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Abstract

The JSPS-CAS Core University Program (CUP) seminar on “Production and
steady-state confinement of high performance plasmas in magnetic confinement systems”
was held from 27 July to 29 July 2005 in Institute of Plasma Physics, the Chinese
Academy of Sciences, Hefei, China. This seminar was organized in the framework of
CUP in the field of plasma and nuclear fusion. About 50 persons including 20 Japanese
attendees attended this seminar.

Long time sustainment of high confinement and high beta plasmas is crucial for
realization of an advanced nuclear fusion reactor. This seminar was motivated to
summarize the results of CUP obtained in four years activities of CUP, and to extract
crucial issues to be resolved near future, which must drive near and mid- term

collaborations in the framework of CUP.

Key words: advanced fusion reactor, magnetic confinement systems, improved
confinement regimes, long time sustainment of plasma, MHD stability, high
beta plasma and plasma collapse, edge plasma control and divertor,

advanced heating methods, advanced plasma diagnostics for burning plasma.
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Preface

The JSPS-CAS Core University Program (CUP) seminar on “Production and
steady-state confinement of high performance plasmas in magnetic confinement systems”
was held from 27 July to 29 July 2005 in Institute of Plasma Physics, the Chinese
Academy of Sciences, Hefei, China. This seminar was organized in the framework of
CUP in the field of plasma and nuclear fusion. About 50 persons including 20 Japanese
attendees attended this seminar.

Long time sustainment of high confinement and high beta plasmas is crucial for
realization of an advanced nuclear fusion reactor. Toward this target, a lot of
collaboration programs between Japan and China have been carried out for past four
years in the category of “improvement of core plasma properties” of CUP. This seminar
was motivated to summarize the results of CUP and to extract crucial issues to be resolved
near future. In this seminar, 32 oral presentations were made and focused on the
following topics:

1. improved confinement regimes,

2. long time sustainment of plasma,

3. MHD stability, high beta plasma and plasma collapse,

4. edge plasma control and diverter,

5. advanced heating methods,

and

6. advanced plasma diagnostics for burning plasma.

These topics are important, regardless of the difference in magnetic configurations such as
tokamaks and helical devices, and were intensively discussed from experimental and
theoretical sides. In addition, engineering aspects were stressed on several topics.

This seminar was closed with great success, clarifying remarkable progress in
researches related to these important topics through CUP. The organizing and program
committees are grateful to all participants for their support and coorporation to this

seminar.

Baonian WAN and Kazuo TOI

Chairpersons of the Organizing Committee
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Long pulse operation of high performance plasmas in

JT-60U

S. Ide and the JT-60 team

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute
Naka, Ibarak:i, 311-0193 Japan

Abstract : Recent experimental progress in JT-60U advanced tokamak research is presented;
sustainment of the normalized beta (Ox) ~ 3 in a normal magnetic shear plasma, the bootstrap
current fraction (fps) ~ 45% in a weak shear plasma and ~ 75% in a reversed magnetic shear
plasma in a nearly full non-inductive current drive condition for longer than the current relax-
ation time. Achievement of high-density high-radiation fraction together with high-confinement
in advanced plasmas was demonstrated. Achievement and foundings in long pulse operations
after system modification are presented as well. A 65 s discharge of I, = 0.7 MA was success-
fully obtained. As a result, high-0Ox of 2.3 was successfully sustained for a very long period of
22.3 s. In addition, a 30 s standard ELMy H-mode plasma of I, up to 1.4 MA has also been
obtained. Effectiveness of divertor pumping to control particle recycling and the electron den-
sity under the wall retention was saturated was demonstrated. These achievement and issues

in the development will be discussed.

Keywords:

PACS: 52.25.Fi, 52.30.Cv, 52.50.Gj, 52.50.Sw, 52.55.Fa, 52.55.Rk, 52.55.Wq

1 Introduction

For development towards ITER advanced op-
erations and steady-state (SS) tokamak fusion
reactor, sustainment of high confinement with
high normalized beta ((Ox), high bootstrap cur-
rent fraction (fpg) to the total plasma current
(Ip) and heat/particle handling to be compatible
with the divertor is one of the most important
issues. ITER hybrid operation is defined as high
output long pulse discharge for high fluence, and
ITER steady-state operation is defined as @ (fu-
sion gain) > 5 in a full non-inductive current
drive (CD) steady-state. In a steady-state toka-
mak fusion reactor, a value fgg = 70% is typi-
cally required [1], and fx ~ 3.5 or even more
(4-5) would be required. This is the so-called
advanced tokamak (AT) concept. Towards these

targets, JT-60U AT-relevant plasmas, one with
weak magnetic shear (“high-3, plasma”, 3, de-
notes the poloidal beta) and one with reversed
magnetic shear (“RS plasma”), have been pur-
sued by utilizing various heating/current drive
systems (neutral bema (NB); positive-ion base
NB: P-NB, negative-ion based NB: N-NB, ra-
dio frequency (RF); elecgtron cyclotron range
of frequency: ECRF, lower hybrid range of fre-
quency: LHRF). Both plasmas have good con-
finement characteristics owing to a formation of
the internal transport barrier (ITB). An ITB
is also beneficial to raise fgg. An edge trans-
port barrier, in other word the H-mode pedestal,
also contributes to improve confinement and to
raise fps. A high-f3, plasma has monotonic or
weak magnetic shear and attained very high fgyx
up to 4.8, high fgs of about 70% and full non-



inductive CD. On the other hand a RS plasma
has reversed magnetic shear with high ¢y (the
safety factor at the plasma center) or sometimes
a current hole in the core region and attained
high fOn of 2.5-2.8 and high fgg up to about
80% and full non-inductive CD. Both plasmas
have good confinement characteristics owing to
a formation of the internal transport barrie. Re-
cent JT-60U experiments have achieved sustain-
ment of good candidate plasmas for ITER ad-
vanced operations and an SS reactor based upon
these JT-60U AT relevant plasmas long enough
in view of current profile relaxation. For assess-
ment of long pulse operation in ITER and future
reactors, modification on the JT-60U operation
system was carried out to extend the maximum
pulse length from 15 to 65 s. In this paper, the
achievements and issues in the development will
be discussed [2].

2 Development AT relevant
plasmas towards ITER ad-
vanced operations and a
steady-state reactor

As described above, high-8y and high-fgg
are key issues. Towards establishment of these
goals, a profile of the current density j(p) (p
is the flux normalized radius) or the safety fac-
tor ¢q(p) is an important factor. In this sec-
tion, achievement in AT development towards
ITER advanced operation and an SS reactor is
described in view of ¢(p) and its sustainment rel-
ative to the current relaxation time (7g). In this
paper, 7R is defined as pg(o)a?/12, where (o) is
the volume average of the plasma conductivity
and a is the plasma minor radius [3].

2.1 High (y sustainment in a mono-
tonic shear plasma

As described above, the purpose of ITER hy-
brid operation is to obtain high fusion power for
long duration for high-fluence. For this, higher
On is preferable. And g close to but above unity
would be preferred for higher output and saw-
tooth avoidance. That is a monotonic magnetic

shear with ¢y ~ 1 would be expected in this
regime. One of the most important instabili-
ties that prevent sustainment of high-gy is the
neo-classical tearing mode (NTM) in this do-
main. In JT-60U, it has been shown optimiza-
tion of the current and pressure profiles is a key
to avoid occurrence of an NTM [4]. And we had
succeeded in sustaining Oy = 2.7 for 7.4 s [5].
By further optimization of a high-3, ELMy H-
mode plasma in a very low-qgs regime of 2.2-2.8
(here qg5 is the safety factor at the 95% toroidal
flux) with I, = 1 MA and By = 1.66 T (the
toroidal magnetic field at the plasma major ra-
dius) and high-fy of 3 was successfully sustained
for 6.2 s as shown in Fig. 1 [4,6]. In JT-60U,
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Fig. 1: Typical waveforms of the Sy = 3 dis-
charge. (a) I, and ggs, (b) Ox and the heating
powers (P-NB, N-NB and ECRF), (c¢) n. and
D,, intensity, (d) the magnetic fluctuation. No
clear activity is observed in (d) during Oy = 3.

discharges with this high Gy but at higher ggs
above 3 usually suffer from NTM, however in
the discharge, no distinct NTM had been ob-
served. This could be attributed partly to the
very low-q operation. Since ¢y was found to
be kept around unity in the discharge, lower-
ing qos shifted the NTM resonant surfaces, ¢ =
1.5 or 2 rational surfaces, outwards where the
pressure gradient is generally less steep and fa-
vorable to avoid the NTM. Moreover, the down-
ward shift of the plasma made the NB deposi-
tion profile broader, thus the pressure gradient
became smaller as well. This is also preferable
for NTM avoidance. The duration of the high-
[On sustainment, 6.2 s, corresponds to 4.1 times
TR, although qg5 kept decreasing until about 8 s



it could be expected that the current profile had
almost reached the equilibrated state. Since the
pressure profile could reached the steady-state
in much shorter time scale, that is the energy
confinement time (7), the discharge could be a
demonstration of an NTM-free high-3x opera-
tion. The result is contributing to development
of ITER hybrid operation domain.

2.2 Sustainment of
weak shear plasma in nearly full-
CD with high fgs

As mentioned before, fgs around 50% or
higher is expected in the ITER steady-state sce-
nario. Various ¢ profiles can be consistent with
this level of fpg, from one with (weak) positive
shear to one with (weak) negative shear profile.
Among them, a flat ¢ profile with ¢o ~ 1.5-
2.5 could be preferable, in view of MHD sta-
bility, a-particle confinement, fpg, and easier
external j(p) control. In JT-60U, this domain
has been investigated with the high-3, ELMy
H-mode [7]. Sustainment of an ITER steady-
state relevant plasma with a weak shear pro-
file under full-CD condition for long enough in
terms of current profile relaxation was investi-
gated with negative-ion based NB (N-NB) [8].
A rate of I, ramp-up and timing and waveform
of the NB heating were optimized so as to pre-
vent qq from falling to unity and to develop I'TB
to increase off-axis bootstrap current to raise qg
and to form a weak shear. As a result, a dis-
charge with I, = 1 MA at B; = 2.40 T and
Ne ~ 2.7 x 10 m~3 was successfully main-
tained under almost full non-inductive state, the
fraction of the non-inductively driven current
(BS and NBCD) to the plasma current (fcp)
> 90%, with fpg ~ 45% is maintained for 5.8 s
(Fig. 2). Due to the off-axis BS current, the ¢
profile is almost flat, with slight reversal in the
core region. The minimum in the ¢ profile (¢min)
is around 1.5, as shown in Fig. 3. Since this was
not full-CD, gumin decreased slightly. However,
no clear NTM was observed during the 5.8 s pe-
riod, probably because qui, stays just around
1.5. The duration, 5.8 s, was determined by
the N-NB injection, and corresponded to 2.8 7.

As well as the previous plasma, this duration
can be long enough in view of current relax-
ation to confirm the applicability of this oper-
ation to the ITER steady-state operation. It
should be stressed here that not only the current
drive capability (fgs and fcp), but the value of
On obtained in this plasma (On = 2.4) is also
close to that expected in ITER steady-state op-
eration. The confinement improvement factor
to the ITER L-mode scaling Hggp was 1.9-2.2
and that to the ITER ELMy H-mode scaling
(H Hygg(y,2)) corresponding to Hggp of 2.2 was
about unity.
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Fig. 2: Typical waveforms of the weak shear
ELMy H-mode discharge with fgg ~ 45% un-
der nearly full non-inductive current drive: (a)
injected P-NB and N-NB powers, (b) Ax and £3,,
(c) the surface loop voltage (V7). Nearly full-CD
was maintained with constant fp,.
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Fig. 3: The safety factor profiles of the E44104
at 8.3 (open circles) and 12 s (open squares).

2.3 Sustainment of RS plasma with
very high fgs

In a reactor design, fs of 70% or higher is
expected. An RS plasma is expected to be well
consistent with such a high- fgg operation. Since
in an RS plasma a strong I'TB is often found to



be formed and the ITB improves the confine-
ment characteristics. The ITB formation con-
tributes to increasing the bootstrap current at
the I'TB that is off-axis location, and this off-axis
bootstrap current maintains or even elevates the
central ¢. A very high fpg (80%) RS plasma (I,
= 0.8 MA, By = 3.4 T) was obtained and that
high fpg was sustained for 2.7 s with fep ~
100% in JT-60U [9]. Further optimization of a
similar plasma (I, = 0.8 MA, By = 3.4 T) had
been performed in order to extend long enough
compared to 7 the duration in order to con-
firm capability of a high-fgs RS discharge for
a steady-state operation. Off-axis NB heating
was constantly injected to maintain the ITB.
Discharges have often suffered a collapse or a
disruption when g, crosses four. Avoidance of
a collapse was a key to extend the pulse dura-
tion. Change in the toroidal velocity profile had
been found to modify the ITB strength [10], and
this technique was adopted by switching off the
on-axis counter (to the I, direction) parallel P-
NB just before qumin crossed four. As a result,
the disruption was avoided, and a high fgg of ~
75% is successfully sustained for 7.4 s with very
high confinement of HHggy9) = 1.7 (Hgop ~
3.0) (Fig. 4) [8]. The duration corresponds to ~
2.7 Tr. As shown in Fig. 5, the ¢ profile almost
had reached the steady-state.
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Fig. 4: Typical waveforms of the high-fgg
(~ 75%) reversed shear ELMy H-mode dis-
charge under nearly full non-inductive current
drive: (a) I, and Pyg, (b) On (solid curve) and
Bp (dotted curve), (c) Hggp and W.
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Fig. 5: Evolution of the ¢ profile in E43046.

3 Extension of JT-60U pulse
towards long pulse discharge

As described above, extension of AT relevant
plasmas over several times g had been success-
fully demonstrated. For further assessment in a
condition where the current and pressure profiles
are both fully frozen and to investigate issues in
long pulse operation that had not unveiled in
conventional pulse length, the maximum pulse
length of a JT-60U discharge was extended up
to 65 s from 15 s. This was done by modification
of the controls in the operation, heating and di-
agnostics systems of the JT-60U facility without
major hardware upgrade. The maximum heat-
ing duration of the P-NBs was extended from
10 s to 30 s, as well. As a result, a 65 s dis-
charge with I, = 0.7 MA (flat top of ~ 60 s)
was obtained. And a 30 s NB heated plasma
has been obtained with I, up to 1.4 MA.

3.1 Long pulse high-(y discharge

As described before, we have succeeded in in-
creasing sustainable Oy up to 3. We also have
aimed at extending duration of high Oy sustain-
ment much longer. That is one of the most
important purposes of the JT-60U pulse length
extension modification. By optimizing high-/3,
ELMy H-mode plasmas at I, = 0.9 MA at B
= 1.56 T and gqg5 ~ 3.2, O = 2.3 was success-
fully maintained for 22.3 s (Fig. 6) [6]. This cor-
responds to 13.17g. Sustainment of higher [y
of 2.5 was also achieved but with little shorter
sustained duration of 16.5 s. The evolution of
On was carefully optimized in order to maxi-
mize Oy while avoiding the neo-classical tearing
mode, since the sustainable power is not enough



to raise Ay with an NTM. As a result, no dis-
tinct NTM was observed for these discharges.
A factor HggpOn/ q35, which is a figure of merit
of the fusion performance, was kept = 0.4 for
22.3 s. In ITER standard ELMy H-mode sce-
nario with Q = 10, HggpOn/q3s ~ 0.4 is ex-
pected, while in ITER steady state scenario with
Q =5, Hsopfn/q3; ~ 0.3 is expected. Achieve-
ment in these parameters indicates that these
JT-60U charges in this domain can be candi-
dates for ITER hybrid operation. No significant
phenomena that prevents high-0Ox sustainment
has occurred in such a very long duration rela-
tive to 7r. This would be encouraging for ITER
hybrid operation. Progress of sustainable Oy is
shown in Fig. 7.
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Fig. 6: Typical waveforms of the high-fn (= 2.3)
long sustainment discharge: (a) I, and the NB
powers (P-NB and N-NB), (b) Oy and T, and
T; near the plasma center. (c) 7, and the D,
intensity.
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Fig. 7: Progress of sustainable Oy, sustained Oy
is plotted against sustaining duration. Closed
circles indicate the results obtained before the
long pulse modification, while open circle repre-
sents the result after the conference.

3.2 Effect of divertor pumping in a
high-recycling ELMy H-mode

Another important issue in long pulse oper-
ation is a change in wall recycling that has a
longer time scale than the current diffusion. As
shown in Fig. 6, By gradually decreased in the
later phase. This indicates that confinement was
decreased. At the same time an increase in the
wall recycling that appeared as an increase in
the D, line brightness (Fig. 6 (c)) was observed.
Decrease in the confinement accompanied by in-
creasing D, intensity has been often observed
in JT-60U long pulse discharges. Therefore, the
degradation of confinement is attributed to the
increase in recycling whether directly or indi-
rectly. Therefore it is important to control wall
recycling in a long pulse operation. In order
to investigate control of wall recycling, a high-
recycling ELMy H-mode plasma had been stud-
ied [11]. It was shown that with gas-puffing
and/or series of high-recycling discharges, the
wall retention could be saturated in a later half
of a long pulse high-recycling ELMy H-mode dis-
charge. When the wall retention saturated, both
ne and D, increased uncontrollably. The diver-
tor of JT-60U is the so-called "W-shaped’ diver-
tor [12]. The pumping slots are located at both
ends of the dome, and divertor pumping works
when one or both divertor leg(s) is located near
the slot. Effect of divertor pumping when the
wall retention was almost saturated was investi-
gated in high-recycling ELMy H-mode plasmas
mainly by changing the distance between the
inner divertor leg and the pumping slot. It is
shown that the rate of increases of the total ion
population (dN;/dt, where Nj is the number of
the total deuterons in the plasma) monotoni-
cally decreases as the divertor pumping rate in-
creases. It should be noted here that the satura-
tion in wall retention became observable in JT-
60U only with the extension of the pulse length.
That is, modification for long pulse discharge
has opened new domain not only for high-gx
sustainment but also for particle recycling stud-
ies.
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4 Summary

Recent experimental progresses in JT-60U ad-
vanced tokamak research are presented; sustain-
ment of Oy ~ 3 in a normal magnetic shear
plasma, the bootstrap current fraction (fpg)
~ 45% in a weak shear plasma and ~ 75%
in a reversed magnetic shear plasma in a nearly
full non-inductive current drive condition for
longer than the current relaxation time (7g).
These results contribute to ITER advanced op-
erations and a steady-state tokamak reactor de-
velopment. Also achievement and foundings in
long pulse operations after system modification
are presented. A 65 s discharge of I, = 0.7 MA
was successfully obtained. As a result, high-
On of 2.3 was successfully sustained for a very
long period of 22.3 s. In addition, a 30 s stan-
dard ELMy H-mode plasma of I, up to 1.4 MA
has also been obtained. Effectiveness of divertor
pumping to control particle recycling even under
the wall retention saturated was demonstrated.
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Abstract

To obtain long sustained plasma operation with high integrated performance on the HT-7
superconducting tokamak, several important technical modifications have been realized in the
last few years. The special doped graphite coated by SiC film was used as limiter material.
Two full poloidal limiters and one inner toroidal belt limiter, two additional toroidal double-
ring graphite limiters located at the top and bottom of the inner wall were adopted for steady-
state plasma operation, all of which are actively water-cooled. Twenty-four pieces of a
ferromagnetic material—ferritic steel have been installed inside the vacuum chamber, to be
used as plasma facing components and for the reduction of the magnetic ripple. The new CW
LHCD system with 1.2MW 2.45GHz has been installed into the machine. The grill of the
LHCD has been changed to 3 X 16 multi-junction and coated with TiN film. The 1.5MW ion-
cyclotron-resonance-frequency (ICRF) system and a 0.35MW ion Bernstein wave (IBW)
system in frequency range of 18-30MHz with CW operation capacities have been applied to
drive and heat the HT-7 plasma so as to realize active control for the current density and
pressure profile. Two crypumps with 10m’/L pumping speed were installed to enhance the
particle exhaust. The rf wall conditioning technique has been well developed and routinely
used in HT-7 tokamak, which contribute to the significant reduction of the impurity radiation
and edge recycling. By combining ion Bernstein wave and lower hybrid current drive edge-
localized-mode-free limiter H-mode discharges with Hgo~2, Bn*Hgo>3 have been obtained

that lasted for 53 te. The central electron temperature is about 2.6 keV and density above 2 X
10" m™. With reduced plasma parameters of central Te~1.5 keV and ng~2 X 10" m'3,

Hgo~1.45, Bn~1.1, the improved confinement phase lasts for more than 100 tg with the non-
inductive driven current fraction~70%. Nearly full non-inductive current driven plasma
(Ip=120-180kA, B=1.5-2.0T, Te(0)=2-4keV, and <n>=1.0-2.5x10""m™) had been achieved
with a duration of more than 10s. For lower performance operation (I,=55kA, T.(0)=0.5-
1.0keV, and a central density n,=0.5-1.0x10""m™), a reproducible long pulse discharge with
the operational pulse length up to 240 seconds was sustained by the LHCD (<200kW) on the
HT-7.



1. Introduction

In steady state operation of tokamak plasma, the plasma current is entirely sustained by non-
inductive current drive means and the self-generated bootstrap current. The problems
involved can be solved by using superconducting techniques, development of non-inductive
current drive, plasma control, effective heating, advanced fuelling, removal of particles and
heat flux to the first wall, etc. The HT-7 is a circular limiter tokamak with a major radius of
1.22m, a minor radius of 0.27m, and a stainless steel liner in a radius of 0.32m. The limiter
was made of molybdenum before 2000 and doped graphite tile with a SiC gradient coating
after 2000. Its ohmic heating transform has an iron core and can offer a magnetic flux of up to
1.8VS. 24 superconducting coils located between two layers of thick copper shells produce
and maintain the toroidal magnetic field Br<2.5T [1-3].

Main objective of the HT-7 tokamak is the exploration of high-performance plasma operation
under steady-state conditions and relevant physics. To realize the mission, system with a
multi-junction coupler in the spectrum range of n;=1.8-3.5 [4], a 1.5MW ion-cyclotron-
resonance-frequency (ICRF) system in frequency range of 30-110MHz and a 0.35MW ion
Bernstein wave (IBW) system in frequency range of 15-30MHz [5], all with CW operation
capacities, were developed to heat and drive the HT-7 plasma for active control of the current
density and pressure profiles. Other systems including one inner toroidal belt limiter in high
field side (HFS) and two poloidal graphite limiters with active coolant and stainless steel heat
sink, ferretic steel liner, real-time feed-back control, et al., were employed as well. The doped
graphite tile with about 100pum SiC gradient coating by chemical vapor reaction (CVR) has
high thermal conductivity up to 180W/m-K and good thermal shock resistance to withstand
6MW/m® for 30s. The SiC coating is very effective to reduce the chemical sputtering and
suppress the radiation-enhanced sublimation [6-8]. From the autumn campaign in 2003, new
additional toroidal double-ring graphite limiters located symmetrically at the top and bottom
of the inner wall were adopted to accommodate requirements for steady-state plasma
operation, which are actively water-cooled and made of same doped graphite coated by SiC
film. It has larger plasma facing surface and higher heat exhausting capability. The poloidal
field power supply and its feedback control system were upgraded with the real-time
operation system to eliminate the limitation of discharge duration from the old operation
system. After these modifications, plasma discharge duration enables to extend up to several
minutes. A variety of discharges with a normalized performance BxHgo>1~3 for a duration of

several hundred energy confinement time tg was produced in HT-7. At the reduced



performance of Hgo>1.2 with Bx~1, a plasma with a duration of near 8 s, longer than 400 tg,
had been achieved with more than 90% non-inductive current fraction, which was sustained
by LHCD and bootstrap current. For lower performance operation (I,=55kA, T.(0)=0.5-
1.0keV, and a central density n,c=0.5-1.0x10""m™), a reproducible long pulse discharge with
the operational pulse length up to 240 seconds was sustained by the LHCD (<200kW) on the
HT-7.

2. Key issuesof long duration plasma dischar ges

For long pulse discharge, heat exhaust is unavoidable due to the interaction between plasma
and plasma facing material, the impurity produced during the process will go into plasma and
affect the drive efficiency. The key issues for the steady-state condition are plasma facing
components (PFCs), wall recycle, and plasma control. The problems involved are non-
inductive current drive, wall conditioning, reduction of high impurity radiation, heat exhaust
and particle removal, etc.

2.1 Wall conditioning techniques[9, 10]

Radiofrequency ICRF conditioning technique, including removal of hydrogen, isotope control,
impurity cleaning, boronization and siliconization are the routine first wall conditioning way
on HT-7 during experiments because of the presence of a permanent toroidal magnetic field.
A non-toxic and non-explosive solid, carborane (C,BoH;2) powder, was used for the wall
boronization material by means of RF producing plasmas. The high energy ions and the
mechanism of the ICRF plasma made the film highly adhesive, hard, amorphous, deeply
penetrating and uniform in both the radial and toroidal directions. Analysis of the B/C coating
on the graphite specimen showed that it consisted of a fine amorphous C/B, hydrogen film
with very strong adhesion to the first wall. Even after 250 shots of ICRF and LHCD launch
with about 400 kW RF power, as shown in Fig.1, the structure of the coating is nearly the
same as that of fresh films and the ratio of B to C varied not too much, from 2.8 to 3 over a
depth of 250 nm, except thickness reduction of 50 nm.

By choosing the proper RF conditioning parameters after RF boronization, the hydrogen
recycling and H/(H+D) ratio could be easily handled. After boronization, the ratio of H/(H+D)
was as high as 60% since a large amount of hydrogen gas was absorbed in the fresh boron
film, could be reduced to 15% after two periods of 30 min. RF discharge with deuterium gas.
A good impurity cleaning effect and very high hydrogen desorption rate were obtained in
helium working gas. The cleaning efficiency is much better than that obtained by glow

discharge cleaning (GDC) and Taylor discharge cleaning (TDC).



After RF boronization and conditioning, the plasma performance was significantly improved
with an influx reduction of carbon and oxygen by a factor of 3, a reduction of Zs from 4 to 2
at a density of 2x10"cm™ close to unity at a density of higher than 3x10"°cm™. The hugill
stability operation region was extended. Compared with the common boronization method, it
shows much better film properties, such as a high ratio of boron to carbon, a longer lifetime of
the coating about 1500 shots, and a higher LHCD efficiency for longer full wave current drive
period. The particle removal rate and cleaning efficiency are higher by a factor of 3. This
special technique has been demonstrated to be highly efficient, fast and easily controllable
means of the wall conditioning with reduction of the impurity and wall recycling for future
large superconducting tokamak devices in the presence of high magnetic fields.

2.2 Ripple reduction experimentswith ferritic steel

Using the ferritic steel is one of good methods to reduce toroidal field ripple [11]. The
toroidal field ripple in HT-7 is relatively strong (around 4% at the plasma edge) and resulted
high input power losses during ion cyclotron resonance frequency (ICRF) heating. Fast ion
ripple loss causes overheating load in the first wall [12], and produces large impurity due to
energetic particles striking the wall. The recycle of particles between the plasma and the wall
will be changed. So the plasmas character will be degraded deeply. The impurity radiation
causes the auxiliary heating efficiency decrease, even the plasma disruption. Ferritic steel
installation for reducing the toroidal field ripple in HT-7 is useful in suppressing the fast ion
ripple loss especially during the auxiliary heating discharge and for the extension of advanced
tokamak scenarios to long pulse operation

The surrounding 24 superconducting coils generate a toroidal magnetic field (Br) up to 2.5T.
A 1.7Vs iron core transformer provides ohmic heating. The feedback control system for the
HT-7 tokamak is a multi-variable feedback controller due to the strong coupling between the
ohmic heating coil and vertical field coil. Twenty-four pieces of a low activated materials; the
ferritic steel (GYJ060: 6.5%Cr+1.5%Si+0.2%Mn+Fe remainder) has been installed just under
each toroidal field coil inside the vacuum vessel in HT-7. This ferritic steel is in-vessel
material and outgassing rate is less than 18.63x10°Pa-L/s after sixteen hours baking at 200°C.
The residual magnetism is about 200 Gauss, coercive force is several ten Oersted, the
saturated magnetism is near 20000 Gauss and Curie temperature is high. Each ferritic steel
size is 600x150x18 (mm), its radius is 323mm and center is set on middle-plane and center is
set on middle-plane and covered the toroidal coil connection. They are isolated from the

vacuum vessel at one end and protected by the stainless steel liner with baking wires. The



toroidal magnetic field ripple 6= [(Max.field-Min.field)/2]/Averagefield can be reduced from
4% to 1.6% according the calculation (Fig.2). Up to IMW power F=2.45GHz, phase variable
LHW system; and f = 24~30MHz, PRF = 300KW with Step-tuner matching T-type antenna

Ion Bernstein wave heating system are the main external current driving and plasma heating
means. During the experiment campaign, some manmade serious conditions, such as quench,
hard disruption were produced, there are no any bad effects caused by the ferromagnetic steel
installation such as plasma production, plasma control, etc. The fuel hydrogen retention or
recycling was similar to that of the normal stainless steel and also in the case of wall
conditioning (such as boronization and lithium coating).

After the FS installation, the impurity activity was improved during the auxiliary heating and
the hard X-ray radiation was reduced during the high power LCHD experiments. The
temperature decay time became from 20ms to 55ms after ICRH turn off measured by ECE. It
has been demonstrated that high fast ion loss during RF heating was significant reduced
(Fig.3).

2.3 Plasma control [14, 15]

Plasma control is one of key issues to achieve steady state plasma discharges. During HT-7
plasma discharges, the central line averaged electron density was controlled by feedback gas
injection using a pulsed electric piezo-valve, and the plasma current and position were preset
and then feedback controlled by the ohmic poloidal system. In the present HT-7 experiments,
preset of the plasma position depends on the experience, unreasonable position would cause
strong interaction between plasma and the first wall and result in continuous rise of the limiter
temperature, which was responsible for the strong outgassing and uncontrollable density rise
and ultimately led to the termination of the discharge.

For HT-7 long pulse discharges, adjustment of the injection power of LHW to control the loop
voltage is the most important and effective way for steady-state operation. It is known that
discharges inside the waveguide tube of the LHW system cause a decrease of the LHW injected
power, induced variation of plasma current will increase the interaction between plasma and
plasma facing material, and produce impurity. Impurity spurting leads to termination of full
current drive discharge. Therefore, except common control of plasma density, plasma current
and plasma position, additional control loop based on the variation of Volt-Second was adopted
on HT-7 for steady-state operation. The magnetic flux of the transformer was feedback
controlled by the LHW power in two ways: rough adjustment by turning-on/off one or two

klystrons and fine adjustment by changing applied voltage on all klystrons.



3. Long pulse high-performance dischar ges appr oaching steady-state oper ation

The key points to obtain long duration high-confinement plasmas are controlling edge
transport and recycling, avoidance or suppressing of MHD instability, suppressing edge
turbulence and maintenance of low impurity. They are challenges for approaching steady-
state high-performance plasma.

It is very important to utilize the IBW local heating to increase the high-confinement volume
for the synergetic discharge of LHCD and IBW for the steady state high-performance. Two
operation scenarios are routinely employed: off-axis IBW with on-axis LHCD or off-axis
LHCD. In synergetic discharge of on-axis LHCD and off-axis IBW, LHCD is usually
launched into plasma during the initial plasma current rise phase to extend the plasma
duration as long as possible as to obtain maximum gain. In synergetic discharge of off-axis
LHCD and off-axis IBW, more than 80% of the plasma current was sustained by the LHCD
and the bootstrap current. While the IBW resonant layer is near the rational surface, the
improved edge and core confinement results in a large pressure gradient and large edge
bootstrap current density, in which often drives MHD instabilities and degrades the plasma
performance or terminates the discharge. Therefore, avoidance or suppression of m/n=2/1
resistive tearing mode instability is most crucial issue for the extension of advanced
performance scenario, two approaches by redistributing plasma current density profile
through active external control of LHCD or IBW waves have been successfully carried out in
HT-7. One is dynamic stabilization of MHD perturbation by modulation of toroidal current,
power or frequency of LH or IBW waves. The other is modifying electron pressure profile
and impacting MHD activities by optimizing IBW off-axis heating through changing the
toroidal magnetic filed strength, moving IBW resonant layer position and so injecting IBW
power near the rational surface.

By proper optimization of LHCD launched wave spectra, plasma parameters and toroidal
magnetic field to decrease pressure steep to avoid these MHD activity, a normalized
performance Hgo>1.2 with By close to unity for nearly 8s and with an ITB-like profile of
electron temperature and density, as illustrated in Fig.4, more than 400tg was achieved. An
typical long pulse high-confinement discharge by synergy of LHCD and IBW heating shown
in Fig.5 with a optimized performance indicated by product of fnHgo~2.3 was sustained for
4.6s, about 235t and longer than 20tcr (ter, current diffusion time), and with a stationary
ITB at the footprint of the minimum ¢, all plasma parameters and their profiles reached

stationary. The analysis of these discharges by EFIT and ONETWO shows that current profile



had a negative shear in a stationary state and more than 80% of the non-inductive plasma
current was sustained by LHCD and bootstrap current. A transport barrier at the edge of
plasma was also observed from the reciprocating Langmuir probe measurements, which
means an H-mode edge in such reversed shear operational mode.

The reproducible long pulse discharges with a duration more than 200s, Te(0)~1keV and
central electron density ne(0)~0.8x10""m~ were obtained under the genuine steady-state
operation. The longest discharge of 4 minute, shown in Fig.6 was achieved in 2004, During
such a 4 minute discharge, among all 32 thermocouples on the toroidal limiters for
temperature measurement, only one temperature on the location of lower toroidal limiter

raised quickly over 350°C at about 220s, corresponding to about -0.3cm of vertical plasma

position, others were kept below 200°C. It indicates necessity of the fine alignment for all
PFCs.

Wall saturation and refresh process was observed only in discharges with a duration longer
than 200s. When the global recycling coefficient R became more than unity, the gas feed was
automatically stopped to keep central line averaged electron density constant by the feedback
control system. At about 180s, R decreased below unity and gas supply started. It is noted
from Fig.6 that the electron density was decreased dramatically and could not be compensated
in following period of 180-220s by valid gas supply through feedback control. It means that
the wall repeated a process of being saturated and refreshed. This indicates importance of
investigation on the wall equilibrium at ultra-long duration discharge, which will be one of
the key issues for the steady state tokamak operation.

