing gaps of the accelerator give the 

following approximation for the deflection: 

( ))(2

)(

0
2
0

2
zUUqmvm

dzzBq x

−+

∫
=ϑ

  (1) 

where U is the electric potential on the z axis, U0 its value 

at the extraction and v0 the speed at the extraction. This 

integration has been numerically carried out along z in the 

paraxial approximation. 

The results of the integrals are shown in Fig. 3 for all 

cases under investigation and 1 m downstream from the 

PG. It is clear that the vertical deflection of all beamlets 

has been greatly reduced with the proposed magnetic 

configuration, from around 20 mrad to about 0.5 mrad; 

moreover, the maximum difference among the beamlets 
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decreased from 5 mrad to 0.4 mrad. 

The magnetic configuration of case d has already 

been implemented in the mechanical design of the beam 

source for SPIDER, the test facility for ITER ion source 

(Fig. 4). The two conductors for forward PG current are 

copper bars having a section of 100×15 mm
2
 each and are 

connected in parallel to the PG at the top and bottom of 

the ion source. 

 

Fig. 3 Calculation of the deflection integral up 1 m 

downstream from the PG for each beamlet. 

 

Bars for forward 
current parallel to PG

90°elements for 
balancing of the 

electrical ciruit

Crossbar connecting 
the forward 

conductors to the 3 
return bars

Copper bars for 

the return of the 
“PG current”

 
Fig. 4 Implementation of the electrical circuit in the beam 

source. 

 

The sharing of the current flowing through the PG 

and the two parallel bars is accomplished by changing the 

resistance of the 90° elements that connect the two 

vertical straight bars at the top and bottom. At the bottom 

of the source the forward currents are connected through 

a crossbar to the three return bars. The return current is in 

fact distributed on three parallel copper bars (having a 

section of 90×10 mm
2
 each) that are placed between the 

copper and the stainless-steel driver plates of the RF 

source and are insulated from them. At the top of the 

beam source all conductors are connected to the 

in-vacuum end of the power supply transmission line. 

 

5 Conclusions 

The configuration proposed in the present work 

represents a major improvement in terms of the reduction 

of the vertical deflection of beamlets. The final deflection 

is in the range of 1 mrad for all beamlet groups. 

The best solution seems case d, which requires that 

forward and return currents are split in three conductors, 

and the return current paths are located within the driver 

plate; no permanent magnets are required, which makes 

the magnetic configuration more flexible and fully 

controlled from the outside. 

3D computations are on-going, in order to assess the 

vertical uniformity of the configuration, including the 

realistic path of the current at the edges. The proposed 

configuration heavily affects the behaviour of electrons 

after the GG: since the magnetic field is greatly reduced, 

electrons can reach far away downstream. The 3D model 

will address the effect of the proposed magnetic 

configuration on electrons; it will also allow the analysis 

of the horizontal deflection of beamlets. 
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1)Graduate School of Frontier Sciences, The University of Tokyo, Transdisciplinary Science Bldg. 413, Kashiwanoha 5-1-5,
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Fast Wave electron heating experiments were performed in Large Helical Device. In this experiment, mag-
netic fields B= 1.5 T and 1.86 T were used. Electron cyclotron emission using modulation techniques of FW
injection indicated central electron heating in the 1.5T case with electron cyclotron (EC) and neutral beam (NB).
In the 1.86 T case, there was no evidence of direct electron heating. Energetic ions were observed during FW
heating of the NB preheated plasma.

Keywords: helical/stellarator configuration, Fast Wave

1 Introduction

The fast wave (FW) can be used for electron heating and
current drive in high density, high beta plasmas. FW ex-
periments have been investigated in tokamaks [1-3], and
there are many challenging works in helical devices. For a
helical demo reactor with very high plasma density (1022

m−3), core plasma heating (e.g., by NBI) is key issue. FW
is useful for heating the plasma to ignition, because0 there
is no high density accessibility limit. Since ion cyclotron
heating often creates high energy ions that can damage the
antenna and the vacuum vessel, FW electron heating is
desirable. In Large Helical Device [4], initial FW elec-
tron heating experiments were performed successfully [5].
At high harmonics of ion cyclotron frequency, electron
Landau damping (ELD) and magnetic pumping (MP) can
dominate over ion cyclotron harmonic damping [6]. How-
ever if harmonic number is relative small, there is com-
petition between damping mechanisms. Researching this
competition is same issue in toroidal deveice (tokamak and
helical). In this experiment, magnetic fields B= 1.5 T and
1.86 T were used. By using this magnetic field, FW run
across 2nd, 3rd, 4th, 5th ion cyclotron resonance layer. In
the present paper, details of the magnetic configuration is
described in Sec. 2. Section 3 describes experimental re-
sults. Section 4 is denoted to discussion, and the results are
summarized in Sec 5.

2 Locations of electron/ion cyclotron
resonance layer

Since the LHD antenna [7] is not arrayed, thek‖
(wavenumber parallel to the magnetic field) spectrum

author’s e-mail: oosako@fusion.k.u-tokyo.ac.jp
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Fig. 1 Cyclotron resonance layers in the case of B= 1.5T (a)
and 1.8T (b).

is broad and centered around zero.For effective Landau
damping,ω/(k‖vthe) � O(1), high electronn temperature
is needed. Hereω is the FW angular frequency andvthe

is the electron thermal velocity. The experiments were
conducted under 2 conditions with different magnetic field
strength (B=1.5T and 1.86T). Figure 1 shows the layers
of cyclotron resonance. In this calculation,ne0 = 3.0 ×
1019m−3 and the wavenumber parallel to the magnetic field
line kz = 5m−1 are used.In the 1.5 T case, the elenctron sec-
ond cyclotron resonance layer crosses the magnetic axis,
so pre-electron heating is desirable. FW would be cou-
pled with high energy electrons. And the hydrogen second
harmonic cyclotron resonance (2ΩH) layer exists around
ρ = 0.5. There is competition between CD (cyclotron
damping) and ELD/MP. In the 1.86 T case, the 2ΩH layer
exists aroundρ = 0.9. If cyclotron damping is week, FW
wold be absorbed by electrons.
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3 Experimental results

3.1 EC electron heating and the high energy
ion tail by FW

Figure 2 shows electron temperature profile before and af-
ter EC injection in both cases. Horizontal axis indicates
Major radius. Electron temperature is measured by Thom-
son scattering. Bulk electron temperature around plasma
center is increased in 1.5T case. In 1.86T case, Electron
heating is weak, and there is not clear difference of elec-
tron temperature profile between before and after. Figure
san shows the time evolution of a FW heating discharge.
The electron density was measured with a FIR interferom-
eter, the radiation power was measured with a bolometer,
and loading shows coupling between FW and plasma. In
this shot, IC power up to 1MW was injected into hydrogen
plasma with line integrated densities of 2× 1019m−3.

The ion energy distribution in the discharge of figure 3
is described in Fig. 4. Plots is the count number of neutral
particles for 0.1 s. Label indicates start time of measure-
ments in the discharge of figure san. High energy ion tail
were observed in both cases. It might be caused by cy-
clotron damping (2ndΩH). There are high energy ion tail
above 120 eV in 1.5T case. On the other hand, no ener-
getic ion was observed in 1.86T case. Ion cyclotron reso-
nant layer in 1.5T case is closer to the plasma center than in
1.86T case, so IC power was absorbed by cyclotron damp-
ing in 1.5T case. In both cases, no energetic ions were
observed (ne∼ 3.0× 1019m−2).

3.2 Power modulation experiments

Power modulation experiments were also performed to cal-
culate FW damping profile. Plasma heating profile using
FFT analysis are described in Fig. 5 and Fig. 6. Horizon-
tal axis denotes normalized minor radius. In this calcula-
tion, ECE signal component synchronizing RF on/off fre-
quency is derived. In these heating phase, stored energy is
∼ 400 kJ and electron density is 3× 1019m−3, and electron
temperature in B= -1.86T is lower than Te in B= -1.5T
( fICH ∼ 10 Hz). Clear central heating is achieved when
central electron temperature is high using ECH in -1.5T
case.

In -1.86T, phase differences are not changed in each
heating phase, and plasma heating position is approxi-
mately same, and those are at plasma edge (ρ ∼ 0.8, 0.9
). 2nd ion cyclotron damping is strong candidate in each
heating because slowing down time is not much difference
and effective heated position is very close to 2nd ion cy-
clotron resonances.

3.3 Plasma loading

Figure 7 shows that antenna loading comparison between
two magnetic field. In this shot, electron density gradu-
ally increased by usin gas puffing and electron densities
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Fig. 2 Te profile measured by Tomson scattering. (a) 1.5T case
and (b) 1.86T case.

0

100

200

300

400

500

0.7 0.8 0.9 1 1.1 1.2

#83313

S
to
re
d
en
er
g
y
[k
J]

T ime [s]

0.0

0.50

1.0

1.5

2.0

2.5

0.7 0.8 0.9 1 1.1 1.2

T ime [s]

n
e
[1
0
1
9
m

-3
]

0.0

0.50

1.0

1.5

2.0

2.5

1.1 1.2 1.3 1.4 1.5 1.6

T ime [s]

0

100

200

300

400

500

1.1 1.2 1.3 1.4 1.5 1.6

#83359

T ime [s]

0.0

2.0

4.0

6.0

8.0

10

0.7 0.8 0.9 1 1.1 1.2

L
o
ad
in
g
[O

h
m
]

0. 0

2. 0

4. 0

6. 0

8. 0

10

1.1 1.2 1.3 1.4 1.5 1.6

T ime [s] T ime [s]

Fig. 3 Time evolution of plasma parameters in hydrogen plasma
discharge. (a) -1.5T (b) -1.86T. FW are launched for 0.2
s.

are similar to each discharges. However the characteris-
tics of antenna loading are much different. In spite of in-
creasing electron density, loading decreased. In 1.5T case,
antenna loading is gradually decreased and that loading is
stable. However, in 1.86T case, antenna loading is dras-
tically changed during FW injection and there are eigen
mode and RF injection is unstable.

4 Discussion

As described in Fig. 7, -1.5T case plasma is more suitable
for FW injection than -1.86T case. Electron temperature
change is conceivable as one the reason of this. Figure 8
shows that time evolution of the electron temperature at
the center and edge of the plasma. Electron temperature
Te is obviously decreased (from 2 keV to 1.5 keV), and
decreasing ratio of the Te is similar at center and edge (-
1.5T). There is no difference of Te between t= 0.5s and t
= 1.5 s, and Te is kept constant (∼ 2 keV) or very weakly
decreased (-1.86T). ELD and TTMP is strongly related to
electron beta be, and high Te is required for wave damping
through ELD and TTMP when the be has a few %.
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Fig. 4 Temporal change of the ion energy distribution in the dis-
charge of Figure 3.
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5 Conclusions

Comparing cyclotron damping with electron Landau
damping (ELD)/ transit time magnetic pumping (TTMP),
the experiment with different cyclotron resonances (-1.5T,
-1.86T) is tried on LHD. Ion acceleration is observed in
-1.5T and -1.86T. In -1.5T case, and they are strongly re-
lated to electron densities. According to FFT analysis,
heating position is much different in -1.5T and -1.86T, and
there are no differences of phase delay with -1.86T in each
heating phases. The characteristic of antenna loading is
different in these ICRF resonances, and the antenna load-
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Fig. 6 FW deposition profile in the case of B= -1.86T. (a)with
EC+ NB (b)with NB
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electron density. Electron density increased by gas puff-
ing.
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KSTAR(Korean Superconducting Tokamak Advanced Research) is a national superconducting tokamak with 
the aim of high beta operation based on AT(Advanced Tokamak) scenarios, and ICRF(Ion Cyclotron Ranges of 
Frequency) heating is one of the essential tools to achieve this goal. The ICRF system also contributed to the first 
plasma experiments of KSTAR through discharge cleaning. The fabrication and HV(high voltage) test of the 
antenna and matching system were finished in 2006 and the installation of the antenna, matching system and the 
transmitter at the KSTAR site was completed in 2007. Antenna conditioning was carried out to improve the HV 
holding condition of the antenna installed on the KSTAR and to check on an EM(Electro-Magnetic) interference 
with other equipments such as the superconducting magnet monitoring system and other machine and/or plasma 
diagnostic systems. In this presentation, installation processes of the ICRF system (with an emphasis on the quality 
assurance procedures of KSTAR), as well as the results from the first RF discharge experiment for a discharge 
cleaning in and FWEH(Fast Wave Electron Heating) experiment for KSTAR 1st experimental campaign are 
outlined.  
Keywords: KSTAR, ICRF, transmitter, antenna, cleaning  

1. Introduction 
KSTAR is a Korean national superconducting tokamak 

aiming at a high beta operation based on AT scenarios, 
and ICRF is one of the essential tools to achieve this 
goal.[1] The ICRF system also contributes to the first 
plasma experiments of KSTAR through discharge 
cleaning and assisting the discharge startup.  

The fabrication and HV test of the antenna and 
matching system were finished in 2006 and final 
installation of the antenna, matching system and the 
transmitter at the KSTAR site was completed in 
2007.[2][3] In this presentation, installation processes of 
the ICRF system including the transmitter (with an 
emphasis on the quality assurance procedures of KSTAR), 
as well as the results from the first RF discharge 
experiment for the discharge cleaning and ICRF 
experiments in KSTAR, are outlined. 

author’s e-mail: jgkwak@kaeri.re.kr 

 
2. Antenna and tuning system 
The installed antenna consists of four straps, however, 

two straps are fed via RDL(Resonant Double Loop) and 
tuners for the KSTAR 1st experimental campaign. The 
Faraday shield profile of the installed antenna fits the 
magnetic surface of the separatrix in the standard diverted 
plasmas of the KSTAR as shown in Fig.1. The antenna is 
protected at its sides by two poloidal limiters covered 
with graphite tiles which intrude into the plasma past the 

shield by 5 cm. The RF output from the transmitter is fed 
into two tuners via one coaxial transmission line whose 
total length is about 80 m. The impedance matching is 
done by adjusting the two liquid stub-tuners whose 
matching conditions are checked with a network analyzer. 
Presently it is tuned at 30 MHz but it could be adjusted to 
other frequencies by changing the length of the U-link at 
the resonant loop and the tuning position of the tuners. 
The tuning position at the ICRF-DC(Discharge Cleaning) 
is the same as that for a vacuum antenna conditioning. 
This means that antenna loading resistance is very small 
at the ICRF-DC. 

 

Inboard limiter 

Poloidal limiter 

ECH mirror

ICRF antenna

 
Fig.1. Invessel components and ICRF antenna 

P2-14

335



 
 

Proceedings of ITC18,2008 

 

Unexpected voltage rise is the most harmful or probable 
event for the ICRF system. The RF voltage exceeding a 
certain limit (~35 kV for 9-3/16” transmission line) may 
destroy the RF components. High VSWR, which can be 
expressed by maximum and minimum RF voltages, also 
degrades the performance of a transmitter. This event can 
be caused by a variation of the loading resistance due to 
the edge plasma fluctuation including an abrupt plasma 
termination or arcing in the transmission line. To protect 
the system, three independent methods are provided. The 
first is a self protection of the transmitter. High VSWR 
detected at the output of the transmitter cuts the RF input 
of the transmitter within tens of μs. The input is 
recovered delayed by several ms automatically. The 
second is an over voltage protection. If one of the four 
voltages measured at the resonant loops exceeds a preset 
value, the input of the transmitter is disconnected within 
μs. The disconnection will not be automatically recovered 
and recorded as ICRF fault. The third method is activated 
by central PCS. When the PCS detects a fault in which 
the PCS gives up control of the plasma discharge, it 
activates a no-go signal of the ICRF. The three methods 
were operated successfully for the first campaign of the 
KSTAR ICRF.  

The functions of the ICRF control and data acquisition 
system are realized by using six independent digital 
signal processor (DSP) modules with customized 
peripheral boards. The number of channels(ADC-18, 
DAC-4, DIN-16, DOUT-8) for the board is thought to be 
enough for a specific function. The C codes written in 
each DSP do not exceed several hundred lines so that 
their maintenance is relatively simplified. The DSPs are 
basically connected by local a TCP/IP network which is 
disconnected to the outer world. Through this network, 
control and monitor signals which are not sensitive to the 
sampling time are transferred in a near realtime. At the 
end of a tokamak shot, the sampled arrays are collected 
through the same network. The governing controller of 
this network is made of a single PC with a Linux 
operating system equipped with a EPICS input/output 
controller (IOC). Because the most time-demanding 
functions are reserved to the DSPs, the CPU usage of the 
PC was less than 10 %.  

For a few fast communications, such as an internal 
interlock or trigger, a optical fiber was connected 
between the DIN/DOUT of DSPs. The governing PC 
only knows the post-event for the monitoring purpose.  

 
2. Commissioning the 2 MW transmitter 
The ICRF heating and current drive scenario for the 

KSTAR eventually requires 4 units of 2 MW transmitters 
with a frequency range from 25 to 60 MHz for achieving 
final goal. The first KSTAR transmitter is a modified 

FMIT(Fusion Material Irradiation Test) transmitter 
consisting of four amplifier stages. Its frequency range is 
from 30 to 60 MHz and it is planned that a frequency 
band below 30 MHz is covered by modifying an existing 
cavity or manufacturing a new cavity. An 
amplitude-modulated 1mW frequency source drives a 
500 watt solid state wideband amplifier, which in turn 
drives three tuned triode/tetrode amplifier stages. The 
tube employed in the final power amplifier is a 
4CM2500KG tetrode fabricated by CPI(Communications 
& Power Industries). The anode power supply is a simple 
rectifier with an ignitron crowbar . After a fabrication of 
the cavity and power supply was completed in 2004, 
several failures of the tube during a factory and a site 
acceptance test occurred before eventually achieving 1.9 
MW for 300 s at 33 MHz in 2007. Finally, we also 
succeeded in achieving 1.9 MW at 45 MHz and 1.8 MW 
at 60 MHz which is an upper frequency band of the 
transmitter. The electrical efficiency of the FPA(Final 
Power Amplifier) is about 70 %. It is well known that the 
rf power of the tetrode is decreased as the frequency is 
increased and a stable power generation at high frequency 
is one of the critical issues for the ITER ICRF system. So 
this is a very encouraging result for the development of 
an ICRF transmitter for the ITER. Fig.2 shows the 
achieved rf power vs. the frequency. 

  
3. ICRF-DC and ICRF experiments 
The vessel consists of SUS316 and inboard is partly 

covered by three rows Graphite tiles. The poloidal limiter 
is installed at the antenna side to protect the ICRF 
antenna module and to limit the outer plasma boundary. 
The material of the poloidal limiter is Graphite. The 
notable point is that the front surface of the ICRF antenna 
is coated by B4C. The coating thickness is about 100 um. 
ECH mirror and some diagnostic windows are located 
very far from the poloidal limiter and they are also 
protected by a shutter for a non-used period. 

The vacuum vessel mainly comprises of a main vessel, 
a pumping duct, a long viewport duct, which has 100 m2 

of a total surface area without a port and 100 m3 of an 
inner volume including a port. The main pumping unit is 
composed of eight turbo molecular pumps (TMP) and 
two cryo-pump systems. Pumping capacities of each 
TMP and the cryo-pumps are 2,800 liter/s and 10,000 
liter/s, respectively. A differential pumped RGA is 
installed at the end of the pumping duct for  
measurements of the partial pressures and the RGA 
partial pressure is calibrated by a comparison with the 
pressure gauge. The diagnostics for a discharge 
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cleaning is a differential pumped RGA attached to 
a pumping duct and a cold cathode and a hot 
cathode gauge attached to the vessel and the 
pumping duct respectively. To analyze the 
discharge characteristics, a microwave 
interferometer, Bremsstahlung, H-alphas and a TV 
camera were used. 

GDC was performed over-night after a daily 
tokamak shot and early morning before a tokamak 
shot. Pure hydrogen discharge was used for the 
initial 1 hour followed by a He discharge for 
removing the hydrogen attached to the vessel 
during the H discharge. The partial pressures of the 
hydrogen, water, nitrogen and carbon compounds 
were increased during the He-GDC as shown in 
Fig.3. ICRF assisted DC was used between the 
tokamak shots and it lasted for around 10 min. The 
injected RF power was limited to 30 kW by the 
high voltage on the transmission line and the 
antenna from a low antenna loading resistance and 
the pulse duration was restricted by no water 
cooling to the antenna straps and the Faraday 
shield. The operational pressure region was from 
10-3 to 10-4 mbar for the He and H discharges. The 
BTF was varied from 0.5 to 1.4 T. The antenna 
loading resistance was slightly increased and the 
plasma density was decreased as the BTF was 
increased. Depending on the BTF and RF frequency, 
a selective heating between an ion and an electron 
could be implemented. Whereas the plasma density 
was decreased at the flap top region for a 
successive shot when we applied the ICRF-DC at 
around shot #900, there is no change in the plasma 
density regardless of the ICRF-DC. Only the H2 
partial pressure was changed for the ICRF-DC and 
the calculated H2 removal rate was about 3.6  
Pa-m3/h. This is less effective than the other 
machine results. More systematic study on a 
discharge cleaning with a more refined RGA 
system is necessary for the next campaign. 

The first ICRF experiment was tried using the 
FWEH heating mode at 1.5 T of BTF . The 
frequency is 30 MHz and two resonant loops are 
used. RF power up to 150 kW is delivered to the 
plasma as shown in Fig 4. The line intensity of 
C-III and VB is increased during the ICRF pulse, 
however no changes in Te and Wdia are observed 
during this pulse. In order to increase the ICRF 
coupling, we intentionally moved the plasma 
column closer to the antenna, however, the heating 

effect is not clear. The front antenna surface is a 
D-shape however, the first KSTAR plasma is a 
circular shape and the distance between the antenna 
and limiter is a little bit longer(5 cm) so that the 
RF coupling is very low. We expect the heating 
effect to be clear for the next campaign by upgrade 
the following things such as using a minority 
heating mode, shortening the distance between the 
antenna and the poloidal limiter.   

  
4. Inspection on the antenna after the campaign 
After the experimental campaign, the internal 

structure of the vacuum vessel including the ICRF 
antenna was inspected for a post-mortem analysis 
and it was found that some parts of the antenna 
structure including the poloidal limiter are covered 
by an unknown material. The non transparent area 
of the current strap behind the faraday shield is 
also coated by unknown material as shown in Fig 
5(a) and poloidal limiter adjacent to the ICRF 
antenna is also covered as shown in Fig 5(b). Only 
the front surface was coated by B B4C and the 
deposited area is easily removed by sand paper and 
revealed cooper color. Deposited area of the side 
surface of the poloidal limiter has a configuration 
of the antenna shape. 

 
5. Summary 
Since 1996, the KSTAR ICRF system has been 

designed and fabricated and it was finally installed 
at the KSTAR site in 2007. Finally it contributed to 
a successful first plasma generation in 2008 via the 
ICRF-DC. In addition, up to a 150 kW rf power 
was coupled to the 1st plasma with the FWEH mode. 
Based on the first experimental campaign, we 
expect the ion heating to be better for the next 
campaign by shortening the antenna plasma 
distance and a using minority heating mode. 
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Fig.1  Calculated results of the scaling parameter 

Г*, where d = 500 µm, α = 45°, P0 = 4 MPa. 
The gasses except helium satisfy the 
condition of massive condensation Г* > 1000 
at room temperature (293 K). 

Behavior of high-pressure gasses injected to vacuum through a fast 
solenoid valve for supersonic cluster beam injection 
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The supersonic cluster beam (SSCB) injection method is being developed as a new fueling method for the Large Helical 
Devise (LHD) experiment. As a first step, cluster formation at a room temperature has been investigated for various gasses 
using a fast solenoid valve for SSCB. Rayleigh scattering of laser light by the cluster is measured by a fast charge coupled 
device (CCD) camera. In the case of methane, nitrogen, and argon, clear scattering signals are observed at the high backing 
pressure of more than 3 – 4 MPa. In the case of hydrogen, helium, and neon, on the other hand, no scattering signal is 
detected at < 8 MPa. The scattering signals from argon and nitrogen clusters show approximately cubic dependence on the 
backing plenum pressure as expected from a model. Meanwhile, stronger pressure dependence than this has been found in 
the case of methane, where the scattering signal increases with the fifth power of the backing pressure at 3.2 MPa – 7 MPa, 
and it is further enhanced at > 7 MPa. 
 

Keywords: fueling method, gas puffing, solenoid valve, cluster, Rayleigh scattering  
 

1. Introduction 
A new fueling method of supersonic cluster beam 

(SSCB) injection, which is expected to be beneficial for 
deeper penetration of the fuel particles and higher fueling 
efficiency than that of gas puffing, is being developed for 
the Large Helical Devise (LHD) experiment. In SSCB, 
high-pressure hydrogen gas cooled to less than 77 K by a 
GM refrigerator will be injected to vacuum through a fast 
solenoid valve with a Laval nozzle. SSCB is an improved 
version of cluster jet injection (CJI) developed for HL-2M, 
where liquid nitrogen of 77 K is used for gas cooling [1], 
or, the supersonic gas injector (SGI) developed for NSTX, 
where a Laval nozzle is used to generate supersonic gas jet 
[2]. 

Although it is expected that SSCB will produce 
cluster, there is no established theory to predict the cluster 
size in a free jet expansion. However, it has been shown 
that the condition to produce cluster can be described by an 
empirical scaling parameter Г* that is proportional to 
so-called “Hagena parameter”, k [3, 4], 

 
             (1) 
 

where d is the nozzle diameter in µm, α is the expansion 
half angle (α = 45° for sonic nozzles, α < 45° for 
supersonic), P0 is the backing plenum pressure in 10-4 
MPa, and T0 is the pre-expansion temperature in Kelvin. 

Massive condensation, where the cluster size exceeds 100 
atoms/cluster, is generally observed for Г* > 1000 [3, 4]. 
The parameter Г* as a function of the gas temperature is 
shown in Fig. 1, where d = 500 µm, α = 45°, and P0 = 4 
MPa are assumed. The nozzle diameter of d = 500 µm is 
equal to that of the valve used in this study. In this 
calculation, species-dependent k of 184, 3.85, 2360, 528, 
185, and 1650 are used for H2, He, CH4, N2, Ne, and Ar, 
respectively [3]. The result implies that the gasses except 
helium are expected to form clusters at a room 
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temperature.  
Before applying SSCB to LHD, the solenoid valve for 

SSCB has been tested at a room temperature in a test 
vacuum chamber. Various gasses shown in Fig.1 are used 
in the experiment to investigate the clustering condition. 
 

2. Experimental Setup 
The experimental setup is shown in Fig. 2. A solenoid 

valve of Parker-Hannifin Pulse Valve Series 99B07 with a 
500 µm diameter orifice is used. This valve is equipped 
with a tapered nozzle. The available backing pressure is up 
to 8 MPa. This valve is set inside the vacuum chamber. The 
pressure in the vacuum chamber is measured by a pressure 
gauge of MKS Baratron capacitance manometer 
(MODEL#617A) set at the opposite side of the valve. 
When the valve is open, the gas flows from left to right in 
Fig. 2. Various gasses of H2, He, CH4, N2, Ne, and Ar are 
used in the experiment. A semiconductor laser of 
NEOARK LDP2-6535A with 650 nm standard wavelength 
and 35 mW power is set inside the chamber to 
perpendicularly intersect the gas flow. A beam dump is set 
at the opposite side of the laser and the valve is rolled by 
black tape in such a way that the stray light is suppressed. 
The distance between the valve exit and the laser chord is 
variable from 3.5 mm to 4.0 mm. The CCD camera of 
1280 × 1024 pixels is arranged in the direction 
perpendicular to both the gas flow and the laser beam. An 
example CCD image is shown in Fig. 3. 

The total Rayleigh scattering signal SRS is 
proportional to the product of the scattering cross section σ 
and the number density of clusters nc. The cross section σ 
is proportional to the square of the averaged cluster size Nc 
which is defined by the averaged number of atoms per 
cluster. nc is approximately given by the monomer density 
before becoming cluster, n0, divided by Nc, i.e., nc ≈ n0/Nc. 
The scattering signal SRS is proportional to P0Nc since the 
monomer density is proportional to the backing plenum 
pressure P0. Farges et al. showed that Nc ∝ P0

1.8-2.1, 
assuming a multilayer icosahedral model [5, 6]. This 
means that the scattered light signal SRS should vary as 

below, 
                                              (2) 

 

3. Results 
Figure 4 shows the temporal behavior of the 
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Fig. 2  Schematic of the experimental setup. The 

distance from the solenoid valve to the 
baratron pressure gauge is 4.2 m. Inside the 
chamber is pumped to less than 10-4 Pa. The 
laser is set inside the chamber.  
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Fig. 4  Typical temporal behavior of the scattering 

signal intensity. The working gas is Ar and 
the backing pressure is 7.1 MPa. 
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Fig. 3  The scattering light image detected by the 

CCD camera in the case of CH4. The backing 
pressure is 8.0 MPa, and the exposure time is 
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scattering signal intensity in the case of Ar. The valve is 
opened from 0 – 120 ms. The camera exposure time is 
fixed to 1 ms. As seen in the figure, the scattering light 
signal intensity is approximately constant during the valve 
open. Hereinafter, the valve opening time of 40 ms and 
the CCD camera trigger timing of 35 ms are fixed. 

Typical scattering signal profiles in the case of CH4 
are shown in Fig. 5. The direction y in Fig. 5 is parallel to 
the laser light (see Fig. 3). The backing plenum pressure 
P0 is varied from 6.0 MPa to 8.0 MPa. While the 
exposure time of the CCD camera is fixed to 10 ms. 
Nearly symmetric profiles are also observed for N2 and 
Ar. 

Maxima of scattering signals are plotted in Fig. 6. The 
scattering signal increases with ~P0

2.8 for Ar (Fig. 6(a)) and 
~P0

3.2 for N2 (not shown) at room temperature. These 
results are similar to the expectation of Eq. (2) and the 
results of Ref [3]. However, for CH4 at room temperature 
(Fig. 6(b)), it is found that the backing pressure 
dependence is stronger than expected, i.e., SRS ∝ P0

4.8 at 
P0 < 7 MPa and SRS ∝ P0

8.6 at P0 > 7 MPa. This result is 
different from  SRS ∝ P0

2.8-3.1 (Eq.(2)).  
The scattering signal is detected when the backing 

plenum pressure is above 3.2 MPa, 3.0 MPa, and 4.0 MPa 
for CH4, Ar, and N2, respectively. In the case of H2, He, 
and Ne, no scattering signal is detected up to 8.0 MPa of 
the backing plenum pressure. Although both hydrogen and 

neon satisfy the condition of Г* > 1000, no cluster is 
detected. When the first scattering signal is detected by the 
CCD camera, Г* is 31000, 22000, and 9000 for CH4, Ar, 
and N2, respectively. These are much higher than the 
condition of massive condensation, Г* > 1000 reported in 
Refs. [3, 4]. 
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Fig. 5  Typical scatter signal profiles in the case of 

CH4. The direction y is parallel to the laser 
light. The backing pressure P0 is scanned 
from 6.0 MPa to 8.0MPa while the gas puff 
pulse length of 40 ms and the CCD camera 
trigger timing of 35 ms and the exposure time 
of 10 ms are fixed. 
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4. Summary 
Clustering condition for various gasses at a room 

temperature has been investigated using the fast solenoid 
valve for SSCB. The Rayleigh scattering signal is detected 
by the CCD camera when the backing plenum pressure is 
above 3.2 MPa, 3.0 MPa, and 4.0 MPa for CH4, Ar, and N2, 
which correspond to 31000, 22000, and 9000 of  Г*, 

respectively. In the case of H2, He, and Ne, no scattering 
signal is detected. Nearly symmetric shapes of the 
scattering signal profile in CH4, Ar, and N2 are observed 
by the CCD camera. It has been found that the scattering 
signal intensity dependence on the backing pressure is 
similar to the expectation of Eq. (2) and the results of Ref 
[3] for N2 and Ar. In the case of CH4, stronger backing 
pressure dependence is observed, i.e., SRS ∝ P0

4.8 below 
7 MPa and SRS ∝ P0

8.6 at P0 > 7 MPa. These are different 
from SRS ∝ P0

2.8-3.1 (Eq.(2)) expected from the result of 
Farges et al.[5, 6]. Farges et al. estimated this relation 
assuming a multilayer icosahedral model for Ar cluster. 
This model seems to be reasonable also for N2, which 
shows similar pressure dependence as Ar. However, new 
structure model is required to determine the cluster size of 
CH4, which shows stronger backing pressure dependence 
than Ar and N2.  

In this work, no signal is detected in the case of H2 
and Ne, although the massive condensation condition is 
satisfied. Possible causes of this might be ; the noise level 
was larger than the scattering signal, or the laser power 
was too low. In order to observe the scattering signals of 
hydrogen and neon clusters, it is necessary to improve the 
experimental setup. 

In SSCB, high-pressure gas cooled to less than 77 K 
will be injected to the fusion plasma through a fast 
solenoid valve with a Laval nozzle. At a low temperature 
below 77 K, Г* for H2 increases to the similar level as 
those of Ar and CH4 at a room temperature (see Fig. 1) 
where clear Rayleigh scattering signals are observed in this 
study. Therefore, it is expected that hydrogen cluster beam 
will be easily formed below 77 K. 
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A gas fueling by supersonic molecular beam injection (SMBI) is successfully applied to ECH/NBI plasma in 
Heliotron J. Although the optimization of this fueling method for the Heliotron J experiment is in progress, 
increase/decrease of electron temperature and its target density dependence are observed for ECH plasma. In a 
combination heating condition of ECH (~ 0.35 MW) and NBI (~ 0.6 MW), the stored energy reached ~ 4.5 kJ, 
which is about 50 % higher than the maximum one achieved so far under the conventional gas-puffing in 
Heliotron J. Two different types of propagation of perturbations in the radiation profile are also observed after the 
SMBI for ECH+NBI plasma.  

 
Keywords: fueling control, supersonic molecular-beam injection, gas-puffing, transport, Heliotron J  

1. Introduction 

The selection of gas fueling method is one of the 
most important factors to obtain a high density and good 
performance plasma from two aspects; (1) the profile 
control of the core plasma density through the controlled 
penetration depth of neutral particles and (2) the 
reduction of neutral particles in the peripheral region. 
Although injection of ice pellets is well known as a 
technique to realize favorable fueling from these aspects 
and used in rather large devices, the system is 
complicated and it is not easy to make a pellet small 
enough for density control in medium or small sized 
devices. On the other hand, a supersonic molecular beam 
injection (SMBI) technique, which has been developed 
by L. Yao et al. [1, 2, 3], is an alternative method to 
obtain the deeper penetration of the neutral particles into 
the core plasma compared to the conventional gas-puffing. 
This technique is considered to be effective especially for 
a medium or small sized device.  

The SMBI technique has been used also for plasma 
diagnostics such as a He-beam probe or gas-puff imaging 
techniques in some fusion devices [4, 5], where the 
amount of the injected neutrals can be suppressed as low 
as possible to prevent the target plasma from being 
perturbed. Recently high-pressure SMBI is examined as a 
fueling method for ECH/NBI plasmas in Heliotron J.  

This paper reports the first SMBI fueling experiment 
in Heliotron J. Although the optimization of this fueling 
method for the Heliotron J experiment is in progress, in a 
combination heating condition of ECH and NBI, the 

stored energy of  ~ 4.5 kJ was recorded, which is about 
50 % higher than the maximum one achieved so far under 
the normal gas-puff fueling condition [6] in Heliotron J.  

2. Experimental Set-up 

The Heliotron J device is a medium sized helical-axis 
heliotron device (〈R0〉/〈ap〉 = 1.2/0.17 m, B0 ≤ 1.5 T) with 
an L/M = 1/4 helical coil [7, 8]. Figure 1 schematically 
shows the arrangement of the heating system, major 
diagnostic equipments and a SMBI system. The initial 
plasma is produced by using the second harmonic 
X-mode ECH (70 GHz, < 0.45 MW, non-focusing 
Gaussian beam) launched from a top port. The hydrogen 
neutral (H0) beam (< 30 keV, < 0.7 MW/beam-line) is 
injected for NBI plasmas using one or two tangential 

Fig. 1 Experimental set-up 
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beam-lines, which are facing each other (BL-1 and BL-2). 
Selecting one of the two beam-lines or changing the 
direction of the confinement field, Co- or CTR-injection 
can be performed.  

A conventional gas-puff system with four 
piezoelectric valves is used to density control in usual 
experiments, which is installed at the inboard side ports 
around the torus at ≈90° intervals (see Fig. 1). In addition 
to this, a SMBI system is equipped on a horizontal port 
(#11.5 port) in Heliotron J. This system consists of a fast 
solenoid valve (the diameter of its orifice is 0.1 mm for 
this experiment.) with a magnetic shield. Although this 
system is introduced to Heliotron J originally for the 
diagnostic purpose such as the gas-puff imaging 
measurement for edge plasma turbulence with a high 
speed video camera [5], by increasing the plenum gas 

pressure (≥ 1 MPa) and the pulse width (0.4-1.0 ms), this 
system is used for the fueling control. Figure 2 shows a 
poloidal cross-section at the SMBI port and a snapshot of 
the tangential plasma view (with no optical filter) at the 
SMBI timing taken at the Thomson port near the SMBI 
port (see Fig. 1). By the SMBI fueling, a bright stripe is 
observed, which seems to be along the field line. Figure 3 
shows an example of the time traces of the ECH pulse, the 
gas-puff control voltage, the intensity of Hα emission at 
the SMBI section (Hα#11.5), the line-averaged density ( en ) 
and the stored energy (Wp) for an ECH plasma with SMBI, 
where the SMBI was fired two times with about 10 ms 
interval, indicated by the rapid increases of the Hα signal.  

3. Experiments and results 

3.1. SMBI for ECH plasma 
The SMB pulse(s) of hydrogen was injected to ECH 

(~ 0.35 MW) deuterium plasmas of different line-averaged 
densities ( en ) under the standard (STD) configuration [8] 
with the reversed magnetic field direction. Here, the 
condition of SMBI was fixed: the pulse width ~ 0.8 ms, the 
plenum pressure ~ 1.2 MPa. The experiment shows that the 
increase of en  after a SMBI pulse ( enΔ ) seems to 
depend on the target density as shown in Fig. 4. Since the 
H-mode transition was observed above a critical density 
and en  uncontrollably increases after the transition [9], it 
is difficult in higher en  region to discriminate between 
the increase by SMBI itself and that due to the improved 
transport. The target density dependence of enΔ observed 
in the low en  region (< 1×1019 m-3), however, suggests 
the enhanced penetration of neutrals outside the plasma 
maybe due to the edge cooling by SMBI.  

The difference in the en −Wp relation between the 
conventional gas-puff and SMBI was not clear for ECH 
plasma with en  well below the cut-off density. Near the 
cut-off density, however, the SMBI fueling seems better 
than the gas-puff from the viewpoint of the accessibility to 
the higher density and stored energy ECH plasma.  

Figure 5 shows the time response of the ECE intensity 
IECE from several channels, which corresponding to the 
different positions. Here the signals of Hα and en  are 
also plotted. For higher target density plasma (~ 0.8×1019 

SMBI

Fig. 2 The poloidal cross-section at the SMBI port (top) and 
a snapshot of the tangential plasma view (without any optical 
filter) at the timing of SMBI (bottom). 
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m-3, Fig. 5 right), IECE decreases after the SMBI pulse for 
all positions, indicating the decrease of electron 
temperature (Te), and gradually recovers to the level before 
the SMBI. The start timing of the decrease in IECE is almost 
the same for all channels, which might indicate some 
non-local phenomena. For lower target density plasma 
(~ 0.5×1019 m-3, Fig. 5 left), IECE also decreases after the 
SMBI for the near side of the SMBI (i.e. the low field side, 
LFS). However, IECE increases for the far side (i.e. the high 
field side, HFS), indicating the increase of Te. Although we 
should take care of a local effect on IECE since the ECE 
section is very close to the SMBI section, the increase of Te 
is interesting. The measurement of Te is necessary at a 
position toroidally well apart from the SMBI section. The 
measurement in more peripheral region is also necessary.  

3.2. SMBI for ECH+NBI plasma 
For the combination heating of ECH and NBI, the 

SMBI fueling is also preferable to produce higher en and 
higher Wp plasmas. Figure 6 shows the time traces of en , 
Wp, Hα and the signals from three channels of a SX-array 
for an ECH+NBI discharge with two pulses of SMBI. Here, 
the experiment was performed under the STD 
configuration with the normal field direction. The 
condition of ECH is almost the same as the experiment 
described in the previous sub-section and only one beam 
line (BL-2, ~ 0.6 MW) is used for NBI, i.e. the Co- 
injection. The first SMBI successfully increased the en  
and Wp, but the effect of the second SMBI was observed 
only on the slight increase of en . The stored energy 
started to decrease before the second SMBI and was not 
increased by the second SMBI. Figure 7 shows the en  
dependence of Wp for the similar ECH+NBI plasmas. 
Under the conventional gas-puff fueling, the stored energy 
are limited at ~ 3 kJ, By using the SMBI fueling, the stored 

Fig. 6 Time traces of en , Wp, Hα and ISX for an ECH+NBI 
discharge with SMBI. 
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energy reached ~ 4.5 kJ, about 50 % higher than the 
maximum value achieved under the conventional gas-puff 
fueling condition.  

Relating to the SMBI effects on the plasma 
performance, propagation of perturbations caused by 
SMBI are observed in a chord-profile of radiation from the 
plasma measured with an AXUV-array. Here, the AXUV 
array with 1μmt-Al filter was used for detection of 
radiation above ~500eV [10]. The discharge condition is a 
combination heating of ECH (~0.35 MW) and NBI (BL-1 
and BL-2) under the STD configuration with the reversed 
field direction. Figure 8 shows the time responses of Hα, 

en , Wp and the normalized chord-profile of the radiation 
measured with the AXUV-array. As shown in the figure, 
we can observe two types of propagating perturbations in 
the radiation profile caused by a SMBI pulse; one is 
pinch-like perturbation near the center and the other is 
expansion observed in the peripheral region. Since the 
radiation is a function of the density and temperature, 
direct measurements of the temperature and density is 
necessary to understand this observation.  

4. Summary 
A gas fueling method with SMBI is successfully 

applied to ECH/NBI plasma in Heliotron J.  
Interesting time responses caused by the SMBI are 

observed: increase/decrease of Te and its target density 
dependence for ECH plasma, two different types of 
propagation of perturbations in the radiation profile caused 
by the SMBI for ECH+NBI plasma.  

In a combination heating condition of ECH and NBI, 

the stored energy reached ~ 4.5 kJ, which is about 50 % 
higher than the maximum one achieved so far under the 
conventional gas-puff fueling condition in Heliotron J.  

In order to understand these interesting observations 
and to make use of these findings for improving plasma 
performance, more detailed studies and the refinement of 
the SMBI tourniquet are necessary. The optimization of 
this fueling technique for the Heliotron J experiment is in 
progress.  
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Spectroscopic diagnostics for spatial density distribution of
plasmoid by pellet injection in Large Helical Device
G. Motojima, R. Sakamoto, M. Goto, H. Yamada and LHD experimental group

National Institute for Fusion Science,322-6 Oroshi-cho, Toki 509-5292, Japan

In order to investigate the behavior of the plasmoid which is the pellet ablatant ionized by background
plasma, two-dimensional imaging measurements of high-speed spectroscopy using a fast camera has been devel-
oped in the Large Helical Device. The diagnostic system provides the density distribution of the plasmoid. The
density distribution is determined by the Stark broadening width of Balmer-β line. The Stark broadening profile
can be evaluated from the intensity ratio measured with narrow-band optical filters having different full width at
half maximum. The two-dimensional images of the plasmoid by the fast camera connected to a bifurcated fiber
scope with two objective lenses are obtained. As an initial result from the imaging measurements, it is shown that
the plasmoid density is in the order of 1023 m−3.
Keywords: pellet injection, plasmoid, helical device, two-dimensional imaging measurements, spectroscopy

1 Introduction

Solid hydrogen pellet injection is a primary technique for
efficient core plasma fueling in fusion devices. The pel-
let injection is sure to play a important role in next-step
devices such as ITER and also will be one of promising
candidates for particle refueling in a future fusion reactor.
In particular, the importance of the pellet injection is in-
creased in the high central density operation required for a
helical reactor [1].

When pellets are injected into a hot, magnetically con-
fined plasma, pellet particles are ablated by heat flux from a
background plasma. The pellet is immediately surrounded
by its neutral cloud which is generated by the ablation of
the pellet. The neutral cloud has a effect of shielding from
the ambient background plasma. Subsequently the neutral
cloud is ionized and expanded in the direction parallel to
the magnetic field lines. Here, the ionized pellet material
is referred to as a plasmoid.

The pellet ablation and subsequent behavior of the
plasmoid are key elements to determine the characteristics
of pellet fueling. Extensive experiments have been devoted
to the clarification of fueling characteristics of the pellet
[2]. In particular, recent studies have been focused on the
drift of the plasmoid [3]. The drift of the plasmoid may be
attributed to an E × B drift that arises from a vertical polar-
ization in the ablation cloud due to the magnetic field gra-
dient [4]. The behavior of the plasmoid following ablating
process has a primary effect on the pellet mass deposition.
Therefore, the understanding of not only the pellet ablation
but also subsequent behavior of the plasmoid allows the
optimization of the pellet fueling. As for the pellet abla-
tion, the identification of the position in the pellet ablation
is of great importance. In LHD, three-dimensional obser-
vation system with stereoscopic analysis using a fast cam-
era has been developed [5]. The position of the pellet abla-

author’s e-mail: gen@lhd.nifs.ac.jp

tion can be precisely identified by using this method. Con-
cerning the behavior of the plasmoid, the quantitative eval-
uation of the pellet particles transferred by the plasmoid
provides the understanding of the homogenization process
of the plasmoid. The process of the homogenization has
been demonstrated in numerical calculations. Moreover,
the density and temperature of the plasmoid has been mea-
sured by spectroscopic diagnostics [6, 7]. However, quan-
titative two-dimensional evaluation of the plasmoid param-
eters has not yet been achieved. The objective of this study
is to evaluate the two-dimensional density distribution in
the plasmoid quantitatively by imaging measurements with
high-speed spectroscopic diagnostics.

The rest of the paper is organized as follows. The prin-
ciple of the high-speed spectroscopic analysis is described
in Section 2. In Section 3, the experimental setup is pre-
sented. The initial experimental results are shown in Sec-
tion 4. Summary is given in Section 5.

2 Imaging measurements of High-
speed spectroscopy

The spectrum of Balmer-line depends on the density and
temperature of the plasmoid. Here, the emission from the
background plasma can be ignored, since the density of
the plasmoid is about several hundred times larger than
that of the background plasma, resulting that the emis-
sion from the plasma is much smaller than that from the
plasmoid. The electron density can be determined from
the Stark broadening profile of the Balmer-α or Balmer-β
line. Figure 1 shows examples of spectra in the range of
wavelength from 400 to 800 nm for (a) low density (ne =

1.0× 1022 m−3) and (b) high density (ne = 9.0× 1023 m−3).
The same electron temperature is assumed at 1.0 eV for
both cases (the value is based on the results from ref. [7]).
Here, the spectra are estimated from the fitting with the the-
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Fig. 1 Spectra in the range of wavelength from 400-800 nm for
(a) low density (ne = 1.0×1022 m−3) and (b) high density
(ne = 9.0 × 1023 m−3). The same electron temperature is
selected. Intensity is expressed in logarithmic scale.
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Fig. 2 Spectra of the Balmer-β and Balmer-γ lines with a con-
stant background for (a) low density (ne = 1.0×1022 m−3)
and (b) high density (ne = 9.0 × 1023 m−3). Intensity is
expressed in linear scale.

oretical data based on the collision-radietive model [8, 9].
Only the Balmer-α, β, and γ lines appear as discrete lines
and other series lines appear as a continuum spectrum. In
low density case, the line profile is peaked. While, in high
density case, the line profile is broader. It is found that the
line profile depends on the electron density. The character-
istics make possible the evaluation of the electron density.

The Stark broadening width can be estimated from the
intensity ratio measured with narrow-band optical filters
having different full width at half maximum (FWHM). Fig-
ure 2 shows the extended figure of Fig. 1 around Balmer-β
line. In low density case, there is almost no difference in
the intensity between wide and narrow FWHMs due to the
peaked line profile. While, in high density case, the inten-
sity difference becomes large due to the broader line pro-
file, resulting that the ratio of intensity measured with nar-
row FWHM to that measured with wide FWHM becomes
small.

In this study, we concentrate on the Balmer-β line
(center wavelength : 486.1 nm) to evaluate the density of
plasmoid. The filter parameters suitable for various pre-
sumed densities (1022 − 1024 m−3) and temperatures (0.9-
1.2 eV) in a plasmoid were selected using the spectra es-

Fig. 3 Dependence of the logarithm of density on the ratio of the
intensity measured with FWHM of 5 nm to that measured
with wide FWHM of 20 nm. Solid line shows logarithm
fitting of the data. The fitting line is used in analysis.

timated from theoretical data. The ranges of density and
temperature are assumed by the results from spectrometer
measurement of plasmoid in LHD [7]. Figure 3 shows the
dependence of the logarithm of electron density on the ra-
tio of the intensity measured with FWHM of 5 nm to that
measured with wide FWHM of 20 nm. The ratio is approx-
imately proportional to the logarithm of plasmoid density.
The ratio is small with increasing electron density. With
this filter combination, dependence of the plasmoid tem-
perature can be ignored, and we are able to measure the
plasmoid density in the range from 1022 to 1024 m−3.

3 Experimental Setup

In this section, the spectroscopic diagnostics system for
density distribution of plasmoid is explained. Figure 4(a)
shows a horizontally elongated poloidal cross section of
the LHD and in-situ pipe gun type 10 barrel pellet injector.
The plasmoid can be observed just behind the pipe gun
pellet injector and parallel to the injection axis :namely,
the line of sight is consistent with the pellet injection axis.
The emission from the plasmoid is evenly divided by a half
mirror, as shown in Fig. 4(b).

A bifurcated fiber scope with two objective lenses is
used in this spectroscopic system [5]. The scope is com-
posed of a pair of 50000 element quarts fiber scopes with a
stainless-steel flexible protective tube. The overall length
is 15 m and the bifurcated portions are about 5 m in length.
Each objective lens, which has a field of view of 15 degree,
with different filters selected in Sec. 2 is used. Two images
which are viewed from the same line of sight just behind
the pellet injector are obtained.

The images are focused onto a single fast camera (Vi-
sion Research Inc., Phantom V7) so that the simultaneity
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Fig. 4 (a) Cross-sectional drawing of the LHD vacuum vessel and fuelling pellet injector, which is equipped with 10 barrels independent
barrels (b) enlarged view of observation point where the imaging measurements are equipped (c) imaging area on the sensor of the
fast camera.

is ensured. The fast camera is equipped with a 12 bit self-
resetting complementary metal oxide semiconductor sen-
sor (SR-CMOS). The frame rate and the exposure time are
selected to be 2000 fps with a resolution of 464 × 192 pix-
els and 2 µs, respectively. The bundled end is connected
to an imaging lens which can project a pair of images onto
the imaging sensor, as shown in Fig. 4(c).

4 Results

The initial results of two-dimensional imaging measure-
ments by high-speed spectroscopy were obtained. Figure
5 shows typical images of the plasmoid with the filters hav-
ing (a) FWHM 5 nm and (b) FWHM 20 nm. The pellet is
injected to the NBI plasma with central electron tempera-
ture of 1.5 keV. Here, the identity of the two fields of view
is confirmed by the strong correlation between two images.
The intensity of the image with the filter of FWHM 20 nm

is stronger than that of image with the filter of FWHM 5
nm. The plasmoid seems to be expanded to the direction
parallel to the magnetic field line. The emission intensity
distribution of two images in the direction perpendicular
to the magnetic field line passing through the maximum
intensity point is shown in Fig. 6(a). The difference of
intensity is observed in the pellet ablatant. Since it is dif-
ficult to evaluate the ratio of intensity in the outer region
of the plasmoid due to small intensity and/or lower density
than that of assumption, the analysis is limited to the re-
gion around the plasmoid. Figure 6(b) shows the ratio of
intensity between two images in the direction perpendicu-
lar to the magnetic field line passing through the maximum
intensity point. In the center of plasmoid which has strong
intensity, the ratio is close to 1 that means the density in the
order of 1022 m−3. On the other hand, in the region around
the center of plasmoid, minimum of the ratio is about 0.6
that means the density in the order of 1023 m−3. Figure 7(a)

#91086

direction of 

magnetic field line

direction of 

magnetic field line

10 cm 10 cm

Fig. 5 Typical images of plasmoid with the filters having (a) FWHM of 5 nm and (b) FWHM of 20 nm. Analysis is made within the
circular line. Solid line shows the direction of the magnetic field line and dot line shows the direction perpendicular to the magnetic
field line.
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shows the density distribution in the plasmoid. Here, gray
zone shows the region having large error because of small
intensity. The density of the plasmoid is over 1022 m−3 and
the plasmoid measures 20 cm wide. The plasmoid density
is in the order of 1023 m−3 except for the center region of
the pellet ablatant. In the center region of the plasmoid, the
density seems to be lower. The reason may be attributed to
the unexpected temperature range. However, further stud-
ies are necessary. Figure 7 (b) shows the electron density
distribution in the direction perpendicular to the magnetic
field line passing through the maximum intensity point.
The maximum electron density at 2.3 × 1023 m−3 is ob-
served.

5 Summary

In order to obtain the two-dimensional plasmoid density
distribution quantitatively, imaging measurements of high-
speed spectroscopic system using a fast camera has been

developed. The density of the plasmoid is evaluated by
the width of the Stark broadening in Balmer-β line. The
Stark broadening can be estimated by comparing the dif-
ference in emission intensity from the plasmoid between
narrow-band optical filters having different FWHM. The
most suitable a pair of filters which have the same central
wavelength of 486.1 nm and different FWHM of 5 nm and
20 nm was selected by the spectra estimated from the fit-
ting with the theoretical data. As an initial result, the den-
sity distribution of the plasmoid by imaging measurements
was obtained. Here we show that the plasmoid density is
in the order of 1023 m−3. In future, the three-Dimensional
distribution of the density in the plasmoid will be evaluated
by using tomography under the assumption that the struc-
ture of the plasmoid is rotational axial-symmetry around
the magnetic field line.
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Plasmoid behavior in LHD plasmas

Ryuichi ISHIZAKI and Noriyoshi NAKAJIMA
National Institute for Fusion Science, Toki 509-5292, Japan

In order to clarify the difference on the motion of a plasmoid created by a pellet injection between tokamak
and helical plasmas, MHD simulation including ablation processes has been carried out. In LHD plasma, the
plasmoid drifts to the lower field side similarly to tokamak.However, it is found that the drift direction is
reversed after several Alfvén transit times in the case that the plasmoid is located at the inner side of the torus on
the horizontal elongated poloidal cross section.

Keywords: pellet, drift, tire tube force, MHD, CIP

1 Introduction

Injecting small pellets of frozen hydrogen into torus plas-
mas is a proven method of fueling [1]. The physical pro-
cesses are divided into the following micro and macro
stages. The micro stage is the ablation of mass at the pellet
surface due to the high temperature bulk plasma which the
pellet encounters. The neutral gas produced by the abla-
tion is rapidly heated by electrons and ionized to form a
high density and low temperature plasma, namely a plas-
moid. The macro stage is the redistribution of the plas-
moid by free streaming along the magnetic field lines and
by MHD processes which cause mass flow across flux sur-
faces. The micro stage is well-understood by an analytic
method [2] and numerical simulation [3]. The drift mo-
tion of the plasmoid is investigated in the macro stage [4].
Since the plasmoid drifts to the lower field side, the pellet
fueling to make the plasmoid approach the core plasma has
succeeded by injecting the pellet from the high field side in
tokamak. On the other hand, such a good performance has
not been obtained yet in the planar axis heliotron; Large
Helical Device (LHD) experiments, even if a pellet has
been injected from the high field side [5]. The purpose
of the study is to clarify the difference on the motion of the
plasmoid between tokamak and helical plasmas.

In order to investigate the motion of the plasmoid, the
three dimensional MHD code including the ablation pro-
cesses has been developed by extending the pellet abla-
tion code (CAP) [3]. It was found through the compari-
son between simulation results and an analytical consider-
ation that the drift motion to the lower field side in tokamak
is induced by a tire tube force due to the extremely large
pressure of the plasmoid and a 1/R force due to the mag-
netic pressure gradient and curvature in the major radius
direction as shown in Ref. [6]. In the study, the motion
of the plasmoid is investigated in the LHD plasma in four
cases that the plasmoids are initially located at the inner
and outer sides of the torus on the vertical and horizon-
tal elongated poloidal cross sections. The plasmoids drift

author’s e-mail: ishizaki@nifs.ac.jp

to the lower field sides in all cases. However, in the case
that it is located at the inner side of the torus on the hori-
zontal elongated poloidal cross section, it is found that the
drift direction is reversed after several Alfvén transit times,
namely it drifts to the higher field side.

2 Basic Equations

Since the plasmoid is such a large perturbation that the lin-
ear theory can not be applied, a nonlinear simulation is re-
quired to clarify the behavior of the plasmoid. The drift
motion is considered to be a MHD behavior because the
drift speed obtained from experimental data [1] is about
several % ofvA, wherevA is an Alfvén velocity. Thus, the
three dimensional MHD code including the ablation pro-
cesses has been developed by extending the pellet ablation
code (CAP) [3]. The equations used in code are:

dρ
dt

= −ρ∇ · u, (1a)

ρ
du
dt

= −∇p + J × B

+νρ

[
4
3
∇ (∇ · u) − ∇ × ω

]
, (1b)

dp
dt

= −γp∇ · u + (γ − 1)

[
H + ηJ2

+νρ

(
4
3

(∇ · u)2 + ω2

)]
, (1c)

∂B
∂t

= ∇ × (u × B − ηJ) , (1d)

J = ∇ × B, (1e)

ω = ∇ × u. (1f)

ρ, B, u and p are normalized byρ0, B0, vA andB2
0/µ0 at

the magnetic axis, respectively, whereµ0 is the magnetic
permeability.γ = 5/3, ν = 10−6vAL0 andη = 10−6µ0vAL0

are used as the ratio of the specific heats, viscosity and
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Fig. 1 Pressure contours on the vertical elongated poloidalcross
sections atφ = 0 in (a) the HINT and (b) the CAP codes
expressing the LHD plasma withR0 = 3.82. The last
closed surfaces are defined by the contour lines of 0.5%
of the maximum pressure.

electric resistivity, respectively, whereL0 is a characteristic
length; 1 m. Heat sourceH is given by:

H =
dq+
dl
+

dq−
dl
, (2)

whereq± is the heat flux model dependent on electron den-
sity and temperature in the bulk plasma and the plasmoid
density.l is the distance along the field line. The subscript
+ (−) refers to the electrons going to the right (left). Then,
the heat source can be calculated on each field line. As-
suming Maxwellian electrons incident to the plasmoid, a
kinetic treatment using a collisional stopping power for-
mula leads to the heat flux model,q± [3] which is used in
construction of the ablation model [2].