3. Summary

Heat exhaust and particles control, wall recycle, PFCs, MHD instability, and plasma control
are challenges for approaching steady-state high-performance plasma. To explore longer
sustained plasma operation with high integrated performance and relevant physics on HT-7
tokamak, several important technical modifications have been made in recent years, including
new actively water-cooled toroidal double-ring graphite limiters made of the doped graphite
coated by SiC film with special design. Based on the understanding on interaction of plasma
and wall, benefit from those important technical improvements, and combing with good wall
boronization and conditioning by means of RF producing plasmas, significant progress in
achieving high performance discharges under steady-state condition in HT-7 has been
realized. High-performance plasma is produced by the synergy of LHCD and IBW with a

broadened current profile and broadened ITB on electron density and temperature profiles.



MHD behaviors and thermal instabilities which limited the high performance operation were
studied in detail as well.

Nearly full non-inductive current driven plasma at high performance (Ip=120-180kA, Bt=1.5-
2.0T, Te(0)=2-4keV, and <ne>=1.0-2.5x10""’m™) was achieved by LHCD with a duration of
up to 10s. A long pulse high-performance discharge with the product of p'\Hgo~2.3 was
sustained for 4.6s, about 235t and longer than 20tcr. The transport analysis showed that
about 80% non-inductive current was generated by the synergy of LHW and IBW. For lower
performance operation, a reproducible long pulse discharge (#71377, Ip~55kA, Te(0)~1.0keV,
and a central neo=0.7-1.0x10"m™) with the operational pulse length up to 240s was sustained
by the LHCD (<200kW) in the HT-7, almost in steady-state condition. The progresses for
long pulse discharge approaching steady-state operation on HT-7 device in past decade are
strongly correlated with technical modifications. The actively cooled toroidal double-ring
graphite limiter and new manual control for plasma position are expected to take the
important rule on heat exhaust and particles control for advanced steady state operation on
HT-7 in the near future.
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Abstract

A long-pulse plasma discharge for more than 30 min. was achieved on the Large
Helical Device (LHD). A plasma of ne=0.8x10"’m™ and Ti;=2.0keV was sustained with
Pich=0.55MW, Pgcy=0.1MW and averaged Pnei=0.06MW. Total injected heati ng energy
was 1.3GJ, which was a quarter of the prepared RF heating energy. One of the keys to the
success of the experiment was a dispersion of the local plasma heat load to divertors,
accomplished by shifting the magnetic axis inward and outward.

1. Introduction

An improvement of core plasma performance has been achieved in various magnetic
configurations over the past decades. Almost al the data were achieved in short-pulse
plasma discharges. Now a goal of fusion research is to demonsirate a
long-pulse/steady-state plasma discharge with high performance, integrating the
experimental and technological knowledge so far obtained. In tokamaks such a discharge
has been carried out in several superconducting devices, 1.1GJ of heating energy was
successfully injected for 6min. in Tore Supra[1]. In JT-60U 350MJ was injected for 655[2].
More than Shours of the plasma discharges was achieved in TRIAM-1M[3].

In the helical configuration the long pulse plasma discharge is being carried out on
the Large Helical Device (LHD)[4], which is a superconducting device. The achievement of
a steady-state plasma discharge is one of the main objectives in the LHD project. For that
purpose technological development had been carried out on plasma heating devices for
severa years before the LHD experiment was started; an electron cyclotron heating (ECH),
a negative ion-based neutral beam injection (NNBI) and an ion cyclotron frequency range
(ICRF) heating. Among them a steady-state operation on the ICRF power generator was
successfully carried out on the MW level for more than 1 hour[5]. A liquid stub tuner was
invented to make feedback control in the impedance matching possible]6,7]. In addition a
transmission system including an antenna was tested to verify its capability to transfer the



RF power on the MW level in the steady-state]8,9]. An encouraging experiment was made
where the plasma was sustained on the CHS (Compact Helical System) by the | CRF heating
power only[10].

The ICRF heating was successfully carried out on the LHD [11-14]. Following the
long-pulse operation of the NNBI heated plasma discharge, a trial using an ICRF heated
plasma was started in the 3 LHD experimental campaign (1999), and a 68sec plasma
discharge was achieved [15]. The pulse length was limited by an RF generator problem.
Then it was gradually prolonged to 127sec in the 4" LHD experimental campaign [16,17].
In the 6™ LHD experimental campaign, the plasma duration time was found to be limited by
the electron density increase due to the hydrogen out-gassing. In the 8" LHD experimental
campaign (2004), the steady-state discharge was selected as the main object of the
experiment and many trials were done.

In this paper the achievement of a long-pulse plasma discharge is described. In Sec.2
the experimental setup is reported including the ICRF heating system and a heat removal
system. In Sec.3 the typical long-pulse plasma discharge is described. Then the causes
limiting the plasma duration are discussed. In Sec.4 the experimental data are compared
with results obtained from the orbit calculation of high-energy ions and a fusion triple
product vs. duration time is summarized. We conclude in Sec. 5.

2. Experimental Setup

The LHD is the largest superconducting heliotron-type device, with Rx=3.4~3.9m,
a=0.6m and B=2.5~2.9T. Three plasma heating devices are instaled on the LHD; NNBI,
ECH and ICRF heating. The maximum heating power so far achieved is 14MW for NNBI,
2MW for ECH and 2.5MW for |CRF heating, respectively.
2.1 1CRF heating system

The ICRF heating was carried out using two pairs of loop antennas 0.6m in length,
0.46m in width and 0.17m in thickness. The antennas are installed from the upper and lower
ports of LHD and located on the higher magnetic field side on the outboard side of the torus.
The surface of the antennas is twisted to fit the shape of the plasma boundary. Faraday
shields in a single layer are placed parallel to the lines of magnetic force. Graphite
protectors are attached to both sides of the antennas. The RF components of an antenna
strap, Faraday shields and a back plate are cooled by water for a steady-state operation. The
antenna s position is movable in the radial direction by 15 cm. The RF power is fed to each
antenna by its own RF generator, which is
adjusted for steady-state operation. 2.0

Four RF generators were prepared for the
experiment. The long pulse operation was carried
out as shown in Fig.1l. Here the output of RF
power of 0.25, 0.5 and 1.0 MW is also plotted as
reference parameter in time and input RF energy
space. Typica operations are 0.5MW/0.5hour or
1.0hour and 0.25MW/1hour. The total prepared
heating energy is about 6GJ in the four RF
generators.
2.2 Heat removal system 0g

A main part of the plasma energy is carried 00
off to the divertor plates. The plasma is diverted
along the magnetic field line connected to the last
closed magnetic surface at the elongated axis of

G-GJvstime

Heating Energy(GJ)
=
o

10000

Time(sec)
Fig.1 Available RF heating energy with duration
time of four RF generators.



the plasma cross section. 1700 divertor plates made of isotropic graphite are installed along
the helical divertor traces. They are connected to water cooling pipes sandwiching copper
heat sinks. A maximum heat flux of 0.75MW/m? is the design value of the divertor plate.
The thermo-couple is instaled to 90 plates among them. The measuring point is 10mm
beneath the surface of the divertor plate]18].

3. Experimental results
3-1. Long pulse plasma discharge
Time evolutions of the plasma parameters of a typical long-pulse plasma discharge
are plotted in Fig.2; this is the case of the longest plasma discharge. A plasma with an
electron density ne=8x10"m™ and the electron temperature at p=0.14 of Teece=1.4keV and
the ion temperature on the magnetic axis of T;;=2.0keV was produced with P|CH—O S5MW,
Pecy=0.1MW and a ten-time intermittent NNBI heating, - * AL
i.e, Pngi=0.45MW for 20s. The key which led to the g° N 5%
success of the experiment was a swing of the magnetic o~
axis, i.e.,, Ryx=3.67m~3.70m in the period of 100sec as
shown in Fig.2. The dispersion of the plasma heat load to
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the divertors decreased the temperature to less than s e o
250°C. The line average electron density was controlled - 5, 111 i
with a He gas puffing feedback system using a measured < ° R
micro-wave interferometer signal, but could not be kept = | T | o
constant because of a lack of the feedback control gain. =, , e J°
The plasma duration was more than 30min. and the total ’ e 0

injected heating energy was Wy=1.29GJ, which Fig.2Timeevolutionsof ne, Py, Te, Tio,
consisted  of  Wic=0.98GJ, Wecy=0.19GJ  and heating power of Pios, Pecrs Prsi Tav
Wig=0.12GJ. and Rac
3-2. Key to successful long-pulse plasma discharge

The average magnetic axis Raxay and the swing width 5Rx were the important factors
in prolonging the pulse duration (in solid circles) and increased the heating energy as shown
in Fig.3. Raay Was changed from Raa=3.55m t0 Rxa=3.685m. A local plasma heat load
position could be moved by the swing of Ru in accordance with the diverted plasma
analysig19]. However the swing width was determined by the hot spot near the ICRF
antenna observed in the outer magnetic axis, i.e., Rx=3.7m. In addition a plasma heat load

to one of divertor plates (referred to as Pgy and in open 10 :
squares) is plotted in this figure, which is calculated using
measured values. ~ Pav
3-3. Causes limiting the plasma dischar ge duration S0} D—é— t
The duration of the plasma discharge is limited by 3 =

several factors including; 1) the work of the interlock & _T ==
systems, 2) the gradual increase in the uncontrollable g 102 $ ®
density, 3) the abrupt increase in the density and the F ¢
radiated power due to penetrated heavy impurity.

l013.5 3?6 3.7

Ravax (M)

Fig.3 Therelation between duration
time, Paiv and Ravax with ORyax-
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1. Work of interlock systems

Many interlock systems are employed in the
ICRF heating system to protect RF components, which
are a tetrode tube, a transmission line and the ICRF
heating antenna, etc. Two of these interlock systems,
I.e, a reflected power and a maximum RF voltage
monitor, sometimes come into action during a
long-pulse discharge experiment. The reflected power
monitor works in the case of the RF breakdown at the
antenna or the transmission line. The maximum RF 100 200 300 200
voltage is set at Vgre=35kV, athough the transmission Time(s) o
system and the antenna have a capability of more than féga‘k‘);ekﬂfg;f?ore; ﬁ’io"l‘jieg gﬁ'tﬂg;g ng
Vgre=40kV for steady-state operation. During a g '
long-pulse plasma discharge the reflected power is gradually increased amost to the
interlock level of P.«/Pr,=20%. The cause of the increase in the reflected power is athermal
extension of the transmission line. The frequency control method was employed to reduce
the reflected power, but an available range of Af/f was restricted to 0.1% due to the
requirement of the RF generator to acquire the stable and high RF power. Instead of this
method a liquid stub tuner was mainly used by shifting the liquid surface level using a
cylinder linked with a computer system as shown in Fig.4. At the beginning of the discharge,
i.e,, 100sec a shifted direction of the liquid surface was selected wrong, therefore the
reflected RF power fraction was increased. After that it was gradually decreased and was
kept in less than 4%.
2. Gradual increasein the electron density

This phenomenon was sometimes observed in the beginning of the experimental
campaign before sufficient aging of the divertor plates. A typical example is shownin Fig.5.
After 90 sec the electron density increases with time. The electron density increases up to
ne=1x10"m™ and the radiated power increases Pg 10 ;o wweww g0

,_.
N
i
A_—I

IN

Reflected RF Power Fraction(%)
[ee]

o

o

250kW at 150 seconds. Time evolutions of the visible % | {400
emission of Ho and Hel, and the temperatures increases %;)'05 ZOO%
in the divertor plates are plotted in Fig.5: The vacuum = =
pressure is increased by 3x10°Pa from Py=2x10*Pa  °° —0
after 90s. The intensity of the Ho signal near the ICRF 3°°[ 7~ |7~
heating antenna is increased by a factor 3, whereas Hel <, Taw - Y300
intensity is almost constant. . 3
I L Hel 0 ~

o
<)

3. Abrupt increase in the density and the radiated e

power dueto penetrated heavy impurity Time (sec)
Two abovementioned causes could be eliminated Fig.5 Time evolutions of plasma parameters

by employing the feedback control in the liquid '"thecollapseduetotheincreasein the

. . . . Electron density.

impedance matching systems and by increasing the

out-gassing from the divertor plates. At the present time the steady-state discharge operation

is confronted with the penetrated heavy impurity, though a long-pulse discharge of more

than 30min. was achieved. A typical example is shown in Fig. 6, which was obtained

toward the end of the plasma discharge, i.e., at the time between 1640 and 1644sec. After

observed arcing near 7-1 port at 1641.34s intensities of FeX (174.52nm), ne and Py

suddenly increase followed by an increase in Clll (977.02nm) at the time of the lower

electron temperature. Although the reflected power fraction (P/P;) did not exceed the

interlock level, the RF power generator was turned off manually after the plasma, shown on

120 160



a TV screen, was judged abnormal. We examined the
LHD vacuum wall and the divertor plates near the 7-I
port. However we could not find any serious damage
on the surface of the plasma facing components.
Nevertheless, many thin stainless flakes were found at
the 4.5 U&L ICRF heating antennas, which were not
used in the 8" experimental campaign. It was thought
that the thin stainless flake had penetrated into the
plasma and become a cause of the increase in the
intensity of FeX. However it was not understood why
the thin stainless flakes had been produced in the
unused | CRF hesating antennas.

N

n(10,,m3),

Tece(keV), Clil(au) Prag(@.u.), FeX(a.u.)

N ©

=

8
o

=
|

PJP, (%)

A

=
o
T

0

1640

1641

1642

L 0
1643 1644

Time (sec)
Fig.6 Time evolution of plasma parameters,
P/P; and R, during the plasma collapse
due to penetrated Feions.

4. Discussion
4-1. L ocal plasma heat load to divertor plate

An asymmetry of the temperature increase in the
divertor plates was observed in the toroidal direction; it was obtained in the plasma
discharge of Pcy=0.5MW for 150 sec at Rx=3.6m, already shown in Fig.5. The
temperature increase was remarkable in the 2-1 and 3-1 divertor plates among 10 divertor
plates; here it should be noted that the ICRF heating antennais located at the vacuum ports
of 3.5U&L. The cyclotron resonance layers are separately located on the saddle points in
the mod B surface. In this magnetic configuration the behavior of high-energy ions was
examined using the full orbit calculation [20]. Two thousand high-energy ions with a low
energy are started from the upper and the lower ion cyclotron resonance layers, respectively.
lons accelerated by RF electric field of 20kV/m and trapped in the helical ripple move in
the poloidal direction influenced by a grad B drift. Some of them hit the divertor plates
within one circulation along the toroidal direction [21]. The numbers of high-energy ions
hitting at each of ten divertor plates on the inboard side have a very close correlation with
the measured temperature increase.
4-2. Fusion triple product vs. duration time

A scaling of a fusion triple product is experimentally derived using the confinement
scaling of 1SS95 in the following equation [12],

Nz T, (x107°m°keVseq =
0013382 n2(10°m®)P 22(MW)

pulse discharge of 7sec with Pcy=1.6MW and
ne=2.6x10"m’,

A is the improvement factor of the energy  ig»
confinement time; A=1.5 at Ry=3.6m and A=1.0 at et
Rax=3.75m. Fusion triple products of the long-pulse o
discharge so far achieved are plotted using open E, 10%° mﬁ, . |
(before) and solid circles (in 8" experimenta 3 o Supra g\ campaign
campaign) as shown in Fig.7, where these obtained g e °
in Tore Supra, JET and JT-60U are also plotted. The = .| “aheampagn® o campmn
fusion triple product of haf an hour plasma &
discharge is NteTi0=2.0x10"®mseckeV as shown in
Fig.7. A higher fusion triple product, i.e, v | . .

o 18 -3 . - 10° 100 102 10®° 10°
NteTio=8.0x10""m“seckeV was obtained in a short time(sec)

In the next 9" experimenta time

Fig.7 Fusion triple product vs. operation



campaign the target of the long-pulse plasma discharge is a one hour discharge with
NTeTio=5.0x10"®m>seckeV.

5. Conclusion

In the 8" experimental campaign on the LHD a long-pulse plasma with more than
30min. operation was achieved. A plasma of ne=0.8x10"m™ and Ti;=2.0keV was produced
with Picy=0.55MW, Pecy=0.1IMW and average Pngi=0.06MW. The total input heating
energy reached 1.3GJ. Two of the three main problems hampering the long-pulse plasma
discharge were conquered, by 1) reducing the reflected RF power by employing the
frequency control or the surface level control in the liquid stub tuner, and 2) reducing the
temperature increase in the divertor plates and graphite protectors of the antenna. However,
a penetrating heavy impurity limited the plasma discharge duration time. A total heating
energy of 6GJ was prepared for the steady-state operation. An improvement of the heat
conduction on the divertor plates and prevention of heavy impurities from penetrating into
the plasmawill lead to greater successin the next experimental campaign.
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lon Bernstein Wave Heating Experimentsin HT-7

Super conducting Tokamak
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Abstract: Ion Bernstein Wave (IBW) experiments have been carried out in
recent years in the HT-7 superconducting Tokamak. The electron heating
experiment has been concentrated on deuterium plasma with an injecting RF
power up to 350kw. The globe heating and localized heating can be seen
clearly by controlling the ICRF resonance layer’s position. On-axis and
off-axis electron heating have been realized by properly setting the target
plasma parameters. Experimental results show that the maximum increment
in electron temperature has been more than 1keV, the electron temperature
profile has been modified by IBW under different plasma conditions, and
both energy and particle confinement improvements have been obtained.

Introduction

Ion Bernstein Wave (IBW) heating is an ion-cyclotron-resonance-frequency heating
concept using the directly launched IBW to carry RF power deep into the dense plasma
core. The strong ion heating is realized when the wave passes the resonant layers, where
strong ion cyclotron damping happens. Good ion heating results by IBW have been
observed on JIPP-II-U, PLT, PBX and Alcator-C. IBW heating has also been investigated
in the HT-7 superconducting tokamak deuterium plasma with an injecting RF power up to
350kW. The globe heating and localized heating can be seen clearly by controlling the
ICRF resonance layer position. On-axis and off-axis electron heating have been
realized by a proper arrangement of the target plasma parameters. Experimental results
show that the maximum increment in electron temperature is more than lkeV, electron
temperature profile is modified by IBW under different plasma conditions, and both

energy and particle confinement improvements have been obtained.

Experimental setup

HT-7 is a medium-sized superconducting tokamak with a limiter configuration. Its
major radius is 122 cm and minor radius is 27.5 cm. Plasma current is about 100~220kA,
and toroidal magnetic field is about 1.0~2.0T. Plasma density is in the range of



0.5~5x10"”cm™. The electron and ion temperatures are about 700eV and 400eV
respectively. One of the main subjects of HT-7 experiments is to inveterate the
steady-state operation by full lower hybrid wave current drive (LHCD). Higher electron
temperature can benefit the current driven efficiency. The electron-heating mode for IBW
heating experiments is concentrated in HT-7 to get higher electron temperature.

Directional
—> —> Matchin,
coupler Switch S _> Electrical Probe Array’ ’

System

RF Generator A To antenna
(300 kw)
Matching state Monitor Data Acquisition System
Dummy 5
L Load “ 8
Protection signal |

e
Fig.1 ICRF Heating System for HT-7 Superconducting TOKAMAK

The ICRF heating system for HT-7 has a capacity of 350kW continuous wave (CW)
output power, and its frequency range is from 15 to 30MHz. The generator can operate in
short pulse, multi-pulse and continue wave (CW) modes. It provides great flexibility for
the experiments. Fig.1 shows ICRF system for HT-7. The system includes a RF generator,
transmission lines, three liquid stub tuners and antennas. The IBW antenna is sited at an
equator plane on the low field side of the tokamak. The central conductor and Faraday
shielding are made of stainless steal and graphite, respectively. The radii of the central
conductor and Faraday shielding are 32cm and 28.5c¢m respectively. Maximum RF power
of the generator is 350kw. Three liquid step-tuners are used for the matching the
impedance of the antenna. Deuterium working gas is adopted with the hydrogen minority.
The toroidal magnetic field is chosen to make the Qp layer located in the center region of
the plasma or off-axis location.

IBW Experiments

IBW heating was investigated in the HT-7 super-conducting tokamak deuterium
plasma. An asymmetric quadruple T-antenna was used with a central feeder and short
ends. The antenna was oriented in the toroidal direction. The n spectrum was peaked at
8, 9, and 10 for the frequency 24MHz,27MHz and 30MHz respectively.

For 30 MHz, when Bt was chosen 2.0Tesla, the 2Q)p resonance layer was sited at the
center of plasma, and the 5/2Qp layer was near the plasma edge on the low field side.
Under this experimental condition, a significant particle confinement improvement,



energy confinement improvement and very peaked density profile were observed during
IBW heating. The particle confinement and energy confinement were improved by a
factor of 3 and 1.5, respectively. When IBW power was around 200kw, electron and ion
temperature were increased about lkeV and 0.3keV. When IBW power was lower than
120kw, no heating and confinement improved phenomenon was observed.

2 300 lon Cyelotron Resonant Layers 200 IBW 30MHz, 200kW 54
2 1003 —=—280ms
) D —+—300ms
s 28] 44| —=—350ms
5% —~ {|—=—400ms
T T t T
2] e 34| —"—450ms

E 2 14 o

£ £ 0] — 24 nnn®

LA - —— = .
$8] . e = Iy .H"
= 024 — 'L
£ a0} T r T —gT c 14 JJ
3 104 o ™~ /
205 5 —F— ul
g oo .

r r 00 02 04 06 0-—r T T T
" - " ot W » " Time (s) -1.0 -0.5 0.0 0.5
rla
a b c

Fig.2 30MHz IBW heating experiment I. a: By against resonance layers position; b: Plasma discharge

with IBW heating; c: the density profiles during IBW heating.
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Fig.3 30MHz IBW heating experiment II. a: edge fluctuation was suppressed by IBW; b: Pressure profile
was peaked during IBW; c: x, against IBW heating power

For 27 MHz, 2Qp resonant layer was located in the plasma. The global electron
heating and localized heating were obtained for different 2Qp resonant layer positions.
No serious impurity problem was found with a boronized wall even if IBW power rose
up to 350kw.

When the 2Qp resonant layer position was changed from Scm to 15 cm (Bt was
changed from 2.0 tesla to 1.88 tesla), on-axis and off- axis heating effect was observed.
For on-axis heating, the global electron heating was obtained. And for off-axis heating,
the localized heating was obtained. tg and t , were increased in both the on- and off-axis
heating modes. Confinement improved in the off-axis heating mode was better than in the
on-axis heating mode. Meanwhile a very broad n. profile was obtained. The experimental



data for 27MHz IBW heating are shown in fig.4.-Fig.7.
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For 24 MHz, the 3/2Qp resonant layer position was inside the plasma; the 2Qp
resonant layer position was near the edge on the low field side. The best heating was
electron temperature rising about 400eV for 220kW IBW power. The density profile
remained almost with no change. No particle confinement improvement was observed
even if IBW power was up to 270kW. The experimental data are shown in Fig.8.
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IBW heating was successfully carried out for the electron-heating mode after intensive RF

boronization and helium cleaning. Both on-axis and off-axis electron heating were realized by

proper arrangement of the target plasma parameters. Maximum increment in electron temperature



was about 1 keV. The maximum input RF power was 350kW. The fast increase in electron
temperature and the low increment in ion temperature gave the evidence that the electron
heating was formed by electron Laundau damping.

Both electron and ion heating were observed, and tg and t , were improved at 30
MHz and 27MHz IBW heating. Electron temperature and pressure profiles can be
controlled by varying the ion cyclotron resonant layer for 27MHz IBW heating.

No significant density drop was observed during 24 MHz IBW heating. Only electron
heating was observed in the 24MHz heating experiments.
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Abstract

Theresults of high power injection with aneutral beam injection (NBI) system for the
large helical device (LHD) are reported. The system consists of three beam-lines, and two
hydrogen negative ion (H" ion) sources are installed in each beam-line. In order to improve the
injection power, the new beam accelerator with multi-slot grounded grid (MSGG) has been
devel oped and applied to one of the beam-lines. Using the accel erator, the maximum powers of
5.7 MW were achieved in 2003 and 2004, and the energy of 189 keV reached at maximum.
The power and energy exceeded the design values of the individual beam-line for LHD. The
other beam-lines also increased their injection power up to about 4 MW, and the total injection
power of 13.1 MW was achieved with three beam-linesin 2003. Although the accelerator had
an advantage in high power beam injection, it involved a demerit in the beam focal condition.
The disadvantage was resolved by modifying the aperture shapes of the steering grid.

keywords: NBI, negative ion source.

1. Introduction

Neutral beam injection is a powerful and reliable method for plasma heating. Asthe
sizes of plasma confinement devices become larger, the beam energy of the NBI should be
higher to deposit the beam power at the core part of the plasmas confined in the device.
Hydrogen negative ions have much higher neutralization efficiency than hydrogenous positive
ionsin the energy range of more than 100 keV [1].

The LHD consists of super-conducting coils to investigate steady state confinement
plasmas[2]. Thethermal insulating structure for the super-conductor is thick to make the NBI
ports narrow and long. This requires the beam divergent angle should be less than 10 mrad.
Thetypical major radius of the LHD plasmais 3.7 m and the aspect ratioissix. Considering the
shine-through ratio and beam deposition profile, the maximum energy of the LHD-NBI is
designed to be 180 keV. The beam power is chosen 5 MW per beam line, and the equivalent
hydrogen atom (H°) current correspondsto ~28 A at the energy of 180 keV. The cesium seeded
H™ ion source is adopted to enhance the H™ current and to reduce the beam divergence,
simultaneously. The pulse duration for beam injection is normally set at 10 sec.

The LHD experiments with NBI have started with two beam-lines since 1998 [2], and
the third beam line has been built in 2001 [3]. Thelayout of these beam-linesisshowninFig. 1.
All the beam axes are set in the direction tangential to the magnetic axis of the target plasma
confined in LHD. One of the beam-lines, beam-line 2, is oriented to the injecting direction
opposite to the other beam-lines. In the high power injection, the voltage breakdown at the
accelerator has limited the injection power and beam energy. In order to remove the breakdown
problem, a new beam accelerator has been developed and applied to the ion sources for the
beam-line 1 since 2002 [4]. The accelerator includes the combination of multi-hole electrode
grids and multi-slot grid to reduce the heat load onto it. The accelerator contributes to the
increase in the injection power and pulse duration.

In this article, we describe the structure of the ion source for high power injection, the



beam characteristics of the source and progress of the injection records of the high power short
pulse injections, the disadvantage of the accelerator with MSGG and its solution.

2. Negative lon Sourcesfor LHD-NBI

The detailed explanations about the negative ion sources for LHD are described
elsewhere [5-7]. Figure 2 shows ashort side cross-sectional view of the hydrogen negativeion
sourcesfor LHD-NBI beam-line 1. The structures of theion sourcesfor the beam-lines2 and 3
are similar to that for the beam-line 1 except for some small differences. Theion source can be
divided into two parts at the plasma grid, which separates the arc chamber and the beam
accelerator. The chamber wall made of oxygen free copper (OFC) and its inner size is 1400
mm in height, 350 mm in width and about 230 mm in depth. The arc plasmas are confined by
the magnetic field induced by the multi-cusp and a pair of filter magnets, which cause the
dipole magnetic field inside the chamber to be parallel to the chamber short side. The electrons
emitted from the filaments are trapped in the filter field, and they decrease their energy by the
collisions with neutral hydrogen gas inside the chamber. The energies are low enough to avoid
the distraction process of H ionswith electrons. The production rate of H" ionsisableto rise by
seeding Cs vapor into the arc plasmas, and the vapor is injected by three Cs lines set at the
backside plate of the arc chamber.

Figure 3a shows the layout of the accelerators, which consists of three electrode grids
called plasmagrid (PG), extraction grid (EG) and grounded grid (GG), and all the grids have a
multi-hole structure. The apertures of the EG exit and GG are displaced to converge the all H*
beamlets at the pivot point of about 13m apart from the GG. The PG of the other grids are made
of molybdenum (Mo) and OFC with water-cooling channels, respectively. Figure 3b indicates
the accelerator with the multi-dot grounded grid (MSGG), whose single slot corresponds to a
row of the multi-hole grounded grid (MHGG) shown in Fig. 3a.  The transparency of the
MSGG is about twice as large as that of the MHGG. Differing from the accel eration of positive
hydrogenous ions, H™ ions separate into hydrogen atoms and electrons (stripped electron) via
the collisions with neutral hydrogen gas leaking from the arc chamber. The stripped electrons
and H° carries the heat load onto the grids, and the heat load to the GG is much larger than the
other grids. The heat load is considered to become lower with the increasing grid transparency.
The heat load onto the M SGG was decreased 50 % of that onto the MSGG [5]. Thereduction of
beam heat load is expected to decrease the frequency of the voltage breakdowns between SG
and GG. In the accelerator with the MSGG, the beaml ets cannot be converged in the direction
paralel to the long axis of the dlots, and then a new grid with displaced circular aperturesis
added. The grid is called the steering grid (SG), which is made of Mo for the purpose of
decreasing the sputtering and thermal distortion caused by the back-streaming positive ions
onto the grid.

3. High Power Beam | njections

The injection power as a function of the beam energy is shown in Fig. 4. The dotted
line indicates the 5/2 power of the beam energy; it originates from the Child-Langmuir’s low.
The beam energy achieved the value of 189 keV at the maximum in 2003. Most of the plot
pointsfollow the Child-Langmuir’slow, while the data obtained in 2004 exceed the line around
the energy of 170 keV. Although it is not clear why the saturated H™ current increases beyond
the Child-Langmuir’s low, such current jumps are sometimes observed after alarge amount of
Csisseeded in the arc chamber. In the same year, the injection power of 5.7 MW is achieved
with the energy of 186 keV. Last year the power of 5.7 MW was obtained with alower beam
energy of 175 keV. The difference between both cases is considered the amount of seeded Cs
into the arc chamber.

The progress in the maximum injection powers since 1998 is shown in Fig. 5. The



beam injection using the accelerator with the MSGG has started since 2002. The data is
compared within the record of the beam line 1. After applying the MSGG, it was possible to
increase the injection power to more than 3.5 MW, the design energy value of 180 keV. Asthe
next step, the H™ current was planned to increase the injection power in 2003. The H- current
valueis sensitive to the amount of Csin the arc chamber and the PG temperature, which isrisen
by the radiation of arc plasmas and heat flow carried by charged particles in the plasmas.
Therefore, arc balance in the long axis direction of the arc chamber was tuned carefully. The
injection power went up to 5.7 MW with the energy of 186 keV by thistuning [7]. 1n 2004, the
same maximum power was obtained, although the beam energy was lower than 180 keV.
Additional to the merit of the new accelerator isits conditioning time. It takes a considerably
shorter time to reach the maximum energy of 180 keV, because of the decrease of the voltage
breakdowns between the SG and MSGG

Progress of thetotal injection power with three beam-linesisindicated in Table 1. Itis
shown in the table that there is a large improvement of the injection power, which is brought
about by the addition of the beam-line 3. The same multi-hole grounded grids are installed in
the beam-line 2 and 3, the flow rates cooling-water for the MHGGs are about 20 m®/ hour. The
flow rates are much higher comparing to that inthe MSGG for beam-line 1. Withtheaid of the
higher heat removal rate, which is proportional to the water flow rate, both of the beam-lines 2
and 3 achieved the maximum injection powers of around 4 MW. Improvement for every
beam-line has been successively made. The injection power has increased year by year,
consequently. 1n 2004, the injection power decreased comparing to the previous year, and that
was caused by the mechanical fatigue of the parts of the ion sources.

Year 1998 1999 2000 2001 2002 2003 2004

Total injection power | 3.7MW | 45MW 52MW | 90MW | 10.3MW | 131 MW | 11.3MW

Table 1. Progress of the total injection power with three beam-lines for LHD

4. Disadvantage of the Accelerator with M SGG and the Solution

Although the accelerator with MSGG has the advantage to obtain high injection
power, the system involves a large disadvantage caused by the different symmetry of electric
field near the SG and MSGG. The influence is observed as the separation of focal condition in
the direction of the slot long and short axes; the separation is not observed in accelerators
consisting of multi-circular aperture grids. Figure 6 shows the typical focal characteristicsin
the accelerator with the combination of the SG with circular apertures and the MSGG. The
e-folding half widthsin the directions parallel and perpendicular to the slot long axisis plotted
with respect to the change in the voltage ratio (Rv) of the acceleration voltage (Vacc) to
extraction voltage (Vext). As shown in this figure, it is clear the minimum beam widths are
obtained at different Rv. In the practical operation, the Rv is set within the range indicated by
thegray partin Fig. 6. The beam profile elongatesin the direction perpendicular to the slot long
axis.

The elongation of the beam profileinducestheirregular concentration of the beamson
the surfaces of the components inside the beam-line. The beam injection port and beam dump
have melted [8]. The investigation has been done to decrease the separating focal condition
using a small-scaled ion source consisting of the SG with multi-racetrack apertures. The
dimension of the racetrack aperture is 13 mm x 10 mm, and the long axis of the racetrack is
oriented to the direction of the MSGG dlot long axis. There are some differences between the
small-scaled source and LHD ion source, for instance the grid gaps, applied voltages and so on.
The SG with racetrack aperturesisinvestigated to confirm the validity for the reduction to focal




separating characteristicsin LHD-NBI. The focal characteristic with a combination of the SG
racetrack apertures and MSGG isindicated in Fig. 7. The long and short axes of the racetrack
are 13 and 10 mm, and the long axis correspondsto the slot long axis of the MSGG. The voltage
ratios obtaining the minimum widths in the long and short direction of MSGG slot become
closer in the system with racetrack-SG apertures comparing to that with circular apertures. By
modifying the shape of SG aperture, the damage inside the beam line is believed to decrease,
and the beam port-through efficiency is expected to increase. The new SG with the racetrack
aperturesis scheduled to be installed in the ion source of beam-line 1 in 2006.
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FIGURE CAPTIONS

Fig. 1. Bird's-eye view of the Large Helical Device (LHD) and three beam-lines; every

beam-line is equipped with two ion sources. The beam directions of all the beam-
lines are tangential to the LHD magnetic axis.

Fig. 2. A cross-sectiona view of a hydrogen negative ion source for LHD. The view
indicates the short side cross-section.

Fig. 3. Schematic views of the accelerators with the multi-hole grounded grid (a) and the
multi-slot grounded grid (b). The former isinstalled in the ion sources for the beam-
lines 2 and 3, and the latter isinstalled in the sources for beam-line 1.

Fig. 4. Progress of the maximum injection power. Open squares and solid circlesindicate
the injection power obtained using the accelerators with the MHGG and MSGG,
respectively.

Fig. 5. Injection power as afunction of beam energy. The datais obtained in the beam line 1
whose ion source is applied to the multi-slot grounded grid. Dotted line indicates the
5/2 power of beam energy.



Fig. 6. e-folding half width of beam profile as a function of voltage ratio (Rv) of acceleration
voltage (Vacc) to extraction voltage (Vext). The solid circles and solid diamonds
indicate the widths parallel and perpendicular to the ot long axis of the MSGG,
respectively. The shape of the SG apertureis circular with a diameter of 13 mm.