In order to investigate the plasmoid motion in LHD
plasmas, an equilibrium obtained by the HINT code [7] is
used as the bulk plasma. Although the HINT code uses the
rotational helical coordinate system, the CAP code uses
the cylindrical coordinate system (R, φ, Z) because of pre-
venting numerical instability induced by a locally and ex-
tremely large perturbation of the plasmoid. The colors
in Figs. 1(a) and (b) show the pressure contours in the
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Fig. 2 The plasma betaβ (solid line) and rotational transform
ι/2π (dashed line) as a function of normalized minor ra-
diusρs in the LHD plasma.

poloidal cross sections atφ = 0 in the HINT and CAP
codes, respectively. The yellow lines show the last closed
surfaces defined by the contour line of 0.5% of the maxi-
mum pressure. The domain of the CAP code is larger than
one of the HINT code because it is necessary for the last
closed surface to be within the simulation box. In other
words, the HINT code can not provide all data required by
the CAP. Equations (1) are thus solved only in the inside
of the last closed surface in the CAP code. Therefore, it is
difficult to evaluate accurately the plasmoid motion around
the last closed surface, but it is possible to carry out more
stable simulation than one in the rotational helical coordi-
nate. The Cubic Interpolated Psudoparticle (CIP) method
is used in the code as a numerical scheme [8].

3 Drift motion of plasmoid in LHD
plasma

When a plasmoid is heated in tokamak plasmas, it is ex-
panding along the magnetic field and simultaneously drifts
to the lower field side due to a tire tube force and a 1/R
force induced by the magnetic field with curvature [6]. In
the study, the motion of the plasmoid is investigated in the
LHD plasma. Figure 2 shows the plasma betaβ and ro-
tational transformι/2π in the bulk plasma as a function
of normalized minor radiusρs used in the code. Figure 3
show four initial locations of the plasmoids. The colors
in Figs. 3(a) and (b) show the pressure contours in the
poloidal cross sections atφ = 0 (vertical elongated one)
and 2π/20 (horizontal elongated one), respectively. The
plasmoids denoted by circles A and C are located at the
inner side of the torus, and those denoted by circles B and
D are located at the outer side of it. Namely, the plasmoid
A is at the highest field side and the plasmoid D is at the
lowest field side among them. Those plasmoids are located
on the same flux surface ofρs = 0.4, which is correspond-
ing to ι/2π = 0.54 as shown in Fig. 2. The peak values
of density and temperature of the plasmoid are 1000 times
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Fig. 3 Four initial locations of the plasmoids in the LHD plasma
with R0 = 3.82. The colors show the pressure contours
in the poloidal cross sections at (a)φ = 0 (vertical elon-
gated one) and (b)φ = 2π/20 (horizontal elongated one).
The last closed surfaces are defined by the contour lines
of 0.5% of the maximum pressure. The yellow lines show
the contour of the magnetic pressure. The plasmoids de-
noted by circles A, B, C and D are located on the same
flux surface ofρs = 0.4.

Fig. 4 The contour of the mass flowρur of the plasmoid D
across the flux surfaceρs = 0.4 at t = 5τA.

(a)

(b)

Fig. 5 The projection of the density in the direction ofZ of the
plasmoid D at (a)t = 2τA and (b)t = 10τA.

density and 1/1000 times temperature of the bulk plasma,
respectively. The plasmoid, whose half width is 0.03, en-
counters the electrons with fixed temperature 2 keV and
density 1020 m−3.

Simulations have been carried out in four cases A, B,
C and D. Figure 4 shows the contour of the mass flow
ρur of the plasmoid D across the flux surfaceρs = 0.4 at
t = 5τA, whereτA is the Alfvén transit time. Figures 5(a)
and (b) show the projection of the density in the direction
of Z at t = 2τA and 10τA, respectively, of the plasmoid D.
It is found from Figs. 4 and 5 that the plasmoid is expand-
ing along the magnetic field line with about 10% of the
Alfvén velocity and simultaneously drifts across the flux
surface in the direction of the major radius with about 1%
of the Alfvén velocity. Figures 6(a) and (b) are the aver-
aged density and averaged mass flow on the flux surfaces,
respectively, of the plasmoid A (red line) and B (blue line).
Solid and dashed lines show ones att = 2τA and 10τA, re-
spectively. The plasmoid A drifts toward the magnetic axis
because it drifts to the lower field side due to the tire tube
and 1/R forces. Thus, the mass flow becomes negative, and
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Fig. 6 (a) The averaged density and (b) the averaged mass flow
on the flux surfaces as a function of the normalized minor
radius,ρs. Red and blue lines show ones of the plasmoid
A and B, respectively. Solid and dashed lines show ones
at t = 2τA and 10τA, respectively.

the peak density drifts in the negative direction ofρs. Since
the plasmoid B is initially located in the region where the
gradient of the magnetic pressure is negative because a sad-
dle point of one is atR − R0 ∼ 0.27 as shown in Fig. 3(a),
it drifts in the direction of the major radius. Thus, the mass
flow becomes positive, and the peak density drifts in the di-
rection ofρs. Figures 7(a) and (b) are the averaged density
and averaged mass flow on the flux surfaces, respectively,
of the plasmoid C (red line) and D (blue line). Solid and
dashed lines show ones att = 2τA and 10τA, respectively.
The plasmoid C had a positive mass flow att = 2τA, but
it has a negative one at 10τA. Namely, the plasmoid drifts
in the negative direction of the major radius, and subse-
quently drifts in the positive direction of it. Since the plas-
moid C is initially located in the region where the gradient
of the magnetic pressure is positive, it is reasonable that
the plasmoid drifts in the negative direction of the major
radius at first. The plasma beta of the plasmoid becomes
∼ 1 because the magnetic well is induced by the extremely
large pressure. Therefore, the drift direction is considered
to be reversed due to the change of the magnetic pressure
and curvature induced by such a high beta. The detail will
be clarified in the future work. The plasmoid D located in
the lowest field side among the four cases drifts in the di-
rection of the major radius. The mass flow thus becomes
positive and the peak of the density drifts in the direction
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Fig. 7 (a) The averaged density and (b) the averaged mass flow
on the flux surfaces as a function of the normalized minor
radius,ρs. Red and blue lines show ones of the plasmoid
C and D, respectively. Solid and dashed lines show ones
at t = 2τA and 10τA, respectively.

of ρs.

4 Summary

It is verified by simulations using the CAP code that the
plasmoid with a high pressure induced by heat flux drifts
to the lower field side for several Alfvén transit times in
the LHD plasma. Such a drift is induced by a tire tube
force and 1/R force caused by an extremely large pressure
of the plasmoid similarly to tokamak. However, it is found
that the drift direction is reversed in the case that an ini-
tial location of the plasmoid is the inner side of the torus
on the horizontal elongated poloidal cross section. That
fact is considered to be caused by the change of the mag-
netic pressure and curvature induced by the high beta, but
the detail analysis will be required to clarify the physics
mechanism.

[1] Y. W. Muller et al. Nucl. Fusion,42, 301 (2002).
[2] P. B. Parks and M. N. Rosenbluth. Phys. Plasmas,5, 1380

(1998).
[3] R. Ishizaki et al. Phys. Plasmas,11, 4064 (2004).
[4] P. B. Parks et al. Phys. Rev. Lett.,94, 125002 (2005).
[5] R. Sakamoto et al.in proceedings of 29th EPS conference

on Plasma Phys. and Control. Fusion.
[6] R. Ishizaki et al. IAEA-CN-149/TH/P3-6 (2006).
[7] K. Harafuji et al. J. Comp. Phys.,81, 169 (1989).
[8] H. Takewaki et al. J. Comput. Phys.,61, 261 (1985).

P2-18

P2-18

354



 
 

Proceedings of ITC18,2008 

author’s e-mail: fbx3@waseda.jp 

Plasma Diagnostics in the Formation Stage of 

“LCDC” 

 The Local Cold and Dense Compress Formed by Injected Pellets 
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The most efficient fueling scheme so far is said to be a frozen deuterium pellet injection, even though it is 
still very difficult to accomplish central fuelling (to inject fuel into the burning plasma core) into nuclear fusion 
reactors. On the other hand, this scheme forms very cold (~101eV)and very dense (~10 23) plasma along the 
magnetic field line on the rational surface in the time scale of about 100ms. This is called LCDC (Local Cold 
Dense Compress). The detailed experimental observation has not been reported so far because of the difficulty 
stated below. This paper deals with the experimental proposal in this direction. The fundamental diagnostic scheme 
is 3D image reconstruction technique developed in our laboratory. This is originally developed in nuclear fusion research as a 
Soft X-ray Tomography. This technique is going to be used in many fields: CXT (Constrained X-ray Tomography)in medical 
field, CEBT (Constrained Electron Beam Tomography) in biological field and quantum entanglement detection for quantum 
computer research.  

 
 

Keywords: LCDC (Local Cold and Dense Compress), Pellet Injection, Bremsstrahlung radiation , 
ablation, plasmoid 
 

Inroduction 
The injected pellet goes under intense heat up and is ablated by bulk plasma and evaporated. The neutral 

hydrogen vapour-clusters go under free diffusion until they are ionized. These clusters  form  dense  plasmoid, 
 

 
Fig.1. LCDC on the rational surfaces. 

The plasma diffusion allows the LCDC density decay about 
100 times faster on q=1.01 than on q=1.1 magnetic surface. 
1st raw q=1.0,  2nd raw q=1.01  3rd  raw  q=1.1 

 
 

which is partially ionized plasma above the order of 
1025/m3. Because of the high collisionality, this 
plasmoid shields the solid pellet core from the main 
plasma and it travels almost the same speed as the 
injection speed crossing many rational surfaces. In 
their simulation, Nakamura and Wakatani estimated 
the plasmoid parameters as below in 1986 and well 
within the experimentally obtained parameters. 
 
Pellet core : ~101K , 1030/m3  
Plasmoid:  1024/m３ , 100 eV   
Bulk Plasma: 1020/m３ , 104 eV  
 
This plasmoid in this phase contains neutral hydrogen 
and radiates strong spectral emission. Because of this 
nature the  plasmoid has been studied both 
intensively and extensively.  
In due course, after about duration of 10-4 sec, the 
plasmoid develops to be nearly fully ionised and the 
radiation changes into continuum. Because of the fast 
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Fig.4. The three dimensional plot of the radiation intensity (left), 

the best fit surface of this image profile based on the 
equation (2) (right) and the difference between the two 
surfaces profiles (middle). The agreement is within 0.5% in 
this case. 

 
This image and the classical diffusion model agrees 
very well as shown above. The three dimensional 
plot of the intensity (left), the best fit surfaces of 
these image profiles based on the equation (2) (right) 
and the difference between the two profiles (middle) 
is shown in Fig.4. This simple model with only two 
adjustment parameters describes the basic feature of 
the radiation profiles well within our requirement. 
The mean discrepancy is less than 0.5% in this case. 
In this model we can trace around where and around 
when the LCDC are most probable to exist.  
  
Three dimensional reconstruction detection 

 
The next problem is how to distinguish the LCDC 
radiation out of the strong background radiation from 
the edge plasma. Let us see the example. In fug.5 the 
picture of ELM filament in MAST Spherical 
Tokamak is presented taken from Dudson et al3. The 
image is in focus a little behind the center colum so 
the front ELM filament is strongly blurred and the 
rear ELM filament is less blurred. If the physical If 
the physical system is optically thin and the  
Dynamic range of the image sensor is broad enough, 
we should be able to obtain the three dimensional 
information by using focusing technique based on the 
geometrical optics.In other word, we should be able 
to identify the position of the  radiation  source as 
shown in Fig.6. The plane at P1  receives the 
converging ray from the source. The plane P2 the ray 
is just in focus and The plane at P3 receives the 
diverging ray from the source. In P2 plane clear two 

dimensional image is recorded but on the other plane 
the image is blurred and the spatial correlation factor 
is larger than the focusing plane.     
  

 
 

Fig.5. The sample of off-focus image taken from 
The ELM filament in MAST L-Mode plasma 

B. Dudson et al. p.92, Programme 35th EPS Conf. Plasma Phys. 
2008. 

 
The two dimensional image taken on the camera 
sensor plate is understood as the convolution of all 
the ray passing through the lens. 
 

 
 
  Source              P1  P2    P3   

 
Fig.6. Out of focus blurred image in geometrical optics / ray 

tracing model. The plane at P1 receives the converging ray 
from the source. The plane P2 the ray is just in focus and 
The plane at P3 receives the diverging ray from the source. 

 
The simplest imaging method to meet this 
requirement is attained by tandem camera system 
shown in Fig.7 , which is in principle modified 
version of the conventional 3-CCD camera for RGB 
separation in instrumental engineering sense. Here 
spatial resolution is determined by the lens aperture 
and the camera position. The detailed description 
shall be published elsewhere. 
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Fig.7. Tandem camera configuration to obtain 3-dimensional 

spatial resolution.  
 
 
For LCDC measurement, strong background 
radiation is originated from the plasma boundary and 
LCDC is within the main plasma region. The image 
distance should be clearly distinguished even with 
conventional camera lens aparture and modidied 
version of the conventional 3-CCD camera system 
similar to Fig.7. At the same time on the wave optical 
assumption, we can expect the image co-relation in 
the off-focus plane.  
 
Low intensity detection 

 
Even though the emission intensity of LCDC 

itself is expected to be few orders of magnitude 
higher than the main plasma, this localized nature 
means total volume observed by the camera is again 
few orders of magnitude samaller than the peripheral  

 

 
 

Fig.8 Schematic example of low intensity photon imaging 
（Electron Beam version of Young’s Double Slit ) 

Taken from   
Build-up of an electron interference pattern. 

Numbers of electrons are 
 10 (a), 200 (b), 6,000 (c), 40,000 (d), and 140,000 (e). 

Tonomura A,, Proc. Natl. Acad. Sci. USA 102 No. 42 (2005): 
14952. 

 
 
plasma. In this sense it is difficult to detect unless the 
initial estimation of the position is vague or the 
plasma perturbation is not small to shift the rational 

surface. In these occasion the photon correlation 
type detection is necessary. This sort of problems is 
solved in the developing stage of Thomsom 
Scattering Experiment neary half a century ago. 
 

In Fig.8, we show the similar classical example. 
This is the Young’s double slit experiment by 
Tonomura.This nature is also seen in the quantum 
entanglement experiment aiming for the quantum 
computer.  

 
   

Conclusion 
 
We have discussed the fundamental diagnostic plans 
for  
 
LCDC (THE LOCAL COLD AND DENSE 
COMPRESS) 
 
narrow filamentary plasma channel which is 
supposed to lie on the rational surface. Even though 
this zone occupies only local zone but it shows very 
interesting diagnostic information. The detailed 
assumptions identifies the rough estimation of their 
nature. 
The starting point should be identified from the time 
history started from initial plasmoid phase from 
Balmer Radiation. The radial density profile is well 
assumed to be in Gaussian Profile and it lies on the 
Magnetic field line. 
 
References 

 
1.  M.Irie & M. Kubo-Irie et al.  

35th EPS Conf. Plasma Phys. 2008.  
2. Y.Nakamura, H.Nishighara and M.Wakatani, 

Nuclear Fusion 26,907(1986) 
3.  W.M.Muller et al.  

Phys.Rev.Lett, 83,p2199 (1999) 
4.  V. M. Timokhin, et al. 

32th EPS Conf. Plasma Phys. 2005 
5. B. Dudson et al.  

35th EPS Conf. Plasma Phys. 2008. 
6. Tonomura A., 

Proc. Natl. Acad. Sci. USA 102 No. 42 (2005): 
14952. 

 
 
 
 
 
 

P2-19

358



 
 

Proceedings of ITC18, 2008 

author’s e-mail: tokitani.masayuki@LHD.nifs.ac.jp 

Microscopic deformation of tungsten surfaces by high energy and 
high flux helium/hydrogen particle bombardment with short pulses 

M. Tokitani a, N. Yoshida b, K. Tokunaga b,  
H. Sakakita c, S. Kiyama c, H. Koguchi c, Y. Hirano c, S. Masuzaki a 

 

a National Institute for Fusion Science, Toki, Gifu 509-5292, Japan 
b Research Institute for Applied Mechanics, Kyushu University, Kasuga, Fukuoka 816-8580, Japan 

c National Institute of Advanced Industrial Science and Technology, Tsukuba, Ibaraki 305-8568, Japan 
 
 

High energy and high flux helium and hydrogen particles were irradiated with polycrystalline tungsten 
specimen by using neutral beam injection (NBI) facility in National Institute of Advanced Industrial Science and 
Technology (AIST). Incidence energy and flux of NBI shot are 25 keV and 8.9×1022 ions/m2s, respectively. 
Duration time of each shot was 30 ms with 6 min interval. Surface temperature may be reached over 1800 K. In the 
cases of helium irradiation, total fluence was selected 2 cases of 1.5×1022 ions/m2s and 4.1×1022 He/m2s. The 
former case, large sized blisters with the diameter of 500 nm were densely observed. While, the latter case, blisters 
was disappeared and fine nano-branch structures appeared instead of blisters. Cross-sectional transmission electron 
microscope (TEM) observation was performed by using focused ion beam (FIB) technique. Fig. 1 shows that TEM 
image after irradiated with 4.1×1022 He/m2s. It was clear that very dense fine helium bubbles with the size of 1-50 
nm were observed, the density of tungsten matrix was drastically decreased by void swelling with growth of helium 
bubbles. In the hydrogen irradiation case, these damages were not observed. 

 
Keywords: Helium, Hydrogen, High energy and high fluence, Tungsten, Nano-scale structure, Blister, Bubble 

 

1. Introduction 
Tungsten is a candidate of divertor armor materials in 

international thermonuclear experimental reactor (ITER). 
In ITER conditions, strong erosion and radiation damages 
on the divertor surface caused by high heat and particle 
loading due to the disruptions and edge localized modes 
(ELMs) are critical issues for achievement of its good 
thermal and mechanical properties. Thus, heat loading tests 
or particle loading tests have been performed using several 
electron beam [1,2] or plasma machines [3,4], respectively. 
However, evaluation of the synergistic loading effects of 
high heat and particles with short pulses is necessary for 
confirming the reliability of tungsten armor tiles. Although 
some proceeded experiment about it has already been 
performed [5-7], they have mainly focused on the micro 
scale or macro scale phenomena. For understanding the 
fundamental mechanism of the damage evolution, we have 
to focus on nano-scale structures. 

Especially, helium irradiation effects with high heat 
loads should be noted because helium once injected into 
metals causes serious damaging effects and it does not 
release until high temperature due to the strong interaction 
with lattice defects such as vacancies and dislocation loops 

[8]. Actually, tungsten irradiation tests to divertor plasmas 
in Large Helical Device (LHD) indicated that synergistic 
effects due to high heat and helium/hydrogen particle load 
lead to damage and erosion of tungsten surface [9,10]. 

Therefore, the helium or hydrogen irradiation 
experiment with high heat loading is important for not only 
elucidation of the damage evolution but also safety 
assessment of tungsten walls for fusion devices. In this 
study, high energy and high flux helium and hydrogen 
particles were irradiated with polycrystalline tungsten 
specimen by using neutral beam injection (NBI) facility 
in National Institute of Advanced Industrial Science and 
Technology (AIST). After the exposure, nano-scale 
deformation and damage evolution were investigated by 
using focused ion beam (FIB) fabrication technique and 
transmission electron microscope (TEM) observation. 
Furthermore, to investigate the effect of bombardment of 
helium and hydrogen particles, optical reflectivity was 
measured by means of spectrophotometer for the 
wavelength between 190 and 2500 nm. It is expected that 
from the investigation of correlativity of reflectance and 
damage evolutions, radiation damages caused by heat and 
particle loads may be able to be predicted from 
measurement of optical reflectivity. 
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This study is fundamental research focused on the 
nano-scale damage evolution in tungsten due to the 
energetic particle bombardment under high heat loading. 
 

2. Experimental procedures 
2.1. Material irradiation in NBI facility 

High current and high current-density NBI beam 
system with strong focusing characteristics for measure to 
the behavior of alpha particle characteristics in nuclear 
fusion device were successfully developed in AIST [11]. 
Another application of this 
focused beam is the irradiation 
test of materials.  

High purity (~99.95 %) 
powder metallurgy (PM) tungsten 
specimens of 10 × 5 × 1 mm3 
were mounted in the focused point 
of the NBI beam by using special 
specimen stage as shown in Fig. 1 
and then, irradiated with helium, 
hydrogen and He+H NBI beam. 
Incidence energy and beam 
current were fixed as 25 keV and 
40 A, respectively. The diameter 
of the focused beam was 
estimated as ~60 mm. Then, the 
power density and flux were 300 
MW/m2 and 8.8×1022 
particles/m2s. Duration time of 
each shot was 30 ms with 6 min interval. Total irradiation 
time and fluence of each irradiation pattern were 
summarized in table. 1. In the case of He+H irradiation, 
the ratio of hydrogen and helium was estimated at about 
He : H = 7.9 : 2.1 [12]. Although surface temperature was 
measured by using an optical pyrometer and 
thermocouples embedded to just behind the specimen, 
unfortunately, its exact value was not able to be measured. 
The expected temperature from optical pyrometer is near 
1800 K. 
 
2.2. Material analysis 

After the exposure, surface morphology was 
analyzed by means of scanning electron microscopy 
(SEM). For clarify the depth distribution of nano-scale 

damages, cross-sectional microscopic observation was 
conducted by using focused ion beam (FIB) fabrication 
technique and transmission electron microscopy (TEM) 
observation. 

Furthermore, to investigate the effect of 
bombardment of helium and hydrogen particles on optical 
reflectivity, change of optical reflectivity was measured 
by means of spectrophotometer.  
 
3. Results and discussions 
3.1. Surface morphology  

Fig. 2 shows surface photo and SEM image of 
tungsten specimens after irradiated with helium, 
hydrogen and He+H beams. Irradiated area on specimens 
was about 8 × 3 mm2. In the cases of helium irradiation, 
total fluence was selected 2 patterns of 1.5×1022 He/m2 
and 4.1×1022 He/m2. The former pattern, surface color 
was changed to gray and large blisters with the diameter 
of 500 nm were densely observed. While, the latter 
pattern, blisters were disappeared due to the sputtering 
erosion, and surface become smoother at low 
magnification SEM image. However, at high 
magnification image, fine nano-branch structures 
appeared instead of blisters. This structure must be 
affected the degradation of optical reflectivity in visible 
wavelength, actually, the surface color has been turned to 
dark brown. The detailed discussion of optical reflectivity 
will be mentioned in section 3.5.  

In the case of hydrogen irradiation, although 
intensive grain growth was observed, remarkable 
deformation did not show any sign. These discrepancies 
between hydrogen and helium seem to be the result of the 
difference of the behavior of them in metals. In the case 
of helium, surface modifications are considered to be due 
to the formation, coalescence and migration of helium 
bubbles near the surface during the pulse high heat 
loading. While, in the case of hydrogen, these effects 
does not occur. It is known that retention of hydrogen 
isotopes in tungsten is low in general, and this is one of 

Pulse x shot Total Irr. 
time

Power 
density Fluence

He
~ 30ms x 7shot 171ms 300MW/m2 1.5x1022He/m2

~30ms x 16shot 461ms 300MW/m2 4.0x1022He/m2

H ~ 30ms x 5shot 146ms 300MW/m2 1.3x1022H/m2

He+H ~ 30ms x 15shot 447ms 300MW/m2 3.9x1022He+H/m2

Table 1 Total irradiation time, power density and total 
fluence for each irradiation pattern. 

 
Fig. 1 Specimen stage

3.9x1022He+H/m21.3x1022H/m24.0x1022He/m21.5x1022He/m2

2mm

He H He+H

200nm

Fig. 2 Surface photo and SEM image of tungsten 
specimens 
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the advantages of this material [13].  
Furthermore, in the case of simultaneous irradiation 

of He and H, surface morphology was quite similar to the 
lower fluence case of helium irradiation (1.5×1022 He/m2). 
This means that damage evolution of the surface does not 
depend on the hydrogen irradiation. 
 
3.2. Depth distribution of nano-scale damages 

To clarify depth distribution of radiation damages, 
we need cross-sectional image of the sub-surface region 
in nanometer level. FIB fabrication technology was used 
for obtain the cross-sectional TEM samples for 
nano-observations. Fig. 3-(a~d) shows TEM images of 
four exposure patterns. In the case of lower helium 
irradiation (a), helium bubbles with size of about 1~50 
nm were densely observed up to the depth of 200 nm. 
One should note that many of the bubbles are larger than 
20 nm and some of them have an oddly shaped image like 
an ellipse or even a gourd. This indicates that the bubbles 
have grown by coalescence with the abrupt temperature 
increase and the non-equilibrium shape is “frozen” by 
rapid cool-down after the termination of the NBI beams. 
Although average penetration depth of 25 keV-He in 
tungsten was estimated to be about 60 nm by TRIM-code, 
heavy damaged region was much deeper than that of this 
value. We can consider that this discrepancy is caused by 
not only diffusion of injected helium atoms but also void 
swelling of the surface. In the case of (b), highest helium 
irradiation, helium bubbles with size of about 1~100 nm 
were densely observed with nano-branch structures, many 
of the bubbles are larger than 50 nm. It was much larger 
than that of case (a). Thus, density of tungsten matrix was 
drastically decreased by void swelling, and its depth 
distribution was over 300 nm. On the surface of this 

specimen shown in Fig. 2, blisters lid which can be 
observed in case (a) was already disappeared due to the 
sputtering erosion. In this irradiation stage, the 
accumulation of helium atoms by implantation in the 
matrix and loss by sputtering erosion and exfoliation of 
blisters has reached a balance. Therefore, if the helium 
were continuously irradiated, nano-branch structures will 
not be disappeared.  

In the case of hydrogen irradiation, (c), nano-scale 
damages scarcely formed, which corresponds to the 
surface observation result as shown in Fig. 2. It is 
considered that since hydrogen atoms scarcely interact 
with lattice defects, radiation damages could not form 
even at the high energy and high flux condition. 

Furthermore, result of a simultaneous irradiation of 
hydrogen and helium, (d), shows that size and density of 
helium bubbles and its depth distribution were very similar 
to the case (a). As mentioned above, damage evolution 
does not depend on the hydrogen irradiation. In contrast, 
helium once injected into metals, they cause serious 
damaging effects due to the strong interaction with lattice 
defects such as vacancies and dislocation loops. Thus, 
helium irradiation effects in tungsten indicate that serious 
consideration should be given to the surface erosion of 
tungsten walls. 
 
3.5. Optical reflectivity 

Fig. 4-(a~d) shows the optical reflectivity of tungsten 
specimens after exposed to NBI beams. Reflectivity of 
virgin specimen was also plotted together. It is clear that 
strong reduction of reflectivity has occurred in all helium 
irradiation cases (a, b, d). In particular, about 500 nm or 
less is remarkable. Referring to our previous study [14], it 
is considered that reduction of optical reflectivity is due 

 

3.9x1022He+H/m21.3x1022H/m2

4.0x1022He/m21.5x1022He/m2He

H He+H

He(a) (b)

(c) (d)

 
 

Fig. 3 Cross-sectional TEM images after irradiated with 
(a): 1.5×1022 He/m2, (b): 4.0×1022 He/m2, (c): 1.3×1022 He/m2, (d): 3.9×1022 He+H/m2 
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to the multiple scattering of light by the dense helium 
bubbles in the sub-surface region. In the case of (a) and 
(b), the spectrum is very similar in the range of 190 to 
2500 nm. We can consider that since surface morphology 
and depth distribution of nano-scale damage of them 
were similar in Fig. 2 and Fig. 3, reduction of reflectivity 
may be dependent on them.  

On the other hand, highest helium irradiation, (b), 
although drastic degradation has occurred in short wave 
length (190~1000 nm), its recovery has identified in long 
wave length (2000~2500 nm). We can consider the 
following mechanisms for this phenomenon. Reduction 
of reflectivity must be due to the surface roughening and 
fine bubble formation, drastic degradation in short wave 
length was caused by formation of nano-branch structures 
with nano-scale helium bubbles as shown in Fig. 3-(b). 
While, in the long wave length region, its recovery has 
been caused by smoothening the surface due to the 
progress of the sputtering erosion as shown in Fig. 2. 

In the case of hydrogen irradiation, (c), although 
slight degradation was observed in the long wave length 
(1500-2500 nm), remarkable degradation was not 
confirmed in whole wave length regions. We should note 
that effect of helium bombardment for optical reflectivity 
is also much higher than that of hydrogen bombardment. 
This result is important for the design and operation of 
plasma diagnostics using first mirror. 

 

4. Summary 
High energy and high flux helium and hydrogen 

particles were irradiated with tungsten specimen by using 
NBI facility in AIST, and then, nano-scale deformation 
and damage evolution in tungsten were investigated. 

In the case of helium irradiations, very dense fine 
helium bubbles with the size of 1~100 nm were observed, 
the density of tungsten matrix was drastically decreased 
by void swelling with growth of helium bubbles. In the 

hydrogen irradiation case, these damages were not 
observed.  

To investigate the effect of bombardment of helium 
and hydrogen particles, optical reflectivity was measured. 
The hydrogen irradiation case, it was scarcely changed 
before and after irradiation. However, reduction of 
reflectivity has occurred in helium irradiation case, and it 
near 500 nm or less and also infrared region was 
remarkable. It is considered that reduction of optical 
reflectivity is due to the multiple scattering of light by the 
helium bubbles in the sub-surface region. 

High energy and high flux helium irradiation effects 
in tungsten indicate that serious consideration should be 
given to the surface erosion of tungsten walls. 
Furthermore, if we use the tungsten for first mirror, its 
design and operation will become also serious problems. 
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The control of hydrogen isotopes is one of the key issues for liquid blankets. For this purpose, monitoring of 
hydrogen isotopes using on-line sensors is the essential technology. In the present study, the hydrogen sensor using 
solid electrolyte ceramics was developed for fusion blanket application. Because of very corrosive environment of 
liquid breeders, Pd membrane electrodes, which will be more protective of the ceramics relative to the conventional 
porous Pt electrodes, were fabricated and tested. The Pd membrane electrode was shown to perform well in gaseous 
environment.  

 
Keywords: Blanket, Hydrogen senor, Solid electrolyte, Electrode, Palladium, Flibe, Flinak, Pb-17Li, Li 

 

1. Introduction  
Molten salt LiF-BeF2 (Flibe), molten lithium (Li), and 

molten lead-lithium (Pb-17Li) are candidate blanket tritium 
breeding materials for fusion reactors. For the blankets 
with those liquid breeders, control of tritium is the key 
issue.  For this purpose, on-line sensing of tritium in the 
high temperature melts is the essential technology.  

The hydrogen partial pressures of the three melts are 
extremely different, with very high pressure for Flibe, 
medium for Li-Pb and very low for Li [1].  

Proton conductive solid electrolyte is the functional 
ceramics that can allow hydrogen to permeate selectively. 
It is used as the hydrogen sensor for molten aluminum, 
molten copper and so on [2,3]. The hydrogen sensors need 
electrodes on the ceramic surfaces. Porous platinum (Pt) 
has been used as the electrode. Though Pt electrodes show 
good performance, they do not protect well the ceramics 
from the atmosphere because of their open structure.  

Palladium (Pd) has high conductivity and hydrogen 
permeation function and thus a candidate for the protective 
electrode if flawless coating on the ceramics is possible. Pd 
porous electrodes have been examined in the previous 
studies [4, 5]. However, application of Pd to the membrane 
electrodes has not been examined yet. In this study, 
fabrication and characterization of Pd membrane on proton 
conductive ceramics are carried out and the applicability to 
liquid blankets is examined. 
 

2. The principle of hydrogen sensor 
The principle of the hydrogen sensor for gaseous 

medium is shown in Fig.1. Proton conductive electrolyte 

ceramics partitions the sensor into two compartments in 
which flow of gases with different partial pressure of 
hydrogen is made. In this case, the electrode with higher 
hydrogen partial pressure acts as anode. The reactions of 
the electrodes are given bellow; 
 
Anode: −+ +→ eHH 222

  
Cathode:

222 HeH →+ −+   
 

H2

H2

H2H2

H2

H2

PH2(1) PH2(2)

Electromotive 
force :E

−+ +→ eHH 222 222 HeH →+ −+

e- e-

Proton conductive
ceramics

(1) (2)

Anode Cathode
 

 
Fig.1 Principle of hydrogen sensor. 

 
These reactions are induced by electromotive force 
(EMF) between the two electrodes. The EMF is given 
below according to the Nernst’s equation 

(2)
(1)

P2-22

363



 
 

Proceedings of ITC18,2008 

 

 

(2)PH
(1)PHln

2F
RTE

2

2
=          (3) 

 
where F is Faraday constant, R is a gas constant and T is 
absolute temperature. PH2(1) and PH2(2) are partial 
pressure of hydrogen in compartments (1) and (2), 
respectively.  

 

3. Fabrication of sensors with Pd electrodes 
The hydrogen sensor used cap-shaped 

CaZr0.9In0.1O3-a as proton conductive ceramics. The 
sensor’s dimension was 3.8mm for the outer diameter, 
2.5mm for the inner diameter, and 37mm for the length. 
The outer surface of the sensor cell was coated with Pd 
paste and was baked twice at 1673K to make 
membranous electrode. Inner sensor cell was coated with 
Pt paste and was baked at 1273K to make a porous 
electrode. The ceramic sensor was fixed to an Al2O3 tube 
by low melting glass seal.  

For measuring EMF of the sensor, Pt wires were fixed 
to the outer and the inner electrodes, and a stainless tube 
was inserted to flow the reference gas into the inner 
electrode. The same structures of the probes having Pt 
porous electrode or Pd membrane electrode on the both 
side of the sensor cell were also made. The system of 
measuring EMF is shown in Fig. 2.  Three probes, a 
thermocouple and tubes for gas inlet to and outlet from the 
Al2O3 protection tube, were inserted and fixed to the 
silicon stopper. The protection tube was set into the electric 
furnace and the temperature was kept constant during the 
flow of H2-Ar mixed gas.  

The EMF was measured at 873K, 773K and 673K 
with 1%H2-Ar gas as the reference gas flowing in the inner 

electrode. At the outer electrode, H2-Ar mixed gases with 
several H2 levels flowed. The 34970A data acquisition 
switch unit by Agilent was used to measure EMF of the 
three probes.   

 
4. Characterization of the sensors 
4-1 Microstructures 

The surface and section of the outer electrode were 
observed using SEM. The images are shown in Fig. 3.  
The surface of Pt electrode showed grains of 1 to 5µm 
and with high density of pores. The diameter of the pores 
was below 10µm. There were, however, areas where the 
pore density was locally low. The cross section of Pt 
electrode showed porous structure with the thickness of 5 
to 10µm. There were pores penetrating the electrodes. 

The surface of Pd electrode showed grains of 10 to 
50µm. The surfaces were smooth and contained very low 
density of pores. The sections of Pd electrode showed 
membrane structure with the thickness of 10 to 20µm. 
The pores observed in the membrane did not penetrate 
throughout the electrode.  

 

4-2 Performance in gaseous environments 
The results of the measurement of EMF are shown 

in Fig. 4. The dashed lines are the theoretical EMF by 
Nernst’s equation for each H2-Ar mixed gas with the 
reference 1%H2-Ar gas at 873K. 

The EMF of all probes changed immediately to the 
value observing Nernst’s equation when the mixture of 
the flowing H2-Ar gas was changed in the Al2O3 
protection tube. The EMF of the three probes agreed with 
the theoretical values of Nernst’s equation. The change of 
the gases in the Al2O3 protection tube was carried out 
twice and the reproducibility was confirmed.

 

Reference gas
Ar-1%H2

Thermocouple (K)

Sensor probes 

Heater

Al2O3 
protection 
tube

Gas out

Gas in

(a)
(b)
(c)

Multi 
meter

Al2O3 tube
Sensor cell

CaZr0.9In0.1O3-a

Outer electrode
Inner electrode

Pt wire
Stainless tube

Atmosphere gas
Ar-0.5%H2
Ar-1% H2
Ar-10% H2
100% H2

 
 Fig. 2  System for measuring EMF and combination of outer electrode and inner electrode on sensor surface (a) Pt/Pt 
electrode, (b) Pd/Pt electrode, (c) Pd/Pd electrode 
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(a-1) (b-1) (c-1)

(a-2) (b-2) (c-2)

 
 

Fig. 3 The SEM images of the surface and the cross section of electrodes. 
 

The measurement of EMF was also carried out at 
673K and 773K. Fig. 5 shows the temperature 
dependence of the measured EMF for various gaseous 
environments. The probes using Pd electrode obeyed well 
the theory at all temperatures. The probe with Pt 
electrode, however, showed lower EMF than that of the 
theory at 673K. 
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Fig. 4 The measurement of EMF in gaseous environments 
at 873K. 

5. Discussion 
In the case of porous Pt electrode, the environmental 

gas penetrates into the open pores and reaches the ceramics. 
The position where the surface of the ceramic cell contacts 
with Pt electrode and the atmospheric gas is called 
three-phase boundary [6]. The electrode reaction model at 
the three-phase boundary is schematically shown in Fig. 
6(a). 

The Pd electrode doesn’t have the open pores but has 
the membrane structure. In this case, the electrode reaction 
takes place at the interface of the electrode and the ceramic 
cell, which is called two-phase boundary [7]. The electrode 
reaction model at the two-phase boundary is schematically 
shown in Fig. 6(b). 

Because no direct contact of the ceramics sensor cell 
with the environment is expected, the Pd membrane 
electrodes are thought to be more resistant to corrosion 
than the porous Pt electrodes. 
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Fig. 5 The temperature dependence of EMF. 
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H＋

e-

H2

e-

−+ +→ eHH 222 HH 22 →
−+ +→ eHH 222

Lead wire
Proton conductive 
ceramics
(CaZr0.9In0.1O3-α)

Pt electrode Pd electrode

Lead wire
Proton conductive 
ceramics
(CaZr0.9In0.1O3-α)

(a) The model of three-phase boundary (b) The model of two-phase boundary  
 

Fig.6 Electrode reaction model. (a) Three-phase boundary electrode, (b) Two-phase boundary electrode 
 

6. Conclusion 
The fabrication and the performance test of the Pd 

membrane electrodes for the hydrogen sensor for 
application to low oxygen or corrosive environments such 
as liquid breeders were carried out. The conclusions are as 
follows. 
 
(1) The Pd membranes without open pores were 

fabricated successfully on the ceramics sensor cell. 
 
(2) The sensor cells with the Pd membrane responded 

quickly to the change of hydrogen concentration of the 
flowing gas with high reproducibility. 

 
(3) The EMF with the Pd electrodes was shown to be 

almost equal to that with the porous Pt electrode in the 
gaseous environment, indicating that the two-phase 
boundary of the Pd electrodes works similarly to the 
three-phase boundary of the Pt electrodes. 
Furthermore, since the EMF of the Pd electrode 
obeyed the Nernst’s equation better than Pt electrode 
at lower temperature such as 673K, the sensor using 
Pd electrode may be used in lower temperature than Pt 
electrode as well as in the corrosive atmosphere. 
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The fundamental operation of the helical-type reactor will be performed under the dc magnetic field. But in
some situations such as start up of excitation, dynamic control of magnetic field will be required. Also the LHD
operation requires dynamic control of magnetic field, and the output voltage of power supplies are enhanced
using additional pulse power supplies for this purpose. With the pulse power supplies, the magnetic axis swing
operation was realized. This configuration of the power supply is also adaptive to the fusion reactor.

Keywords: helical type reactor, dynamic current control, superconducting coil, pulse power supply

1 Introduction

The fundamental operation of the helical-type reactor will
be performed under the dc magnetic field and the power
supplies to excite the superconducting magnets will be op-
timized for the steady state excitation to minimize the loss,
but in some situations such as start up of excitation, dy-
namic control of magnetic field will be required. For this
dynamic operation, some additional power supply will be
required. The LHD operation has similar situations. Its
usual plasma operations are performed under the steady
state magnetic field and the power supplies are optimized
to the steady state operations. With the progress of the
fusion plasma research, more dynamic experiments are
planed and they require the dynamic control of magnetic
field. For this purpose, the output voltages of power sup-
plies are enhanced using additional pulse power supplies.
This paper introduces the outline of the enhanced power
supplies for the LHD superconducting coils and the test
results using them.

2 Outline of the LHD power supplies

For the LHD, the superconducting coils are excited by six
power supplies shown in Figure 1. To design the pulse
power supplies for the LHD, the required voltages to dy-
namic magnetic axis control for the standard confinement
are calculated. As the result, it was shown that the output
voltage of the power supplies for IS and IV coils are bottle
neck and we decided to boost these power supplies with
construction of the additional high voltage power supplies.

Figure 2 shows the circuit diagram of the IV power
supply. The steady state power supply shows the current
power supply shown in Figure 2 and the pulse power sup-
ply means the additional one. As shown in figure, these

author’s e-mail: hchikara@nifs.ac.jp

HO HM HI OV IS IV
Poloidal CoilsHelical Coils

6.6kV 
Control
System

Superconducting
Coils

Power Supplies

Fig. 1 Block diagram of the power supplies for LHD supercon-
ducting coils.

two power supplies are connected in series and the both
output voltages are induced to the coil. When some prob-
lem for the operation of super conducting coil is occurred,
the pulse power supply must not disturb the operation of
the protection circuit, so the insertion point is chosen as
shown in the figure.

Table 1 shows the specifications of current power sup-
ply and additional power supply for IV coil. The output
currents of steady-state power supplies are set to realize
the 3 T of magnetic field at the plasma center. The output
currents of pulse power supplies are decreased to reduce
the construction cost.

Table 1 Specifications of the power supplies for IV coil
current pulse

power supply power supply
Output voltage 33V 180 V
Output current 15.6kA 6.2 kA
Operating time continuous 120 s

Duty ratio - 1/15
of operation

Because of the limitation of the operating current and
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Ic

IDS6

Ip

Is

Fig. 2 Circuit diagram of the power supply for IV coil.

time of the pulse power supply, two bypass switches are
connected as shown in Figure 2. In the figure DS5 is a large
current but slow operation switch and DS6 is medium cur-
rent but quick operation switch. For the high magnetic field
operation, which requires the higher current than 6.2kA,
the DS5 is closed and the coil is excited by the steady state
power supply only.

For the low magnetic field operation using pulse
power supply, the DS5 is opened. In this situation, for the
steady state operation, DS6 is turned on; the coil is excited
by the DC power supply and the pulse power supply stand-
by for operation. When the high voltage is required, DS
6 is turned off quickly then the pulse power supply is in-
serted in series and the coil current flows through the pulse
power supply.

3 Connection and disconnection se-
quence of pulse power supply

The connection and disconnection of pulse power supply
must be performed under the condition, that the coil cur-
rent are flowing, without serge voltage occurred by the
operation. Also any rush current in the circuit must be
avoided in the sequence. Especially DS6 makes parallel
circuit to the output of the pulse power supply, so addi-
tional diode D is inserted in series with DS 6 to block the
shirt circuit current.

The insertion sequence of the pulse power supply is
shown in Figure 3. The sequence runs as follows;

a Before the pulse operation, the DS 6 is close and the
pulse power supply generate negative voltage. In this
situation, the coil currentIc flows through DS6.

b When the signal to start of pulse operation is triggered,
the pulse power supply generate the positive voltage,

Ip,
IDS6

Vp

b c g h

DS6
d f

IpIDS6

close open close

Ic Ic

a e

Fig. 3 Sequence of connection and disconnection of the pulse
power supply.

thenIc to pulse power supply from DS 6 and the cur-
rent flowing DS 6Isw decrease to zero. [c] At this
time, a reverse voltage for the series diode D is in-
duced and D cut off. With this diode, short circuit
current flowing DS 6 is blocked.

d When Isw becomes zero, DS 6 turned off and the pulse
power supply output voltage is controlled to zero im-
mediate.

After the connection sequence, the output voltageVc

can be swing to controlIc with high ramp rate. The current
swing is finished, the pulse power supply returns to zero
voltage state. The time delay to connect the pulse power
supply is less than 1 s and is enough short for the plasma
experiment.

The disconnection sequence is simpler as follows;

f DS 6 is closed and the pulse power supply turns to the
regeneration mode. The coil current transfers to DS6
from the pulse power supply.

g When Ip becomes zero, the pulse power supply stop
automatically and all coil current flows through DS6
again. [h]

Even though the power supplies are in the sequence of
connection and disconnection, the coil current must be reg-
ulated with current controller described in the next section.
This regulation is performed by the steady state power sup-
plies, which works in this sequence.

4 Current control

The coil current control must be performed with seamless
even if the pulse power supply is inserted or not. For this
reason the control system is modified. Figure 4 shows the
block diagram and inside of the dashed line is additional
part. The current regulator receive the current referenceIc∗
and the actual currentIc, which is measured by the current
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Fig. 4 Block diagram of the current controller.
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Supplied by pulse PS
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t

Fig. 5 Simplified drawing of the waveforms of voltage refer-
ences

sensor set in the steady state power supply, and calculate
the necessary voltageVc∗. In the steady state operation,
Vc∗ is fit in 33 V, which is upper limit of the steady state
power supply, and it is transferred to the steady state power
supply as it referenceVs∗. In the pulse operation,Vc∗may
reach to 218 V, which is sum of the output voltages of the
steady state power supply and pulse power supply. When
theVc∗ over the limit of steady state power supply, the ex-
cess part limited by the limiter and generatesVs∗ At the
same time, the excess part is picked up as a voltage refer-
ence for pulse power supplyVp∗. A simplified drawing of
waveforms is shown in Figure 5. With this configuration,
two voltage references, which areVs∗ andVp∗ are generate
without any switching of the control system.

5 Excitation test operation result

With the pulse power supply, some test operations were
performed. Figure 6, 7 and 8 show some of the operation
results.

f
Figure 6 shows the current and voltage waveforms

when DS6 was just turn off and on. With this operation
test, it is confirmed that the insertion and disconnection
of pulse power supplies are done without large turbulence.
When the pulse power supplies are inserted, the output
voltage references of then are kept zero, but some voltage
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turbulences are occurred and coil currents shift about 5A.
These current shifts are relatively small for the operation
current, but it should be smaller.

Figure 7 show the waveforms when the coil currents
are swept using pulse power supplies. Att = 1, the cur-
rent sweep starts andt = 2.5 the sweep finished. The coil
voltages are ramp up and down quickly, and the voltage
waveforms of IS and IV coils became rectangular as shown
in Figure 7 (a). At the ramp up and down, the overshoot
and the under shoot is observed for IV and IS voltage but
it does not affect the current control.

The coil currents are swept smoothly as shown in Fig-
ure 7 (b). The detail of current change is shown in Figure
8. In these figures, the thin lines mean the coil current
references and the thick lines are actual coil currents. In
the figure, there are offset between the reference and actual
current for IV and IS coils when currents ramp up. The off-
set is about 40 A and it causes the overshoot at the end of
ramp up. These current offsets are caused by the reaction
of the induced current flowing in the plasma or strictures
such as coil can or supporting shell of the LHD. The cur-
rent path in them works as resistive components connected
in parallel to the coil equivalently. The effective resistance
is about 5 ohms and the time constant is about 0.2 s. The
feedback time constant of the controller is about 10 s and is
not enough to compensate the reaction. Except this current
overshoot, there is not other turbulence such as ringing and
it is confirmed that the seamless control for current regu-
lation is confirmed. With this test, it was certificated that
the dynamic current control using pulse power supplies are
performed without problem.

6 Conclusion

For the LHD plasma experiments, the high voltage power
supplies and the control system for them were constructed
to make the dynamic coil current control. In the system,

it is necessary to connect or disconnect the pulse power
supply without stop the system. For this purpose, a new
sequence is designed and installed. Also the seamless cur-
rent control using two power supplies is required and built.
The operation tests using LHD coils are performed and it
is confirmed that the dynamic connection sequence for the
pulse power supply works as designed and the seamless
current control has enough performance. The new power
system is now works as powerful equipment for the dy-
namic plasma experiments. The proposed configuration,
which uses two power supplies connected in series, is also
considered in the design activity of the helical-type reactor.
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A fusion reactor will generate D-T neutron and the kinetic energy of the neutron will be converted to the thermal 
energy and electrical energy. The neutron has huge energy and will be able to penetrate a shielding blanket and 
stream out of ports for neutral beam injections. The penetrated and streamed out neutrons will reach 
superconducting magnets and make some damages on the magnet system. To investigate the neutron irradiation 
effects on the superconducting magnet materials, a collaborative network must be organized and the irradiation 
researches must be performed. This report will describe the framework of the collaboration investigation which has 
been established among neutronics, superconducting magnet and fusion system. After showing the collaboration 
scheme, some new results on 14 MeV neutron irradiation effect are presented. Then, a three years new project 
which was adopted as one of “Nuclear basic infrastructure strategy study initiatives” by MEXT will be introduced 
as an example of collaborative program among superconducting materials, fission reactor and high magnetic field 
technology.  

 
Keywords: collaborative research, neutron irradiation effect, superconducting magnet materials, Nb3Sn, Nb3Al, 
fusion device, pinning, knock-on effect.  

1. Introduction  
International Thermonuclear Experimental Reactor 

(ITER) project is in progress, and design activity of DEMO 
plant will start as part of ITER broader approach (BA) 
program. ITER will generate D-T neutron (14 MeV) and 
shielding blankets will be installed in the plasma vacuum 
vessel [1]. The neutron will be able to penetrate the blanket 
and stream out of the neutral beam injection ports. So, the 
neutrons will reach superconducting magnets and cause 
activation and changes in the superconducting properties 
[2,3]. In case of JT-60SA which will be constructed under 
the ITER BA program, the device will not have the 
shielding blankets and D-D neutron (2.45 MeV) will easily 
irradiate the superconducting magnets. To reduce the 
irradiation, some resin with boron will be arranged on the 
outside surface of the vacuum vessel.  

Since the superconducting magnets will be irradiated 
by fusion neutrons and the properties of the magnet 
materials will be changed by the irradiation, the database 
of the neutron irradiation must be constructed and the 

mechanisms of the property change and the general 
tendency of the irradiation effects must be discussed and 
clarified. To study the neutron irradiation effect on the 
superconducting magnet materials, the neutron irradiation 
facility must be arranged. Also, the evaluation system of 
the superconducting properties after irradiation must be 
installed in the radiation controlled area, because the 
samples will be activated by the neutron irradiation.   

On the design of the fusion reactor system, the 
collaborative investigations among researchers in system 
engineering, neutronics, superconducting magnet, power 
supply and so on have to be performed considering the 
construction and operation of the superconducting magnet 
system. The exchange of the knowledge and discussion is 
very important and fruitful to understand the background 
of each research field and carry out the reasonable design. 
In this study, the special collaboration scheme among 
fission reactor engineering, neutronics, superconducting 
materials, fusion engineering has been organized and the 
framework has been constructed little by little under the 
inter-University scheme.  
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In this paper, the collaboration network established 
will be explained and some test results obtained in the 
collaborative work will be presented. Also, the outline of 
the new project to install the superconducting magnet in a 
radiation controlled area will be introduced.  

 
2. Collaboration Network 

The collaboration scheme is shown in Fig. 1. There is 
a core meeting controlling all activities on the neutron 
irradiation investigation performed within this framework. 
Originally, the basic activity of the meeting has been 
supported by NIFS collaboration research program started 
in 2004. The samples are provided by NIFS, NIMS, JAEA 
and some companies and send to Fusion Neutronics Source 
(FNS) in Japan Atomic Energy Agency (JAEA) or JRR-3 
(fission reactor) in JAEA through International Research 
Center for Nuclear Materials Science (IRCNMS, so-called 
Ooarai center) of Tohoku University. The irradiated 
samples are kept at radiation controlled areas in FNS and 
Hot Lab in Ooarai center and are sent to High Field 
Laboratory for Superconducting Materials (HFLSM) in 
Tohoku University after checking the residual radioactivity. 
Since the maximum Bq per one sample is limited to 100 
kBq in HFLSM, some samples must wait for the reduction 
of residual radioactivity. The superconducting properties of 
non-irradiated and irradiated samples are evaluated in 
HFLSM using 28 T hybrid superconducting magnet. After 
measuring the properties, the samples are transferred back 
to FNS or Ooarai center and kept in usual way.   

The participants in the frame work have meetings to 
expand the investigation to two directions, the application 
research and the basic research as described above. To 
realize the fusion reactor, the systematic study must be 
performed. However, the present status is on the phase 
developing the test facilities and test procedures for 
activated samples. The collaboration network established 
here is expected to be strengthened and widened more.   
 
3. Change in Superconducting Properties 

For the irradiation tests, NbTi, Nb3Sn and Nb3Al 
strands were taken up firstly and 14 MeV neutron 
irradiation tests started at FNS. After irradiation, the critical 

current and the critical magnetic field were measured at 
HFLSM. The irradiated samples were soldered on the 
sample holder in a radiation controlled area at Laboratory 
of α-Ray Emitters neighboring to HFLSM in Katahira 
campus of Tohoku University and then the sample holder 
was brought into the 28 T hybrid superconducting magnet.  

A special cup was attached to the sample holder to 
reduce the scattering of small particles when the sample 
should be melt away in liquid helium during the critical 
current measurement. Also, a filter was inserted in the 
recovery line of the helium gas to collect the activated 
particles when melting should occur. After the test, the 
cryostat and surrounding area was investigated by a survey 
meter for safety.  

The test results are shown in Fig. 2. Since the NbTi 
and Nb3Al strands did not show the clear change after the 
irradiation as far as the data obtained, only the Nb3Sn 
strand data was plotted. After the 14 MeV neutron 
irradiation of 1.78 x 1021 n/m2, the critical current 
increased remarkably around 13 T. The critical magnetic 
field (BC2) which was measured by shifting the magnetic 
field under the constant current of 0.1 A showed no clear 
change after the irradiation and it was about 25.5 T. It is 
recognized that the increment of the critical current 
depends on the magnetic field and it becomes zero at the 
higher magnetic field because of no change in BC2.   

The relation between the ratio of IC/IC0 and neutron 
fluence is shown in Fig. 3. Where IC is the critical current 
of irradiated sample and IC0 is the non-irradiated one. The 
data were referred from [4-6]. Some tendencies are 
observed in the figure. (1) IC/IC0 increases once and 
decreases. But there is materials (samples) dependence. (2) 
Improved samples by the third element addition show 
lower increment of IC. (3) The peak position of IC/IC0 is 
shifting to the smaller fluence direction depending on the 
higher energy neutron irradiation. (KUR: Fission reactor. 
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Fig. 1 Collaboration network for neutron irradiation
effect on superconducting magnet materials.  0

50

100

150

200

0

0.5

1

1.5

2

10 12 14 16 18 20 22 24 26

C
rit

ic
al

 c
ur

re
nt

 (A
)

Irradiated/N
on-irradiated (IC /IC

0 )

Magnetic field (T)

1.78 x 1021 n/m2 (14 MeV)

Non-irradiated

IC/IC0

Nb3Sn

 
Fig. 2 Change in critical current of Nb3Sn strand (0.7 
mm diameter) against magnetic field. Non-irradiation 
and after 14 MeV neutron irradiation of 1.78 x 1021 n/m2 
at room temperature are compared.  
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RTNS-II: 14 MeV neutron source. IPNS: Spallation 
neutron source.) (4) Nb3Sn made by bronze process 
without the third element showed higher IC/IC0 at peak 
position, while the sample by in-situ process was not 
improved. (5) Nb3Al showed the different results 
depending on the fabrication process, diffusion process and 
Nb tube process.   

The present results at 13 T and 14 MeV neutron 
fluence of 1.78 x 1021 n/m2 was plotted with a rather larger 
round open symbol. The increment of the IC is very clear 
and IC/IC0 becomes larger than previous data sets. It is not 
easy to explain the mechanisms of the IC increment 
because the material and fabrication process are different. 
However, it is considered that the pinning force and/or 
number of pinning sites will be increased by the knock-on 
effect of the high energy neutron. The data will be obtained 
more in near future and the discussion will be performed 
systematically.   

Voltage-current curves of Bi2223 tapes are shown in 
Fig. 4. The neutron irradiation was carried out in JRR-3 
and the V-I curve measurement was performed in the hot 
lab in Ooarai center. The test conditions were at 77 K and 

under self-magnetic field. Although the data is a little 
scattered, there is no clear difference on the V-I curve. So, 
it would be concluded that there is no irradiation effect of 
neutron up to 1 x 1021 n/m2.  
 

4. New Proposal on Neutron Irradiation Study  
A high magnetic field superconducting magnet is 

needed at the radiation controlled area to perform the tests 
of superconducting properties after neutron irradiation. To 
reduce the He gas load to air conditioning in the radiation 
controlled area, the magnet will have thermal conduction 
cooling system and not require a lot of liquid helium. Also, 
500 A class current lead with thermal conduction system 
will be useful and the sample temperature will be 
controlled to be variable constant.  

To prepare a superconducting magnet and the current 
lead, a proposal was composed and sent to MEXT in 
Japanese Government. The research frame was “Nuclear 
Basic Infrastructure Strategic Study Initiatives” and the 
area was the “Promotion of Effective Utilization of Hot 
Labs.” The representative of the proposal is Professor 
Tatsuo Sikama at Tohoku University and NIFS, NIMS and 
HFLSM in Tohoku University are the collaborative 
institutions. The proposal title is “Study on neutron 
irradiated superconducting magnet materials at cryogenic 
temperatures and under high magnetic fields” and the 
investigation duration is three years. The purpose of this 
study is “Establishment of Center of Excellence for 
radioactive materials research at cryogenic temperatures 
and under high magnetic field.” Fortunately, the proposal 
was adopted by the government and the activity started at 
the autumn in 2008. To realize the above purpose, the 
following facilities will be installed at the radiation 
controlled area in Ooarai center.  