Fig. 7. e-folding half width of beam profile as afunction of voltage ratio (Rv). The datawas
obtained with use of the accelerator with MSGG and racetrack SG apertures
(10x13 mm).
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Abstract

Asymmetric cold pulse propagation has been observed by means of ECE and soft-X-ray array
during pulse-modulated molecular beam injection experiments on HL-2A. The propagation depth
is about 30cm on the low field side and only about 10cm on the high field side. The cold pulses
cannot propagate to the plasma center from either the low field side or the high field side. The
electron temperature in the plasma center does not change during MBI, but electron density pulse
perturbations can be observed in the plasma center from the ECE 3" harmonic measurements,
which correspond to the results fromthe far-infra-red (FIR) laser interferometer.

As an advanced fuelling method on the tokamak, supersonic molecular beam injection (MBI) has
successfully been developed in HL-1MY first and applied to HT-7?, Tore Supra® and HL-2A later. Many
advantag%“”l such as peaked density profile and improved energy confinement time have been found in
the previous MBI experiments. The mechanism of the interaction of the hydrogen molecular beam with
plasma has been discussed!*™” and two basic shielding models have been suggested®®. But up to now the
detailed mechanism of the MBI isnot clear.

In the present experiment the pulse-modulated MBI is applied to HL-2A. With this method,
asymmetric electron temperature (cold) pulse propagation has been observed during MBI. The propagation
depth is about 30cm on the low field side (LFS) and only about 10cm on the high field side (HFS). The
cold pulse cannot propagate to the plasma center from

10ms

either LFS or HFS, but the interesting thing is that the M

tangential

large-scale electron density perturbation can be wi ndows NEE, Jtue
; H. inlet
observed in the plasma center. By the way, the / Jlﬂ——-——— g
Plasma = — —_—7-_____\,5._#2
experimental results may provide some circumstantial =45
evidence for the shielding models. .
Turb Punp

HL-2A is a divertor tokamak!® with the following

. . . Fig. 1. Arrangement for MBI in the HL-2A tokamak
parameters in this experiment: R=1.65m, a<0.45m,
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I, =0.32MA, n_e =4.2x10"°m?, T.=800eV, B=2.2T. The gas source pressure of MBI is about 0.4M Pa.

Fig. 1 shows the experimental set-up of the MBI in the HL-2A tokamak. The molecular beam is injected
from LFS. The pulse-modulated molecular beam is driven by an electric-magnetic valve. The width and the
period of the pulse are 10ms and 30ms, respectively. Ten pulses of the molecular beam can be injected
during one discharge.

More than 30 diagnostics have been developed on HL-2A in recent years. In this observation the FIR
laser interferometer, soft-X-ray and ECE have been used. The FIR laser interferometer has one channel
through the central plane. Four soft-X-ray arrays in the HL-2A have been arranged and every array has 20

channels. The soft-X-ray intensity is sensitive to the electron temperature, electron density and effective
charge. As shown in the formula |, oc 2T f (Z, ), here the exponent ¢ is an increasing function of
the absorber foil thickness; its value is usually between 2 and 3. It should be noted that the data of the FIR

laser interferometer and soft-X-ray are the central chord line-average signals and chord integrated signal

respectively. Only the ECE gives loca

parameters. The main results are obtained by shot 2088

=244 ms
| =260kA

P
B=21T ]
N, =1.3x10"% m®

means of ECE diagnostic, so the ECE

diagnostic on HL-2A will be given in the next

harmonic overlap
———

paragraph in detail. .,
. . . 200- * 1
The ECE diagnostic system on HL-2A is . 2, r=18op~-4lom 1=21cm~ - 40fl
i Ske H/J}ﬁ)d 1
a 2mm sweeping heterodyne radiometer. The O e e Teo Teo Tes 1o oo

fiGHz

temporal, spatial and frequency resolutions are Fig. 2. ECE spectraat 244msin shot 2983

4ms, 3cm and 3GHz, respectively. The (stars: 2™ harmonic, squares: 3 harmonic, crosses: harmonic

_ overlap, solid lines: fitting curves of 2™ and 3" harmonics)
sweeping frequency range covers from 104
to 181GHz in 4ms and 20 channels can be
obtained in one sweeping. In the case of B=2.5T, we obtain the total second harmonic that provides the full
temperature profile. But in the present MBI experiment, B=2.1T, the frequency ranges of 2™ and 3"

harmonics are from 94 to 156GHz and from 142 to 232GHz, respectively. So only partia 2™ and 3™

harmonics can be obtained. Fig.2 shows the ECE spectrum, which has been obtained in one sweeping at

244ms in shot 2988 with B=2.1T, Ip = 0.26 MA, n_e:1.3><1019 m3. We can find that the second

harmonic frequency in the plasma center is about 117GHz, and the harmonic overlap range is about 142 to

2
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156GHz. They are just in consistency with the values mentioned above. Both the horizontal and vertica
displacements of the plasma are less than 3cm in the experiments which would not affect the measurement
results. In consideration of the effects of the harmonic overlap and optical thickness profile, the
relationships between the intensities of the 2™ or 3" harmonics and the plasma parameters on HL-2A are

given as follows !

Iy, o KT, [r] <24cm
IZ(uceedge oc (kTe)zne | r | > 28cm (l)
|3(u0e o (kTe)ane | r | < 22cm

Fig.3 shows the evolution of the ECE 2™ harmonic at the different radius during pulse-modulated MBI.

The minus sign before r in Fig.3 denotes HFS —_-— —_—— :
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Fia. 3. Time evolution of the Te durina MBI

time resolution of the ECE diagnostic is not high
enough, so the phases of the cold pulses look
very similar. On LFS the cold pulses can propagate to r = 12cm. The propagation depth of the cold pulse on
LFS is much longer than that on HFS. The propagation depth of the cold pulse during the MBI is
asymmetric. The intensity of the ECE 2™ harmonic at the edge of the plasma is not always proportional to
the electron temperature because of the low optical thickness, but the propagation of the cold pulseis only
related with the variation of the electron temperature obviously, because its phase is in consistency with the

edge electron temperature measured by the electrostatic probe, which is shown at the bottom of Fig.3.
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The asymmetric propagation of the cold pulse also can be observed by soft-X-ray array. The sight
lines of the half detectors of the array pass through the plasma on HFS and half of them pass through the
plasma on LFS. Fig. 4 shows the time evolution of the soft-X-ray intensity obtained from the array
installed at the top-right of the tokamak. The r in Fig.4 expresses the radius of the middle point of the sight
chord of the detector. It can be found that the phase of the SXR intensity pulses in the plasma center is
reverse to the phase of the pulses at the plasma edge, which is in-phase with the ECE 2™ harmonic

measurement. The SXR intensity pulses in the

plasma center are related with variation of the

electron density, which will be analyzed in the

next paragraph. Because the diagnostic of the

soft-X-ray is not local measurement, the features

of the cold pulse propagation, for example the

amplitude and the phase of the cold pulse, are

‘SXH (arb. units)

not obvious, but it is obvious that the

propagations depth of the temperature

perturbation on LFS and HFS are different. The

cold pulses of the soft-X-ray at the plasma edge

have small phase shift. The propagation depths

200 250 800 860 400 450 600
of the cold pulse on LFS and HFS are about LR
Fig. 4. Variations of SXR intensities during MBI
29cm and 14cm, respectively, which is in good
agreement with the results of the ECE 2™ harmonic measurement.

Five channe's of the ECE 3" harmonic which almost lie on LFS can be measured in the case of B=2.1T.
Fig.5 shows the time evolution of the ECE 3™ harmonic during pulse-modulated MBI. The perturbations of
the ECE 3™ harmonic have been observed during the gas injection, and the phase of the perturbation in the
plasma center (r= 2cm and r= —4cm) is reverse to the phase of the pulse at r = 14cm and r= 8cm, which is
in-phase with the ECE 2™ harmonic measurement. To check the physics meaning of the pulse perturbations
measured by the ECE 3" harmonic, comparison has been made between the signal of the ECE 3™ harmonic
in plasma center and the signal of the line average density measured by the FIR laser interferometer. The
bottom of Fig.5 shows the time evolution of the line average density. It can be found obviously that the line

average density increases during MBI with pulse perturbations and the phase of the perturbation is

4
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corresponding to that of the ECE 3" harmonic in the plasma center, indicating that the perturbation of the
ECE 3 harmonic in the plasma center is really produced by variation of the electron density. According to
Eq. (1), the intensity of the ECE 3" harmonic is proportional to the electron density and the cube of the

electron temperature. The perturbations of the ECE

3 harmonic at r = 14cm and r= 8cm are mainly

Q
(=]
T
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related with the perturbations of electron ==
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temperature, because the intensity of the 3“

(=]

— 171.34GHz
r=t5cm

harmonic decreases during the gas injection and the
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12cm by the ECE 2™ harmonic also. But the
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electron temperature in the plasma center (from

! FIR laser interferometer

6cm to —6¢m) is not changed as mentioned above,
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therefore the perturbations of the ECE 3" harmonic Tima (ms)

at r = 2cm and r= -4cm are only related with the  Fig. 5. Time evolution of 3" harmonicand N,
electron density. The soft-X-ray perturbations in

the plasma center have the same phase features, which means that the soft-X-ray perturbations are aso
related with the electron density, instead of electron temperature. All of these diagnostics show that the

electron density pulses can be observed in the plasma center during the MBI.

The experimental results can be summarized as follows:

1) The heat pulses propagation is asymmetric during MBI. The propagation depth is about 30cm on
LFS and only about 10cm on HFS.

2) The electron temperature pulses cannot propagate to the plasma center from both LFS and HFS and
the electron temperature in the plasma center is not changed during MBI, but large-scale electron density
pulse perturbations are observed in the plasma center.

Studies of the MBI physics deal with
the shielding mechanisms, including the
gas dynamic shielding caused by T T T

collisions between the hot plasma and the

Magnetic field

- Molecular beam
I njection channel

I nic molecul B ieldi
cold supersonic molecular beam (SMB)  Shielding layer |

injection

particles, the magnetic shielding caused

by the partial expulsion of the magnetic ‘ ‘ ‘

field from the SMB interior by the Fig. 6. Diagram of the shielding model
expanding plasma and the associated
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reduction of the flux of energy carriers and the electrostatic shielding due to the negative charge
accumulation of the cold SMB aspect to the hot plasma. Figure 6 shows the diagram of the shielding model.
According to these shielding mechanisms, it is possible to form a “cold channel”, through which the
particles of the cold SMB can penetrate into plasma more deeply. Because the shielding layers exist on
both sides of the SMB, which is cross over the magnetic surface, so it will affect the transport along the
magnetic line. The heat pulse propagation along the magnetic line may be much slower than that without
the SMB. The asymmetric heat pulse propagation between the LFS and HFS indicate that the heat pulses
produced on LFS have not propagated to the same depth at HFS along the magnetic line, therefore the
observation results give evidence of the shielding mechanisms of the SMB physicsindirectly.

According to the available numerical model of the SMB ablation and penetration!”, the particles of the
MBI can penetrate into the plasma more deeply than the normal gas puffing in the middle size tokamaks,
but it is difficult to penetrate into the plasma core. Indeed, the heat perturbation cannot be observed in the
plasma center. So the density perturbation observed in the plasma core is not related with the particle
penetration depth, otherwise it must be related with the transport features of the particles during the MBI,
which is very important in understanding the improved confinement with this fuelling method. It will be
the next step to investigate the particle transport features during the MBI with high spatial and time

resolution diagnostics, for example the microwave reflectometry.
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Abstract

On the Large Helical Device (LHD) where the nested magnetic surfaces are
surrounded by an ergodic field layer, an edge transport barrier (ETB) was produced in
neutral-beam-injection(NBI) heated plasmas through transition and non-transition
processes. The former case is the ETB formation by L-H transition in relatively high beta
plasmas, where characteristic features of L-H transition observed in a tokamak plasma are
clearly recognized. The confinement improvement is modest, compared with the ISS95
international stellarator scaling. The threshold power for the transition is comparable or
slightly smaller than the ITER scaling law established by tokamaks and compact tori.
The former ETB extends into the ergodic field layer in the vacuum field, which suggests
the healing of the ergodic layer. The ETB formation destabilizes the edge coherent
modes such as m/n=1/1, 2/3, 1/2 and so on, because of the magnetic hill in the plasma edge.
The formed ETB is partially and transiently destroyed by these coherent edge MHD modes
and ELM activities having small amplitude. The latter ETB is observed in NBI heated
plasmas with a large reversed NBI-driven current in the range of more than 100 kA at
B=1T. In these plasmas, the edge magnetic shear is enhanced by the current and the
rotational transform in the core region is expected to be appreciably reduced. Thus
reduced rotational transform in the plasma central region enhances heat and particle fluxes
toward the ergodic edge layer. The ETB with a steep electron temperature gradient up to
~5 keV/m is formed by blocking enhanced outward heat flux.



1. Introduction

Since the discovery of rapid transition from the low (L-mode) to high confinement
regime (H-mode) in ASDEX][1], the L-H transition has been observed during the past two
decades in various tokamak configurations [2]. The transition has also been observed in
stellarators or helical devices[3-6]. A universally observed signature of the transition was
the formation of the edge transport barrier (ETB). Although many theoretical models of
the transition in tokamaks and helical devices have been proposed [7-9], the understanding
of the L-H transition mechanism and the formation of ETB is still insufficient. In
particular, the magneto-hydro-dynamic (MHD) stability of a plasma with ETB has
attracted much attention due to its impact on the possibility of sustaining an H-mode
plasma with favorable divertor action at steady state. In a tokamak, the plasma is situated
at a magnetic well which enhances the MHD stability of the plasma, especially in the edge
region. The edge localized modes (ELMs) [10] have variably been correlated with the
stability of the ideal/resistive ballooning mode or kink/peeling mode. However, there is
yet no complete understanding of the characteristics of the ELMs to allow their control
during the operation of a reactor grade plasma. Recently, the experiment in DIII-D has
demonstrated that type-I ELM can be effectively suppressed by introducing edge
ergodization, without loosing the plasma performance [11]. In a tokamak with an
axisymmetric poloidal divertor, regions of closed magnetic surface and open field line are
clearly separated by the separatrix. However, externally applied resonant helical field,
small misalignment of poloidal coils and/or edge MHD instabilities could generate
magnetic islands near the separatrix and lead to ergodic separatrix [12].

Edge transport barrier (ETB) related to LH transition was observed in high beta
regime on LHD [13,14]. The LHD has a magnetic configuration with a helical divertor,
where nested magnetic surfaces are surrounded by an ergodic field layer. It is interesting
and important to study how edge magnetic islands and field ergodization affect the
formation of ETB and the characteristics of ELMs. The study of ETB plasmas in LHD
may give us important information about field ergodization’s effect on the ETB formation
and ELM characteristics in toroidal plasmas.

This paper is organized as follows. In section 2, we show typical waveforms of
an H-mode shot. The changes in electron temperature and density profiles across the
transition are shown. In section 3, the threshold power for the transition is compared with
the ITER scaling law established among various tokamaks and spherical tori. The global
stability is experimentally studied and the results are shown in section 4. In section 5,
ETB formed by a non-transition process in NBI heated plasmas with large reversed plasma
current is briefly discussed. Finally, we summarize the experimental results on the ETB
formation by transition and non-transition processes in LHD.

2. Characteristicsof LH Transition and Structure of ETB

In LHD, ETB was obtained through L-H transition only by NBI heating more than
~1.4 MW and at a relatively low toroidal field of B{< 1.2 T. So far, ETB was formed in
the range of line averaged electron density from ~I1x10" m™ to ~ 3x10" m™. For this
parameter range, the ETB plasmas are usually achieved in relatively high beta ( more than

~1.5 % averaged diamagnetic beta). A typical waveform of H-mode hydrogen plasma



achieved at the highest toroidal field of B~=1.2T is shown in Fig.1. The absorbed NBI
power is ~4.3 MW. As seen from this figure, edge electron density starts to increase
preferentially at the moment of the depression of Ha-light. This behavior of edge
electron density and Ha-light is similar to that in a tokamak H-mode, but the drop of Ha
light across the transition is fairly small. In this shot, the global energy confinement time
is enhanced by ~10% in the stationary phase, and ~40% in the rising phase of the stored
energy when the time derivative of the stored energy is taken into account. In this
relatively high beta H-mode, ELMs and edge MHD modes are immediately excited with
fairly short ELM free phase of ~20 ms, and stop the further increase in beta value. This
detail is discussed in Section.4. In the last annual campaign, L-H transition was achieved
at a fairly low density and low beta regime of <ne>~1.3xlO19 m> and <Bgia>~0.9 %, as
shown in Fig.2. In this shot, ELM free phase of about 200 ms duration was realized and
the beta value was continuously increased in the phase.

In H-mode shots of LHD, electron temperature profile remains unchanged having
almost constant gradient, although edge electron density is obviously increased keeping a
hollow profile. Figure 3 shows the change in electron and density profiles across the
transition for the shot shown in Fig.1. It is obvious from this figure that ETB zone
extends into the ergodic layer defined in the vacuum field. This result can be interpreted
in two possible ways. One is that the ETB zone extends inside the ergodic field layer
which is formed in the vacuum field and still exists in finite beta plasma. The other is that
the ergodic field layer is partially healed by plasma effects and then ETB extends to the
healed zone. The achieved gradient of Te is ~1.1 keV/m is modest in the ETB zone.
This suggests that the ETB region may be in a region with almost nested magnetic surfaces
which may be partially broken.

The poloidal rotation velocity was measured by charge exchange spectroscopy of
Ne X spectral line from doped neon gas. The data indicates that the radial electric field
Er in the H-phase obviously changed to an appreciably negative value over a relatively
wide zone of the plasma edge (0.8 < p ). However, the information of Er in the more
edge region of p>0.9 reaching ETB “foot” is still missing. The space potential
measurements in the edge region by the fast reciprocating Langmuir probe or heavy ion
beam probe may be employed to get the information about Er over the ETB zone in the
next experimental campaign.

3. Threshold Power for the Transition

The L-H transition observed in LHD has a lot of similarity to that in a tokamak
H-mode. The ETB structure is somewhat different from that in tokamaks. It is
interesting to compare the threshold power in LHD with the ITER scaling law for the
threshold power which was established by the data of many tokamaks and two spherical
tori. For hydrogen plasma, the threshold power is expressed as
Pth=0.042<ne>0'64Bt0'7880‘94x2 (MW) by taking into account an isotope effect, where the
units of <n>, By and S are 10°° m™, T and m?, and S=4n2aR((1+«?)/2)" (a, R: minor and
major radii in m, k: elongation of the magnetic surface)[15]. Figure 4 shows the
comparison. In last year’s experimental campaign, the threshold power in LHD was



reduced down to ~90% of that predicted by the ITER scaling, although a detailed power
scan has not been done yet.

4. Edge Stability and Edge L ocalized M odes

When ETB is formed near the edge, the edge coherent modes of which rational
surfaces reside in the edge region are strongly excited (Fig.5). Typically, edge modes
such as m/n=1/1, 2/3 and so on are enhanced, where m and n are poloidal and toroidal
mode numbers. In the shot shown in Fig.5, the edge mode m/n=1/2 of which rational
surface resides in the further outer region compared with that of m/n=2/3 is strongly
enhanced, while the m/n=2/3 mode decays after the ETB formation. The enhanced
m/n=1/2 mode leads to saturation of <PBg,>. In this shot, the m/n=2/5 mode is
progressively excited. These results suggest that the steep gradient region is expanded by
ETB formation toward the further outer region where the ergodic layer is formed in the
vacuum field. Several sets of soft X-ray (SX) detector array revealed that the relative
SX-fluctuation amplitude increases rapidly toward the relevant rational surface in the
plasma edge. This clearly indicates a characteristic of the edge MHD modes. In ETB
plasmas of LHD, Ha light exhibits frequent and small amplitude ELM like activities. In
addition to enhancement of the edge coherent modes, magnetic fluctuations up to 100 kHz
are enhanced during the ELMing phase. As an example, we show the change in the
power spectrum of magnetic fluctuations in Fig.6. This figure clearly indicates
enhancement of the coherent modes having several satellites and incoherent components
during H-phase with ELM activities. These edge modes and their higher harmonic
satellites excited in the edge region may suppress a strong density rise without large type-I
ELM like spikes. They have a similarity to edge harmonic oscillations observed in
DIII-D [16]. If these edge MHD modes and ELM activities are favorably controlled, the
plasma beta could be increased further without large amplitude singular ELMs.

5. Formation of ETB like Structurein Plasma with Large Reversed Plasma Current
In LHD, ETB is also formed non-transitionally in a particular discharge condition.
In this discharge the reversed plasma current is driven by counter NBI up to a very large
value corresponding to ~130 kA at B~IT, so that the magnetic shear near the edge is
enhanced and the rotational transform in the plasma central region should be expected to
be very small (Fig.6(a)). This experiment was designed to investigate the role of edge
magnetic shear on the edge MHD modes. It also aimed at simulating a current hole
observed in a tokamak and studying the role of rational surface of 1/2n=0 on MHD
equilibrium and stability, and transport. This experiment was conducted by injection of
counter beams into mixture gas of hydrogen and neon in order to enhance the absorption
rate of NBI and minimize the electron return current during NBI current drive. With the
increase in the reversed current, Te-profile became flat having an asymmetric shape
against the magnetic axis (Fig.6(b)). A large reversed current driven by counter NBI was
expected to decrease /21 near the plasma central region and to enhanced heat and particle
fluxes toward the edge. High magnetic shear region further increased by the reversed
current blocked these fluxes appreciably and generated ETB. The edge gradient in Te



reached up to ~5 keV/m. It is interesting to clarify how large gradient in the edge can be

sustained in high beta plasma with a large reversed plasma current.

6. Summary

In LHD of which magnetic surfaces are surrounded by an ergodic field layer in the
vacuum field, ETBs are transitionally generated by L-H transition and non-transitionally
by the large reversed plasma current. ETB formed by L-H transition destabilizes the edge

MHD modes and ELMs, which stop the further rise in plasma beta. In the non-transition

case, only the m=1/1 or 2/2 mode is destabilized but gradually decays with the increase in

the reversed plasma current. The power threshold to get H-mode is comparable to or
slightly smaller than that from the ITER scaling. So far, the confinement improvement is
modest. Suppression of the edge MHD modes enhanced in H-phase is crucial to achieve
high confinement in the high beta regime. Studies of ETB formation by transition and
non-transition processes are very important to understand and improve the properties of

MHD stability and transport in the edge region of LHD, where the edge magnetic field

structure is very complicated because it is involved with various factors such as the

magnetic hill, high magnetic shear and rotational transform, field ergodicity, helical
diverter structure, and so on.
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Abstract. The dynamics of secondary large-scale structures in electron-temperature-gradient
(ETG) turbulence is investigated based on gyrofluid smulations in sheared dab geometry. It is
found that structural bifurcation to zona flow dominated or streamer-like states depends on the
spectral anisotropy of turbulent ETG fluctuation, which is governed by the magnetic shear. The
turbulent el ectron transport is suppressed by enhanced zona flows. However, it is still low even if
the streamer is formed in ETG turbulence with strong shears. It shows that the low transport may
be related to the secondary excitation of poloidal long-wavelength mode due to the beat wave of
the most unstable components or a modulation ingtability. This large-scale structure with
low-frequency and long-wavelength may saturate, or at least contribute to saturating ETG
fluctuations through a poloidal mode coupling. The result suggests alow fluctuation level InETG

turbulence.

1. Introduction

Much attention has been paid to the anomalous electron transport in magnetic confinement
fuson plasmas. Recent renewed interest in this subject is the role of anisotropic large-scae
structures, such as zona flows, streamers and poloidal long-wavelength fluctuation, namely the
Generadlized Kelvin-Helmholtz (GKH) mode, in eectron-temperature-gradient (ETG) driven
turbulence and electron transport[1-6]. It is known that zona flows can efficiently suppress
turbulent heat transport through the shearing decorrelation of turbulence. Meanwhile, streamers
may enhance the transport by increasing radia correlation length according to the mixing length

estimate approximation. Both of such different patterns have been observed numerically in ETG



turbulence in the tokamak configuration, which are closdly linked to the electron transport level
[1-5]. However, recent gyrofluid and gyrokinetic ETG simulations show that the turbulent
electron transport is sill low even if the radialy elongated streamers are formed in ETG
turbulence[ 3-5]. The disparity of these results may be ascribed to the saturation mechanism of
ETG turbulence since the transport level depends not only on the existence of streamers, but also
on the ETG fluctuation amplitude. Generaly speaking, anisotropic large-scale structures with
low-frequency, such as zonal flows, streamers and GKH modes [6], may interact with the primary
instability and play an essential role in turbulence saturation. Due to the different roles of such
structures in plasma transport, it is worthwhile to systematically investigate some related issues,
such as whether the zonal flows or streamers are preferentialy generated in ETG fluctuations;
what physical parameters may determine the formation of zona flows or streamers in ETG
turbulence; how the secondary streamers interact with the primary ETG turbulence; and what is
therole of GKH mode in ETG turbulence and/or electron transport.

In this work, we perform 3D gyrofluid ETG smulations and develop smplified modeling
anaysis to understand the above-mentioned important questions. In Section Il, structura
bifurcation to zonal flows or streamers in ETG turbulence is considered. The role of magnetic
shear in the generation of large-scale structures is discussed. In Section 111, how secondary
poloidal long-wavelength mode influences ETG saturation is studied. The conclusion and

discussion are given in Section I V.

2. Sructural bifurcation in ETG turbulence smulations
We employ a set of three-field nonlinear gyrofluid equations [3] (and/or a fluid modd in [7])

to smulate the time evolution of slab ETG perturbations, electric potentia ¢, parald flow v,,

and electron pressure p,, i.e.,

d1-V})p=(A+KV3)dé+V,0,+u Vi «y
dv, =V, (¢—pe) - ’hviu// ’ (2
d.p. =-Ko,p—-3V,u, "‘\/%“(//K P+ + 2. Vip, (©)

2



where K =1+7,, d, =0,+ZxV ¢-V,, Vi =0;+0;, V, =ik, =0,+5x0,. The definition

of other quantities and the normalizations are conventional asin [3,7].

Large-scale structuresincluding zonal flows and streamers are nonlinearly generated through
the three-wave coupling modulation in turbulent fluctuations. To understand the preferential
generation of anisotropic structures, the three-wave modulation interaction is analyzed based on
Hasegawa-Mima (HM) turbulence modeling among a 2D monochromic pump wave
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zonad flow and streamer are two limits of anisotropic secondary structures with k, =0 or

k,, = 0. Numerica caculations of the growth rates reveal abasic nature of secondary excitation:

the pump waves with radially longer and poloidaly shorter wavelengths tend to generate a zona
flow instability. Contrarily, poloidally longer and radially shorter wavelength pump modes tend to
enhance streamer structures. This result may suggest a dependent relation of the excitation of
secondary structures on certain parameters such as the magnetic shear. Note that the radial
structure of the dab ETG mode becomes wider with the decreasing magnetic shear. It is expected
that the magnetic shear may govern the preferential excitation of zonal flows or streamersin ETG
turbulence.

The nonlinear evolution equations, (1)-(3), are numerically solved by using an initial value
code with radialy periodic boundary conditiong3]. 3D dab ETG smulations are performed for

different magnetic shears from §=0.05 to §=1.6. It is found that ETG turbulence structures



bifurcate to the zonal flow dominated state for weak shears or to the streamer-like state in the case
with strong shear, as shown in Fig.1. The eectron transport is suppressed by enhanced zonal
flows in the former case. However, it is till low at around the gyro-Bohm level even if the
streamers are formed in ETG turbulence with stronger shears. In addition, the ETG fluctuation is
characterized by ahomogeneoudly turbulent structure for moderate magnetic shears. These results
show that the magnetic shear plays a key role in controlling the structura bifurcation in ETG

turbulence.
3. Roleof poloidal long-wavelength structuresin ETG saturation

According to the mixing length estimate of turbulent transport, turbulent thermal
conductivity can be smply expressed as y, oc 7, L5 with y,, and L,. being the nonlinear
growth rate and decorrelation length of turbulence, respectively. It shows that the transport is also
dependent on the fluctuation leve (i.e. saturation level of turbulence) besides the structure of
turbulence. Generally speaking, the magnetic shear plays a stabilizing role in drift waves. This

may be one of the mechanisms for low el ectron transport in the above simulations with streamer

formation. On the other hand, it is observed that during the linear ETG evolution, poloidal

long-wavelength fluctuation with k, = 0.1, which is the poloidally longest wavelength mode in

smulations, grows quickly as the beat wave of most unstable components (k, =0.5 ~ 0.6), as

shown in Fig.2. As the amplitudes of the most unstable modes and the large-scale beat wave
increase exponentialy, other components grow dramatically faster than an exponentid in time.
Afterwards, the most unstable components decrease and the ETG fluctuations saturate at a lower
level. These observations show that the large-scale fluctuations with poloidal long-wavelength

may play an essentid rolein ETG turbulence saturation.

We have peformed many simulations for different 7, and megnetic shear S, the

saturation processes of ETG turbulence are shown to be similar to that as illustrated in Fig.2. In

some cases, the component with long-wavelength k, = 0.1 quickly grows even faster than an

exponentia in time, suggesting a modulation instability due to the interaction between the beat

4



wave and most unstable pump modes. A derivation on the generation of poloidal long-wavelength
structure through a beat wave or a modulation instability also reveals the possibility of such
secondary excitation in ETG turbulence. Furthermore, a modeling calculation for linear ETG
modes with imposed time-dependent streamer-like structure, which is the most smplified
approximation of poloidal long-wavelength structures, shows that such poloidal long-wavelength
mode can stabilize, even saturate ETG mode at some fluctuation level through a poloida mode
coupling. The details of these analytical caculations will be presented in a separate publication.
To more clearly display the effect of large-scale structures on ETG turbulence, especialy on the
ETG saturation process, the time evolution of spatial spectra distribution of ETG fluctuations is

analyzed at around the saturation, as shown in Fig.3. It is observed that as the primary unstable

dab ETG modes with a spectral peak a k, =0.5~0.6 rise, another spectral pesk at k, =0.1

emerges and becomes wider. Finally it evolves to connect and blend with the primary ETG
gpectra. This evidence supports the assumption that poloidal long-wavel ength structuresincluding
the streamers may interact with the most unstable components through a poloidal mode coupling
to saturate ETG turbulence, at least contribute to the ETG saturation. This finding seems to be
related with the ETG saturation mechanism through the nonlinear toroidal coupling in recent

globa gyrokinetic particle smulation [4], in which the poloidal and toroidal mode numbers are

linked by the safety factor q=m/n, in which m and n are the poloida and toroida mode
numbers, respectively.
4. Conclusion and discussion

In conclusion, structural bifurcation to the zonal flow dominated or streamer-like states in
ETG turbulence depends on the spectra anisotropy of the turbulent fluctuations. The turbulence
with radialy longer and poloidally shorter wavelengths tend to generate a zona flow instability.
Contrarily, poloidally longer and radialy shorter wavelength modes tend to enhance streamer
structures. The magnetic shear plays a key role in the structural bifurcation through controlling
the spectra structure of turbulent fluctuations. It is found that poloidal long-wavelength structure,

which is driven through the beat wave of the most unstable ETG components or a modulation

5



instability, can saturate ETG turbulence through a poloidal mode coupling, at least contribute to
the ETG saturation. This result suggests that the amplitude of ETG fluctuations may be limited by
the secondary excitation of poloidal long-wavelength or GKH modes including the streamers, the
turbulent electron transport can be reasonably low. It may be helpful to understanding the low

electron heat transport observed in some recent ETG simulations.
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Figure 2: Time evolution of 3D slab ETG potential for different k, components. The parameters
ae 1,=6, §=01, u, =n, =y, =0.5. The smulation domains are chosen as L, =50p,,
L, =207p,, L,=2aL,.Thedirection of the arrows marks an exponentially growing tendency.
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Abstract. By ECH under a steady B, field, a closed field equilibrium of low aspect ratio as low as
R/a=1.4 is spontaneously formed in the LATE device. After the spontaneous formation, the plasma
current has increased further up to I, = 7.2 KA by 2.45 GHz 30 kW and I,= 11 kA by 5 GHz 120 kW, by
increasing the microwave power with a slow ramp of B, for the equilibrium of the plasmaloop at larger
currents. Both amount to 12% of the total toroidal coil current. ECH/ECCD at 2nd harmonic resonance
of EBW supports the plasma. Outline of the theoretical considerations for the formation processis given.

1. Introduction

The Spherical Tokamak (ST) concept is attractive since it maintains high beta plasmas in a compact
shape of low aspect ratio [1]. Without a central Ohmic solenoid, the structure of the ST reactor is greatly
simplified. We need a non-inductive method for plasma initiation and current start up. The electron
cyclotron heating and current drive (ECH/ECCD) is potentially an attractive candidate for this purpose
since plasma initiation and current start-up might be realized simultaneously by microwaves launched
far from the plasma with a ssmple launcher. We have attempted ECH experiments in the Low Aspect
ratio Toru Experiment (LATE) device and found that low aspect ratio equilibriawith the toroidal currents
up tol1 kA are obtainable. In the present paper we describe briefly the main experimental results and the
present understanding of the formation process from the multi-points of view of equilibrium, magnetic
field topology, wave physics and current generation mechanism. Understanding of the physical process
of ST equilibrium formation isimportant for future devel opment of the ECH/ECCD method.

2. Experimental Apparatus

LATE is atiny device with a vacuum chamber made of stainless steel in the shape of a cylinder with a
diameter of 1.0 m and a height of 1.0 m [2]. The center post is a stainless stedl cylinder with an outer
diameter of 11.4 cm, enclosing 60 turns of conductors for the toroidal field. The return conductors are
grouped into six limbs and go around far from the vacuum vessel, which allows good accessibility to the
vacuum chamber and suppresses toroidal field ripple at a low level (1.5 % at R=50 cm and 0.07% at
R=30 cm). There are four sets of poloidal field coils. Oneis for feedback control of the vertical position
of the plasma loop, and the rest are for the vertica field for equilibrium and their currents are
preprogrammed. There is no central solenoid for inductive current drive. Three 2.45 GHz magnetrons,
including two 5kW CW tubes and a 20 kW 2 seconds tube, and a5 GHz klystrons (200kW, 100msec) are
used for ECH. In dl cases, microwaves are injected from the radial ports with injection angles dightly
deviating (about 15 degrees) from normal to the toroidal field.



3. Experimental Results

It isinteresting that a closed flux surface can be spontaneously produced by ECH under a steady B, field.
This had been aready reported to be possible in CDX-U and DIII-D at a large decay index of B, [3]. A
characteristic in the present LATE case is the appearance of a clear current jump or rapid current
increase, where plasma current increases rapidly in the time scale of a few milliseconds even at a low
decay index of n < 0.1. After the jump aclosed flux surfaceis formed.

Figure 1 shows a case for injection of a 5 GHz microwave pulse of 130 kW under B,=85
Gauss. Time evolution of the plasma images on the video camera shows that the breakdown takes place
at the fundamental ECR layer at R=10 cm and the plasma expands quickly to the lower field side. In
accordance with the plasma expansion, a plasma-current starts to flow and grows slowly up to 2 kA, and
then suddenly it rises rapidly and reaches 6.8 kA, after which the current is maintained to the end of the
microwave pulse as shown in figure 1 (a). Time evolution of the plasma current distribution is analyzed
by using the magnetic data from thirteen flux loops and displayed in figures 1 (b)-(g). The distribution
just before the first jump is stretched vertically near the second harmonic resonance layer as shown in
figure 1 (c). After the first jump, it expands to the stronger field side and a small closed flux surface
touching the center post appears (figure 1 (€)). After the second jump, the current distribution as well
as the closed flux surface expands to the lower field side (figure 1 (f)). At the final stage the current
distribution is detached from the center post and a broad current profile expanded to the outboard wall of
the vessel is formed as shown in figure 1 (g). The location of the plasma current center (+) in the final
stage is between the second and third harmonic resonance layers. The line averaged electron density
exceeds significantly the plasma cutoff density. These results suggest that the electron Bernstein waves
(EBW) supports the plasma. It is remarkable that the open field configuration of external fields
spontaneously changes into a closed field configuration by ECH alone as shown in figures 1 (h) and (i).

Once a closed flux surface is completely formed via the rapid current rise under a steady B,
field, the plasma current is further ramped up by increasing the microwave power with a sow ramp of
By for the equilibrium of the plasma loop at larger currents. Figure 2 shows a case of the 2.45 GHz
microwaves, where the final current reaches 7.2 kA at B,=78 Gauss by 30 kW of total injection power
from the three magnetrons. This current amounts to 12 % of the total toroidal coil currents of 60 kA
flowing through the center post. In the case of 5GHz experiments, the plasma current has ramped-up
and reached 11 kA at B,=100 Gauss by 120 kW of injection power after slow formation of 1p=5 kA
under a steady field of B,=50 Gauss.

4. Equilibrium, Field Topology and Current Generation Mechanism

For analytical simplicity we consider equilibria of the plasmaloops by using the Shafranov formula;
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The formula can be cast into the dimensionless form;
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Here, the first term is proportional to the plasma current and responsible for the current-hoop-force and
the second term is inversely proportiona to the plasma current and responsible for the
pressure-hoop-force. The equilibrium characteristics of various aspect ratios of R/a are plotted in figure
3. Both terms become the same at the pressure-current turning point in this figure and the left part from
this point is the pressure-hoop-force dominant regime and the right part is the current-hoop-force
dominant regime.

At theinitial stage of discharge, Ip islow and the pressure term is dominant;

B,=1/1, ,or |, = 27a%(p)/RB,

, suggesting that the toroidal current for the equilibrium is driven by the plasma pressure [4]. The
mechanism may be explained as follows. First, charge separation takes place vertically due to theVB
drifts in the external fields. Electrons returns back along the helical field line to cancel the charge
separation, which generates this toroidal currents. In the experiments with a low microwave injection
power for the Langmuir probe measurement, plasma currents at the initial stage of discharges much
before the rapid current rise have been confirmed to agree with this formula[5].

On the other hand, the experimental result that after the spontaneous formation the plasma
current ramps up with the B, ramp indicates that the equilibrium has aready entered the
current-hoop-force dominant regime after the spontaneous formation. It seems that the equilibrium goes
through the point by the rapid current rise. The characteristics of equilibrium near the pressure-current

turning point in figure 3 indicates that Ip increases with keeping é\, constant when the equilibrium goes

through the point. Thisimplies that an efficient current generation mechanism is required for equilibrium
to go through the turning point in the sense that current is generated with no or avery small increment of
plasma pressure (Note that B, is constant in the experiments). The very rapid current rise within several
milliseconds also suggests that there must be another efficient current generation mechanism responsible
for the rapid current rise.

An important characteristic observed in the experiments is the change of the field topology
during the rapid current rise; the purely open field structure just before the rapid current rise changesinto
the closed field structure. The current generation mechanism may have something to do with the
topology change [6]. Before going into a detailed consideration, it is useful to consider the electron orbit
in the external field with no plasma current. Vertical drift velocity of electron is given by

2 2
v, =y, B M7 vE/2)

By eRB;
When v,=0, the electron makes a circular orbit along the toroidal field on the equatoria plane. This
condition becomes an ellipse in the velocity space of electron; (v, - g /2)2 + vf = (g /2)2,
where g = eRB,/m. This v,=0 ellipse locates at the velocity side of the current carrying electrons,
manifesting the asymmetric confinement of electrons along the parallel direction to the magnetic field
line. In order to investigate the electron confinement in the presence of the self field from the plasma



current, the electron orbits, which start at the vessel center (R=25 cm and z=0 cm) with various
velocities and pitch angles, are numerically calculated. The following conditions are assumed in the
calculation. (1) The external B, field is weakly mirror-shaped with the decay index of n=0.1. (2) B,=30
Gauss and Bi=500 Gauss at R=25 cm. (3) The current profile is parabolic with the circular boundary of
the minor radius of a.

Figure 4 shows the numerical results. Because of the mirror shaped B,, some e ectrons around
the v,=0 ellipse are aso confined in the external field only in the sense that their orbits do not hit the
vessel wall.  Confinement asymmetry is enhanced by the increase of self-field B, from I,. Especialy,
the lower energy electrons only in the forward v, direction becomes all confined as B, approaches B,,.
Since there are much more electrons in the lower energy range, the current increase is quickly
accelerated. Furthermore, the increment of pressure is mostly small in increasing the current for these
lower energy electrons. Interestingly, when the aspect ratio is low, the point where B;=B,, is coincident
with the pressure-current turning point on the characteristic curves as shown in figure 3. At low aspect
ratio both transitions in the magnetic field topology (from open to closed fields) and the equilibrium
(from pressure-hoop to current-hoop) coincide. Thus, spontaneous formation of ST equilibrium in the
current-hoop dominant regime is realized via the rapid current rise due to the selective confinement for
the forward electrons in the low energy range at the transition from open to closed field configuration.
After B.~B,, ECCD may become effective and take over the above selective confinement mechanism
since forward electrons are al confined.

Summary

By ECH under a steady B, field, the initial current grows slowly due to pressure driven current under
external open fields, then the current rises rapidy and a closed field equilibrium in the
current-hoop-force regime is formed. Asymmetric confinement in electron velocity space may be
responsible for the rapid current rise. This may be realized only when the aspect ratio is sufficiently low.
Once aclosed field equilibrium is formed, ECCD may become effective in keeping the current. After the
spontaneous formation, the plasma current has increased with B, ramp, up to Ip = 7.2 kA by 2.45 GHz
30 kW and 1,= 11 kA by 5 GHz 120 kW. Both amount to 12% of the total toroidal coil current.
ECH/ECCD at the 2nd harmonic resonance of EBW supports the plasma. In conclusion, ECH/ECCD is
effective for the formation of ST equilibria without an OH solenoid.
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Figure 1.

(a) Time traces of spontaneous formation of ST equilibrium. (b)-(f) Evolution

of current distribution and poloidal flux surface. (h) and (i) Field topology changes
spontaneously from open field before ECH to closed field.
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Figure 2. Time traces of 2.45 GHz discharge and the field line on the last closed flux surface
at the final stage of discharge. After spontaneous formation of an initial ST equilibrium, the
plasma current ramps up further by increasing microwave power with By, ramp.
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Preliminary Experiment of Non-Induced Plasma Current Startup on

SUNI ST Spherical Tokamak

* HE Yexi, ZHANG Liang, XIE Lifeng, TANG Yi, ** YANG Xuanzong, FU Hongjun

Abstract: Non-inductive plasma current startup is an important motivation on the SUNIST spherical tokamak.
In this experiment, a 100 kW, 2.45 GHz magnetron microwave system has been applied to the plasma
current startup. Besides the toroidal filed, a vertical field was applied to generate a preliminary toroidal
plasma current without action of the central solenoid. As the evidence of the plasma current startup by the
vertical field drift effect, the direction of the plasma current is changed with the changing direction of the
vertical field during ECR startup discharge. We have also observed the plasma current maximum by
scanning the vertical field in both directions. Additionally, we have used electrode discharge to assist the
ECR current startup.

Keywords: ECR preionization, electrode dischar ge assistant
I. Introduction

ECR (Electron Cyclotron Resonance) is one of the non-inductive plasma current startup schemes. From
1980s, a number of ECR preionization experiments have been done on many tokamaks. These experiments
have showed that the plasma current could be started up and sustained by electron cyclotron waves alone
without ohmic heating. [1-7]

According to Ref. [8], the electrode discharge assisted ECR current start up has been experimentally
demonstrated on the CT-6B tokamak. According to that experiment, we also used electrode discharge in our
experiment to observe its characteristics.

SUNIST( Sino UNIted Spherical Tokamak) isasmall device. Its parameters are as follows:

major radius R 0.3 m
minor radius a ~023 m
aspect ratio A ~13
elongation K ~16

toroidal field at RQ B ~015 T
plasma current Ip 0.05 MA
flux swing AD 0.06 Vs

A magnetron microwave generator with a frequency of 2.45 GHz, output power of 100 kW and pulse
length of 30 ms, is used for the experiment of the SUNIST ECR startup. The detectors for injected and
reflected waves, absorbed loading of the reflected waves, vacuum and dc breakers are installed in the feeding
line. In the preliminary experiment, a rectangular horn antenna injects waves to the plasma in the
perpendicular direction with plasmatorus.

[I. Preliminary experimental results

* SUNIST Laboratory, Department of Engineering Physics, Tsinghua University, Beijing 100084, PR.Cnina
** SUNIST Laboratory, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, PR.China
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ECR wave current startup

The toroidal field, from to Gauss, has been selected to locate resonant layers in the appointed position
inside the plasma. A small vertical field was applied during the microwave power pulse for the driving
toroidal plasma current by the electron drift effect. A piezoelectricity valve supplied working gas pulse into
the vacuum vessel with the < 1x10° Pascal of background pressure to keep above ~ 5x10° Pascal of
hydrogen pressure during when the microwave power was applied. Microwave output power was kept
around 20 kW because we could not improve the quality of the plasma current any higher above the power
injected. Onetypical dischargeis shownin figure 1 (A) on alarge time scale and (B) on a short time scale for
showing the discharge sequences and details. The plasma light signals extend as long as the microwave
power is applies as usual, but the plasma current is just a peak with a hundred millisecond of bottom width.
Sometimes, usually in a lower toroidal field, a group of plasma current peaks could be observed during the
microwave, as shown in figure 2, accompanied by a group of plasma lighting signals.
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Fig. 1 Typical discharge of ECR current startup, A and B in large and small time scales respectively
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Figure 3 shows a driven plasma current changes along with the vertical field, which is evidence of
driving the net toroidal plasma current by the vertical field drift effect in ECR plasma. The scattering higher
|p datarelate to the wall condition.
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Fig. 3 Plasma current vs vertical field

ECR wave startup with the assistance of electrode discharge
We have tried to apply a voltage between a pair of electrodes located at the top and the bottom respectively,
scanned the electrode voltage and changed the voltage direction. Preliminary results have shown the plasma



current could increase above 10% (Fig. 4) in the common direction of the two kinds of driven mechanisms;
contrarily, the plasma current would be counteracted more obviously (Fig.5). But just in the counter-direction
electrode discharge we can observe the electrode current.
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Fig. 5 ECR current startup with electrode discharge’s assistance in counter direction, A and B without/with electrode discharge

Usually, the electrode current is limited by an ion saturation current and exists in the same pulse duration
with the ECR plasma current. We have obtained one specia discharge that the current of plasma and
electrode is cutoff with the same time scale of the injected wave (Fig. 6).
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Fig. 6 Special discharge of ECR current startup with electrode assistance

I11. Remaining questions

The preliminary results of the ECR plasma current startup with/without the electrode’s assistance have
indicated that a suitably applied vertical field could drive the toroidal plasma current, but it is more important to
address a series of issues for the upcoming experiments.

Firstly, this kind of plasma current peak isimpossible to develop to atypical ST plasma current. We have not
considered the mode conversion to EBW in a microwave launch system, and then we face the density cut off
problem of the ECR wave propagation in plasma. Modifying the feeding line and antenna is the only way to
convert the mode to el ectron Bernstein wave.

The discharge shown in Fig. 9 suggests that there is a discharge regime with no density cut off problemin the
ECR current startup with the assistance of the electrode discharge. The question is how to find it and to develop it
from an occasiona event to being reproducible. There were a few specia discharges in the ECR current startup
with the electrode assisting on the CT-6B tokamak. The currents of the electrode and plasma extended over the
injected wave. There have been comments that that would be the arc phenomena, which should be avoided. But
from the ratio between the plasma and electrode current, it is consistent with the plasma current driven mechanism
by electrode discharge.

In preliminary experiments, the background pressure of the vacuum vessel increased from less than 1x10°
Pascal up to a balanced value, ~ 3x10° Pascal. The driven plasma current decreased with the increase in the
background pressure just like scanning the fuelling gas to a higher pressure. It is necessary to control the wall
condition for further experiments.
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Abstract

Density modulation experiments are one of the powerful experimental schemas to
study particle confinements. The diffusion coefficients (D) and convection velocity (V),
which is impossible to evaluated from particle balance in equilibrium state, can be separately
obtained. And the estimated value of D and V are determined independent of absolute value of
particle source rate, which is difficult to be obtained experimentally. However sensitivities
and interpretation of D and V from modulation experiments should be taken care. In this
paper, numerical techniques to solve particle balance equation of modulation components are
described. Examples of analysis are shown from the data of LHD. And interpretations of
results of modulation experiments are studied.

keywords: density modulation, particle confinements, diffusion coefficient, convection

velocity

1. Introduction

Particle transport of bulk ions and electrons is one of the most important issues of
magnetically confined plasma research. However, compared with energy transport study,
fewer works have been done. This is because of the difficulties of the experimental estimation
of the particle source and the existence of the convection term in the particle balance equation.
These make estimation of particle transport coefficients, i.e., diffusion coefficients (D) and
convection velocity (V) impossible from simple particle balance analysis in the equilibrium
state. The diffusion coefficients and convection velocities are separately estimated from the
propagation of periodically modulated density by controlling the gas puff.

This technique was done at T10 [1] for the first time and then developed at TEXT and
ASDEX [2,3]. The theoretical consideration of the interpretation was done by Gentle [4]. On
JT60U, these experiments were done by Nagashima[5] and Takenaga[6]. Takenaga did
modulation He puffing and studied He transport of reversed shear discharge. Recently the
experiments were done at W-7AS[7], LHD [8,9] and HT7[10].

2. Density modulation analysis



2.1 Qualitative character of particle transport in equilibrium state in LHD
The equation of the particle balance in the equilibrium state was described as follows,

dn,

dtq =V req + Seq
n; electron density, 1 particle flux, S; particlesourcerate (1)
Subscript eq indicates equilibrium value.

The equilibrium particle flux can be defined as follows.

r,=-D,Vn, +nV (2)

eq eq eq

In eqgation2 , Deq and Veq are diffusion coefficients and convection velocity in equilibrium

state. In the steady dn, /dt=0and in the plasma inertia, S, ~0, then I ~0 and

eq.(2) becomes D, Vn, ~n,V, . This indicates, if density gradient exists, where particle

source is negligible, particle convection exists.

Figure 1 shows electron temperature, density and particle source rate profiles of LHD
under different NBI heating power in the equilibrium state. As shown in Fig.1 (c), the peak of
particle source rate is located at p = 1.05, which is outside of last closed flux surface, and
reduces exponentially to plasma interior. The particle source rate becomes two order

magnitudes lower at p = 0.8 compared with peak value. Therefore, at p < 0.8, Seq ~0 and

I’ ~0 is well satisfied. However, as shown in Fig.1 (b), negative density gradient are

eq

observed at p < 0.8 of IMW and 0.6<p < 0.8 of 2.7 MW heating case and positive density
gradient are observed at p < 0.6 of 2.7 MW and at p < 0.8 of 2.7 MW of 8MW heating case.
For particle balance, positive and negative gradient require outward and inward particle
convection. The measurements of equilibrium density profiles in LHD tell existence of
particle convection.

2.2 Analysis of density modulation
For quantitative study of the particle transport, density modulation experiments are
powerful. Here, we assume the equilibrium and modulated component are independent.

n=n,+n =T, +T,S=S, +S (3)

~

S =Se™ i=ne” onjot=ion  (4)



Then the following particle balance equations for modulated components, of which
modulation frequency is o, are obtained.
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In eq.(5), n isa complex function, and its real part n, and imaginary part n, satisfy the
following equations.
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o n; _BnR =0 (7)

Then, equation (6) and (7) can be solved numerically with finite difference method under the
following boundary condition.

on,lor=0on,lor=0atr=0, n,=n,=0atr=a (8)
a is average radius of the plasma boundary

We applied Nagashima’s matrix technique[11] to solve eq. (6) and (7).
The first and second order derivatives are defined in the finite difference expression
as follows for real and imaginary part.
a;ik _ ﬁk+l — ﬁk—l az;ik _ ﬁku — Zﬁk + ﬁk—l (9)
or, 2h ' or” h

k

The index k is index number of numerical solution of 7 and 4 is the space of the neighbor

solution. Then the following terns are defined

1, 1 D) V()

n. D(n) on D(r.)

= Vi) 1 oV(n)
nD(re)  D(r) O

F =

(10)
[0
2= D)
o, = S)
“ 7 D(r)

Then, equation (7) and (8) become
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Then equation (11) and (12) can be expressed in the finite differential equation as follows.

~ ~ ~

Mg — 22§k T M + Fk an+12_han1 _ Ak;iRk 4 Bkﬁlk n Ck -0
13
h - ) - h - )~ , ( )
1—§Fk o, +(=2-h"A4)n, +| 1+ EF" Ry, +Bhn,=—h"C,
Mya — 2n21k . + Fk n1k+12_hn1kl _ Ak;'l]k _BkﬁRk -0
(14)

(1_§Fk jﬁlk—l + (_2 - thk);iIk + (1-'_ ng j;‘llk+1 - BkhzﬁRk =0

At the plasma center k=0, at plasma boundary, k=n. At the plasma center, since derivative

of n, and n, iszerothenn,, =n, and n,, =n,. Then eq (13) and (14) at k=1 become

as follows

(_1_2}71 _thijﬁRl +(1+§Fl ﬁRz + Blhzﬁ,l = hzcl (15)

(-1-%1«;—;12141)5,#(1%1:1 B =0 (16)

At plasma boundary, 7, =n, =0, then n, =n, =0 Then eq. (13) and (14) at k=n-1

become as follows

(_ - g F”—lj;iRn—z + (_ 2—h An—l )ﬁRn—l + Bn—lhz;iln—l = hzcn—l (17)
h ~ ~ 2~
(_1_ Eﬂ—ljnln—z + (_ 2—h* An—l )nln—l - Bn—lh n,.= 0 (18)

Equation (11) and (12) becomes as following matrix equation including boundary condition.



M'j\;R +BVh2j\7] Z—hZCV (29)

M -N;—Byh’Np =0 (20)
Here, the vector B, and C, are By =(B,By, -~ B,_1) .
Cy =(C,Cppveee ,Cp_1)=(81/ Dy, 85/ Dy, ,S,_1/D,_;) and matrix M is n-1 x n-1

matrix, whose elements are coefficients of the first and second term of eq. (13) and (14). The
first and last line of matrix M are boundary condition, which is described in eq.(15)~(18). The

vector Npand N; are series of radial profile of modulation components, which contains

fipcand iig for k=1~n-1. Finally vector Npand N, which are the solution of eq (11) and

(12) are obtained from following simple matrix calculation.

1
Ng = —hZ(M +BV2h4M_1T Cy (21)

N; =Byh®MINg (22)

The final purpose of the analysis is an estimation of D and V profile. The profile of D
and V are expressed by using several fitting parameters. The modulation radial profile, which

are vectorﬁR and ]VI, are calculated from eq.(21) and (22) for modeled D and V. Then,
fitting parameters are determined to fit calculated N g and N ; to experimentally measured

]VR and ﬁl . In principle, to solve eq. (21), (22), absolute value of particle source rate, which
is include vector Cy, is required However, as shown in eq. (21) and eq.(22), change of the

absolute value of particle source rate, change same factor of ]VR and ]VI. Therefore,

normalized shape of modulation amplitude profile (oc ﬁRz+ﬁ12) and phase profile

(:tan_l(ﬁR/]V[)) are not affected. The fitting is done to fit normalized amplitude profile

and phase profile or normalized profile of real and imaginary part of modulation amplitude.
No need of absolute value of particle source rate is major advantage of this technique.
However, because of the limitation of the measured data, number of the fitting parameter is
limited, so, fine spatial profile of D and V are difficult from fitting procedure

Takenaga performed different analysis technique [6]. From the modulated particle
flux profile, D and V profile are directly calculated. In this scheme, any model of D and V are
not required. However the analysis is limited in the plasma interior region, where particle



source is negligible and the estimated D and V profile is sensitive to the smoothness of the
modulation profile.

2.3 Experimental data of modulation experiments in LHD

In this section, examples of experimental data of density modulation and analysis
results from LHD are described. Figure 2 shows measured cross section and chords of FIR
interferometer[12]. A ten channels of 13 channel are used for the analysis. Interferometer can
measure temporal evolution of line integrated density with good enough time response
(~1usec) to measure density perturbation.

Figure 3 (a) shows typical wave from of modulated density. In order to modulate
under constant background density, density feedback control was done. Given reference
signals, the applied voltage to gas control valve was automatically adjusted to modulate under
constant background density. Without feedback, the background density gradually increases.
As shown in Fig.3 (d), gas puff fuelling rate varies in time. Total particle fuelling, which
include both fuelling from gas puffing and recycling, should be controlled. Therefore, the
gas puff fuelling rate was reduced in order to compensate the increase of the background
density due to the recycled fuelling as shown in Fig.2 (d). The resultant particle fuelling and
density was sinosoidally modulated under a constant background between t = 1.4 and 2.9 sec
as shown in Figs.3 (a) and (c) respectively. The central averaged density was controlled
within = 3%. And diamagnetic stored energy was controlled within + 5% indicating
averaged temperature was controlled within + 2%.

In HT7, instead of feed back control if gas puffing, a 10 Hz preprogrammed signal was
used [10]. Because of the low recycling, density modulation under constant background
density was possible without feedback control

The integrated modulation amplitude and phase are calculated by the correlation
analysis after subtracting background averaged density. Figure 4 shows the amplitude
spectrum of modulated density components of Fig.3 (a). As shown in Fig.4, the harmonic
components are less than 10% of fundamental 5 Hz components so that it should not cause
significant non-linear effect. The error was determined as a standard deviation within
frequency resolution (5f), which is determined by the data length of modulation analysis.

The profile of D and V are each described by two parameters. One is the core value
(Dcores Veore) and the other is edge value (Dedge, Vedge) @S shown in Fig.5. The profiles of D are
assumed to be flat in the core and edge and change at p = 0.7. The value of Vis zeroat p=0
and V profiles are assumed to vary linearly with p, changing slope at p = 0.7. The values of V
at p = 0.7 and p =1.0 are taken to represent Vore and Veqge respectively. The transition points
of D and V are fixed at p = 0.7 because density gradients change at around p = 0.7 as shown
in Fig.1 suggesting that transport changes at this location.

Followings are examples of determinations of the transport coefficient for the
different heating power of two discharges, one 5.2MW NBI heating with 5Hz modulation and



the other 1 MW heating with 2Hz modulation. The temperature and density profiles are
shown in Figs.6. Figure 7 shows integrated amplitude and phase profile of both two cases. A
clear difference was observed in two heating cases. Modulation frequency was 5Hz for
5.2MW heating case and 2Hz for LMW heating case. Because of the lower transport at lower
heating power, lower modulation frequency allows a deeper penetration of the perturbation.
As shown in Fig.8, the modulation amplitude is localized in the edge region. This
makes accurate reconstruction in the central region. In this paper, fitting to determine D and
V was done not to radial profile (Fig.8) but to integrated profile (Fig.7) of modulation. This
is because the fitting procedure is to be free from error of radial reconstruction of modulated
part. With use of more accurate reconstruction with use of more number of channels by
using a CO, laser imaging interferometer or with use of direct measurements of radial profile
of modulated part by using a microwave reflectmeter, the fitting to radial profile will be
possible. For present analysis, the following %° was minimized to determine fitting
parameter of D and V profiles.
7(m0d_int2 = Z((_[ ﬁR_eXpdl - IER_calcdl)2 + (Jﬁl_expdl - Iﬁl_calcdl)z) (23)

ch

In equation (23), #zis radial profile of modulated components. The subscript ‘R’ and ‘I’
indicate real and imaginary part of the modulated components and the subscripts .’exp’ and
‘calc’ indicate experimental measured and numerically calculated values. The integration was
done along viewing chords of the interferometer. The real and imaginary part of integration
from experiments are calculated form measured integrated amplitude and phase in Fig.7. Here
integrated values are normalized by the values of the central chord. As described in the
previous sections, without use of absolute value, the fitting to normalized value was done. The
summation is sum of 10 channels data of interferometer.

Figure 9 shows estimated D and V profiles form modulation experiments. Around
factor four larger diffusion was obtained at 5.2MW heating case compared with 1MW heating
case. The convection profiles do not show dramatically difference between two cases. Figure
10 shows comparison of integrated amplitude and phase profile between experimental value
and calculated value with fitted D and V profile. Calculated values fit to the experimental
values almost within the measurements error as shown in Fig.10.

3 Discussion about the modulation results

There is an argument about the discrepancy between transport coefficient of
equilibrium state and transport coefficient from modulation analysis [4]. For energy transport
analysis, the difference between thermal diffusion coefficients from power balance analysis
and the coefficients from transient analysis is not negligible on tokamak. For the particle
transport analysis, as shown in eq. (2), the existence of the off diagonal term, which is the
second term of eq.(2), is a priori included. However, the nonlinearity of the particle flux and



temperature perturbation can affects the particle transport coefficients from modulation
analysis.

Equation (2) indicates I,, is function of .» and Vn. And Fig.1 suggests

temperature profile can influence on density profile, so, I',, can be also function of electron

temperature and its gradients. The modulated flux can be written by the following equation.

o o o o
My =—LVn+—Lon+—LNT +—L6T
ovn on oNT oT (24)
In the eq.(24), Dmog and Vmoeg Can be written as follows.
8Feq 8Deq aVeq
= = Vn+D,, — 25
mod oVn  0Vn T Feq T oVn (23)
or ol or’
Vinod = —— : eqéT+i ‘45T

_l__
on on OT on ovT

oD, ov, oD, oV, oD, ov,
=— qun+Veq+n =l +i —— A vpyn—4 8Z"+i —— A n—L VT
on on  on oT oT on\ oOVT ovT

(26)
The modulation experiments estimates Dmog and Vmod, Which are described by eq.(25 and
(26). As shonwn in eq.(25), the Vn dependence of De¢q and Veq can affects Dmog. FOr

example if I, =Vn2,Deq:Vn,Veq:0, then Dmog=2De¢q. The interpretation of Vieg iS

further complicated. Not only »,7,VT dependence of D¢y and Veq but also temperature and
temperature gradient perturbation (o7',6VT ) can affects the Vo4 as well.

One of the possible study about the discrepancy between Dmod, Vinod @nd Deq , Veq are
to compare calculated density profile with Dmog and Vmeg uUnder =0 in eq.(5), which
corresponds to equilibrium profile and measured radial density profile. This comparison can
judge the difference of Vmod/Dmod and Veq/Deq because shape of equilibrium profile
(normalized profile) can be determined by V/D.

Figure 11 shows comparison between calculated and measured profiles. Figurell
does not show strong discrepancy between measured and calculated profile. The case of 1
MW heating, both agree within estimation error. The case of 5.2MW heating, there is a visible
difference. The discrepancy of Vimod/Dmoda and Veq/Deq are modest but not negligible in the
5.2MW case.

or,
Here we examine the D4 :Feq from the temporal evolution the density profile
n

after pellet injection. Figure 12 shows change of density profile. Pellet deposited at around p
= 0.8. Just after pellet injection, density profile became hollow then it changes to peaked one.
The particle flux was calculated from following equation, which is integration from of eq.(1).



Here particle source was neglected.
1 r dn
I'(r)=——|r—dr 27
(" =-"lr— (27)

Figure 13 shows temporal change of the normalized particle flux 77x, after pellet injection. In

or’
If 3 “d_is constant according to V, this plot becomes straight line and Dpeg equals to Deg.
n

Figure 13 shows the plot becomes almost straight line at p=0.225, but it becomes no
Ly

n
Vn at these location. The value of Dmog can be different from Deq. This is qualitative
examination. For precise examination about 5.2MW heating case, electron temperature and its
gradients should be same as the ones in 5.2MWcase. However, Fig.13 suggest non linearity
['eqto Vn is possible and can cause discrepancy between . Dimog and Deq. The experiments to
measure non linearity I'eq to Vn like Fig.13 changing Vn with use of pellet injection or gas
puffing under different background 7 and VT are required to find a complete picture of
non linearity I'eg to V. If we have an idea qualitative difference of the Dyog and Deg., then,
Veq Can be obtained from the fitting to the equilibrium density profile with Deg.

Assuming Dmog=Deg, correction of the V was tried. In Fig.14 (a), Veq Was determine
to fit equilibrium profile with Dmog=Deg. As shown in Fig.13 (b), the calculated profile with
Dmod=Deqand Veq fits measured radial density profile. In the edge region, Ve becomes more
inward directed than Vme. However, the assumption, which is Dmeg=Deq, should be
experimentally studied.

linearly increases at p =0.525 and p =0.725. This indicates

is not constant according to

4, Summary

A schema to solve particle balance equation by using a numerical finite difference
method was described. The equation was solved by simple matrix calculation. The example of
analysis of density modulation was described, and possible discrepancy of modulation and
equilibrium transport coefficients are studied. Before study systematic parameter dependence
of the transport coefficients, precise physics understanding of the modulation experiments are
important.
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Figure Caption

Fig.1 (a)Electron temperature (b) density profiles under different NBI heating power. At R,=3.6m,
B=2.75T for 2.7 MW and 8.5MW heating, B;=2.8T for IMW heating. Symbols in Fig.1 (a) indicate
corresponding chord position of interferometers and (c) the profile of partice Isource rate calculated from

DEGAS code.

Fig.2 Measured cross section of FIR laser interferometer
Magnetic flux surfaces are shown every p = 0.1 step from p = 0.1 to 1.2. Magnetic configuration is
standard configuration (R,=3.6m, =0%). The red lines mark the path of FIR laser beam used for

analysis. The ten of 13 channels, which was used for the analysis, are shown [9].

Fig.3 (a) The example of modulated density at SHz. Thin red lines indicate at R =3.309,3.399, 3.489,
3.579, 3.669m from bottom of the picture. Thick blue lines indicate at R =3.759, 3.849, 3.939, 4.029, 4.119,
4.209 from top of the picture.(b) Ha signal intensity and (c) gas puff fuelling rate[9]

Fig.4 Spectrum of modulated components of density[9].

Fig.5 Model of D and V

Fig.6 Temperature and density profile of 5.2 and 1MW NBI heating Rax=3.6m, Bt=2.8T[9]



Fig.7 Integrated modulation amplitude and phase profile.
Symbols indicate chord positions of the interferometer. A 5Hz modulation for 5.2MW and 2Hz modulation
for IMW injection were done[9].

Fig.8 Radial profile of modulation amplitude and phase
Symbols indicate corresponding chord position of the interferometer. Dotted lines are upper and lower

error bar[9].

Fig.9 (a) D and (b) V profiles estimated from modulation experiments. The dashed lines indicates upper

and lower fitting error.

Fig.10 Comparison of integrated amplitude (a),(b) and phase profile(c),(d). (a),(c)are 5.2MW heating
case and (b),(d)are IMW heating case.

Fig,11 Comparison of reconstructed profile and calculated profile with D and V from modulation
experiments (a) 5.2MW (b) IMW. Dashed lines indicate upper and lower errov. Error is due to

determination error of D and .V

Fig.12 Temporal change of (a) local density and (b) density profile after pellet injection. Pellet was
injected at t = 0.96 sec and t = 1.86sec.

Fig.13 Plot of I'/n, vesus —grad n./n, after pellet injection at (a) p=0.225, (b) p=0.525, and (c) p=0.725.
Fig.14 (a) Comparison of Vieq and Vo, (b) Comparison of calculated density profile and measured profile

Dashed lines indicate upper and lower errvor.  Error of calculated profiel is due to determination error of

Dand.V
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Dual-Electrode Biasing Experiments in KT-5C Device
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ABSTRACT

Based on the single biasing electrode experiments to optimize the confinement of plasma in the device of
KT-5C tokamak, dual-biasing electrodes were inserted into the KT5C plasma for the first time to explore the
enhancement of the effects of biasing and the mechanisms of the biasing. By means of applying different
combinations of biasing voltages to the dual electrodes, the changesin E; , which is the key factor for boosting up
the ErXB flow shear, were observed. The time evolution showed the inner electrode played a major role in
dual-biasing, for it always drew a larger current than the outer one. The outer electrode made little influence. It
turned out that the dual-biasing electrodes were as effective as a single one, in improving plasma confinement, for
the mechanism of biasing was essentially an edge effect.

PACS: 52.55.Fa, 52.25.Gj, 52.35.Ra

Introduction
The ErXB shear flow stabilization model to explain the formation of edge
transport barrier in the tokamak plasma has been developed and proved very
successful since the last decade ! By shear decorrelation, the sheared poloidal E,
X B flow can effectively suppress the plasma turbulence and improve the
confinement.’? Many mechanisms in the generation of the poloidal sheared flow have
been proposed, including Reynolds stress,!*® external biasing,'®® and others [*#],
The relationship between the poloidal E, X B sheared flow and all these mechanisms
isgiven by
oa . 1,- o VP ou, o
mn( ot +0,-VQ) n (JxB)= n m.n,( ot +0,-V0,)

For example, the external biasing can be put into the second term of the equation.
The development of methods to control the sheared E, X B flows is considered to be a
key issue in the control of plasma turbulence and the optimization of plasma
confinement. Therefore in such experiments, the radius electrical field E; is an
essential factor for the E, X B flow shear effects to be observed.