- Cryogenic system for 15.5 T superconducting magnet.  
- Control system for 15.5 T superconducting magnet.  
- 15.5 T superconducting magnet.  
- Variable temperature insert and current leads.  
- Measurement system.  
- Magnetic field evaluation including shielding structure.  
- 500 A power supply for sample.   
- Support facilities.  

The engineering design of the conduction cooled 15.5 
T superconducting magnet and the cryogenic system 
already started. The inner bore diameter is 52 mm and it is 
room temperature space. The conceptual design of the 
variable temperature insert also started to discuss among 
the core members of the collaborative investigation 
network. It is the first trial in the world to cool down the 
sample by thermal conduction under the condition of 500 A 
related current. The final performance test of the facility 
will be carried out in winter of 2011. The project is a good 
success of the collaborative network.  
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Fig. 3 Summary of neutron irradiation effect on critical 
current of Nb3Sn wires. Round and triangle open 
symbols show the results at Kyoto University Research 
Reactor. Irradiation was done at around 355 K. Others 
were irradiated at cryogenic temperature.  
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In addition to the initiative program, the investigation 
and discussion on a cryogenic neutron irradiation system in 
a fission reactor began. The Japan Materials Testing 
Reactor (JMTR) locates at Ooarai in Ibaraki prefecture is 
now under repair work. It will restart in 2010 and the 
reopening of the irradiation service to Universities and 
Institutions is scheduled in 2011. In timing with this 
repairing, the cryogenic system for keeping the sample 
temperature less than 10 K during neutron irradiation will 
be designed and installed. A superconducting sample with 
lead wires for four probe method will be in the capsule and 
set in near the core of the fission reactor. On the conceptual 
design, the gamma-ray heating is assumed to be around 0.1 
W/g (Fe) and the maximum neutron fluence will be around 
2x 1022 n/m2. To avoid the complicated procedures of High 
Pressure Gas Safety Law in Japan, the several GM 
refrigerators for 4 K will be combined and one cryogenic 
system with about 10 W at 4 K will be formed.  

The sample will be irradiated at less than 10 K and the 
irradiated sample will be inserted into the 15.5 T 
superconducting magnet to measure the superconducting 
properties without rising the sample temperature up to 300 
K. It will be a good simulation for superconducting magnet 
for fusion application  

 
5. Summary 

On the progress of design and fabrication of the D-D 
or D-T burning plasma devices and plants, the 
collaboration among various disciplines becomes more 
important and essential. To realize the special components 
for fusion plats, collaborative investigation is absolutely 
imperative. In this paper, the new trial to establish the 
collaborative project was introduced and the new results on 
neutron irradiation effects were presented. In addition, the 
contents of the new proposal adopted by MEXT, Japanese 
Government, were described.  

The collaborative research network on neutron 
irradiation effect on superconducting magnet materials 
has been established. There are mainly two purposes. One 
is for design and fabrication activity providing the 
database. The other is academic activity to clarify the 
mechanism of the change in superconducting properties 
by neutron irradiation.  

Under the collaboration of newly established network 
on neutron irradiation study, the superconducting property 
of Nb3Sn, Nb3Al and NbTi wires was investigated. As the 
results, it was clarified that the critical magnetic field did 
not change remarkably after 14 MeV neutron irradiation of 
1.78 x 1021 n/m2, though the critical current at lower 
magnetic field increased. Also, it was observed that the 
critical current of Nb3Al did not increase at the magnetic 
field range of 20 T to 25 T. As for the Bi2223 tapes, after 
the irradiation of 14 MeV neutron of 8.69 x 1020 n/m2 and 

fission neutron of 1 x 1021 n/m2, V-I curves were measured 
at 77 K under self-magnetic field, and no clear change was 
observed.   

A new proposal entitled “Study on neutron irradiated 
superconducting magnet materials at cryogenic 
temperatures and under high magnetic fields” has been 
adopted by MEXT, Japanese Government, as a “Nuclear 
Basic Infrastructure Strategic Study Initiatives.” The 
promotion of integrated researches of various disciplines 
will be accelerated through the program, and the new 
facilities such as a 15.5T superconducting magnet will be 
opened for researchers at Universities and Institutions as 
special equipment for inter-University research. This new 
collaborative network will be expected to boost the 
realization of the component integration and DEMO plant. 
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FFHR is the name for a conceptual design of a heliotron fusion reactor being developed at the National Institute 

for Fusion Science. All the coils in the FFHR are made of superconductors. Several cooling schemes have been 

proposed for the helical coils and indirect cooling is considered a good candidate. In this study, we investigated the 

possibility of using an indirect-cooled superconducting magnet for the FFHR. In parallel with this design study, we 

developed the Nb3Sn superconductor, jacketed with an aluminum alloy, for use in an indirect-cooled magnet. The 

results of performance tests for a sub-scale superconductor showed good feasibility for application in the FFHR 

helical coil. Stress distribution in the helical coil was also analyzed, and the stress and strain were confirmed to be 

within the permissible range. 

 

Keywords: large helical device, helical reactor, indirect-cooled superconducting magnet, Nb3Sn 

superconductor, cable-in-conduit-conductor, stress analysis  

1. Introduction 

Experimental results of the large helical device (LHD) 

have revealed that an LHD-type helical reactor is well 

suited as a demonstration device of a fusion power plant 

[1]. FFHR is the name for the conceptual design of an 

LHD-type heliotron fusion reactor. The magnet system of 

the FFHR includes one pair of superconducting helical 

coils and two pairs of superconducting poloidal coils. 

Several cooling schemes have been proposed for these 

superconducting helical coils—forced-flow and indirect 

cooling are considered good candidates. The former with a 

cable-in-conduit conductor (CICC) has been chosen for 

designs of many large-scale experimental fusion magnets, 

such as the poloidal coils of the LHD, the main coils of 

ITER, Wendelstein 7-X, and JT-60SA, because of its 

mechanical strength and electrical/thermal stability. On the 

other hand, indirect cooling solves the problem of pressure 

drops in the CICC. Furthermore, a superconducting magnet 

with indirect cooling is considered to have better 

mechanical rigidity, since its structural components, such 

as the superconducting strands, cabling jacket, insulators, 

cooling panels, and coil case, are completely in contact 

with each other. 

In this study, we investigated the possibility of using 

an indirect-cooled superconducting magnet for the FFHR. 

In parallel with this study, we developed Nb3Sn 

superconductors, jacketed with an aluminum alloy, for use 

in the indirect-cooled magnet. The “react-and-wind” 

process can be performed on a large superconducting coil 

using this type of superconductor, since the jacketing can 

be performed after heat treatment of the superconducting 

strands by friction stir welding (FSW). The development 

details of sample conductors and the results of performance 

tests for the sub-scale superconductor are also shown. 

 

2. Structure of the Coil 

Fig. 1 shows a schematic of the cryogenic 

components in the FFHR. The major and minor radii of the 

helical coils are approximately 14–16 and 4 m, respectively. 

The total magnet energy of the coils is 120 GJ. The 

electromagnetic force generated by these coils is sustained 

by inner and outer supporting structures. The magnetic 

field at the plasma center is 6.18 T. The cross sectional 

dimension of the helical coil was determined by 

considering the geometry of the plasma facing components. 

Fig. 2 shows a conceptual design of the cross section of the 

helical coil. It has a rectangular cross-section, 1.8 m in 

width and 0.9 m in height. There were 432 

Fig.1 Schematic of the cryogenic components in the 

FFHR. 
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superconductors (36 turns, 12 layers) made of Nb3Sn and a 

jacketing material. An aluminum alloy was chosen as the 

jacketing material, because it offers high thermal 

conductivity and mechanical strength. The cooling panels 

were placed at every two or four turns of the winding. Each 

cooling panel is 75 mm thick and the superconductor is 

indirectly cooled by this cooling panel. The coil is wound 

along the coil case made of stainless steel (SS) and covered 

with a lid. The LHD-type helical reactor does not require 

plasma current so there is little AC loss in the magnet. The 

heat load to the coil during reactor operation comes mainly 

from nuclear heating. Takahata et al. calculated the 

elimination of this steady state heat load and showed that 

an aluminum jacket superconductor with a cooling panel 

could resolve this issue [4].  

 

3. Development of the Aluminum Alloy Jacketed 

Superconductor 

3.1 Specification and fabrication process 

The fundamental geometry of the superconductor is a 

50 mm square shape, including insulation. Since the 

maximum magnetic field at the coil region is around 13 T, 

Nb3Sn wires can be used. The operating current is 100 kA 

and the overall current density is 40 A/mm2. Since the 

melting point of aluminum alloy (933 K) is lower than that 

of the heat treatment temperature of the Nb3Sn wires (1000 

K), the jacketing must be performed after the heat 

treatment of the wires. We developed a conductor 

fabrication process, using a FSW technique that uses 

friction heating, to avoid the temperature rise in the 

welding region. The superconducting wire is embedded in 

the aluminum alloy jacket with a solder material and the lid 

is welded by the FSW. The solder can be automatically 

melted and it fills the void around the superconducting 

wire. A prototype 10 kA class superconductor with 17 mm 

square shape was made to demonstrate the fabrication 

process and the performance of the conductor. It showed 

19 kA transport current at 8 T and confirmed that although 

there was some degradation in the critical current, it was 

not due to the fabrication process, but the difference in 

thermal contraction between Nb3Sn and aluminum alloy 

[4].  

 

3.2 Reduced size sample test 

To confirm the allowable bending deformation, 4 kA 

class superconductors, made of Nb3Sn cable and aluminum 

alloy jackets using the same production process as the 

previous 10 kA class sample, were manufactured. The 

packing factor of the superconductor inside the aluminum 

jacket was increased from 60% to 80%. Fig. 3 shows the 

cross-sectional structure of the sample conductor and its 

dimensions. The following two samples were tested: (1) 

without bending, and (2) bent once along a rig, with a 

radius of 150 mm then bent back to the original straight 

shape (R150S). Fig. 4 shows the experimental results of 

current-carrying capacity tests. The open plot indicates the 

critical currents (definition; 1 μV/cm) of the test conductor 

at 4.4 K and the error bars represent the maximum and 

 

Fig. 2  Cross-sectional view of the conceptual design of the 

indirect-cooled helical coil. 

Fig. 4  Critical currents of the reduced size superconductor, 

with and without bending. 

 

Fig. 3  Photo of the cross-section of reduced size 4.7 kA 

class sample superconductor. 
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minimum magnetic field inside the conductor. The solid 

line indicates the critical current of the strand, multiplied 

by 18 (the number of strands). We succeeded in carrying a 

current of 11 kA at 8 T with the sample R150S. This 

confirms that the critical current was not affected by 

bending. Furthermore, the critical current of sample R150S 

might be increased by the pre-bending effect [5]. 

 

4. Comparison with CICC 

Here we simply compared the apparent rigidity 

between the indirect-cooled and CICC type 

superconductors. Fig. 5 shows models of the 

superconductors. The indirect-cooled superconductor has a 

50 mm square shape and a 32 mm square Nb3Sn 

superconducting region filled with solder. The ratio of the 

superconductor to the solder is 8:2. The superconductor 

includes an 18-mm-thick aluminum alloy (6061 T6) and 

1-mm-thick insulation. The CICC type has 90 kA of 

operating current with 480 superconductors made of Nb3Sn. 

The conduit is 1.6 mm thick and the conductor is 

embedded in the internal plate. Both components are made 

of SS. There is an insulator between the conduit and the 

internal plate. 

The longitudinal rigidity was estimated according to 

the rule of mixture, using the area fraction of each 

structural component. The cross-sectional rigidity was 

calculated by modeling each conductor type with the finite 

element method (FEM) model. In this case, the plane strain 

model was adopted, and the rigidity was calculated from 

the result of reaction force against the force displacement 

at the top of the conductor. In the indirect-cooled type, the 

material properties of the superconducting region were 

selected according to the rule of mixture. On the other 

hand, in the superconducting region in the CICC type it 

was assumed that it did not contribute to the mechanical 

rigidity of the cross-sectional direction. The other 

components were treated as isotropic materials. The 

material properties of the components at a cryogenic 

temperature (4 K) [6-8] were used in the analytical model. 

The material properties used in the calculation are shown 

in Table 1. 

The longitudinal rigidity of indirect-cooled and CICC 

superconductors were estimated at 82 and 109 GPa, 

respectively. The former coil has a cooling panel, which 

also contributes to coil rigidity. If the cooling panel has a 

longitudinal rigidity of 163 GPa, the indirect-cooled coil 

can provide reasonable overall rigidity compared with the 

CICC coil. Assuming that the cooling panel consists of a 

SS case and a cooling mechanism, 20% of the cooling 

panel area can be used for the mechanism. The 

cross-sectional rigidity of the indirect-cooled and CICC 

types were 79 and 56 GPa, respectively. 

 

5. Coil rigidity evaluation 

5.1 Analytical model 

The helical coil of the FFHR has a three-dimensional 

structure, with a change in its curvature in the toroidal 

angle. It is believed that a circular coil with an average 

curvature similar to that of an actual helical coil can 

estimate the mechanical behavior of the coil [9]. We 

calculated the stress and strain distribution inside the coil 

to confirm the stress and strain levels. The average radius 

of curvature of the helical coil was 5.5 m at the center of 

the cross section of the coil. The cross-sectional structure 

of the helical coil, shown in fig. 2, was used to create the 

FEM model. The radius from the central axis to the center 

of the coil cross section was set at the average of the 

curvature of the helical coil. The insulator used in the 

superconductors was assumed to be made of alumina 

 
Fig. 5  Rigidity evaluation model for the indirect -cooled 

(upper) and CICC (lower) superconductors. 

P2-25

377



 

 

Proceedings of ITC18,2008 

 

ceramics and resin. The SS coil case, with a thickness of 

300 mm at the top and 150 mm on both sides of the coil 

section, was used. 

An electromagnetic force was applied as the body 

force by multiplying the current density and the magnetic 

field in every single superconducting region to ensure that 

the electromagnetic force was precisely applied to the coil. 

The electromagnetic force considered here was in the 

radial direction of the circular coil since it generated the 

hoop force inside the coil. The hoop force is more effective 

for the superconductor than the overturning force at a point 

of strength of the coil structure. Although the magnetic 

field intensity was different at every cross section, an 

averaged magnetic field was applied at every single 

superconducting position along the circumference. 

Furthermore, a constant value was added to the averaged 

magnetic field so that the total hoop force in the cross 

section was equal to the maximum overall hoop force. 

ANSYS version 11.0 was used, and the three-dimensional 

axisymmetric solid element was adopted. 

 

5.2 Result 

The material properties were set using the values 

described in section 4. It was assumed that the cooling 

panel had 80% of Young’s modulus for SS316. Figs. 6,7 

show the results of the hoop force analysis with respect to 

the hoop stress distribution, the hoop strain distribution, 

and the radial displacement distribution, respectively. The 

maximum hoop stress of 359 MPa appeared in the side 

wall of the coil case. In the coil winding section and the 

cooling panel section, the maximum stress was 169 and 

269 MPa, respectively. The strain from hoop force was 

0.185% at the bottom center of the superconductor. The 

components in the coil were subjected to compressive 

stress towards the coil center region. All stress and strain 

levels for each component were within the permissible 

values. 

 

6. Conclusions 

In conceptual design studies of the FFHR, 

indirect-cooled superconducting helical coils have been 

proposed. The aluminum-alloy-jacketed Nb3Sn 

superconductors with a cooling panel can prove the 

feasibility of this approach. The following results were 

obtained in this study: (1) A reduced sample size of the 

aluminum-alloy-jacketed Nb3Sn superconductor showed 

good performance and the critical current did not degrade 

by bending. (2) The cooling panel requires a longitudinal 

rigidity of 163 GPa to provide same rigidity as a helical 

coil using CICC. (3) The indirect-cooled type 

superconductor has much higher cross-sectional rigidity 

than the CICC. (4) Stress and strain distributions in the 

indirect-cooled helical coil, investigated by the FEM model, 

were confirmed to be within the permissible range. 
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Fig. 6  Hoop stress distribution by the radial 
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Fig. 7  Circumferential strain distribution by the radial 
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In this work, the effect of thermal ageing on mechanical properties of JLF-1 (JOYO-II HEAT) and CLAM 
(HEAT 0603) steels have been studied at temperatures in the range of 823 - 973 K. The results showed that the 
hardness increased slightly and the creep properties improved after ageing at 823 K for 2000 h for the both steels. 
On the other hand, the hardness decreased after ageing above 823 K, especially at 973 K for 100 h, and the creep 
property degraded at 973 K for 100 h. The Larson-Miller parameter was shown to be appropriate for predicting the 
long-term creep properties from the short-term experiments at higher temperature with higher stress. By 
extrapolation to the typical design limit for the blanket, 823 K for 100 000h, the rupture stress was estimated to be 
about 135 MPa for the both steels. The present thermal aging treatments influenced the rupture stress by ~15 MPa.  

 
Keywords: fusion blanket, reduced activation ferritic / martensitic steel, thermal stability, thermal ageing, creep 

properties, Larson-Millar parameter  

1. Introduction 
Blanket is one of the important components of fusion 

reactors, which provides the primary heat transfer and 
tritium breeding systems. Currently, reduced activation 
ferritic / martensitic (RAFM) steels are considered as the 
primary candidates for blanket structural materials because 
of their most matured industrial infrastructure and 
relatively good radiation resistance [1]. 

In fusion applications, they need to withstand high 
temperature under long-term loading. When the absolute 
service temperature was higher than about 698 K, the creep 
deformation of these steels will occur [2]. Since the 
maximum operating temperature of blanket structural 
materials will be determined by the thermal creep 
deformation, evaluation of the thermal creep performance 
in the blanket condition is the key necessity [3]. In 
addition, the thermal ageing during the operation may 
affect the creep properties [4]. However, the research to 
understanding the thermal ageing effects on the creep 
deformation is quite limited. 

Since testing materials for the actual operating time is 
extremely costly and time-consuming, prediction of creep 
rupture performance based on the results of short-term 
creep experiments at higher temperature with higher 
stresses has been explored using stress-time parameters. 
Many efforts to estimate the long-term creep properties 
have been done for the steels which are being used in 
fission power plant [5,6], but limited data are available for 
RAFM steels [7]. No effort has been made to include the 
thermal aging effect on the prediction of the long-term 

creep performance of RAFM steels. 
In this work, thermal ageing at temperatures in the 

range of 823 - 973 K on JLF-1 and CLAM steels was 
carried out and the creep properties were tested. As the 
aging temperature, 823 K was chosen to test at the upper 
temperature limit in fusion blanket, and 973 K to accelerate 
the aging effects. The Larson-Miller parameter and 
Monkman-Grant equation was proposed to describe the 
long-term behavior necessary for the blanket design.  
 

2. Experimental Procedure 
The materials used are JLF-1 (JOYO-II-HEAT) and 

CLAM (HEAT 0603) steels. The chemical compositions of 
these two steels (in weight) are 9.00% Cr, 1.98% W, 0.49% 
Mn, 0.20% V, 0.083% Ta, 0.09% C, and balance Fe for 
JLF-1 and 8.94% Cr, 1.45% W, 0.44% Mn, 0.19% V, 
0.15% Ta, 0.13% C, and balance Fe for CLAM. The heat 
treatments included quench and tempering. The quench 
treatments were carried out by heating at 1323 K for 60 
minutes for JLF-1 and 1253 K for 30 minutes for CLAM 
and then cooled by air. The tempering treatments were 
carried out by heating at 1053 K for 60 minutes for JLF-1 
and 1033 K for 90 minutes for CLAM and then cooled by 
air. 

The SSJ specimens with a gauge size of 5 x 1.2 x 0.25 
mm3 were machined along the roll direction. Then, these 
specimens underwent ageing experiments in the 
temperature range of 823 to 973 K under high vacuum in 
order to avoid high oxidation of the material.  
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The Vickers hardness was measured by using a 
Vickers Hardness Testing Machine under a load of 300 g 
with loading time of 30 s at room temperature.  

The uniaxial creep tests up to rupture were performed 
at 823 to 923 K with the applied stress between 150 and 
300 MPa in a vacuum of < 1 x 10-4 Pa. The loading was 
carried out by a simple suspension, which had a high 
stability. Creep strain was measured by double linear 
variable differential transformers (LVDTs) with increased 
precision. 

  

3. Results  
3.1 Hardness Measurement 

The hardness results are plotted in Fig. 1. It shows 
that the hardness values of CLAM steel were higher than 
those of JLF-1 at all conditions. After ageing at 823 K for 
2000 h, the hardness increased slightly for the both steels. 
On the contrary, softening occurred above 823 K. The 
softening of JLF-1 steel was smaller than that of CLAM. 
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Fig. 1 Hardness change of JLF-1 and CLAM steels by thermal 

ageing. 
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Fig. 2 Creep curves of JLF-1 steel at different ageing conditions 

(tested at 823 K with 250 MPa). 
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Fig. 3 Creep curves of CLAM steel at different ageing 

conditions (tested at 823 K with 250 MPa). 
 

3.2 Creep Properties 
The uniaxial constant load creep tests were conducted 

at 823 to 923 K with the applied stress between 150 and 
300 MPa. Figs. 2 and 3 show the strain dependence of the 
creep curve for different ageing conditions. The typical 
creep curves of the present steels, similar to that observed 
in other RAFMs, were composed of the primary or 
transient region, where the creep rate decreases with time, 
steady state region which is a linear process, and the 
tertiary or accelerated creep region characterized by an 
increased creep rate after reaching a minimum creep rate 
until the material rupture. 

For CLAM steel, after ageing at 823 to 873 K up to 
2000 h, the minimum creep rate decreased and the rupture 
time increased. Similar to CLAM, the creep rupture time 
increased by ageing at 823 and 873 K for 2000 h for JLF-1. 
But further ageing at 923 K for 2000 h returned the 
properties to almost the level of no aging. On the other 
hand, ageing at 973 K for 100 h caused a significant 
degradation in creep properties, which is consistent with 
the results of hardness measurements. Although the 
minimum creep rate is smaller and rupture time is longer 
for CLAM than those of JLF-1, CLAM is more susceptible 
to thermal ageing than that of JLF-1.  
 

4. Discussion 
4.1 Larson-Miller Parameter  

Prediction of long-term creep rupture performance 
based on the results of short-term creep experiments at 
higher temperature with higher stresses has been carried 
out based on stress-time parameters. Larson-Miller 
parameter is one of the popular methods, which is based on 
the model of the rate processes [8]:  

)/exp(c RTQAr −×=                    (1)  

where 
    rc = minimum creep rate 
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A = constant 
exp = natural logarithm base 
Q = activation energy for process 
R = gas constant 
T = absolute temperature 
Assuming the times of primary and tertiary creep are 

much shorter than that of the secondary creep and the 
tertiary creep begins when total strain reached a critical 
value (εr), the creep curve is simplified as schematically 
presented in Fig. 4. In this case, Equation (1) can be 
written as 

)/exp(/1 r RTQBt −×=                 (2) 
where tr is the time to rupture and B is the constant. 

Taking the logarithm for Equation (2), the 
Larson-Millar equation (LMP: Larson-Miller Parameter) 
can be derived: 

10003.2/)log( r ×==+ LMPRQtCT     (3) 
where C = log B 

The Larson-Miller equation assumes that the 
activation energy Q, hence LMP, is independent from T 
and tr but only the function of the applied stress σ. 
Assuming ασ−= 0PLMP , applied stress σ and 

)001.0)log(( ×+= rtCTLMP  should show linear relation 
(Larson-Miller diagram).  

Larson-Millar parameter assumes that temperature 
and time can be interchanged, provided no important 
microstructural changes occurred during the test. When 
the creep mechanism changes, the use of this parameter 
for predicting long time performance is not accurate. It 
was also suggested to use the Monkman-Grant equation 
[9] together with the Norton law [10] for predicting 
creep properties of 9%Cr steels:           

Dtnr r +×−= log/1log c                (4) 
where n and D are the constants.  

Figs. 5 and 6 present the minimum creep rate (rc) as a 
function of rupture time (tr) for JLF-1 and CLAM steels. 
From the figures, it can be seen that the constant n in eq. 
(4) is almost equal to 1. This means that the simplification 
shown in Fig. 4 and thus the Larson-Miller parameter are 
appropriate for the present prediction.        

 
Fig. 4 Schematic illustration the creep curve and simplified 

process. 
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Fig. 5 Minimum creep rate as a function of rupture time 

(Monkman – Grant equation) for JLF-1 steel. 
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Fig. 6 Minimum creep rate as a function of rupture time 

(Monkman – Grant equation) for CLAM steel.  
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Fig. 7 Fitting of the Larson-Millar parameter with applied stress 

for various values of C for JLF-1 and CLAM steels 
before ageing 

The C in Larson-Miller equation is a material constant. 
By the fitting of the present experimental data, the C = 30 
is considered to be suitable for JLF-1 and CLAM steels, as 
shown in Fig. 7. 
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Fig. 8 Applied stress as a function of Larson-Millar Parameter 

for JLF-1 steel. 
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Fig. 9 Applied stress as a function of Larson-Millar Parameter 

for CLAM steel. 

Figs. 8 and 9 present a Larson-Miller diagram with 
different aging conditions. The diagrams show the 
increase of LMP by ageing at 823 and 873 K and the 
decrease by ageing at 973 K. In addition, the rupture 
stress was estimated to be about 135 MPa by predicting 
the typical design limit for blanket, 823 K for 100 000h. 

Figs. 8 and 9 also show that the estimated rupture 
stress can be change by about 15 MPa by the prior 
thermal ageing. These uncertainty need to be considered 
as the possible thermal ageing effect during the thermal 
creep processes. 

Based on ASTM VIII guideline, acceptable stress 
limit of MPa901353/2 =×  is derived for the both 
steels. 
 
4.2 Thermal Activation Analysis 

The present experiments and analysis showed that 
hardening and increase in the creep activation energy took 
place by aging at 823 K, and softening and the decrease in 
the creep activation energy occurred by aging at 973 K. In 

this section correlation of the hardness data is attempted 
based on the thermal activation process.  

In this analysis ageing is assumed to be induced by 
migration of the constituent species (most probably C) 
with activation energy of Em. The total number of jumps 
of the species during the aging is given by: 

am tkTE ×−×= )/exp(0υυ        (4) 
where 
    υ0 = jump frequency, 1013/s 

Em = migration energy, eV 
k = Boltzsman energy, 0.8625*10-4 ev/K  
T = absolute temperature, K 
ta = aging time 
Figs. 10 and 11 show the hardness change against 

the total number of jumps assuming the migration energy 
of 1.6, 2.0 and 2.4 eV for JLF-1 and CLAM, respectively. 
As shown in the figures, the total number of jumps is not 
an appropriate correlation parameter in any case of the 
activation energy. This means that the hardness change by 
aging is not thermally activated processes with a 
particular activation energy. 
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Fig. 10 Hardness change vs total number of jumps in different 

ageing conditions for JLF-1 steel. 
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Fig. 11 Hardness change vs total number of jumps in different 

ageing conditions for CLAM steel.  

P2-26

382



 
 

Proceedings of ITC18,2008 

 5

 
Fig. 12 The proposed dependence of hardness on ageing time at 

873 to 923 K for JLF-1 and CLAM steels. 

The authors’ previous study showed that the 
hardening by aging at 823 K for 2000 h is due to the 
formation of fine TaC precipitates [11]. Therefore, the 
increase in the creep activation energy by ageing at 823 K 
for 2000 h was also considered to be originated from the 
precipitation of TaC. 

However, by the ageing at 873 to 923 K, the 
hardness is almost independent from the aging time as 
shown in Figs. 10 and 11. It seems that the softening took 
place only in the initial ageing time as schematically 
shown in Fig. 12. In this case further softening needs 
formation of new phases such as Laves and M6C. This is 
consistent with the observed precipitation in F82H by 
Tanigawa et al [12], which showed that the present aging 
conditions are before the formation of those phases. 
 

5. Summary 
The ageing experiments were carried out for JLF-1 

and CLAM in the temperature range of 823 to 973 K 
followed by mechanical properties tests. The conclusions 
of the study are listed below: 

(1) The hardness increased slightly after ageing at 
823 K for 2000 h for the both steels. However, ageing at 
> 823 K caused a decrease in hardness. 

(2) The minimum creep rate decreased and the 
rupture time increased after ageing at 823 and 873 K for 
2000 h for the both steels, which suggested that the 
activation energy for the creep process increased. 
However, the creep property degraded significantly after 
ageing at 973 K for 100 h, indicating the decrease in the 
energy. 

(3) The Larson-Miller parameter was used to predict 
long-term creep performance from the short-term 
experiment at higher temperature. The rupture stress of 
135 MPa was predicted for the typical design limit of 
blanket, 823 K for 100 000h. The present thermal aging 
treatments influenced the rupture stress by ~15 MPa.  

(4) From the activation analysis, it was suggested 
that the present ageing conditions are located after the 

initial microstructural recovery and before the softening 
and by formation of Laves and M6C phases. 
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In order to accomplish smooth cooperation research, remote participation plays an important role. For this 
purpose, the authors have been developing various applications for remote participation for the LHD (Large Helical 
Device) experiments [1], such as Web interface for visualization of acquired data [2]. The video streaming system is 
one of them [3]. It is useful to grasp the status of the ongoing experiment remotely, and we provide the video 
images displayed in the control room to the remote users. However, usual streaming servers cannot send video 
images without delay. The delay changes depending on how to send the images, but even a little delay might 
become critical if the researchers use the images to adjust the diagnostic devices. One of the main causes of delay is 
the procedure of compressing and decompressing the images. Furthermore, commonly used video compression 
method is lossy; it removes less important information to reduce the size. However, lossy images cannot be used for 
physical analysis because the original information is lost.  Therefore, video images for remote participation should 
be sent without compression in order to minimize the delay and to supply high quality images durable for physical 
analysis. However, sending uncompressed video images requires large network bandwidth. For example, sending 5 
frames of 16bit color SXGA images a second requires 100Mbps. Furthermore, the video images must be sent to 
several remote sites simultaneously. It is hard for a server PC to handle such a large data. To cope with this problem, 
the authors adopted IP multicast to send video images to several remote sites at once. Because IP multicast packets 
are sent only to the network on which the clients want the data; the load of the server does not depend on the 
number of clients and the network load is reduced. In this paper, the authors discuss the feasibility of high 
bandwidth video streaming system using IP multicast. 

 
Keywords: remote participation, monitoring, streaming, IP multicast, SINET3 

 

1. Introduction 
Large scale experiment such as Large Helical Device 

(LHD) experiment in NIFS has been executed under the 
corporation of many researchers work at various places. 
Therefore, for such an experiment, a remote participation 
facility plays an import role to accomplish smooth 
cooperation. For example, motional image data is useful in 
that it can help researchers recognize not only the status of 
the experiment, but dynamic behaviors of plasma, 
including plasma-wall interactions and impurity transport 
at the plasma periphery. Commonly, video streaming over 
a limited network is sent in lossy compressed formats such 
as RealVideo, MPEG, QuickTime, and the like. For 
example, Shoji developed the Video on Demand system for 
LHD experiments to monitor plasma behavior [4]. That 
system provides MPEG1 or MPEG2 format images by the 
network.  Using these formats, the video data can be 
shrunk to a tenth of its original size or smaller, whereas 
with the lossless compression algorithm, the data shrinks 
only tens of percents at the most. However, the 

disadvantage of using lossy compression is that 
information is lost when it is compressed. This does not 
matter if the image is used solely for monitoring, but it 

Fig.1  Control room in NIFS 
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cannot be used for further scientific analysis. Another 
disadvantage is delay. Because these lossy compression 
uses motion compensation to reduce sizes; it detects the 
difference between consecutive frames and send only 
differences. However, because of this scheme, it needs to 
store the previous frames to determine the next images. 
Therefore, the delay is inevitable.  

To solve this problem the authors has been developing 
the real-time monitoring system that send lossless images. 

 

2. Real-time Monitoring System 
In the control room of NIFS, there is a 150-inch 

projector to display the summary graph of the latest 
acquired data and the video image of the plasma to monitor 
the current going experiment (Fig.1). This information is 
helpful to the researchers in NIFS to monitor the ongoing 
experiment. Because the authors thought it was also 
helpful to the researchers at the remote sites, the authors 
have developed a system to send this image to the other 
universities. Fig 2 is the overview of this system. The 
network connecting NIFS and Kyoto University is Super 
SINET [5], an optical fiber based network. The server in 
NIFS sends the video images displayed by the projector to 
the client in Kyoto University. The source of the image is 
captured from the composite signal out from the video 
switcher using NTSC format.  NTSC is widely used by 
video recorder and video capture in Japan, and is an easy 
format to handle. Although the output signal from the PC is 
RGB signal, it is converted into NTSC signals. The 
captured data is composed of VGA-size 24bit RGB images. 
The server and clients use two TCP/IP ports to 
communicate with each other; one for sending image data, 
the other for flow control.  

While the authors were testing this system, several 
problems were found. First, the system uses NTCS video 
signals while the output signal from PC is RGB digital 
signal. The number of scan lines of NTSC is 525 while 

the vertical resolution of the PC signal is 1024. Thefore, 
the image is deteriorated and it is hard to read the small 
text in the summary graph.  

The second problem is transfer ratio. The system uses 
TCP connection to send video images. Using TCP, the 
sender must confirm that the client receives the packet 
before it will send the next packet.  Therefore, if there is a 
large latency between the sender and receiver, the total 
transfer ratio decreases.  For example, the total TCP 
transfer ratio between NIFS and Kyoto University becomes 
6 ~ 130 M bit/sec depending on socket buffer size while 
they are connected by 1Gbits/sec capability network (Fig. 
3) [6]. On the other hand, the maximum transfer ratio of 
UDP reaches more than 800 Mb/sec.  

The third problem is its scalability. Because the server 
must send images to each client one by one, the server’s 
CPU and network load increase proportional to the number 
of clients. Judging from the current network bandwidth 
(less than 1Gbps), one server can handle only a few clients  

 

3. New System 
To solve the problems of the previous system, the 

author has been developing a new monitoring system. 
First, the new system uses VGA capture device to capture 
video signal out from PC directly.  Second, in order to 
solve large latency problem, the new system uses IP 
multicast that uses UDP instead of TCP. When the sender 
uses UDP, it doesn’t have to wait for the client’s reply, and 
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Fig.4   New system 
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Fig. 5  Network Speed between NIFS and Kyoto 
University using SINET3 

the system can take full advantage of the network 
capability. On the other hand, there is a drawback of UDP; 
it is not reliable because the sender doesn’t confirm 
whether client receives the packets or not, therefore, 
packets may be lost. If the system send the experimental 
data by UDP, this drawback becomes critical even if the 
number of lost packets is few. However, for sending video 
images for monitoring, it is not critical because the user 
can still identify the images if the number of lost packets is 
few. Using IP multicast also solve the scalability problem 
because multicast packets are sent only to the sub-nets on 
which the clients want the data, and the load of the server 
does not depend on the number of clients.  

Fig 4 shows the overview of this system. The newly 
developed system uses a signal duplicator to duplicate the 

signal input to the projector. It is RGB signal of 1280 x 
1024 pixels and its frame ratio is 60 frames / sec, and the 
NTSC signals from the VTR is converted to RGB signal. 
To capture the signal, the system uses a video capture 
device, Epiphan system’s VGA2USB LR [7]. It is a USB 
device and connected to the server. The operating system 
of the server is Linux, and the image is captured using 
Video4Linux API. 

The network connecting NIFS and Kyushu University 
is SINET3 [5], the latest inter-university network 
integrating the former Super SINET and SINET. The 
server and the client are connected by L2 switches, and 
they don’t send packets via routers or L3 switches. Fig.5 
shows the TCP and UDP transfer ratio. Same as the 
previous system, TCP transfer ratio is not good considering 
it is 1Gbp network. However, that of UDP reaches 950 
Mb/sec, and it is almost upper limit of the network speed.  

While the server of the previous system sent each 
frame one by one using TCP protocol, the new system 
sends fragment of a frame using IP Multicast, i.e. UDP 
protocol. (Fig.6) 
 

4. Results 

Fig.7 shows the display of the client PC. The center 
window shows the same image displayed in the control 
room in NIFS. The actual frame ratio sent from the server 
is 23 frames /sec, and the total transfer ratio becomes 420 
Mb/s.  

The captured image is divided into pieces, and the 
server sends each piece as a multicast packet. Therefore, if 

Fig.7.  Client Program 
 

 
Fig. 6  Protocols of the video streaming system. 

 Server Client 
OS Fedora 9 (i386) Windows XP 
CPU Intel Core 2 Duo 

E6550 (2.33GHz)  
Intel Core 2 
Duo T8100 
(2.1GHz) 

Memory 2GB 2GB 
Table 1.  Specification of the server and client PC 

P2-27

386



 
 

Proceedings of ITC18,2008 

 

the client doesn't catch up with the packet flow, it will drop 
packets and area of the images corresponding to the 
dropped packets are missing. Seeing the images of the 
client PC, no packet loss is observed. However, the CPU 
load becomes almost 80% during this test. Therefore, 
computers less powerful than this PC might drop the 
packets. The specification used for this system is listed in 
table. 1.  

It is difficult to measure the exact delay of the video 
images between NIFS and Kyushu University, but it is 
estimated 220 msec. This estimation is the sum of 200 
msec, which is the delay of images measured between two 
PCs located at the local LAN, and 20 msec, which is the 
time to send IP packets from NIFS to Kyushu University. 
 

5. Discussion & Conclusion 
The authors demonstrated the feasibility of real-time 

monitoring system using IP multicast. Judging from the 
frame ratio of 23 frames / sec and the delay of 220 msec, 
the system may not be used for real-time control, but can 
be used for monitoring. However, the authors experienced 
the excessive increase of CPU load of the L3 switch while 
the system was tested using local area network; the CPU 
load of the network switch increased to 100%, and it 
became an obstacle to other functions. This is probably 
because the multicast function of this switch is 

implemented by software and consumed CPU power. On 
the other hand, the excessive CPU load increase was not 
observed for NIFS-Kyushu University network. One of the 
reason of this is it is L2 connection, and it doesn’t relay 
L3-level transportation. From this fact, the multicasting 
high quality video images needs enough power, and the 
multicast function should be implemented as wired logic.  

 

Acknowledgements 
This work was partly supported by Cyber Science 

Infrastructure (CSI) development project of the National 
Institute of Informatics. 

 

References 
.   

[1] M. Emoto, T. Yamamoto, S. Komada and Y. Nagayama,  
Fus. Eng. Des. 81 2051 (2006) 

[2] M. Emoto, S. Murakamib, M. Yoshida, H. Funabaa and Y. 
Nagayama, Fus. Eng. Des. 83 453 (2008) 

[3] M.Emoto, K.Watanabe, S.Masuzaki, N.Ohno, and H.Okada, 
Rev. Sci. Inst. 74 1766 (2003)  

[4] M.Shoji, et al., PCaPAC2000, Hamburg, Oct. 2000 
[5] http://www.sinet.ad.jp/ 
[6] M.Emoto, NIFS-MEMO-51 42 (2006)  
[7] http://www.epiphan.com/ 

 

P2-27

387



 
 

Proceedings of ITC18, 2008 

author’s e-mail: m-takeuchi@nifs.ac.jp 

Development of a High Speed VUV Camera System for 
2-Dimensional Imaging of Turbulent Structure in LHD 
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In fusion plasmas, a turbulent transport effects greatly on a plasma confinement. In order to clarify the role of 
the turbulent transport, measurements of fluctuations with high time and spatial resolutions are necessary. In this 
case, if 2-dimensional structures are observed, the more detailed characteristics of turbulence can be clarified, since 
a propagation direction of the fluctuations and the mode number are found in visually. Therefore, a high speed 
vacuum ultraviolet (VUV) camera system for 2-dimensional imaging of turbulent structures was developed and 
installed in LHD. This optical system is composed of 2 multi-layer mirrors made of Mo / Si and a micro-channel 
plate (MCP). An emission from plasma reflects at the multi-layer mirrors with high reflectivity and images on the 
MCP. The VUV emission near 13.5 nm of impurity carbon (n = 4-2 line of C VI) can be observed. In analysis of the 
camera image, an inverse transformation of the line-integrate data is required for the deviation of the turbulent 
structure. In this paper, the constitution of this VUV camera system and an analytical method are described in detail, 
and moreover preliminary results observed in LHD are shown. 

 
Keywords: 2-dimensional imaging, vacuum ultra-violet, impurity carbon, turbulent structure 

1. Inroduction 
In fusion plasmas, a turbulent transport effects greatly 

on a plasma confinement. For edge transport barrier 
plasmas, the turbulence suppressions by sheared E x B 
flow have been observed [1]. Recently, oscillating E x B 
flows called zonal flows have emerged as an important part 
of the overall turbulence physics [2]. 

The measurement of turbulence needs both high 
temporal and high spatial resolutions. We want to know a 
2-dimensional turbulent structure to clarify a propagation 
direction of fluctuations, the mode number and so on. In a 
large helical device (LHD), an edge transport barrier 
plasma and an internal diffusion barrier plasma are 
observed and researched in recently. The clarification of 
the turbulent structure in the plasmas is important to 
clarify physical mechanisms of these transport barriers. 

Therefore, we developed a new 2-dimensional 
imaging diagnostics for turbulent structures, which called 
“a high speed vacuum ultraviolet (VUV) camera system”. 
This VUV emission from impurity carbon reflects an 
impurity fluctuation, and a fluctuation of an electron 
density can be estimated as a result. This system has an 
advantage that a light intensity is larger than that of a 
pinhole type optical system. This high speed VUV camera 
system was installed on LHD and preliminary data were 
obtained. 

 
2. High speed VUV camera system 
    A high speed VUV camera system is constituted by 
multi-layer mirrors, an MCP and a high speed camera as 

shown in Fig.1. VUV light can only travel in a vacuum 
region, therefore the system is composed in vacuum 
chamber except the high speed camera. 
    The multi-layer mirror is made of Mo / Si (typical 
thickness is 6.66 nm, dMo : dSi = 4 : 6) and the reflectivity 
is about 50-60 % [3]. This mirror is mainly reflect the 
VUV light of 13.5 nm (half band width is about 1-2 nm). 
This wavelength is corresponds to the impurity carbon line 
(n = 4-2 line of C VI) [4]. There are two multi-layer 
mirrors in the system. One of these mirrors reflects the 
VUV light from plasma by the convex mirror (curvature 
radius is 144.5 mm), the other reflects the light and images 
on the MCP by the concave mirror (curvature radius is 390 
mm). 
    The MCP (Tokyo instruments, inc.) is an 
electron-multiplier device which multiply electrons 
detected 2 dimensionally. Since the MCP has sensitivity for 
not only electron but also ion, VUV light and X-ray, the 
MCP is also used for those detected devices. The MCP has 
the phosphor screen of 48 mm in diameter in order to 
image the output signal optically. In experiment, the MCP 
is biased high voltage to observe the VUV light. The MCP 
has two layers and one layer is the output of rhe assembly 
(Vo), the other is the input of the assembly (Vi). The 
phosphor screen is applied upto +3.0 kV, Vo is connected 
to ground and Vi is applied upto -1.5 kV. The output 
intensity can be controlled by changing the value of the 
high voltage. 
    The 2-dimensional image of the phosphor screen of 
MCP is recorded by a high speed camera. We used the 
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Phantom v4.2 camera of the Vision Research, Inc. This 
camera can record up to 15300 pictures per second (pps) in 
256 × 128 pixels. The obtained data is transferred to the PC 
through an optical fiber and stored in there. 
    The overall view of the high speed VUV camera 
system together with LHD vacuum vessel and plasma is 
shown in Fig.2 and the top view of that is shown in Fig.3. 
The focal length of the multi-layer mirrors is about 7 m, 
thus the mirror is placed from the plasma center by the 
length. The plasma image is reduced by 1 / 60 by mirror 
optic and focused on the MCP screen. Since the diameter 
of the port, we are using now, is smaller than initial design, 
only the 1 / 3 of the image (5.5 mm at the entrance of the 
MCP) can be measured now. 
 
3. Analytical method 
    The obtained 2-dimensional data do not directly 
reflect the plasma fluctuations because of the line 
integrated effect. Particularly, the situation in the helical 
plasma is more complicated than that in the tokamak 
plasma. The obtained data need to be reconstructed in 
order to know the actual 2-dimensional fluctuation data. 
    In order to analyze the turbulent structure, it is 
supposed that a radiation along magnetic field lines is 
constant. We need to know the equivalent field lines of 
sight in the region of the view line [5]. The Fourier – 
Bessel expansion method [6, 7] will be used in the 
reconstruction of the radiation intensity. 
    Moreover, the simulation of the profiles of the 
emission of impurity carbons is needed to predict the 
experimental emission profile. The IONEQ code [8] for 
LHD developed by Dr. A. Weller will be used to simulate 
the emission. 

 
4. Experimental results 
    Preliminary data was obtained by using the high speed 
VUV camera system in LHD. The following data was 
measured by camera speed of 2000 pps and 256 × 128 
pixels. 

Figure 4 shows the time evolutions of neutral beam 
injection (NBI), plasma stored energy (Wp), line integrated 
density (nL), power of radiation (Prad), Hα emission, C III 
emission and measured VUV emission at the position of 
(x, y) = (119, 65) pixel where is the center of the MCP. 
This plasma was heated by four NBIs and hydrogen 
pellets were injected for t = 2.6-2.9 s. A time evolution of 
the emission at (x, y) = (119, 65) is similar to C III 
emission, Prad and Hα emission. A rapid small increase at t 
= 3.465 s in VUV emission is also observed for C III 
emission, however, not observed for Prad and Hα emission. 
Therefore, the observed emission may reflect carbon 
impurity emission of 13.5 nm. Since there is a possibility 
that the observed emission includes the low-energy light 

which wave length is not 13.5 nm, we will improve the 
high speed VUV camera system by using a low-energy-cut 
filter. 
    The 2-dimensional image at t = 2.8205 s is also 
shown in Fig.4. The emission inside of the imaging area 
(< 5.5 mm in diameter) was observed. The emission 
outside the imaging area may be a stray light. The 
analysis of this 2-dimensional VUV emission is now 
proceeding. 
 
5. Summary 
    A high speed VUV camera system was developed and 
preliminary data was obtained. The 2-dimissional VUV 
emission was successfully observed. It is necessary to 
improve this system to observe the VUV light of higher 
strength for measurement of the turbulent structure at a 
high resolution time. This new diagnostics have a 
possibility to become a useful and powerful tool for 
2-dimensional imaging of turbulent structures in fusion 
plasma. 
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Fig.1 High speed VUV camera system. 

Fig. 2  The overall view of the high speed VUV camera system together with LHD vacuum vessel and plasma. 

 

Fig.3  The top view of the high speed VUV camera 
system together with LHD vacuum vessel and plasma. 
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Fig.4  Time evolutions of NBI, Wp, nL, Prad, Hα, C III 
and VUV emission at (x, y) = (119, 65) pixel where is the 
center of the MCP and an image of camera at t = 2.8205 
s in #91073. The imaging region is inside the circle of 
5.5 mm in diameter. 
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Collective Thomson Scattering Study using Gyrotron in LHD
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The collective Thomson scattering (CTS) is one of the most promising methods for evaluating the ion
velocity distribution function. The study of CTS diagnostic has been started utilizing the gyrotron and an-
tenna/transmission systems installed in LHD for high power local electron heating. One of the high power
gyrotrons at 77 GHz is selected as a probing power source and a set of highly focused antenna system is used
for the probing and receiving antenna. The specific feature of the system, receiver design are described and
preliminary data obtained in for ECRH plasma in LHD are discussed.
Keywords: Collective Thomson scattering, ECRH, ECE, Gyrotron, Gaussian beam, Ion temperature

1 Introduction

The direct and local measurement of the ion velocity distri-
bution function is important in any fusion relevant plasma
to study the behaviors of not only the bulk but also the high
energy ions. The collective Thomson scattering (CTS) has
long been attracted and intensively studied as one of the
most promising diagnostic methods for the ion distribu-
tion function[1]. Frequency range required for the CTS in
the fusion relevant plasma is determined from the collec-
tive scattering condition and scattering angle that gives the
spatial resolution. This frequency range lies from infrared
to millimeter wave[2, 3, 4]. Mainly due to a small scat-
tering cross section, or scattering efficiency, CTS requires
high power probe beam source with sharp single frequency
spectrum and highly sensitive receiver near the frequency
but avoiding a direct contamination of the probe frequency
that requires a sophisticated stray suppression. The other
important factor required for the spatially well resolved
measurement of CTS is the well defined probe and re-
ceiving beams and their controllability. High power, sharp
spectrum, and highly focussed well defined Gaussian beam
are already realized for the electron cyclotron resonance
heating (ECRH) system using gyrotron and high power
transmission/antenna in LHD. We have started the trial of
CTS study utilizing the existing ECRH system in LHD[5]
as well as that utilizing higher frequency (400 GHz) gy-
rotron that is under development[6]. Expected necessary
frequency range to deduce ion velocity distribution is ± 3
GHz at the center frequency. In section 2 are discussed
the characteristic feature of the ECRH system in LHD as
a CTS probe and receive beam. Electron cyclotron emis-
sion (ECE) is expected to be the main source of noise for
CTS diagnostic. The ECE spectrum expected at the line of
receiving beam is discussed in section 3. Receiver system

author’s e-mail: kubo@LHD.nifs.ac.jp

Fig. 1 a) Two sets of injection antenna system are installed on
4-ports of LHD, (5.5U, 9.5 U, 1.5L and 2O). b) A set of
transmission line/ antenna on the 9.5U port is selected for
CTS. The set that 77GHz 1MW power is available is used
for probe beam.

is described in section 4. Finally the preliminary data ob-
tained with the system described here are shown in section
5.

2 ECRH system as a probe beam and
receiver antenna for CTS

One of the newly installed 77 GHz gyrotrons in LHD have
achieved more than 1MW over 3 s[7]. The present ECRH
system is illustrated in Fig. 1 a). Nine gyrotrons are in op-
erational and eight corrugated transmission lines ( 6- 88.9
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Fig. 2 Beam evolution at 9.5 U port antenna. Originally the
focusing mirrors are originally optimized for 168 GHz to
focus the symmetric Gaussian beam radiated from 88.9
mm corrugated waveguide to an elliptical Gaussian beam
on the mid-plane of LHD to have 1/e waist size of 15 mm
and 50 mm in radial and toroidal direction, respectively.
Re-calculated beam evolutions for 77 GHz are plotted.
The waist size for 77 GHz are also elliptical Gaussian
with the waist size on the LHD-midplane 20 and 100 mm.

id and 2-31.75 mm id ) are connected to LHD. Two sets of
injection antenna are installed on each 4-LHD ports ( 5.5U,
9.5U, 2-O and 1.5L). The 9.5 U port antenna set is selected
as a CTS probe and receiving antenna, since 77 GHz high
power is available for the probing beam and the beam con-
trollability is well established and confirmed [8]. This gy-
rotron has a triode gun that allows high frequency power
modulation without degrading oscillating mode which is
one of the important feature for the CTS. This gyrotron
is connected to one of the Gaussian mirror antenna set.
This antenna set includes one another Gaussian beam mir-
ror suitable for receiving the scattered power from definite
scattering volume. The injection antenna used was origi-
nally designed for 168 GHz. The beam evolutions for 77
GHz is re-calculated using the same mirror sets and config-
urations as 168 GHz, using the mirror curvature and phase
plane transformation relation:

cos φ
ρσ
=

1
2Rσ,in

+
1

2Rσ,out
(1)

here, φ is the injection/reflection angle, Rσ,in, Rσ,out and ρσ
are the phase radius of input and output beams and mir-
ror curvature radius in σ =toroidal or poloidal directions.
Actual beam configuration is shown in Fig. 3 for the case
where the center of the scattering volume lies near ρ ≈0.7.
The upper half of the flux surfaces of ρ = 0.1 and 1.0 are
also shown for reference. The effective scattering volume
can be calculated by integrating over the space using the

Fig. 3 3-D image of the probe and receiving beams.

following formula!
exp

(
− x2
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0,y
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(
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− y′2

w2
0,y′+

λ2(z′−z0,y′ )2

π2w2
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)
δ(r′ −←→T · r)drdr′.

(2)

Here, λ is the wavelength, w0,σ, z0,σ are the waist size and
waist position in σ = x, y, x′, y′. (x, y, z) is the local coor-
dinate of injection beam and (x′, y′, z′) is that of receiving
beam and

←→
T is the conversion tensor of both local coordi-

nates. The scattering volume for the case shown in Fig. 3 is
about 700 cm3. This volume is distributed over the minor
radius 0.78 ± 0.2 as shown in Fig. 4. This figure defines
the spatial resolution of the CTS measurement using this
antenna set.

3 Background ECE as a main noise
source

Main competing background noise source for CTS is the
electron cyclotron emission (ECE). The background ECE
level on the line of sight toward the receiver antenna should
be estimated taking account of the actual antenna configu-
ration. The calculation of the background ECE spectrum is
performed by solving the radiation transfer equation back
along the line of sight. The method is described in ref[9].
For use of this 77 GHz gyrotron as a probing beam, opera-
tional magnetic field should be selected so as to exclude
the fundamental and second harmonic resonances of 77
GHz on the line of sight inside the plasma confinement
region, in order to reduce the ECE background that is con-
sidered to be the largest noise source. The relations be-
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Fig. 4 Differential cross section of the scattering volume as a
function of effective minor radius ρ. The scattering vol-
ume center is placed at z=0.5 m, R=3.6 m on the verti-
cally elongated poloidal cross section in LHD. Total ef-
fective scattering volume is about 700 cm3 in this case.

tween resonances and probing, receiving beam on the ver-
tically elongated cross section in LHD are shown in Fig. 5.
Setting higher magnetic field would place the fundamental
resonance layer inner to the higher electron temperature
region, causing higher background ECE level taking into
account of the multi-reflection. On the other hand, setting
lower magnetic field would place the second harmonic res-
onance layer on the receiving line of sight. In Figure 6
are shown the calculated O and X mode ECE spectrum for
the cases of central electron temperature Te,0= 5 keV and 1
keV. By setting the magnetic field near 2.2 Tesla, one can
expect the background ECE level minimum, although the
multi-reflection effect can increase the contribution from
fundamental resonance. Due to its complexity of magnetic
field structure in LHD, there exists fundamental and sec-
ond harmonic resonance simultaneously in any settings of
magnetic field strength. In such configurations, some ad-
justment of setting magnetic field would necessary to min-
imize the ECE background and at the same time to avoid
the absorption of scattered power.

4 Receiver system for CTS

A receiver system is installed on the upstream of the trans-
mission line, which is normally used for high power trans-
mission line for ECRH. A waveguide switch is attached on
the 88.9 mm id corrugated waveguide transmission system
at the marked position in Fig. 1 b). A heterodyne receiver
is placed at the output of the waveguide switch. The re-
ceiver consists of a high sensitive heterodyne radiometer.
The circuit diagram is shown in Fig. 7 a).

At the front end, two multi-stage notch filters with the
3 dB band width of 300 MHz and attenuation -120 dB at
the center frequency, 76.95 GHz, are placed to avoid the
high level stray radiation that can damage the mixer or

Fig. 5 Relation between probing, receiving beams, flux surfaces
and EC resonances for the case of magnetic field setting
B0=2.2 Tesla on the vertically elongated cross section in
LHD.

make ghost signal at the mixer and make saturation of the
intermediate frequency (IF) amplifier. A pin-switch is also
inserted to block the spurious mode which might be excited
at the turn on or off of the gyrotron out of the notched but
sensitive frequency. Band pass filter from 72 to 82 GHz
to filter out the lower side band of the mixer of the local
frequency at 74 GHz is also placed in front of the mixer.
Intermediate frequency from 300 MHz to 10 GHz at the
upper side band of the mixer is amplified by low noise am-
plifier and splitted to filter bank. Since the gyrotron os-
cillating frequency can subject to the shift of the order of
100 MHz during the oscillation or at the ramping up phase

Fig. 6 Calculated ECE spectrum for the line of sight of CTS
receiving antenna. Electron temperature is assumed to
have Te,0(1 − ρ2)2. Here the magnetic field is set B=2.2
Tesla.
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Fig. 7 a) Block diagram of the heterodyne receiver for CTS in
LHD. The notch filter, band pass filter and pin-switch are
placed in front of the mixer. Fixed local frequency at
74 GHz is normally used. b)Characteristics of the filter
prepared for the local frequency at 74 GHz expected from
the characteristic curve at the IF. Expected notch filter
response with calculated CTS spectrum are shown in the
upper column.

of the anode voltage, IF center frequency tracking system
using harmonic mixer will be also attached for the precise
estimation of the bulk component. Filter bank consists of
8 to 16 filters at the first trial. Fig. 7 b) are shown the
expected response of the notch and bank filters in the up-
per and lower column, respectively. Here, calculated CTS
spectrum for the cases where the bulk ion and electron tem-
peratures are 1 keV with high enegy ions of 40 keV and 5
keV with 180 keV high energy ions are over plotted in the
upper column.

5 Preliminary Results

At the adjustment phase of the CTS receiver system, the
local oscillator was damaged and the Gunn oscillator at 78
GHz is used in stead of 74 GHz. With this local frequency,
expected frequency response of the receiver is shifted as
shown in Fig. 8. In this case, channel 1 to 4 becomes sen-
sitive at both upper and lower side bands of the local fre-
quency. As is expected from the calculated CTS spectrum,

Fig. 8 Characteristics of the filter prepared for the local fre-
quency at 78 GHz expected from the characteristic curve
at the IF. Expected notch filter response is shown above.

channel 1 to 4 are sensitive to the bulk ion temperature
and channel 5 to 8 are more sensitive to high energy ion
components. Preliminary signals were obtained from the
ECRH plasma without NBI at the magnetic field of 2.75
Tesla. Electron density levels was 1 × 1019 m−3. Plasma
parameters are kept only by the 77 GHz ECRH which is
also used as a probing beam. Nominal electron tempera-
ture was 3 keV at the center. The injected power is 100%
modulated at the frequency of 50 Hz from 0.25 to 1.15 s,
1.25 to 1.75 s and 1.85 s to 2.25 s. In Fig. 9 are shown de-
tected signals at each filer channel from 1 to 8 indicated in
Fig. 8. Raw signals contain sharp spikes at each modula-
tion that may be attributed to the spurious mode oscillation
from the gyrotron. These spikes are almost subtracted but
failed from 1.3 to 1.6 s in this figure. The signals during
on and off phases are separated and displayed by red and
green lines. It seems that the background ECE level and
scattered signal level are well separated at channels 1 to 4
and barely at channel 5 and 6. Shown in Fig. 10 are the
expanded signals in time from 1.0 to 1.1 s. These signals
show clear characteristics of the scattering signals in con-
trast to the change of the ECE background which is small
and should be continuous. Although several checks are to
be done, these signals show expected feature of the scat-
tering signals. The sensitivity calibration of each channels
are underway. The deduction of the CTS spectrum from
these data would be possible after this calibration.