The first biasing experiment was reported by Taylor in 1989.7  We also have
reported our single biasing work on our tokamak K T-5C.[** Of all these experiments



only one electrode was used.!®*"*® However, how would the Er have been changed if
two electrodes were used? What differences might dual electrodes make? Could there
be a stronger influence?

Let us first show some typical results of the single biasing on KT5C with the
following parameters. R=32.5cm , &=8.5cm, 1,=10kA, B,=0.45T. Severa sets of
triple Langmuir probes are used to provide simultaneous and local measurements of
the plasma conditions. A RFEA (Retarding field energy analyzer) is aso used for
getting the ion temperature. Figure 2 shows the radial profiles of the measured
electron density ne, electron temperature T and plasma potential f, as well as of the
radial electric field E; derived from the f, profile before and during the single positive
biasing. In Fig.2 (a) and (b), one can see that the biasing causes a decrease in n. and
Te over a broad edge region, and steepens their profiles in a narrow layer inside the
limiter. The gradient of the radial ion temperature is also enlarged at the edge due to
the biasing as shown in Fig 3. The biasing also induces a pronounced change in the
plasma potential profile as shown in Fig.2(c) and (d), the plasma potential before the
biasing peaks in the proximity of the limiter radius, which leads to a naturally
spontaneous occurring E; gradient layer where a small E; well occurs which can been
explained by ion-orbit loss. With the biasing, the plasma potential rises significantly
over a wide edge region and its radial variation changes so that a modest E; hill is
developed. Fig.4 shows the radia profiles of the fluctuation levels given by the
root-mean-square values. It exhibits the absolute fluctuation levels of ne and Teare
reduced during the biasing, which indicates that the E, X B flow shear is effective in
fluctuation suppressing.

The floating potential fluctuations could increase at the edge region, which
indicates that the absolute potential fluctuation level could have different behavior in
responding to the biasing induced change in E;, as compared with the response of

n, and 'Ii So for simplicity, in the following experiments, we will emphasize the

change of the key parameter E..

Dual-biasing experiments and theresults

We began our work using dual-electrode biasing in the ohmically heated H,
plasma in the KT-5C tokamak with parameters shown above. The two electrodes
(stainless steel discs, 2cm in diameter and 0.4cm in thickness) were positioned at the
place of r=3cm and r=7cm from the bottom of the device(Figure 1). The biasing
voltages were supplied by two charged capacitor banks of 220uf X 100 each through
the thyristor switches. All the data were sampled at IMHz by a multichannel 12-bit
digitizer.

We performed several sets of dual-biasing experiments with different biasing
voltage combinations to the two electrodes (Table 1).

Figure 5 shows the probe floating potential V; profiles for set B, whose biasing
configurations prove to be most effective in dual-biasing. It could be noted that there
is only a little difference between inner electrode negative biasing (I_N), and inner
electrode negative biasing together with outer electrode positive biasing (I_N_O_P).



Moreover, while the two electrodes are biased as|_N_O Por 1 _P O N, the profiles
of V¢ between the two electrodes do not show much difference. The outer electrode
seems to be shielded and has very little effect when the inner one is biased.

To explore this phenomenon more clearly, we observed firstly the time
evolutions of the floating potential of different biasing. Figure 6 shows the floating
potential changes due to single biasing amost instantaneously when positive biasing
was applied; while it would change slower if negative biasing was imposed. That
probably is due to the electrons responding to the positive biasing much faster than
the ions to the negative biasing.

Fig.7 and Fig.8 show the time evolutions of the dual-biasing signals.

In Figure 7 in which |_N_O_P was imposed, when the outer electrode positive
voltage V2 was applied, its current 12 changed almost immediately, while the inner
electrode negative voltage V1 and current |1 changed much slower about 100us later.
The changes in floating voltage V¢ and the resultant radial electrical field E; actually
obeyed the slower changes as the inner negative biasing, which demonstrated that the
inner electrode played a dominant role.

While in Figure 8 with I_P_O_N, the inner positive V1 and 11 showed the same
quick response. But with the outer negative, 12 was flat at the beginning, when the
inner positive biasing was on, 12 fell to zero rapidly. This phenomenon again
demonstrated that the inner positive electrode prevailed over the outer one. In brief,
the dual electrode-biasing acts very similarly as single biasing in our dual biasing
experiments

In the electrode biasing of most cases for set B, the edge E; profiles changed
significantly (Figure 9). The edge E; trough was enlarged by negative bias, and
reduced by positive biasing however a peak at a little inner radial position would
occur. Both of them showed an enlarged Er gradient.

In fact, it was the inner electrode which always drew a larger current than the
outer one as shown intable 1 and Figs.7 and 8. And the more current it drew, the more
influence on the V; and consequently the E; it exerted. It was the electrode current
rather than the biasing voltage that produced the enhanced E, gradient and boosted up
the E, X B flow shear effects on the plasma edge.

Conclusion

In conclusion, two separated biasing electrodes have been installed in the KT-5C
tokamak to modify the radial electrical field E.. When various combinations of
biasing voltages are applied, the result is similar to the single electrode biasing.
Neither single biasing nor dua-biasing electrode could hardly change the radial
electrical field E; in the interior of the plasma. The outer electrode seems almost to be
shielded when the inner one is on. These results indicate that the mechanism of
enhanced E; gradient which implies the enhanced E;XB flow shear by external
biasing isintrinsically an edge effect due to the electrode induced current. A positive
biasing seems to be more appreciated since it causes a larger electrode current.

After having finished the above experiments and during the period of



summarizing our dual-electrode biasing work and writing the reports, we noticed
interestingly by chance atheoretical work published recently by Kasuya and Itoh et al
[*9 The paper proposes dual-electrode biasing, and predicts that a double-peaked E;
structure (which means stronger shear) could be created if the applied dual biasing
voltages ramp up within acertain rate.  In our experiments reported above we did not
get the double-peak E; which might be due to the different experimental settings and
conditions. But, it isreally an intriguing issue that we would investigate in our future
work.
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Abstract

Target plasmas, on which the formation of the electrostatic potentials and the improvement
of the confinement are studied, are produced with ICRF in the GAMMA 10 tandem mirror. The ion
temperature of more than 10 keV has been achieved in relatively low density plasmas. When the
strong ICRF heating is applied, it is observed that the high frequency and the low frequency
fluctuations are excited and suppress the increase in the plasma parameters. Recently, a new high
power gyrotron system has been constructed and the plug ECRH power extends up to 370 kW. The
improvement of the confinement due to the formation of the potential in the axial direction and the
strong radial electric field shear has been observed.

keywor ds: tandem mirror, ICRF plasma production, fluctuations, potential formation

1. Introduction
The GAMMA 10 tandem mirror has MHD anchors with a minimum-B field and is arranged in

an effectively axisymmetrized configuration [1]. The high-density plasma production and
confinement with electrostatic potentials are the major important issues in the present experiments
[2]. The ion cyclotron range of frequency (ICRF) waves are used for the initial plasma production
and heating in the central cell. The electron cyclotron resonance heating (ECRH) is used for the
potential formation in the plug/barrier region and for the electron heating in the central cell. The
axisymmetrization of the heating system is important in relation to the radial particle transport. The
improvement of the ICRF antenna system has been made because the antenna configuration in the
central cell affects the plasma profile in the azimuthal direction [3]. In relatively low-density
(order of 10®m®) plasmas, the hot ion mode operation has been realized and ion temperature of
more than 10 keV has been achieved [4]. In such a mode of operation, the plasmas with a strong
temperature anisotropy are magnetically confined in the central cell. In the high-$3, which is defined
as the ratio between plasma pressure and magnetic field strength, plasmas with the strong
temperature anisotropy, the Alfvén ion cyclotron (AIC) mode, which is one of the
micro-instabilities are excited spontaneously [5]. The plasma confinement will be affected from the
externally applied RF waves and also spontaneously excited waves in the plasma.



By using high power ERCH at the plug region, a positive potential is generated to improve the
axial ion confinement [6,7]. And also at the barrier region, a thermal barrier potential (smaller than
the potential in the central cell) is generated. When the plug ECRH is applied, the potential
increases due to the induced electron loss in the axia direction and the positive potential with
peaked profile in the center is formed in the centra cell. The resultant electric field in the radial
direction and its shear will suppress the fluctuations, for example, the drift-type low frequency
instability [8]. Recently, the suppression of the large amplitude fluctuations has been clearly
observed in the soft X-ray measurement [9].

In this manuscript, the recent results of the potential formation and |CRF experiments for the
high-beta plasma production are described.

2. GAMMA 10 Device and ICRF Systems

Figure 1 shows the axial profiles of the magnetic field line, strength and plasma potentials on
the typical discharge conditionsin GAMMA 10. The axial location is represented on the basis of the
midplane of the central cell, z=0. The minimum-B anchor cells are located on both sides of the
central cell and the axisymmetric plug/barrier cells are located at both ends. The magnetic field
strength at the midplane of the central cell is 0.41T and the mirror ratio is 5 in a standard mode of
operation. Asindicated in the figure, the hill and well type potentials are formed in the plug/barrier
region. ICRF powers (RF1,2 and 3) are only injected in the central cell. Two kinds of ICRF
antennas are installed near both mirror throats of the central cell. One is the so-called Nagoya-type
[l antenna (Type 1) [10] that is installed at z=+2.2m where the mirror ratio R is 1.6. The
other is the conventional double-half-turn antenna (DHT) that is installed at the location of
z=11.7/m where R=11. Three|CRF systems (RF1, RF2 and RF3) are now in operation.

Principally, Type Il is driven by the RF1 system and used for the plasma production in the
central cell and the ion heating in the anchor cell [11]. The frequency is adjusted to the ion
cyclotron frequency near the midplane of the anchor cell. The high-beta plasma production in the
anchor cell is essential to sustaining the MHD stability of the whole GAMMA 10 plasma. DHT is
driven by RF2 and used for the main ion heating in the central cell. The frequency is adjusted to the
ion cyclotron frequency near the midplane of the central cell. In mirror plasmas, ions that are heated
in the perpendicular direction are deeply trapped near the midplane. To avoid the energy loss due to
the charge exchange reaction, the locations of the gas puffing are selected to be near the mirror
throats where less hot ions exist. The radiated powers from each Type |1l and DHT are typically
100kW with aduration of 200ms. RF3 is an additional system and used for high-density plasma
production [12].

The high power gyrotron systems with a frequency of 28GHz are used for the potential



formation. Fundamental ECRH is applied at the plug region (B=1T) between the midplane
(B=0.5T) and the outer mirror throat (B=3T) of the plug/barrier cells. In addition to the plug ECRH,
a second harmonic ECRH is applied to the midplane for creating the barrier potential. The radiated
power is mostly coupled to the X-mode for the present geometry. The radiation pattern on the
resonance layer is arranged to be nearly axisymmetric. Segmented end plates, which are electrically
floated from the vacuum vessel by using large resistances, are installed at the end wall

3. Target Plasma Production and L ow Frequency Fluctuationswith | CRF

The plasma s started up by injecting short pulse (1Ims) gun-produced plasmas (PG) from both
ends and is sustained by applying RF1, of which frequencies of 9.9 MHz (west) and 10.3 MHz (east),
in combination with a hydrogen gas puffing in the centra cell. For the main ion heating, the RF2
pulse, of which frequency is 6.36 MHz, is applied to the east DHT antenna. The additional RF3
pulse, of which frequency is 41.5 MHz, is applied to the west DHT antenna. The temporal evolution
of the plasma parameters isindicated in Fig.2. The line density increases with RF1 and diamagnetic
signal increases with RF2. In the typical experiments, the saturation of the density is observed at the
line density of near 4 times 10" m? The mechanism of this saturation is interpreted as the
eigenmode formation of the ICRF waves which satisfy the axial boundary conditions. In plasmas
with arelatively low density (order of 10'® mi®) and a small radius (afew tens cm), the wavelength is
in the same order of the plasma size and eigenmodes are formed in both radial and axial directions.
Because the wavelength depends strongly on the density, the density is likely to be clamped at the
optimum value for the eigenmode formation [12]. When RF3 is applied, the density starts to
increase again due to another eigenmode formation.

The plasma pressure increases almost linearly with the RF2 power. The highest ion
temperature above 10 keV has been achieved in the case of the magnetic field strength of 0.57T . As
previously indicated in such high-f plasmas, the temperature anisotropy becomes more than 10. In
GAMMA 10, electro-magnetic fluctuations due to the AIC modes have been observed
experimentally in the parameter range of A%>0.3 [13]. The behavior of the plasmas in the central
cell is affected by the excitation of the modes [14, 15]. The effects of the AIC modes on the particle
transport have been observed clearly in the behavior of the high-energy ions. The pitch angle
scattering and the axial transport of the high-energy ions due to the AIC modes are clearly observed
[3].

When the ICRF pulses are applied, the low frequency density fluctuations are detected in many
diagnostics. Figure 3(a) shows the temporal evolution of the line density and diamagnetic signal on
the typical discharge in which large amplitude fluctuations are observed. Figure 3(b) shows the
density fluctuations in the peripheral region measured by an electrostatic probe. There are six



regions in which fluctuations are observed as indicated in Fig.3(b). The large amplitude drift-type
fluctuations are clearly excited when the RF3 pulse is applied as shown in Fig.3. There are two
types of fluctuations observed typically in GAMMA 10, that is, a drift-type (#1,2,3, and #5) and a
flute-type (#4 and #6) fluctuation. The initial phase of the plasma build-up (#1), small fluctuations
are excited due to the steep gradient of the density profile. When ICRFs for the plasma production
are applied, the drift-type fluctuations are strongly excited (#2 and #3). These fluctuations are
stabilized when ECRH is applied. The mechanism of the stabilization is considered to be strong
shear of the radial electric field due to the potential formation. Instead of the drift-type fluctuation,
the flute-type fluctuation is excited due to the E; x B; rotation [16]. When the ECRH pulse stops, the
drift-type fluctuation is excited again as indicated by #5. When ICRF pulses stop, the strong
flute-type fluctuations are excited due to lack of high-B plasmas in the anchor cell. In the RF3
period (#3), a frequency peak near 10 kHz is observed that corresponds to the mode with the
azimuthal mode number of m=+1, which rotates in the direction of the electron diamagnetic motion.
In GAMMA10, these drift-type fluctuations are observed also at the plug/barrier cell with the same
frequency asin the central cell. Both peaks in the frequency spectra have the strong coherence and
with finite phase difference, that is, the drift-type fluctuations are propagating in the axial direction.
On the other hand, the flute-type fluctuations have no phase differences. These fluctuations will be
mainly driven by the density gradient. The density gradient is strongly affected from the gas puffing
rate, and the RF1 and RF3 powers. A large amount of gas injection, that is, from the gas puffing
and/or from the wall, intends to increase the edge density and decrease the density gradient. The
drift-type fluctuations appear when the gas injection is reduced and/or the RF1 and RF3 power
increases.

4. Potential Formation with ECRH

In previous sections, the behaviors of the target plasmas for studying the potential effect to the
plasma confinement are investigated. On hot-ion mode plasmas with the ion temperature in the keV
range, the plug and barrier ECRHs are turned on after the plasma reaches in a steady state. The
plasma potentials from the vacuum vessel change in the step-like response. When the plug potential
is formed, the reduction of the end-loss ion current and the increase of the line density in the central
cell are clearly observed. Typical feature of the confinement improvement in the axial direction is
shown in Fig.4. If one side of ECRH is only turned on, another side of the end-loss current
increases and no increase of the line density are observed.

The plug potential @, is determined from the energy spectrum of the end loss ions and is the
highest value along the magnetic field line. The central cell potential ®. and barrier potential d,are
determined with beam probe measurements. The ion confining potential ¢. is defined by ¢. = @, -



®.. In Fig.5, ®, and ®.are plotted as a function of the plug ECRH power. Recently, a new high
power gyrotron system is constructed and the plug ECRH power extends to 370 kW [17]. The plug
potential increases with the ECRH power, while the variation of the central cell potential is not so
large. Then, the ion confining potential ¢ increases with @, that is, the plug ECRH power. The
value of 2.1kV has been attained with the high power ECRH [18]. For efficient generation of the
high potential with the high power ECRH, the induced diffusion of warm electrons in the velocity
space is essential. The velocity space diffusion of electrons can be evaluated from the energy
spectrum of the end-loss electrons. The mean energy of the end-loss electrons is strongly related to
the ECRH power.

5. Summary

Target plasmas, on which the formation of the electrostatic potentials and the improvement
of the confinement are studied, are produced with ICRF in the GAMMA 10 tandem mirror. A new
high power gyrotron system is constructed and the plug ECRH power extends up to 370 kW. The
improvement of the confinement due to the formation of the potential in the axial direction and the
strong radial electric field shear has been observed.
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MHD flow layer formation at boundaries of magnetic islands in
tokamak plasmas
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Abstract Non-linear development of double tearing modes induced by electron viscosity is
numerically simulated. MHD flow layers are demonstrated to merge in the development of the
modes. The sheared flows are shown to lie just at the boundaries of the magnetic islands, and to
have sufficient levels required for internal transport barrier (ITB) formation. Possible correlation
between the layer formation and triggering of experimentally observed I'TBs, preferentially formed

in proximities of rational flux surfaces of low safety factors, is discussed.

Keywords: Double tearing mode, electron viscosity, flow layer, transport barrier

PACS: 52.35.Py, 52.30.Cv, 52.55.Fa

1. Introduction

The important roles played by flows with shear in magnetically confined toroidal plasmas
have been highly appreciated since the discovery that they suppress anomalous diffusion
producing turbulence and lead to confinement improvement, such as low to high confinement
mode transition and internal transport barrier (ITB) formation. Two kinds of flow have
essentially been considered in the studies of turbulence-flow interaction.[] The first is mean
flow that is created by outside sources such as neutron beam injection, radio frequency
wave launching and biased voltage application etc., or by variation of plasma equilibrium
parameters. The second is zonal flow that emerges from nonlinear interaction of turbulence
fluctuations themselves. In radial direction, both the mean and zonal flows vary with scale
lengths comparable to turbulence correlation lengths. Theory and simulations indicate that
plasma mass, velocity and energy diffusions across magnetic flux surfaces may be regulated
by zonal flows in absence of mean flows. In addition, experimentally observed ITBs and
external transport barriers (ETBs) in advanced tokamak discharges are believed to result

from flow suppression of turbulent transport.



Comprehensive reviews on ['TBs in tokamaks, including experiments and theories, were
given by Wolfll and Connor et al’l. Nevertheless, theory on creation mechanisms of the
flows at the positions and times of, especially, ITB formation is still under development.

A third kind of flow—MHD flow may exist in tokamak plasmas and studied in this work.

It is well know that low order rational flux surfaces are prone to excitation of ideal
and dissipative MHD instabilities and that magnetic energy released in the development of
the modes may drive significant plasma flows. Therefore, besides fishbone oscillations, other
MHD instabilities, forming magnetic islands are proposed as plausible triggering mechanisms
for the formation of I'TBs in the proximity of low order rational surfaces in ASDEX Upgrade
reversed shear discharges.[! However, the double ITB structure observed in JET reversed
magnetic shear discharge has not been addressed in detail.!®! The linear and quasi-linear
development of double tearing mode mediated by anomalous electron viscosity were studied
in Ref. 6 and 7 where the possibility for such modes to create sheared flow layers triggering
ITBs was also suggested. By simulating the non-linear development of the modes, we demon-
strate in this work the creation of sizable sheared poloidal flow layers at the boundaries of
the magnetic islands.

The remainder of this work is organized as follows. The physics model and equations
are presented in Section II. The numerical results are described in Section III. Section IV is

devoted to conclusions and discussion.

2. Physical Model and Basic Equations

The physical model and basic equations employed in this work are the same as that in Ref. 7.
Here, we repeat it briefly for the sake of completeness. A typical sheared slab of length @ in
the x-direction, with a current in the z- direction, and zero equilibrium flow velocity Vo = 0

embedded in the standard sheared magnetic field is employed,
Bo(z) = Boy(z)y + Bo:()z, (1)

where By, (z) equals zero at @ = +a,. The stability of this initial configuration will be
examined with respect to two-dimentional, incompressible perturbations. The vector fields

are expressible in terms of two scalar potentials : the flux function ¢ (x,y,1),
B, = V@Z) X /Z\v (2)
and the stream function ¢(x,y,1),



With electron viscosity, the Ohm’s law becomes
1 6 €
E=5j— -V x B - ey, (4)
c nee

Then, it is straightforward to write the two non-linear equations for ¢» and ¢ as

I _
ot

%(v2¢) = {¢7 v2¢} - {¢7 v2¢}7 (6)

where S = 7,/7, is the magnetic Reynolds number with 7, = 47a*/c*n, R = 7,/7), is the

(6,0} + gV = £V + B, g

viscosity diffusion Reynolds number, while 7, = 4ra*n.e*/Fu.m. = w, 2 a*/cPu., n and p.

are plasma resistivity and electron viscosity, respectively.

is the Poisson bracket. £’ is the externally applied electric field to keep the total plasma
current constant. Normalizing all lengths to a, time to 7, = a/v4, the poloidal Alfvén time
of a plasma column of scale width a, and the magnetic field to some standard measure B,
has been performed. It is worthwhile to point out that the first term on the right hand side
of Eq. (5) represents so called dynamo effect that may "reorganize” local current density and
hence magnetic configuration including safety factor ¢ profile through plasma motion.

In accordance with the parity of tearing mode structure, assuming the perturbation

potentials
Zqz (x,t)sin(mky), (7)

and

Y= 0p(x, )+ Y Palw,t) cos(nky), (8)
n=1
we obtain the following coupled nonlinear equations for the first harmonic perturbation,
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3. Numerical Results

Equations (10-13) are solved as an initial value problem - E’ is chosen such that the equilib-
rium does not dissipate due to resistivity and viscosity.

For the magnetic field, we employ the configuration used in Ref. 6,
Boy(x) =1 — (1 4 b.)sech((z), (12)

where

Cxy = sech ' [1/(1 4 b.)]. (13)

The constant b, is chosen such that Bj, (v,) = 7/2. The resistivity and the viscosity are
both assumed to be constant. The initial conditions for ¥y and ¢, are the linear eigen-
functions multiplied with a small number and (¢ = 0) = 0.1 The boundary conditions
are §p(x) = 06+ /0x = 0, and the values provided by the initial conditions such as ¥;(z) =
0, é1(x) = 961/0x = 0 for * = +x,,. The chosen parameters are k = 0.25, R = 10°, S =
9.4 x 10°, b. = 0.233509, z, = 4, ¢ = 2.68298 corresponding to two rational surfaces at
r = xs = £0.25. The results are checked to be independent of x,,, the grid size and the time-
step. Total 1001 grid points are used in the simulation domain [—x,,, +2,] and time-step is
5 x 107* for the results given below.

The magnetic energy

_ 0
B = o (824 Btedy = o [[hnsink)? + (5P (1)

:87r Oz

and the kinetic energy

_ ! 2, 2 _ 7 2 % : 2
E, = 5/}/(% + v, )dedy = o /[(k(/$1 cos ky)* + ( 5y Sil ky)*ldxdy, (15)

as functions of time are given in Figs. 1(a) and (b). Here, the magnetic field is normalized
to Boy(+oo), while in the final expression of Ej the velocities are measured in units of
the poloidal Alfvén velocity. It is clearly shown that the magnetic energy released in the
reconnection process converts to kinetic energy and can drive large flows in the first stage
of the mode development. Then the energy bounces back and forth between magnetic and
kinetic for a couple of times with decaying amplitudes and finally goes into a stage when
both the kinetic and magnetic energy keep approximately constant. The perturbed magnetic
energy in harmonics m = 0 and 1 as functions of time is given in Fig. 1(¢). It is clearly

shown that the magnetic energy in harmonic m = 1, is higher than that in the harmonic



m = 0 for ¢t < 40 that is the linear development stage. The latter grows rather fast after
t ~ 60 and dramatically exceeds the former late.

In Fig.2, the profiles of (a) v, = d¢,/0z, and (b) ¥, = B, /k for t = 100, 200, 400 and
600 are presented. Two very important points emerge: 1) the amplitude of the poloidal
velocity v, reaches the level required by the condition for ITB formation,!® and 2) the flow
v, remains at noticeable levels for x Z 0.5 where B, is negligibly small. To make the latter
clearer, shown in Fig. 3 are the profiles of B, (the line with open circles) and dv,/0x at
t=100. It is clear that there is noticeable value of velocity shear at the boundaries of the
magnetic islands, where the radial component of the magnetic field approaches zero.

Shown in Fig. 4 are the profiles of Byy(«) including both the equilibrium and 6t induced
components at t=0, 100, 200, 400 and 600. There are two resonant surfaces, Byo(x) =0, at
x = £0.25 for t=0. Late, the profile evolves complicatedly as the tearing mode develops and
reaches a shape where there are no resonant surfaces approaching full reconnection, finally.
This is an idealized reconnection process and may not be true in a real system there are
plasma heating and thermal transport that contribute to the evolution of the equilibrium
configuration. However, this clearly show the reason for the evolution of energy partition

presented in Figure 1.

4. Conclusions and Discussion

The electron viscosity mediated double tearing mode is shown to generate localized shear
flows in plasma configurations with non-monotonic safety factor. Strong poloidal flow shear
forms and leads to strong E x B sheared flows at island boundaries in the process of tearing
mode development. The generated shear flows bear such striking qualitative and quantitative
similarity to the flows that accompany ITB formation ( located in the proximity of low order
rational surfaces, and just outside the magnetic islands). This may provide a new physics
understanding of how ITB trigger might be associated with low integer values of ¢ and

suggest that boundaries of an island represent transport barriers.

It has been pointed out that Ex B shear flow may be generated by a variety of mechanisms.

The very stimulating observation that may provide supporting evidence for the new mech-
anism proposed in this work is that two radially separated I'TBs simultaneously exist and
follow the two ¢ = 2 surfaces in a section of JET discharge pulse 51573.1”1 Moreover, it is
confirmed that the ITBs are terminated by an m = 2 MHD mode which extends from the
inner to the outer foot point location of the two I'TBs. This is precisely the defining theoret-

ical characteristic of the proposed double tearing mode. One of the most striking points of



the experiments relevant to the model proposed in this work is that the onset of the double
ITB structure exactly coincides with the onset of MHD activities that finally terminate the
structure (See Fig. 8 of Ref. 5). These observations seem to support the thoughts proposed
in this work.

ITBs occur under various conditions depending on interplay between mechanisms driving
and suppressing plasma turbulence. The main driving mechanisms have been identified as
gradients of plasma parameters such as density, velocity and temperature. Among them, ion
and electron temperature gradients are the most plausible candidates. The major suppress-
ing mechanisms are magnetic shear and E x B velocity shear. Therefore, I'TB formation
mechanism may be different under different discharge conditions due mainly to variation of
generation mechanism of E x B sheared velocity layer. The mechanism proposed in this work
is relevant only in plasmas with non-monotonic ¢ profiles and appropriate parameters. At
this stage there is no unique nor universal mechanism. Further theoretical and experimental

studies in more detail are certainly needed for full understanding of the mechanisms.
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Figure Captions

1. The (a) magnetic energy, (b) Ey, kinetic energy E,,, and (¢) energy in harmonics m = 0

and m =1, F,,o and £,,;, versus time.
2. The profiles of (a) v,, (b) ¥y at ¢ = 100, 200, 400, and 600.
3. The profiles of (a) B, and dv,/dx at t=100.

4. The profiles of B,y at ¢ = 0, 50, 100, 200, 400, and 600.
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Abstract

The formation of magnetic islands within plasmas confined magnetically within tori does have sig-
nificant influence upon their confinement and stability. To obtain experimental insight into the formation
and dynamics of such island structures we employed a fast framing camera viewing the plasma tangen-
tially in toroidal direction. The toroidal viewing direction does give the advantage that the islands are
viewed almost tangentially and this does greatly ease the reconstruction of the local data from the line
integrated ones. We discuss dfeetive method to do this inversion. To study the fluctuations seen in
the video images we perform a singular value decomposition, afterwards we use a truncated least square
method to infer their picture in space.

Keywords: magnetic island, fluctuation measurement, tomography

1 Introduction

The generation and evolution of magnetic islands within magnetically confined plasmas is of con-
siderable interest. Magnetic islands play an important role in the confinement and stability of fusion
plasmas. For example, the neo—classical tearing mode grows from seed islands being produced by small
perturbations, and may finally limit the performance of tokamak plasmas. A tangentially viewing soft
X-ray camera is suitable to study the dynamics of such magnetic islands. As the magnetic islands are
formed around rational surfaces along undisturbed magnetic field lines, they can be visualized better
when they are observed tangentially. Thereby, we can study the evolution of structures of islands with
better spatial resolution. Nevertheless, the data analysis for this kind of systems is not straightforward.
Within the paper we describe a method to resolve structures inside the plasma as magnetic island from
the experimentally observed emission and the fluctuations on it.

First, a tangentially viewing soft X-ray camera system, which can measure fluctuation phenomena,
is described. Then we briefly introduce the method of singular value decompaosition (SVD) on 2-D data.
We can thereby decompose, both in time and in space, the sequence of images into orthogonal compo-
nents; this eases the interpretation of the measured data. To analyze two—dimensional line—integrated
data, we might proceed as follows; first we perform a tomographic reconstruction of the images, then we
analyze the result with the SVD method. However, this requires much CPU power and it amplifies noise
during the inversion process. Therefore, we adopt another strategy; first we make a SVD analysis, then
we do reconstruction to arrive at the result. As SVD and Radon transform are both linear operations,
they do commute and one can reconstruct the local pictures from the SV decomposed spatial patterns



(TOPOS) only [1, 2]. Finally, we will discuss the inversion technique using the experimental data ob-
tained in 31 mode DED experiments on TEXTOR tokamak [3] and sawtooth-like relaxation phenomena
in the LHD.

2 Camerasystem

The fast—framing tangentially viewing soft X—ray camera system [4] has been developed by the
National Institute for Fusion Science and the TEXTOR group. It has been installed, both on the Large
Helical Device (R= 3.9m,< a > = 0.6m) and TEXTOR tokamak @RL.75m, a= 0.46m). It is basically
a pinhole camera (see, Fig. 1). The radiation from the plasma is converted to a visible one using
a scintillator screen ( Csl(LHD) P47(TEXTOR) ). Converted images are guided outside the strong
magnetic field by use of a fiber array and then intensified by an electron—beam type image intensifier.
They are then recorded by a fast-framing video camera system. The system can record soft X-ray (E
1keV) images of the plasma with a framing rate up to 20kHz.

3 Dataanalysisusing singular value decomposition

In order to study fluctuations, especially to investigate coherent MHD modes, one might e.g. use
fast Fourier transforms FFT to decompose signals into trigonometric functions. In our case the SVD
(singular value decomposition) method dose give the advantage that it decomposes the signal into space
and time like functions, which are adapted to the processes under investigation [5]. Using SVD, a matrix
A made up oh time series ofm frames is decomposed into three matritks/ andW, the latter being
diagonal, such thad = UWV!. The columns of U and Vare spatial and temporal orthogonal vectors
and are called Topos and Chronos, respectively. A time seyiean be written by a combination of
orthogonal components of the Topos and the Chronos type

g = Wq X Vig X Up +Wo X Vig X Up + + - - + W X Vim X Um. Q)

Here,w; is a diagonal components &% andw? is a measure of the contribution from a particular
component to the total fluctuation power. In practice, a few of the larger compondinte $oi describe

the nature of the fluctuations, meaning that we may interpret the data using a small number of orthogonal
components only. Trigonometric functions, which is used in FFT based analysis as a base function,
often do not describe well signals from real experiments, e.g. for internal relaxations like sawteeth on
tokamaks.

The advantage given by the SVD method shows up in an example giving the sawtooth crash in TEX-
TOR ( Fig. 2). The meaning of the each component is obvious; the component 0 shows the stationary
plasma radiation, the component 1 shows sawtooth relaxations. From Topos (C1), the movement of the
radiation profile from the core to the edge at the event can be seen. From component 2—4, oscillations
having a poloidal mode number i1 together with the sawtooth crash can be seen.

4 Tomographic reconstruction

From one tangential view of the plasma only, it is not possible to reconstruct a three—dimensional
radiation profile. We try to reconstruct the radiation profile at a poloidal plane from the line—integrated
images, by assuming that there are symmetries in the plasma, sight lines can be projected onto that plane.
In this way, we can make use of various sophisticated method developed for the reconstruction of usual
2-D tomography. From the nature of the magnetically confined plasma, two kinds of asymmetry are
candidates. One is the toroidal asymmetry, which works if it comes to reconstruct images in tokamks
with closed flux surfaces (e.g. Fig.2 (C0)). Another assumption could be that the radiation is constant



along the magnetic field lines. Since the wave number along the magnetic filed is small for most in-
stabilities, this assumption could be used for the reconstruction of fluctuating components (e.g. Fig. 2
(C2)—(C4)).

A column vectorS(S; = 1,2,..., M) representing measured signals or Topos can be expressed as a
linear combination of the radiation profile (Ej = 1, 2,. .., K) and the residual error vecter

S=LE+e (2)

The matrix L gives a geometric weight along the lines of sighki) (Fig. 3). We assume that
the magnetic disturbances are small and the field lines encountered along the lines of sight are (almost)
tangent to undisturbed surfaces. These flux surfaces are circular and they are shifted\gfl — p?),
(0 = r/a) for the TEXTOR case. Then all elements along a line of sight can be mapped to elements in
a reference poloidal plane (P2 in Fig.3); note that this mapping modifies the weiyki¢ assume the
g—profile to beg(p) = p?/(1 - (1 — p?)%+D) q,. In this study, M~2500 (éfective channels looking at
plasma within 64x64 pixels in the detector) and K550 (pixels where the line of sight penetrate within
the poloidal cross section divided by»x332). The lines of sight at P2 are shown in Fig.4. In Fig. 4(A)
toroidal asymmetry is assumed, constant radiation along the magnetic field is assumed in Fig. 4(B).

In a Heliotron-type device like LHD the flux surfaces do not have toroidal symmetry. We take the
flux surfaces as calculated from the equilibrium code VMEC. The shape of k-th magnetic surface is then
written as,

max—modey

R = .; Ra X COS{),

max—modex

zZ = Z Zi X sin(@), (3)
i=1
(i =0 x Mj — ¢ X Nj).

Here¢ is the toroidal angle and is the poloidal-like angle in toroidal geometry. The average minor
radiuspy is given as well. Since we give a series expansion, it is not easy to detefrinora R andZ,

which is needed to estimate the magnetic field lines being tangent to the flux surfaces. We degtermine
andd iteratively by the Newton method. Let the initial estimate@indé bepo andfy, respectivelyRy

andZg are then calculated by Eq.(3).