P2-31

395



Proceedings of ITC18, 2008

Fig. 9 Preliminary data from each filter bank channel as indi-
cated in Fig. 8. Detected signals are separated by on and
off phase of the probing beam and indicated by red and
green lines.

Fig. 10 Expanded figure in time from 1.0 to 1.1 s of Fig. 9. The
increase of the ECE background can well be separated
from the step-wise increase/ decrease at turn-on and -off
time especially in channels 1 to 6.

Summary

The CTS system is conformed utilizing the characteristic
features of the LHD ECRH system. These features in-
cludes well controlled and strongly focused Gaussian beam
antenna, high power low loss transmission lines. From
the expected Gaussian beam, the method of estimating the
beam cross section is established and shown the spatial res-
olution of CTS measurement. CTS receiver is designed
and constructed to detect the scattering signals in the range
of ± 3 GHz at 77 GHz. Preliminary signals are obtained for
ECRH plasma at the density of 1 × 1019 m−3. Furthermore
check and calibration is necessary to confirm and deduce
ion velocity distribution function from these data.
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Simultaneous measurement of electron and ion temperatures
with helium-like argon spectrum

Motoshi GOTO and Shigeru MORITA
National Institute for Fusion Science, Toki 509-5292, Japan

The helium-like argon spectrum is measured for the plasma in the Large Helical Device (LHD). The electron
temperature Te derived from the intensity ratio of the resonance line (1s2 1S0 – 1s2p 1P1) to a dielectronic satellite
line (1s22p 2P1/2 – 1s2p2 2D3/2) is consistent with the central Te measured with the Thomson scattering method
when the electron density ne has a peaked profile. The ion temperature Ti is simultaneously determined from the
Doppler broadening width of the resonance line and the establishment of thermal equipartition between electrons
and ions, i.e., Ti = Te, due to the increase of ne is experimentally confirmed.
Keywords: X-ray spectroscopy, helium-like argon, dielectronic satellite line, electron temperature measurement,

ion temperature measurement
DOI:

1 Introduction

The x-ray spectroscopy has played an important role to
measure the central ion temperature Ti in the fusion exper-
iments. In LHD (the Large Helical Device), the temporal
development of Ti is measured for every discharge from
the Doppler broadening of the helium-like resonance line
of argon, i.e., Ar XVII 1s2 1S0 – 1s2p 1P1 [1].

Besides the ion temperature measurement, the helium-
like spectrum has found various uses for the plasma diag-
nostics in the core region. The helium-like spectrum here
means a group of several emission lines corresponding to
the transitions from n = 2 levels, where n is the principal
quantum number, to the ground state of helium-like ion and
numerous satellite lines of lithium-like ion which appear in
the same wavelength range as the former.

The measurement of the electron temperature Te with
the intensity ratio of the dielectronic satellite line to the res-
onance line is an example of the applications of the helium-
like spectrum [2, 3]. This method utilizes the different Te-
dependence of the rate coefficients for the electron impact
excitation and dielectronic capture processes. The relia-
bility of the derived parameter naturally depends on the
accuracy of the atomic data.

Many efforts have been made to improve the theoret-
ical calculation method for the required atomic data. In
TEXTOR the measured spectra were compared with syn-
thetic ones based on the newly calculated data and a com-
prehensive consistency between them was obtained [5].
Similar comparison was also made in NSTX [3], where
it was demonstrated that the temporal behaviour of the de-
rived electron temperature was consistent with the result of
the Thomson scattering measurement.

In this paper, the temporal behaviors of Ti and Te are
simultaneously derived from the helium-like argon spectra
taken for LHD and their consistency with the change of the

author’s e-mail: goto@nifs.ac.jp

background plasma condition is examined.

2 Experimental setup

The measurement is made for a discharge with the mag-
netic configuration of Rax = 3.8 m and Bax = 2.539 T,
where Rax and Bax are the major radius of the magnetic
axis and the magnetic field strength on the magnetic axis,
respectively. The temporal development of the discharge
is shown in Fig. 1. The plasma is started up with the elec-
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Fig. 1 Several parameters for the discharge analyzed here
(#69260): (a) the ECH and NBI powers, PECH and PNBI,
respectively, and the stored energy Wp, (b) the line-
averaged electron density ne, and (c) the central Te by
Thomson scattering method. Te and ne profiles at the tim-
ings (1)–(4) are shown in Fig. 6.

tron cyclotron heating (ECH), and is sustained with three
neutral beams (NBI). The argon gas-puff is provided at
t = 0.3 s with the 10 ms pulse width. Eight hydrogen pel-
lets are sequentially injected with a 40 ms interval from
t = 0.7 s.
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Fig. 2 Example of the measured spectrum made up of the data
from two identical LHD discharges #69258 and #69260.
The data are summed over from t = 1.5 s to t = 1.7 s. The
line notation follows Ref. [4].

The line-averaged electron density ne is derived from
the radial profile data measured with the Thomson scatter-
ing method but the interferometer data in the initial low
density phase are used to calibrate the absolute value. It is
clearly seen that ne stepwise increases synchronizing with
each pellet injection. The central electron temperature Te

is immediately lowered after the pellet injection is started.
The helium-like argon spectrum is measured with a

Johann-type crystal spectrometer which is basically the
same as that described in detail in Ref. [1] but the radius
of curvature of the quartz crystal (2020) has been changed
from 3000 mm to 1500 mm. This modification aims at ob-
serving a wider wavelength range in a single measurement.
The lattice spacing of the crystal is 4.2554 Å. The Bragg
angle and the wavelength dispersion at λ = 3.9492 Å,
which is the wavelength of the helium-like argon res-
onance line (1s2 1S0 – 1s2p 1P1), are 68.1320 degree and
874.049 mm/Å, respectively.

A charge coupled device (CCD) is used as the detec-
tor. The detection area consists of 1024 pixels (in the di-
rection of wavelength dispersion) times 256 pixels and the
pixel size is 26 × 26 µm2. The spectra is obtained every
4 ms.

Figure 2 shows an example of the measured spectra
for the discharge in Fig. 1. Here, the data are summed over
the time period from t = 1.5 s and t = 1.7 s. The notation
of lines follows Gabriel’s definition [4]. The w, x, y, and z
lines correspond to the transitions 1s2 – 1s2l of helium-like
ion and other lines indicated in Fig. 2 to the representative
transitions of doubly excited lithium-like ion, i.e., 1s22l′ –
1s2l2l′. The two groups of lines designated as n = 3 and
n > 3 correspond to the transitions 1s2nl′ – 1s2lnl′ with
n ≥ 3.

It should be noted here that the detector size is insuffi-
cient to get the entire spectrum in Fig. 2 with a single dis-
charge. The spectrum in Fig. 2 is made up of the data from
successive two discharges which are almost identical. In

the first measurement the wavelength range involving the
w to y lines is observed and for the subsequent discharge
the detector position is shifted so that the wavelength range
involving the y to z lines is covered. The amplitude of the
data taken in the second measurement is normalized to that
of the first measurement at the y line which is involved in
the both measurements. Here, the signal count is summed
every eight channels and is represented by a single point in
Fig. 2.

3 Model calculation

Here, we focus on the line intensity ratio of the k and w
lines which is known to have a strong Te-dependence [3].
Figure 3 shows a part of the energy level diagram of ar-
gon ion relevant to those lines. The upper level of the w
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Fig. 3 Schematic energy level diagram relevant to the w and k
lines of helium-like and lithium-like ions.

line 1s2p1P1, which is also denoted by w here, is consid-
ered to be in corona equilibrium, namely, its population
is determined so that the excitation from the ground state
1s21S0 and the radiative deexcitation to the ground state
are balanced. Under corona equilibrium the populations of
the ground state and the w level, ng and nw, respectively,
should satisfy the equation

Cwngne = Awnw, (1)

where Cw is the excitation rate coefficient due to electron
impact from the ground state to the w level, Aw is the spon-
taneous radiative transition probability from the w level to
the ground state, and ne is the electron density. The right-
hand-side of Eq. (1) is nothing but the intensity or the pho-
ton emission rate of the w line.

The upper level of the k line, which is also denoted
by k here, is the doubly excited state of lithium-like ion
1s2p22D3/2. The k level is mainly populated through the
dielectronic capture by the ground state helium-like ion
which is indicated with an arrow labeled as rd in Fig. 3.
The dominant population outflow processes are the au-
toionization and radiative decay to the singly excited level
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Fig. 4 Te-dependence of the rate coefficients Cw and rd (a) and
intensity ratios between helium-like lines k/w, x/w, y/w,
and z/w (b).

1s22p2P1/2. The latter process is called the stabilizing tran-
sition. The k level population, nk, is determined so that
these processes are balanced as

ngnerd = nk(Ar + Aa), (2)

where rd is the rate coefficient of the dielectronic capture,
and Ar and Aa are the probability for the stabilizing transi-
tion and the autoionization, respectively.

Since the dielectronic capture is the reverse process
of the autoionization, rd and Aa should satisfy the detailed
balance equation under thermodynamic equilibrium as[

ngnerd = nkAa

]
E
, (3)

where [· · · ]E indicates the condition of thermodynamic
equilibrium. The rate coefficient rd is expressed as

rd =

[
nk

ngne

]
E

Aa = ZkAa, (4)

where

Zk =
gk

2gg

(
h2

2πmkTe

)3/2

exp
(
−
χgk

kTe

)
(5)

is the Saha-Boltzmann coefficient. Here, gg and gk are the
statistical weights of the helium-like ground state and the
level k, respectively, χgk is the energy level difference be-
tween these levels, and h, m, and k are the Planck constant,
electron mass, and Boltzmann constant, respectively. Sub-
stituting Eq. (4) into Eq. (2) one obtains

nk =
Aa

Ar + Aa
Zkneng. (6)

The intensity of the k line is obtained as nkAr.
The intensity ratio of the k to w lines Ik/Iw is now

expressed as

Ik

Iw
=

ArAaZk

Cw(Ar + Aa)
. (7)

The Te-dependence of Cw and rd are shown in Fig. 4 (a)
and Ik/Iw is shown in Fig. 4 (b). The values Cw, Ar, and
Aa are taken from Ref. [5]. The strong Te-dependence of
Ik/Iw stems from the different Te-dependence of Cw and
rd. Intensities of other helium-like ion lines, x, y, and z,
can be obtained from a relation similar to Eq. (1). Figure
4 also shows the intensity ratios of x, y, and z lines to the
w line. The advantage of use of the k/w ratio in compari-
son with other line ratios for the Te measurement is clearly
observed.

4 Results and discussion

The intensities of the w and k lines are derived from the
measured spectra: each line profile is fitted with a Gaussian
function and its intensity is obtained as the integral of the
function.

The temporal development of the k to w line ratio is
shown in Fig. 5. The electron temperature is readily de-

2

1

0

T e
, T

i (
ke

V)
 

2.01.51.00.50
t (s)

 Te (argon)
 Te0 (Thomson)
 Ti (argon)

 
 

3

2

1

0 in
te

ns
ity

 ra
tio

 k
/w

k/w
a

b

Fig. 5 Measured intensity ratio of the k and w lines for the dis-
charge in Fig. 1 (a) and Te derived from the k/w ratio,
central Te by Thomson scattering, and Ti from Doppler
broadening of the w line (b).

termined from the calculation result in Fig. 4. The result
is shown in Fig. 5. In Fig. 5 the central electron tempera-
ture measured with the Thomson scattering method is also
shown. Before pellet injection (t < 0.7 s) the discrepancy
between two results is large. After starting the pellet injec-
tion the both values immediately coincide with each other.

The disagreement between the two measurements in
the early time period can be understood from the fact that
the present result is based on a line-integral measurement.
Figure 6 shows the radial profiles of Te and ne measured at
the timings indicated in Figs. 1. In the initial low density
phase the Te has a peaked profile while ne profile is hollow.
Roughly speaking, the line intensity is proportional to the
product of ni and ne, here ni stands for the helium-like ion
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Fig. 6 Radial profiles of Te and ne measured with the Thomson
scattering method at different four stages ((1)–(4)) of the
discharge in Fig. 1.

density. Although the density profile of helium-like ion
is probably peaked at the center, the line intensities could
have a broad profile due to the relatively high ne in the edge
region. Therefore, the contribution of the edge emission
in the observed line intensity might be so large that the
apparent Te is lowered.

After starting the pellet injection the Te profile be-
comes rather flat and ne is peaked at the center. Such char-
acteristics, i.e., peaked ne and flat Te profiles, are sustained
until the end of discharge although the highest values are
dynamically changed. Since Te profile is flat in this time
period, the value derived with the present method can be
regarded as that at the plasma center. As seen in Figure
5, the present result shows a good consistency with the
Thomson’s data, and the reliability of the present method
is demonstrated.

We next consider the line profile for the Ti measure-
ment. The ion temperature can be, in principle, derived
from the Doppler broadening profile of an appropriate
emission line. However, since the measured line profile is
generally a convolution of the instrumental profile and the
Doppler profile, deconvolution of the measured line profile
into two profile components is necessary to determine Ti.

The instrumental profile, which is here approximated
with a Gaussian function and represented by its width winst,
is evaluated as follows. When the density is so high that
equilibrium between the electron and ion temperatures,
namely, Ti = Te, can be assumed, the Doppler (Gaussian)
width wD is estimated from the measured Te. Since the
measured line width wobs has a relationship with winst and

wD as

w2
obs = w2

D + w2
inst, (8)

winst is derived. Here, winst for the w line at t = 1.7 s is
determined and thereby Ti in the entire discharge time is
derived. The relation among wobs, winst, and wD at t = 1.7 s
is shown in Fig. 7 and the eventually derived Ti is shown
in Fig. 5.
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Fig. 7 Measured profile of the w line and instrumental width
evaluated at t = 1.7 s.

Here, we focus our interest on Te and Ti derived with
argon spectra. Since they are derived from emission lines
of the same ion, they should reflect the plasma condition at
the same location though the detailed location is unclear.
It is observed in Fig. 5 that electrons and ions have yet to
reach thermal equipartition before pellet injection. Once
ne is increased, Ti shows the same temporal development
with Te until the end of discharge.

From all these results shown here, one may say that
the Te measurement technique with helium-like ion spec-
trum has arrived at the level for a practical use as well as
the Ti measurement although an attention should be paid
to the location where the dominant radiation takes place.
This problem can be solved if a higher Z ion is adopted so
that the emission is certainly localized at the plasma center.
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Since a dispersion interferometer is free from mechanical vibrations, it does not need a vibration compensation 
system even if a wavelength of a probe beam is short (e.x. infrared and near infrared region). This paper describes a 
new signal processing of the dispersion interferometer using a ratio of modulation amplitudes with a photoelastic 
modulator. The proposed method is immune to changes in detected signal intensities and the signal processing 
system becomes simple. Designs of the optical system of the dispersion interferometer for proof of principle, 
especially specification of a nonlinear optical crystal, are also shown. 

 
Keywords: interferometer, dispersion interferometer, non-linear crystal, photoelastic modulator, CO2 laser 

1. Introduction 
High reliability and resolutions are required for 

electron density measurements in fusion devices in order 
to control plasmas and to understand the plasma physics.  

A conventional heterodyne interferometer is widely 
used for the electron density measurement and has a high 
density resolution. It, however, suffers from fringe jump 
errors, which degrade reliability of the interferometer, in 
a high density range. These days the Large Helical 
Device (LHD) developed a high density operation regime 
whose central electron density is up to several times 1020 
m-3 [1], and the expected density range in ITER is about 1
×1020 m-3 [2]. Hence the problem of the fringe jump is 
becoming more significant. While a short-wavelength 
laser can reduce probabilities of the fringe jumps, phase 
errors caused by mechanical vibrations become 
significant. They should be suppressed with a vibration 
isolator or be compensated by adopting the two-color 
interferometry, which consists of two probe beams with 
different wavelengths (light sources). Even so, it is 
difficult to eliminate the vibration components 
completely because of slight differences in the optical 
path and wavefronts of probe beams and an optical 
system becomes complex and expensive. 

One candidate of the solutions is a density 
measurement with a polarimeter based on the Faraday 
effect [3-5] or the Cotton-Mouton effect [6-8]. Although 
density resolutions of polarimeters are less than these of 
the interferometers, it does not suffer from fringe jump 
errors and immune to mechanical vibrations principally. 
The other candidate is a dispersion interferometer [9]. It 
is also insensitive to mechanical vibrations and hence 

does not need the vibration isolator and the two-color 
interferometry system even if the short-wavelength laser, 
for example a CO2 laser and a YAG laser, is used. 

This paper describes a new signal processing of the 
dispersion interferometer using a ratio of modulation 
amplitudes. The proposed method makes the signal 
processing simple and can remove measurement errors 
due to changes in the detected signal intensity. Section 2 
briefly explains the principle of the dispersion 
interferometer and the new proposed signal processing. 
Section 3 shows a design of the proposed dispersion 
interferometer for the proof of the principle. Summaries 
are given in Sec. 4. 
 

2. Principle of dispersion interferometer 
2.1. Basic dispersion interferometer 

Figure 1 shows the principle of the basic dispersion 
interferometer [9]. A probe beam whose angular 
frequency is ω passes through a type-I nonlinear crystal 
to generate the second harmonic whose polarization angle 
is perpendicular to that of the fundamental. And then, the 
fundamental and the second harmonic components 
propagate along almost the same optical path. Phase 
shifts due to changes in the optical path length ∆d by 

Fig.1 Basic dispersion interferometer 
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mechanical vibrations are ω∆d/c and 2ω∆d/c, 
respectively. The phase shifts due to a plasma are 

ω/Lnc ep  and )2/( ωLnc ep , where )2/( 0
2 cmec ep ε= , 

en is the line averaged electron density and L is the 

optical path length in the plasma. After passing through 
the plasma the frequency of the fundamental wave is 
doubled again with the other nonlinear crystal. The 
remaining fundamental, which is not converted into the 
second harmonic, is cut by a following filter and the 
second harmonic components only go into a detector. 
Phases of these second harmonic components ϕ1 and ϕ2 
(second harmonics which are generated by the first and 
the second nonlinear crystals are noted as 1 and 2, 
respectively) are given as follows: 

22
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)2/(/22
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++∆+=
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Lnccdt

ep

ep  (1) 

where φ1 and φ2 are initial phases of second harmonics. 
The detected interference signal I between these second 
harmonic components becomes 
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As shown in Eq. (2), the phase shift due to mechanical 
vibrations is canceled out automatically. Hence, the phase 
of the interference signal is determined by only the 
dispersion of the plasma and is free from mechanical 
vibrations even with a short wavelength laser.  
 
2.2. Dispersion interferometer with a phase modulation 

Since Eq. (2) is the almost the same as the 
interference signal of a homodyne interferometer, the 
basic dispersion interferometer has the same disadvantage 
as the homodyne one: (i) restriction of the phase where 
Eq. (2) is a monotonic function (ii) necessity of 
calibration experiments of the detected intensity A and B 
and their variations during discharges lead to phase errors. 
The phase modulation method [10] with an 
electro-optical modulator (EOM) can reduce the 
influence of the intensity variations. The EOM, which is 
operated with a drive signal of πsin Ωt, is inserted 
between the first nonlinear crystal and the plasma. It 
gives a phase modulation of π sin Ωt only for the second 
harmonic components. As a result, the following 
modulated interference signal Ipm is detected.  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++Ω+= φ

ω
π

Lnc
tBAI ep

pm 2
3sincos   (3) 

Ipm is directly digitized with a higher sampling frequency 
than Ω. Due to the phase modulation the amplitude of Ipm 
changes between maximum (A+B) and the minimum 
(A-B). A and B are assumed constants during one 
modulation period and the DC component A and the 
amplitude B are evaluated from the digitized signal. And 
then, A is subtracted from the digitized signal and the 
amplitude of Ipm is normalized by B. The drive signal of 
the EOC is also digitized coincidently and the times t0 
when sin Ωt0=0 are determined. At the t0, normalized 
signal norm

pmI  becomes 

.
2
30cos ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++= φ

ω
Lnc

I epnorm
pm

  (4) 

The line averaged electron density can be calculated from 
the arcosine of Eq. (4). 
 
2.3. Dispersion interferometer using a ratio of modulation 
amplitudes 

Now we are designing a dispersion interferometer 
with a use of a photoelastic modulator (PEM) instead of 

 

Fig.2 Dispersion interferometer with a photoelastic modulator (PEM) and a signal processing using ration of 
modulation amplitudes 
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the EOM, whose modulation frequency is stable. Figure 2 
shows the schematic view. The modulator axis of the 
PEM is arranged parallel to the polarization direction of 
the fundamental in order to give phase modulations only 
to the fundamental. In this configuration, the following 
interference signal I (t) is obtained. 
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where ρ0 is the maximum retardation of the PEM, which 
is determined by the applied voltage to the PEM, ωm is 
the modulation frequency of the PEM. Here, cos(2ρ0sin 
ωmt) and sin(2ρ0sin ωmt) can be expanded with the Bessel 
function of order of n Jn. 
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In this way, the detected interference signal I(t) can be 
expanded with harmonic components of ωm. The 
following amplitudes of fundamental and the second 

harmonic components 
m

Iω  and 
m

I ω2 of the modulation 

frequency ωm can be measured with lock-in amplifiers. 
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From the ratio of these amplitudes, the line averaged 

electron density en  is obtained.  
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Here, ρ0 is set at 1.3 radian by applying the adequate 
voltage to the photoelastic material for J1(2ρ0) = J2(2ρ0). 
This new method of the phase extraction is completely 
free from variations of detected intensities A and B. In 
addition, it is simpler than that in Ref [10] and suits to 
real time measurements. 
 

3. Conceptual design of dispersion interferometer 
using a ratio of modulation amplitude 

For the proof of the principle, we are designing a 
dispersion interferometer with a CO2 laser whose 
wavelength is 10.6 µm. The CO2 laser to be used is 
GN-802-GES with an output power (MPB Technology 
Inc.) of 7.5W or LC-25 (DEOS) with 25 W. Either one of 
them will be selected according to a signal-to-noise ratio 
(SNR). One of important components for good SNR is the 
nonlinear crystal for second-harmonic generation (SHG) 
because the power of the second harmonics strongly 
depends on the specifications of the nonlinear crystal. 

  
3.1. Design of a nonlinear crystal for SHG 

Silver gallium selenide (AgGaSe2) is commonly used 
for SHG of 10.6 µm laser light. Table 1[11, 12] 
summarizes properties of AgGaSe2. The conversion 
efficiency η = P2ω/ Pω, where P2ω and Pω are the powers of 
the second harmonic and the fandamental, is given by [13]  
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where ω is the laser frequency, deff is the effective 
nonlinearity, l is the length of the crystal, n is the refractive 
index of the fundamental, ω0 is the beam waist, k2ω and kω 
are wavenumbers of the second harmonics and the 
fundamental, respectively. The last term, which includes 
∆k, stands for the phase matching condition. As is 
mentioned in Sec. 3.2, that is determined by the angle 
between the beam path and the optic axis of the crystal. 
Here, the phase matching condition is assumed to be 
satisfied and the term is given to be unity. It is noted that 
Eq. (9) presumes a plane wave for an incident light. This is 
approximately valid when the length of the crystal is less 
than the confocal focusing length z0 = πω0

2n/λ of the 
Gaussian beam. 

Generally, η of the second harmonic of a 
continuous-wave laser light is small, an order of 0.1%. 
Hence, it is favorable for good SNR to increase the power 
of the second harmonic as much as possible. Eq. (9) 

Table 1 Optical parameters of AgGaSe2 for 10.6 µm 
Transparency (µm) 0.8-18 
Refractive index no (10.6 µm) 2.5912 
Refractive index ne (10.6 µm) 2.5579 
Refractive index no (5.3 µm) 2.1634 
Refractive index ne (5.3 µm) 2.5808 
Phase-matching angle (deg.) 55.4 
deff (definition: P=dE2) 2.47×10-22 
Surface damage threshold Psd 
(kW/cm2, CW) 33-45 

Thermal-lensing threshold Pl (kW/cm2) 2 
Thermal conductivity (W/cm/K) 0.011 
Absorption coefficient (cm-1) 0.09 
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indicates that η increases with the power density of the 
incident beam. However, there are some following 
limitations in the power density and the crystal length. 

The maximum power density P0 = 2Ptotal / (πω0
2) of 

the focused Gaussian beam into the nonlinear crystal 
should be smaller than a surface damage threshold Psd of 
33 kW/cm2 for a cw laser. Here, Ptotal is the total incident 
power and ω0 is the beam waist (1/e2 power radius). In the 
case of AgGaSe2, the thermal-lensing effect, which 
decreases the SHG efficiency, should be considered. This is 
due to the small thermal conductivity, which is comparable 
to glass, for example. A threshold Pl for the 

thermal-lensing effect of 2 kW/cm2 reported in Ref. 11 and 
is smaller than Psd, allowable beam waist is determined by 
Pl. In this design, the maximum power density is set at the 
half of Pl, 1 kW/cm2, for safety. The resultant beam waist 
focused in the center of the crystal is 0.69 mm as shown in 
Fig. 1(a) for a total incident power of 7.5 W. 

The commercially available length of the AgGaSe2 
crystal is up to 20 mm at present. The upper limit of the 
crystal length which is determined by the confocal 
focusing length is much larger than available length for a 
beam waist of 0.69 mm as shown in Fig.1(b). 

Figure 1(c) shows the power of the generated second 
harmonic calculated with Eq. (9). In the case of 15 
mm-long crystal, 99 µW is generated from an incident 
beam with a power of 7.5 W and with a beam waist of 0.69 
mm. The transmissivity at the second harmonic of zinc 
sellenide ZnSe with anti-reflection coating at the 
fundamental, which is used for the PEM and two vacuum 
windows (not shown in Fig.2), is about 0.65. That of IR 
filter made of sapphire which eliminates the fundamental 
(see Fig.2) is about 0.7. Hence the total transmissivity of 
the second harmonics which is generated in the first 
nonlinear crystal is 0.653*0.7=0.19. When the 
thermoelectrical cooled IR photovoltaic detector 
PVI-3TE-5 (Vigo system, Responsivity: 2 (A/W)) with the 
preamplifier STCC-04 (Vigo system, Transimpedance: 105 
(V/A)) are used, the output voltages I1 and I2 becomes as 
follows.  

I1 = (99*10-6 )*0.19*2*105 = 3.8 V 
I2 = (99*10-6 )*0.7*2*105 = 14 V 

Considering the efficiency of interference and reflectivity 
of mirrors and so on, the detected power will be slightly 
smaller. Nevertheless, these generated powers of the 
second harmonics are enough to be detected. 
 
3.2. Phase matching condition 

The second harmonic is continuously generated along 
the optical path in the nonlinear crystal. If phases of the 
second harmonic which is generated at the entrance region 
and the central region in the crystal, they interfere each 
other and the total power of the second harmonic decreases. 
In order to suppress that, the phase of the second harmonic 
should be matched (phase matching condition). For that 
purpose, the fundamental is injected into the crystal in the 
certain angle θm against the optic axis of the crystal to 
satisfy ne

(2ω)= no
 (ω) based on the birefringence. In the case 

of the type-I nonlinear crystal, which is used in this 
dispersion interferometer, the fundamental and the second 
harmonic are ordinary and extraordinary wave, 
respectively. θm is given by following expression [13]. 
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Fig.3 Dependence of (a) maximum power density, (b) 
upper limit of crystal length and (c) power of second 
harmonic component on a beam waist at a nonlinear 
crystal in the case of an incident beam with a power of 
7.5 W. The nonlinear crystal is AgGaSe2. 
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Assigning refractive indexes, θm of AgGaSe2 becomes 
55.4 deg. ∆k is also given by  
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and ( ) ( ){ }222sin klklF ∆∆=  is plotted in Fig. 4. The 
half width of F for the 15-mm long crystal is only 0.3 deg. 
Since a beam deviation angle of the CO2 laser beam 
caused by a density gradient is an order of 0.01 deg. in 
the case of a LHD plasma with a density profile of 1×1020 
(1-ρ8) m-3, for example. However, it should be pay 
attention to the reduction of the power of the second 
harmonic in the high density range where the beam 
deviation angle becomes large.  

 
3.3. Temperature raise of the nonlinear crystal 

The temperature of the nonlinear crystal raises due to 
absorption of the laser power. The absorbed power Pabs is 
given by 

( )[ ]lPP totalabs α−−= exp1   (12) 
where α is an absorption coefficient. 0.09 cm-1 is reported 
for AgGaSe2, then Pabs becomes 0.95 W. The heat balance 
between the crystal and surrounding air is written by  

)(abs0 hSPTT +=   (13) 
where h is the heat transfer coefficient, S is the surface area 
of the crystal, T is the crystal temperature, T0 is the air 
temperature (here, 27°C). Assuming the heat transfer 
coefficient is 10 Wm-2K-1 pessimistically, the crystal 
temperature raises up to 371°C for the 5×5×15 mm-size 
crystal (S=2.25 cm2 excluding the bottom plane 5×15 mm2). 
In case that the surface area is increased up to 50 cm2 by 
attaching a heat sink, the crystal temperature is only 47°C. 
Although the temperature is uniform inside the crystal in 
this rough estimation, the small thermal conductivity of 
AgGaSe2 makes heat gradient between the central region 
and the surface. Hence it is necessary to have enough 

temperature margins for designing of the heat sink and 
cooling. 
 

4. Summary 
A dispersion interferometer is one of candidates of 

reliable electron density measurement. We propose the 
dispersion interferometer using a ratio of modulation 
amplitudes with a PEM. This method removes 
measurement errors from changes in the detected signal 
intensity and makes the signal processing simple and easy 
to use for real time feedback control. AgGaSe2 is selected 
for SHG of a CO2 laser dispersion interferometer for proof 
of the principle and the power of the generated second 
harmonics is estimated. 
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A microwave reflectometer is developed for electron density profile measurement in Heliotron J. An amplitude 
modulation (AM) type system is adopted to reduce density fluctuation effects. The carrier frequency ranges from 33 
to 56 GHz, and the modulation frequency is 100 MHz. The X-mode is selected as the propagation mode in order to 
measure a hollow density profile typically which is observed in ECH plasmas. A test-bench examination using an 
aluminum reflection plate shows that the measured phase shift agrees well with that expected from the change in 
the plate position if the dependence on the RF signal power is taken into account. A numerical program to 
reconstruct density profile from the measured phase shift data has been also developed. The result confirms that the 
program works well for modeled flat or hollow density profiles. 

 
Keywords: reflectometer, amplitude modulation, electron density profile, Heliotron J 

1. Introduction 
Measurement of electron density is one of the 

important issues to understand the plasma confinement and 
transport. Microwave reflectometer is widely used for 
density profile and density fluctuation measurements [1, 2]. 
The advantage of electron density profile measurement by 
reflectometer is that the time evolution of local electron 
density profile is possible to measure during a plasma 
discharge with good time and spatial resolutions. It has few 
limitation of installation port and does not need any 
assumption of the shape of magnetic surfaces.  

Several types of reflectometer have been developed 
such as a frequency modulation (FM) reflectometer, an 
amplitude modulation (AM) and a pulse radar 
reflectometer. The electron density profile measurement by 
AM reflectometer has been carried out in T-10 tokamak [3], 
W7-AS [4], TJ-II [5] and HL-2A [6]. The advantages of 
the AM method are that it can suppress the effect of density 
fluctuations in profile measurement and that it can avoid 
the fringe jump by setting the whole of phase shift less than 
2p. 

In Heliotron J, it is an urgent task to obtain the 
electron density profile. The goal of this study is to develop 
a microwave reflectometer for Heliotron J and to 
investigate the particle transport from the density profile 
measurement.  

In this paper, we describe current status of a 
microwave AM reflectometer system for electron density 
profile measurement in Heliotron J. We show results of 
characteristics test in a test stand and the program to 
reconstruct the density profile from the measured phase 
shift data.  
 
2. Design of the reflectometer system 
2.1 Basic design 

Heliotron J is a medium-sized helical-axis heliotron 
device (<R0> = 1.2 m, <a> = 0.17 m, B0 £ 1.5 T) with an 
L/M = 1/4 helical coil [7]. The main purpose is to explore 
the optimization of the field configuration in helical-axis 
heliotron. The plasma heating systems are a 
second-harmonic X-mode ECH (70GHz, 500 kW), a 
two-loop-antennae ICH system (19-23.2MHz, 600 kW) 
and two tangential beam NBI systems (30kV, 700 kW). 
The electron density ever attained is`ne£4.0´1019 m-3.  

The main goal of this reflectometer is to measure the 
electron density profile in the wide confinement region. 
As a first step, however, the low density plasma 
(`ne£1.0´1019 m-3) is targeted. The sweeping time of the 
carrier frequency is set as less than 1 ms, which is shorter 
than the typical energy confinement time of Heliotron J 
plasma.  
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Figure 1 shows the radial profiles of the right-hand 
cut-off frequency, fR, the plasma frequency, fpe, and the 
electron cyclotron frequency, fce, along the line-of-sight. 
The electron density profile is assumed to be hollow, 
given by  

 
(1) 

 
Here ne(0) is determined to satisfy the condition, 
`ne=1.0´1019 m-3. 

In helical systems, a hollow density profile is 
typically observed in ECH plasma. In such a profile, the 
central density cannot be measured by using the O-mode. 
Since there is an appropriate gradient of magnetic field in 
Heliotron J, the X-mode is selected as the propagation 
mode. By using the carrier frequency of 33-56 GHz 
(nearly Q-band), it is possible to obtain density profile 
over the full range of plasma radius for low-density 
plasmas. 
 
2.2 Schematic of the AM reflectometer 

Figure 2 shows the schematic of the designed AM 
reflectometer. A pulse generator supplies a 
triangular-wave of 1 kHz to a voltage controlled 
oscillator (VCO) of 8.25-14 GHz. The frequency band of 
33-56 GHz is generated by the VCO and a ´4 frequency 
multiplier. A Q-band waveguide transmission of 8 m long 
is used for transmission in order to suppress the resonant 
attenuation which is observed when using oversized 
waveguides. After transmission, the microwaves are 
modulated in amplitude with the frequency of 100 MHz 
by using a PIN modulator. Low-pass filters are assembled 
to remove the effect of 70 GHz ECH. Horn antennae are 
used for launching and receiving microwaves. A 
heterodyne detection system is applied to detect the 
reflected signal. A phase meter consists of a frequency 
down-converter (from 100 MHz to 5 MHz) and a phase 
detector. The phasemeter also measures the RF signal 

power to correct the power dependence of the phase 
comparator. The outputs of the pulse generator, the RF 
input amplitude and the phase difference are stored by a 
data acquisition system with the sampling time of 1 msec. 
 
3. Measurement results in test stand 

The performance of each microwave component has 
been measured in a test stand before installing the system 
in Heliotron J. Figure 3 shows the dependences of the 
frequencies and intensities of the VCO and the multiplier 
on the VCO input voltage. The output frequencies are 
controlled stably by the VCO input voltage, and the output 
intensities are almost constant for the operation range of 
the VCO input voltage. Figure 4 shows the phase outputs 
and signal intensities of the modulated signal at the front 
and end of the 8 m Q-band waveguide transmission. In the 
whole range of carrier frequencies, the phase output is 

Fig.2  Schematic of the AM reflectometer.  
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almost flat. However, since the intensity is weak, it needs 
to amplify the signal for reliable measurement.  

The phase measurement has been conducted by using 
an aluminum reflection plate instead of plasma. The length 
of the transmission line is changed by moving the plate in 
the range of 30 cm at an 1 cm interval. Figure 5 (a) shows 
the dependence of the phase shift on the plate displacement. 
It can be seen that the phase output of the phasemeter 
depends on the RF input amplitude. This dependence is 

caused by the characteristic of the limiting amplifier in the 
phasemeter. Figure 5 (b) shows the corrected phase shift 
data by using the calibration data of the phase output. The 
calibration reduces the root-mean-square error from 2.4 
degree to 1.4 degree. The phase shift agrees well with that 
expected from the change of the plate position when the 
amplitude dependence is taken into account.  
 
4. Density profile reconstruction method 
4.1 Algorithm of profile reconstruction 

The phase shift of the probe signal from the 
reference signal is written as 

 
(2) 

 
where fn is the carrier frequency, rn is the position of 
cutoff layer corresponding to fn and NX is the refractive 
index of X-mode. By using Eq. (2), the position of the 
cutoff layer is determined, and the density profile can be 
reconstructed. 

The algorithm to reconstruct the density profile is as 
follows. By considering the difference between two phase 
shift data, the phase shift caused by the difference of the 
transmission length outside LCFS between the probe and 
the reference signals can be removed.  
 
 
 
 

(3) 
 
At the cutoff layer, the left-hand side of Eq. (3) can be 
approximated as Drn NX(rn, fn+1)/2 since NX(r, fn+1)=0. 
Here Drn= rn+1- rn is given by  
 
 
 

(4) 
 
The integral term of Eq. (4) can be calculated by using a 
trapezoid formula. Consequently, the density profile can 
be reconstructed if the initial density value is determined 
by other diagnostics, for example, Langmuir probe. 

 
4.2 Results of reconstruction using model profiles 

In order to validate the reconstruction algorithm, 
model electron density profiles are reconstructed by the 
program calculating Eq. (4). The profile is chosen as a 
flat or hollow density one. The electron density is 
assumed as the line-averaged density,`ne=1.0´1019 m-3, 
and the edge density, ne(r=1)=0.2´1019 m-3. Here r 
denotes the normalized minor radius. 

The reconstruction results are shown in Fig. 6. Here, 
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the cutoff layer position of 33 GHz is assumed to be 
located at r=1. At the both profiles, the density profiles 
are reconstructed with the error less than 5 % in the 
center region. This indicates that the program can 
reconstruct density profile in the whole plasma region 
with the sufficient accuracy for density profile 
measurement. For a high-density model (2.0´1019 
m-3£`ne£3.0´1019 m-3), the density gradient at the edge 
region can be evaluated within 10 % accuracy.  

 
5. Summary 

The AM reflectometer is developed for the electron 
density profile measurement in Heliotron J. The 
measurement results in a test stand show that each 
microwave component works well and the phase shift is 
measured as designed.  

A program to reconstruct density profile from the 
relative phase shift data has been developed. The program 
has been examined by using modeled density profiles 
such as flat and hollow ones. The result confirms that the 
program works well for the modeled shapes of the density 
profile model with accuracy of fewer than 5 % for low 
density at the plasma central region.  

The reflectometer system is under installation in 
Heliotron J. In order to measure the profile with 
satisfactory accuracy, it is necessary to improve detection 
system sensitivity and S/N ratio. Therefore, we plan to 
install more sensitive detector and Q-band microwave 
amplifier. The electron density profile will be measured 
in ECH, NBI and ICRF plasmas in the near future. 
 

Acknowledgements 
The authors are grateful to the Heliotron J team for 

their excellent arrangement of the experiments. This work 
was partly supported by NIFS/NINS under the NIFS 
Collaborative Research Program (NIFS04KUHL005) and 
the project of Formation of International Network for 
Scientific Collaborations. 
 

References 
[1] C. Laviron, et al., Plasma Phys. Control. Fusion 38 905 

(1996) 
[2] E. Mazzucato, Rev. Sci. Instrum. 69 2201 (1996) 
[3] V. Zhuravlev, Proc. 26th EPS Conf. on Controlled Fusion 

and Plasma Phys. (Maastricht, 1999) Vol. 23J, p857. 
[4] M. Hirsh, et al., Rev. Sci. Instrum., 67 1807 (1996). 
[5] T. Estrada, et al., Plasma Phys. Control. Fusion 43 1535 

(2001) 
[6] W. Xiao, et al., Plasma Science & Technology, Vol. 8, No. 

2 (2006) 
[7] T. Obiki, et al., Nucl. Fusion 41, 833 (2001) 

Fig.6  Reconstructed profiles, (a) flat density profile and 
(b) hollow density profile at`ne=1.0´1019 m-3. 
 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5
 Reconstruct    Model

 

 

`n
e [ 

´ 
10

19
m

-3
]

r

(b) 

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

`n
e [ 

´ 
10

19
m

-3
]  Reconstruct    Model

 

 

r

(a) 

P2-36

409



Proceedings of ITC18, 2008
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LABCOM data acquisition and management system has already provided full functions in both the local and
remote participations for the LHD experiments. This study newly added the function to deal with experimental
raw data not only in one experimental device but also from multiple distant sites. Its original distributed structure
has enabled the multi-site modification with a minimum change mainly within the data location indexing database
for clustered storage. However, the access permission and restriction for each site’s data and users should be
strictly implemented. The system has started its operation since 2008 under bilateral collaboration between
LHD, QUEST, and GAMMA10 experiments, aiming to organize “Fusion Virtual Laboratory” in Japan.

Keywords: LABCOM, clustered storage, SINET3, LHD, QUEST, GAMMA10, Fusion Virtual Laboratory

1 Introduction

Remote participation technology is one of the most impor-
tant fundamentals for modern fusion experiments [1, 2]. It
is recently based on over 10 Gbps information highways,
in which many Giga-bytes or sometimes Tera-bytes exper-
imental data are shared by distributed collaborators.

On the other hand, the amount of experimental data
which continuously keep growing (Fig. 1) often causes the
operational staffs too heavy management burden. Such the
increasing costs of data management will possibly be op-
timized by an intensive administration of the data storage
system through the ultra-wideband networks. The Inter-
net Data Center (IDC), which provides centralized moni-
toring and control for data resources, is a typical example
to streamline the data management in commercial fields.
This solution would be also required in physics research
experiments.

SINET3 is Japanese academic information highway
operated by National Institute of Informatics (NII) having
10 or 40 Gbps backbone [3]. It also serves Layer-2 or
Layer-3 IP virtual private network (VPN) exclusively for
fusion research community whose name is “SNET” [4]. It
is intrinsically equipped with both the wide bandwidth and
high security.

SNET has been hosted by NIFS since 2001 fiscal year,
at first for the LHD remote participation activities [5, 6].
From 2005 FY, the bilateral collaboration programs be-
tween NIFS and research centers of other universities has
additionally come into operation. The most typical exam-
ple of it is the All-Japan spherical tokamak (ST) research

author’s e-mail: nakanishi.hideya@lhd.nifs.ac.jp

program [7] where remote data acquisition can be realized
between its new experimental device “QUEST” and LHD’s
data repository.

In this study, we have modified the LHD data acquisi-
tion and management system to be able to deal with mul-
tiple experiments and their data simultaneously. In the fol-
lowing sections, required specifications and applied imple-
ments are described with their effectiveness.

2 Objective: Access controls for mul-
tiple sites

As mentioned in the previous section, one of the most im-
portant objective of this study is to build easily extend-
able data storage with the centralized management. LHD
data repository has already possessed multiple disk vol-
umes and the FibreChannel based storage area network
(FC-SAN) by way of yearly increase of their capacity. FC-
SAN is de factostandard of massive-size storage shared
for various uses.

LABCOM data system can already provide full func-
tions in both the local and remote participations for the
LHD fusion experiments [8, 9]. In this study, however, we
have to add a new function to deal with acquired raw data
not only in one experimental device but also from multiple
distant sites.

When sharing the clustered storage volumes among
different experimental sites, a clear distinction should be
given to the access permission and restriction for data and
users of each site. These access controls shall be imple-
mented on the indexing database by adding a new “site”
key to prior “diagnostic (data) name” and “shot number”
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Fig. 1 Data growth in LHD, per-shot size (top) and cumula-
tive amount (bottom): 1c∼11c mean annual experimen-
tal campaigns of LHD. 90 GB/shot is the world record of
acquired raw data in one plasma experimental discharge.
All the acquired data are kept online to be accessible for
every collaborators.

keys. The “site” should control both the diagnostic data
and the user groups. Table 1 shows the essential part of
this upgrade.

3 New LABCOM/X data acquisition
and management system

R&D for LABCOM data acquisition and management sys-
tem has been started since 1995, aiming for constructing a
new plasma diagnostic data system for Large Helical De-
vice (LHD) experiment in NIFS. As the first plasma was
established in March 1998 [10], it has experienced ten
years’ annual campaigns until now.

One of the most remarkable achievements was to es-
tablish a new world record of diagnostic data amount ac-
quired in one fusion plasma discharge. It has been achieved
by means of a brand-new technology of ultra-wideband
real-time data acquisition whose maximum performance is
up to 160 MB/s for each digitizer front-end [11].

The LABCOM system has originally a distributed
structure in which data acquisition and storage elements
are completely separated on fast network [12]. When
wide-area networks (WAN) could be equivalent to local

Table 1 Related tables in “facilitator” database; components of
main “shot” table (left) and contents of new “site” table
(right): Bold-typedshot#, diag#,andsite# are the pri-
mary keys.

Column Modifiers
shot not null

subshot not null
diag id not null
host id not null

mediaid not null
registno not null
note id not null
site id not 0 default 1

site id site name
1 lhd
2 quest
3 gamma10

one (LAN) on its throughput, there is no logical difference
between them. The multi-site modification was, therefore,
realized with a minimum change mainly on the facilitator
database which informs the data locations shown in Fig. 2.

Client Server

Facilitator
2.

 q
ue

ry


3.
 r

ec
om
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n
d

4. request
5. answer

1. advertise

Fig. 2 Recommend-type facilitator model: The facilitator never
mediate the requests but only recommend the appropriate
server to send them [13]. It is suitable for the distributed
data store and retrieval system which must transfer many
binary large objects (BLOBs) without any bottlenecks.

The access restriction between multi-sites’ data and
user groups has been implemented by a combination of
database’s user account corresponding to site’s user group
and its access permission to registered IP addresses. It
means that every stored data belong to their own site, and
also the data retrieval computers are independently regis-
tered for each site.

The main “shot” table shown in Table 1 contains more
than 14 million entries of the experimental data. By means
of database’s embedded acceleration of key indexing, how-
ever, a query search be answered in about 0.14 second.

The multiple sites’ data handling system has started
the operation since September 2008, under bilateral col-
laborations between LHD in NIFS, QUEST in RIAM,
Kyushu Univ., and GAMMA10 in PRC, Univ. of Tsukuba.
Due to such the topological evolution, we newly name the
data system as “LABCOM/X”. Fig. 3 show the schematic
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Fig. 3 Multi-site data acquisition and management system based
on SNET; physical view (top) and logical scheme (bot-
tom).

views.

4 GFS2 storage cluster and data repli-
cation

For a multi-sites’ data repository, it will be quite essential
that plural I/O servers should work redundantly and even
in load-balancing. The cluster filesystem provides the syn-
chronization mechanism of the content data among them.
We use Red Hat Global File System (GFS) [14] and its ver-
sion 2 (GFS2) afterward, whose I/O performance is almost
the same as ordinary local ones like xfs or ext3 (Table 2).

Generally, cluster filesystems such as Sun’s Lustre
File System or IBM’s General Parallel Filesystem (GPFS)
provides better performance in writing huge data volumes
by means of split I/O into many storage nodes. To keep
the consistency among their distributed chunks, it usually
needs at least one metadata server or service process. On
the other hand, GFS never split a file into many or dis-
tributed chunks. It only provides a distributed file locking
mechanism to synchronize the file appearance among the
cluster node computers. So, it is also possible for us to
use GFS volume as a local filesystem without any meta-
data server. This feature is quite advantageous when some
GFS volumes are filled and changed to be read-only ones,
as shown in Fig. 3.

Another possibility to make data replication was hard-
ware or software mirroring. When using a number of huge

a new data inserted
⇓

generate a replication request
⇓

queue table
↑

utility check periodically
↓

if queue, replication requests are executed then erased

Fig. 4 Replication queuing algorithm between database table
and the utility.

disk arrays, however, it would be more disadvantageous
due to the extremely long rebuilding time in recovery when
inconsistency disorders happened.

After above mentioned discussions, we have made a
specific utility to replicate newly appeared data files which
runs in cooperation with the facilitator database. Ap-
plied replication scheme is a simple combination of re-
quest queuing and their cyclic batch execution, as shown in
Fig.4. It never check the equality between the source and
destination volumes, only making the incremental copies
of newly appeared files. Such the loosely tied data mir-
roring mechanism is rather preferable for flexible storage
operations.

We have also changed the data migration scheme. Be-
tween the distant data acquisition (DAQ) servers and stor-
age ones, we previously adopted the network filesystem
(NFS) to share the cluster volume on local-area network, in
other words, within a single LHD site. However, it could
be less reliable for the distant data sharing because NFS
was designed basically to be used on LAN. Moreover, over
seventy NFS clients were constantly connected to the NFS
server during the experimental sequences and occasionally
caused overloads on server.

For the above reasons, we have abandoned NFS and
applied the ftp-based method for it. As its client only es-
tablishes a network session during the file transfer and will
be disconnected when completed, the server-side load effi-
ciency has been much improved. It also has an advantage
to be easily replaced by some higher-throughput parallel-
session ftp, such as GridFTP [15], both for the future ex-
tension and far distant migration.

Table 2 Throughput difference between local (ext3, xfs) and
cluster (gfs2) filesystems: These are the results from
100 MB write tests of “dd if=/dev/zero of=outfile
bs=1024 count=102400” and “count=1048576”.

filesystem I/O rate (100 MB) I/O rate (1 GB)
ext3 0.635 s 165 MB/s 8.63 s 124 MB/s
xfs 0.811 s 129 MB/s 8.53 s 126 MB/s
gfs2 0.869 s 121 MB/s 6.68 s 161 MB/s
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5 Conclusion and remarks for future

The LABCOM storage cluster has proved the effectiveness
for the use of multiple fusion experiments. It is on-demand
extendable with FibreChannel storage area network (FC-
SAN) and multiple disk volumes.

Considering about the preprogrammed sequential op-
eration and the data granularity of fusion experiments,
the simple network locking algorithm provided by GFS2
seems more preferable for us to fast split I/O cluster filesys-
tems having a metadata server. Newly developed replica-
tion utility also provides a good flexibility for sustaining
the data protection on it. The ftp-based new migration
scheme has proved its reliability having no trouble during
one year experiment on LHD.

We will further advance the “Fusion Virtual Labora-
tory” in Japan to demonstrate the next-generation and com-
ing ITER and ITER-BA multi-site experiments.
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In JT-60U, the multi channel neutron profile monitor measured the line-integrated neutron emission. A 
digital-signal processing (DSP) system was applied to every neutron detector of the neutron profile monitor. A new 
2D mapping method of DSP data analysis was developed to discriminate neutrons from γ-rays. The combination of 
DSP and the 2D map enabled the simultaneous measurement of DD and DT neutrons with one detector. The time 
evolution of DD and that of DT neutrons showed different response to the ITB formation, depending on the viewing 
chord. 

 
Keywords: JT-60U, neutron diagnostics, Digital-signal-Procssors, triton burn-up 

 

1. Introduction 
The information on the energetic ion behavior in 

deuteron heated deuterium plasma can be obtained by 
measuring the line-integrated neutron emission rate with 
neutron detectors viewing the plasma along a number of 
chords (a neutron profile monitor) [1]. To avoid 
contamination of γ-rays and the scattering component in 
a neutron profile measurement, it is important to use a 
detector that discriminates neutrons from γ-rays and is 
insensitive to low-energy neutron. To discriminate 
neutrons from γ-rays, several kinds of scintillators, such 
as NE213, Stilben crystals, NE451 have been used [1], 
combined with sophisticated discrimination electronics, 
which require a finite process time and hence prevent the 
high counting rate measurement. 

In JT-60U, a digital-signal processing (DSP) system 
was developed and applied to all neutron detectors of the 
multi channel neutron profile monitor of seven viewing 
chords [2-6], to overcome this problem in the count rate. 
Then, it is important to develop a fast and reliable n-γ 
discrimination logics and the software for the digital data 
analysis. 

In the present study, a new 2D n-γ discrimination 
mapping method was introduced and applied to the DSP 
data from the neutron profile monitor of JT-60U. The 
neutron profile measurement was successfully carried 
out during the 2008 campaign of JT-60U, using this new 
system. 

In JT-60U, DD neutrons were produced in a deuterium 
plasma heated by D0-beams. The DT neutrons were 

produced as well by triton burn-up, and their time 
evolution can be used to predict 3.5MeV α-particle 
behavior in a fusion reactor. The separation of DT 
neutrons form that of DD was clearly performed, and the 
time evolutions of both DD and DT neutrons were 
obtained. They showed different behaviors depending on 
the viewing chord. 
 

2. Neutron Profile Monitor of JT-60U  
In JT-60U, the multi channel neutron profile monitor 

had seven viewing chords; six chords view the plasma 
poloidaly and one chord views vertically. Details of the 
viewing and collimation systems were described in Ref. 
2. 

2. 1  Hardwares  
Each viewing chord equipped a neutron detector of 

stilben crystal. A stilben crystal is sensitive not only to 
neutrons but also to γ-rays. It is necessary to discriminate 
neutrons from γ-rays. An analog neutron-γ pulse shape 
discrimination circuit had been used in order to measure 
collimated neutron flux [2]. However, the maximum 
count rate of the analog n-γ discrimination circuit was 
limited below ~1x105 cps. To overcome this problem in 
the count rate, a digital-signal processing (DSP) system 
was developed for neutron detectors [3, 5]. In this DSP 
system, output pulses from an anode of a photo 
multiplier tube (PMT) of a detector are recorded as 
continuous waveform using a fast flash analog-to-digital 
converter (flash ADC) [6]. One pulse decayed typically 
within ~100ns. Therefore, the flash ADC was required 
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with a nano-sec range sampling rate of digitizing 
outputs. 

This DSP system had been extended to seven chords 
of the neutron collimator system [6]. The recorded data 
size was 7GB per discharge. A sampling rate was usually 
200 M-samples/s, which was chosen from the 
optimization between the pulse shape discrimination 
quality and the time period covered by the system, 
though the maximum sampling rate was 5 G-samples/s 
[5,6]. With the ADC sampling rate of 200 M-samples/s, 
the time duration covered by the data acquisition scheme 
was about 2.68 s. A recorded data was stored once in the 
flash ADC, and it was transferred to a HDD of a PC after 
the measurement.  

A recorded data was analyzed with an off line 
software,  (1) to discriminate neutrons from γ -rays, (2) 
to obtain a pulse height spectrum to separate DD and DT 
neutrons in every time bin, typically 10 ms, and (3) to 
obtain the time evolution for both DD and DT neutrons. 
 
2.2 Pulse shape analysis 

To discriminate neutrons from γ-rays, a charge 
integration method was used in the software, using the 
difference in the decay time of an output pulse. This 
system successfully achieved the counting rate capability 
higher than ~1x105 counts/s [5]. The software for the 
pulse shape analysis had following function: (1) catches 
the maximum of the digitized pulse height for each pulse, 
and saves it as “height”, (2) produces 3 integrals “fast”, 
“slow”, and “total”, (3) rejects pile up events. The 
neutron-γ-rays (n-γ) discrimination was done using the 
charge integration method in which each pulse is was 
integrated for two time intervals as shown in functions of 
software. The integral for the time interval near the pulse 
peak was defined as “fast”, and the other was called 

“slow”. A value of “total” was integrated from the time 
when pulse rises up to the end of the interval for the slow. 

Fig.1 shows pulse shape digitized in 2 G-samples/s, and 
time intervals of fast and slow. As shown in Fig.1, a decay 
time of neutron is longer than that of γ-ray. In the other 
word, charges of neutron are lager than that of γ-rays 
which has the same pulse height as that of neutron. Using 
three values, “fast”, “slow”, and “height” for one pulse, a 
two dimensional (2D) map in height–slow normalized 
with (fast+slow) space can be plotted to discriminate 
neutrons as shown in Fig.2. One dot is plotted against 
one pulse. Neutrons are discriminated graphically using 
this 2D map. 

In Fig.2, there are two peaks at ~0.15 and ~0.25 of the 
normalized slow. The peak that has small charge is γ-ray. 
Most of pulses due to neutrons are distributed in low 
height region below the height of 0.2. Pulses distributes 
in this region is considered as DD neutrons. A few 
neutrons distributed above the height of 0.2 can be DT 
neutrons, which are produced in the DT fusion reaction 
emitting 14 MeV. In figure 2, neutron events are not 
separated from that of γ−rays in the low energy of the 
height below 0.05, and in the high energy region above 
0.7. To solve the problem in the low energy region, a 
value of “total”, which was the integration over the 
whole pulse, was used. fast/total and slow/total were 
used as the parameters of a 2D map shown in Fig.3. 

There are two groups in Fig.3, and neutrons are 
discriminated clearly from γ−rays comparing with Fig.2. 
To investigate feature of a new n-γ discrimination, we 
selected neutron region in Fig.3 and plotted these pulses 
again in the conventional 2D map whose parameter was 
height and slow/(fast+slow). As a result, the separation 
was successful for low energy. However, it was found 
that some high-energy γ−rays were counted as neutron. 
Therefore, a conventional height–slow space 
discrimination was further done for the neutron events 
selected by the new 2D map of the normalized fast-slow 
space (double 2D discrimination). 

Fig.1  An example of a pulse shape digitized with 2
G-samples/s. Time intervals of fast and slow
are indicated by dotted lines. The decay time
of neutron is longer than that of γ-ray. 

Fig.2  A 2D map in height – slow space for n-γ
discrimination. 
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To obtain the profile of DT neutron emission rate, it is 
important to discriminate DT neutrons for all detectors. 
The time interval of the charge integration method was 
the same value for all detectors on supposition that all 
detectors had the same pulse shape. However, some 
detectors did not discriminate DT neutrons from 
energetic γ-rays. To solve this problem, the pulse shape 
analysis was done using pulses recoded in high sampling 
rate (2 G-samples/s). As a result, it was found that pulse 
shape was different for each detector. The time intervals 
were changed for each detector in the software, and then 
all detectors achieved success in discriminating DT 
neutrons from energetic γ-rays. 