R R
(2 2)(%)-(2%) @
op 00

p andd are iterated usingp andAg, which are solutions of Eq. (4). After three to four steps, the result
is satisfies the numerical requirements. We perform this search for all line elements along the sight lines.
Two examples of the sight lines forftérent plasma beta are show in Fig. 5. Note that at the core region,
the shape of the flux surface cannot be calculated for the numerical reasons. The geometrical weight
matrix L (MxK)) is not very accurate near the magnetic axis.

Since tomographic reconstructions are ill-posed problems, the least square solution of equation (2)
is rather unstable; therefore we need some smoothing mechanism or regularization. Phillips-Tikhonov
(PT) type regularization[6] is used to solve Eg. (2). In this scheme, minimization of

Q=7 ICEP+ = 3 Is- LER ©)

is considered rather than minimizir}g|S — LE|? itself. The matrix C acts as Laplacian operator. The
first term of the Eq. (5) decreases when the radiation profile is smoothed; pararaeteias the control
parameter of the profile smoothness.



After the matrixC~1L is SV decomposed asWV",
p
uj-S
EG) = D wiln)——(C™v)). (6)
=1 7]

E is now written as a combination of orthogonal patte@Tévj (Fig. 6(B)) with weighing factors

wi(y) = 1/(1 + I\/Iy/o'jz). w;j is a decreasing function of j (Fig. 6(A)) and the destabilizifige due

to small-scale structures (higher j components) is suppressed by a proper chpick igfsimilar to

the Fourier—Bessel expansion method [7]. However, the base function for the expansion is determined
automatically by the arrangements of the sight lines of the camera system in this method.

We present several results, showing island-like structures, both, from experiments on the TEXTOR
tokamak and on the LHD. A dynamic ergodic divertor (DED) has been implemented on TEXTOR toka-
mak to control the heat fluxes in the edge region. The DED coil system is located on the high-field side
of TEXTOR; external perturbation fields with poloidabroidal mode numbers/m= 12/4, §2, 31 can
be applied. When a co-rotating (1kHz}l3perturbation field, which penetrates deeper into the plasma
than a 124 field, is used, a rotating structure with the same frequency as the applied field is detected
by our camera. Four SVD components are shown in Fig.7. The first two Topos (BO, B1) represent the
global change of the whole plasma shape. Aside a phase shift, Chronos A2, A3 are synchronous with the
external DED coil currents. For Topos B2, B3, we observe that it is a rotating structure. Reconstructed
images of TOPOS B2 and B3 are shown in C2, C3. There are 2nstructures aroung ~ 0.4 in
both components; which is consistent with the mode—number analysis using magnetic probe arrays. The
radial width of these structure is about 2015 % of the minor radius. Precise adjustment of the flux
surface is required in this reconstruction. Here, reconstruction of the TOPO BO is done at first assuming
toroidal asymmetry. From the peak position of the reconstructed image, we determine the position of
the magnetic axis. Reconstruction of the fluctuating components is done with the improved magnetic
surfaces. Beside the m2 structures, we can see 3 structures (outboard side, bottom). However,
ghost images are often observed near the outboard side, this holds even for the test image, when we
reconstruct images with an inaccurate current profile. In order to prove the co—existence oftBe m
modes, further work is needed to evaluate the error in the reconstruction. In LHD, sawtooth-like re-
laxation phenomena have been observed near various rational surfacess 4/8.,2/3, /1 when the
pressure gradient exceeds a threshold value. Islands like structures are observed during these relaxation
events. In the LHD case, we identify the magnetic axis by the peak of the electron temperature profile
as measured by the Thomson scattering. Two examples showind. eind 3 structures are shown in
Fig.8. We could successfully invert the image up te=r8 perturbations. In summary, the data analysis
using singular value decomposition has proven toftective to extract fluctuating components from our
video data and to reconstruct the local emission. Thereby we have to know the magnetic field in good
approximation in order to be able to do the inversion. If these assumptions are met the reconstructed
images do make sense.
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Figure 2: An example of singular value decomposition of the raw video image is shown. In Fig. (A),
singular valuesy; are shown. In Fig (BO} (B4), time domain components (CHRONOS) are shown. In
Fig(C0)~ (C4), spatial structure (TOPOS) corresponding to (BQB4) are shown.
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Figure 6: Singular values of the geometrical functions (A) and the first 25 of the eigen functions (B).
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Tomographic analysis of central MHD activities and radiation losses
ontheHL-2A and LHD

Y. Liu*, B.J.Peterson, Dong Yunbo',Y. D. Pan'
Southwestern Institute of Physics, Chengdu, China
?|nstitute of Advanced Energy, Kyoto University, Japan

ABSTRACT: Results of the two-dimensionally reconstructed distribution of soft X-ray emission in HL-2A
and electromagnetic radiation in LHD are presented. Hardware improvements of in-vessel soft X-ray
cameras and the development of tomography software have made detailed and visua studies of soft X-ray
emission possible in HL-2A. Severa agorithms are employed in order to get as much detail as possible in
the images while keeping any guiding assumptions to a minimum. Recently we have succeeded in applying a
2D peeling away algorithm for tomographic reconstruction of LHD bolometry data jointly under the
China-Japan collaboration. The data analysed so far have been used to study MHD instabilities on HL-2A
tokamak and radiation losses on LHD.

1. Introduction

Central MHD activities are routinely observed in tokamaks and can be analysed through
soft X-ray tomographic reconstruction techniques. In the measurement of total radiation
emission, more details about emissivity profiles will be revealed by a tomographic analysis. A
tomographic algorithm taking magnetic flux surfaces into account has been developed to
reconstruct an emission image from line-integral measurements. Improvement of the quality of
reconstructed images has been obtained using a feedback technique to compensate numerical
errors. This tomography technique has been applied in soft x-ray measurements on HL-2A
Tokamak and Heliotron J, and used for plasma radiation imaging on the Large Helical Device
(LHD)™ by using AXUVD (bolometer like semi conductive detectors) arrays 2.

In this article we describe the results of plasma emissivity reconstructions obtained from
silicon photodiodes arrays on LHD.A modified 2D tomography reconstruction based on pixels
is used to analyse radiation patterns on LHD and MHD activities on HL-2A. Section 2
describes the idea of tomographic techniques and a numerical test. Examples of the
reconstruction results are shown in Sections 3 and 4. Section 5 contains a discussion.

2. Method used for soft X-ray and bolometric inversion
2.1 Division and expansion on the basis of vacuum flux surfaces
The basic principle of tomography is to reconstruct the emitted radiation from a plasma
cross-section along a large number of collimated chord measurements. The reconstruction
algorithm employed here is the so-called hybrid methods!®!. We divide the emitting region into
annular areas on the basis of rea magnetic flux contours. These annular areas can be

considered as pixels, as shown in Fig.1. Lineintegrals f (p,,¢,) can accurately be represented



by a summation of the contribution, g, ,

e

from each pixel aong the line of sight
f(p,9) = [o(r,0)dL ~ Y a, g,
L k

1)

where p is the distance from the origin
to the tangential point of line of sight to
the corresponding surface, the chord
angle ¢ isthe polar co-ordinate of the
point of tangency. Equation (1) is
equivalent to have chosen a series of
piecewise linear functions to represent
the detected signals. These functions
vanish at the plasma boundary, i.e., they
satisfy the basic requirement of

Fig.1. Co-ordinate system for reconstruction
of a 2-D image. The emitting region can be
divided into annular pixels with real

orthonormality in the same way as Bessel functions. The local emissivity in a pixel, g,, can

be solved by using a‘peeling away’ technique given in Ref 1.

To model the variation of emissivity within a pixel in the angular direction, we expand the
emissivity on each pixel in Fourier series. Then the local emissivity within apixel is:
gk:gk0+z 9iSINMO  +gj, cosmo 2
The number of observation directions limits the number of Fourier modes. Higher modes as
far assin20 mode areignored if two existing arrays are used.

2.2 Feedback technique
To reduce the error and prevent the error from propagating into the inner pixel, we use a

feedback technique to compensate for the error at each pixel. Since the Radon transform for
emission (Eq.(1))is linear, if the inversion procedure is represented by the operator R , such

that g=R (f), the pseudo signals recalculated from the reconstructed emissivity functiong is
givenby f =R"(g), then:

g -g=R(f)-R(fF)=R(f - ) (3)
This leads to a more accurate solution:
g=9g —-R(f - f) (4)

In other words, the difference between the measured and reconstructed line-integrated signals
is fed back as an input data for the inversion process. If the reconstruction itself is stable, the
feed back process makes the difference between experimental and reconstructed chord
integrated data negligible. Moreover, aregularization of the matrix equation, through



7°(2) =Z—(fi _;;'G)

Ve,

is performed, and the best Lagrangian parameter A is chosen through the so-called

Tikhonov L curve technique.
2.3 Numerical Test

The technique of the reconstruction is examined numerically using a perturbed structure.
The source function has a circular hot spot over the flat region in the center ¥, Fig.2 shows
the contour plot of the test source function and the hidden-line perspective plot of the

reconstructed image for the case of small size hot spot (r

10

B

-

2 4 L] 8 0

spot

~10% of r,).

Fig.2. (a) Contour plot of the test source function and (b) surface plot of the reconstructed

image.

2. Application of AXUVD measurement on LHD

Two AXUVD arrays (20 channels
each) are installed on a semi-tangential
cross-section in LHD as seen in figure3.
These ae used to provide a
two-dimensional tomographic image of the
plasma radiation at a high time resolution.
Part of the emitting volume is only seen
from the right side (4-O array). The plasma
shape strongly depends on the magnetic
axis position, Ra. For smaller Ry the part
not seen from above is bigger, which makes
the tomography procedure more difficult. In
addition, high Spatial resolution
requirement near the boundary, strong
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poloidal asymmetries in radiation distribution and the far deviation from circular shape
in the edge region create a serious challenge for the inversion technology.

The tomography algorithm described above provides reasonable two-dimensional
profiles of plasma emission and a good agreement between experimental and simulated

chord integrated emission for different conditions.

Small differences between

reconstructed and measured chord integrated profiles (40 array) are caused by
reconstruction artifacts. Fig.5 shows the emissivity for the same discharge at the

moment when the gas puffing is off.

2-D reconstruction. Semi tangential cross-section.

Chord integrated signals
line - measured,
circles -reconstructed.

3.5U array

left right

40 array

Fig. 4. 2-D bolometric emissivity profile reconstruction in Shot 31721 t=2 s.
The bright region at the bottom is due to 3.5L gas puffing .

2-D reconstruction. Semi tangential cross-section.
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T T
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Fig.5 Emissivity for the same discharge at the moment when the gas

puffing is off.



4.Application of Soft x-ray measurement on HL-2A

Five soft X-ray cameras are mounted on
HL-2A, each viewing the plasma with 20
detectors alowing a spatial resolution of 2cm
and a time resolution of 1 us. A 25 um
Beryllium foil covers the SX camera. The
X-ray imaging arrays on HL-2A are useful for
studying severa aspects of plasma behavior.
For example, the high frequency response of
the system provides an excellent means for
examining fast magnetohydrodynamic (MHD)
instabilities in the plasma, such as sawtooth
oscillation and snake oscillation as well as
fishbone oscillation. These instabilities are
clearly manifested through changes in the soft
X-ray signals because of their perturbations
on the electron temperature, density, and
impurity profiles. A further use of the soft
X-ray imaging system is the tomographic
reconstruction of the plasma soft X-ray
emissivity from poloidal sets of X-ray
brightness profiles. Fig.6. Arrangement of soft X-ray detector

Just before the crash the well-known m=1 ~ arrays on the HL-2A tokamak.
precursor is present. The m=1 precursor is
mainly present at the central channels. The data of Fig.7 a are plotted
three-dimensionally in Fig.7b. The onset and the growth of the m=1 mode can be seen
clearly.
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Fig7a.Large sawtooth activities are observed in an ohmic discharge.
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5. Discussion

The main advantage of the method employed is that the boundary condition is
naturally met by solving the equation in the outermost pixel. Taking the complicated
real plasma shape into account makes the algorithm start from a grid that is closer to the
true plasma radiation contours. It is suitable to be applied in measurements of soft x ray
and total radiation on the LHD and Heliotron J with widely arbitrary cross sections.
Furthermore, we have modified this tomographic algorithm with a feedback procedure.
As aresult, the 2-D technique is powerful enough to provide reasonable images in most
of the cases. However, since the number of detector arrays is limited, only a finite
number of Fourier components can be used in the expansion. In some cases (strong
asymmetry or contours of constant radiation emissivity deviate far from magnetic flux
surfaces) the reconstruction is not so reasonable, i.e. the difference between
experimental and reconstructed chord integrated data drastically diverges in the central
part of the image.
6.Conclusion

The numerical test and the results of the 2-D tomography technique applied to the
experimental data show that the algorithm is powerful enough to reconstruct
complicated asymmetric emissivity distribution.
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Abstract

This paper summarizes recent studies on particle balance in long pulse discharges,
long-term erosion/deposition and hydrogen retention for carbon divertor tiles, and particle
behavior in SOL and divertor plasmas related to the foregoing two topics in JT-60U. Global
saturation of the particle inventory appeared in a latter phase of an ELMy H-mode plasma
after several long pulse discharges. As for carbon divertor tiles, erosion was dominant in the
outer divertor, and deposition was dominant in the inner divertor. Hydrogen isotope
concentration (H+D)/C in the deposition layer was estimated to be ~0.032. The SOL plasma
flow towards the inner divertor was observed at the low-field-side midplane, and influence of
the E; x B drift flow from the outer divertor to the inner divertor via the private region on the
divertor particle flux was evaluated to be large in the attached divertor plasmas. The
preferential deposition in the inner divertor can be a consequence of these flows. For direct
observation of hydrogen molecule behavior in the divertor plasmas, hydrogen molecular line
emission was measured and the fal in the emission intensity with distance from the divertor
plates was reproduced by calculation with a neutral transport code and a collisional radiative
model code.

keywor ds. tokamak, divertor, SOL, carbon, hydrogen
PACS: 52.55.Fa

1. Introduction

In tokamak fusion research, particle control is an essential issue to redlize steady
state operation ™. In short discharges, the first wall absorbs hydrogen particles and it works as
apump (wall pumping). The wall pumping is effective to control the plasma density. However,
in future tokamak devices, particle inventory in the first wall increases in a long discharge.
Then, it is expected that the particle inventory can be saturated and the wall pumping cannot
be effective. In addition, in along operation period, the first wall, especially the divertor tiles
under a high heat load, is eroded by plasma-wall interaction, and impurities produced by the
erosion of the wall materials are transported and deposited in the vacuum vessel. The erosion
can determine the lifetime of the first wall, and the deposition with tritium (co-deposition) can
give rise to operational and safety concerns for tritium inventory. In ITER, carbon material is
considered to be used for the high-heat-load divertor tiles, because of its high thermal shock
resistance and tolerance to off-normal events (ELMs and disruptions) without melting.
However, the carbon material has a high erosion rate due to chemical sputtering and a high
hydrogen retention rate. Therefore, study of particle behavior in long pulse discharges with
carbon divertor platesis significant to establish the steady state operation.

In this paper, recent studies of particle behavior for steady state operation in JT-60U
are presented. A long pulse operation up to 65 s with NBI (neutral beam injection) of ~12
MW for 30 s has become available ?. Particle balance has been studied in long-pulse ELMy
H-mode discharges with the time scale of particle inventory saturation (Section 2). Studies of
plasma material interaction for long-term operation have progressed under joint research
between Japanese universities and Japan Atomic Energy Research Ingtitute . Long-term
erosion/deposition and hydrogen retention for the carbon divertor tiles have been investigated
(Section 3). Related to the topics in Sections 3 and 4, particle behavior in the scrape-off-layer
(SOL) and divertor plasmas has been investigated in detail with Mach probes and
spectrometers. Studies on SOL plasma flow and particle fluxes towards the divertor for
understanding the long-term carbon transport and studies on hydrogen molecule behavior in



the divertor for understanding the hydrogen recycling are described in Section 4.
2. Particle balance in long-pulse ELMy H-mode dischar ges

Particle balance has been investigated b%/ repeating long-pulse ELMy H-mode
discharges similar to the discharge shown in Fig. 1[®. The baking temperature of the vacuum
vessel was ~423K. The NB heating duration was ~30 s, the electron density was kept at 66%
of the Greenwald density limit by a feedback control using gas puffing. In the first several
discharges, an almost constant gas puff rate was needed to keep the constant electron density.
In these discharges, the number of the injected particles was larger than the number of the
particles exhausted by the active divertor pumping, whose pumping speed was 21 m*/s) and
the particles accumulated in the vacuum vessel. However, in the succeeding discharges, the
gas puff rate gradually decreased in a latter phase of the ELMy H-mode!”. Figure 1 shows
waveforms of such a discharge. The gas puff rate gradually decreased after 19 s (~10 s after
the beginning of the ELMy H-mode). Until 19 s, the number of particles in the first wall
increased and the wall pumping worked. However, after 19 s, the number of particles in the
first wall did not increase and it indicated global saturation of the particle inventory. The
result shows that co-deposition was not significant for the wall pumping. The increase rate in
the particle inventory before 19 s was about 2.8 x 10* s, The carbon deposition rate was
evaluated to be 9 x 10%® s’ as described in Section 3, and the retention rate by the
co-deposition was estimated to be 3.6 x 10%° s* even if D/C was assumed to be ~0.4, which is
the maximum saturation value. Since the co-deposition rate is much lower than the increase
rate of the particle inventory, it is reasonable
that the co-deposition was not significant for ~

Saturation
I_H-mode r—»“MAREE
1 1

the wall pumping. At 28 s, an X-point S 10fD— ‘ — * 3
MARFE appeared and the particle inventory o 05 P ‘ s W2 _;g
began to decrease. Mogt of the paticle o 90— 3 T
inventory was recovered by the end of the ; 10l® EP'NB ‘ w P-NB N;NBE
discharge, and such particle behavior was 2 3 WH % 12) 3

similar in the following discharges. It = Sk(c, T Gas
suggeststhat theinventory during the ELMy ~ §  of Cxhaust
H-mode phase could be attributed to = o—L | L
dynamic retention. It is considered that the ' 10[(dinjected (NB + Gas)
saturation level of the particle inventory = ! |
increases under a high particle flux. s 5t Plasma !

For estimation of the loca £ | i
saturation time of the particle inventory, the % _ 10l S —
local particle flux to the first wall was X € Outer strike point, _
caculated using a Monte Carlo neutral 3 75°M.
transport code (DEGAS2) 1. The results 5 *° —— R—
suggested that the particle inventory in the & 2r MWW 1
divertor plates could reach the saturation & T e ‘ 1

level in a second while saturation of the 0 10 20 30 40

whole area of the main-chamber wall needed
several tens of seconds. Therefore, it was
estimated that several long pulse discharges
were needed for the saturation of the whole
area of the main-chamber wall. This
estimation agrees with the experimental
results, if it is assumed that the static
retention of al the area was saturated by
repeating several long pulse discharges but
the dynamic retention of the divertor area
worked in the early phase of the ELMy
H-mode.

Time (s)

Fig. 1. Waveforms of a long-pulse ELMy
H-mode discharge with global saturation of
particle inventory. (@) Plasma current and
line-averaged electron density, (b) injection
power and particle fuel rates of positive-ion
and negative-ion based neutral beams, (¢) gas
puff rate and exhaust rate by the active divertor
pumping, (d) numbers of injected particles,
exhausted particles, plasma particles and
particles retained in the first wall, (e
temperatures of the divertor plates near the
inner and outer strike points measured with
thermocouples mounted ~5 mm below the
surface, (f) intensity of D, emission from the
divertor plasma.



AsshowninFig. 1 (e), the temperature of the divertor plates increased during the NB
heating. The temperature was not recovered between the discharges, and the base temperature
increased gradually shot by shot. Since the temperature affects the particle retention, effect of
the change in the wall temperature should be analyzed as a future study.

3. Carbon erosion/deposition and hydrogen retention of thedivertor tiles

The net erosion deé)th and deposition thickness of the divertor tiles have been
measured with a dial gauge ). Poloidal distribution of the deposition layer thickness and the
erosion depth of the carbon dlvertor tiles is shown in Fig. 2. The divertor tiles were used in
the 1997-1998 and 1999-2002 experimental campanns in which ~14000 discharges were
performed and the total NB injection time was ~3.0 x 10* s. In these experimental campaigns,
the baking temperature of the vacuum vessel was usually ~573K. Erosion was dominant for
the outer divertor tiles, and deposition was dominant for the inner divertor tiles. The
distribution of the erosion depth and that of the deposition layer thickness agreed with the
strike point positions. The maximum erosion depth was ~80 um, and the maximum deposition
layer thickness was ~200 um. Considering the total NB injection time, the erosion and
deposition rates were estimated to be ~3 nm/s and ~7 nm/s, respectively. The bulk density of
the deposition layer was about half of the origina CFC!?. As a result, increment of carbon
was 0.36 kg for the inner divertor tiles, -0.09 kg for the inner dome wing, 0.18 kg for the outer
dome wing, and -0.25 kg for the outer divertor tiles. The weight of the dust in the divertor
region was 0.007 kg, and deposition in the remote area was very small . Increment of carbon
in the divertor region as a whole was 0.21 kg. The total carbon deposmon rate in the divertor
region was estimated to be 9 x 10%° C/s for the NB injection time, and it is similar to that in
JET. However, the amount of the deposition in the remote area and the dust was much smaller
than that in JET. One of the reasons of the in/out asymmetry is that the temperature in the
outer divertor plasma was usualy higher than that in the inner divertor. As the sputtering
yield increases with the incident particle energy, the temperatures affect the equilibrium
between net erosion and net deposition. However, carbon transport is needed to explain the
observed long-term erosion and deposition. Some of the carbon deposition in the divertor is
considered to be originated from the erosion of the main-chamber wall with preferential
deposition in the inner divertor. The preferential deposition in the inner divertor may be a
consequence of the SOL flow or drift flow from the outer divertor to the inner divertor viathe
private region. Study of the SOL plasma flow and the drift flow in the private region is
described in Section 4.

The total amount and the depth
profiles of hydrogen isotopes (H and D) in
the deposition layers and bulk of the
carbon tiles were measured by thermal
desorption spectroscopy (TDS), secondary
ion mass spectroscopy, and nuclear
reaction analysis ***¥."Figure 3 shows

(a) JT-60U divertor

results by TDS for the carbon tilesused in_ 300 ginnéravertorties 1 o
the 1997-1998 experimental campaign, 200 SN 5o Quuterdvertor fes
where ~3600 deuterium discharges were £ 100 s & Faw

performed and ~700 hydrogen discharges £ o et S ° oistance (nm)

0 100 200

were performed after the deuterium Distance (mm)
discharges before air ventilation. The _ _
amount of H and D was large for theinner  Fig. 2. (a) Poloidal cross section of the JT-60U

' : " thickness and the erosion depth of the (b) inner
The H+D amount for the outer divertor, and (c) outer divertor tiles. The divertor tiles

where the erosion was dominant, was \yere used in 1997-2002. In (a), the sampling
small and similar to the amount for the positions for thermal desorption spectroscopy
inner divertor tile whose deposition layer  shownin Fig. 3 are also indicated.



was removed. In the hydrogen discharges
following the deuterium discharges,
deuterium retained near the surface was
replaced by hydrogen "2*¥. The amount of
H and D retained in the inner divertor tiles
covered with the deposition layers increased
with the thickness of the deposition layers.
Hydrogen isotope concentration (H+D)/C in
the deposition layers were estimated to be
~0.032. It was much lower than that in other
tokamaks. The low hydrogen isotope
concentration can be ascribed to temperature
rise of the deposition layer due to the heat
load during the discharges. Investigation of
the deposition layer has shown that the
thermal conductivity of the deposition layer
was two orders of magnitude lower than that
of the CFC ™. The low therma
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conductivity can increase the temperature of the deposition layer to reduce the hydrogen
isotope retention further. Keeping a high temperature of the deposition layer can be a key to
control the tritium retention in fusion reactors with carbon plasma-facing materials!**.

4. Particle behavior in SOL and divertor plasmas
4.1 SOL plasma flow and particle fluxes towar ds divertor

The SOL plasma flow and particle fluxes towards the divertor are expected to affect
impurity transport in the SOL and divertor plasmas. In JT-60U, the SOL flow and particle

fluxes has been investigated with
reciprocating Mach probes at the midplane
on the low field side (LFS), just below the
X-point on the LFS, and above the baffle
on the high field side (HFS) as shown in
Fig. 4 (a) .

Figure 4 (b) shows the Mach
number profiles measured in an L-mode
discharge with the ion VB drift towards
the divertor (plasma current (Ip): 1.6 MA,
toroidal magnetic field (By): 3.3 T, NB
injection power (Pyg): 4.3 MW, line
averaged electron density (ng): 1.5 x 19"
m™). The SOL flow away from the outer
divertor was observed at the midplane on
the LFS, and the SOL flow towards the
outer divertor was observed near the
X-point on the LFS. It suggests that
stagnation of the SOL flow occurred
between the LFS midplane and X-point.
The preferential deposition in the inner
divertor described in  Section 3 is
considered to be attributed to carbon
production at the main-chamber wall and
the SOL flow towards the inner divertor
around the main plasma. The E; x B drift
in the private flux region can be
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probes and (b) Mach number profiles measured
in an L-mode plasma with the ion VB drift
towards the divertor. The profiles near the
X-point in the LFS and in the HFS are mapped
to the LFS midplane. In (@), the directions of
the SOL flow are aso shown.



considered as another mechanism for the preferential deposition in the inner divertor. From
measurement near the X-point on the LFS, the E; x B drift in the private flux region has been
evaluated. The evaluation showed that the drift flow contributed to particle flux enhancement
in the inner divertor and particle flux reduction in the outer divertor. The drift flow from the
outer divertor to the inner divertor in the private region might provide a path for carbon
impurity to reach the inner divertor. The SOL flow pattern was strongly dependent on the sign
of the magnetic field. It suggests that drifts play an important role. The measured flow pattern
was reproduced qualitatively using a two-dimensional fluid code (UEDGE) with the plasma
drifts included, although the measured flow velocity was higher than the calculated one.
Improvement of simulation including the drift effects is required for the quantitative
understanding.

4.2 Hydrogen molecule behavior in divertor

Most of the hydrogen particles arriving at the first wall are eventually desorbed in the
form of hydrogen molecule. Therefore, direct observation of hydrogen molecules in divertor
plasmas is important to understand hydrogen recycling. In the JT-60U divertor, hydrogen
molecular line emission has recently been observed and hydrogen molecule behavior has been

investigated 9.

Figure 5 (@) showsthe intensity of
a H, Fulcher line as a function of the
distance from the outer divertor plates in
L-mode hydrogen plasmas. In the attached
divertor plasma, the decay length of the
line intensity was roughly 1 cm. The line
intensity has been calculated using a
three-dimensional neutral transport code
(DEGAS2) and a collisonal radiative
model code. The calculated intensity is
compared with the measured one in Fig. 5
(@. The fal in the intensity of the H,
Fulcher line with distance from the
divertor plates was reproduced by the
calculation. The caculated hydrogen
molecule density is shown in Fig. 5 (b).
The hydrogen molecules are locally
distributed near the strike point. The
absolute value of the calculated intensity is
smaller by a factor of 2-4 than that of the
measured intensity. For further accurate
simulation of hydrogen molecule behavior,
reliable molecular data are required. In
detached divertor plasma with a MARFE,
the decay length of the molecular line
intensity was ~4 cm, suggesting that
hydrogen molecules in the detached
divertor plasma penetrated deeper
compared with the attached divertor
plasma. Molecular assisted recombination
was estimated to be as important as H'-e
recombination in the detached divertor
plasma.

5. Summary
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Fig. 5. Measured (circles. attached divertor
plasma, triangles. detached divertor plasma)
and calculated (continuous curve: attached
divertor plasma) intensities of the H, Fulcher
v=1-1 Q3 line as a function of the distance
from the outer divertor plates. (b) Calculated
hydrogen molecule density in the attached
divertor plasma. The data were abtained in
L-mode plasmas (Ip: 1.5 MA, B 35T, Pygi: 4
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electron temperature and density near the outer
strike point were 20 eV and 0.7 x 10" m?
respectively. In the detached divertor plasma,
the electron temperature and density near the
outer divertor plates were 0.4 eV and 1 x 10%°
m>, respectively. The viewing area is also
shown in (b).



In JT-60U, particle behavior was studied for steady state operation. Global saturation
of the particle inventory appeared in a latter phase of an ELMy H-mode plasma after several
long pulse discharges. The results suggested that static retention could be saturated by
repeating several long-pulse ELMy H-mode discharges and the inventory during the ELMy
H-mode phase could be attributed to dynamic retention. Since the wall temperature changed
in a discharge and shot by shot, effect of the wall temperature change on the particle retention
should be analyzed in future. For carbon divertor tiles, erosion was dominant in the outer
divertor, and deposition was dominant in the inner divertor. Some of the carbon deposition in
the divertor is considered to be originated from the erosion of the main-chamber wall with
preferential deposition in the inner divertor. Hydrogen isotope concentration (H+D)/C in the
deposition layer was estimated to be ~0.032. The low hydrogen isotope concentration can be
ascribed to temperature rise of the deposition layer due to the heat load during the discharges.
Keeping a high temperature of the deposition layer can be a key to control the tritium
retention in fusion reactors with carbon plasma-facing materials. The SOL plasma flow
towards the inner divertor was observed at the low-field-side midplane, and influence of the
E: x B drift flow from the outer divertor to the inner divertor via the private region on the
divertor particle flux was evaluated to be large in attached divertor plasmas. The preferential
deposition in the inner divertor can be a consequence of these flows. The measured SOL flow
pattern was reproduced qualitatively using a two-dimensiona fluid code with the plasma
drifts included, although the measured flow velocity was higher than the calculated one.
Improvement of simulation including the drift effects is required for the quantitative
understanding. For direct observation of hydrogen molecule behavior in the divertor plasmas,
hydrogen molecular line emission was measured. The decay lengths of the molecular line
intensity in the attached and detached divertor plasmas were ~2 cm and ~4 cm, respectively,
suggesting that hydrogen molecules in the detached divertor plasma penetrated deeper
compared with the attached divertor plasma. In the attached divertor plasma, the fall in
intensity of the H, line with distance from the divertor plates was reproduced by the
calculation. For further accurate smulation of hydrogen molecule behavior, reliable molecular
data are required.
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Abstract

In the HL-2A's 2004 experiment campaign pulsed supersonic molecular beam
injection (SMBI) and strong hydrogen gas puffing under the divertor configuration
were used for gas fueling. The experimental results show that the SMBI of hydrogen
can reduce the heat flux to the divertor target plate. The electron temperature
measured by the Langmuir probe array decreases during the injection of the molecular
beam, whereas the electron density increases significantly. It indicates that the plasma
pressure along the magnetic line tends to be constant at a new equilibrium level.
Under our experimental conditions the plasma emission at the tokamak edge increases
during the injection of the hydrogen, but in the divertor region it behaves inversely,
the Ha and CIII intensities tend to decrease during the SMBI pulse as the electron
temperature measured at the target plates does. This shows that the plasma emission
in the divertor under our discharge conditions is more sensitive to the electron
temperature than to the electron density.

In the divertor plasmas with strong hydrogen gas puffing a high plasma density
up to 4.4 x 10°m™ was achieved. Besides we observed a phenomenon similar to the
partially detached divertor regime, which is being studied in the open divertor
tokamaks like DIII-D to reduce the peak heat flux on the target plates near the
separatrix. After a strong gas puffing the electron temperature measured on the outer
divertor target plate near the separatrix decreases till below 5 €V or even lower, but
that of the farther outer divertor target plate does not change obviously; the Clll and
Ha emission at the plasma edge decreases as expected, but the Ho. emission near the
X-point increases. This result reveals some interesting characteristics, which need to
be studied by modeling and further experiments.

| Introduction

In magneticaly confined fusion plasma the plasmawall interaction has a
deleterious effect on plasma performance. Hence, much effort has been devoted to
improving wall conditions and modifying the magnetic topology to reduce the
influence of the wall. As early as 1951, divertor was proposed by Spitzer to isolate the
bulk plasma from the vessel wall'*!. This concept has been realized successfully in
ASDEX, where the H-mode (high confinement mode) ©® during high-power neutral
beam injection was achieved, and led to a new generation of diverted tokamak
experiments. During recent years the success of diverted tokamaks, such as JET,



JT-60U, ASDEX Upgrade, and DII1-D, has been remarkable.

HL-2A is a divertor tokamak reconstructed at the SWIP in Chengdu based on the
origind ASDEX main components (vacuum vessel and magnet coils) *# and the
HL-2A project is an important part of China's fusion research program. In the last two
years campaign of the HL-2A experiment, divertor plasma was achieved. During the
2004 experiments, the supersonic molecular beam injection(SMBI) and strong
hydrogen gas puffing were used for gas fuelling, and some unique phenomena were
observed. These results will be discussed in the following sections. This paper is
organized as follows. The experimental aspects of the HL-2A tokamak are described
in Section Il. Section |11 gives some key experimental results of the divertor plasmas
with molecular beam injection and strong gas puffing, and related discussions are also
given in this section. At the end there is a short summary.

I Experimental Procedures
1.1 HL-2A tokamak

The HL-2A tokamak is characterized by a large closed divertor chamber (see
Fig.1), and can be operated in double null, upper single null and lower single null
configurations with the same main plasma condition. The vacuum vessel, 16 toroidal
field coails, poloidal field coil systems and supporting structure of the former ASDEX
are adapted for HL-2A™. The other sub-systems of HL-2A, including the pumping
system, cooling system, power supply system, diagnostics system, etc. have been or
are being constructed.

The main pumping system of HL-2A is composed of eight turbo molecular
pumps (3500l/s each) and two sets of cryopumps with two pre-stage pumps. The
divertor pumping system is composed of 18 titanium getter pumps instaled in the
divertor chambers. The vacuum vessel can be baked up to 130°C-150°C for degassing
and a glow discharge device isinstalled in the vessel for cleaning the inner surface of
the vessel. Eight DC pulse power supply units have been constructed for the coil
system of the toroidal field (TF), the Ohmic heating (OH), the vertical field(VF), the
radial field(RF), the multipole field(MP), the multipole compensation field(MPC),
and so on.

The divertor of the HL-2A tokamak consists of three multi-pole coils MP1, MP2,
MP3 and two neutralized targets, each MP2 coil has eight turns and each MP1/MP3
coil four turns respectively. These coils are used to form the divertor configurations
with different methods of power supply. According to the results of the equilibrium
analysis by the SWEQU code”®, which is the equilibrium analysis code by solving the
Grad-Shavranov equation, the ratio of IMP2/Ip is the most crucia for the divertor
operation. According to the simulation results by scanning this ratio from 7% to 10%
using the SWEQU code, it has been found that the optimum value of IMP2/1p is ~8%.
The details of the HL-2A tokamak can be found in reference 4.