 

3. Triton burn-up 
In JT-60U, DD neutron was measured mainly because 

energetic deuterium was injected as neutral beam (NB) 
into the deuterium plasma. Not only 2.5 MeV neutrons but 
also 1MeV tritons are produced through the DD fusion 
reaction. When tritons are confined in the bulk plasma and 
slow down to the energy region suitable for DT reaction 
by collision with mainly electrons, they may react with 
deuteron and then produces 14.1MeV neutron. In the DSP 
system, DT neutron was measured as well as DD neutron 
simultaneously using the same detector. Fig.4 shows a 
pulse height distribution of neutrons that is discriminated 
from γ-rays using the double 2D discrimination. In Fig.4, 
the edge near 0.15 of height is considered as the DD 
neutron edge. The counts distributing above 0.15 are DT 
neutrons, showing that the DSP system successfully 
achieves DT neutron detection. High neutron counts in the 
low energy region is considered to be scattered neutron 
component. 

To obtain the time evolution of DD neutrons and DT 
neutrons respectively, two regions were defined in the 
height distribution. As shown in Fig.4, one region defined 
for DD neutrons is from 0.05 to 0.15, the region for DT 

neutrons is above 0.4. A histogram of neutron in the each 
region is produced against time, and then the time 
distribution of neutrons is obtain as shown in Fig.5 (e) - 
(h). The DT neutron emission rate is less than that of the 
DD neutron by the order of 2-3 in Fig.4, similar to the 
ratio reported from other large tokamaks [1]. Therefore, it 
is necessary that a counting time interval of DT neutron is 
longer than that of DD neutron to raise statistical 
precision. In Fig.5, the time interval for DT neutron is 
ten times longer than that for the DD neutron. Therefore, 
the time evolution of DT neutron is shown with dots due 
to low time resolution. If the DT neutron emission rate is 
higher, the time resolution can be higher. 

Fig.5 shows the time evolution of neutron emission 
rate measured by the DSP system and plasma parameters. 
In this discharge, the plasma was heated by the 13 MW 
positive ion based neutral beams (PNBI) and ~2.9 MW 
electron cyclotron heating (ECH).  The plasma current 
was 1.2MA and the toroidal magnetic field was 3.7T.  
The plasma was disrupted at 7.4s. 

The DSP system measured the line-integrated neutron 
emissivity, not local neutron emissivity. An absolute 
value of the line-integrated neutron emission rate in a 
chord cannot be compared with that in others because the 
geometrical efficiency and the detection efficiency have 
not yet considered. During the measurement of the DSP 
system, power of PNB was almost constant and ECH 
was injected from 6.0 s. Electron temperature and 
density increased remarkably from 6.3 s in the core 
region. Namely an internal transport barrier (ITB) was 
formed. Total neutron emission rate measured by the 
fission chamber increased gradually from 6.5s until the 
disruption. The time evolution of DD neutron measured 
by DSP system is similar to that of fission chamber. 
However, the DD neutron emission rate in the central 
chord (chord 7) increased more than that in the 
peripheral chord (chord 6) after the ITB formation. It is 

Fig.4 A height distribution of neutrons
discriminated from γ-rays. In the DSP system,
DT neutron is measured as well as DD neutron
simultaneously using the same detector. 

Fig.3  A new 2D map in fast-slow space normalized 
with total. Neutrons are discriminated from
γ-rays clearly. 
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considered that the DD neutron emission reflected the 
density almost linearity because the dominant DD fusion 
component was not the thermal but that of the 
beam-plasma interaction and the input power of PNB 
was almost constant. 

The DT neutron emission showed the different time 
evolution in each chord. In chord 7, the count rate of DT 
increased more than a factor 3 after ITB formation. The 
DT emission rate in every chord changed time to time 
more the statictics, and it was less steady than the DD 
emission. In general the time response of DT neutrons is 
delayed by the slowing down time, typically over 1 
second in the present case, and therefore it is affected by 
the change of diffusion, MHD instability, stochasity and 

so on [7]. In the present case, the change of classical 
diffusion can be excluded because the typical deflection 
time is longer than 1second. Further analysis of 
discharges and the study of relation with various 
parameters are needed. 

 
4. Summary  

A digital-signal processing (DSP) system was applied 
to every neutron detector of the neutron profile monitor 
of JT-60U. A double n-γ discrimination mapping method 
of DSP data analysis was developed, where a new 2D 
map in a fast-slow space normalized with total was 
introduced. By using this system, DT neutrons were 
measured as well as DD neutrons in the DD plasma 
simultaneously with a same detector. The time evolution 
of DT neutron was obtained for all chords.  

DD neutron emission rate in central chord increased 
more than that in the chord viewing the edge region after 
appearance of the ITB.  The time evolution of DT 
neutron showed the difference for each chord, which can 
nor be explained by the classical energetic ion diffusion.  
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The characteristics of spectrally-resolved plasma radiation with several heating methods have been investigated 
in Heliotron J by using an absolute extreme ultraviolet photodiode (AXUVD) array with multi-optical filters. 
Utilization of the multi-optical filters makes it possible to study the radiation characteristics separately in different 
photon energy ranges. For ECH and ECH+ICH plasmas at the density of 0.3-0.4×1019m-3, the radiation in the 
energy range of 20~70eV is dominant near the edge (ρ~0.6-0.8) region. The radiation increase in this energy range 
cased by the superposition of ICH to ECH qualitatively agrees with the increase of line emission from impurities 
such as C, O, Fe and Ti. For NBI plasma, the chord-integrated radiation for the photon energy ranges of ≥200eV is 
more concentrated in the core region compared to that in ECH plasma. Comparison of different filtered data 
suggests that the radiation in the photon energy range of ~500eV is important for NBI plasmas. 

 
Keywords: Heliotron J, AXUVD, radiation measurement, radiation profile, spectrally-resolved measurement 

1. Introduction 
Radiation from magnetically confined toroidal 

plasmas plays an important role in a power balance of the 
plasma and affects the accessible density limit. In order to 
investigate the radiation loss from the plasma, metal-foil 
bolometers and/or silicon photodiodes have been used in 
various fusion plasma experiments. Recently a wide-band 
silicon p-n junction photodiode has been developed by 
IRD, Inc., which is referred to as the absolute extreme 
ultraviolet photodiodes (AXUVD) [1]. AXUVD can 
measure the photon from visible to x-ray region (1.127eV 
to 100keV) due to the absence of a doped surface 
dead-region and zero surface recombination [1]. Other 
advantages of AXUVD are (1) fast time response and (2) 
insensitivity to long wavelength radiation like microwaves 
from the electron cyclotron heating system and (3) 
insensitivity to low-energy (< 500 eV) neutral particles. 
Since the intensity of radiation from plasma depends on the 
photon energy (or wave-length) range, the energy spectrum 
must be studied for detailed investigation of the radiation 
characteristics. In order to measure the radiation in the 
vacuum ultraviolet (VUV) and soft X-ray region, a filtered 
AXUVD has been utilized [2, 3] . 

Recently an AXUD array system with multiple foil 
filters has been installed on Heliotron J. By using the filters 
the characteristics of radiation can be studied separately in 

the photon energy ranges. In this paper, we describe the 
characteristics of spectrally-resolved radiation from 
plasmas heated by different heating methods in Heliotron J. 
 

2. AXUVD array system for Heliotron J 
Heliotron J is a medium-sized helical-axis heliotron 

device (<R0> = 1.2 m, a = 0.1-0.2 m, B0 < 1.5 T) with a 
low magnetic shear [4]. For plasma production and 
heating, second-harmonic X-mode ECH (70 GHz, 0.4 
MW) [5], ICH (19-23.2 MHz, 0.6 MW) [6] and two 
tangential NBI (0.7 MW/beam-line, 30 kV H0-beam) [7] 
are applied. 

Figure 1 shows the design of the AXUVD-array 
system. An aluminum plate of thickness 50 µmt with a slit 
of 0.4mm × 5mm is set in front of an AXUVD-array 
(AXUV16ELO/G, IRD, Inc.). The distance from the diode 
to the slit is 30 mm. The AXUVD array is set at a bottom 
port of Heliotron J and views the whole poloidal cross 
section as shown in Fig. 2. The viewing area of the center 
chord (ch-8) of the array, which views the plasma center, 
is 32mm × 146mm on the equatorial plane. The solid 
angle for this case is ~1×10-5 sr. The diode current I is 
described by Eq. (1),  

 
 
Here Sres is the spectral responsivity in the diode, Ttrans is  

(1).
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the transmittance of the optical filter, ε is the emissivity, 
Sobs is the observation area and Ω is the solid angle for a 
small area of Sobs, dS. Assuming that ε is constant on Sobs, 
the right part of Eq. (1) can be described by ∫ ε ∫ΩdSdl. 
When the distance from plasma to the diode is 
sufficiently longer than that from the slit to the diode, 
∫ ΩdS can be assumed to be constant along a line of sight. 
The value of ∫ΩdS at each channel is estimated as shown 
in Fig. 3. Then the ∫ εdl can be obtained from the 
observed diode current by using Eq. (1). 

As a filter system, two aluminum foils with 
thickness of 1.0µmt and 0.2µmt (tolerance ±10%), an 
interference filter (Al/LiF/Parylene) are mounted on a 
turret disk, located in front of the slit plane. The Al foils 
and the interference filter are supported by copper mesh  

 
 
 
 
 
 
 
 
 

 
(a pitch of 360µm, a mesh bar size of 19µm). The 
transmittance of the mesh can be estimated to be about 
86% in the interesting energy range. 

 Figure 4 shows the spectral responsivities of the 
AXUVD with each filter, which are estimated by using 
the catalog data [8]. The application of the multi-optical 
filters makes it possible to estimate the radiated power in 
several separate photon energy ranges. The applications 
of the Al/LiF/Parylene and Al 1µmt filters can limit the 
effective sensitive photon energy range to ≥200eV and 
≥500eV, respectively. Here, we set the lowest limit of the 
sensitive photon energy range as 10% of the maximum 
responsivity (~0.24A/W). On the other hand, the 
radiation in the photon energy band of 20~70eV can be 
estimated by subtracting the data measured with the Al 
0.2µmt filter from those measured with Al/LiF/Parylene 
filter for identical discharges. 
 

3. Radiation characteristics under different 
heating scenarios 

3.1 ECH+ICH plasma 
Measurement of radiation for photon energy ranges 

of ≥500eV and 20~70eV has been carried out for ECH 
plasma with the line-averaged density of 0.3-0.4×1019m-3 
for the standard (STD) Heliotron J configuration. In this 
experiment, a pulse of ICH (~0.3MW) is superposed on 
the ECH (~0.35MW) plasma. 

Figure 5 shows an example of the time evolution of 
the line averaged density, ⎯ne, and the intensity of the 
AXUVD signals at center chord (ch-8), IAXUV(ch-8), for 
 

 
 
 
 
 
 
 
 
 
 

FIG. 2 The lines of sight of the AXUVD system (red) and 
magnetic flux surfaces (black). 
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FIG. 1 The design of the AXUVD system. 

FIG. 5 Time evolution of the density and AXUV signals 
with different optical filters. An ICH pulse is superposed on 
ECH plasma during 213- 228ms. 

FIG. 4 Spectral responsivity of AXUVD with optical 
filters. 
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three filters cases. The signal intensity is increased for all 
the cases by the superposition of ICH, while ⎯ne is 
decreased slightly. 

Figure 6 shows the chord-integrated profiles of the 
radiation for the photon energy range of (a) ≥500eV and 
(b) 20~70eV. In the ECH plasma, the observed profile 
suggests that the radiation for the photon energy range of 
≥500eV is dominant near the plasma core, and that the 
radiation in the energy range of 20~70eV is dominant at 
the edge chords which are tangent to the surface near 
ρ~0.6-0.8 (chs-4, 13). 

In the ECH+ICH phase, the signal intensity in each 
photon energy range is increased compared to those at the 
ECH-only phase. The ratio of IAXUV at ECH+ICH phase 
to IAXUV at ECH-only phase is also plotted in Figs. 6 (a) 
and (b). The increase ratios of the total intensities for the 
energy range of ≥500eV and 20~70eV are about factors 
of 1.9 and 2.2, respectively. During the ICH superposition 
phase, it is observed that the line emission from 
impurities such as O, C, Ti and Fe are increased. Figure 7 
shows the VUV spectra measured with a VUV 
polychoromator for the ECH-only and ECH+ICH phases. 
Here, the observed wave-length range corresponds to the 
photon energy range of 32-73eV. This suggests that the 
increase of the line emission from the impurities might 
contribute to the increase of the radiation in the photon 
energy range of 20~70eV. 

 
 

 
 
 
 
 
 
 
 
 
 

3.2 NBI plasma 
The difference of radiation characteristics between 

ECH (~0.35MW) and NBI (~0.35MW) plasmas has been 
investigated at the density of 0.9×1019m-3 under the STD 
configuration.  

Figure 8 shows the time evolution of ⎯ne, the stored 
energy (Wp), IAXUV(ch-8) with the 1µmt-Al foil. The 
density and the stored energy increase after NBI and 
reach their maxima around t=200-210ms and then are 
kept almost constant. On the other hand, IAXUV(8ch) 
increases until t~220ms and then it keeps a slightly lower 
level. 

Figure 9 shows the difference in the IAXUV profiles 
between ECH and NBI plasmas for the photon energy 
range of ≥200eV and ≥500eV. Here the time-averaged 
data at t=230-250ms (the hatched phase in Fig. 8) are 
plotted. The IAXUV profile in NBI plasma is centrally 
peaked compared to that in ECH plasma for both the 
energy ranges. The value of IAXUV (ch-8) is about five 
times higher than that for ECH plasma, while IAXUV at 
ch-(1-5) and ch-(11-16) which correspond to ρ>0.5 is 
almost the same for both the ECH and NBI plasmas. The 
peaking factor of IAXUV profiles, which is defined as the 
ratio of IAXUV(ch-8) to the total intensity for all channels, 
is also plotted in Fig. 8. It is shown that the peaking 
factor also continue to increase until t~220ms and then is 
kept almost constant. 

The total intensity in the photon energy range of  
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FIG. 6 The chord integral profiles of radiation in AXUVD with 
(a) 1µmt -Al filter and (b) estimated energy of 20~70eV on 
ECH and ECH+ICH plasmas. 
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≥500eV is about 2 twice higher for NBI plasmas 
compared to that for ECH plasma, while that in the 
energy range of ≥200eV is about 4 times higher than that 
for ECH plasmas. On the other hand, the total intensity 
for all channels with Al/LiF/Parylene filter in NBI 
plasmas is about 5 times higher than that with the 
1µmt-Al foil. 

A difference of spectral responsivity between with Al 
1µmt and with Al/LiF/Parylene filters arises in the photon 
energy ranges of ~500eV and ~1.6keV as shown in Fig.3. 
It is considered, however, that the difference of spectral 
responsivity in the energy range of ~1.6keV is not be 
important for this NBI data set since the pulse height 
analysis of the soft X-ray data for these plasmas indicate 
that the number of photons in the energy of ≥1.6keV is a 
few orders smaller than that in the energy of ≤1keV. In 
order to discuss the relative radiated power between 
different photon energy ranges, we estimate the 
“averaged sensitivity” for each sensitive energy range by 
averaging the spectral responsivity over the sensitive 
photon energy range; the averaged responsivity with 
Al/LiF/Parylene and Al-1µmt filters are 0.18A/W 
(200eV~1.5keV) and 0.15A/W (500eV~1.5keV), 
respectively. 

Figure 10 shows the NBI power dependences of the 
total intensity for the data observed with 1µmt-Al and 
with Al/LiF/Parylene filters. The intensity is corrected by 
using the averaged sensitivity. The intensity increases 
with the NBI power. The intensity observed with the 
Al/LiF/Parylene filter (square symbol) is about 3-5 times 
higher than that observed with 1µmt-Al filter (circle 
symbol) for this NBI power range. Since the difference of 
the intensity come from the difference in the spectral 
responsivity shown in Fig. 3, the observation mentioned 
above suggests that the radiation from NBI plasmas 
might be dominated by that around 500eV. 

 

4. Summary 
The characteristics of spectrally-resolved radiation 

have been investigated for ECH, ECH+ICH and NBI 

plasmas in Heliotron J by using AXUVD array with 
multi-optical filters. Utilization of the multi-optical filters 
makes it possible to study the radiation characteristics 
separately in different photon energy ranges.  

 For ECH and ECH+ICH plasmas at the density of 
0.3-0.4×1019m-3, the radiation in the photon energy range 
of 20~70eV is dominant near the edge (ρ~0.6-0.8) region. 
It is somewhat consistent with a general picture of the 
high temperature plasma radiation that the hollow profile 
with a large peak near the boundary consists of the low 
energy photons. The superposition of ICH to ECH plasma 
increases the radiation in the two photon energy ranges 
(20~70eV and >500eV). The increase in the 20-70eV 
range qualitatively agrees with the increase of line 
emission observed with the VUV policrometer from 
impurities such as C, O, Fe and Ti. 

For NBI plasma, the IAXUV profile is highly peaked 
compared to that in ECH plasma for the photon energy 
ranges of >200eV. The comparison of the data measured 
with 1µmt-Al to those with Al/LiF/Parylene filters suggests 
that the radiation from NBI plasmas might be dominated 
by the photons with the energy range around 500eV. 
Although the source of the radiation increase has not been 
identified yet, the results indicate the importance of the 
radiated power in this energy range for the power balance 
analysis in the NBI plasmas.  

The energy-resolved radiation monitor described in 
this paper would provide important information in plasma 
operation. An optical filter for the radiation of lower 
energy (<20eV) will be set up in the next experimental 
campaign in order to extend the photon energy region. 
 

Acknowledgements 
The authors are grateful to the Heliotron J team for 

their excellent arrangement of the experiments. This work 
was partly supported by NIFS/NINS under the NIFS 
Collaborative Research Program (NIFS04KUHL005, 
NIFS07KUHL014). 

 

References 
[1] Korde R et al., Metrologia 40 S145-S149 (2003) 
[2] Gray DS et al., Rev. Sci. Insutrum. 75 376 (2004) 
[3] Suzuki C et al., Rev. Sci. Insutrum. 75 4142 (2004) 
[4] Obiki T et al., Nucl. Fusion. 41 833 (1999) 
[5] H. Shidara et al., Fusion Sci. Technol. 45, 41 (2004) 
[6] H. Okada et al., Nucl. Fusion 47 1346 (2007) 
[7] S. Kobayashi et al., 34th European Physical Society 
Conference on Plasma Physics, P4-162 (2007) 
[8] http://www.ird-inc.com/ 

FIG. 10 The NBI power dependence of the radiated power 
measured with 1µmt-Al and with Al/LiF/Parylene filters by 
using averaged sensitivity.  
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Extension of the energy-resolved soft X-ray imaging system
using two CCD cameras in LHD

Chihiro SUZUKI, Katsumi IDA, Mikirou YOSHINUMA and LHD Experimental Group
National Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292, Japan

An existing imaging system using a soft X-ray CCD (Charge Coupled Device) camera and beryllium (Be)
filters installed to a tangential viewport of the Large Helical Device (LHD) has been utilized not only for the
measurement of the flux surface shape, but also for the energy resolved imaging in long pulse discharges. In
order to obtain simultaneously soft X-ray energy spectra necessary for the analyses of the imaging results, we
have extended the present diagnostic system by adding another soft X-ray CCD camera mainly used for the photon
counting mode. This new camera has been installed in a vertical viewport and equipped with two mounting disks
rotating independently. This setup enables us to choose any combination of Be filter thickness and slit width
according to the amount of photon flux, and it can be combined with the kinetic mode operation if temporal
resolution is the first priority. The details and capability of the simultaneous measurements of the soft X-ray
images and energy spectra are described.

Keywords: soft X-ray, CCD camera, imaging, photon counting, energy spectrum, LHD

1. Introduction

Soft X-ray imaging technique using a CCD (Charge
Coupled Device) camera sensitive directly to soft X-ray
photons has ever been applied to the diagnostics of mag-
netically confined high temperature plasmas [1, 2, 3, 4].
In the Large Helical Device (LHD) experiment, an imag-
ing system using the soft X-ray CCD camera and beryl-
lium (Be) filters has already been installed to a tangential
viewport. This existing system is mainly utilized for the
measurement of flux surface shape, especially the deriva-
tion of the magnetic axis shift (Shafranov shift) from the
fitting of the pre-calculated equilibria to the measured soft
X-ray profile assuming that the emissivity profile could be
expressed by Fourier-Bessel expansion [3].

On the other hand, information on a soft X-ray en-
ergy spectrum is often necessary for further analyses of
recent experimental results of the soft X-ray imaging. In
the analysis of the energy resolved soft X-ray imaging
demonstrated recently [5], for example, the evaluation of
the contribution of Kα spectral lines from impurity ions
to the measured signal intensity is important especially in
higher energy range. Another example is hollow soft X-
ray emissivity profiles often observed in high ion temper-
ature discharges together with the formation of carbon im-
purity hole. Since this phenomenon is considered to be
closely related to impurity transport, it is important to de-
termine which impurity line or continuum radiation dom-
inantly contributes to the observed hollow soft X-ray pro-
file. Therefore it would be helpful for further discussions
on the results of the imaging if soft X-ray energy spectra
are measured simultaneously.

CCD cameras can also be utilized for the measure-

author’s e-mail: csuzuki@lhd.nifs.ac.jp

ments of soft X-ray energy spectra by operating them in
photon counting mode [1, 2]. Furthermore, spatial and
energy resolutions of this method are expected to be bet-
ter than those of conventional X-ray pulse height analyzer
(PHA). Therefore we are planning to extend the existing
system by adding another soft X-ray CCD camera mainly
used for the photon counting mode. The arrangements
of the sights of the two cameras are illustrated in Fig. 1,
where a top view of horizontal cross section at the equato-
rial plane and a vertical cross section are drawn. The exist-
ing and new cameras have been installed in tangential and
vertical viewports, respectively. The details and capability
of the measurements of the soft X-ray images and energy
spectra by the two cameras are described in this article.

2. Recent imaging results

As mentioned in the previous section, two examples
which indicate the importance of soft X-ray energy spec-
tra are found in the recent imaging results obtained by the
existing camera. These results are reviewed in this section.
Since the details of the existing system have already been
published elsewhere [5], only a brief explanation is given
here. The system consists of a soft X-ray CCD camera
(Andor Technology, DO435-BV) together with a pinhole,
a pneumatic mechanical shutter, and a remotely rotatable
filter disk which mounts eight Be filters. The quantum ef-
ficiency curve of the CCD chip ranges roughly from 1 to
10 keV. In order to adjust cutoff energy of photons, filter
thickness is selectable from 50–1650 µm. The camera is
equipped with a back illuminated CCD chip of frame trans-
fer type of which image area is 13.3×13.3 mm2 composed
of 1024×1024 pixels. The output of the CCD camera is
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Fig. 1 Arrangement of the viewing areas of the existing and new soft X-ray CCD cameras. (a) Top view of horizontal cross section at the
equatorial plane and (b) vertical cross section at the green broken line in (a) are drawn. The existing and new cameras have been
installed in the tangential (6T) and the vertical (6.5L) viewports, respectively.

read out by a 1 MHz analog-to-digital (A/D) converter with
a resolution of 16 bit. The total readout time is about 0.6 s
for 2×2 pixel binning. The diameter of the pinhole can also
be chosen out of 0.05, 0.1, 0.2 and 0.4 mm.

The differential images of specific photon energy
range obtained in the energy resolved soft X-ray imaging
have also been reported in ref. [5]. The measurement has
been carried out by changing the Be filter thickness during
a long pulse discharge sustained for several minutes [6]
whose electron density and temperature are of the order of
1019 m−3 and 1 keV, respectively. Eight two-dimensional
images with different cutoff energies are measured by ro-
tating a filter disk. Assuming continuum radiation and
spatially uniform effective charge, it can possibly be ap-
plied to the measurements of line-averaged effective elec-
tron temperature and change in soft X-ray profile due to
locally distorted electron energy distribution. However, if
the measured soft X-ray emissivity contains not only the
continuum but also Kα spectral lines from impurity ions,
they would affect the signal intensity especially in higher
energy range. Therefore the simultaneous measurement of
the soft X-ray energy spectra would be helpful for further
discussions.

Another example of the recent results is given in Fig. 2
which shows tangential soft X-ray images in a high ion
temperature discharge accompanied by the formation of
carbon impurity hole. The soft X-ray emissivity profile
suddenly changes from peaked one to hollow one when the
formation of carbon impurity hole (around 2.25 s) is ob-

served in charge exchange spectroscopy [7]. Since the fil-
ter thickness is 450 µm corresponding to a cutoff energy of
about 4 keV, Kα lines from titanium (4.8 keV), chromium
(5.7 keV) and iron (6.6 keV) would possibly contribute to
the measured intensity together with the continuum radia-
tion due to bremsstrahlung. Since this phenomenon is con-
sidered to be closely related to impurity transport, it is im-
portant to determine which impurity line or continuum ra-
diation dominantly contributes to the observed hollow soft
X-ray profile.

3. Energy calibration
As described previously, CCD cameras can also be

utilized for the measurements of soft X-ray energy spec-
tra by counting pulse heights in the photon counting mode.
We have prepared another soft X-ray CCD camera (Andor
Technology, DO432-FI) for this purpose. The camera is
equipped with a front illuminated CCD chip of which im-
age area is 28.1×25.9 mm2 composed of 1250×1152 pix-
els. Before the installation of this camera, energy sensitiv-
ity and resolution were evaluated by the calibration using
standard X-ray sources. Radiations from the X-ray sources
of Fe55, Am241, and Cd109 were measured repeatedly by
this camera in the photon counting mode with an appro-
priate integration time. The results of this procedure are
summarized in Fig. 3.

Figure 3 (a) shows the histogram of the CCD signal
counts generated by individual incoming photons, which
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Fig. 2 An example of soft X-ray emissivity profile in a high
ion temperature discharge with the formation of carbon
impurity hole. The profile suddenly changes from (a)
peaked one to (b) hollow one around 2.25 s when the for-
mation of carbon impurity hole is observed in the charge
exchange spectroscopy measurement. The change in the
horizontal profile along the broken lines indicated in (a)
and (b) is drawn in (c). The thickness of the Be filter is
450 µm.

Fig. 3 Calibration of energy sensitivity and resolution of the
new soft X-ray CCD camera. (a) Energy spectra obtained
by several standard X-ray sources. (b) Plot of photon en-
ergy versus CCD count to obtain energy sensitivity from
the slope.

corresponds to the energy spectra since the generated
charges are proportional to the incoming X-ray photon en-
ergy in the photon counting mode. Several sharp peaks of
Kα and Lα lines corresponding to the characteristic X-rays
of known energies are clearly observed. The highest peak
around 870 counts (indicated by a black line) is not from
the X-ray, but is due to the dark charge of the CCD chip.
As a result, a relation between the X-ray energy and the
signal intensity (in counts) is derived as shown in Fig. 3
(b).

The energy resolution is evaluated to be 230 eV at the
photon energy of 5.9 keV from the width of the spectral
line. This value is better than that of conventional X-ray
PHA. The sensitivity evaluated from the linear slope of
Fig. 3 (b) is 29 eV/count. These results indicate that the
energy resolution and sensitivity of this camera is good
enough as an alternative way to measure the soft X-ray en-
ergy spectra.
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Fig. 4 Photographs of the installation of the new soft X-ray
CCD camera system. (a) Installed CCD camera and two
supersonic motors. (b) Filter and slit disks installed in
front of the camera.

4. Installation of new CCD camera

Though the setup of the newly added system is basi-
cally similar to the existing one, it has been installed in
the upper viewport as shown in Fig. 1. A photograph of
the installed CCD camera and supersonic motors for the
mounting disks are shown in Fig. 4 (a). The specification
of the A/D converter and pinhole are the same as those of
the existing CCD camera. A unique feature of this system
is that two mounting disks which rotate independently are
equipped in front of the camera as shown in Fig. 4 (b). Be
filters are mounted on the first disk to control the cutoff
energy, while several slits with various widths are attached
to the second disk so as to limit the photon illumination to
the top rows of the CCD chip. The slits are used in the
kinetic mode operation of the CCD if temporal resolution
is the first priority. Namely, images are exposed only on
a part of rows at the top of the CCD array and other rows
are masked for temporary storage by using a slit. Time res-
olution (minimum frame rate) in this mode is determined
by the vertical shift speed of charges, which is much faster
than that in the normal acquisition mode. The fast kinet-
ics mode combined with the photon counting mode can be
applied to the one-dimensional electron temperature mea-
surement.

5. Summary and prospects
The importance of information on soft X-ray energy

spectra has been revealed in the analyses of the recent
imaging results of the diagnostic system using a soft X-ray
CCD camera and Be filters in LHD. In order to obtain soft
X-ray energy spectra, we have extended the existing diag-
nostic system by adding another soft X-ray CCD camera
mainly used for the photon counting mode, and installed it
in a vertical port of LHD. The high sensitivity and energy
resolution of the new camera is expected according to the
calibration using X-ray sources. Two independently rotat-
ing disks for Be filters and slits allow us flexible control
of photon flux on the CCD chip. They can be combined
with the kinetic mode operation if temporal resolution is
the first priority.

In the near future, algorithms for the photon count-
ing mode from the CCD readout will be prepared. After
the complete installation of the new camera, the effect of
line emissions from impurities will be studied during the
next experiment. Finally, this extended diagnostic system
will be applied in the future to the trial of the detection of
difference in two-dimensional soft X-ray image by energy
range caused by local generation of non-Maxwellian elec-
trons in a stable long pulse discharge by electron cyclotron
resonance heating (ECRH).
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Toroidal flow velocity profile of an impurity ion in a FieldReversed 
Configuration plasma 
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Particle orbits of impurity ions are calculated to estimate  their  toroidal  flow velocity.  If  the  impurity  ion  flow 
differs  from  the  ion  flow,  the Doppler  shift measurement  of  impurity  spectra requires a  suitable modification  of 
experimental results. At the fieldnull, the carbon ion flow coincides with the deuterium ion flow due to the friction 
force  between  them. At  the  separatrix,  however,  impurity  and  plasma  ions  have  their  own  flow  velocities.  It  is 
found  that  the  diamagnetic  drift  that  is  dependent  on  the  charge  and mass  of  each  fluid  species  dominates  the 
toroidal flow velocity. 

Keywords:  fieldreversed  configuration,  toroidal  flow  velocity,  Doppler  shift  measurement,  orbit 
calculation, resistive flux decay 

1. Introduction 
The  rotational  instability  with  the  toroidal  mode 

number  n=2  limits  the  lifetime  of  fieldreversed 
configuration  (FRC)  plasmas  [1,  2].  Several  works 
showed  application  of  external  multipole  fields 
suppresses  time  variation  of  the  lineintegrated  electron 
density  [3,  4].  These  experiments  reveal  elliptical 
deformation  of  FRC  plasmas  is  inhibited  by  multipole 
fields.  Internal  structure,  on  the  other  hand,  can  be 
deformed  to  a  complex  dumbbelllike  shape  [5],  even 
when no deformation of the separatrix shape can be found. 
Therefore,  we  need  to  clarify  the  origin  of  rotation  to 
prolong the FRC lifetime. 

Particle  loss  [6]  and  endshorting  [7]  are  now 
considered as two most promising mechanisms. Recently, 
Belova  et  al.  claimed  that  particle  loss  associated  with 
resistive flux decay may contribute to the rotation [8]. We 
have shown that the flux decay can contribute directly to 
the  toroidal  spinup  [9].  Suppose  the  FRC  plasma  is 
axisymmetric.  This  assumption  is  valid  until  the 
rotational  instability  is  triggered.  In  this  case,  the 
canonical angular momentum 

) , (  z r q r m P ψ θ θ + =  v  (1) 
of  every  particle  is  conserved,  where  q m,  are  the  mass 
and  charge, θ v  is  the  toroidal  velocity  component, 
and  ) , (  z r ψ  is  the  poloidal  flux  function.  If  the  poloidal 
flux decays due to a resistivity and toroidal axisymmetry 
is still valid, then

( ) ψ θ ∆ − = ∆  q r m  v  .  (2) 
Equation  (2)  shows  every  ion  gains  the  angular 
momentum  in  the  ion  diamagnetic  direction,  when  the 
trapped  poloidal  flux  decays.  Generally,  the  separatrix 

radius  decreases  during  the  decay  phase.  If  the  guiding 
center r  is  also  decreased,  the  toroidal  velocity θ v  is 
further  increased.  The  toroidal  velocity  for  ions  is 
calculated by averaging θ v  . 

The  toroidal  velocity  measurement  is  important  to 
find  its  time  evolution  and  spatial  profile.  Conventional 
method  to  find  flow  velocities  is  the  Doppler  shift 
measurement of impurity ion spectra such as C III and C 
V.  If  impurity  ions  rotate  with  the  same  velocity  as 
plasma  ions,  then  the Doppler  shift measurement  offers 
accurate information of plasma flow. Otherwise we need 
modification  of  the  experimental  result  to  obtain  the 
rotation velocity. 

In  the  present  paper,  we  study  numerically  the 
impurity ion (carbon ion) velocity in an FRC plasma that 
decays resistively and therefore rotates according to Ref. 
9. 

2. Numerical Model 
Since  the  discussion  above  is  based  on  a 

singleparticle  picture,  we  need  to  confirm  a  collective 
effect due to the flux decay. A number of superparticles 
are traced numerically in the decaying FRC plasma. The 
poloidal flux decay is reproduced by 

θ η ψ  J r 
t 

− = 
∂ 

∂  .  (3) 

Here, the electric resistivityη equals  cl η A  , where A is the 
anomaly  factor  and  cl η  is  the  classical  resistivity.  Note 
that  0 > ψ  inside the separatrix region in our paper. The 
flux  lifetime  is  controlled  by  the  parameter A  .  By 
integrating Eq. (3) with use of the RungeKutta method, a 
flux  function  at  a  calculation  point  is  found.  The
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electromagnetic  fields  are  then  written  by  the  obtained 
ψ  as 

 
 
 

 
 
× ∇ = × ∇ = θ 
ψ  e A B 
r 

,  B J × ∇ = 
0 

1 
µ 

,  J E η =  . (4) 

The  plasma  and  impurity  ions  (C 4+ )  are  traced  as 
superparticles  in  the  field  given  by Eq.  (4). The weight 
of a superparticle is estimated initially from the Maxwell 
distribution.  The  friction  term  due  to  collisions  is 
included  in  the  equation  of  motion.  The  Pitch  angle 
scattering is simulated with use of a MonteCarlo method 
[10].  The  density  and  particle  flux  of  both  plasma  and 
impurity ions are calculated by the PIC method [11]. 

3. Results and Discussion 
The  orbit  of  an  impurity  ion  is  calculated  in  a 

prescribed field given in Eqs. (3) and (4). To compare our 
results  with  an  FRC  experiment,  the  flux  decay  time 
obtained by our calculation  is  set  to be equal  to  the  flux 
lifetime of the NUCTE (Nihon University Compact Torus 
Experiment)III  device.  As  noted  before,  the  flux  decay 
time is controlled by the anomaly factor A. 

The time evolution of the trapped flux in the NUCTE 
Ⅲexperiment  is  shown  in  Fig.  1.  The  FRC  plasma  is 
formed  in  010  µs.  The  rotational  instability  with  the 
toroidal  mode  number  n=2  is  caused  at  35 µs,  and  the 
magnetic  configuration  collapses.  From  the  end  of  the 
formation  phase  (t=10µs  in  Fig.  1),  therefore  the  FRC 
plasma  keeps  axisymmetry  for  25µs;  it  corresponds  to 

0 A 23t  ,  where  A0 t  is  the Alfvén  time  A0 w A0  / v r t ≡  ,  and 
0 i 0 ex A0  /  n m B µ ≡ v  (  ex B  :  the  initial  external 

magnetic field,  i m  : the plasma ion mass,  0 n  : the initial 
density  at  the  fieldnull).  The  decrement  of  the  trapped 
flux  for  0 A 23t  is  about  0.26  mWb.  By  controlling  the 
anomaly  factor, we obtain  the time evolution of the  flux 
shown  in  Fig.  2,  where  the  decrement  of  the  flux  for 

0 A 23t  is almost the same as the experimental result. 
According  to  Ref.  [9],  presence  of  the  resistive  flux 

decay  cause  rotation  of  the FRC plasma. The calculated 
plasma  ion  density  and  toroidal  velocity  profile  are 
shown by the color contour in Figs. 3 and 4. We can see 
that  the  plasma  ions  diffuse  out  from  the  separatrix  by 
collisions. As the magnetic flux decays, ions can gain the 
toroidal  momentum  near  the  separatrix.  This  rotation 
velocity results from particle loss and the direct effect of 
flux decay. 

The profiles of impurity ion density and flow velocity 
obtained by our calculation are presented in Figs. 5 and 6. 
The  initial  impurity  density  is  set  as  10 5  i n  ,  where  i n  is 
the ion density. We assume the impurity ion temperature 
is same as the plasma ion temperature, since collisions for 
thermal equilibrium are  frequent  in  the  formation phase. 

Fig.1  The  time  evolution  of  the  trapped  flux  in  the 
experiment that is used NUCTEⅢ. 

Fig.2  The time evolution of  the maximum trapped 
flux obtained by the numerical calculation. 

Fig.3  Color  contours  of  the  plasma  ion  density 
whose  values  are  normalized  by  the  initial 
density  at  the  fieldnull.  The  figures  are 
shown  at  (a)  0 = t  ,  (b)  A0 2t t =  ,  (c)  A0 4t t =  , 
(d)  A0 6t t =  , (e)  A0 8t t =  , and (f)  A0 10t t =  .
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The temperatures of both ions and impurity ions are 124 
eV  here.  It  is  found  that  the  impurity  ions  concentrate 
gradually  at  the  fieldnull  due  to  the  B E×  drift.  The 
difference seen in the density profile between plasma and 
impurity  ions  results  from  their  collision  frequency. We 
also  found  the  impurity  ion  density  at  the  separatrix 
reduced  significantly;  it  cause  reduction  in  the 
diamagnetic drift velocity of  impurity  ions. From Fig. 6, 
we find the toroidal velocity peaks at the fieldnull point. 
At the separatrix, on the other hand, the rotation velocity 
vanishes  after  A0 6t t =  .  The  time  evolution  of  toroidal 
velocity at the fieldnull is presented in Fig. 7. Significant 
time variation of ion velocity is caused by shortage of the 
number of  superparticles. Also, averaged Larmor radius 
of deuterium  ions is larger than the radial mesh interval. 
To reduce the amplitude of the oscillation, we need more 
superparticles  as deuterium ions.  It appears  from Fig. 7 
that the toroidal velocity of impurity ions follows the time 
averaged  (coarsegrained  in  time)  ion  velocity. We  can 
say  that  the  Doppler  shift  measurement  of  impurity  ion 
spectra is valid at the fieldnull point. Contrary to Fig. 7, 
the  separatrix  velocity  of  impurity  ions  deviates 
considerably as shown in Fig. 8. Although the ion density 
gradient is sustained, the impurity ions near the separatrix 
distributes  uniformly.  Therefore,  the  diamagnetic  drift 
velocity  reduces  for  the  impurity  ions.  At  the  fieldnull 
point,  the  friction  force  acting  on  the  impurity  ion 
dominates  the  toroidal  velocity,  and  then  the  velocity 

tends  to  coincide  with  the  plasma  velocity.  At  the 
separatrix, however,  it  is not necessary the  case  that  the 
toroidal friction force results in the toroidal flow because 
of relatively strong fields. 

The  toroidal  velocity  of  impurity  ions  measured  by 
the Doppler  shift of  the spectral line is  shown  in Fig. 9. 

Fig.4  Color  contours  of  the  toroidal  flow  velocity 
for plasma ions.    The velocity is normalized 
by τ / w r  ,  where  |) | /(  w i 

2 
w i ψ τ  q r m ≡  .  The  output 

time is the same as Fig. 3. 

Fig.5  Color  contours  of  the  impurity  ion  density. 
Figures are shown in the same manner as Fig. 
3. 

Fig.6  Color  contours  of  the  toroidal  flow  velocity 
for impurity  ions.    Figures are shown  in the 
same manner as Fig. 3.
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The line of sight is shifted away from the geometric axis 
by  4.5  cm;  it  locates  between  the  fieldnull  and  the 
separatrix. We  find  the  toroidal  velocity  of  the  impurity 
ions  is  about  0 A 065 . 0  v  after  0 A 9 t t =  from  the 
formation of the FRC plasma. This velocity measured by 
the  experiment  sits  between  the  fieldnull  and  separatrix 
flow  velocity  obtained  by  our  calculation.  However,  a 
detailed comparison of the flow profile should be done in 
a near future. Also, we need to add the electron pressure 
gradient  term  in  the  electric  field  for  a  more  valid 
estimation of the impurity flow velocity. 

4. Summary 
We have calculated numerically orbits of the impurity 

ions (C 4+ ) to  study  the difference of  the  toroidal rotation 
velocity  between  impurity  and  plasma  ions  in  a 
fieldreversed  configuration  (FRC)  plasma.  The  flux  of 
the  FRC  plasma  decays  resistively,  and  plasma  ions 
gradually gain the toroidal momentum. The impurity ions 
also  spinup  at  the  fieldnull  point  due  to  the  friction 
force  from  the  plasma  ions,  and  their  rotation  velocity 

gives  close  agreement  with  the  flow  velocity  of  the 
plasma.  The  separatrix  flow  velocity  for  impurity  ions, 
however,  tends  to deviate  from  the  plasma  ion  velocity. 
Because of a  relatively strong  field at the separatrix, the 
friction force between plasma and impurity ions is found 
to  affect  little  their  rotation  velocity.  Therefore,  we 
consider modification  of  the Doppler  shift measurement 
is necessary for the toroidal velocity near the separatrix. 
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Fig.8  The  time  evolution  of  the  toroidal  velocity  at 
the separatrix and midplane for the deuterium 
ions  (the  red  line) and  the  impurity  ions  (the 
blue line). 

Fig.7  The time evolution of the toroidal velocity at 
the  fieldnull  point  for  the  deuterium  ions 
(the red line) and the impurity ions (the blue 
line). 

Fig.9  The time evolution of the toroidal velocity of 
impurity ions that is measured by the Doppler 
shift measurement.
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The Microwave Imaging Reflectometry (MIR) is under development at National Institute for Fusion Science
(NIFS) in order to observe density fluctuations. The MIR makes a image of cutoff surface on the imaging detector
array. The first MIR system, which is installed in the TPE-RX RFP device, uses the 20 GHz wave and the 4×4
plenary Yagi-Uda antenna array. The second MIR system, which is installed in the large helical device (LHD),
uses the 60 GHz wave and the 8×5 horn antenna array. Those imaging detectors are newly invented in this
research.

1 Introduction

The research object of the National Institute of Natural Sci-
ences (NINS), to which the National Institute for Fusion
Science (NIFS) belongs, is science of complex systems.
Imaging, such as microscope and telescope, is a strong tool
to investigate complex systems, and the NINS has started
Imaging Science Project.

In terms of the illumination, imaging is divided by
two: one is the ”passive” imaging and another is the ”ac-
tive” imaging. In the case of the passive imaging, the ob-
server uses only a imaging detector to take a picture with
natural illuminations or self radiation from the object. In
the case of the active imaging, the observer uses both a
imaging detector and a illumination.

One of the most attractive imaging for the magnet-
ically confined fusion plasma is the microwave with the
following reasons: (1) The plasma radiates microwave as
the electron cyclotron emission (ECE), of which intensity
is proportional to the electron temperature; (2) The plasma
reflects the microwave at the cutoff electron density. Since
different frequencies of ECE or the reflection correspond
to different locations, the cross-sectional image can be also
observed [1]. As ECE is very sensitive to the variation of
the electron temperature, the ECE imaging is very pow-
erful tool to investigate MHD instabilities [2, 3]. As the
microwave reflection at the cutoff surface is very sensitive
to the variation of the electron density, the reflectometry
is very powerful tool to investigate both MHD instabilities
and electro-static instabilities [4]. Electro-static instabili-
ties causes the variation of electron density.

The ECE imaging is a passive microwave imaging and
the microwave imaging reflectometry (MIR) is an active
microwave imaging, as shown in Fig. 1. The microwave

author’s e-mail: nagayama.yoshio@nifs.ac.jp

imaging system consists of a imaging optics, a microwave
illumination system, a imaging detector array, a multi-
channel frequency separator, DC circuits, and digitizers, as
shown in Fig. 1. The frequency separator consists of band-
pass filters and RF amplifiers. The frequency width of a
bandpass filter for ECEI is wide. Since the ECE is a black-
body radiation, the signal intensity of ECE is higher as the
bandwidth is wider. The frequency width of a bandpass
filter for MIR is narrow. Since the MIR signal is the reflec-
tion of the illuminated wave, the noise intensity of MIR
is lower as the bandwidth is narrower. In order to reduce
the bandwidth for MIR, the frequency difference between
the illumination wave and the local wave should be well
stabilized.

Despite of the usefulness of the microwave imaging,
only one group has been successful to observe the plasma
with microwave imaging in the world [6]. They obtain
a 2-D cross-sectional image of the electron temperature
with a 1-D imaging detector array and a frequency sepa-
rator array [5, 6]. Their imaging detector uses dual-dipole
antenna with a substrate lens. This antenna is attached
with a long balun to transform the circuit from the antenna
balanced circuit to the unbalanced antenna circuit. Since
balun and antenna is on the same substrate, their detector
array should be one dimensional.

One of key technologies of the microwave imaging is
a imaging detector array. No 2-D imaging detector array
has been used in the microwave imaging for plasma diag-
nostics yet. A muli-channel frequency separator is another
issue. A microwave imaging system uses many imaging
detector channels and tremendous number of frequency
separator channels. For example, a 8× 5 2-D imaging de-
tector array has 40 channels. If each detector channel is
connected to a frequency separator dividing 8 frequency
channels, the total channel number is 480. Both the cost
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Fig. 1 Schematic view of microwave imaging system.

and the size should be very small to be installed. In the
imaging science project, a 8× 5 60 GHz 2-D imaging de-
tector arrays [8] and a 8 channel frequency separator [9]
have been developed.

The microwave imaging is under development as a
NINS imaging science project at NIFS. The prototype of
the MIR was installed in 2006 [?,?]. The prototype MIR
has 3 frequencies (53, 66, 69 GHz) for illuminating wave
and 3 horn antennas to receive reflection wave. A 4× 4
20 GHz 2-D imaging detector array using planer Yagi-Uda
antenna has been developed. The first MIR system was de-
veloped and installed in the TPE-RX reversed field pinch
device at the National Institute of Advanced Industrial Sci-
ence and Technology (AIST) in 2007 [12,13]. This system
uses the 20 GHz 2-D imaging detector array. The second
MIR system has been developed to be installed in the LHD
at NIFS. This system uses the 60 GHz 2-D imaging detec-
tor array. This paper presents those MIR systems devel-
oped at NIFS.

2 Proto type MIR System in LHD

Figure 2 shows a schematic diagram of the prototype MIR
system in LHD. The illumination wave (RF) is generated
by 3 high power (0.5 W) IMPATT oscillators, whose fre-
quencies are 53, 66 and 69 GHz, respectively. These os-
cillators used to be installed 5 m far from LHD. How-
ever, the operation of the IMPATT oscillators was inter-
fered by the leakage of the magnetic field. Actually, the
output power of the IMPATT oscillators reduces as the
magnetic field increases, and finally no output power are
observed. After enclosing in 5 mm thick soft-iron shield
case, the power was dropped by 30 %. Therefore the
microwave sources are installed 15 m far from LHD and
the microwave is transferred using oversized rectangular

waveguides (X-band, WR-90) and 90 degree H bends. By
using optical system, the illumination wave radiated from
a horn antenna (WR-15) is formed to a parallel beam with
a diameter of 20 cm at the reflection layer in the plasma.
The illumination wave is reflected by the three cutoff lay-
ers, which are determined by the local density and the mag-
netic field in the case of X-mode reflection.

The primary imaging mirror (M1) is installed in the
LHD vacuum vessel. This is an elliptic concave mirror
with the size of 43× 50 cm and the focal length of 106.5
cm. The distance between the mirror M1 and plasma is
210 cm. The mirror M1 is remotely manipulated by the
use of ultrasonic motors (USMs). Since the LHD plasma
is twisted, toroidal and poloidal angles of the main mir-
ror should be controlled within 1 degree in order to obtain
reflection from plasma.

The reflected wave is accumulated by the primary
imaging mirror. ECE and the reflected wave are separated
by a dichroic plate (DP), which is a high pass filter with
a sharp cut-off frequency of 70 GHz. This dichroic plate
is an 8 mm thick aluminum alloy plate with many circular
holes. The diameter of each hole is 2.5 mm and they are
separated by 2.8 mm. The hole has the angle of 45 degree
to the plate so that ECE wave more than 70 GHz efficiently
passes through the dichroic plate.

The reflected beam and the illumination beam are sep-
arated by the beam splitter (BS), which is a 3 mm thick
Plexiglas plate. The reflected illumination beam by BS
and the transmitting illumination beam through DP are ab-
sorbed by microwave absorbing forms (ECCOSORB CV-
3) in order to reduce background noise. Because of mi-
crowave absorbers and beam separation, the leakage of the
illumination wave to the receiver is significantly reduced,
so that the background level in the signal is drastically re-
duced.
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(70GHz), BS: Beam splitter, US: Ultrasonic motor, ES: ECCOSORB CV3.

The plasma image is formed on the front end of re-
ceiving horn antenna (WR-15) array by the mirror optics.
The pair of antennas is separated by 8.4 cm in the poloidal
direction, and another pair by 10.7 cm in the toroidal direc-
tion on the cutoff layer. Received reflection wave is trans-
mitted to the heterodyne receiver with oversized waveg-
uides (X-band). In the heterodyne receiver, reflected wave
is mixed with the wave from local oscillator (LO) with the
frequency of 63 GHz to make intermediate frequency (IF)
signals. IF signals selected by band-pass-filters with the
bandwidth of 10 % of the central frequency are amplified
by modular RF amplifiers. Finally they are rectified by
Schottky barrier diodes, amplified by DC amplifiers and
digitized by PXI digitizer modules.

By using this system, the edge harmonic oscillations
are observed [14].

3 MIR System in TPE-RX

TPE-RX is a large reversed field pinch (RFP) in the world.
The major radius is 172 cm and the minor radius is 45
cm. With 20 GHz reflectometry, of which cutoff density
is 0.5× 1019m−3, the density fluctuation can be observed
whennav > 0.4× 1019m−3. In the typical TPE-RX plasma,
the cutoff frequency near the field reversal surface, where
the toroidal field changes the direction, is about 20 GHz.
Therefore, we use 20 GHz for MIR in TPE-RX.

Figure 3 shows a schematic diagram of the MIR sys-
tem in TPE-RX. The quartz window of the TPE-RX view-
ing port is located atr = 67 cm, the illumination wave (RF)
can pass through the window. The primary mirror (M1),
which is an elliptic concave mirror with the size of 40×43
cm, makes a parallel illumination beam in the plasma. The
reflected wave is collected by M1 and is separated from the
illumination beam by the first beam splitter (BS1). The lo-
cal oscillation (LO) wave and the reflected wave is mixed

with the second beam splitter (BS2). These beam splitters
are 3 mm thick Plexiglas plates. The RF wave reflected by
BS1 and the LO wave passing through BS2 are absorbed by
a microwave absorber in order to reduce background noise.
An image of the reflection layer is made on the 2-D mixer
array by the Teflon lens (L1).

In this experiment, two types of 2-D mixer array are
used. One is a 2-D array of coax to waveguide adapters
with diodes. The waveguide is for the frequency band-
width of 18−26.5 GHz and has the inner size of 1.07×0.43
cm. These adapters are separated by 2.24 cm. Another is
a 2-D planar Yagi-Uda antenna array on a Teflon printed
circuit board (PCB) with the thickness of 0.254 mm. In
the 2-D Yagi-Uda antenna array, four elements are set on
a PCB with a distance of 12 mm, and 4 PCBs are stacked
with a distance of 15 mm. Each element consists of a pla-
nar Yagi-Uda antenna, a balun, a beam lead type Schottky
barrier diode (SBD) and an IF amplifier. In this system, a
tapered balun is used, and this is different from the original
planer Yagi-Uda antenna system. On the design of antenna
system, a computer code for electro-magnetic field is em-
ployed. This Yagi-Uda antenna has 3 guiding elements,
a pair of dipole and a reflector element. The IF amplifier
consists of surface acoustic wave (SAW) bandpass filters
and RF amplifiers. Also the mixer element has two volt-
age regulators for the power supply of amplifier and the
DC bias of SBD. The signal output is a MMCX straight
PCB jack connector. The 2-D mixer array is contained in a
shield box that has 16 SMA connectors for the signal out-
put. The MMCX and SMA are connected with a coaxial
cable inside the shield box.

The LO wave (ω + ω1) is made by mixing the RF
wave (ω: 20 GHz) and the lower frequency wave generated
by a crystal oscillator (ω1: 110 MHz) at an up-converter.
Lenses L1 and L2 make a spot of LO wave with the di-
ameter of 10 cm on the 2-D mixer array. By mixing the
reflected wave with the frequency ofω and the LO wave,
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Fig. 3 Schematic view of MIR system in TPE-RX.

the 2-D mixer array makes IF signal with the frequency of
ω1. Since the IF frequencyω1 is well stabilized, the noise
can be significantly reduced because the bandwidth of the
IF amplifier is narrow (4 MHz).

The reflective wave contains the amplitudeA and the
phaseϕ, as,Aexp[i(ωt+ϕ)], where the amplitudeA and the
phaseϕ is generated by a density fluctuation in the plasma.
The phaseϕ indicates the vibration motion of the reflec-
tion layer. The IF signal also contains the amplitude and
the phase, asAexp[i(ω1t + ϕ)]. The amplitude is obtained
by rectifying the IF signal with microwave monolithic inte-
grated circuit (MMIC). The phase is obtained by compar-
ing the IF frequency and the signal by the IQ demodulator.
I and Q signals correspond to cosϕ and sinϕ, respectively.

Due to RF noise, the rectified RF signal contains large
offset. This offset is removed by an offset canceler, which
consists of a differential amplifier and a sample-hold cir-
cuit. The sample-hold circuit works as follows: a digitizer
samples the MIR data att = 0 and hold it in a digital mem-
ory, then an digital to analog converter makes analog out-
put. By using the differential amplifier the offset that is the
analog output of the sample-hold circuit is removed from
the MIR signal.

By using this system, MHD turbulences in RFP plas-

(a)

(b)

Fig. 5 Schematic view of an assembly of horn antenna array. (a)
Parts; (b) Completed form.

mas are observed [13].

4 2-D MIR System in LHD

Figure 4 shows a schematic diagram of the 2-D MIR sys-
tem in LHD. he optical system is almost the same as the
prototype MIR system. The difference is optics for the LO
wave and thickness of the beam splitters. Since the 2-D
detector contains mixers, the LO wave illuminate the 2-D
detector by using a beam splitter.

The illumination wave (RF) is the mixture of the LO
wave (frequency:ω0) and the IF frequency (frequency:
ωL) with an up-converter. Due to small leak of original
frequency, the RF wave includes a small amount ofω0 and
a major part ofω0 + ωL. If this wave is used as LO wave,
the detector generates an IF signal ofωL without reflection.
Since the reflection is much weaker than the illumination,
a strong LO wave is required to make an IF signal. In this
case, the IF frequency is 110 MHz, which is generated by
a crystal oscillator.

The local oscillation (LO) for the heterodyne detec-
tion is made by up-converting the VCO signal and a crystal
oscillator’s signal, to generate an intermediate frequency
(IF) of 110 MHz. We are also developing band-pass filter-
banks, IF amplifiers and I-Q demodulators. The band-pass
filter-bank uses the microwave strip line technology. The
I-Q demodulator is a phase detector of reflected signals.

A schematic view of an assembly of the imaging de-
tector array is shown in Fig. 5. This detector array is made
of 3 major parts, such as the upper metal frame, a circuit
board and a lower metal frame, as shown in Fig. 5(a). The
upper and lower metal frame are made of aluminum alloy,
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Fig. 4 Schematic view of the 2-D MIR system in LHD.

and horn shape and waveguide slots are made by electri-
cal discharge machining. By attaching these slots, a horn
antenna is formed, as shown in Fig. 5(b). In the upper
structure, another slot is formed for passing the micro-
strip-line. On the circuit board the mixer diode, filters
and RF amplifiers are mounted. The circuit is produced
by the micro-strip-line technology. The horn antenna re-
ceives both RF and LO waves and the mixer generates a
intermediate frequency (IF) signal. The mixer bias is sup-
plied from a DC power supply through an inductor, and
the bias current is optimized. The IF amplifiers is low-cost
GaAs microwave monolithic ICs with the frequency range
of DC to 10 GHz and the 13 dB. Its power is supplied from
RF output through the choke inductor and the current limit
resistor. The DC-blocking capacitors are needed after the
output of the amplifier. By stacking this 1-D array, a 2-D
array (5 in toroidal and 8 in toroidal directions) is formed.

The frequency response the reflectivity of different 90
degree beam splitters is shown in Fig. 6. Here, a mylar
sheet (thickness: 0.2 mm), plane acrylic glasses (thickness:
1 mm and 2 mm) and a high refractive index board (thick-
ness: 2.54 mm) are tested. The amount of reflection differs
as the polarization differs. Despite of the polarization, a
transparent frequency window is observed in thick beam
splitters. In the case of 90 degree beam splitter with the
thickness of 2 mm, the transparent frequency is 47.2 GHz,
of which wavelength is 6.35 mm in vacuum. In the case of
180 degree beam splitter with the thickness of 2 mm, the
transparent frequency is 42.2 GHz, of which wavelength is
7.1 mm in vacuum. An acrylic glass with the thickness of
1 mm is used as a beam splitter.

The I/Q demodulator is under development to mea-
sure the phase difference between the probe wave and the
reflected wave. It outputs the three components of cosϕ,
sinϕ and the reflected power of the 110 MHz intermedi-
ate frequency (ϕ is the phase difference between the probe
wave and reflected wave). The I/Q demodulator consists

of a low-price quadrature demodulator IC-chip (the unit
price is about 15 dollars) with the auto-gain control func-
tion. The output frequency range is DC - 1 MHz, which is
higher than the typical frequency range of 1 - 500 kHz of
the density fluctuation in LHD. The input power is auto-
matically adjustable between -80 and -30 dBm. The low-
cost version of the I/Q demodulator with the unit price of
less than 100 dollars is now under development in NIFS.

5 Conclusion

Microwave Imaging Reflectometry is under development
in order to obtain the 2-D/3-D image of the electron density
fluctuation in the TPE-RX RFP device and in the Large He-
lical Device. The MIR becomes a powerful tool to investi-
gate the micro-turbulence and the magneto-hydrodynamic
instability in the magnetically confined plasma. By using
the microstrip line technology three key devices are un-
der development for the LHD plasma experiment and the
industrial applications. The 2-D detector array is devel-
oped by stacking of 1-D detector arrays of the planar Yagi-
Uda antenna for 20 GHz and the horn antenna for 60 GHz.
The intermediate frequency receiver with the bandpass fil-
ter and the RF amplifiers is installed on the same board
of the antenna array. The I/Q demodulator is under devel-
opment for the multi-channel phase measurement of the
phase difference between the probe wave and the reflected
wave. These devices enable the multi-channel microwave
imaging system for 2-D/3-D observation in the plasma di-
agnostics.
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In long pulse discharge tokamak, a large number of diagnostic channels are being used to understand the 
complex behavior of plasma. Different diagnostics demand different types of analog and digital processing for 
plasma parameters measurement. This leads to variable requirements of signal processing for diagnostic 
measurement. For such types of requirements, we have developed hardware with reconfigurable electronic devices, 
which provide flexible solution for rapid development of measurement system. Here the analog processing is 
achieved by Field Programmable Analog Array (FPAA) integrated circuit while reconfigurable digital devices 
(CPLD/FPGA) achieve digital processing. FPAA’s provide an ideal integrated platform for implementing low to 
medium complexity analog signal processing. With dynamic reconfigurability, the functionality of the FPAA can be 
reconfigured in-system by the designer or on the fly by a microprocessor. This feature is quite useful to manipulate 
the tuning or the construction of any part of the analog circuit without interrupting operation of the FPAA, thus 
maintaining system integrity. The hardware operation control logic circuits are configured in the reconfigurable 
digital devices (CPLD/FPGA) to control proper hardware functioning. These reconfigurable devices provide the 
design flexibility and save the component space on the board. It also provides the flexibility for various setting 
through software. The circuit controlling commands are either issued by computer/processor or generated by circuit 
itself.  

 
Keywords: reconfigurable analog circuit, reconfigurable digital circuit, field programmable analog arrays, plasma  
         diagnostics measurement, field programmable gate arrays, fpaa, fpga  
 

1. Introduction 
The time duration of tokamak discharge has been 

prolonged in accordance with the development of fusion 
research. In the next generation tokamak like SST-1 and 
ITER [1] the discharge time of the order of 1000 sec. is 
planned. At the same time demand for more no. of 
acquisition channels from different diagnostics is 
increasing. Various diagnostics demand different types of 
analog and digital processing for plasma parameters 
measurement. This leads to variable requirements of 
signal processing for diagnostic measurement. For such 
types of requirements, we have developed hardware with 
reconfigurable electronic devices, which provide flexible 
solution for rapid development of measurement system. 
Here the analog processing is achieved by Field 
Programmable Analog Array (FPAA) integrated circuit 
while reconfigurable digital devices (CPLD/FPGA) 
achieve digital processing. FPAA’s provide an ideal 
integrated platform for implementing low to medium 
complexity analog signal processing. Recent trends in 
hardware design have seen a marked increase in the use  

 
of programmable devices such as CPLDs (Complex 
Programmable Logic Device) and FPGAs (Field 
Programmable Gate Arrays), and more recently 
field-programmable analog arrays (FPAA). 
Programmable devices reduce the time and cost of 
hardware prototyping. Design using field-programmable 
devices is automated through the use of sophisticated 
computer-aided design (CAD) tools, which synthesize 
circuits from schematic, high-level, or behavioral 
descriptions into usable hardware. This automated CAD 
flow reduces the need for detailed design expertise in 
developing working hardware and thus makes hardware 
design open to a greater number of users. These 
reconfigurable devices provide the design flexibility and 
save the component space on the board. 

2. Reconfigurable Measurement system 
 The hardware design of reconfigurable 

measurement system is presented as block diagram in 
figure 1. The block diagram shows how various elements 
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are connected with each other for achieving the following 
described functions: 

• Signal conditioning of the sensor/transducer 
signal 

• Configuring analog circuits in FPAA integrated 
circuit to achieve analog processing as per 
diagnostics requirements 

• Analog to digital conversion 
• Configuring digital circuits in FPGA integrated 

circuit to process on-board digital data for 
acquisition and control 
 

 
                   

 
  Fig. 1   Block Diagram of Measurement system using  

   Reconfigurable devices 
 

We have developed the reconfigurable measurement 
system for plasma diagnostics for variable requirements. 
Implementation and testing of our analog designs has 
been done through FPAA development board while 
digital processing has been achieved with in-house 
developed FPGA based CAMAC digitizer. 

3. Reconfigurable Analog Circuits 
Reconfigurable analog circuits have been 

implemented using FPAA device for variable analog 
signal processing requirements. A field programmable 
analog array is a powerful and flexible integrated circuit 
for quickly, efficiently, and accurately designing a wide 
variety of circuits, including multiple-pole filters and 
other related circuits. FPAAs may soon prove themselves 
in applications requiring fast and complex analog circuit 
prototyping and flexibility in the final analog circuit 
design. Design using field-programmable devices is 
automated through the use of sophisticated 
computer-aided design (CAD) tools, which synthesize 
circuits from schematic, high-level, or behavioral 
descriptions into usable hardware. Figure 2 shows 
schematic and simulation in the FPAA development 
software for our analog circuit configuration. We have 
configured the FPAA for various signals conditioning 
task like amplification, offset removal, filtering etc. For 
analog processing, we have tested various circuits like 
variable gain circuit, comparator, filter, wave rectifier etc. 
The advantage we get with these devices is that we can 
configure the circuits as per our diagnostics requirements. 
We can also simulate the circuit through software before 
placing actual circuit in FPAA device. With dynamic 
reconfigurability, the functionality of the FPAA can be 
reconfigured in-system by the designer or on the fly by a 

microprocessor. This feature is quite useful to manipulate 
the tuning or the construction of any part of the analog 
circuit without interrupting operation of the FPAA, thus 
maintaining system integrity. 

 
 
 
 
 
 

 

 

 
   
    Fig. 2   Schematic and simulation in FPAA development   

           software to configure analog circuit. 
 
 
 
 
 
 
 
 
 
 

 
  Fig. 3   Measured signal on oscilloscope of input and   
           output of FPAA based amplification circuit  

 
4. Reconfigurable Digital Circuits 

Reconfigurable digital circuits have been 
implemented using FPGA device and analog to digital 
converter circuitry for on-board data processing 
requirements of data acquisition and control [2]. The 
designed module is a FPGA based CAMAC digitizer. 
The FPGA is used for all system module logic function 
and on-board data processing. The main aim to design 
this CAMAC module is to process the data, acquired 
from various channels, in real time and to output it for 
further action. The module can be used for monitoring, 
control and acquisition [3]. The real time processing has 
been implemented with VHDL hardware description 
language. The module can be configured to acquire data 
from up to eight channels with real time processing 
capability using VHDL code with FPGA as target device. 
The processed data can also be output through Digital to 
Analog Converter. VHDL code is a hardware description 
language for reconfigurable digital devices 
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(CPLD/FPGA). We can easily configure the digital logic 
and can verify the design though simulation before actual 
implementation in device. We have tested the circuit for 
various data processing algorithm like addition, 
multiplication etc.  

 

 

  Fig. 4   Digital Design verification: VHDL code simulation. 
 

5. Graphical User Interface  
A user-friendly Graphical User Interface (GUI) has 

been developed with LabVIEW application software for 
acquisition through developed hardware.  This provides 
a convenient display and analysis platform for acquired 
data. The main feature that distinguishes LabVIEW from 
other data acquisition application software is its highly 
modular graphical programming language and large 
library of mathematical and statistical functions.  
   

 
 

Fig. 5   GUI developed in LabVIEW for acquisition and  
         to configure FPGA for various processing algorithms   

 
The advantage of graphical programming is that the 

code is flexible, reusable, and self-documenting. 
Subroutines can be saved in a library and reused without 
modification in other programs. This dramatically 
reduces development time and enables researchers to 
develop or modify their own programs.  

6. Results & Discussion 
We have tested the developed reconfigurable analog 

and digital hardware for different analog signal 
conditioning circuits and digital signal processing 
algorithms. The developed CAMAC module has been 
tested in CAMAC data acquisition system with precise 
test and measurement equipments. The testing has been 
performed with GUI developed in LabVIEW application 
software. We have tested the DC performance as well as 
AC performance of hardware with utility developed in 
LabVIEW software. We have found the results quite 
satisfactory. These reconfigurable technologies may be 
quite useful, in future, for development of variable 
requirement plasma diagnostics measurement systems for 
different interfaces.   
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Direct measurement of divertor heat flux is an important task. But heat flux calibration is often difficult since
heat diffusion in sensors is slower process than discharge duration time of present experiments. In this paper,
using unsteady heat conduction model, heat flux in Heliotron J edge plasma is firstly measured. Obtained heat
flux value, although it is time averaged, does not contradict edge plasma parameters.

Keywords: Thermal probe, divertor, Heliotron-J, Heat flux, Heat conduction

1 Introduction

It is well known that there exist the sheath regions be-
tween plasmas and solid components which face to plas-
mas and that current through these sheath is determined
by the sheath potential drop. According to sheath theory,
momentum and heat flux through the sheath is also the
function of the sheath potential drop. Recently Combined
force-Mach- Langmuir probe[1] and thermal probe[2, 3]
were proposed to measure these flux and to obtain not only
electron parameters but also ion information such as its
temperature. Recently, the first result on ion temperature
measurement with thermal probe is reported in [4], but im-
portance of energy reflection coefficient on thermal probe
measurement is pointed [5].

It is also very important to measure the heat flux itself
in divertor plasma. In the design of fusion reactors like
International Tokamak Experimental Reactor(ITER), vast
heat flux(> 10[MW/m2]) is expected to flow onto diver-
tor target plate through this sheath boundary. In order to
check proposed methods to reduce this heat load such as
“detached plasma formation”, direct measurement of heat
flux is indispensable, since relation between heat flux and
plasma parameter is very complicated. Moreover ion tem-
perature contribution could not be ignored as usual text
books, since ion temperature is larger than electron tem-
perature in divertor plasma [6] . So development of direct
measurement tools for divertor heat flux would be an im-
portant task.

In this paper, first results of heat flux measurement for
Heliotron J edge plasma are given. In section 2, an ex-
perimental setup is described. In section 3, unsteady heat
conduction model is applied for thermal probe data in He-

author’s e-mail: matsu@me.osakafu-u.ac.jp

liotron J. Some results are shown in Sec.4.

2 Experimental Setup

Heliotron J is a medium sized helical axis Heliotron device
with a helical winding coil ofL = 1/M = 4. The details
of Heliotron J are described in Refs. [8] and [9]. Last year
the Hybrid Directional Probe (HDP) used in Compact He-
lical System [7] were moved to Heliotron-J device under
Collaboration with NIFS. HDP is composed of 1 magnetic
probe sensor( Pin 6 ) and 7 Langmuir probe tips( Pin 1-5,
7-8), 5 tips of which are equipped with type-K thermocou-
ples( TC ) and available also as thermal probes. In this
paper, data of Pin 3 and 4 are mostly used. These pins are
made of oxygen-free-cupper and the diameter and length
are 4.5 and 11[mm] respectively.

HDP has a driving system of three parameters
(Rp, θp, αp) and positions of its pins and can be changed
shot by shot. Rp is the HDP probe head shift along the
major radius direction in mm unit.θp is the swing angle
in degree unit along the poloidal direction, although in this
paper data only forθp = 0 are used.αp is the rotation an-
gle in degree unit around the axis of cylindrical HDP head.
Due to the mechanical limitation, only half rotation data
are available.αp can be scan−110∼ 10 and difference of
initial position of Pin3 and Pin4 is 60.

HDP is installed to port 7.5 cross section of Heliotron
J and so called X-point can be studied. Figure 1 shows
outer part of port 7.5 section ( Toroidal angle is 163[deg.] )
and magnetic surface in standard configuration. Horizontal
solid line atZ = 0.271[m] is the trajectory of HDP head
axis for θp = 0. WhenRp ∼ 135, the top of HDP head
reaches the Last Closed Flux Surface(LCFS). Two symbols
( cross and dagger ) in this figure are the position of Pin3
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Fig. 1 Probe pins position of the Hybrid Directional Probe
(HDP) on port 7.5 cross section. HDP head moves along
horizontal solid line atZ = 0.271[m] with setting param-
eter Rp. Probe pins move along vertical dashed line at
R = 1.36[m] with αp.

and Pin4 forRp = 210,185, and 135. Small vertical dashed
line atR = 1.36[m] shows the movement of Pin3 and Pin4
with αp scanning atRp = 210.

3 Heat conduction model

Basic concept of thermal probe is very simple. From the
probe tip temperature (Tp) data, heat flux to probe surface
Q can be deduced by solving heat conduction problem. For
DC discharge plasma, we can use the simple steady rela-
tion such thatQ ∼ ∆Tp. However, heat flux calibration
of thermal probes of HDP has not yet completed, mainly
since discharge pulse length (∆t ∼ 0.1[s] ) is shorter than
thermal diffusion time in a probe tip ( about 1[s] ) and
steady state heat conduction model is not available. Fig-
ure 2 shows the example of thermocouple data measured at
(Rp, θp, αp) = (210,0,0) for NBI plasma. Temperature in-
creases almost after main discharge terminates and reaches
maximum value about att = 0.5[s]. After that TC signal
show the abnormal jump, which is thought to be due to
helical coil current noise.

As the first step, we used a very simple model to anal-
ysis heat conduction in probe pins. A probe pin is treated as
semi-infinite plane and plasma heat flux is treated as Delta-
function type short pulse. Then temperature in a probe pin
is the function of timet and distance from the pin surface
x and given as

∆T = T(x, t) − T∞

=
q∆t
k

√
a

π(t − t0)
exp(− x2

4a(t − t0)
) (1)

wherek is heat conductivity,a is thermal diffusivity, q is
the averaged heat flux density,T∞ is initial temperature,
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Fig. 2 Example of TC data and fitting result for the HDP.
The position of Pins areR = 1.36[m](Pin3 and
4), 1.38[m](Pin5), and Z = 0.25[m](Pin3 and 5),
0.26[m](Pin4). Solid line fitting Pin3 data is obtained by
eq.(1) withxtc ∼ 1.07× 10−2[m] andq∆t ∼ 2.9[J/mm2].

andt0 is the time when heat pulse reaches the pin surface,
which is indicated as a vertical line att = 0.07[s] in Fig. 2.

For fixed x, temperature response to the heat pulse
shows a peak att = x2

2a. If temperature increment becomes
maximum (∆T = ∆Tmax) at t = tmax, TC sensor is expected
to locate atxtc =

√
2a(tmax− t0). From the Pin3 data in

Fig. 2, xtc ∼ 1.07× 10−2[m]. And total heat that the probe
pin receives (q∆t) can be estimated by

k∆Tmax = q∆t

√
a

π(tmax− t0)
exp(−1

2
) (2)

If q∆t ∼ 2.9[J/mm2] is assumed, eq.(1) well reproduces
time evolution of Pin3 data in Fig. 2.

It must be noted thatxtc is not exactly corresponding
to real position of TC connection point. Type-K TC used
in HDP has the sheath material around connection point
and it works as heat resistance andtmax− t0 may become
longer than that expected from real TC position.

By using ∆t = 0.1[s], Pin3 is estimated to receive
heat flux of about 400[W] in main discharge. On the other
hand, ion saturation current measured with the same pin
was∼ 100[mA] near LCFS. Although no electron temper-
ature data is obtained by this probe pin, estimated heat flux
is the same order asγTeI is, if Te = 100[eV] and heat trans-
mission factorγ of order of 10 are assumed.

According to eq.(1), if TC position can be moved
toward probe surface or TC sheath is removed, thenxtc

would become smaller, TC signal response would be im-
proved, and real time monitoring of heat flux might be pos-
sible. To study this improvement more precisely, the sec-
ond improved model for probe pin heat conduction is now
developing.
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Fig. 3 Heat flux profile around HDP head. Holizontal axis is
angle around HDP(α ) and vertical axis is the heat re-
ceived during whole discharge (q∆t). For rotation angle
αp = 0, Pin3 (and Pin5) is atα = −10[deg.] and Pin 4 is
atα = 50[deg.].

4 Heat flux just inside LCFS

Figure 3 shows heat flux profile around the HDP head.
Holizontal axis is angle around HDP(α ) and vertical
axis is the heat received during whole discharge (q∆t).
Rp(= 210) andθp(= 0) are fixed andαp is scanned. Pin3
(and Pin5) coversα = −120 ∼ 0[deg.] and Pin4 covers
α = −60∼ 60[deg.]. As shown in Fig. 1, probe pins reach
LCFS atα = −120[deg.](mechanical limit) and they go
most deeply into main plasma atα = 0[deg.]. So if the
gradient of plasma parameter( density, temperature, poten-
tial etc. ) is significant, heat flux would show the maximum
at α = 0[deg.] and the minimum atα = −120[deg.]. But
although data is limited and shows scattering, the maxi-
mum heat flux is found aroundα = −50[deg.]. Similar
profiles have been obtained for ion saturation current. So
most probable explanation for these profiles is the exis-
tence of plasma flow, which directs towardα = −50[deg.]
or α = 130[deg.]. If this hypothesis is true, angular profile
must has periodicity of 180[deg.]. Unfortunately, present
heat flux data does not confirm the clear minimum value
aroundα = 40[deg.]. Farther measurement will be neces-
sary.

Figure 4 shows the change of heat flux with plasma
heating power.( In this case, only ECH was used as the
plasma heating device.) Data symbols is the same as Fig. 3
( Pin3: circles, Pin4: squares, Pin5: diamonds).Rp andθp

are also same as Fig. 3 andαp is kept to be 0, which means
that rotation angle of Pin3 (and Pin5) isα = −10[deg.] and
that Pin 4 isα = 50[deg.]. As increasing plasma heating
power, estimated heat flux for each pins also increases. But
data scattering is rather large, since keeping line-averaged
density nearly constant for different ECH heating power is
difficult. For high power ECH, strong gas puffing is nec-
essary to overcome the so-called density clamping. When
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Fig. 4 ECH power scan effect on heat flux. Data symbols is the
same as Fig. 3. Small open circles are also plotted for
diamag monitor value( right axis with arbitrary unit).

ECH power is reduced, extra gas puffing sometimes ter-
minates main discharge. One example is given in Fig. 5.
ECH power of shot number 32435 and 32436 is the same (
about 156[kW] ). But discharge of #32435 terminates dur-
ing ECH heating pulse and discharge time is only 40%
of #32436, while stored energy is almost the same around
t = 200[ms].

Theq∆t data for #32435 in Fig. 4 is also much smaller
than #32436. For Pin3,q∆t is about 1.0[J/mm2](#32435)
and 2.6[J/mm2](#32435). If real discharge time, not ECH
heating pulse length, is used as∆t, averaged heat flux is
nearly equal for these two shots. So, in order to study
the relation of heating power and heat flux measured with
thermal probe method and present heat conduction model,
knowledge on real discharge time would be necessary. On
the other hand, although preset method of measuring heat
flux can not obtain time variation of it, it could be used as
monitoring tool to watch shot reproductivity as likely as
ion saturation current. If probe position or bias voltage is
kept the same and TC signal ( or estimated heat flux ) after
a shot changes, we can see something wrong has happened
in the shot.

5 Summary

Obtained results in this paper are summarized like the fol-
lowing.

• Heat conduction models to calibrate heat flux detected
with HDP are constructed.

• Using TC evolution data, averaged heat flux in He-
liotron J edge plasma is firstly estimated, which does
not contradict with the value calculated from probe
current data with most simple sheath theory.

• By rotating HDP around its axis, heat flux angular
profile is measured. Obtained profile indicates the ex-
istence of some kind of plasma flow.
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Fig. 5 Diamag monitor signal for two successive shot with the
same ECH power and slightly different gas puffing con-
trol.

• As increasing plasma heating power, estimated heat
flux also seems to increase. But knowledge on real
discharge time is necessary to estimate heat flux ex-
actly.

In order to monitor heat flux during main plasma dis-
charge, improvement of TC response is necessary. One
method is to reduce heat resistance between TC and probe
pins by removing TC sheath material. Another is to move
connecting points of TC toward pin surface where plasma
irradiation occurs. Design and construction of new thermal
probe with considering these improvements are left for the
future work.
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This paper proposes a movable compact Thomson scattering (TS) system based on optical fibers 
(TS-probe). A TS-probe consists of a probe head, optical fiber, a laser-diode, polychromators and lock-in 
amplifiers. A laser beam optics and light collection optics are mounted rigidly on a probe head with a 
fixed scattering position. Laser light and scattered light are transmitted by flexible optical fibers, 
enabling us to move the TS-prove head freely during plasma discharge. The light signal scattered from 
an amplitude-modulated laser is detected against the plasma light based on the principle of the lock-in 
amplifier. With a modulated laser power of 300W, the scattered signal from a sheet plasma of 15 mm 
depth and ne~1019 m-3 will be measured with 10% accuracy by setting the integrating time to 0.1 s. The 
TS-probe head is like a 1/20 model of the currently operating LHD-TS. 

                            
Keywords: Thomson scattering system, fiber laser, divertor plasma, TS-probe, LHD 
 

1. Introduction 
In fusion-oriented plasma experiments, Thomson 

scattering (TS) is a standard method to obtain 
electron temperature (Te) and density (ne) profile 
data. Its advantage lies in that it gives local values of 
Te and ne with a high confidence and accuracy. There 
are, however, disadvantages: the small probability of 
TS (ne σL<10-11) necessitates bright optics and high 
efficient detectors even with the currently available 
high-energy pulse lasers; and precise laser beam 
alignment is often required. As a result of these, a TS 
usually requires a high cost and tedious labor in 
construction and maintenance, which preventing an 
easy use of TS at various locations in a plasma 
confinement device. As an example of a way out of 
this disadvantageous situation, this paper proposes 
an idea of a “TS-probe” which is compact and 
movable, like a Lagmuire probe, to a desired 
position around a plasma without necessity of laser 
beam alignment. We have already proposed a similar 
idea 13 years ago [1], but it have not yet realized 
because of absence of the suitable optical 

components. With recent substantial progresses in 
the necessary optical components, we reexamine the 
idea in this paper. 

 
2. Description of a TS-probe 

 
A schematic view of a TS-probe designed for 
measuring a divertor-leg plasma of 15 mm depth is 
given in Fig. 1.  
 
 
 
 
 
 
 
 
Fig.1. Schematic view of a TS-probe: 1. divertor-leg 
plasma; 2. TS-probe head; 3. optical fibers; 4. fiber 
feed-through; 5. vacuum chamber wall; 6. laser 
diode; 7. polychromator; 8. pulse generator; 9. 
lock-in amplifier; 10. data acquisition and computer. 
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It consists of: a probe head; optical fibers; optical 
fiber feed-through; laser diode; polychromator; 
lock-in amplifiers. These are described in details in 
what follows.  
(1) A probe head delivers laser energy and collects a 
backwardly scattered light from a fixed scattering 
position. A key point is to collect as many 
TS-photons as possible while keeping background 
plasma light at the smallest level. For this, it is 
important to form the image of the laser beam just 
onto the surface of the light collection fiber with a 
well-adjusted size slit. Figure 2 shows the scattering 
configuration. From a simple geometry, the image of 
the oblique line (laser beam), which intersects the 
L2’s optical axis at the angle α, intersects the optical 
axis at β, which are related by tanα/tanβ=m. Here 
m=75/175=1/2 is the magnification.  
 
 
 
 
 
 
 
 
 
Fig. 2. Thomson scattering optics configuration. 
 
An expanded view of the end of the optical fiber is 
shown in Fig. 3. The incident angle θ1=90°−β is 
chosen so that the light incident to the fiber is 
reflected as little as possible. If the laser beam and 
hence the scattered light is properly polarized 
(p-wave), the reflectance at the fiber surface is less 
than 1 % for 45°<θ1<63° as shown in Fig. 4. 
Unfortunately the fiber supposed to be used 
depolarizes the propagating laser light even if 
initially polarized. The unpolarized light reflects on 
the surface of the fiber by 5% on average for 
45°<θ1<63° as shown in Fig. 4. We choose the 
central incident angle to be θ1=56° and hence β=34 
° and α=17 ° for m=0.5. The end of the fiber is cut at 
56° so that the central incident light propagates 
along the axis of the fiber after the refraction. A slit 
of 1mm in length and 0.5 mm in width set at the 
obliquely cut surface of the fiber defines the 

scattering cylindrical volume of L=3 mm in length 
and D=1mm in diameter located at the waist point of 
the laser beam shaped by L1 lens. The L1 lens has 
focal length f=34 mm and diameter φ30, which 
matches the NA=0.22 of the fiber F1 with the core 
diameter of 0.5 mm.  
 
 
 
 
 
 
 
 
 
Fig. 3. Magnified view of the optical fiber for 

collecting TS-light. 
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Fig. 4. Reflectivity at the end surface of the fiber as 

a function of incident angle.  
 
The L2 lens has the focal length f=52 mm and 40 
mm diameter with a 34mm×40 mm square aperture 
which match the acceptance angle of the fiber F2. 
The aperture gives the solid angle of ΔΩ=25 msr. All 
optical components consisting the TS-probe is 
housed in a box of 100×100×50 mm3 size. The 
scattering configuration is similar to a 1/20 model of 
the LHD-TS.  
(2) Optical fiber: Two optical fibers are used: F1 is 
for delivering high power laser energy; and F2 is for 
transporting the scattered light to a polychromator. 

θ2

θ1 56°

β

Fiber F2 
α β 

150 75 

50laser 

L1 

L2 

Fiber F1 

scattering volume 

P2-49

Proceedings of ITC18, 2008

444



 

Contrary to our intuition, it is reported that a step 
index type optical fiber made of pure silica can 
transmit a high power density [2]: A 400μm core 
diameter fiber can transmit 2000 W CW light and a 
1MW/mm2 light pulse width <1ms. Considering 
available laser diode of 300W CW output, core 
diameter of 400 μm is large enough for F1 fiber. The 
f=52 mm lens (L1) with 20×30mm2 aperture focuses 
the scattered light onto the end surface of F2 fiber of 
1mm in diameter cut at the Brewster angle. Both 
fibers set insides vacuum chamber is flexible enough 
enabling us to move the TS-prove head freely to a 
large extent. A simple metallic screen will shield the 
fiber against plasma radiation that would otherwise 
heats up the fibers. Unavoidable exposure to hard 
x-rays and neutrons, if present, will result in a 
gradual drop in the transmission of the fibers and 
fluorescent emission from the body of the fibers. 
The latter problem will not be serious for the present 
case in which a modulated laser beam is used. The 
former problem will be alleviated greatly by suitably 
selecting the fiber material and the wavelength of 
laser light (900-1100 nm) transmitted in the fiber. 
Raising the temperature of fibers, which may occur 
naturally or intentionally, will cure the defects 
introduced inside the fibers.  
(3) A Fiber feed-through interfaces the fibers set in 
the inside and outside of a vacuum chamber. There is 
commercially available fiber feed-through that can 
be used for an ultra-high vacuum (UHV) 
environment of 10-10 mbar [3]. The durability against 
high power transmission is an issue not yet checked.  
(4) Laser diode: A light source for a TS is required 
to be intense enough to yield sufficient signal and to 
have a wavelength width narrow enough to discern 
the Doppler broadening of the scattered spectrum 
due to thermal motion of plasma electrons. The 
allowable width (Δλ) depends on the 
minimum-measurable electron temperature 
Te_min(eV) as follows: Δλ/ λ<<Te_min

0.5/500. 
Examples: for  Te_min=10eV, Δλ/ λ<<6/1000; for 
Te_min=1eV, Δλ/ λ<<2/1000. These imply that it is 
not absolutely necessary to use lasers operating in a 
cavity, e.g., an Nd:YAG laser with Δλ/ λ<< 10−6, as 
a TS-light source. Laser diodes, which are widely 
used for pumping the laser rod and for industrial 

application such as welding and cutting, seem to be 
suitable for the present purpose. For example, LIMO 
GmbH produces a fiber coupled laser diode module 
that delivers 980 nm 350 W light from a 400μm core 
fiber with NA=0.22 [4]. The specified line width 
(FWHM) Δλ<8 nm will allow the Te measurement 
down to Te_min~30eV, which is rather high for edge 
plasma measurement. Recently it was reported [5] 
that a Bragg grating stabilizes a diode laser to yield 
power of 330 W from a fiber in Δλ=0.5 nm line 
width at λ=967 nm, which allowing a TS 
measurement down to a few eV. These above data 
are for a CW operation. As described later, the laser 
diode should be modulated at a high frequency. 
Whether there is degradation in high power 
delivering capability when used in modulation mode 
is an open question.  
(5) A polychromator spectrum-analyze the 
scattered light transported by fibers. We will use a 
conventional three-filter polychromator. The 
principle of operation is based on the transmission 
and reflection characteristics of a combination of 
filters arranged to form a zigzag optical path. A key 
issue in the polychromator is to prevent the stray 
light with the wavelength at the laser from entering 
the light detector such as avalanche photo diode 
(APD). In the case of LHD-TS, each filter in the 
polychromator blocks the light at 1064 nm (Nd:YAG 
laser wavelength) with the blocking factor of 105 

(OD5). Even with this high blocking factor, some 
polychromators suffer from the stray light problem. 
Considering the absence of the beam dump in the 
present case, the filters with a much higher OD 
blocking will be necessary. A setting a notch filter 
with OD~4 at the laser wavelength at the exit of the 
fiber-lens may be a solution to this. In addition to the 
high blocking, the steepness of the edge of the filters 
is of importance related with the lowest detectable 
Te (Te_min).  

(6) Lock-in amplifiers are used to pickup weak 
scattered signals modulated at frequency fm in the 
presence of an overwhelming background noise 
mainly arising from plasma light. In considering that 
the spectrum of plasma density fluctuation and the 
resultant plasma light fluctuation monotonically 
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decreases down to a sub-MHz region, the reference 
frequency fm higher than 1MHz is favorable for 
reducing the noise contribution. There is a 
commercially available lock-in amplifier operating 
at frequency as high as 200 MHz: SR844 (Standard 
Research System) [6].  

3. Signal to Noise Ratio  
We suppose to measure a sheet like divertor leg 
plasma of 15 mm in depth that has Te less than 100 
eV and ne ranging from 1018 m-3 to 1019 m-3 with a 
modulated laser diode of PLASER =300W and λLASER 
= 980 nm.  
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Fig. 5. TS spectra for various Te. Three color bands 

are indicated. 
 
The backward TS spectrum is shown in Fig. 5 for 
various Te, which are discriminated by three color 
channels with pass bands B1=[940, 960], B2=[960, 
970] and B3=[970, 975] in nm unit. The light power 
fed to a polychromator is the sum of the scattered 
light Psct plus the plasma radiation Prad, which are 
given respectively as 

Psct = PLASER ne L( d2σ/dΩdλ)ΔΩΔλ 

     ≈1.2 ( PLASER/300W)( ne/10-19m-3)(L/3mm) 

    *(ΔΩ/25msr)Sp(λ)dλ/λ LASER  pW        (1) 

and 

Prad = jνΔνΔVΔΩ 

  ≈110 (Zeff/3)(ne/10-19m-3)2(Te/100eV)–1/2*(G/10) 

(ΔΩ/25msr)(Vobs/10mm3)*(Δλ/nm)(1μm/λ)2     (2) 

 

Here Sp(λ) is the TS spectrum shown in Fig. 5, 
λLASER=980 nm is the laser wavelength, jν is the 
Bremsstrahlung emissivity, Zeff is the effective ion 
charge, G is the Gaunt factor enhanced ~5 times to 
take account of enhanced radiation due to 
recombination and line radiation, 
Vobs~πD2/4*15~10mm3 is the effective plasma 
volume that the collection optics see. The light 
power that falls in i-th filter’s pass band is incident 
to the i-th APD, inducing a current   

   ji = ∫dλ (Psct+Prad)Fi(λ)/hν 

= ∫dλ (Psct+Prad) Fi (λ)/λ/hc              (3) 

≡ jsi. + jbi  

Here Fi(λ) is the filter transmittance ηFIL times 
quantum efficiency ηQ of the the i-th channel: Fi 
(λ)=ηFIL.(λ) ηQ(λ). We assume an idealized filter 
with ηFIL =0.9 in the i-th pass band and ηFIL=0 
otherwise. The responsivity (A/W) and its associated 
quantum efficiency ηQ (%) of an APD are shown in 
Fig. 7 as function of wavelength, from which we 
reasonably set ηQ=0.75 for the three pass bands (940 
nm <λ<975 nm).  
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Fig. 6. Responsivity and quantum efficiency of  
      an APD (Hamamatsu S8890). 
 
For later use, we define xi  by 
xi≡ jsi/ne                                             (4) 
 
Figure 7 (a) and (b) show jbi and jsi. for plasma with 
ne=10-19m-3 as a function of Te. We note that the 
scattering signals {jsi; i=1,2,3} are deeply buried in 
the plasma Bremsstralung signals {jbi; i=1,2,3}. The 
outputs of the APDs, which is proportional to 
ji=jsi+jbi are fed to three lock-in amplifiers. A lock-in 

λ 

Sp(λ) 
B1    B2 B3 
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amplifier is a kind of a Fourier analyzer if the 
reference input is fed by a precise sinusoidal signal, 
which is also used to modulate the laser diode. The 
frequency spectrum of the output of an APD is 
composed of two terms: one is a very narrow 
TS-signal centered at the modulation frequency fm; 
other is broad band noise mainly generated by shot 
noise. The current in the APD ji=jsi+jbi+jd generates 
the shot noise whose power spectrum is given by 

 <in
2> =2e(jsi+jbi +jd)Μ2Fn(M)Δf.            (5) 

where M~100 is the multiplication factor of the 
APDs and jd~1 nA is the dark current in the APD, 
Fn(M) is an excess noise factor and  Δf is the 
bandwidth. 
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Fig.7 (a) APD currents induced by Bremsstrahlung. 
        ne=10-19m-3. 
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Fig.7 (b) APD currents induced by Thomson scatted 

light. ne=10-19m-3. 
         
The appearance of Fn(M) implies an enhanced noise 
in the avalanche process in APD [7,8,9]. Fn(M) is 
dependent on the ratio of hole ionization to electron 

ionization. By suitable design and selection of 
processing material, Fn(M) can be less than 4 for 
M=100 [9]. In this paper we assume Fn(M)=10. The 
RC-type integration time τ of a lock-in amplifier 
gives the spectrum width Δf given by the relation 
Δf=1/4τ. Then, the output of the lock-in amplifier is 
expressed as 
  

yi= jsi ± [e(jsi+jbi+jd)/2τ]1/2 ≡ jsi±δ i.    (5) 
 

Hence, however deeply the TS-light is buried in the 
plasma radiation, it is possible to pickup the 
TS-signal by taking a long enough integration time. 
With these data {yi; i=1,2,3} we can estimate the 
errors on the deduced Te and ne by following the 
standard method. The two ratios js1 /js3 ≡ g1(Te) and 
js2 /js3≡ g2(Te) are functions of Te alone as shown in 
Fig. 8. Conversely, the observed ratios y1/y3 and 
y2/y3 give two Te: Te1=g-1(y1/y3) and 
Te2=g-1(y2/y3). Here g-1 is the inverse function of g. 
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Fig. 8. Two ratios among the TS-signals from three- 

color channels. 
 
The errors on Te1 and Te2 are calculated as 

(δTe1) 2=(∂g1-1(x)/∂x) 2(δy12/y32+y12δy32/y34)  (6) 

(δTe2) 2=(∂g2-1(x)/∂x) 2(δy22/y32+y22δy32/y34)  (7) 

(δyi) 2=e(jsi+jbi +jd)/2τ                      (6) 

With the variance (δTe) 2 defined by  

1/(δTe) 2 =1/(δTe1) 2 +1/(δTe2) 2                                             (8) 

the most probable Te is given by 

Te=(Te1/(δTe1) 2+Te2/(δTe2) 2)(δTe) 2                               (9) 
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The errors on ne is obtained, for example, from  

ne = js3/ x3                                             (10) 

(δne/ne) 2=(δjs3/js3) 2+(∂x3(Te)/∂Te) 2 (δTe) 2   (11) 
 

In what follows, we shows relative errors in Te and 
ne, √(δTe) 2/Te and √(δne) 2/ne, as a function Te for 
several combinations of parameters that gives the 
relative errors less than 20%. First we show the 
relative errors for PLASER=300W, ne=1019m-3 and 
τ=0.1s in Fig. 9. Errors in both Te and ne are less 
than 10% for 6eV<Te<90eV. This implies that a 
plasma with ne≥10-19m-3can be measured with time 
resolution around 0.1s.  
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 Fig. 9. √(δTe) 2/Te and √(δne) 2/ne for PLASER=300W, 

ne=1019m-3 and τ=0.1s. 
 
For a ten times more dense plasma, ne=1020m-3, an 
integration time of 0.05 s is necessary for the same 
PLASER =300W as shown in Fig. 10.  
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Fig.10. √(δTe) 2/Te and √(δne) 2/ne for PLASER =300W, 

ne=1020m-3 and τ=0. 05s. 

Even a smaller laser power of PLASER =100W yields 
a reasonable data quality with a longer integration 
time of 0.5 s as shown in Fig. 11. 
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Fig.11. √(δTe) 2/Te and √(δne) 2/ne for PLASER =100W, 

ne=1019m-3 and τ=0.5s. 
 
Even lower density plasma of ne=1018m-3 can be 
measured with PLASER =300W by integrating much 
longer time of 1 s as shown in Fig.12. 
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Fig.12. √(δTe) 2/Te and √(δne) 2/ne for ne=1018m-3, 
PLASER =300W and τ=1s. 

  
4. Discussions   
We showed the feasibility of a TS-probe based on 
optical fibers and the recently developed high power 
laser-diode with narrow line width. It was shown 
that the currently available laser diode of 300W can 
yield accurate Te and ne data for plasma of 
ne~10-19m-3 with integration time of 0.1s. If there 
were no enhancement in APD noise, the noise power 
spectrum in Eq. (5) is proportional to Μ2 . In this 
case, the errors in Te and ne are much reduced and 
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an integration time of 0.01 s is long enough to yield 
accurate data as shown in Fig.13.  
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Fig.13. √(δTe) 2/Te and √(δne) 2/ne for PLASER =300W, 

ne=1019m-3 and τ=0.01s when no enhanced 
noise is added to APDs. 

 
In this view, developing photo detectors with smaller 
noise are worthwhile [9]. With the presently 
available APDs, time integration longer than 0.1 s is 
necessary for measuring plasma with 1019m-3 ≥ne. 
Hence, the proposed TS-probe is suitable only for 
long pulse discharge experiments. For measuring a 
fast phenomenon a shorter integration time less than 
0.1s is desirable. A way to improve this is to raise 
the TS-light power. The key element of the TS-probe 
is intense light transmission in a fiber. A φ1.2 fiber, 
which is still flexible, can transmit light of 2kW CW 
and 1MW pulse with duration less than 1ms. If 
1MW laser of 0.1 ms pulse width is available, it will 
give enough accuracy with τ=0.01 ms as shown in 
Fig.14.  
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Fig.14. √(δTe) 2/Te and √(δne) 2/ne for PLASER =1MW, 
ne=1019m-3 and τ=0.01ms. 

Up to this point, we have assumed that there is no 
plasma light fluctuation around the frequency of the 
laser diode modulation fm~ 1MHz. This assumption 
may be supported by the fact that there is no success 
report on detecting turbulent density fluctuation by 
Bremsstlahlung measurement. A key point in the 
present TS-probe is the smallness of Vobs~ 10mm3, 
which helps to reduce the plasma radiation power 
entering to the light collection optics. This is 
accomplished by matching the slit size on the light 
collecting fiber to the size of the image of the laser 
beam whose size is reduced down to φ1mm. The 
beam size largely depends on the fiber diameter and 
the N.A. The smaller diameter and smaller NA are 
favorable for reducing the beam size. If it is possible 
to mount a laser diode on the TS-probe head, the 
beam size at the focal point can be reduced much 
less than φ0.1, thus lowering Vobs and Prad several 
orders of magnitude. This approach of design will be 
given elsewhere.  
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We have developed a spectroscopic diagnostics system in the wavelength region of 200 - 1000 nm for 
monitoring ITER divertor plasmas, such as the influx of impurity elements, position of the ionization front, electron 
temperature and density.  An equivalent size prototype of the optical components for the upper port spectroscopic 
diagnostics system has been fabricated and assembled as part of the system to estimate quantitative light throughput.  
Collisional-radiative models estimate the line intensities of helium ash and carbon ions.  The reflection of tungsten 
and carbon fiber composite, which comprise the plasma facing materials of the divertor, is measured.  The 
reflection of the surface of the tungsten divertor material is 23% at λ656nm.  There is an anisotropic aspect to the 
surfaces of W and CFC. 

 
Keywords: iter divertor plasma, spectroscopic diagnostics, impurity influx, in-site calibration method, reflection of 
divertor component materials   

1. Introduction 
Generating electric power by means of nuclear fusion, 

DEMOs, and the next generation of tokamak- and 
heliotron-type reactors of ITER, has been proposed, 
including the SlimCS [1].  In order to realize the potential 
of a DEMO reactor, the plasma diagnostics in the harsh 
environment of D-T fusion plasmas, i.e., high levels of 
neutrons, gamma-rays and plasma particle bombardment 
as well as nuclear heating, should be strictly tested during 
the ITER phase.  The impurity influx monitor (divertor) 
through ultra-violet (UV) and visible spectroscopic 
measurements [2-4] is responsible primarily for monitoring 
influx from the plasma-facing components of beryllium, 
carbon, and tungsten, for sensing the position of the 
ionization front, and for determining the ion temperature in 
divertor plasmas [5].  The impurity influx monitor also 
has the secondary functions of monitoring electron 
temperature and density (Te and ne), as well as the fuel 
ratios (nH/nD or nT/nD) of divertor plasmas.  The impurity 
influx monitor also supplements information about the 
radiation power and profiles in the divertor and the 
X-point/MARFE regions, and gives information about the 
densities of neutral atoms and molecules.   

The neutron flux and energy deposition in mirror 
materials and the vacuum window are estimated in Ref. [6].  
Estimates of the neutron flux and nuclear heating at the 
first mirror located ~1m behind the first wall are 1.2×108 
m-2 s-1 and 20 kW/m3, respectively.  It is known that 
neutron irradiation of 1.4×108 n m-2 on the molybdenum 
mirror has no effect on the mirror surface [7].  Divertor 

systems are planned for the upper #01, equatorial #01 and 
divertor #02 ports.  The fist mirrors of these systems are 
made of molybdenum.  From each of the upper and 
equatorial ports, we may observe the divertor plasma with 
lines of sight in a 71 chord fan array.  From the divertor 
port we observe the plasma with viewing chords in a fan 
array placed in a gap between the divertor cassettes.  The 
optical design of the viewing chords for observing strike 
divertor plate is undergoing to fit inside the new divertor 
dome box. Here we report on the present status of 
development of the divertor for ITER on the upper port. 

 

2. Prototype optical properties  
We have assembled the optical components into a 

scale size model viewing system.  Figure 1 shows the 
arrangement of the upper port optical system.  The 
prototype of the upper port fan array viewing chords is 
manufactured with fifty lines of sight, though  
seventy-one lines are planned for the production model.  
The front-end optics placed close to the main plasma 
consists of three metallic mirrors.  The material of the 
first and second mirrors is molybdenum.  The second is 
an off-axis paraboloid mirror.  The third is a plane 
aluminum.  The distance from the first mirror to the 
divertor dome is about eight meters.  The fifty lines of 
sight cover 1.4 m in the poloidal direction.  Emissions 
from the divertor plasma collected with the front-end 
optical optics are transferred via a dog-leg, using two 
aluminum-coated glass mirrors with a 190 mm effective 
diameter to a Cassegrain telescope. 
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Fig.1  The upper port optical system of the impurity influx 

monitor (divertor). Front-end optics consists of three 
metallic mirrors: a plane M1(Mo), an off-axis 
paraboloid M2(Mo), and a plane M3(Al).  Fan 
array lines of observation are planned to total 
seventy-one chords from the upper port. 

 
At the focus plane of the Cassegrain collection optics, 

a micro-lens array is coupled with fifty optical fibers 
whose 200-micrometer core diameter is contained within a 
220-micrometer clad. The micro lens array (MLA) is made 
of synthetic silica and contains in one unit, ten biconvex 
lens with a radius, length, and height of 3.3 mm, 6.7 mm, 
and 2mm, respectively. These five units are bonded with a 
binding material.  Fifty optical fibers of two meters each 
transfer the light to a spectrometer, each of which has an 
FC coupler.   

We measured the light throughput coefficient of the 
prototype.  A calibrated standard xenon light source 
irradiated a Spectralon reflectance target at a distance of 50 
cm.  The target was placed 30 cm in front of the first 
mirror. A compact optical fiber-coupled spectrometer was 
used to record the spectral properties. Light to the 
spectrometer was relayed via a 20-meter length of the 
200-220 FC-SMA optical fiber which prevents an 
anisotropic mode inside the core of the optical fiber. 

Figure 2 shows the spectral throughput coefficients of 
three chords of #01, #26 and #50.  In the visible 
wavelength region, the coefficient is almost flat at 4×10-11 
m2sr, and gradually decreases in the red wavelength region.  
Below a wavelength of 300 nm, the signal to noise ratio is 
rather low because of the spectrometer grating and detector 
efficiency.  Above 800 nm no calibration data are 
available for the light source.  Future experiments in the 
longer wavelength region will employ a calibrated integral 

sphere. 
The observable region of the MLA was assessed by 

means of inserting light from a halogen lamp into each of 
the optical fibers.  The image when focused at the target 
plate at a distance of 8.55 m from the first mirror and 
gathered through the collection and front-end optical 
components, Figure 3 shows an example of the MLA images.  
The widths of the examined lens image at 90% intensity 
range from 27 to 34 mm.  This satisfies the ITER 
requirement of a 50 mm resolution.  The surface of lens 
#01 is rather rough, such that the light throughput of this 
chord is relatively low.  Where a micro lens array with a 
biconvex radius of r = 2.45 mm and length of 7.45 mm is 
feasible, light collection efficiency increases at least three 
times. 

 

3. Emission intensity estimation 
Emission intensity of the ITER divertor plasma  

using the B2-EIRENE code package [8] has been 
calculated with the following conditions: Ip = 15 MA, BT = 
5.3 T, Pfusion = 600 MW, (Q = 20, PNBI = 30 MW), a 
deuterium flux from the core of 9×1021 s-1, and a gas-puff 

 
 

Fig.2  Measured light throughput coefficients for the 
upper port prototype.  The peaks at the 730 nm 
are the pseudo-peak of the xenon line from the 
light source.   

 50

Fig.3  MLA image in the divertor region.  The size of 
the image in the poloidal direction satisfies the 
ITER requirement of 50 mm.  
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rate of 1.4×1023 s-1[9].  A two-dimensional plasma 
parameter distribution (Te and ne) and helium atom and ion 
density distributions are obtained from the code.  Near the 
strike points in front of the inner and outer divertor targets, 
the plasma temperature is Te < 1 eV and the density is ne > 
1×1021 m-3 I, leading to the conclusion that a detached 
plasma is formed.  The line integrated emission intensity 
of He I lines is estimated with a collisional-radiative (CR) 
model [10,11].  Figure 3 shows one example (He I 23P – 
3

 

3D, λ587.6 nm emission line radiance) of six emission 
lines of He I (n = 3 – 2), for both (a) ionizing and (b) 
recombining components.  The chord-integrated intensity 
along the line-of-sight portrayed in Fig. 1 from the upper 
port is shown in Fig. 5.  The peak intensity is 7×1017 ph 
s-1m-2sr-1.  The ionizing component is dominant for all of 
the observation chords since both strike points at the 
divertor plates are not observable from the upper port.  
The intensity ratios of the I667.8 nm/I728.1 nm and I728.1 nm / 
I706.5nm emission lines are often used to estimate ne and Te.  
The singlet and triplet emission line-integrated intensities 
are plotted on a logarithmic scale as shown in Fig. 6.  In 
order to obtain the ne and Te distributions, it is required to 
measure the radiance on the order of 1015 ph s-1m-2sr-1. 

 

 

Fig.4  The population distribution of the n(33D) state, 
with (a) the ionizing component from helium atoms 
and (b) the recombining component from helium 
ion shown separately. 

 

Fig.5  Chord-integrated emission intensity of the He I 
587.6 nm (23P – 33D) transition.  The ionizing 
component is dominant for all viewing chords. 

The optical throughput coefficient is around 4×10-11 
m2sr, and peak photon intensity is 7×1017 ph s-1m-2sr-1.  If 
we divide the signal among three spectrometers, (UV, filter 
and High resolution), the efficiency of the split optical 
fibers is 12%.  The light is transferred from the ITER port 
to the diagnostic room via one hundred meters of optical 
fiber with a transmission rate of 70%.  If we use a 
spectrometer with a diffraction efficiency of ~50% and a 
back-illuminated CCD whose quantum efficiency is 60%, 
then 7.1×105 photoelectrons s-1 are detectable, i.e. 710 
photoelectrons/ms.  Helium ash that has a higher signal is 
observable with a 1 ms time resolution. However, to obtain 
special information on ne and Te, a certain amount of time 
is required.  B2-EIRENE code also provides a C3+ and 
C4+ ion density map.  We have estimated the C IV 
emission intensity using the CR model [12].  Results are 
shown in Fig. 7.  The C IV (n= 6–7) 772.6 nm line is used 
to estimate ion temperature [13]. The upper port observes 
the divertor plasma through the high-temperature core 
plasma.  Figure 8 shows the estimated bremsstrahlung 
continuum emission intensity along the central chord of the 
fan array view.  The continuum emission is the same 
order for helium and the C IV emission intensity evaluated 
here.   
 (a) (b) 

Fig.6  Chord-integrated emission intensity of the He I n = 
3 to n = 2 levels. 

 

Fig.7  Chord-integrated emission intensity of C IV. 
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5. Reflection of the plasma-facing components. Signal level shifts in the continuum radiation also are taken 
into account in evaluating the impurity emission 
intensities.  

The upper baffles of the inner and outer divertor and 
the dome are made of pure tungsten.  The strike points 
are carbon fiber composite (CFC).  We have examined 
the direct reflections of both divertor materials with 
injection light beams up to five degrees away from 
normal.  Spectral reflection measurements have been 
carried out with a spectrophotometer (JASCO V570 with 
a SLM468 unit).  Figure 10 shows the results for the 
CFC and tungsten divertor components.  CFC reflection 
is negligible, with a reflection peak of 0.5% at λ250 nm. 
However, the reflection of tungsten is as high as 23% at 
λ656 nm (Dα line).  There is an anisotropic aspect to the 
reflection because of the curved cutting by the milling 
machine.  We will investigate the bidirectional reflection 
distribution functions of the divertor material for lines at 
various wavelengths. 

 

Fig.8  Bremsstrahlung intensity is the same order across 
impurity emission lines.   

 

4. Spatial resolution with computer tomography 
The position of the ionization front can be measured 

through a multi-chord observation. Spatial distribution 
with a full width of 10-cm at a half-maximum (FWHM) 
Gaussian distribution is examined as a model case.  In 
the #01 section we have an upper and equatorial fan array 
view, though the angle between the two views is rather 
narrow.  Neither strike points are covered by both upper 
and equatorial views.  We have employed the maximum 
entropy method [12,13] of the computerized 
tomopgraphy in order to reconstruct the two-dimensional 
special distribution.  The distribution of the 
reconstructed model is elongated along the vertical 
direction by a factor of four, compared to the original 
distribution.  In order to improve this situation we have 
proposed a gap-viewing fan array of 72 chords at divertor 
port #02 in the left gap of the central cassettes, looking 
radially inward.  We have to assume that the following 
reconstruction is based on toroidal symmetry at ports #02 
and #01 of about 20 degrees in the toroidal direction.  
Figure 9 shows the suggested gap-viewing chords and the 
reconstructed image.  The reconstructed image with the 
upper port view and the gap fan array view provides a 
good estimate of the original distributions.   

 
 

Fig.10  The five degree nominal reflections for W and 
CFC.  At a wavelength of 850 nm, the grating of 
the monochromator is changed, and the detectors are 
switched from a photomultiplier to a PbS sensor.  
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We are developing a high-energy (5J) and high repetition-rate (100Hz) laser system for ITER. Optical design of 
the laser system has been conducted. The design is based on the design of Nd:YAG laser for Thomson scattering 
system for JT-60U. A prototype laser amplifier has been designed, and developed experimentally. Two laser rods 
and four flash lamps are installed in the prototype laser amplifier. From initial tests of the prototype laser amplifier, 
it has been confirm that the net laser energy of ~1.3J is extracted from one laser rod. 

 
Keywords: ITER, Thomson scattering, YAG laser, stimulated Brillouin scattering,  
         phase conjugate mirror, laser oscillator, laser amplifier 

1. Inroduction 
An edge Thomson scattering system for ITER is a 

diagnostic system which measures electron temperature 
(Te) and density (ne) at a peripheral region of the plasma 
[1]. The edge Thomson scattering system is required to 
measure Te and ne over a relatively narrow spatial area 
(r/a>0.9) but with a high spatial resolution (5 mm at the 
midplane). The requirements are summarized in Table 1. 
A high-energy (5J) and high-repetition-rate (100Hz) 
Q-switched Nd:YAG laser system is necessary for this 
system. We are developing a high-energy and high 
repetition-rate laser system for ITER based on the laser 
design in JT-60U[2-5]. In this article we report recent 
progress in development of Nd:YAG laser for the edge 
Thomson scattering system in ITER. 

 

2. Target performance of the Nd:YAG laser and 
technical issues 

A laser system having energy of 5J, repetition rate 
of 100Hz, and pulse width of 10 ns is necessary in order 
to realize the ITER measurement requirement. Nd:YAG 
laser is possible to realize the performance. The 
Q-switched laser which simultaneously has energy of 5J 

and the repetition rate of 100Hz is categorized as a high 
average power laser. It generally requires advanced 
technology in order to make the high-average-power laser. 
The 5-J, 100-Hz Q-switched laser has not been made 
until now. The technical issues of development the 
high-average-power laser are as follows. 
(1) Limitation of the output energy by thermal lensing 
effect which are caused by the temperature gradients 
across the active area of the laser rod.  
(2) Decreasing of the beam quality by deplolarization 
which are caused by thermally induced birefringence. 
(3) Decreasing of the output energy by parasitic 
oscillation which originates from multistage and high 
gain amplifiers. 
The stimulated-Brillouin-scattering phase conjugate 
mirror (SBS-PCM) is an important tool for improving the 
performance of high-average-power laser systems [6]. It 
is possible that the SBS-PCM compensates the thermally 
induced wavefront distortion such as the thermal lensing 
effect, and improves the depolarization caused by 
thermally induced birefringence. Furthermore, the 
parasitic oscillation due to the amplitude spontaneous 
emission (ASE) is suppressed by threshold of the 
stimulated Brillouin scattering. In the Nd:YAG laser 
system for Thomson scattering in JT-60U, SBS-PCMs 
has been utilized, and successfully achieved energy of 
7.46J and repetition rate of 50Hz[2-5]. The ITER laser 
system is designed based on design of the JT-60U laser 
system. 

 

 

Table 1. Requirement for ITER edge Thomson 
scattering system 
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3. Design of Nd:YAG laser for edge Thomson 
scattering system in ITER 

In the optical configuration of the laser system, 
MOPA configuration is adopted. The oscillator produces 
single-longitudinal-mode (SLM) laser pulse (Energy 
=20mJ, repetition rate=100Hz, pulse width=30ns) [1,7]. 
The laser beam from the oscillator is shaped from a 
circular pattern to elliptic pattern using a beam expander 
composed of cylindrical lenses. The elliptic pattern is 
divided into two beams, and converted to top-hat profiles 
employing a dual serrated aperture (SA) and a successive 
spatial filter. Relay imaging optics (IR) are installed to 
maintain the top-hat profile. Each beam is amplified by 
an amplifier stage utilizing an SBS-PCM. There are two 
high-power amplifiers in the amplifier stage, and four 
laser rods are used in the laser system. Double-pass 
amplified beams by the SBS-PCM are extracted by a 
polarizer (PL). To reduce the thermal effect, each 
amplifier stage is fired at 50Hz, and dual beams are 
amplified alternately by dual amplifier stages. Finally, 
100-Hz, 5-J beam is obtained. The optical layout is 
shown in Fig.1. Note that the dual beams are 
automatically aligned by the phase conjugate effect, and 
shapes and positional relation of dual input beam before 
dual amplifier stages and final output beams are always 
identical at the polarizer.  

Output energy is roughly estimated from the 
performance of JT-60 amplifier. Net extract energy which 
is defined difference between the output energy and the 
input energy of a rod was measured using JT-60 amplifier 
(14mm of Nd:YAG rod diameter, 90 mm in length). 
Since the maximum extract energy is 1.86 J, total extract 
energy using four rods is expected 7.44J. If effective 
amplification is carried out, the output energy over 5J is 
expected in the case of ITER laser system. 

 

4. Design of prototype laser amplifier 
For the compact optical layout, two Nd:YAG laser 

rods (14mm in diameter, 100mm in length, 5.35° of 
wedge angle, concentration of Nd is 1.1 atomic%) and 
four xenon flash lamps are installed in a prototype 
amplifier. Each laser rod is pumped by two flash lamps, 
the electric energy of ~100J is supplied to two flash 
lamps at 50Hz of repetition rate. The average electric 
power of 10kW is supplied per one amplifier. The 
efficiency of Nd:YAG laser is ~2%, generally. Most of 
the electric power is changed to the heat in the amplifier. 
Therefore, ~10kW of heat removal is required for the 
amplifier, effective cooling techniques are necessary. 
Fig.2 shows a schematic of the prototype amplifier. 
Bolosilicate-glass flow tubes are installed to effectively 
cool for laser rods and flash lamps. Gap between the laser 
rod (flash lamp) and the flow tube is 1mm. The reflector 
is gold-plated mirror, and is cooled by cooling water. 
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Fig.1 Optical layout of Nd:YAG laser for edge Thomson scattering system in ITER 

 
Fig.2 Schematic of prototype amplifier (cross section) 
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5. Initial tests for prototype amplifier 
The small signal gain (SSG) of new amplifier has 

been measured using the ITER SLM oscillator. The SSG 
and the extracted energy measurement are shown in Fig.3. 
Though the SSG monotonously increases in the low 
charged energy region, the SSG is saturated around 65J as 
shown in Fig.3(a). The SSG of ITER amplifier is lower 
than that of JT-60 at the full pump (100J of charge energy). 
The maximum extracted energy is ~1.3J at the full pump as 
shown in Fig.3(b). JT-60 laser system is used to measure 
the extract energy of ITER amplifier. 