1.2 Diagnostics

A cross section of a diverted HL-2A plasma including the flux surface contour is
shown in Fig.1. Some diagnostics are also shown in the figure. To investigate the



plasma features in the divertor, five kinds of diagnostics have been mounted in the
lower divertor. The microwave interferometer, target plate Langmuir probe arrays and
visible spectrometer are used to measure the profiles of the electron density, electron
temperature, and Ha emission, respectively. Four target plate Langmuir probe arrays
are fixed on the four target plates, respectively. Each array consists of seven probes
with three tips, and the vertical distance between two probes is 1.0 cm. The neutral
gas pressure is given by fast ionization-gauge at the divertor chamber. In particular,
we use the signals detected by 18 pick-up coils located around the plasma column and
Current filament (CF) code, a plasma boundary identification code, to construct the
plasma LCFS(Last Closed Flux surface). Besides, about 30 diagnostics have been
installed in the main chamber of the device, which include the HCN interferometer,
ECE, Thomson scattering, CX neutral particle analyzer, bolometer array(16 channels),
VUV spectroscopy, reciprocating probes, and the visible spectrometers at the
mid-plane of the device. In the divertor experiments on HL-2A, several methods are
used to identify the formation of the divertor configuration. A CCD camera is the
most direct tool, which can take the images of the cross-section of the plasma
discharges.

[l Resultsand Discussions

In the 2004 experiment campaign of the HL-2A tokamak, the SN divertor
configuration was in operation. The plasma parameters achieved were: Ip = 320 kA,
ne=4.4 x 10°m?3 Bt =2.2 T, and plasmaduration T = 1580 ms.

[11.1 Divertor plasmawith SMBI

To achieve a high plasma density and better plasma confinement, high pressure
(0.3-0.4Mpa) SMBI was adapted for gas fuelling®. Fig.2 shows a typical picture of
the plasma discharge during a SMBI pulse. The discharge conditions were as follows:
the plasma current Ip = 180 kA, line averaged electron density ne = 2x10"m™, and
toroidal magnetic field Bt = 2.1T. Ten SMB pulses were injected into the vacuum
chamber via a Lava type nozzle located at the mid-plane of the tokamak’s low field
side. Each pulse length was 10 ms, and the time interval between two pulses was 20
ms. Thefirst pulse was injected at t = 200 ms,

Two bright legs were observed in the lower divertor throats (see Fig.2), which
indicated that the plasma had gone into the lower divertor along the magnetic lines.
On the left side of the picture thereis a bent bright belt, it is due to the SMB injection.
Fig.3 provides the experimental results. Ten peaks can be seen clearly from the Ha
emission from the plasma edge. This is due to the density increase and temperature
decrease at the edge of the plasma during the SMB injection, but the CIII and
bremsstrahlung emission decreases obviously after SMB injection because of the
decrease in the relative carbon concentration and divertor configuration. After the first
pulse the intensity of Ha emission at the mid-plane was lower than its value before the
SMB pulse. It was the result of the divertor configuration. During the pulsed SMB
injection, the divertor plasma showed some unique results: the electron temperature
near the strike point decreased obviously during the SMBI pulses, it indicated a



cooling effect of the SMBI under the divertor configuration, i.e. it could reduce the
heat load of the divertor target plate; whereas the electron density measured at the
same location increased significantly during the pulse. This contrary tendency of the
ne and Te variation indicated that the plasma pressure along the magnetic line tended
to be constant at a new equilibrium level, the visible emission including Ha and Cl|
also changed with the pulse, and during the pulse it reached a minimum. This
indicated the variation of visible emission in the divertor was determined mainly by
the electron temperature under our discharge conditions. During the SMBI the particle
confinement time was increased by afactor of 2.

[11.2 Divertor plasma with strong hydrogen gas puffing

Conventional gas puffing was also used for gas fuelling in our experiments. In
the 2004 experiment campaign of the HL-2A, gas pulses with different duration and
pressure were applied to increase the plasma density, and a high plasma density up to
4.4x10"m> was achieved. In our experiments, an interesting phenomenon was
observed during the divertor operation. According to the measurement of the CCD
camera, which was arranged tangentialy to the tokamak torus, two bright legs of the
divertor were observed at the beginning of the divertor regime, and the electron
temperature measured at different location on the target plates varied in the same
manner, and well above 10 eV, i.e., it worked at the attachment regime. After about 50
ms, only the light belt near the outer divertor throat appeared. The plasma density and
current remained unchanged, as shown in Fig. 4. Farther out from the separatrix strike
point on the outer target plate (see Fig.5), the electron temperature changed slightly
with the discharge time and the electron density changed almost inversely (see Fig.
4(e)), hence the plasma pressure amost kept constant at the location. The Haand Cll|
emission from the bulk plasma and bremsstrahlung emission did not vary obviously in
the main plasma, but the electron temperature near the separatrix strike point
decreased with the time till below 5 eV, at the same time, and the Ha emission
measured near the X-point increased. This indicates that the radiation in the vicinity
of the X-point is enhanced. From Fig 4 (i) and (j) we can see that the Ha emission and
ClII in the divertor decrease as the Te does at z=-82cm. This phenomenon is similar to
the partially detached divertor regime observed in the open divertor tokamak such as
DIII-D!"!

In our experiment, only the Ha and ClII in the vicinity of the separatrix strike
point was measured; hence the Ha emission had a similar temporal evolution as the Te
near the separatrix strike point. According to the results observed, near the inner
divertor throat, there was no obvious emission, but the Ha emission in the vicinity of
the separatrix was enhanced, i.e., the majority of the radiation was along the outer
divertor leg, and the temperature near the outer strike point (OSP) was significantly
decreased, the heat flux reduction was largest near the OSP. Furthermore, the electron
pressure near the OSP decreased significantly but only modest changes were observed
farther out in the scrape-off layer, i.e., these divertor plasmas were detached near the
separatrix, but remained attached farther out in the SOL. Most of the characteristics
observed in the discharge were in accordance with those observed on DIII-D during



the PDD operation. According to the report on DIII-D®!, the PDD regime is
characterized by reduced target plate heat flux and ion current near the strike point,
enhanced upstream impurity radiation, and low plasma temperature in much of the
divertor. In addition, the inner leg could be completely detached and cooled up to the
X-point to the temperatures below which neither carbon nor deuterium radiate
substantially (Te<~1eV). but in our case, the plasma density and temperature were
relatively low, although the Ha emission near the separatrix increased, no obvious
ClIII increase was observed.

As mentioned above, the HL-2A is characterized by a large closed divertor
chamber, there is some difference from the point view of the divertor structure, e.g.
the open divertor tokamak has a large private flux region. According to Stangeby™?,
the neutrals play a very important role in triggering detachment, especially the
neutrals from the private flux region, which enter the outer leg SOL by migrating
across the separatrix. Hence on HL-2A no significant radiation enhancement was
observed.

Here we have only presented some preliminary results concerning the
phenomena similar to the PDD , it will be investigated experimentally in more detail
by improving some diagnostics near the x-point and in the divertor.

1V Summary

The divertor experiments with SMBI and strong hydrogen gas puffing have been
conducted. The results show that SMBI as a gas fueling technique can improve the
particle confinement, and it influences ne and Te in the divertor, and especialy can
reduce the heat load of the divertor target plate.

In the divertor plasmas with strong hydrogen gas puffing a high plasma density
up to 4.4 x 10*°m™ has been achieved. Besides, we have observed a phenomenon
similar to the partially detached divertor regime, which is being studied in the open
divertor tokamaks like DIII-D to reduce the peak heat flux on the target plates near
the separatrix. After a strong gas puffing the electron temperature measured on the
outer divertor target plate near the separatrix decreases till below 5 eV or even lower,
but that of the farther outer divertor target plate does not change obvioudy; the Cll|
and Ho emission at the plasma edge decreases as expected, but the Ho. emission near
the X-point increases. This result has some interesting characteristics, which need to
be further studied by modeling and experiments.
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Fig. 1 A cross section of the HL-2A vacuum vessel with separatrix contour
plot of a typical lower single-null divertor plasma configuration is shown
along with some important diagnostics. The inner and outer divertor leg
locations are also shown in the figure.

Fig.2 Divertor discharge snapshot during the SMBI. The left belt is due
to the SMBI pulse into the plasma, the bottom light belts are the plasma
emission in the vicinity of the inner and outer divertors.
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Fig. 3 Time evolution of atypical SN discharge with pulsed-SMBI beginning
a 200 ms. The traces shown are, (a) the plasma current (Ip), (b) electron
density(ne), (c) gas pressure, (d) Clll emission in the main plasma, (€) electron
density and temperature near the separatrix at z=-83 cm, (f) electron Te and ne at
z=-83 cm, (g) Ha emission integrated over the mid-plane line, and (h) Ha
emission at the plasma edge.
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Fig. 4 The traces shown are, (@) the plasma current (Ip), (b) electron
density(ne), (c) gas pressure, (d) ClII emission in the main plasma, (€)
electron density and temperature near the separatrix at z=-83 cm, (f)
electron Te and ne at z=-83 cm, (g) Ha emission integrated over the
mid-plan line, and (h) Haemission at the plasma edge. (i)
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Abstract

In the Large Helical Device (LHD), two different divertor configurations, i.e.

helical divertor (HD) and local island divertor (LID), are utilized to control the edge plasma.
The HD with two X-points is an intrinsic divertor for heliotron devices, accompanied with a

relatively thick ergodic layer outside the confinement region.

Edge and divertor plasma

behavior from low density to high density regimes is presented, referring to the divertor
detachment. The effect of the ergodic layer on edge transport is also discussed. On the other
hand, the LID is an advanced divertor concept which realizes a high pumping efficiency by the
combination of the externally induced magnetic island and the closed pumping system.
Experimental results to confirm the fundamental divertor performance of the LID are

presented.

Keywords. LHD, divertor, ergodic layer, magnetic island, edge plasma

PACS: 52.55Hc

1. Introduction

In the Large Helical Device (LHD) project, one
of the major research goals is to achieve the high
performance helical plasma through the edge plasma
control ™. The divertor is expected to play a key
role in controlling heat and particle fluxes diffusing
out from the confinement region.

Two different divertor configurations, i.e. helical
divertor (HD) and local island divertor (LID), are
employed in LHD, as shown in Fig. 1 @, Since
LHD is a heliotron type device, HD which is similar
to the tokamak double null divertor is inherently
equipped, accompanied with a relatively thick
ergodic layer. Although carbon tiles have been
installed at the striking points along the torus since
the early stage of the LHD program, a pumping
system with baffles has not been installed yet. The
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construction of the closed full helical divertor is
planed in the late stage of the LHD program.
Instead of waiting for the closed full helical divertor,
as an alternative concept, LID has been employed for
the last two experimental campaigns **%. The LID
is a closed divertor that uses an externally induced
static magnetic island with m/n = 1/1, where mand n
are poloidal and toroidal mode numbers, respectively.
The technical ease of hydrogen pumping is the
advantage of the LID over the closed full helical
divertor because the hydrogen recycling is toroidally
and poloidaly localized. Although LID has
completely different magnetic configuration and
hardware from HD, it can provide important
information based on common divertor physics, e.g.
the high temperature divertor operation 2.

In this paper, recent progress of edge physics and
divertor studies is reviewed. Before describing the
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Fig. 1. Schematic of (a) helical divertor (HD)
and (b) local island divertor (LID).

divertor topics, characteristics of the ergodic layer are
shown in section 2.  Experimental results of HD and
LID are described in sections 3 and 4, respectively,
and a summary is given in section 5.

2. Edgeergodicregion

In the heliotron configuration, there exists a
relatively thick ergodic layer surrounding the

103

102

I, (m)

I, (m)

43 4.4 4.5 46 4.7 4.8 4.9 5.0
R (m)

Fig. 2. Connection length L. profiles a the
outboard side of the torus on the midplane for (a)
inward (Rx=3.60m) and (b) outward (3.75m)
shifted confiaurations.

confinement region 7. Especiadly in the HD
configuration, this layer plays an important role in
heat and particle transport. Figure 2 shows the
connection length L. profiles at the outboard side of
the torus on the midplane for (a) inward (magnetic
axis position R,=3.60m) and (b) outward (3.75m)
shifted configurations in vacuum. Closed arrow
indicates the position where the last closed flux
surface (LCFS) exists, and the X-point is presented
with open arrow. In Fig. 2, the region where L. is
fluctuating is corresponding to the ergodic layer. It
can be seen that the layer becomes thick by shifting
the magnetic axis outward.

In the radiation profile, P, We can see the most
featured role of the ergodic layer, as shown in Fig. 3
8 In this figure, the region where the normalized
minor radius p >1 represents the ergodic region. It
is clearly seen that the peak position of P,y isin the
ergodic layer (p >1) a R,=3.75m with a thick
ergodic layer, while the P,y peak isjust inside LCFS
at R,=3.60m with athin ergodic layer. Thefraction
of P,y in the ergodic layer is about 40% with the
thick ergodic layer and about 15% with the thin
layer. It is thought that the difference of P,y is
caused by the different volume of the radiative
mantle, i.e. ergodic layer. The larger volume of the
ergodic layer can radiate larger power.

Another important role of the ergodic layer is an
effect on edge transport. Ergodization of the
magnetic field effectively enhances radial transport
of energy and particles. The relationship between
edge ergodicity and energy transport was
quantitatively investigated . In order to estimate
the ergodicity of the edge magnetic field, the
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Fig. 3. Radiation profiles measured with

bolometer array. The ergodic layer exists p >1.
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Fig. 4. Radial electron heat conductivity, 7,
as afunction of the inverse Kolmogorov length
L™

Kolmogorov length, Lx, was employed. Effective
radial electron heat conductivity, &', was derived
with a simple energy balance equation. Figure 4
shows " as a function of the inverse Kolmogorov
length L™ in different magnetic configurations. In
this picture, large Lx* means large ergodicity. It
can be seen that 4" does not change so much when
Lt is small, however it increases abruptly in the
region where L' is more than around 0.2,
independent of the magnetic configuration, i.e.
thickness of the ergodic layer. This result suggests
that the energy transport is affected by the edge
ergodicity, instead of its thickness.

3. Hélical divertor (HD)

Edge plasma behaviour in the HD configuration
was investigated with  various  magnetic
configurations and electron densities ¥

Figure 5 shows (@) electron density, n., and (b)
temperature, T, at edge (o = 0.94) and divertor plates
as a function of line averaged density N, at Ry =
3.75m with thick ergodic layer. It is shown that n,
at edge and divertor plates increases monotonically
and T, decreases gradually with an increase of ne up
to ~ 5.6 x 10 m>, In this density range, the ratio
of T, at edge to divertor plates is almost constant, i.e.
the T, scale length does not change, independently of
Ne.  Subsequently obvious changes can be seenin ng
and T, at divertor plates, i.e. n. begins to decrease
and T, suddenly decreases faster, independently of T,
at the edge. Accordingly the power flux to the
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Fig. 5. (@) Electron density, n,, (b)

temperature, T, at edge (p = 0.94) and divertor

plates as a function of line averaged density n,
a R, = 3.75m with thick ergodic layer. (c)
Power flux, g4y, to divertor plates is also
derived from ne and Te.

divertor plates decreases drastically in the density
range N > 5.6 x 10" m®, as shown in Fig. 5 ().
These phenomena are similar to the divertor
detachment often observed in tokamaks, athough it
isvery unstablein LHD. On the other hand, thereis
no indication of the divertor detachment in the
inward shifted configuration at R,x = 3.60m with the
thin ergodic layer. At Ry = 3.75m with the thick
ergodic layer, because of the efficient screening
effect on neutrals, n, in the layer is considered to be
higher than that in the thin ergodic layer. The
particle flux to the divertor is thus amplified.
Furthermore the radiation loss is enhanced at Ry =
3.75m with the thick ergodic layer, as mentioned in
section 2, then Te in the ergodic layer consequently
decreases. It is considered that these conditions are
favourable for the achievement of the divertor
detachment.



. HN
d oo

P

(M)

frsl

e

(s/,u1 vg)

[ (au) 04

-. MMMMH%HMMM _';;— 02

()1

Q 1 2 3 4
1(s)

Fig. 6.
detachment.

Typica wave forms with the

Recently a new operational regime to achieve the
stable divertor detachment has been observed [,
Figure 6 shows typical time traces of (a) stored
energy, W, neutral beam power (port through),
Pus |, radiation power, P, (b) neutral pressure, po,
gas puff rate, @, (c) line averaged density, N, ion
flux to the divertor plates, | and edge temperature at
p = 0.9, Te. During the high density regime with
careful density control, a strong gas puff of 240 Pa
m/s is applied for 0.1-0.2s to shrink the plasma
column. Then the detachment is achieved with the
reduction of py and lg. Unlike the detachment
previously mentioned, this new detachment is
sustained for more than 2s without gas puffing.
Furthermore it is observed in the inward shifted
configuration at R, = 3.65m with a relatively thin
ergodic layer. A point in common and/or a point of
difference, between two detachments, are now being
investigated.

4. Local isand divertor (LI1D)

In the LID configuration, the confinement region
is surrounded by the m/n = 1/1 idand (see Fig. 1 (b)),
so that the outward heat and particle fluxes cross the
island separatrix, and flow along the periphery of the
isand to the backside of the LID head. The

T, (keV)

Itg (arb. units)

Fig. 7. Radia profiles of (@) Te and (b) I+s
which is a measure of n, measured with the
Thomson scattering. Positions of island
separatrix are indicated by solid lines with the
schematic of LID.

particles neutralized there are pumped out by a strong
pumping system with a baffle which realizes a closed
divertor configuration with overall pumping
efficiency of larger than 30%. Unlike the
conventional pump limiters, blades of the divertor
head are located inside the island, thereby being
protected from the high heat flow along the island
separatrix. Thus there is no leading-edge problem
(seeFig. 1 (b)).

Highly efficient pumping is the key in realizing
the high temperature divertor operation, where the
divertor plasma with temperature of a few keV is

0.8
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Fig. 8. The ion saturation current profile on
the LID head.
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Fig. 9 Radia profiles of Ne density for HD
(dashed linel and LID (solid line)
configurations, normalized by Ne gas puffing
rate.

produced, resulting in a significant improvement of
energy confinement (@,  On the other hand, a closed
divertor also provides the high plasma plugging
efficiency required for the high recycling operation,
where a low temperature and high density divertor
plasmais produced for radiative cooling. These two
operational modes can be readlized in LID ¥, On
the above physical concept, the LID experiments
have been performed on LHD since 2002. In the
initial experiments, some basic LID functions were
confirmed B4,

Figure 7 shows the radia profiles of (a) electron
temperature, T, and (b) I+s which is a measure of
electron density, n,, by the Thomson scattering
system. The magnetic axis position, Ry, was at 3.6
m. A comparison between two discharges, HD and
LID, was performed under the condition with almost
the same N, of ~1.9 x 10 m® It was clearly
demonstrated that, in the LID configuration, the T,
rose from the inner separatrix of the island, while the
low-T, plasma flowed along the outer separatrix of
theidand. IntheLID configuration, a clear peak in
the n, profile was seen at the outer separatrix of the
island, which indicated the existence of the particle
flow along the island separatrix. Another diagnostic
result also convinced us that particles flowed along
the (outer) separatrix of the island to the LID head.
Figure 8 shows the ion flux profile on the LID head
measured with a Langmuir probe array embedded in
the carbon tileson the LID head. It can be seen that

the peak of theion flux exists around the outer island
separatrix.

The impurity control is also an important function
of a divertor. In the neon (Ne) gas injection
experiment to the hydrogen plasma, it was found that
the Ne density in LID was lower than that of HD ™,
as shown in Fig. 9. Accordingly LID was
demonstrated to be very effective for impurity
screening.  Another piece of supporting evidence of
impurity screening was tolerance to the radiation
collapse with the LID. Figure 10 shows the time
evolution of the LID (solid line) and limiter (dashed
line) discharges with the Ne gas injection.
Although the heating power (port through) was set to
be the same for the two discharges, the absorbed
power was different in the two discharges, because of
the difference in the target plasma density. The
amount of the injected Ne gas was also the same for
the two discharges. For the limiter configuration,
the perturbation coils for generating the m/n=1/1
isand were switched off, but the LID head was
inserted as a limiter. It was found that the total
radiation power was kept low in the LID
configuration during the discharge, while it increased
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Fig. 10. Time behaviour of (a) Ne puff rate,

(b) line averaged density, N, (¢) stored energy,
W, , and (d) radiation power, P from the
plasma during Ne injection in the LID (solid
line) and limiter (dashed line) configurations.



abruptly with a sudden drop in the stored energy W,
leading to the radiation collapse, in the limiter
configuration.

5. Summary

Recent progress of the divertor study in LHD has
been reviewed, together with the characteristics of
the edge plasma behaviour in the ergodic region.

In the HD configuration, the ergodic layer plays
an important role in, e.g., power radiation, heat and
particle transport.  Furthermore there is a possibility
that the ergodic layer has a key part in achieving the
divertor detachment. In other words, it may be
possible to control the detachment by changing the
edge ergodicity.

For LID, basic functions as a divertor have been
experimentally confirmed on LHD. Especidly in
the impurity control, a favourable screening effect or
tolerance to the impurities is confirmed to be
sufficient. Although the formation of the steep T,
gradient is identified, indications of the drastic
(transition like) improvement of plasma properties
have not been observed yet.
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Abstract

A detailed study of the divertor performance in EAST has been performed for
both its double null (DN) and single null (SN) configurations. The results of
application of the SOLPS (B2-Eirene) code package to the analysis of the EAST
divertor are summarized. In this work, we concentrate on the effects of increased
geometrical closure and of magnetic topology variation on the scrape-off layer (SOL)
and divertor plasma behavior. The results of numerical predictions for the EAST
divertor operational window are also described in this paper. A simple
Core-SOL-Divertor (C-S-D) model was applied to investigate the possibility of
extending the plasma operational space of the low hybrid current drive (LHCD)
experiments for EAST.

1. Introduction

The scientific mission of EAST is to explore the reactor relevant regimes with
long pulse lengths and high plasma core confinement, and to develop and verify
solutions for power exhaust and particle control in steady state. To accomplish this
aim, both its toroidal and poloidal coils are superconducting magnets and the plasma
current (1 MA) will be sustained over long periods of time T e = 60 - 1000s by
LHCD. EAST is designed to have shaped plasma cross-sections and can operate in
DN and SN divertor configurations. The EAST divertor should be designed to
accommodate the heat load due to the combined heating power of 7.5MW in long
duration discharges.

During the last decade, some expected benefits of a closed divertor have been
confirmed by the experiments conducted on most existing divertor tokamaks (Alcator
C-mod, ASDEX-U, DIII-D, JET and JT-60U, etc) [1]. These experimental devices
have modified their divertors to increase the “closure”, i.e. to decrease the fraction of
recycled neutrals escaping from the divertor region. The experimentaly proved
effects of the divertor geometry have been considered in the design process of the
EAST divertor. In order to increase the degree of closure, the divertor structure has to
be designed to minimize its conductance for neutral leakage from the divertor region
into the main chamber. So the divertor structure in EAST is deep and consists of inner



and outer vertical target plates, tightly fitting side baffles and a dome baffle in the
private flux region, which is close to the divertor concept developed by the ITER JCT
[2]

The purpose of this work is to predict the details of the SOL and divertor plasma
in the different divertor topologies and to assess the effects of the divertor geometry
considered. An assessment of the divertor operationa windows in EAST is also
described. Two-dimensional numerical calculations with the SOLPS code package
[3-5] have been performed. The results of numerical predictions for the divertor are to
be described in this paper. A ssmple Core-SOL-Divertor (C-S-D) model has been
applied to investigate the possibility of extending the plasma operational space of the
LHCD experiments for EAST.

2. Simulation M od€l

Tokamak plasma performance generally improves with increased shaping of the
plasma cross section. The poloidal field coil system of EAST has the capability to
accommodate SN and DN configurations. The maor parameters of these
configurations are listed in Table 1 and Table 2 separately. Here for the DN
configuration, the magnetic connection length is about 31 m, and the divertor depth,
i.e. the distance between the X-point and the outer target along the separatrix is about
0.30 m.

The SOLPS code package has been used in the simulations. It couples a
multi-fluid plasma code B2 with a Monte-Carlo neutral code Eirene and is capable of
taking into account realistic EAST divertor and SOL geometry.

The schematic EAST SN and Connected Double Null (CDN) divertor geometries
and the computational meshes used in the present study are shown in Fig. 1. The
targets and baffles fit the magnetic geometry tightly to minimize the neutral back flow
into the main chamber. The shape of the outer side baffle follows the magnetic flux
surface which is at a distance of about 3.5 cm away from the separatrix, measured at
the outer midplane. The magnetic equilibriums are generated using EFIT code and are
the basis of the numerical grid generation for the SOLPS. The computational domain
for the divertor predictive studies covers the whole SOL and divertors. A small region
of the plasma core periphery and the private flux region are also included. The whole
computational domain isresolved into 120 poloidal divisions and 24 radial divisions.

Only hydrogen is used as plasma species in the present work and C is generated
self-consistently by sputtering. For the standard operating scenarios (without impurity
injection), we assume that 80% of the total power flows into the entire SOL. The
anomalous perpendicular transport model used in the present study is constant in
space, with the thermal diffusivities x;;, = X¢,. Ultra-long discharges will be
achieved on the superconducting tokamak EAST, so the wall pumping effect is
ignored and the recycling coefficient R is set to 1.0 for the divertor plasma facing
components and the vacuum vessel wall.

3. Resultsof the SOLPS prediction



3.1 Effect of the vertical targets

Vertical targets are adopted in the EAST divertor. The neutrals produced at the
target plates are preferentially reflected towards the separatrix and hence ionization is
enhanced near the vicinity of the separatrix. Figure 2 shows the 2-D distribution of (a)
the neutral density and (b) the ionization source (H* ions m>s™). Since the power is
mainly conducted through the region close to the separatrix, this vertical geometry
effect is beneficial to improving the power exhaust. As a result, the peak heat flux is
reduced and the profile is broader, in comparison with our previous modelling with
divertor target plates normal to flux surfaces [6]. The broader heat flux, the more
peaked electron density and “inverted” temperature profiles across the lower outboard
divertor target are shownin Fig. 3.

3.2 Effect of divertor topology

The poloidal field coil system of EAST alows it to run in SN or DN magnetic
configurations for more flexibility in experiments. A single null divertor is a
configuration with only one active X-point and the outer separatrix far away or even
outside the vacuum vessel. If both X-points are active, i.e. both separatrices coincide,
a connected double null (CDN) configuration is created.

The heat flux sharing by the divertors will be strongly affected by the variation in
the magnetic topology of the divertor. To assess this effect, we have performed
calculations for severa operating points. At each point, the density at the core-edge
interface (CEIl) and the power flux carried by electrons and ions across CEl are
specified. A comparison of the electron temperature and peak heat flux between SN
and CDN is shown in Table 3. For al cases, the peak heat loads in SN are much
higher than that in CDN at about the same operating points.

As the configuration transitions from SN to CDN divertor, there exists a
configuration of disconnected double null (DDN). In DDN, if the distance A &,
between both separatrices at the outer midplane is comparable to the SOL width of the
parallel heat flux, then a significant part of the heat flux can still flow along the outer
separatrix to the second divertor. Figure 4 shows the contours of the electron
temperature and the total heat flux for a DDN.

Sharp change in divertor load due to variation in the magnetic topology of the
divertor has been observed in DIII-D and also in our modeling of EAST. Therefore, a
sophisticated control over the separatrix distance A &, at the outer midplane is
essential.

3.3 Divertor operational regimes
To reduce the power load and erosion of the divertor target plates is the main

issue in the design of the EAST divertor. Operating in the high recycling or
detachment regime can effectively decrease the heat flux flowing to the target and



make the electron temperature low at the target plate. Divertor regimes are very
sensitive to the midplane separatrix electron density. For higher densities, the divertor
has easier access to the high recycling or detachment regime. According to the

Greenwald limit, EAST will be able to run safely with the line average densities 7,

up to 1.0X10% m? in Ohmic discharges. But the efficiency of LHCD requires
operation at a much lower density. To explore the possibility of achieving various
operationa regimes and to study the divertor behavior in these scenarios, a density
scan has been carried out for CDN.

At a quite low density of about Ne s = 0.7X 10" m™, only the low recycling
regime can be attained. In this regime, due to the high parallel heat conduction, the
electron temperature shows little drop along the field lines and hence is high at the
target. With low densities, recycling losses can be ignored, so the peak heat flux at the
target is higher than 5 MW/m?, which exceeds the engineering constraint.

As the midplane separatrix density is increased, significant gradients of plasma
profiles along the field-line can be observed, indicating the accession to the high
recycling regime. To reduce the peak heat flux to lower than 3.5 MW/m? the
midplane density ne s should be increased further to about 1.4X 10" m™. In this
regime, due to the strong ionization sources from recycling neutrals, a plasma with
high density and therefore low temperature is formed close to the plate, which reduces
target sputtering and makes the Z« an ideal value of 1.4.

Our modelling indicates that, for EAST, the transition to power detachment

occurs at the line average densities 7z, ~ 7.8 10" m?, that is about 80% of the

Greenwald limit and is much higher than the density limit posed by the LHCD
efficiency. Consequently, additional approach such as gas puffing or impurity seeding
should be adopted to attempt detachment. But the modelling results at this high
density reveal the effect of the divertor geometry on detachment behavior. In this case,
the electron temperature is low enough (< 4 €V) throughout most of the inner target
and even lower than 2 eV at the separatrix. Although the separatrix temperatures at
the outer target become very small below 2 eV, the outer SOL remains at high
temperature > 10 eV and thus keeps attached. This may suggest that detachment in
EAST starts from the separatrix due to the effect of the vertical divertor geometry (Fig.
5). The result also indicates that complete power detachment is attained for the inner
divertor, whereas partial detachment is attained for the outer divertor.

3.4 Extension of the operational space

Consistency between the edge plasma and the core plasma operation is an
important issue for the design of fusion devices. A simple Core-SOL-Divertor (C-S-D)
model was developed to investigate qualitatively the overall features of the
operational space for the integrated core and edge plasma [7]. This model was applied
to assess the possibility of extending the plasma operational space of the LHCD
experiments for EAST [8]. By using the C-S-D mode!, it is revealed that gas puffing



is an effective method to extend the operational space toward both lower @, and
higher Oin region, where @, is the total particle flux and Qi, the total heat flux across
the separatrix. On the other hand, the upper boundary of Qi can be extended by the
impurity seeding in the SOL-divertor region.

4. Summary and Conclusions

In order to increase the degree of closure, the EAST divertor is designed to be
deep and well baffled. Its vertical target plates preferentially reflect neutrals towards
the separatrix and hence are beneficial to improving the power exhaust. The vertical
divertor geometry also has effects on the detachment behavior.

The heat flux sharing by the divertors will be strongly affected by the variation in
the magnetic topology of the divertor. In DDN, if the distance A &, between both
separatrices at the outer midplane is comparable to the SOL width of the parallel heat
flux, a significant part of the heat flux can still flow along the outer separatrix to the
second divertor.

Performing in the high recycling or detached divertor operating regimes is of
particular importance for heat and particle control in steady state. The operating
window, however, is limited due to the density requirement for non-inductive current
drive efficiency. To extend the plasma operational space of EAST with LHCD or to
attempt to produce detachment for the divertor plasma, additional approach such as
gas puffing or impurity seeding should be adopted.
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Table1
Major parameters of the EAST CDN configuration

Major radius, R (m) 1.94
Minor radius, a (m) 0.47
Elongation at separatrix, k 4 1.76
Upper triangularity at separatrix, & 0.56
Lower triangularity at separatrix, 6 0.56
Plasma volume, Vp (m°) ~12.5
Connection length, L, (m) ~31
Table 2

Major parameters of the EAST SN configuration
Major radius, R (m) 194
Minor radius, a (m) 0.46
Elongation at separatrix, k x 1.69
Upper triangularity at separatrix, & 0.32
Lower triangularity at separatrix, 6 0.54
Plasma volume, Vp (m°) ~11.9

Connection length, L, (m) ~

Table 3
A comparison of electron temperature and peak heat flux
at the lower outboard divertor target between SN and CDN

Diverto Pin Mo, sep Tediv div
r (MW) (10%%/m?) (eV) (MW/m?)

CDN 15 0.31 85 1.0

(92948) 2.5 0.55 40 1.1

5.0 0.98 22 2.0

10.0 1.65 20 36

SN 15 0.37 100 2.0

(92102) 25 0.67 40 1.8

5.0 1.16 26 3.0

10.0 1.88 27 7.0
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The schematic EAST divertor geometry and the computational mesh. (a)
SN configuration and (b) CDN configuration

The 2-D distribution of the neutral density, showing the preferential
reflection of neutrals towards the separatrix by vertical targets.

Radia profiles across the SOL at the divertor target for the vertical
target.

(a) Electron temperature (eV) and (b) total parallel energy flux (W)
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Electron temperature contour in CDN configurations, suggesting that
detachment in EAST starts from the separatrix due to the effect of the
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Figure 1. The schematic EAST divertor geometry and the computational mesh.
(a) SN configuration (b) CDN configuration
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Figure 2. The 2-D distribution of neutral density, showing the preferential reflection
of neutrals towards the separatrix by vertical targets.
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Abstract

This paper reviews the theoretical foundations of zonal flow putting emphasis to the linear response
function of plasma to the external flow drive. An extension of the theory is made in order to apply it
to helical systems and to study the properties of the zonal flow in the low frequency range. Further
refinement of the theory is made incorporating the orbital effects of particles more precisely and the
role of neoclassical polarization current is identified.

I. Introduction

The zonal flow is interpreted as plasma flow with zero- or low- toroidal and poloidal mode
numbers with large radial mode number. Since plasma rotation is related to the radial electric field
by V = ExB/B?, the zonal flow is also viewed as radial electric field with large radial mode
number. It is known that there are two branches of zonal flow: the zero-frequency zonal flow and the
oscillating geodesic acoustic mode.

Rotation of the plasma creates radial current with the presence of the geodesic curvature of the
magnetic lines of force. The j x B force due to this current gives the plasma rotation restoring force
and therefore the plasma rotation becomes oscillatory [1]. This mode is referred to as geodesic
acoustic mode (GAM).

The mechanism of plasma rotation and radial electric field is itself a very interesting research
subject and has been investigated by many researchers as a part of neoclassical theory [2].
Particularly, in tokamaks with toroidal symmetry only poloidal viscosity appears. This rather static
plasma rotation is referred to zero-frequency zonal flow and is believed in general to have very low
damping rate [3-4].