Since intensity of the flash lamp emission increases 
with increasing of the charged energy, it seems that the 
laser rod is pumped normally. Further more, significant 
ASE is not observed. Influence of repetition rate and flow 
rate of cooling water upon SSG is examined. The SSG 
decreases with increasing of the repetition rate. This means 
the SSG decreases when the heat load increases. Even if 
the flow rate of cooling water for one laser rod is changed 
from 2.6 to 4.1L/min at 20°C, the SSG is not drastically 
improved. We think that the rod center is not cooled 
sufficiently.  

As for the laser crystal, the gain profile shifts to the 
long wavelength side when the temperature of the crystal 

rises as shown in Fig.4 [8]. From the characteristics, we 
think that the laser beam of the oscillator can not be 
sufficiently amplified due to the mismatch of gain profile 
and wavelength of oscillator. Since it is difficult to lower 
the temperature of the rod center, the gain profile control is 
also difficult. To amplify in the best gain, we consider that 
matching the wavelength of oscillator with gain profile of 
the amplifier is effective. We will measure their spectra to 
verify this hypothesis. 

 

6. Conclusion 
A Nd:YAG laser for ITER edge Thomson 

scattering system is developing. The target performance 
is 5J, 100Hz. Design of the laser is based on that of laser 
system for Thomson scattering in JT-60U. New laser 
system will utilize stimulated-Brillouin-scattering phase 
conjugate mirrors to solve issues for high average power 
lasers. To get high reflectivity of the phase conjugate 
mirror, a laser oscillator with the single longitudinal 
mode has been developed. A prototype laser amplifier has 
been produced experimentally. From the initial tests, it 
found that the small signal gain was saturated around the 
maximum pumping. We are investigating the causes. As 
one possibility, we consider the mismatch of amplifier’s 
gain profile and wavelength of oscillator causes 
saturation of small signal gain. We will measure their 
spectra to verify this hypothesis. Producing improved four 
amplifiers, and the assembling of the new laser system 
will be started in 2009. 
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Fig.3 (a) Small signal gain versus charged energy for 
flash lamps (repetition rate 50Hz). (b) Net extracted 
energy versus input energy to ITER amplifier.  

 
Fig.4 Gain profile shift of laser amplifier with 
changing the rod temperature 
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The imaging bolometer is a fusion reactor relevant diagnostic for the measurement of radiated power.  
Essential to its ability to make accurate temporally and spatially resolved measurements of radiated power is the 
detailed calibration of the thin metal foil that converts the radiated power to infrared radiation measured by an 
infrared camera.  The choice of the foil material is critical to optimizing the sensitivity of the imaging bolometer.  
Calibration of the foil provides information on the actual sensitivity of the foil which can help in selecting the best 
foil material.  In this work thermal properties of the 0.63 micron thick Au and 0.87 micron thick Pt foils are 
investigated by heating the foils with a chopped 25 mW HeNe laser and observing the temperature change, ∆T, of 
the foil and the rise/decay times, τrise/decay, of the foil temperature. For a foil in which the cooling is dominated by 
diffusion, since the sensitivity of the foils is proportional to the ratio of the thermal diffusivity to the thermal 
conductivity of the foil, κ/k, which is proportional ∆T/τ, where τ is the average of the decay and rise times, we can 
compare the relative sensitivities of the foils by comparing these ratios for Pt and Au foils.  The results 
surprisingly indicate that Pt is more than 9 times more sensitive than Au even though standard thermal properties 
indicate that Au should be 14% more sensitive than Pt.  This inconsistency is largely due to a slightly smaller 
decay time, τ, which is inconsistent with a 5 times smaller κ, in the case of the Pt compared to Au.  While the 5 -6 
times larger temperature rise, ∆T, is somewhat consistent with 3.2 times smaller kt for the Pt foil compared to Au 
foil.  This inconsistency in the thermal times, along with observed differences between the rise and decay times, 
indicate that the IR radiation is dominant over diffusion in the cooling of the foil. In that case the sensitivity should 
be evaluated by 1/k ~ ∆T which indicates that Pt is 8 times more sensitive than Au, while the ratio of thermal 
conductivities indicates that it should be only 4 times more sensitive.  

 
Keywords: bolometer, diagnostics, infrared, imaging, calibration,   

1. Introduction 
Bolometer diagnostics are essential for the 

measurement of radiated power loss from fusion devices 
[1].  The InfraRed imaging Video Bolometer (IRVB) has 
been under development for application to a fusion reactor 
due to its durability vis-à-vis neutrons and gammas and its 
lack of in-vessel wires and the numerous vacuum 
feedthroughs which plague conventional resistive 
bolometers [2,3,4].  Also it provides an image of the 
radiation from the plasma which can be useful for 
steady-state reactor operation [5].  

An IRVB consists of a thin metal foil mounted in a 
copper frame which absorbs the radiation from the plasma 
through an aperture. Viewing the foil from the opposite 
side is an IR camera which is used to measure the change 
in the foil temperature due to the absorbed radiation.  The 
radiation profile on the foil is obtained by solving the 
two-dimensional heat diffusion equation for the foil.  In 
order to do so the thermal characteristics of the foil 
including the product of the thermal conductivity , k, and 
the foil thickness, tf, the thermal diffusivity, κ, and the 

blackbody emissivity, ε, must be determined.  Since the 
foil is blackened with a graphite coating for good IR 
emissivity, and due to non-uniformity in the manufacturing 
of the foils, these properties can vary considerably across 
the foil and from the standard values found in reference 
handbooks [6].  Therefore it is important to measure these 
properties carefully to insure the calibration of the 
diagnostic and to evaluate which foil material is the most 
sensitive.   

The noise equivalent power density, SIRVB, of the 
IRVB is given by the following equation [7] 

 
 

2

3

2

352
κ

σ bolbol

f

bolbol

IRIR

IRf
IRVB

fN
A

fN
Nf

kt
S +=  (1) 

 
 
in terms of the IR camera parameters: sensitivity, σIR, 
frame rate, fIR, and number of pixels, NIR, the foil 
properties: area, Af, thickness, tf, thermal conductivity, k, 
and thermal diffusivity, κ, and the IRVB parameters: frame 
rate, fbol and number of channels, Nbol. The blackbody 
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radiation term is not included since it is negligible for 
background temperatures below 1000 K.  In normal 
applications the term on the right side under the radical 
dominates, therefore we can write κ/fIRVB ktS ∝ .  This 
should be as small as possible for high sensitivity, therefore 
we can write the sensitivity of the IRVB in terms of the foil 
parameters as κ/ktf.  

Recently several candidate foils materials have been 
suggested for an IRVB. These include Au, Pt and Ta.  Au 
is not a good choice for a reactor since it has a high neutron 
cross-section which has been observed to lead to 
transmutation to Hg [8].  Calibration work with Ta 
showed that its value of ktf was two times larger than the 
standard values indicating a halving of its sensitivity [6].  
In this paper we consider Pt for the first time and compare 
it to Au with which we have much experience.  The 
objective of this study is to determine which foil material 
would be most sensitive for future use on LHD and 
KSTAR, two large experiments without sizable amounts of 
neutrons.   

 

2. Experimental technique 
In order to evaluate the relative merits of gold and 

platinum foils we use a laser calibration technique to 
evaluate the sensitivity of the two foils.  Foils with a 
nominal thickness of 2.5 microns are selected since the 
target is applications to LHD or KSTAR for which that 
thickness is sufficient to stop energetic photons.  However 
when samples of the foil material were measured with a 
microbalance the average thicknesses were calculated to be 
0.87 microns for the Pt foil and 0.63 microns for the Au 
foil.  The foils are mounted in copper frames to expose an 
area of 7 cm x 9 cm then sprayed on both sides with 
graphite as shown in Figure 1and then mounted in a 
vacuum flange with a ZnSe IR window.  Then the flange 
is mounted on a vacuum chamber as shown in Figure 2.   
A chopped HeNe laser (~20 mW) is used to heat the foil at 
each of twenty positions on the foil starting in the center of 
the foil and moving step by step in 1 cm increments in both 
dimensions to cover one quadrant of the foil.  A FLIR 
SC500 IR camera (microbolometer, 8 – 12 microns, 60 fps, 
256 x 320 pixels with a close up lens) is used to measure 
the foil temperature.   At each laser position the IR 
camera data is taken as a series of four 200 frame captures. 
The first is without the laser to provide a background 
image, the second is during the temperature rise after the 
laser shutter is opened, the third records the steady-state 
temperature profile due to the laser heating of the foil and 
the fourth records the decay of the foil temperature after 
the shutter is closed.  The background temperature 
measurement is averaged over the 200 frames and 
subtracted from the remaining 600 frames.  The steady 
state series is then averaged over the 200 frames and the 

peak of the temperature profile, ∆T, is found and measured. 
The temperature rise and decay are fit to a modified 
Gaussian  [4] to find the rise and decay times, respectively, 
which are averaged to give an effective thermal time, τ, in 
order to partially remove the effect of the IR radiation.  If 
we neglect the blackbody radiation from the foil then 

κτ /1∝  and fktT /1∝∆  and therefore the sensitivity 
can be written as 

 
StTk f τκ // ∆∝  (2) 

 
where S is the laser power density.  By comparing these 
parameters we can evaluate the relative sensitivity of the 
Au and Pt foils. 
 

3. Results 
The vertical and horizontal ∆T profiles when the 

laser is located at the center of the foil are shown in 
Figure 3 for the Au and Pt foils.  One notes that the 
temperature rise on the Pt foil is 38.5C while that of the 
Au foil is 7.65C or 5 times lower.  When averaged over 
20 points on the foil the average is 44.2C for Pt and 
7.15C for Au giving a difference of a factor of 6.  In 
Figure 4 the foil temperature decays are shown for the 
peak ∆T position with the central laser position for the Pt 

Fig.1  Platinum foil mounted in copper frame 
before (left) and after (right) blackening with 
graphite. 

Fig.2  Test stand showing laser path (red). 
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and Au foils.  The decays are fit to a modified Gaussian 
as shown in the figure giving decay times of 0.341 s (Pt) 
and 0.368 s (Au).  Not shown are the temperature rise 
data when the shutter is opened which when fit to the 
modified Gaussian give rise times of 0.367 s (Pt) and 
0.459 s (Au).  Taking the average of the rise and decay 
times for each point and averaging over the 20 points on 
the foil gives effective thermal times of 0.321 s (Pt) and 
0.360 s (Au).  If we combine τ, ∆T and slight variations 
in the laser power according to Equation 2 then we get 
relative sensitivities of 5.4 Cµm/smW (Pt) and 0.59 
Cµm/smW (Au).  Therefore Pt is considered to be 9.2 
times more sensitive than Au.   

 
4. Discussion 

Several observations deserve comment and 
discussion.  First of all, regarding the steady state 
temperature rise, ∆T, we observed that this is 5 to 6 times 
higher for Pt than for Au.  Since fktT /1∝∆ , this may 
be partially explained by the difference in kt, which for 
the Au foil is 3.2 times greater than that of the Pt foil 

since Pt has a thermal conductivity which is 4.4 times 
smaller than that of Au.   

Secondly, regarding the rise and decay times, we 
observe that the rise time is longer than the decay time.  
This is presumably due to the radiative cooling of the foil 
by infrared radiation. We attempt to mitigate the effect of 
this on our comparison of the two foil sensitivities by 
averaging the decay and rise times.  Although this is not 
the correct way to compensate for this effect, it should 
remove it partially. In the same sense the temperature rise, 
∆T, should also be affected by the infrared cooling.  The 
higher the temperature rise the greater the cooling, 
therefore we estimate that the Pt data should be more 
strongly affected by the IR cooling, hence we expect that 
the actual difference between the two sensitivities should 
be even larger.  Also regarding the thermal times, τ, we 
note that Pt has a slightly shorter thermal time than that of 
Au. However, for cooling of the foil dominated by 
diffusion κτ /1∝ , we expect that the thermal time for Pt 
should be 5 times greater than that for Au due to a five 
times smaller thermal diffusivity.  This discrepancy, in 
addition to the previously described difference in the rise 
and decay times, indicates that blackbody (IR) radiation is 
more dominant than diffusion in the cooling of the foil.  

Fig.4  Temperature decays (symbols) for Pt (upper) 
and Au (lower) foils and modified 
exponential fits (lines). 

 
Fig.3  Temperature profiles for Pt (upper) and Au 

(lower) foils. In each plot upper profile is 
vertical profile and is offset by 5 C and 
lower profile is horizontal profile. Fits to a 
modified two-dimensional Gaussian are also 
shown.  
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This would explain also why the Pt foil cools faster than 
the Au foil since its temperature is higher due to smaller k 
and therefore the IR cooling effect is greater.  This would 
also explain why Pt is more than 9 times more sensitive 
than Au even though a comparison of the ratio of their 
thermal diffusivity to thermal conductivities would suggest 
that Au should be slightly more sensitive than Pt.    

This indicates that our criteria for evaluating the 
sensitivity given by Eq. 2 may not be correct since this is 
based on the assumption that diffusion is dominating the 
cooling of the foil and the experimental evidence that we 
have is to the contrary (especially the difference between 
the rise and decay times).  Therefore we should consider 
another criteria for the sensitivity, namely  

 
PtTk f //1 ∆∝   (3) 

 
where P is the laser power.  When this is considered the 
experimental values show that Pt is 8.1 times more 
sensitive that Au while the ratio of the thermal 
conductivities is 4.4.  Therefore based on this criteria the 
Pt is still 8 times more sensitive than Au while the standard 
thermal parameters indicate that it should be only 4 times 
more sensitive. 

  .   
We can conclude that Pt would be 8 or more times 

more sensitive than Au as long as the radiation dominates 
over the diffusion in the cooling of the foil.  We should 
confirm at which power levels the IR radiation dominates 
over the diffusion in the foil and make sure that the 
balance of these two cooling channels is properly handled 
in the solution of the heat diffusion equation for the 
incident radiated power. Also this effect should be 
checked in a thicker foil such as the 2.5 microns we plan 
to use eventually in KSTAR and LHD and the 10 microns 
that would be necessary for ITER.   

This result indicates that we can raise the sensitivity 
of the IRVB by a factor of 8 or more by using Pt instead 
of Au.  This should be an advantage for the IRVB 
compared to resistive bolometers since the resistive 
bolometer thermal time is determined by the diffusion 
through the insulating layer to the metal grid and not by 
blackbody radiation.   

By raising the temperature of the foil and frame 
above that of the surrounding background we should be 
able to insure that the IR radiation term dominates over 
the diffusion and thereby remove diffusion from the foil 
power balance.  This will enable an instantaneous 
measurement of the radiated power that will no longer 
require solution of the heat diffusion equation.  We plan 
to test this in the near future.   

 

Acknowledgement 

 
This work was supported in part by a Grant-in-Aid for 
Science Research from the Japanese Ministry of 
Education, Culture,Sports, Science and Technology,  
‘Priority Area of Advanced Burning Plasma Diagnostics’  
(16082207) by NIFS Grant # ULPP-528 and by the Japan 
Korea Fusion Collaboration Program. 

 
References 

 
[1] A. W. Leonard et al., Rev. Sci. Instrum. 66 1201 (1995). 
[2] B. J. Peterson, Rev. Sci. Instrum. 71 3696 (2000). 
[3] B. J. Peterson et al., Rev. Sci. Instrum. 74 2040 (2003). 
[4] H. Parchamy et al., Rev. Sci. Instrum. 77 10E515 (2006). 
[5] B. J. Peterson et al., J. Nucl. Mater. 363-365 412 (2007). 
[6] B. J. Peterson et al., Rev. Sci. Instrum. 79 10E301 

(2008). 
[7] B. J. Peterson et al., Plasma Fusion Res. 2 S1018 (2007). 
[8] T. Nishitani et al., Fusion Eng. Des. 63-64, 437 (2002). 

P2-52

461



















 
 

Proceedings of ITC18,2008 

author’s e-mail: tomita@nifs.ac.jp 

Charging of Positively Charged Dust Particle 
in Weak Magnetic field 
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The absorption cross-section of the charge particle to the spherical dust particle with positive charge in a weak magnetic 
field is investigated analytically and numerically. The closest radius of electrons becomes larger than that in the absence of 
magnetic field due to the Lorentz force, indicating the absorption cross-section smaller. In order to investigate the parameter 
dependence of the electrostatic force and the magnetic field on the electron orbits, the closest radius of an electron is 
approximated by the linear dependence of the strength of magnetic field. From this expression of the closest radius one can 
obtain the absorption cross-section and can calculate the charge state of the dust particle. 

 
Keywords: dust, charging, magnetic field, absorption cross-section 

1. Introduction 
The generation, growth and transport of dust 

particles in fusion plasmas are one of the interesting 
topics. One of the remarkable points is related with 
absorption of radioactive tritium, which is one of the 
fusion fuels of the D-T fueled fusion [1, 2]. After 
operation of plasma discharges, the treatment, collection 
and disposal of the radioactive dust particles are one of 
key issues from the viewpoint of the safety.  

In order to study behavior of the dust particle in 
fusion plasmas the charge state of the dust particle in 
magnetic field is one of the essential issues. In this study 
absorption cross-section of a spherical dust particle with 
positive charge by an electron/ion is studied in weak 
uniform magnetic field. The absorption cross-section in 
the absence of magnetic field was expressed by the OML 
(Orbit Motion Limited) theory [3, 4]. The OML theory, 
where energy and angular momentum of a charged 
particle are conserved in an infinite Debye length limit, 
has been widely used to charging of a dust particle in 
space plasmas as well as laboratory plasmas. An orbit of 
a charged particle (an ion or an electron) heading to a 
charged dust particle at rest along the magnetic field is 
analyzed analytically and numerically. Because of the 
Lorentz force in the presence of magnetic force, the 
charged particle with the same sign as the dust charge 
approaches closer to the dust than the orbit without 
magnetic field, indicating larger absorption cross section. 
On the other hand the charged particle with the opposite 
sign of dust charge leaves further the dust, indicating the 
absorption cross section smaller than that in the absence 
of magnetic field. The dust particle immersed in 
relatively low temperature plasma is charged negatively 
because of large mobility of electrons. On the other hand, 

in the case of the hotter plasma than few hundreds eV, the 
dust particle is charged positively due to the strong 
thermionic emission [5]. In the previous research the 
charging of the negatively charged dust particle in the 
weak magnetic field was analyzed [6], where we clarified 
1) the magnetic field effectively affects the orbit of an 
electron compared to an ion, 2) the charge state of the 
floating dust particle with a radius of 1 mm increases 
from   6.63!10

5 to   6.86!10
5 for the 1 eV ions and 

electrons in the magnetic field of 10 G and for the higher 
energy of plasmas with 10 eV, dust charge is found to 
increase from   6.63!10

6 to   6.70!10
6  due to the 

effects of magnetic field. 
 

2. Dynamics of Dust in Weak Magnetic Field 
The charged particle orbits of j-th species (j = e, i) in 

the magnetic field are analyzed in the cylindrical 
coordinates (ρ, θ, z), where the uniform magnetic field B0 
is applied to the axial z- direction. The unmovable point 
dust particle is located at the origin (O) with the charge qd. 
The charged particle with the charge qj starts to move from 
the initial position (ρ = bin, θ = 0, z = zin) with the 
velocity

    
(!" = !# = 0, !

z
= !

j, in
) . The equations of 

motion of the j-th charged particle in this axisymmetric 
system are, 
radial direction: 
 

    

mj[
d2!

dt2
!!(

d"

dt
)2] = q j Er

!

r
+ q j B0!

d"

dt
 (1) 

 
and axial direction: 
 

   

mj

d2z

dt2
= q j Er

z

r
 (2) 

 
Here mj is the mass of the charged particle, r is the radial 

P2-56

470



 
 

Proceedings of ITC18,2008 

 

particle position from the origin (O) 
    
(r2

= !
2

+ z
2 )  and 

Er is the radial electrostatic field due to the charged dust 
particle. The azimuthal motion is determined from the 
conservation of canonical angular momentum Pθ : 

 

    

d!

dt
=

1

mj"
2

(P! !
q j B0

2
"2 ) . (3) 

 
The initial conditions (ρ = bin, dθ / dt = 0) give the constant 
value of Pθ: 

 

    
P
!

=

q j B0

2
bin

2 . (4) 
 

The normalized equations of motion become  
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d2z

dt 2
=

! j

2

z

r 3
, (6) 

 
where the distances, velocity and time are normalized by 
the impact parameter bin, the initial speed 

   
!

j, in
 and  

bin/
   
!

j, in
, respectively. The system in the absence of 

magnetic field is determined by the parameter αj, 
 

    

! j !
q jqd

4"#
0
bin

/
mj$ j, in

2

2
, (7) 

 
which is the ratio of the electrostatic potential energy at the 
distance of the impact parameter to the initial kinetic 
energy and the parameter µj indicates the effect of the static 
magnetic field, 
 

    

µ j ! bin /
mj! j, in

q j B0

, (8) 
 

which is the ratio of the impact parameter bin to the Larmor 
radius with respect to the initial speed 

   
!

j, in
. The 

parameter µe of the electron is much larger than that of the 
ion for the case of ions with the sound speed cs and the 
thermal speed of the electron 

  
!
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, (9) 
 
where Zi is the charge state of the ion. This relation 
indicates the effect of the magnetic field on the ion is much 
smaller than that of the electron (see Eq. 5). 

In high plasma temperature there is a possibility to 
charge positively due to the thermionic emission from the 
dust particle. In this study we investigate the electron 
absorption cross-section of positively charged dust particle. 
In order to investigate the electron orbit numerically, the 
start position (z = zin) should be determined. In Fig.1 the 
dependence of the closest radius (r = rmin) to the dust, 
where the radial velocity of the charges particle is 
vanishing (   dr / dt = 0 ), on the initial axial position (zin) is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
shown with the parameters αe = - 1.0 and µe = 0 and 0.1. In 
the case without magnetic field (µe = 0) the closest radius 
is obtained from the OML theory as rmin / bin = 0.61803. 
The orbit of the closer start to the dust deviates due to the 
strong Coulomb force of the dust. This figure shows that 
the initial position should be far from - 1000 bin with the 
10-3 accuracy. The Coulomb force is proportional to the 
parameter αe, so the start point is determined as zin = - 103 
bin αe.  

The typical orbit of an electron near the negatively 
charged dust, which is located at the origin (ρ = z = 0), is 
shown in Fig.2, where αe = 1.0 and µe = 0.01. The closest 
radius in the presence of in the axial magnetic field (solid 
line in Fig.2) becomes smaller than that in the absence of 
magnetic field. The orbit of a charged particle in 
magnetic field is characterized by three-dimensional 
nature rather than the two dimensional orbit. The particle  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 The closest positions as a function of initial 
     axial position (zin), where αe = - 1.0 and  
     µe = 0 and 0.1. 
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Fig.2 Typical orbit of an electron near the 
     positively charged dust for the case  
     αe = - 1.0 and µe = 0.01. The solid  
     and dashed lines are the orbits with  
     and without magnetic field, respectively. 
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Fig.3 The closest radius as a function of 
     parameter of magnetic field µe, where 
     αe = - 1.0. 

has a radial velocity due to the radial electric field. This 
radial velocity pushes an electron in the azimuthal 
direction by the Lorentz force. This azimuthal velocity 
makes the radial force by the axial magnetic field. Thus 
the magnetic field has the second order effect on the orbit 
without magnetic field, see Eq. 5. As a result the radial 
force balance of the particle between the Lorentz force 
and the centrifugal force determines the radial motion of 
a charged particle. The radial equation of motion is 
expressed from Eq. 1, 
 

    

mj

d2!

dt2
= q j Er

!

r
+ mj!(

d"

dt
)2

+ q j B0!
d"

dt
. (10) 

 
where the first term of the RHS is the electrostatic force by 
the dust particle, the second one is the centrifugal force and 
the third one indicates the Lorentz force. From the relation 
of the conservation of the canonical angular momentum 
(Eqs. 3 and 4), the summation of the centrifugal force and 
the Lorentz force is expressed as: 
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4
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4 ) . (11) 
 

For the case of the orbit of the charged particle with the 
opp0site sign as the dust charge, its radius ρ is smaller than 
the initial one (bin) due to the radial electrostatic force, 
which means the centrifugal force is stronger than the 
Lorentz force all the time. This deference makes the closest 
radius larger than that without magnetic field, Fig. 2. On 
the other hand the charged particle with the same sign of 
the dust charge approaches to the dust. 

For the weak magnetic field, i.e. small µe, the closest 
radius rmin is linearly proportional to the strength of 
magnetic field or µe, 
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Here γe is the constant of proportion, which depends on αe 
and 

  
r
min0

 is the closest radius in the absence of magnetic 
field, which is obtained from the OML theory: 
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In Fig.3 the closest radius is shown by the dashed line 

for the small µe, where the parameter αe = - 1.0, where the 
linearly approximated line is shown by the solid line. The 
linear approximation is valid in the range µe < 0.3 for αe = 
- 1.0. The dependence of the coefficient γe on the 
parameter αe is investigated numerically, Fig.4. The least 
square curve (solid line in Fig.4) indicates  
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By using Eq. (14), the absorption cross-section is obtained. 
The un-normalized closest radius is expressed from Eq. 12: 
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This closest radius corresponds to the effective finite dust 

Fig.4 The dependence of the coefficient γe on the 
     parameter αe. The least square and the 
     approximated curves are shown by  
     the solid and the dashed lines, respectively. 
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radius Rd to the absorption. From this result, Eq. (15), the 
absorption cross-section of an electron to the dust is 
obtained easily. 
 

6. Conclusion 
The absorption cross-section of the positively charge 

particle to the spherical dust particle in a weak magnetic 
field was investigated analytically and numerically. The 
closest radius of electrons becomes larger than that in the 
absence of magnetic field due to the Lorentz force, 
indicating the absorption cross-section smaller. In order 
to investigate the parameter dependence of the 
electrostatic force and the magnetic field on the electron 
orbits, the closest radius of an electron is approximated by 
the linear dependence of the strength of magnetic field. 
From this expression of the closest radius one can obtained 
the absorption cross-section and can calculate the charge 
state of the dust particle. These results can be important to 
analyze the dynamics of the dust particle in plasmas 
immersed in the magnetic field. The higher order 
approximation of the effects of magnetic field, the 
absorption cross-section of electrons to the positively 
charged dust particle and the velocity distribution of the 
charged particles are left as future issues. The effects of 
stronger magnetic field, where the strong Larmor motions 
are dominant, can be studied by the statistical approach of 
the particle orbits.  
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Numerical Analysis of Slow-Wave Instabilities in Oversized 
Sinusoidaly Corrugated Waveguide Driven by Finitely Thick 

Annular Electron Beam 
K. Otubo, K. Ogura, M. Yamakawa and Y. Takashima 

Graduate School of Science and Technology, Niigata University, 950-2181, Japan 
 
There are three kinds of model for beam instability analyses, which are based on solid beam, infinitesimally 

thin annular beam, and finitely thick annular beam. In high power experiments, the shape of electron beam is 
annulus having finite thickness. We present slow-wave instability driven by finitely thick annular beam in 
oversized sinusoidaly corrugated waveguide for K-band operation. Our analysis is based on a new version of 
self-consistent liner theory considering three dimensional beam perturbations. The dependence of Cherenkov 
and slow cyclotron instabilities on the annular thickness and guiding magnetic field are examined. 
 
 

Keywords: thin-walled annular beam, oversized sinusoidaly corrugated waveguide, Cherenkov instability, 
slow cyclotron instability 

1. Introduction 
The backward wave oscillator (BWO) can be driven 

by an axially injected electron beam and is one of 
high-power microwave sources. In BWOs, a periodically 
corrugated slow-wave structure (SWS) is used to reduce 
the phase velocity of the electromagnetic mode close to 
the beam velocity. In order to increase the operation 
frequency and/or the power handling capability, oversized 
SWSs are used. The diameter of oversized SWS is larger 
than free-space wavelength of output electromagnetic 
wave by several times or more. In many high power 
experiments, cold cathodes are used and the shape of 
electron beam is a thin-walled annulus. In order to 
confine the electron beam, a guiding magnetic field is 
applied. In the interactions between the beam and the 
electromagnetic wave, the cyclotron instability as well as 
the Cherenkov instability plays an important role [1-2]. 
Near the cyclotron resonance or with relatively low 
magnetic field, the beam motion perpendicular to the 
magnetic field cannot be ignored and more definite study 
of BWO is required by taking into account vertical 
perturbation of the beam. A pioneering work can be seen 
in Ref. [3], considering a coupling between a sheet beam 
and a microwave circuit. A new version of self-consistent 
field theory considering three-dimensional beam 
perturbations are developed based on a solid beam [4-5] 
and an infinitesimally thin annular beam [6]. For 
infinitesimally thin annular beam, the sheet boundary is 
modulated due to the transverse modulation of annular 
surface. Analyses of infinitesimally thin annular beam need 
to be based on a different theory from thin-walled annular 

and solid beam. For a finitely thick annular beam, a 
numerical code has been developed and eigen modes and 
slow-wave instabilities are analyses in Ref. [7], in which 
a dielectric-loaded SWS is used for simplicity. The 
boundary condition at the beam surface is different from 
the infinitesimally thin annular beam. Solid beam and 
thin-walled annular beam are based on the same beam 
boundary condition, but the number of the boundary is 
different. Thin-walled annular beam has outside and 
inside surface, and solid beam has only outside surface.  

In this work, we develop a numerical code for a 
sinusoidaly corrugated waveguide with a finitely thick 
annular beam and analyze slow-wave instabilities in 
oversized sinusoidaly corrugated waveguide designed 
K-band operations in a weakly relativistic region less 
than 100 kV. The organization of this proceeding is as 
follows. In Sec. 2, we describe numerical method of 
thin-walled annular beam. In Sec. 3, dispersion relation of 
oversized sinusoidaly corrugated waveguide driven by 
thin-walled annular beam is presented. The dependence of 
growth rate on the annular thickness and guiding 
magnetic field are examined. In Sec. 4, conclusion of this 
paper is given. 

 
2. Numerical method 

We consider a periodically corrugated cylindrical 
waveguide in Fig. 1. The wall radius Rw(z) varies along 
the axial direction z as R0+hcos(k0z), where average 
radius R0=1.57 cm, corrugation amplitude h=0.17 cm, 
pitch length z0=0.34 cm and corrugation wave number 
k0=2π/z0. A guiding magnetic field B0 is applied 
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uniformly in the axial direction. An electron beam is 
propagating along the guiding magnetic field and the 
shape of electron beam is finitely thick annulus. The 
beam is uniformly distributed from inside radius Rba to 
outside radius Rbb with beam thickness Δp(=Rbb-Rba). The 
outside and inside regions of the beam are a vacuum. The 
temporal and spatial phase factor of all perturbed 
quantities is assumed to be exp[i(kzz+mθ-ωt)].  Here, 

 is the azimuthal mode number and z  is the axial 
wave number. Based on this model, the dispersion 
relation can be derived self-consistently considering the 
three-dimensional beam perturbations and boundary 
condition. For the beam, the relativistic effects are 
considered. 

m k

In the system with magnetized beam such as Fig.2, 
electromagnetic modes are the hybrid mode of transverse 
magnetic (TM) and transverse electric (TE) mode due to 
the perturbed perpendicular motion to the magnetic field. 
Two letters of EH and HE is used, to designate the hybrid 
mode. In this paper, TM is dominant in EH mode and TE is 
dominant in HE mode. 

An electron beam surface is modulated as beam is 
propagating. For finitely thick annular beam, the transverse 
moderation appears as the surface electric charge at the 
fixed boundary as shown in Figs.2. Thin-walled annular 
beam has two surfaces because there is a vacuum region 
inside the beam.  

 
 

 
 
 
 
 
 
 
 
 
 

 Fig. 1 Model of analysis. The wall of cylindrical 
waveguide is corrugated sinusoidally. 

 
 
 
 
 
 
 
 

 
 
 

Since the SWS is spatially periodic with z0, the 
fields in SWS are expressed by a sum of spatial harmonic 
series, so-called Floquet’s series. The eigen functions for 
the cylindrical system are the Bessel functions, i.e., Jm 
and Nm, which have been used in the Floquet’s series for 
non-oversized BWO cases. The electromagnetic modes 
are volumetric waves having the strong field near the axis. 
For the oversized BWO, the electromagnetic field is 
localized near the SWS wall as shown in Fig. 3. All 
spatial harmonics are evanescent wave in the radial 
direction. If the spatial harmonics are expressed by Jm and 
Nm, they have extremely large imaginary number. This 
causes serious problems in numerical calculations. To 
avoid this difficulty, the expressions of spatial harmonics 
should be the modified Bessel functions, i.e., Im and Km. 
We improve the new self-consistent analysis by replacing 
the Bessel functions to the modified Bessel functions. 

 
 
 
 
 
 

 
 
 
 
 
 

Fig. 2 Beam surface of finitely thick annular beam. 

 

R0

h

 Electron Beam

Z0
RW (  )z =      +R 0 h cos(     )k  z0

Magnetic Field B

RbaRbb  Vacuum

Fig. 3 The electric field distribution of TM01 mode in the 
K-band SWS at the π point. 

 

3. Numerical result 
We analyzed the dispersion relation of oversized 

sinusoidaly corrugated waveguide driven by a finitely 
thick annular beam. Figure 4 shows the dispersion curves 
of EH01 mode with the beam energy 80 keV, current 200 
A, beam thickness Δp=0.1 cm and B0=0.4 T. Four beam 
modes exist on the axially streaming beam. They are fast 
and slow space charge modes, fast and slow cyclotron 
modes. The slow space charge and slow cyclotron modes 
couple to EH01 mode, resulting in the Cherenkov and 
slow cyclotron instabilities. The growth rate of slow 
cyclotron instability is shown Fig. 5 for m=-1, 0 and 1. 
The nonaxisymmetric instabilities are almost the same as 
the axisymmetric instability. Since the perturbation is 
assumed to be exp[i(kzz+mθ-ωt)], the electromagnetic 
wave propagate helically. The rotating direction is 
rightward (leftward) in the laboratory frame of reference 
with positive (negative) m. For oversized BWO, the 
growth rates are not affected by the rotational direction. 
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Fig.4 The dispersion curves of axisymmetric mode (m=0) 
with beam energy 80 keV, current 200 A, outside 

 radius Rbb =1.35 cm, inside radius Rba=1.25cm 
and external magnetic field B0=0.4 T. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 The temporal growth rate of Cherenkov and slow 
cyclotron instability versus rotational direction of the 

electromagnetic field. 
 

Figure 6 shows the dependence of the temporal 
growth rate on beam thickness Δp, for EH01 mode. The 
beam outer radius is fixed to 1.35 cm, and beam inner 
radius has been changed with a fixed line charge density. 
The growth rate of Cherenkov instability increases by 
decreasing Δp. The growth rate of slow cyclotron instability 
also increases by decreasing the beam thickness. But, in 
the region of Δp < 0.022 cm, the growth rate decreases. 

In the limit that the beam inner radius is zero, the 
growth rate of Cherenkov and slow cyclotron instabilities 
of thin-walled annular beam approaches the growth rate of 
solid beam, ▲ in Fig.6. In the other limit that Δp→0, the 

corresponding growth rates are those of an infinitesimally 
thin annular beam model with Δp=0 and are depicted by ● 
in Fig. 6. Two models based on finite and zero Δp give 
almost the same results for the Cherenkov instability. For 
the slow cyclotron instability, the growth rates are different 
between two models. This might be caused by the 
difference of annulus: one has an internal structure 
between the inner and outer surface and the other is just a 
sheet without any internal structure. 
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Fig. 6 The dependence of the temporal  
growth rate on beam thickness. 

 
For EH01 mode, the dependence of the temporal 

growth rate of Cherenkov instability on the guiding 
magnetic field is shown in Fig.7, and that of slow cyclotron 
instability in Fig.8. The growth rate of Cherenkov 
instability hardly changes by the variation of magnetic 
field. But, in the region of B0 < 0.18T, the growth rate 
increases. In this region, the slow cyclotron instability 
merges into the Cherenkov instability. The dip of growth 
rate in the vicinity of 1.8T is attributed to the resonant 
interaction of space charge mode and fast cyclotron mode. 
Electromagnetic energy excited by the space charge mode 
is absorbed by the beam due to the fast cyclotron 
interaction. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.7 Dependence of Cherenkov instability on the guiding 
magnetic field. The beam parameter is the same as Fig. 4. 
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Fig. 8 Dependence of slow cyclotron instability on the 
guiding magnetic field. The beam parameter is the same 

as Fig. 4. 
 
The growth rate of slow cyclotron instability 

decreases by increasing magnetic field. Slow cyclotron 
mode shifts to the right and fast one to the left in Fig. 4. In 
the vicinity of 0.9T and 1.8T, the slow and fast cyclotron 
modes are interacting and the growth rate becomes 
discontinuous. In the vicinity of 1.5T, the slow cyclotron 
mode begins to cross EH01 mode at the 2π point with a 
very small growth rate, at point 1 in Fig. 9. Other 
interaction points 2 and 3 in the forward region appear as 
Fig. 9. After passing this point, interacting point 1 and 2 
merge and disappear as the magnetic field rises. The slow 
cyclotron mode couples to EH01 mode at point 3 only, 
leading to the discontinuity of growth rate near 1.5 T. In 
summary, the slow cyclotron mode couples to EH01 mode 
in the backward region of 0-1.5 T and 1.8-2.0 T. From 
1.5-1.8 T, the slow instability occurs in the forward region.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 

 
Fig. 9 Dispersion curve of EH01 mode. Three beam lines 
of space charge, fast cyclotron and slow cyclotron modes 

are plotted for B0=1.5T. 
 

4. Conclusion 
We develop a numerical code for a sinusoidaly 

corrugated waveguide with a finitely thick annular beam 
considering three-dimensional beam perturbations. The 
self-consistent field analysis is improved and the slow 
cyclotron and Cherenkov instabilities of oversized BWO 
are numerically examined. Nonaxisymmetric instabilities 
are excited even in the completely axisymmetric system. 
The growth rates are almost the same among 
nonaxisymmetric and axisymmetric instabilities. The 
slow cyclotron and Cherenkov instabilities depend on the 
annular thickness. The Cherenkov instability has a week 
dependence on the guiding magnetic field, while the slow 
cyclotron instability strongly depends on the magnetic 
field.  
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Algebraic analysis approach for multibody problems II:
Variance of velocity changes.

Shun-ichi OIKAWA, Koichiro HIGASHI, Hideo FUNASAKA, and Yu KITAGAWA
Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan

The algebraic model (ALG) proposed by the authors has sufficiently high accuracy in calculating the motion
of a test particle with all the field particles at rest. When all the field particles are moving, hoewver, the ALG has
poor prediction ability on the motion of the test particle initially at rest. None the less, the ALG approximation
gives a good results for the statistical quantities, such as variance of velocity changes or the scattering cross
section, for a sufficiently large number of Monte Carlo trials.

Keywords: multibody problems, algebraic model

1 Introduction

Since it is difficult to rigorously deal with multibody
Coulomb and gravitational collisions, the current classical
theory considers them as a series of temporally-isolated bi-
nary Coulomb collisions within the Debye sphere. The ef-
ficient and fast algorithms to calculate inter-particle forces
include the tree method [2, 3], the fast multipole expan-
sion method (FMM) and the particle-mesh Ewalt (PPPM)
method [4]. Efforts have been made to use parallel comput-
ers, and/or to develop special purpose hardware to calcu-
late interparticle forces, e.g. the GRAPE (GRAvity PipE)
project [1].

Some of the authors have developed an algebraic
model for multibody problems, and have shown that the
momentum transfer cross-section with our model is in
good agreement with the exact one [1]. As shown in Fig. 1

x

y

θ
0θ

( , )r −θ

χ

b

Fig. 1 Unperturbed relative trajectory r = r (θ) in an orbital
plane. The scattering center is at the origin. An impact
parameter is b = b0 tan θ0. Interaction region is inside the
circle with a radius r� = Δ�/2.

author’s e-mail: oikawa@fusion.eng.qe.hokudai.ac.jp

its scattering angle, χ ≡ π − 2θ0, is given by b = b0 tan θ0,
where b is the impact parameter, b0 ≡ e2/4πε0μg

2
0 corre-

sponds to χ = π/2 scattering, and g0 the initial relative
speed at r = ∞ and θ = −θ0.

The angular component of the equation motion gives
the well-known invariant of

r2 dθ
dt
= const = bg0, (1)

and the radial component is given by

dgr

dt
=
g2

0b0

r2

(
1 +

b0

r
tan2 θ0

)
, (2)

where gr ≡ ṙ denotes the radial velocity. The first term in
the parentheses on the right hand side of Eq. (2) stands for
the Coulomb force Fc ∝ r−2. This force is much smaller
for small angle scatterings, i.e. χ � 1, than the second
term Fa which scales as ∝ r−3 and results from the conser-
vation of angular momentum Eq.(1), since, at the closest
point rmin = r (θ = 0) shown in Fig. 1, we have

b0 tan2 θ0

rmin
� 2
χ
� 1. (3)

Thus the main force on the particle is not the Coulomb
force Fc, but Fa due to the conservation of angular mo-
mentum.

2 Algebraic Approximation for Multi-
body Interaction

Since the r-dependence on Fa ∝ r−3 is steeper than that
on Fc ∝ r−2, the momentum change in μg is almost due
solely to Fa near r = rmin. As a consequence, the exact
hyperbolic trajectory for the particle can be approximated
as a broken line with an impulse force of

μΔg = 2μg0 cos θ0ex (4)

near the closest point as shown in Fig. 2.
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Exact
Algebraic

Field particle

χ

Exact
Algebraic

Field particle

χ

Fig. 2 Algebraic trajectory (broken line) and exact trajectory
(curved line) which is a part of a hyperbola. A field par-
ticle (black circle) is on the left.

With this in mind, we have approximated a multibody
problem to a series of binary deflections near their closest
point as shown in Fig. 2, in which a test particle starts at
the lower-right point, and its final point is at the upper-right
point due to the interaction with a field particle at rest.

2.1 Coordinate transformation

In order to apply the above binary interaction approxima-
tion (ALG) shown in Fig. 2 to multibody cases, first we
seek for a field particle that gives the test particle an im-
pulse force at the earliest time. For this purpose, it is con-
venient to transform the coordinate system from (x, y) to
(ξ, η), in such a way that the initial position of the test par-
ticle is at the origin (ξ, η) = (0, 0) and the relative velocity
g ≡ vi − v j is (gξ, gη) = (0, g). Then the relative position
ri j has an η-coordinate of

ηi j =
(
ri − r j

)
· g/g. (5)

The particle moves along the η-axis with a constant
velocity of g, and is to interact at

(
0, ηi j

)
with this field

particle in a time interval of Δti j ≡ ηi j/g sec. Accordingly,
the field particle that the test particle is given an impulse
force at the earliest time has the smallest positive ηi j, i.e.

ηmin ≡ min
(
max

(
0, ηi j

))
, for 1 ≤ i, j ≤ N, (6)

We have ignored the effect of field particles with ηi j < 0,
since the interaction is completed at η = 0 in our approx-
imation. In other words, such field particles have already
interacted with the test particle in the past.

When the test particle moves to the position of
(0, ηmin), it changes the relative velocity by Δgi j as

Δgi j = −2g sin
χi j

2
eξ, (7)

χi j � 2 arctan
b0

ξi j
, (8)

where the pair i and j satisfies Eq. (6), and we have ap-
proximated that the impact parameter is given by b = ξi j

in Eq. (4) as shown in Fig. 3. Thus, in the (ξ, η) coordinate

η

χ

ξ

( )min,ηξ

′
η

χ

ξ

( )min,ηξ

′

Fig. 3 Coordinate transform from the (x, y) to (ξ, η). In this co-
ordinate system, the scattering angle χ, i.e. the impact
parameter b and the time of the interaction Δt are approx-
imately given by ξ and η, respectively.

system, the field particle position ξi j and ηi j correspond
to the velocity change Δgi j and the time of the interaction
Δti j, respectively. This procedure will be repeated until the
test particle leaves the prescribed interaction region, i.e.
r < Δ�/2 as depicted in Fig. 1.

3 Calculation

b

r
x

y

ijr

Δ

b

r
x

y

ijr

Δ

Fig. 4 Typical initial particle positions. The almost-uniformly-
distributed black circles are field particles. For Case 1, a
gray circle (or red in color) is the test particle at r with
an impact parameter b. Initial conditions for Case 2 is
that all the field particles are moving, and the test particle
locates at the orign at rest.

The numerical results with using the direct integration
method, DIM, hereafter refers to that obtained by solving
the following equation of motion a particle-i with a charge
qi, a mass mi, and velocity vi at a position ri

mi
dvi

dt
= qi

N∑
j�i

q j

4πε0

ri − r j∣∣∣ri − r j

∣∣∣3 , (9)

P2-58

479



Proceedings of ITC18, 2008

where r j are the field particles’ positions. As the DIM
in this study, we will use the 6-stage 5-th order Runge-
Kutta-Fehlberg method known as the RKF65 [7, 8] with
the absolute numerical error tolerance of 10−16.

In the following, we will assume that, except a test
particle, the field particles on the average are randomly dis-
tributed in the phase space (r,v). In configuration space,
field particles are distributed with the average interparticle
separation, Δ�. We will consider two cases: all the field
particles are fixed at their initial positions, the Case 1, and
moving field particles, Case-2. The typical initial condi-
tion for Case 1 are depicted in Fig. (4)

3.1 Case 1: All the field particles at rest [5]

In Case 1, all the field particles are at rest, and one of them
locates at the origin. The test particle starts from the posi-
tion of (b,−Δ�/2) with a velocity of (0, v0). Thus b is the
impact parameter against the field particle initially at the
origin.

-0.5

 0

 0.5

 0.299985  0.3

y

x

ALG
DIM

Fig. 5 Comparison of algebraic trajectory (denoted by ALG)
and the exact trajectory (denoted by DIM, direc inegra-
tion method) in the case of 442-body Coulomb collisions
with an impact parameter b = 0.3Δ�. Coordinates (x, y)
are normalized by Δ�. The circles in the figures for the
algebraic trajectories stand for the positions at which the
test partcile is given the impulse force by one of 441 field
particles. See Ref. [5] for more detail.

Figure 5 is an example out of 105 Monte Carlo calcu-
lations for an impact parameter b = 0.3Δ�, and compares
the algebraic (ALG) trajectory and the exact (DIM) tra-
jectory normalized by the interparticle separation Δ�. Note
that the DIM results are accurate up to of the order of 10−16

which is the absolute error tolerance adopted. The circles
in the figure indicate the positions at which the test partcile
is given the impulse force by one of 441 field particles. The
algebraic (ALG) approximation agrees well with the direct
integration method, DIM, in most cases as shown in Fig. 5.
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Fig. 6 Accumulated Coulomb scattering cross section
σacc (b) /Δ�2 vs normalized impact parameter b̄ = b/Δ�
in the case of N = 442-boby.

Depicted in Fig. 6 is the accumulated scattering cross
section σacc (b) as a function of the impact parameter b de-
fined by

σacc (b) =
∫ b

0

(
Δg

g

)2

πbdb. (10)

The agreement with the exact one is also excellent. It
should, however, be noted that all the field particles are
at rest throughout the calculation in this case [5]. The CPU
time required for the algebraic approximation is only about
20 min using a personal computer, whereas the exact anal-
ysis requires 15 hours to integrate the entire set of multi-
body equations of motion.

3.2 Case 2: Moving field particles.

In Case 2, we will loosen the above restriction on the field
particle motion, and have applied the algebraic model to
the 10-body problem, in which there are 9 moving field
particles and a test particle initially at rest. The change in
position Δr (results not shown) of the field particles are in
good agreement with the exact one, since they are moving
so that Δri ∼ vi (0)Δt to a good approximation. Although,
the absolute value of the change in velocity |Δv| of each
particle by the ALG are of the same order as the exact one,
the orientation of Δv are not correct as shown in Fig. 7, in
which The test particle is given impluse forces as marked
with circles. Also depicted in Fig. 7 is the final point at
t = Δt by using the BIA, the binary ineraction approxima-
tion, proposed by some of the authors [6]. Note that the
BIA accurately predicts the final point of the DIM with the
absolute error tolerance of 10−16.

In spite of poor accuracy in the individual particle mo-
tion, the ALG approximation gives a good results for the
statistical quantities, such as variance of velocity changes
for a sufficiently large number of Monte Carlo trials. Fig-
ure 8 shows the variance of changes in velocity,

〈
(Δg)2

〉
, of
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Fig. 7 Case 2: Trajectory of the test particle initially at rest, in
the velocity space (U,V) normalized by a thermal speed.
There are 9 moving field particles.

the test particle initially at rest, in the case of N = 10-boby.
For small numbers of trials NMC, such as NMC ∼ 2 × 104

in Fig. 8, the ALG differes significantly from the DIM.
Several jumps seen in the figure are due to the close en-
counters, i.e. the large angle scatterings. The ALG some-
times results in the false close encounters, especially at
NMC ∼ 2 × 104, which have led to numerical errors. Such
errors in variance by the ALG becomes smaller for larger
NMC ∼ 106, since the large angle scattering seldom occurs
in plasmas. The variance calculated by using the BIA, per-
fectly agrees with the DIM as was shown in Fig. 8.
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Fig. 8 Variance of the change in velocity of the test particle ini-
tially at rest,

〈
(Δg)2

〉
, in the case of N = 10-boby. The

DIA stands for the direct integration method, ALG the
algebraic approximation, and BIA the binary ineraction
approximation [6].

4 Conclusion

The algebraic model (ALG) proposed by the authors has
sufficiently high accuracy in calculating the motion of a
test particle with all the field particles at rest. When all the
field particles are moving, hoewver, the ALG has poor pre-
diction ability on the motion of the test particle initially at
rest. None the less, the ALG approximation gives a good
results for the statistical quantities, such as variance of ve-
locity changes or the scattering cross section, for a suffi-
ciently large number of Monte Carlo trials.
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Experimental Study on Performance of Slow Cyclotron Maser in Weakly 
Relativistic Region 
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Studies of slow cyclotron maser operation of slow–wave device are reported. The beam voltage is weakly 
relativistic, less than 100 kV. The slow-wave structure is periodically corrugated oversized waveguide, whose target 
operation frequency due to the Cherenkov interaction is in K-band. By using rectangular corrugation having the 
relatively small ratio of corrugation width to periodic length of about 20%, the dispersion curve around the upper 
cut-off becomes flat and the effect of second harmonic slow cyclotron resonance is observed in the low energy region 
near 30kV. By using the sinusoidal corrugation and the rectangular corrugation having the ratio of corrugation width to 
periodic length of 50%, the effect of the fundamental and the second harmonic slow cyclotron maser is observed in the 
low energy region.  

 
Keywords: slow-wave device, weakly relativistic region, rectangular corrugation, slow cyclotron maser 

 

1. Introduction 
Backward wave oscillators (BWOs) are one of 

high-power microwave sources. In BWO, a slow wave 
structure (SWS) is used to reduce the phase velocity of 
electromagnetic wave to beam velocity. Axially streaming 
electron beam interacts with the electromagnetic field to 
generate high-power microwaves. In order to increase the 
power handling capability and/or the operating frequency, 
oversized SWS have been used successfully. The term 
“oversized’’ means that the diameter D  of SWS is larger 
than free-space wavelength λ  of output electromagnetic 
wave by several times or more. 

In Ref. [1], the combined resonance operation of the 
Cherenkov interaction and the second harmonic slow 
cyclotron interaction is reported by using rectangularly 
corrugated SWS. Although the radiations based on the 
conventional Cherenkov interaction are predicted to be 
independent of the magnetic field strength, some strong 
magnetic field dependence of output power can be seen. 
The electromagnetic field properties of beam in a finite 
strength magnetic field are still far from being fully 
elaborated. And the magnetic field dependence of 
slow-wave device is a still unsettled issue. In this study, 
we investigate how operating characteristics of 
slow-wave devices are depend on the magnetic field from 
a viewpoint of slow cyclotron interaction. 

 

2. Slow Wave Structure (SWS) 
The cylindrical SWS is periodically corrugated. The 

corrugation is rectangular or sinusoidal. In Fig.1, the 
rectangular SWS is shown. Dispersion characteristics of 
SWS are determined by the average radius R0, corrugation 
amplitude h and periodic length z0. The corrugation wave 
number is given by k0=2π/z0. For the rectangular SWS, one 
more parameter is added, that is, the corrugation width d. 
The dispersion characteristics of structure are controlled by 
changing R0, h, d and z0.  

Dispersion curves of rectangular SWS are obtained by 
a numerical method based on the mathematical formula in 
Ref. [2]. Figure 2 shows the dispersion relation of 
fundamental axisymmetric transverse magnetic (TM01) 
mode for two types, whose parameters are listed in table 1. 
In Fig.2, beam lines of space charge mode ω= kzv and slow 
cyclotron mode ω= kzv-Ω are also plotted. Here, ω, kz, v 
and Ω are angular frequency, axial wave number, beam 
velocity and relativistic cyclotron frequency, respectively. 
The slow space charge and the slow cyclotron modes 
couple to fundamental TM01 mode, leading to the 
Cherenkov and slow cyclotron instabilities. For A 
parameter, the slow-wave device operates as BWO based 
on the Cherenkov instability by 80 keV beam. The beam 
interaction point with TM01 is close to the upper cut-off at 
π -point. For B parameter, the dispersion curve around the 
upper cut-off becomes flat. And the interaction point 
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between the 80 keV slow space charge mode and TM01 
mode shifts toward a traveling wave region. Decreasing 
beam energy to 30 keV, the interaction point moves to a 
backward wave region as shown in Fig.2.  
 
 

Table 1 Parameters of rectangular SWS 
 R0 [mm] h [mm] z0 [mm] d/z0 [%]

A 15.1 1.1 3 50 
B 15.38 1.38 2.2 22.7 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Periodically corrugated cylindrical SWS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  
 
 
 
 
Fig.2 Dispersion characteristics of TM01 for rectangular 

SWS, (a) for A type SWS and (b) B type SWS. 
Solid lines and dashed lines are slow space charge 
mode and slow cyclotron mode, respectively.  

Dispersion curves like Fig. 2(a) are obtained by 
sinusoidal corrugations. However, the flat pattern like Fig. 
2(b) requires relatively small value of d/z0 and cannot be 
realized by sinusoidal corrugations. In this paper, the 
dispersions like Fig. 2(a) and 2(b) are called A type and B 
type, respectively. In Fig.3, a photograph of B corrugation  
is shown. We examine the performance of slow cyclotron 
maser in the weakly relativistic region using rectangular 
corrugated SWS and sinusoidal corrugated SWS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Rectangular corrugation of type B. 

 
3. Experimental results  

The experimental setup is schematically shown in 
Fig.4. Output voltage up to 100 kV from the pulse forming 
line is applied to the cold cathode. A disk cathode proposed 
in Ref. [3] is used as a cold cathode. A uniform axial 
magnetic field B0 for the beam propagation is provided by 
ten solenoid coils. The value of B0 can be changed from 
zero to about 1T. The microwave outputs are picked up by 
a rectangular horn antenna typically located 600 mm away 
from the output window.  

Figure 5 shows an example of detected signals. The 
beam voltage and current are about 100kV and 300A, at 
the microwave peak time. The microwave signal is split 
into two branches. One consists of a short waveguide and 
forms a prompt signal. The other branch is a delay line and 
forms a delayed signal. The operation frequency estimated 
from delay time is about 26GHz. 
 
 
 
 
 
 
 
 
 

 
Fig.4 Schematic diagram of the experimental setup. 
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Fig.5 Waveform of measured signals: 1 prompt signal, 2 
delayed signal, 3 beam current and 4 beam 
voltage. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.6 Waveform of measured signals: 1 microwave output, 2 
cathode current, 3 beam current and 4 beam voltage. 

 
There exists a critical beam voltage for the 

meaningful radiations based on the Cherenkov interaction 
[4]. The starting voltage is more critical than the starting 
current for the oversized BWOs. Figure 5 corresponds to 
the radiation above the starting voltage for A type.  

Figure 6 is an example of the waveform of measured 
signals for B type. Microwave radiations like A type are 
not observed. In Fig.6, the applied beam voltage is about 
75kV. However, no radiation starts until the voltage 
decreases to 30kV. As explained in the previous section 
(Fig.2), the space charge mode intersects in the travelling 
wave region with the beam voltage above about 60 keV. 
And hence, BWO operation based the Cherenkov 
interaction will not start. The oscillation mechanism rather 
than the Cherenkov works. Figure 7(a) is a power 
dependence on B0 for B type SWS. The radiation 
resonantly increases at about 0.65 T. This may be the effect 
of slow cyclotron interaction, as discussed later.  

For Fig. 7(a), disks corresponding to rectangular 
corrugation are fabricated and are integrated into one piece. 
The manufacturing accuracy may be inferior. The accuracy 
may be improved by fabricating the corrugation as one 
piece. Figure 3 is the improved corrugation with a 
manufacturing accuracy of the order of 0.01mm. Figure 
7(b) is power dependence on B0 by using the improved 

SWS. Compared with Fig.7(a), the microwave output 
increases about three times.  

By changing the condition at SWS end, the radiation 
mode can be controlled as reported in Refs. [1,3]. For 
Figs.7(a) and (b), a straight cylinder with 68 mm is placed 
at the beam entrance of SWS. The radiation patterns are 
measured and show the radiation mode is nonaxisymmetric 
hybrid HE11 mode for Fig.7. By changing the cylinder 
length before SWS to 34mm, the radiation mode changes 
to axisymmetric TM01 mode. The power dependence on B0 
becomes like Fig.8. The effect of slow cyclotron 
interaction is observed above 0.6 T. However, the outputs 
decrease around 0.7 T. This might be caused by the effect 
of the absorption due to the fast cyclotron interaction in the 
straight cylinder before and after SWS as discussed latter.  

In Fig.9, the power dependence on B0 for sinusoidal 
corrugation is shown. The microwave outputs become a 
peak at about 0.9 T and 0.45T. This might be caused by a 
resonance between slow cyclotron and Cherenkov 
interactions. For rectangular corrugated SWS with the ratio 
of corrugation width to periodic length of 50%, similar 
power dependence on B0 is observed. However, the 
fundamental operation is not clear compared with the 
sinusoidal corrugation. 
 
 
 
 

         (a) 
 
 
 
 
 
 
 
 
 

        (b) 
 
 
 
 
 
 
 
Fig.7 Output powers versus the magnetic field for a 10-period 

B SWS. The upper is the disk-integrated SWS and the 
lower is the improved SWS. The beam voltage is 
about 30kV. 
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Fig.8 Output powers versus the magnetic field for a 10-period 
SWS of B type. The beam voltage is about 30kV. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9 Output powers versus the magnetic field for a 50-period 
sinusoidal corrugated SWS. The beam voltage is about 

40kV 
 
 
4. Discussion and Conclusion 

The dispersion curve of axisymmetric TM01 mode for 
sinusoidal corrugated SWS is shown in Fig.10. Beam 
space charge effects are included in the Cherenkov 
interaction, using a field theory based on an infinitesimally 
thin annular beam in Ref. [5]. The slow cyclotron mode 
depends on the axial magnetic field B0. By increasing B0, 
the beam line of slow cyclotron mode ω= kzv-Ω shifts to 
the right in Fig.10. The Cherenkov interaction 
synchronizes resonantly with the slow cyclotron interaction 
at the fundamental frequency around 0.84T. This is a slow 
cyclotron maser operation reported in Refs. [6, 7]. The 
output peaks in the region of 0.9 T and 0.45 T in Fig.9 
respectively correspond to the combined resonance 
operation at the fundamental and the second harmonic 
frequencies of slow cyclotron interaction.  

For B type, the combined resonance occurs at 1.25 T. 
In Fig.7, the outputs increase around 0.6 T can be 
explained by the combined resonance of the Cherenkov 
interaction and the second harmonic slow cyclotron 

interaction.  
In Fig.8, the microwave power is once increased 

around 0.6 T. In this case, the absorption by the straight 
cylinder before and after SWS is occurred around 0.7 T in 
addition to the amplification due to the combined 
resonance. In Fig.8, the absorption is stronger than the 
amplification and the microwave power is decreased. It is 
necessary to control the absorption effect as well as 
amplification effect. More definite study of the synergistic 
interaction should be required. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig.10 Dispersion curves of fundamental TM01 for 

type B SWS. The beam energy is 40 keV. 
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Preliminary Study on Uncertainty-Driven Plasma Diffusion

Tsuyoshi OIWA, Shun-ichi OIKAWA, and Takahiro SHIMAZAKI
Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan

Quantum mechanical plasma diffusion is studied using a semi-classical model with two different charac-
teristic lengths; one is the average interparticle separation, and the other is the magnetic length. The diffusion
coefficientsD by the model give similar dependence to experiments on many parameters, such as the temperature
T, the massm, the densityn, and the magnetic fieldB. The numerical values ofD is larger than that of the
neo-classical diffusion.

Keywords: neo-classical theory, anomalous diffusion, quantum mechanical diffusion, uncertainty.

1 Introduction

A classical particle obeys the deterministic equation of mo-
tion which gives the particle trajectory in the phase space
(r,v) at a timet. The actualtrajectory of a particle with
a massm, however, is stochastic in the phase space with
uncertainties in position∆r, in velocity∆v, and in energy
∆E in a time interval∆t because of the uncertainty relation:

∆r∆v >
~

m
, ∆E >

~

∆t
, (1)

where~ = 1.05457× 10−34 Joule·sec stands for Planck
constant. Equation (1) tells us that (i) lighter particle has
larger uncertainty in phase space, and (ii) the uncertainty
in energy∆E is larger for shorter time intervals.

Since, for a given time interval∆t, there are three un-
knowns∆r, ∆v, and∆E in Eq. (1), we need to find/impose
another relation among these uncertainties. For this pur-
pose, letL be a length that the particle travels during some
characteristic time interval, i.e.L ≡ v0∆t, wherev0 is the
initial particle speed.

In the presence of a uniform magnetic fieldB, the
classical particle’s energyE = mv2/2 is a constant of the
motion:

∆E = m∆v ·
(
v0 +

∆v

2

)
= 0. (2)

In the case of a quantum mechanical particle,∆E is not
necessarily zero, as

∆E ∼ mv0 · ∆v >
~

∆t
. (3)

Comparing the above with the uncertainty relation in
Eq. (1), we have

∆r < L, ∆v >
~

mL
. (4)

Thus, the square of the uncertainty in the cyclotron
centerrG = r + v × ω/ω2 is given by

(∆rG)2 = (∆r)2 +

(
m∆v

qB

)2

∼ L2 +

(
~

qBL

)2

. (5)

author’s e-mail: aiueoiwa@fusion.eng.qe.hokudai.ac.jp

2 Semi-Classical Model for Motion

Let us assume that a charged particle with a positive charge
q > 0 is moving in the presence of a uniform magnetic
field B = (0,0, B) in the z-direction. First, we integrate
the equation of motion for the classical particle for the time
interval of∆t to get the classical position in the phase space
(r (∆t) ,v (∆t)).

r (∆t) = r (0) +

∫ ∆t

0
v (t) dt, (6)

v (∆t) = v (0) +

∫ ∆t

0
v (t) × ω dt, (7)

whereω = qB/m is the cyclotron frequency vector.

  
(0)r

Classical orbit 

( )∆tr
( )∆tv ∆r ∆v

( )∆tr
( )∆tv

( )∆' tr
( )∆tv' Classical orbit (     ) > ∆t t

(     ) 0>t

Fig. 1 Semi classical model for quantum motion. The particle
initially at r (0) classicallymoves tor (∆t) with a veloc-
ity v (∆t) at t = ∆t − 0. At this time, it suffers the quan-
tum mechanical deviations in position,∆r, and in veloc-
ity ∆v. The particle is atr′ (∆t) with a velocityv′ (∆t) at
the timet = ∆t + 0.

As shown in Fig. 1, next we add the randomly-
oriented uncertainties∆r, and∆v to r (∆t), andv (∆t), the
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magnitude of which is given by Eq. (4), as

r′ (∆t) = r (∆t) + ∆r, (8)

r′ (∆t) = v (∆t) + ∆v (9)

This procedure is repeated until the timet reachesτc ≡
2π/ω, i.e. the cyclotron period.

Fig. 2 Deviation of cyclotron motion,δr ≡ r (τc) − r (0), due
to uncertainty in one gyration for a given characteristic
lengthL = v0∆t. Lengths are normalized by the cyclotron
radiusρ = mv0/qB.

Figure 2 shows the particle trajectory during one cy-
clotron period, in which a deviationδr ≡ r (τc)−r (0) from
the classical motion is seen.

In the following subsections we will choose the aver-
age interparticle separation,∆` ≡ n−1/3, and the magnetic
length [1],`B ≡

√
~/qB, as the characteristic lengthL.

5×107 trials
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Fig. 3 Histgram forδr = (δx, δy) for NMC = 5 × 107 Monte
Carlo trials.

It should be noted that the magnetic length`B =√
~/qB is the spatial size of wave packet in the plane per-

pendicular to the magnetic field [1], i.e.

|ψ (r⊥, t) |2 =
1

π`2
B

exp

− (r⊥ − 〈r⊥ (t)〉)2

`2
B

 , (10)

whereψ (r⊥, t) stands for the wavefunction,〈r⊥ (t)〉 the
classical position of the particle in the plane perpendicu-
lar toB.

From many Monte Carlo calculations (tyipically
NMC ∼ 104 turns out to be enough in this study for con-
vergence) of such the diffusion coefficient

D ∼
〈
(δr)2

〉

τc
(11)

will be obtained for a particular choice of the characteristic
lengthL, where〈·〉 stands for the ensemble average. Fig-
ure 3 shows the histgram ofδr for NMC = 5× 107 Monte
Carlo trials, which resembles the probability density func-
tion of a wavefunction in quantum mechanics.

2.1 CASE-A:L = interparticle separation,∆`
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Fig. 4 CASE-A: TemperatureT and densityn dependence of
diffusion coefficient D [m2/s] in the case ofL = ∆`, the
interparticle separation.

If we choose the characteristic lengthL ≡ ∆`, where
∆` ≡ n−1/3 stands for the average interparticle separation,
then the uncertainty in energy is given as∆E ∼ mv0∆v.
Thus, from Eq. (4), we have

∆r ∼ ∆`, and∆v ∼ ~

m∆`
. (12)

The particle is assumed to be in typical fusion plasmas
of T = 1−100 keV, andn = 1019−1021 m−3, andB = 1−10
Tesla. The initial particle speedv0 is selected as the thermal
speedvth =

√
2T/m. The above calculation for a fixedT,

n, andB is repeatedNMC = 104 times.
Figure 4 shows the temperature and density depen-

dence of the diffusion coefficientD = D (T,n), which leads
to the scaling of

DCASE−A ∼ 0.094

√
TkeV

A

(
1020

n

) 1
3

∝
√

T
m

n−1/3, (13)
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whereA = m/mp is the mass number withmp being pro-
ton mass. It is interesting to note that the diffusion coef-
ficient D does not depend on the magnetic fieldB, but on
the particle massm−1/2. The latter is known as the isotope
effect [3,4] .

2.2 CASE-B:L = magnetic length,̀B.
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Fig. 5 CASE-B: TemperatureT and the magnetic fieldB de-
pendence of diffusion coefficient D [m2/s]in the case of
L = `B, the magnetic length.

The uncertainties forL = `B, say the CASE-B, are

∆r ∼ `B, and∆v ∼ ~

m`B
. (14)

The particle is assumed to be in typical fusion plasmas of
T = 1 − 100 keV, andB = 1 − 10 Tesla. Note that the
densityn does not enter into this case. Monte Carlo calcu-
lations similar to the CASE-A are made. Figure 5 shows
the temperatureT and the magnetic fieldB dependencies
of the diffusion coefficientD, which leads to the scaling of

DCASE−B ∼ 0.033

√
TkeV

AB
∝

√
T

mB
, (15)

in which
√

T/m scaling is the same as Eq. (13) for the
CASE-A.

3 Discussion

Table 1 summarizes the dependence ofD on plasma pa-
rameters, such asT, n andB. The parameters’ ranges are
1 ≤ T ≤ 100 keV, 1≤ B ≤ 10 Tesla, and if applicable
1019 ≤ n ≤ 1021 m−3. The ITER-89 dependence ofD in
the table assumesD ∝ ρ2/τE, whereτE is the energy con-
finement time in the ITER-89 scaling law. The diffusion
coefficientsD by these models give similar dependence to
experiments on many parameters, such as the temperature
T, the massm, the densityn, and the magnetic fieldB, as
well as its values of the order of the anomalous diffusion.

Table 1 Parameter dependence ofD, The parameters’ ranges are
1 ≤ T ≤ 100 keV, 1019 ≤ n ≤ 1021 m−3, 1 ≤ B ≤ 10
Tesla. The ITER-89 dependence ofD in the table as-
sumesD ∼ ρ2/τE.

Model D ∝ TαmβnγBδ · · · Values

ITER-89

√
P
m

n−0.1B−0.2 ∼ 1 m2/s

CASE-A:∆` = n−1/3

√
T
m

n−1/3B0 0.1-2

CASE-B:`B =

√
~

qB

√
T
m

n0 B−0.5 0.01-0.3

Neo-classical

√
m
T

n B−2 ∼ 0.01

In the case of the most common fusion plasma (e.g.
T = 10 keV, n = 1020 m−3 and B = 3 T), however,
the value of the diffusion coefficients by our model are
DCASE−A ∼ 0.30 m2/s andDCASE−B ∼ 0.08 m2/s, both of
which are one order smaller than the anomalous diffusion.
Moreover, which characteristic lengthL is right one is an
open question.

From Eq. (5), the diffusion coefficientDG of the gyra-
tion center is

DG ∼
〈
(∆rG)2

〉

τc
= v0L

1 +

(
~

qBL2

)2
 . (16)

For L � `B =
√
~/qB, the diffusion of the gyration

center is determined byL, i.e. DG ∼ v0L, otherwise
DG ∼ v0`

4
B/L

3. In most fusion plasmas, the interparticle
separation is much shorter than the magnetic length, i.e.
∆` � `B, so thatDG ∼ v0`B. This leads to

√
T/m scaling

of the diffusion coefficient D, irrespective of the selection
of the length scaleL.

4 Conclusion

The diffusion coefficientsD by our model give similar de-
pendence to experiments on many parameters, such as the
temperatureT, the massm, the densityn, and the magnetic
field B, as well as its values larger than the neo-classical
diffusion.
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Binary Interaction Approximation to N-Body Problems

Hideo FUNASAKA, Shun-ichi OIKAWA, Koichiro HIGASHI and Yu KITAGAWA
Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan

The binary interaction approximation (BIA) to the N-body problems is proposed. The BIA conserves total
linear momenta in principle. Other invariants, such as the total angular momentum and total energy, are conserved
as much effective digits as at least 12 for a two dimensional hydrogen plasma of T = 10 keV and n = 1020 m−3.
It is found for such a plasma that the total CPU time of the BIA approximately scales as N1.9.

Keywords: N-body problem, algebraic approximation, binary interaction approximation, variable step size.

1 Introduction

In an isolated N-body charged particle system as shown
in Fig. 1, the non-relativistic equation of motion for the i-
th particle with an electric charge qi and a mass mi is as
follows:

mi
dui
dt

= qi

N∑
j�i

q j

4πε0

ri − r j

|ri − r j|3 , (1)

where ri and ui stand for the position and the velocity of
the i-th particle. Hereafter, the calculation using the above
equation of motion Eq. (1) will be referred to as the DIM,
direct integration method.

1

2

Fig. 1 An N-body system.

When N ≥ 3, it is well known that no exact/analytical
solution can be obtained, and one should be content with
approximated solutions using one of numerical integration
methods. In principle, to arbitrary error levels the numeri-
cal solution can be found. However, it is practically impos-
sible for the large number of particles, i.e. N ≫ 1, since
the number of force calculations on the right hand side of
Eq. (1) is in proportion to N2. Moreover, the time step
tends to decrease with increasing N, thus the total CPU
time should scale as N3.

author’s e-mail: plasaka@fusion.qe.eng.hokudai.ac.jp

The efficient and fast algorithms to calculate inter-
particle forces include the tree method [1, 2], the fast mul-
tipole expansion method (FMM) and the particle-mesh
Ewalt (PPPM) method [3]. Efforts have been made to
use parallel computers, and/or to develop special purpose
hardware to calculate interparticle forces, e.g. the GRAPE
(GRAvity PipE) project [4]. The authors have recently de-
veloped an algebraic model for multibody problems [5],
and have shown that the momentum transfer cross-section
with our model is in good agreement with the exact one
[5,6]. Unfortunately, this model turns out to lack in enough
accuracy in predicting individual particle motion [6].

As shown in Fig. 2 the scattering angle, χ ≡ π − 2θ0,
is given by b = b0 tan θ0, where b is the impact parameter,
b0 ≡ e2/4πε0μg

2
0 corresponds to χ = π/2 scattering, and

g0 the initial relative speed at r = ∞ and θ = −θ0. In

x

y

θ
0θ

( , )r −θ

χ

b

Fig. 2 Unperturbed relative trajectory r = r (θ) in an orbital
plane. The scattering center is at the origin. An impact
parameter is b = b0 tan θ0.

the binary system with an impact parameter b, a typical
velocity change Δg in the relative velocity is given by

Δg = 2g0 sin
χ

2
∼ εg0, ε ≡ b0

Δ�
, (2)

where Δ� is the average interparticle separation.
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In N-body systems with ε � 1, such as the fusion
plasmas, Eq. (2) suggests that three-or-more body interac-
tion is of order of ε2 and can be ignored. It should be noted
that the Debye lengths λD in fusion plasmas generally sat-
isfy λD � Δ�, thus typical binary interaction is character-
ized by the nondimensional parameter ε. This parameter
is of order of U/K, where U and K stand for the potential
and kinetic energies.

In this study, we will propose the binary interaction
approximation (BIA) to the N-body systems with ε � 1,
and compare it with the direct integration method (DIM),
both using the 6-stage 5-th order Runge-Kutta-Fehlberg
(RKF65) integrator [7, 8] with an absolute numerical error
tolerance of 10−16.

2 BIA: Binary Interaction Approxima-
tion to N–body problems.

The equation of relative motion for the particle pair (i, j) in
an N–body system used by the binary interaction approxi-
mation, the BIA, is

μi j
dgi j

dt
=

qiq j

4πε0

ri j

r3
i j

(3)

where ri j = ri − r j stands for the relative position, gi j =

ui − u j the relative velocity, and μi j = mimj/
(
mi + mj

)
the reduced mass. In the BIA, the above equation is inte-
grated, completely ignoring the other particles, from t = 0
to t = Δt to give Δri j and Δgi j. The total number of in-
tegration is NC2 = N (N − 1) /2 for an N–body problem.
The individual changes in position Δri and velocity Δui of

Fig. 3 Relative motion for the particle pair of (i, j). A scattering
center is at the origin. The change in position of the par-
ticle with a mass μ is Δri j. If there is no interaction, the
change in position is gi jΔt during a time interval of Δt.

the i–th particle are as follows

miΔri = miuiΔt +
N∑
j�i

μi j

(
Δri j − gi jΔt

)
(4)

miΔui =
N∑
j�i

μi jΔgi j (5)

for i = 1, 2, · · · ,N. Note that the term within the parenthe-
ses, i.e. δri j ≡ Δri j−gi jΔt, on the right hand side of Eq. (4)
vanishes when the interaction between the pair (i, j) van-
ishes. In other words, the BIA scheme is exact for free
particles. It should also be noted that the total momenta
P ≡ ∑N

i=1 miui is kept constant with this approximation,
since, from Eq. (5) and μi j = μ ji,

N∑
i=1

miΔui =
N−1∑
i=1

N∑
j=i+1

μi j

(
Δgi j + Δg ji

)
= 0, (6)

which also ensures the center of mass position RCM to be
exact:

RCM (Δt) = RCM (0) + GCM (0)Δt, (7)

where GCM is the center of mass velocity.

3 Calculation

3.1 Initial condition for an N = 122–body
problem.

Fig. 4 Initial positions normalized by the interparticle separa-
tion Δ� ≡ n−1/3 of an N = 122–body problem. Only
26 particles near the origin are depicted. Squares with
arrows in blue stand for the electron positions and veloc-
ities, and diamonds with arrows in red for the protons.
Spatial distribution is uniform both for protons and elec-
trons. The Maxwellian velocity distribution is adopted
for a given temperature T = Telectron = Tproton.

Figure 4 depicts the initial condition for a two-
dimensional N = 122–problem, in which there are 61 pro-
tons and 61 electrons. Note that only 26 particles near the
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origin are depicted in the figure. In this and the follow-
ing figures, positions are normalized by the interparticle
separation Δ� ≡ n−1/3, and velocities by the relative ther-
mal speed among electrons, gee

th =
√

2veth. Squares with
arrows in blue in Fig. 4 stand for the electron positions and
velocities, and diamonds with arrows in red for the pro-
tons. Spatial distribution is uniform and the velocity dis-
tribution is maxwellian for both species with temperatures
of T = Telectron = Tproton = 10 keV. The number density
n = 1020 m−3 is assumed, which leads to the parameter
ε = 1.67 × 10−7 � 1.

3.2 Trajectories of a proton and an electron.

The 122-body system is integrated for Δt ≡ Δ�/gee
th , i.e.

the time for the electron with its thermal speed to travel the
average interparticle separation Δ� ≡ n−1/3. Figures 5 and
6 show the trajectories in the configuration space (X, Y) on
the left and velocity space (U,V) on the right for a proton
initially at rest, and a moving electron, respectively. In
both figures, the diamonds labeled ’initial’ are initial points
at t = 0. The lines are trajectories solved by using the DIM.
Triangles indicate the final points at t = Δt by the BIA. The
agreement between the BIA and the DIM is excellent.

 0e+0

 1e-10

 2e-10

-2e-9 -1e-9  0e+0

Y

X

Initial
DIM
BIA -5e-10

 0e+0

 5e-10

-3.0e-9 -1.5e-9 0.0e+0

V

U

Fig. 5 A proton motion initially at rest in the configuration space
on the left, and in the velocity space on the right, for the
N =122-body system. Symbols represent the initial and
final position calculated by the BIA. The particle starting
at the diamonds goes along lines which are calculated by
the full N-body integration, i.e. the DIM.

-3.3

-3.1

-2.9

 3.5  4  4.5

Y

X

Initial
DIM
BIA  0.28325

 0.283252

 0.283254

 0.57216  0.57217

V

U

Fig. 6 An electron motion for the N =122-body system. Leg-
ends are the same as Fig. 5.

As is typically seen on the right in Fig. (6), the com-

plicated velocity change in time, or the accelleration, is
reproduced well by the BIA, in which three-or-more body
intractions are ignored.

3.3 Errors and effective digits of invariants.

There are four invariants of motion in an isolated two di-
mensional system; the total linear momenta P, the total
angular momentum LZ , and the total energy E. Effective
digits for calculated invariants of motion and CPU time for
N = 122 are listed in Table 1, in which, with ri = (Xi, Yi)
and ui = (Ui,Vi),

PX =

N∑
i=1

miUi, (8)

PY =

N∑
i=1

miVi, (9)

are the total linear momenta,

LZ =

N∑
i=1

mi (XiVi − YiUi) , (10)

the total angular momentum, and

E =
1
2

N∑
i=1

miu
2
i +

1
4πε0

N−1∑
i=1

qi

N∑
j=i+1

q j

|ri − r j| , (11)

the total energy of the system.

Table 1 Effective digits for calculated invariants of motion and
CPU time for N = 122. PX and PY are the total linear
momenta, LZ the total angular momentum, E the total
energy of the system.

method PX PY LZ E CPU time
DIM 16 15 16 16 3.4
BIA 16 15 15 12 0.2
unit digit sec

Note that the effective digits of 15-16 is the maximum
for 64-bit calculation on the computer used in this study.
In the case of the DIM, all the effective digits for invariants
reach this maximum, while the total energy conservation
for the BIA is 12 digits, worse than the DIM which is gen-
erally the case. The angular momentum conservation for
the BIA happens to be 15 digits for this particular initial
conditions for N = 122–body problem. The conservation
in LZ , however, is generally close to that in E for different
initial conditions and the number of particles N.

As for the CPU time, the BIA is 17 times faster than
the conventional DIM for N = 122. Since the speed up
ratio depends essentially on the number of particles N, cal-
culations for different N will be examined in the following
subsection.
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3.4 CPU time dependence on N

We made similar calculation to the foregoing section vary-
ing the number of particles, N. The CPU time dependence
on N with fitting lines are depicted in Fig. 7, in which CPU
time inversions are found for the DIM, i.e. longer CPU
time τCPU

DIM (N) > τCPU
DIM (N′) for less number of particles

N < N′ at around N ∼ 700 and 1600. Such inversions can
occur because the integrator RKF65 used here controls the
time step size during the calculation according to the given
error tolerance. The CPU time for the direct integration
method scales as τCPU

DIM ∝ N2.7, and the binary interaction
approximation τCPU

BIA ∝ N1.9 both using the RKF65 with
the same absolute error tolerance of 10−16. Also BIA 1 is
the CPU time to calculate only one particle, which scale as
τCPU

BIA1 ∝ N1.0. If we are interested in motion of only one test
particle-i at a time t = Δt from initial conditions at t = 0, it
is possible with the BIA to calculate r (Δt) and u (Δt), since
it is based on the principle of superposition of Δri j and Δui j

using Eqs. (5) and (4).
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Fig. 7 CPU time τCPU dependence on the number of particles
N on a typical PC. Red squares stand for the CPU time
for the DIM with a fitting line in red, τCPU

DIM ∝ N2.7. Blue
circles stand for the CPU time for the BIA with a fitting
line in blue, τCPU

BIA ∝ N1.9. Also BIA 1 is the CPU time to
calculate only one particle, which scale as τCPU

BIA1 ∝ N1.0

As was shown on the right in Fig. 6, the temporal elec-
tron acceleration is complicated due to its small mass. For
a given numerical error tolerance, this tends to make the
common time step smaller, and consequently make the to-
tal CPU time τCPU longer especially in the DIM. On the
other hand, the BIA with the same error tolerance as the
DIM is a pair wise variable time step scheme, since the
time step for the pair (i, j) is independent from that for any
other pairs (i, j′).

4 Summary and Discussion

The binary interaction approximation, the BIA, to the N-
body problems is proposed. The BIA conserves total linear
momenta in principle, and is a pair wise variable time step
scheme when used with the integrator using the embedded
formula such as the Runge-Kutta-Fehlberg scheme [7, 8].
Other invariants, such as the total angular momentum and
total energy, are conserved as much effective digits as at
least 12 for a two dimensional hydrogen plasma of T = 10
keV and n = 1020 m−3, in which ε ∼ 1.67×10−7. The CPU
time of the BIA scales as τCPU

BIA ∝ N1.9 for such a plasma.
It should also be noted that with the BIA it is possible to
calculate only one particle’s motion [6] with the CPU time
in proportion to N.

The numerical results presented here is for two dimen-
sional systems with low density and high temperature, i.e.
ε � 1, which is the most appropriate for the BIA. We will
soon apply the BIA to three dimensional cases, and/or to
systems with ε ∼ 1, such as the gravitational N-body sys-
tems, in the near future.
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The plasma-surface interaction in microwave carbothermic reduction of magnetite was experimentally investigated 
with the Integrated Microscopic Imaging System. It was found that luminous body with burst/jet structure is formed 
on the specimen during reduction period. Its emission spectrum has a continuous spectrum of thermal radiation, and 
laser beams are scattered significantly by the luminous body. These facts suggest presence of plasma-powder mixture. 
The formation of the mixture, position in dust plasma, and the relation to the PSI in fusion science are described. 

 
Keywords: plasma-surface interaction, plasma-powder particle mixture, microwave carbothermic reduction, 
spectroscopic measurement, luminous body, dust plasma, self-organization.

1. Introduction 
Plasma-surface interaction is one of crucial issues in 

fusion research as well as plasma processing, but in some 
cases it has been also studied in the field of the material 
processing associated with thermally activated processes 
based on microwave heating. A typical example is 
microwave iron production presented here. High-purity 
pig irons have been produced successfully in a multimode 
microwave test reactor from powdered iron ores 
(magnetite) with carbon as a reducing agent in a nitrogen 
atmospheric pressure [1]. The microwave iron making 
has the advantage that the CO2 emissions can be reduced 
by tens of percent compared with that in conventional 
blast furnaces, if the electric power for the microwave is 
generated by renewable energy, such as solar, hydro and 
nuclear power. A feature of the microwave method is the 
sudden rise in temperature of the material surface from 
~700 °C to ~1000 °C accompanied by light emission of 
atmospheric plasma [2]. The nature of the temperature 
jump has been seen simply an emergence of an additional 
energy flow to the material through the plasma. Such 
plasma has been observed in almost all similar 
experiments. 

In order to investigate the plasma-surface interaction 
in the microwave iron making, visible emission 
spectroscopy has been introduced. The light emission after 
the temperature jump consists of strong atomic/molecular 
lines. These lines have been well assigned as spectra 
listed in the spectrum database based on the spark and arc 
discharge [2], indicating the presence of plasma electrons 
with several electron volts in the electron temperature. 
The multipoint pyrometric and spectroscopic 

measurements demonstrated that the microwave heating 
mode changes from direct volumetric heating by 
microwave into surface heating by plasma, when the 
atmospheric plasma is generated [2]. It was found that the 
structure of emission spectrum near-UV range (240 nm - 
310 nm) changes drastically from the continuous spectrum 
to line spectra of iron, with progressing reduction process 
[2]. 

The present paper provides micro-spectroscopic 
observation indicating that the plasma formed on the 
material takes on an aspect of plasma-powder mixture. It 
will be shown that burst/jet structure with continuous 
emission spectrum appears just above the specimen 
during reduction dominated period. The aspect of 
plasma-powder mixture dismisses the simple view that 
the plasma is just an independent medium as a microwave 
absorber for heating the material; rather, that aspect 
requires consideration of modification of microwave 
propagation and absorption in the plasma-powder mixture. 
Such feedback leads to the self-organization of the 
three-body mixture consisting of the microwave field, 
plasma-powder mixture, and powdered-material 
(specimen). It will also described about the position in the 
category so called dust plasma. The relation to the 
plasma-surface interaction in fusion devices also briefly 
mentioned.  

2. Experimental setup 
Figure 1 shows the microwave single mode cavity 

(TE103 at cw 2.45 GHz) and its diagnostics system located 
at the National Institute for Fusion Science. In this 
experiment the specimen was set at the anti-node of the 
electric-field standing wave, i.e., the electric field heating. 
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The specimen was made of magnetite (Fe3O4) and 
graphite powders of which grain sizes were <1 µm and ca. 
5 µm, respectively. The mixing ratio was MFe3O4 : MC = 
90 : 10 by mass. Corresponding mol ratio was nFe3O4 : nC 
= 1.0 : 2.0 that is equivalent mole portions for the 
carbothermic reduction of magnetite, Fe3O4 + 2C → 3Fe 
+2CO2 －  317 kJ/mol. The composite powder (total 
mass: 0.619 g) was shaped into a cylindrical rod of 8-mm 
in diameter and 10-mm in length. The specimen was set 
inside the quartz cell (12.5 mm in inner diameter and 
200 mm in length). Before starting the microwave 
irradiation, the quartz cell was evacuated by the rotary 
pump and refilled with helium gas. During the irradiation, 
a continuous helium gas flow of 20 ml/min was used with 
a pressure a little higher than ambient pressure.  

The microscopic spectroscopy was performed with 
the Integrated Microscopic Imaging System as shown in 
Fig. 2. A feature of it is integration of a microscope and a 
2D-imaging spectrometer. This allows us to observe 
emission spectrum in parallel with watching the 
appearance of the specimen through the microscope 
image. The emission light from the specimen is 
condensed by the objective lens; then, it is split in two by 
half mirror. The transmitted light is detected by the 
microscope, and the reflected light is introduced into the 
magnification lens, scanning mirror, and finally the 
imaging spectrometer that is a lens-slit Czerny-Turner 
configuration. The camera lens as the collimator in the 
spectrometer minimizes aberration of astigmatism due to 
the collimator mirror in a common spectrometer. In 
present experiment no mirror scanning mode is taken for 
enhancing dynamic range. The slit-shaped observation 
region on the specimen is fixed at a center of the 
observation region of the microscope [see Fig. 4]. The 
exposure time was 20 ms for the microscope, and 580 ms 
for the spectrometer. 

Two InGaAs pyrometers [labeled as IR1 and IR2 
shown in Fig. 1] were taken for measurement of the 
specimen temperature. IR1 and IR2 were directed to the 
specimen top surface and side surface, respectively. The 
neutral gas pressure in the cell was monitored with the 
electrical-resistance strain-gage type transducer. Flow 
rate of exhaust gas was measured by the mass flow meter, 
and exhaust gas analysis was performed with the 
quadrupole mass analyzer. 

3. Experimental results 
Figure 3 shows time evolutions of various 

parameters measured during the heating. There are three 
stages associated with the change of phenomena as I - III 
depicted schematically above the upper axis of Fig. 3(a):  
I. Pre-reduction stage (t < 200 s) characterized by 

microwave direct volumetric heating. 

II. Reduction-dominated stage (t = 200 ~ 320 s) with the 
significant plasma surface interaction and exhaust gas 
generation. 

III. Post-reduction dominated stage (t > 320 s). 
These stages are equivalent fundamentally to that found 
in previous experiments for microwave iron making [2].  

In the first stage, the temperature of the top and side 
surfaces increases in the same way as shown in Fig. 3(a), 
indicating homogeneous direct microwave heating. There 
are almost no exhausted gases detected.  

The beginning of the stage II is triggered by the 
plasma ignition. As shown in Fig. 3(a) the temperature of 
the top surface inherently jumps up from 512 °C at t = 
200 s, and it reaches 1160 °C within 4 s. The side-surface 
temperature rises gradually and reaches 1160 °C taking 
for ~100 s. The exhaust gas flow rate keeps higher level 

 

 
Fig. 1. Experimental setup of the microwave heating in the single 

mode cavity in the upper frame and diagnostics system in 
the lower frame.  

 
Fig. 2. Integrated Microscopic Imaging Spectrometer and its

structure and specification. 
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in this stage as shown Fig. 3(b). In addition constituent of 
the exhaust gas is mainly CO2 and CO [see 
Figs. 3(c)-3(f)]. It should be noted that the exhaust flow 
rate is several times overestimated because of the mass 
flow meter is for helium gas. The time when CO2- and 
CO- gas arrives at the flow meter is supposed at ~222 s, 
corresponding to the sudden rise of the flow rate. By 
using the flow rate of ~50 ml/min before the sudden rise, 
the total amount of gas generated in this period (~2 min) 
can be comparable within the order of magnitude to the 
amount of mass loss of the specimen (0.16 g); thus it is 
appropriate interpretation that the reduction process is 
dominated in this period. 

Figure 4(a) shows the typical microscope image 
captured by IMIS during the stage II. The field of view 
was placed to include the top surface of the cylindrical 
specimen. It is found that the burst occurs frequently with 
jet structure. The duration of the burst is less than 50 ms 
in this case, but in some cases it reaches 100 ms. It is also 
found that the space just above the specimen is filled by 
luminous body. The spectral image displayed in Fig. 4(c) 
for which the field of view is depicted as the vertical line 
in Fig. 4(a) indicates that there is strong continuous 

spectrum corresponding to that luminous body. In 
addition a few line emission spectra are superimposed on 
the continuous spectrum. Figure 4(b) shows the spectrum 
above the specimen [y = 1.33 mm; indicated by the 
marker in Fig. 4(c)]. Peaks with arrow can be assigned as 
iron atomic spectrum. The strong peaks at 569 nm and 
590 nm are Na I. Although the constituent concentration 
of sodium is under 0.01% in the raw material, transition 
probability for Na I (3s-3p) is quite large; it makes the 
intensity of the spectrum stronger. 

As the stage changes into III (post reduction period), 
the exhaust gas flow rate decreases, and finally almost no 
exhaust gas is generated [see Fig. 3(b)]. It should be 
noted that the bright plasma emission around the 
specimen was still visible with the naked eye; however as 
shown in Fig. 5(a) in microscopic observation it is found 
that there is no luminous body as found in the reduction 
period of stage II. In fact the spectral image has no strong 
continuous spectrum as seen in stage II, rather molecular 
band spectra of both C2 (A3Πg - X 3Πu) and CO 
(B1Σ-A1Π) appear clearly at the edge of the material. 

Fig. 3. Evolution of specimen temperatures in (a), the exhaust
flow rate and cell pressure in (b), relative intensities of
the signal in the quadrupole mass-analyzer in (c) – (f),
and the net microwave power absorbed in the single
mode cavity in (g). 

Fig. 4. Typical visible (a) and spectral (c) images of the upper
part of specimen for the reduction dominated period (the
stage II; t = 234 s). The vertical line in (a) depicts the
field of view for the spectral image of (c). Arrows in (b)
shows spectra assigned as Fe I. The unit of ISR is
photons m-2 s-1 nm-1 sr-1. 

Fig. 5. Typical visible (a) and spectral (c) images captured in the 
post reduction period (the stage III; t = 505 s). Arrows in 
(b) shows spectra assigned as CO (B1Σ-A1Π) and C2
(A3Πg - X 3Πu).
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4. Discussion 
The luminous body (with burst and jet) and 

continuous spectrum just above the specimen during 
reduction period (the stage II) imply presence of 
plasma-powder mixture generated by strong 
plasma-surface interaction. A part of the continuous 
spectrum can be due to the thermal radiation of the 
powder in the plasma. Three thermal radiation spectrums 
for temperature range of 1200 - 1400 °C and emissivity 
range of 0.1 - 1.0 are drawn as red dotted lines in 
Fig. 4(b). That temperature range is comparable to or 
somewhat higher than that of specimen temperature 
measured by pyrometers. This situation inspires us to 
consider inclusion of powder particles from the specimen 
into the plasma.  

The intensity of the observed spectrum is higher 
than that of the thermal spectrum for shorter wavelength. 
This can be connected with the results reported in the 
previous paper [2]. It was found that the intensity of 
continuous emission spectrum near-UV range (240 nm - 
310 nm) is more three order magnitude larger than that of 
black body spectrum. A candidate of the continuous 
spectrum was considered as a cathodoluminescence of 
magnetite (reported wavelength range: 310-620 nm with 
twin peaks at 390 nm and 480 nm) due to the 
impingement of a plasma electron onto the specimen 
surface of magnetite.  

The view of the plasma-powder mixture has been 
supported by the similar experiment for the measurement 
of CO2 concentration with CO2-laser absorption. An 
He-Ne laser beam (633 nm) was aligned along the CO2 
laser beam, in order to monitor influence of laser-light 
scattering due to the powder particles inside the plasma. 
It was found that the transmissivities for both CO2- and 
He-Ne lasers drop to 0.1 during reduction dominated 
period. This value is much less than that based on gas 
absorption, indicating almost scattering (~ 90 %) by 
powder particle. 

The plasma-powder mixture can be formed in such a 
way that the powder is blown into the space by the burst 
and jet as mentioned above. The burst and jet can result 
from reduction reaction and/or an adiabatic expansion by 
localized heating (likely due to a micro scale arc 
discharge), and those consist of CO/CO2 gas and powder 
particles. On the other hand disappearance luminous body 
in the post reduction period (stage III) will be explained 
as depletion of the raw powder (i.e., as progress of 
reduction). Emergence of molecular spectrum of CO 
(B1Σ-A1Π) indicates that electron plasma temperature is 
higher for post reduction period than that for the 
reduction period. The waning of the plasma-powder 
interaction suppresses the power loss through thermal 
radiation and reduction reaction of the powder particle in 

the plasma.  
It would be mentioned about the possibility that the 

plasma-powder mixture plays not merely a part of 
microwave absorber/heater; rather, it behaves as a 
component in self-organization of the system consisting 
of microwave field, plasma-powder mixture, and powder 
material (specimen). The hot spots on the surface causing 
the burst/jet can be attributed to microwave focusing due 
to a kind of edge effects; however the propagation and 
absorption of microwave itself will be modified by the 
plasma-powder mixture. 

The plasma-powder mixture presented here would 
be categorized into hot dust plasma, since thermal- and 
secondary-electron emissions should not be neglected [3]. 
There are some similarities with a hot-dust plasma so 
called ball lightning generated in the concentrated 
microwave field [4, 5]. The luminescence of the ball 
lightning has been explained as chemical emission due to 
re-oxidation of nano-particles generated by reduction 
reaction through the localized arcing in the surface layer 
of material. The micro-scale structure observed in present 
experiment supports qualitatively above explanation.  

Finally, relationship to the plasma-surface 
interaction in fusion science would be mentioned briefly. 
The condition that plasma faces to the metal 
oxide-graphite mixture can be materialized in fusion 
device, if graphite particles are re-deposited on or 
implanted into metal oxide layer on the first wall. 
Formation of such metal-oxide layer is supposed to be 
rare case depending on leak of air or H2O. When the 
significant heat flux from the plasma typically induced by 
an edge localized mode (ELM) strikes the deposition area, 
the metal oxide is reduced by graphite and resultant 
CO/CO2 gas takes the deposited particles toward the 
plasma. The contamination of the dust particles can 
change the propagation and absorption of high frequency 
electromagnetic wave [6].   
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 In this paper, the propagation of high power and short laser pulse in plasma medium is investigated. To do this 
aim, the particle model of plasma and particle-in-cell (PIC) computational method is used. The Maxwell equations 
are solved on a lattice and the relativistic Lorentz equation, by interpolation of the electromagnetic fields on the 
particles, leads to the temporal evolution of the phase space of the particles. The sources (ρ and J) are interpolated 
self-consistently. The equations are discretized with finite difference method and the Leapfrog differencing method 
is used to perform the computations for fields. The results are in a very good consistency with the current theories 
of the wave propagation in plasmas. The energy loss, dispersion and the change in the shape of the pulse due to the 
interaction with the electrons are shown and discussed. The obtained results can be used in the study of laser-
plasma interactions especially in fast ignition approach to laser fusion process. 

 
Keywords: Particle-in-cell (PIC), Laser-Plasma Interaction, Particle Simulation, Fast Ignition, Pulse Propagation 

in Plasma. 

1. Introduction 
A plasma medium can be considered as a large 

number of charged particles moving in their self-consistent 
electric and magnetic fields. The physics of such system 
can be studied by computer modeling simulation. Among 
the most successful models for computer simulation of 
plasma are particle models. This model becomes more 
practical in near-critical plasma. In this region the 
equations of state are not accessible and therefore the fluid 
description of the system can be no longer valid. 

The particle behavior of the plasma also becomes 
dominant during the interaction of high power short pulse 
laser 5(10 )s−  with the charge particle. For this interaction 
regime, the electron motion in the presence of intense light 
wave is highly relativistic. As we wish to model our system 
in high-temperature, the effects are very weak, so the 
plasma can be considered as a large number of collisionless 
particles. Therefore the propagation of the laser pulse in the 
plasma medium can be investigated by using 
particle-in-cell (PIC) computer simulation method. 

On physical grounds the particle simulation of plasma 
in the region mentioned above is in focus of interest for 
study the relativistic laser-plasma interaction in laser fusion 
experiments especially in fast ignition approach. Many 
researchers have also studied the phenomena which accrue 
in laser plasma accelerators and X-ray lasers by PIC 

method. Since we are interest in systems containing more 
than 4N 3 10× particles, the total number of arithmetic 
operations required to evaluate directly the force on each 
particle due to all other particles of the system will be of 
the order of 210Nη = . Calculation of this magnitude is 
totally impractical for exploring the physics of plasma. For 
this reason one may view each particle in a simulation as 
representing many particles of a real plasma namely 
superparticle. In addition, instead of computing direct 
interactions between particles we use particle-mesh model 
in our calculations. 
 

2. Particle in cell (PIC) method 
In this scheme, particles are defined in continuum 

space in both position and velocity whereas fields are 
defined at discrete locations in space. The values of particle 
and field are advanced sequentially in time. The equations 
of motion of particle evolve in each time step / 2tΔ , using 
electromagnetic fields interpolated from the discrete grid to 
the continuous particle locations. The term for charge and 
current sources, ρ and J, are interpolated self consistently 
on the discrete mesh points and the Maxwell equations are 
then advanced on time step. This procedure will be 
repeated in the next time step. The electromagnetic fields 
evolve according to the Maxwell equations: 
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t
∂

= −∇×
∂
B E ,    (1) 

t
∂

= −∇× −
∂
D H J ,   (2) 

subject to initial conditions: 
 

. ρ∇ =D ,    (3) 

. 0∇ =B .    (4) 
 
The particle positions and velocities obey the Newton-
Lorentz equations of motion: 
 

( )d m q
dt

γ = = + ×v F E v B ,  (5) 

d
dt

=
x v ,    (6) 

where the relativistic factory γ  is given by 

( )

2

2
1 1  

1 /

u
cv c

γ ⎛ ⎞= = + ⎜ ⎟
⎝ ⎠−

, u vγ= . (7) 

 
Eqs. (5) and (6) are discretized using the second-order 
leapfrog scheme. The leapfrog finite-difference 
approximations to Eqs. (5) and (6) are  
 

/ 2 / 2
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x x u

t γ

+Δ +Δ

+Δ
−

=
Δ

,   (9) 

 
With ( )/ 2 / 2 / 2t t t t tγ γ γ−Δ +Δ= + . 

The instability of above equations can be verified 
through the Boris's algorithm. Based on this algorithm the 
term, / 2t tu +Δ can only appear in one side of Eq. (7). The 
general finite-difference forms of Eqs. (1) and (2) can be 
written as : 

 
t i j k k jD H Hδ δ δ= − ,   (10) 

t i j k k jB E Eδ δ δ= − + ,   (11) 

 
Where i, j and k denote the indices of an orthogonal 

right-handed set of coordinates. qδ denotes some 
finite-difference operator with respect to the variable q . 
In order to perform the numerical implementation of Eqs. 

(9) and (10) in PIC codes we use a centre difference for the 
differentials δ , and place the fields on the mesh. In this 
manner D, E and J are defined at the midpoints of the 
segments connecting mesh nodes. The centre difference 
forms of Eqs. (9) and (10) on a uniform mesh become: 
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(13) 

 
To complete the discrete model we require 

prescriptions for obtaining the charge density at mesh 
points from the distribution of superparticles and for 
obtaining the forces at superlattice positions from the 
mesh-defined electric fields. The charge density at mesh 
point p is given by the total charge in the cell surrounding 
mesh point p divided by the cell volume: 

 

( ) 0
14

pN
n ns
p i p

i

qN
W x xρ ρ

=
= − +∑  ,   (14) 

 
 Where 0, ,  ,  ρs jN H x and px pH= are the 

number of electrons per unit length, the cell width, 
background density charge, the position of the 
superparticle i  in the cell and coordinate of particle p , 
respectively. The charge assignment function W used in 
Eq.(14) is : 

 
 

(15) 
 
 

 
 

3. Results and Conclusions 
In the present work, we have performed the 

numerical code based on PIC method to investigate the 
propagation of laser pulse in a plasma medium. To do so, 
the envelope spatial shape of the laser pulse has been 
considered as a Gaussian-shaped profile. We also 
assumed that the pulse propagates in the z direction. 

 

x  ,   
2 2

 
H H

x〈 =  

elsewhere  
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W x =

⎧
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Fig.1. The spatial shape of the pulse in the plasma medium. 
 
The time width of the pulse is 0.3 1

pω −  which for 
electron density 17 310 / cmn =  will be of the order of  
10 fs and the power of the pulse is ~ TW. Evolution of the 
pulse in the medium is evaluated by solving the equations 
of motion and Maxwell equations consistently using initial 
boundary conditions. 
 

  
Fig.2. Propagation of laser pulse in plasma for scaled time 

10 1
pω −  . 

 
Fig.3. Same as Fig.1 for 20 1

pω − . 

 

 

Fig.4. Same as Fig.1 for 40 1
pω − . 

 The spatial shape of the pulse in the plasma medium 
is illustrated in figure (1). In figures (2)-(4) the results 
obtained for scaled times, 10 1

pω − , 20 1
pω − , and 40 1

pω −  

have been shown. Here 2
0p ene mω ε= is plasma 

frequency and 2
0D kT neλ ε=  is the Debye wave 

length.  
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Victor MARTIN-MAYOR 2,4), Alfonso TARANCÓN3,4) and Jośe L. VELASCO3,4)
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The microwave plasma heating has a strong influence on collisional transport, experimentally observed both
in stellarators and tokamaks. The estimate of the interplaybetween heating and collisional transport implies
solving a 5D kinetic equation. We deal with this problem using a recently developed code (ISDEP: Integrator
of Stochastic Differential Equations for Plasmas) in a tokamak with ripple as atest device, introducing the
heating effects. In this work we develop a method for a non-linear computation of the time-dependent plasma
temperature profile, based on several linear calculations.The influence of heating on the relevant transport
parameters, on plasma rotation and on the velocity distribution function is studied.

Keywords: Ion cyclotron resonance heating, ion transport,non-linear simulation.

1 Introduction

Transport and heating are usually described as separated
processes. The former is customarily solved by fluid equa-
tions and the latter, which is considered as a source term
of the transport set of equations, is calculated in the frame-
work of kinetic theory. However, there exist several phe-
nomena that show that transport is modified by the heat-
ing effects (see e.g. [1, 2]), due to the interplay between
microwave plasma heating and transport, and must be es-
timated solving the 5D kinetic equation (3D in space and
2D in momentum space).

In this work we solve simultaneously the ion trans-
port and heating in the non-linear regime, taking advan-
tage of the equivalence between the linear Fokker Planck
(FP) and Langevin equations [4]. As it is well-known, the
FP equation is a collective description of the system, i.e.
an equation for the distribution function in phase space
f (t, x). An equivalent form is describing the system with
a Langevin equation, which is a Stochastic Differential
Equation (SDE) for a single particle, where the variation
of xi , the phase space coordinate, depends on a determinis-
tic term, proportional to dt, and on a random term dWi that
describes a Wiener process [4].

We use ISDEP, a Monte Carlo code that calculates
the ion kinetic transport by following the guiding centre
orbits in the presence of electric field, including ion-ion
[3] and ion-electron collisions [5]. We introduce in the
equations a new term that estimates the microscopic quasi-
linear wave-particle interaction and was firstly written in
Langevin form in [6]. As we deal with ion transport, the
heating method that we will consider is direct Ion Cy-

author’s e-mail: andres.debustos@ciemat.es

clotron Resonance Heating (ICRH), in the range of second
harmonic of ion cyclotron resonance frequency, which is
based on launching resonant electromagnetic waves from
the edge of the confined plasma. In our case, the random-
ness represented by the Wiener processes of the interac-
tion is related to the collisions with the background plasma
and with the random relative phase between particles gy-
romotion and waves. In this work, we do not introduce any
kind of turbulent transport yet. The wave-particle interac-
tion is formally the same as in the ECRH case, i.e., it can
be considered as a resonant diffusion in momentum space.
We will include the nonlinear evolution of the background
temperature using a self consistent method, updating the
temperature at each step.

We choose a tokamak device with ripple instead of
a complex device, since we are interested in studying the
influence of the heating on transport rather than on the
confinement properties of a given magnetic configuration.
This application shows the the usability of stellarator tools
in 3D problems that appear in tokamaks.

2 Modeling of collisional transport and
heating.

2.1 The Langevin Equations for the system

The dynamics of the test particles is given by a set of
Langevin equations. This includes several physical fea-
tures and approximations. We study the evolution of the
guiding center position, the velocity square and the pitch:
xi = (~rgc, v2, λ), λ = v||/v. We also consider Coulombian
collisions with the background using the Boozer-Kuo Pe-
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travic collision operator.
The quasilinear wave-particle interaction used in this

work is a resonant process in phase space. The resonant
condition is satisfied with very small probability, but the
influence on (v2, λ) is very strong. We take a Gaussian
deposition profile centered at the magnetic axis. As we
will see, the final result is a global increase of the energy.

Schematically, the equations we are solving are:

d~rgc = ~v
gc(x) dt, (1)

dv2 =
(
Fgc

v2 (x) + Fcoll
v2 (x) + F ICH

v2 (x)
)
dt

+Gv2(x) ◦ dWv2
+GvA(x) ◦ dWA (2)

+GvB(x) ◦ dWB , (3)

dλ =
(
Fgc
λ

(x) + Fcoll
λ (x) + F ICH

λ (x)
)
dt

+Gλ(x) ◦ dWλ +GλA(x) ◦ dWA (4)

+GλB(x) ◦ dWB. (5)

The Wiener process is an independent increment stochastic
process (Gaussian distributed) such that:

dW j(0) = 0, 〈dW j(t)〉 = 0, (6)

〈dW j(t)dWk(t)〉 = δ jkdt. (7)

This process introduces diffusion phenomena in the
system evolution. Using Eqs. (1), (3) and (5) we can fol-
low particle trajectories in the confined plasma, affected by
electromagnetic fields using the guiding centre approxima-
tion: ~v gc, Fgc

v2 andFgc
λ

[7] and collisions with other parti-
cles via the Boozer operator:Fcoll

v , Fcoll
λ

Gv2 andGλ [8].
The functionsF ICH

v2 , F ICH
λ

, GvA, GvB, GλA andGλB can be
found in [6], although some misprints have been corrected.
Even though the work in [6] was developped for ECRH,
we take this model for 2nd harmonic of ICRH. The symbol
“◦” indicates that we are using Stratonovich algebra for the
SDE system [4].

The Monte Carlo method is used to integrate a large
number of independent trajectories and calculate the main
confinement properties as the average energy, particle and
heat fluxes, confinement time, etc. One of the main ad-
vantages of following independent trajectories is that the
simulations scale perfectly in massive parallel clusters.In
fact, all the calculations presented in this work have been
done using grid computing techniques, see e.g. [9].

2.2 Introduction of non linear effects

Linearizing the Boltzmann equation is equivalent to study
the test particles keeping fixed the background plasma.
This makes impossible the study of heating effects dur-
ing plasma evolution because no temperature rising will be
observed despite the fast ions will transfer their energy to
the background. To overcome this limitation while keep-
ing the benefits of the equivalence between the FP and the
Langevin approach, we allow time dependent temperature
profiles: T(ρ, t), which we shall fix self-consistently by
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Fig. 1 1D profiles: electrostatic potential (Φ) and its deriva-
tive, proportional to the electric field (dΦ/dρ), temper-
ature (T), density (n) and poloidal (Bp) and toroidal (BT)
magnetic fields. In this picture, the values withρ < 0 cor-
respond the high magnetic field side of the device while
ρ > 0 refers to the low field side. All the profiles except
BT are symmetric in the poloidal angle.

identifying the time evolution of the temperature of the test
particles with that of the field particles [5]. Note that time
dependent profiles are allowed in a linear FP equation, the
iterative method is the key point to introduce non lineari-
ties, as will be explained below. In this work we keep con-
stant the background density, assuming that the sources are
able to supplement the particle losses.

We use as temperature profile the average kinetic en-
ergy in an interval of∆ρ = 0.1 centered inρ at a timet:
v2(ρ, t). Let qi be the quotient of the average kinetic en-
ergy in thei-th iteration with ICH and the energy without
ICH. Then, in the iterationi +1 we take as temperature the
initial profile multiplied byqi :

qi(ρ, t) =
v2

i (ρ, t)

v2(ρ, t)
, Ti+1(ρ, t) = T0(ρ) qi(ρ, t) .(8)

We stop iterating whenTi+1(ρ, t) = Ti(ρ, t) within errors,
which is our self-consistent profile.

2.3 The tokamak model

In our test device, the plasma is a circular torus with ma-
jor radiusR0 = 1 m and minor radiusa = 0.2 m. The
main magnetic field (B0 = 1 T) as well as a small ripple,
(∼ 0.01B0) is created by 32 toroidal coils. The expres-
sion for the rippled magnetic field is obtained from [10].
The ripple does not modify the toroidal magnetic flux in
an appreciable way (∼ 0.01%, estimated by numerical in-
tegration), so we can take the usual expressionρ = r/a.
ICH microwaves are launched by two antennae located in
opposite angles of the torus. We plot the shape of the main
profiles in Fig. 1.
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3 Numerical results

We use aKloeden-Piersenalgorithm [4] for solving our
SDE system. It is similar to a second order Runge Kutta
method for a given SDE forX(t):

dXi = F i(X, t) dt +Gi
j(X, t) ◦ dW j , (9)

Xi
n+1 = Xi

n +
δ

2

(
F i(Xn) + F i(Xp)

)
+

1
2

(
Gi

j(Xn) +Gi
j(Xp)
)
∆W j , (10)

Xi
p = Xi

n + F i(Xn)δ +Gi
k(Xn)∆Wk. (11)

This method converges weakly (for the averages, see [4])
with order δ2 (δ = tn+1 − tn.) for a 1D multiplicative
noise. Unfortunately, we are dealing with 4D multiplica-
tive noises and we find convergence up to orderδ (specially
in the ICH case).

We perform several linear simulations updating the
temperature according to (8) and we stop iterating when
we reach the self-consistent profile inv2 (Fig. 3). The
main results of this work are the comparison of fluxes, ve-
locities, distribution functions and other relevant quantities
between simulations with and without heating. In Fig. 2
we show the time evolution of several plasma features in
both cases: persistenceP (defined as the fraction of surviv-
ing particles), effective radius and kinetic and total energy.
It can be seen that the persistence of particles falls faster
in the case of ICH. This is not surprising since the aver-
age energy is increased and so does the outward flux. We
calculate the confinement times fittingP(t) to e−t/τ. The
average radius also increases in the case of ICH for times
larger than the typical collision one, showing again the in-
crease of the outward particle flux. The average energy
rises for times larger than 10−3 s, showing the obvious ef-
fect of plasma heating and the typical time scale in which
the power absorption is relevant. The change of the aver-
age squared velocity is, not surprisingly, very similar to the
energy one.

Also we calculate the toroidal and poloidal velocity
profiles (Fig. 3). We see that the poloidal velocity does not
change because it depends mostly on the~E × ~B drift, and
it is not modified in the system. On the other hand,vφ is
strongly influenced by ICH, because ifv2 grows whilevθ
is constant, thenvφ increases. This increment, focused on
ρ ≃ 0, is propagated radially via transport processes.The
evolution of the particle flux profile is plotted in Fig. 4,
which shows that this is always larger in the presence of
heating, especially fort > 10−3 s, which is the typical time
scale for plasma heating to be relevant. The steady state
flux is monotonic, as corresponds to the absence of sources
or sinks. The heat flux profile evolution (Fig. 5) is again
monotonic in steady state (t = 5 · 10−2 s), but the gradient
in the centre of the device is much larger in the case of
ICH than in the one without heating, since the heat source
is located close toρ = 0.
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Fig. 5 Heat fluxes.

Fig. 6 Velocity probability distribution functions, as a function
of the velocity and the toroidal angle without ICH.

We compute and compare the probability distribution
function (v2 · f (v, φ)), in terms ofv andφ (Fig. 6). We find
that with a small ripple (1%)f (v, φ) does not depend onφ
in any case, which implies that the parallel transport is able
to overcome the local heating produced by the antennae as
well as the ripple effects. It is clear that the effect of heat-
ing tends to make the distribution function wider , rising
its tail and creating an important number of suprathermal
ions. The Binder cumulant, defined asκ := 〈v4〉/〈v2〉2,
measures deviations from the Maxwellian distribution (Fig
3). In the plasma without ICH, the cumulant is equal to 5/3
at every time, except in the outer plasma radius where an
increase of fast particles due to the transport is observed.
The ICH plasmas show clear effects of heating with a cu-
mulant larger than the Maxwellian value.

4 Conclusions

We have estimated for the first time the combined effects
of ion collisional transport and heating outside the frame of

Fig. 7 Velocity probability distribution functions with ICH.

the linear approximation. To do that, we have developed
a nonlinear kinetic method based on Langevin equations
for transport and quasi linear heating. For the moment,
we have considered a non-realistic model for the electric
field created by ICRH waves. We modify the background
temperature with an iterative method, allowing a real in-
crement of the particle energy. This method makes possi-
ble the numerical solution, for any geometry and wave, of
the collisional transport in phase space. The only approx-
imations are considering collisional transport in a frozen
electrostatic potential and assuming that wave-particle in-
teraction is well described by quasi-linear theory. We have
particularized our model to the geometry of a tokamak
with ripple, avoiding for the moment the effects of more
complex geometries to concentrate ourselves in the heat
and transport interplay. This computer code can be eas-
ily adapted to another geometries and plasma profiles, like
stellarator or ITER geometries.
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