Recent investigations gave experimental evidences of existing zonal flow and GAM oscillations
[5-8]. These two modes are energized in torus plasmas with certain mechanisms of excitation. In
recent investigations plasma turbulence caused by the micro-instabilities are called for as the
mechanisms of excitation. The zonal flow is in turn supposed to regulate the turbulence and,
therefore, it is gathering more and more attentions [9].

Figure 1 illustrates the mechanism of the GAM oscillation: Under the presence of the radial electric
field E,, there exists plasma rotation (v, = E, x B/ B*). With the existence of the toroidal effect,
there occurs the divergence of the flow inside the flux surface causing the up-down asymmetry:

(1)

- 2 . E
n, = nigoj‘dt—sme -

R, B,
If the plasma motion is adiabatic, this density perturbation causes the uptown asymmetry of the ion



pressure

b=y, +7,T,,)ocsing . (2)

Here, electron pressure is added assuming that electrons moves predominantly inside the flux surface

to cancel out the 6 dependence of the charge caused by ions. The poloidal pressure gradient causes

Vp x B current across the flux surface,

2 -
 =——— ~yW,T ,+0aT Jn,——cosO|dtE ., (3
Jr Br ae 7/( e e,0 i 1,0) i,0 BBORr ,[ r ( )

which is integrated to give

e’ el

2r
i dS =y (AT, +iT In,2n) ——|dtE. . (4
I]r _7/( i 1,0) 1,0( ) BZOROI r ( )

On the other hand, the time varying electric field is accompanied by so-called polarization current:

7 Nw_fz”Lﬂ (5)
T A dr

which is integrated over the flux surface to give

2

.
J s ~ 25 ) Ry

c,i

dE.
dt

(6)

By equating the two currents Eq.(4) and Eq.(6), we obtain an equation of motion including

oscillatory motion:

d’E,
e +wc4E =0 @)
with
2v T +T
a)CZ;!A _“r e,0 i0 ) (8)

T p2
R m,

Thus the GAM oscillation is characterized by @ ~ aC, /R, with o being a constant of order

unity. For more detail readers are requested to confer with references [10-11].
II. Extension to the helical systems and the response function in the low frequency range

So far is the interpretation of the mechanism of GAM oscillation obtained by Winsor et al. [1].
However, since MHD equation is used in this model we need to examine the relevance of the
approximation used. Since the formula is derived for tokamaks, the theory has to be extended to

helical devices in practical applications. Watari et al [12] attempted new formulation of the GAM



oscillation based on the assumption that the current across the flux surface has to be balanced.

The polarization current /,,, and the current due to the geodesic curvature j,,, (y) are expressed in

the following forms using the conductivities o, and O, .

. do
Jeeo W) = _O-gen(ll/)w )
. d

]pnl (l//) = _O-pnl (W)ﬁ (10)

Here, j ol 0 O 18 the classical polarization current, which is known to be proportional to @.

Using the generalized expressions (9) and (10), we obtain the expression of the dispersion relation of

GAM oscillations valid to tokamaks and helical systems [12],

. ~ Oz 2 o9
=0 _,(— o F y—=0 .11
-]mtal pol( l G;nm,n m,n)al// ( )

In obtaining Eq.(11), the magnetic field is Fourier decomposed in order to facilitate the calculation

of geodesic curvature.

B> =B (1+ Z S, (w)cos(mb —ng)) (12)
Here, 7731,” and lj are the quantities characterizing the confining magnetic field defined below:

772 _ (mBg + nt )262m,n (l//)
e ABI

(13) and I, EQzI%W‘l’F dode (14

Equation (13) contains 0,, , , which represents the geodesic curvature of (m-,n-) ripple component.

m,n >

It is easy to show that Eq.(11) reduces to tokamak formula putting n=0; 5m:1!n:0 is 1/R, asit

appears in Eq.(1) and represents the geodesic curvature of a tokamak of circular cross section. Since
the direction of the ion current depends on the sign and the amplitude of the geodesic curvature, it is
predicted that the density perturbation in a helical system takes the maximum and minimum values
along the lines of (m60 —n{)=+m /2, respectively. The magnetic lines force short circuit these
incremental and decremental regions and, therefore, GAM oscillation is expected to occur under

limited conditions in helical devices.

The £, ,inEq.(11) is expressed as follows:



1 T
Fm,n = F;(Cm,n) + F‘e(é’m!n) = _2k— (deo,l(é’m,n) + ?E deo,2 (C:m,n )) (15)

[lm,n =T i

where the argument ¢, , = ®/k,, U, is calculated by using the wave number

Ky =(mB® —nB®)/ B . The involved two dispersion functions Z,, () and Z ge0.2 <)

are defined as follows [13]:

Zy = ]| xf C((x)4+<x)2+%)exp<—x2)dx (16)

(x +— )exp( x*)dx , (17

genZ _\/—j

which differ from the well known plasma dispersion function

exp(—x)dx (18)

1 1
z,-—|
ot x=¢
. . . 4 2 1 2 1 .
by the weights in the integrand, ((x)" + (x) +E) and (x +§) Figures 2(a)-(c) show the
calculations of the three dispersion functions (16-18), in which we find unique structures around

=0 for Z geo,l(é ) and for Z 00,2 (&) . These dispersion functions are series expanded around

¢ =0 as follows:
2ot c——q w—( +§7+¢ jexp(—cz)
gmz——c +zf(—+c )exp(~4?) (19)
~—(2¢ —§g3) +iN7 exp(—x?)

It is noted that the first order terms of Z,, () and Zp(é/) in { =w/kv; have

proportionality constants of 1/2 and —2, respectively. The former has a positive sign and,

therefore, deol(é: ) behaves like classical polarization current. This unique feature in the low

frequency range is due to the presence of the factor ((x)* + (x)> +1/2) in Eq. (16) , which is
attributed to the geodesic curvature and the associated particle motion. In later section we will

associate this current with so-called neo-classical polarization current.

II. A few applications to specific problems:



A. Low Frequency GAM

Shown in Fig.3 is the calculation of the dispersion relation using the full kinetic dispersion function

instead of series expansion. In the figure, the polarization current j,, and the geodesic current
Jeeo (W) s plotted versus & = @ / kv, . The cross point of these two curves gives solutions i.e., the

frequencies of the GAM oscillations are determined. It is noted that j,,(y) is very much

different from that obtained from MHD equations due to the appearance of the neo-classical
polarization current. This modification in the low frequency range makes another solution to appear
in the lower frequency range than the well-known GAM frequency, which we referred to as low

frequency GAM [13].
B. Tokamak GAM and Helical GAM.

Practical toroidal stellarators have both tokamak type field ripple and helical type field ripple and
equation (11) allows inclusion of such multi-helicity. Fig.4 (a) and (b) show the solution of Eq. (11)

for two different values of (=1, y /M,-,-0): N =2 and 1 =3. The other parameters are

same (N=8,M=2,7, /T, =10). Two peaks are found both in Fig.5(a) and (b), the ones at lower
frequency are attributed to the tokamak type geodesic curvatures and the ones at higher frequency
are attributed to helical type geodesic curvature. Since 1] represents the intensity of the helical
ripple with respect to the tokamak ripple. Fig.5 (a) and (b) read that the solution to Eq.(11) show a
jump on slight variation of 7). In toroidal stellarators, the helical ripples increase with minor radius

and, therefore, this jump may occur with the variation of the radial position [13].

IV. Refinement of the theory including Orbital Effects

The discussion above is mostly based on references [12-13], where we have made use of the drift
kinetic equation. However, for approximation, the velocity change of the particles along the
magnetic lines of force has been ignored. Therefore, orbital effects of particles, particularly those of
trapped ions, have not been properly included.

While GAM oscillation has been studied by using the MHD equation, the zero frequency branch has
been studied in neoclassical physics using drift kinetic equation; Recent work by Sugama et al.,

gives extension to helical systems using the gyro-kinetic equation [14].



Rosenbluth and Hinton [3-4], gave the potential ¢, excited in response to the external charge

G orbuience 101 the following form:

¢0 = _qturbulence /(XL(’)lassical (1 + 16q2 /JZ)) (20)

The second term in the denominator 1.6g°/ \/; is interpreted as due to the neoclassical

polarization current. Recently, an improvement has been made to our previous works; variation of
the parallel velocity is included in solving the drift kinetic equation and the following form of the

response function has been obtained [15]:

_qturbulence
¢, = p (21)
’ %flamical +(% +%2 0)+%e
with
° = (icw)(k, )’ j Jg dedCZ 27 BTWT“ T 6, 0,w, u)— 22)
Yy
o 27r Bdwd u E;’f 1
' = (+ie*w lk dod G,0,w,u)——— (23
(+ic’o)ik, )’ I( (X ol @ pr MCACR et

Here, Q2 =Q(w,u)is the frequency of circulation for passing particles and the frequency of
banana motion for trapped particles. In the low frequency range, an approximation ® / mQ < 1

m#0

is valid so that y," 0> X, - Therefore, Eq.(21) is reduced to a simpler form:

_ " Yurbu
¢0 =— ur uencemzo ) (24)
chamical + %2

We can show that Eq.(22) is transformed to

e DI @%[[ﬂj ‘E%} e

a)C c

which agrees with Eq.[14] in ref [3] and, therefore, reproduces Eq.(20).
Through these considerations, Eq. (21) is regarded as the unified expression of the response
functions covering the zero- frequency zonal flow through GAM oscillations. The denominator of

the Eq.(21) is transformed to the following form by utilizing the nature of the particle orbit:

D= e(lk)jfdedgz 27rBdwdu 5’f —(|V |)21 vl _—Z G, . (0w (mQY)? ”

20% 213 (@ —m’Q’)

(26)

Xe



This formula has similar structures as the dispersions obtained in ref [12-13], i.e., Eq.(11) in the
present paper, and an elaborations of the theory has been made by including the particle orbit effects

more precisely.
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Fig.1 Illustration of the mechanism of GAM oscillation

for tokamaks
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Fig.2. The comparison of the three Z-functions,

Zpo1s Ly -and Z , defined by Eq.(14) Eq.(15)

, is an increasing function of ¢ in the vicinity of ¢ =0 revealing the

unique response of ions due to the kinetic weighs in their drift motion.
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Abstract

Zona flows have been measured with several novel Langmuir probe arrays on the HT-7 tokamak since
the year 2002. Based on the original idea of the Reynolds stress triple-tip array, we designed the forked
probe and its improved generation, the farmer fork probe. And in order to measure the radia shearing rate
of zona flows, we designed the pyramid probe. This paper addresses the technical aspects regarding this
new application. Since the zonal flow dynamics is now widely believed crucial to plasma confinement
physics, this has opened up an important application possibility for the Langmuir probe.

Langmuir probes are still one of the most popularly applied diagnostics in tokamak plasma
edge. This has resulted from the relative ssimplicity of the method and the spatially localized
nature of the measurements. Since the turbulence and anomal ous transport are still recognized
as one of the most undemonstrated fields in plasma physics, the application of probes to
fluctuation measurements often remains to be preferred diagnostics in the plasma edge,
although the non-perturbing spectroscopic methods have aready become rather powerful.
Using an electrical probe to detect fluctuations does not involve the problems in Langmuir
probe theory, primarily lying in the interpretation of the electron-side probe voltage-current
characteristics in strong magnetic fields. Applying an electrical probe to fluctuation
measurements has aready become an independent application field for Langmuir probe
diagnostics.

The zonal flows have recently been recognized by theorists as a potential regulating factor,
possessing possible importance on plasma turbulence and relevant transport. The theoretical
effort has been followed by extensive simulation demonstrations. And the predictions from
theories and simulations are supported by several recent experiments. (See review paper [1]
and references therein) The distinctive features of zonal flows, by which we mean azimuthally
symmetric band-like shear flows, are that they can be spontaneously generated by turbulence
vie the action of the Reynolds stress and in return suppress turbulence through the ExB
decorrelation mechanism. These features give rise to a feed back loop between zonal flows
and turbulence, making the plasma turbulence exist in a self-regulated state mediated by zonal
flows. So it is expected that the zonal flows/turbulence dynamics control the fluctuation level
and, as a result, the turbulent transport. It is well known that zonal flows are a ubiquitous
phenomenon in nature, such as the Jupiter belts and zones, and the terrestrial atmospheric jet
stream; these are familiar to nearly everyone. The ubiquity of zonal flows in nature makes
most plasma physicists believe in the existence of zonal flows in laboratory fusion plasma
with enough reasons and confidence. As a result zonal flows physics have recently become
the subject of intense interest and investigation in the magnetic confinement plasma field.



(See PH.Diamond’s overview in IAEA2004 [2])

In the context of the tokamak configuration, zonal flows are toroidally and poloidally
symmetric, and radially localized potential perturbations. That means only in the radial
direction do they have finite wavelength. Therefore, essentially the wave field of zonal flows
is just potential fluctuations between nested magnetic flux surfaces. In the strong toroidal
magnetic field By, of the tokamak, the ExB flows will be driven by the time-varying Er and
flow mostly in a poloidal direction. That is why we call them zonal flows. The suppressing
ability of higher frequency zonal flows is weaker than the low frequency components [3], so
the latter are more interesting to us. The generation process of such flows is the radia
turbulent transport of poloidal momentum, i.e. the Reynolds stress. This process is the same
as the radia turbulent bipolar transport. In this process time-varying radia currents Jr are
produced and repeatedly charge the magnetic flux tube, subsequently time-varying Er are
built up between nested magnetic flux surfaces and consequently the ExB flows. This
generation process is the key of zonal flow physics, and so an experiment to demonstrate the
existence of zonal flows must present information on this generation process, in other words,
measure the turbulence Reynolds stress. It is well known that the direct measurement of the
Reynolds stress in fusion plasmas is not easy. Fortunately, Langmuir probe arrays provide a
simple approach. Up to now, besides the Langmuir probe, heavy ion beam probes and several
spectroscopic diagnostics have been used for measurements of zonal flows, but only the
Langmuir probe can provide direct information on the Reynolds stress. This primarily benefits
from the spatially localized nature of the measurement. Although at present the experimental
demonstrations of zonal flows are still not sufficient, it has already been widely recognized
and accepted that zonal flows are really playing a role in nearly al cases and regimes of
laboratory fusion plasma, indeed, so much so that this classic problem has now become a hot
topic in the plasma physics research.[ 1]

To present the direct measurement of the Reynolds stress and zonal flows, we designed a
novel probe array, namely, the forked probe array in the year of 2002 (see figure 1). The
specialy designed probe array has two probe heads poloidally separated by 31.4 mm, which
is much longer than the poloidal correlation length L of turbulence at the plasma edge,
which is usually around 1 cm. On each of the two heads a triple tip array is used to provide

local measurement of the radial electric field E, and electrostatic Reynolds stress<\7r\75>

where <> denotes an ensemble average. All tips are used to measure the floating potential

(br1, o2, ..., dbrs). Then the radial and poloidal E; fluctuations can be calculated as

E,1:(¢~f1—q;23)/5, and I:fm:((/;fz—ngs)/ég , ignoring the contribution from electron
temperature [4], Where¢723 :(¢7f2+(/;f3)/2. Thus, the poloidal and radial ExB flows are
calculated as V,, = E,, /B, andV,, = E,, /B, . Similarly, the triple tips on the right probe head

give\76,2 = Erz / B, . This probe array structure has the merit that the middle point between tip2



and tip3 is at the same poloidal location as tipl so that the simply calculated potential
¢723 = (¢~f2 + (ng)/z isvery close to the floating potential at the middle point between tip2 and

tip3, thus this structure will not introduce phase shift within Er measurement. Because
calculating the Reynolds stress needs an ensemble average from a large quantity of data, a
little phase shift will accumulate a material error and make the measured Reynolds stress
meaningless. The probe is mounted on the top of the tokamak along the central line and
operated with shot-to-shot scanning. Feedback control of the plasma position ensures that the
two heads are located on the same magnetic flux surface. Both the probe tips and the shield
tubes are made of graphite to allow the reliable measurement inside the last closed flux
surface (LCFS). The data are usualy sampled at 1 or 2MHz with 12-bit resolution using a
multi-channel digitizer. The boundary profiles of plasma parameters are measured with a fast
reciprocating Langmuir probe using a standard triple tip array. All measurements are made in
the laboratory setting.

The experiments are carried out on the HT-7 tokamak, which is a superconducting tokamak
with two circular poloidal limiters toroidally separated by 180" and a high-field-side belt
limiter. In SOL the flows suffer from the obstruction of limiters, so they can only be found in
the confinement region. In order to enable the probe to make reliable measurements deeply
inside the LCFS, we usually conduct this experiment in low plasma current 1, ohmic heated
discharges. The typical parameters are Rp = 122 cm, a= 27 cm, By = 1.8~2.0 T, I, = 80 KA,

N2 1.5x10" m3, Ty = 0.4 KeV, Needge = 1.5~4x10™ M, Teeyge < 50 €V and discharge

duration = 1s. Empirically, such low plasma current can ensure reliable measurement 4 cm
inside LCFS. When the probe isinserted 4.5 cm inside LCFS, the secondary electron emission
rapidly bursts out after about 100 ms discharge. In such low parameters discharges, the edge
safety factor g.>7 and there is no sawtooth and very little MHD activity. It should be
mentioned here that the probe array configuration has a merit in that it can avoid the
interference signal from MHD perturbations. Because low mode (m = 2 or 3) MHD
perturbations occur in the plasma core and rapidly propagate outwards. The radial distance
between tipl and tip2/tip3 is no more than 5 mm. When MHD perturbations pass through
such a short interval, the phase difference and magnitude decay will be very small. The

difference between two radial spaced floating potential Erl = (¢7f1 —523)/& will offset the

MHD perturbations. However, this function does not act on zonal flows, because zonal flows
have shear in the radia direction, their small radial scale can be comparable with the radial
distance.

High-resolution of poloidal wave number (1< kg <1 rad/cm) can be achieved using this
forked probe, so that small kg components of poloidal ExB flows can be distinguished from
the ambient turbulence. Application of this method to discerning the large-scale flows requires
that the lifetime of turbulence eddies is shorter than the transit time of turbulence eddies
across the long distance. This condition is satisfied for the specially designed probe. The
decorrelation time of floating potential fluctuations at the plasma edge is about t. = 8 us. The
equilibrium flow velocity is about 2 km/s, resulting in a 16 us transit time t4 across the 31.4



mm spatial separation, so that t.<tq. The zonal flows are expected to correlate between two
points with long poloidal space, while the correlation in ambient turbulence will decay with
the increase of distance. Therefore, using the two-point correlation method between the two
probe heads, the coherent low frequency flows can be extracted from the background
fluctuations.

To measure the radial wave number k; of this low-frequency mode, one probe head is made
1 cm longer than the other one, so the two probe heads are not only poloidally separated by
31.4 mm but also radially separated by 10 mm (see figure 2). Through the long distance

correlation between \791 and\76,2, the wave number k =k, +k with two components is

obtained. Since the kq of low-frequency zonal flows is about zero, its k; can be approximately
estimated as ki = k. The k. can be used to calculate a turbulence-shearing

ratew, = dV, /dr = 2V, /4, , where A, is the radial wavelength and V,is the peak-to-peak

value of zonal flows fluctuations.

The zonal flows generation mechanism has been considered as a three-wave coupling
process in which smaller-scale turbulences transfer their energy nonlinearly to larger-scale
zonal flows through the Reynolds stress [5], the energy is transferred via the inverse
cascading of fluctuation spectra. So the process of zonal flows generation can be investigated

using the cross-bicoherence analysis b?(f)=>Y" <\7r(fl)\79(f2)\7;*(f)> [6], namely, that
of the radial and poloidal ExB velocities of the turbulence with the zonal flows, where
the\7r and\79 are directly measured with the forked probe. [7]

The experiment in 2002 only demonstrated the existence of zonal flows at the plasma edge,
since theory not only predicted the zonal flows generation but also predicted that zonal flows
could suppress turbulence through the shear decorrelation mechanism, and as a result
important to transport, the next step would be researching this shear process. So we improved
the forked probe, increased a probe head, as shown in figure 3. The modified probe array was
named the farmer fork probe. It has three probe heads, and the middie one toroidally shifts a
little to avoid sheltering the poloidal flows. On the top of the middle head a traditiona triple

A

tip array was used to measure the radial particle flux T, (t) = <\7r ﬁe> = o <I§9|~S> , where

Ee fluctuations were calculated aslgg = (5f8 —q?fg)/@ , I, was the ion saturation current

S

fluctuation measured by the center tip7. By researching the correlation between the
turbulence-driven particle fluxes and the zonal flows measured by another two probe heads,
we could extract the information on the interaction between turbulence transport and zonal
flows. The theory predicted that zona flows could modulate the turbulence flux by the
so-called random shear process. The farmer fork probe presented the unique diagnostic
function in this process.

The farmer fork probe has been applied to HT-7 for three years, 2003, 2004 and 2005. The



radial shearing rate of zonal flows is very interesting to theorists. However, the direct
measurement of shearing rate need at least three points in the radial direction, the farmer fork
probe can not do this. So we designed a new probe array in the year 2003, we named it the
pyramid probe, as shown in figure 4. This probe array has three layers, with a bilateral
symmetry. Using this probe the radial-three-points-floating-potentials measurement can be
achieved. The time-dependent radial shearing rate of zonal flows can be smply calculated as

0 Er (;;1 + 545 - 24223
t)=
or ) 57

, where ¢, =(5f4+5f5)/2and523:(5f2+5f3)/2. Simultaneously

tip6 measures the ion saturation current Is, so on the middle layer the triple tip array can
measure the fluctuations driven radial particle flux, and similar to the forked probe the
Reynolds stress is measured by tipl, tip2 and tip3.

In conclusion, this paper addresses a recently arisen application of the Langmuir probe on
fusion plasma diagnostics: direct measurement of zonal flows. Although the Langmuir probe
is one of the oldest diagnostics, their theories and experimental techniques are still in progress.
Using electrical probes to detect fluctuations does not involve the problems in the Langmuir
probe theory, primarily lying in the interpretation of the electron-side probe voltage-current
characteristics in strong magnetic fields, therefore with an elaborately designed probe array
configuration, the Langmuir probe can present the unique diagnostic function in a series of
dynamic processes related to zonal flows. Since the zonal flow dynamics is now widely
believed crucia to plasma confinement physics, this new application of the Langmuir probe
has already contributed and will continue contributing to thisimportant field.

This work was supported by the National Natural Science Foundation of China under Grant
No. 10235010.
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Suppression of neoclassical tearing modes towards

stationary high-beta plasmas in JT-60U
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Abstract. Results from stabilization of neoclassical tearing modes (NTMs) in
JT-60U are described. ~NTM stabilization and confinement improvement have
been demonstrated by employing a real-time NTM stabilization system, where the
identification of the location of an NTM and the optimization of the injection angle
of electron cyclotron wave are performed in real time. Also, a high-beta plasma with
the normalized beta of 3 has been sustained by suppressing NTM by applying electron
cyclotron current drive (ECCD) before the onset (‘preemptive ECCD’). In addition, a
simulation code for analysis of NTM evolution has been developed by combining the
modified Rutherford equation with the transport code TOPICS. It is found that the
simulation well reproduces NTM behavior in JT-60U. The simulation also shows that
ECCD width is also important for NTM stabilization, and that EC wave power for
complete stabilization can be reduced by narrowing the ECCD profile.
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1. Introduction

In a fusion reactor such as ITER, stationary sustainment of a high-beta and high-
confinement plasma is essential. In JT-60U, a high-3, mode plasma and a reversed
shear plasma have been developed as candidates for the Advanced Tokamaks [1]. The
high-3, mode plasma is characterized by a weak positive shear with the central safety
factor above unity, and stationary sustainment of a high-3, H-mode plasma with high
integrated performance has been demonstrated in JT-60U [2-6]. In optimizing the
discharge scenario of the high-/3, mode plasma, suppression of neoclassical tearing modes
(NTMs) is the most critical issue. The NTM is attributed to bootstrap current and
appears at a beta value below the ideal limit in positive shear plasmas [7]. Thus,
development of a discharge scenario for NTM suppression is an urgent and essential issue.
In JT-60U, two scenarios have been developed the NTM suppression: NTM avoidance
through the optimization of pressure and current profiles, and NTM stabilization with
electron cyclotron current drive (ECCD) at the mode rational surface. The latter
has been performed since the installation of the 110 GHz electron cyclotron (EC)
wave injection system in JT-60U. Progress has been also made in simulation of NTM
evolution: the transport code TOPICS has been extended by combining with the
modified Rutherford equation (MRE) which describes the NTM [8,9]. The TOPICS
simulation enables detailed analysis on magnetic island evolution and NTM stabilization.

This paper describes results from NTM stabilization with ECCD in JT-60U.
In Sec. 2, results from simulation of NTM evolution are shown and compared with
experimental results. Section 3 describes real-time NTM stabilization experiments. In
Sec. 4, results from ‘preemptive’ ECCD applied to a high-beta plasma are described.

Section 5 shows the effect of ECCD profile on stabilization investigated by TOPICS



simulation. And summary of this paper is described in Sec. 6

2. Simulation of NTM stabilization with TOPICS

Evolution of magnetic island associated with an NTM is described by the modified

Rutherford equation [7,10]:

dW/dt = I'nr + I'ss + I'aas + Tpol + TEcC (1)

Here, W is the full width of the magnetic island normalized by the volume-averaged
minor radius p. [I'ar, Iss, I'cay, Ipo and [gc stand for effects of the equilibrium
current profile, the bootstrap current, the toroidal geometry (Glasser-Greene-Johnson
effect [11]), the ion polarization current, and the EC-driven current, respectively. Each
term contains coefficient which cannot be determined by theory alone. In JT-60U, the
coefficients have been determined based on NTM experiments [9].

Temporal evolution of magnetic island width of an m/n = 3/2 NTM evaluated
with the TOPICS code is shown in Fig. 1(a). Here, m and n are poloidal and toroidal
mode numbers, respectively. In this simulation, equilibrium and pressure profile in an
NTM experiment are used, and EC wave power Pgc of 2.6 MW, which corresponds to
4-unit injection in JT-60U, is injected from ¢ = 7.6 s. Other typical parameters are
as follows: plasma current [, = 1.5 MA, toroidal field B;=3.6 T, safety factor at 95%
flux surface o5 = 3.9, island width before EC wave injection W (7.5 s) = 0.125, full-
width at half-maximum (FWHM) of ECCD profile Wge = 0.12, mode rational surface
ps = 0.4 in the volume-averaged normalized minor radius p. If EC wave is deposited
at the island center, the 3/2 NTM is completely stabilized in 1.3 s at ¢t = 8.8 s (case A
in Fig. 1(a)). Note that the island width quickly decreases when it reaches about 0.04.

This spontaneous decay is attributed to the polarization current effect, and it is also
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Figure 1. (a) Temporal evolution of magnetic island width for different ECCD
locations, and (b) island width at ¢ = 10 s. In this simulation, ECCD location is

fixed at p =0.40 (A), 0.39 (B), 0.43 (C), 0.46 (D), 0.55 (E).

observed in JT-60U experiments.

If the deposition location is misaligned by 0.01 in p = 0.1, time for stabilization
is prolonged (case B in Fig. 1(a)). Figure 1(b) shows the island width at ¢ = 10 s,
W (10 s), for different deposition locations. As shown in this figure, stabilization
effect by ECCD is significantly decreased with increasing the distance between ps and
ECCD location pgc. Complete stabilization can be achieved within the misalignment of
(pec — ps)/W (7.5 8) ~ 0.5, that is, half of the island width. This suggests that precise
adjustment of ECCD location is essential, as recognized in experiment. It is notable

that island width increases when the deposition location is misaligned by about W.



Simulation shows that it is attributed to destabilization effect of the ECCD term due
to the misaligned injection.

The above characteristics have been observed in JT-60U experiments [12]. Figure 2
shows a discharge where ECCD location is scanned in a discharge by changing the
steering mirror angle. This scan corresponds to the change in the ECCD location
from 0.68 to 0.46 in p, by which ECCD location crosses the mode rational surface
(p ~ 0.5). Also, an m/n = 3/2 mode persists throughout the discharge. Figure 2(b)
shows temporal evolution of magnetic perturbations with n = 2. The amplitude of
the magnetic perturbations first increases (t =8.4-9.4 s), suggesting the destabilization
effect. The amplitude starts to decrease at t =9.4-10.2 s, showing the appearance of
the stabilization effect. As the injection angle further increases, the amplitude begins
to increase. The scan shows that the optimum injection angle is 43° and actually the

NTM is located at p ~ 0.5.

3. Real-time NTM stabilization

Experiments and simulations show that deposition location of EC wave has to be
determined with high accuracy. In addition, mode location can change during a
discharge due to current evolution. TOPICS code simulation shows that ECCD can
also alter the local current density near the deposition location and thus cause a shift of
the mode rational surface, which will result in misalignment of the ECCD location [9].
From this viewpoint, development of real-time NTM stabilization is highly desirable.
In JT-60U, a real-time NTM stabilization system has been developed [5] to track
the mode location and optimize the ECCD location during a discharge. In this system,
mode location is identified in real time from electron temperature perturbation profile,

and EC wave injection angle is adjusted so that EC wave is deposited at the island
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Figure 2. Typical discharge where the injection angle of EC wave is scanned during
a discharge. (a) Steering mirror angle and injection power of NB and EC wave,
(b) amplitude of magnetic perturbations with n = 2, (¢) plasma cross section and

ray trajectory of EC wave, and (d) EC-driven current density profile.

center. Typical discharge of real-time NTM stabilization is shown in Fig. 3, where a 3/2
NTM is stabilized at t = 8.8 s after the EC wave injection at t = 7.6 s. As shown in this
figure, during the stabilization, angle of the steering mirror is changed according to the
result from electron cyclotron emission (ECE) measurement. Values of the normalized
beta [y increases as the NTM is stabilized, and it reaches 1.67 at ¢t = 10.6 s. The
normalized beta continues to increase even after the turn-off of EC wave, showing that
confinement is also improved. Actually confinement enhancement factor against the
ITER L-mode scaling Hggpy, [13] increases from 1.8 to 1.9.

Profile of increment of electron temperature after the EC wave injection is shown in

Fig. 3(f), where the peak position of the increment profile corresponds to the deposition
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Figure 3. Typical discharge of real-time NTM stabilization. (a) injection power of NB
and EC wave, (b) amplitude of magnetic perturbations with n = 2, (¢) the normalized
beta, (d) channel number of ECE diagnostic at minimum amplitude, (e) steering
mirror angle, (f) increment profile of electron temperature, and (g) profile of electron

temperature perturbation at mode frequency.

location of the EC wave. Amplitude of electron temperature perturbation at the mode
frequency (6.8 kHz) is shown in Fig. 3(g). The center of the M-shaped profile corresponds
to the island center. The fact that the peak position of the increment profile nearly
coincides with the local minimum of the perturbation profile shows that EC wave is

actually deposited at the island center.



4. Stabilization with preemptive ECCD

Reduction of EC wave power for NTM stabilization is an important issue because it leads
to a more economical reactor. In JT-60U, as a new stabilization scenario, ‘preemptive’
ECCD has been developed, where EC wave is injected before the onset of an NTM. It
was shown that the preemptive ECCD suppresses NTM onset, and that EC wave power
required for complete stabilization is smaller by about 20% than the ECCD after the
saturation of NTM growth [14].

This scenario has been also applied to high-beta discharges. Figure 4 shows
temporal evolution of the normalized beta, auxiliary injection power, and frequency
spectrum of magnetic perturbations. In these discharges, the beta value is controlled at
fBn = 3 by feedback on NB power. While a 3/2 NTM is suppressed in shot E44098, it
appears in shot E44101 where ECCD location is different by 0.06 in p. Improvement in
confinement due to the NTM stabilization can be seen in NB power: Oy = 3 is sustained
by smaller amount of NB power in shot E44098. Actually, Hggpr, in shot E44098 is 2.1
while it is 1.9 in shot E44101.

Details of the mechanism for the efficient stabilization effect of the preemptive
ECCD have not been fully understood. In JT-60U, it was shown that the M-shaped
amplitude like Fig. 3(f) is not observed for preemptive ECCD [6]. This may suggest that
preemptive ECCD can affect the seed island formation and cause different evolution.

As for real-time NTM stabilization, different scheme has to be developed for
identification of the mode location because perturbation profile cannot be obtained
before the NTM onset. In JT-60U, a system for real-time current profile control has been
developed, where safety factor profile is evaluated in real time with motional Stark effect

diagnostic [15]. It is expected that the system can be applied for real-time preemptive
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Figure 4. Typical discharges of preemptive ECCD. (a) and (c): the normalized beta
and injection power of NB and EC wave; (b) and (d): frequency spectrum of magnetic

perturbations.

ECCD.

5. Effect of ECCD profile on stabilization

In NTM stabilization, ECCD profile is important as well as injection power [16]. The
effect has been numerically evaluated by TOPICS simulation. Temporal evolution of
magnetic island width obtained by the TOPICS simulation is shown in Fig. 5(a), where
the FWHM of ECCD profile Wg( is changed from 0.09 to 0.24 at fixed EC wave power
of 2.6 MW, EC-driven current of 52 kA. Here, W(7.5 s) is magnetic island width at
t = 7.5 s (before ECCD) evaluated with ECE diagnostic. It can be seen that the

stabilization effect strongly depends on the width of ECCD profile, and that complete
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stabilization can be achieved for cases A and B, that is, W (7.5 s)/Wgc S 1 at this EC
wave pOwer.

The maximum value of the ECCD profile decreases with increasing Wge since
injected power is fixed, as shown in Fig. 5(b). Thus, both Wgc and Pgc must
be considered in evaluating the stabilization effect. In Fig. 5(c), island width at
t = 10 s (during ECCD), W(10 s), normalized by W (7.5 s) is plotted as a function

of Wge/W (7.5 s) and Pgc. Magnetic island associated with an NTM is spontaneously
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decays due to the polarization current effect when its width is decreased to a certain
value. In JT-60U, complete stabilization can be achieved for W (10 s)/W (7.5 s) ~ 0.3.
The TOPICS code simulation shows that the threshold for complete stabilization
increases with P28

In the NTM experiment in JT-60U, EC-driven current density Jgc is comparable
to the bootstrap current density Jps at the mode rational surface (B in Fig. 5(b)). Since
the ECCD profile is close to the Gaussian distribution function, the maximum current
density linearly increases with decreasing the FWHM under a fixed injection power.
This suggests that complete stabilization can be achieved even with Jgc/Jps < 1 if
narrow ECCD profile is obtained. ECCD profile is also affected by plasma configuration
due to finite Doppler shift: narrower ECCD profile can be obtained when EC wave
is injected tangentially with respect to the mode rational surface (see 43° injection
in Fig. 2(c)). Thus, optimization of plasma configuration including ECCD profile is

essential to achieve effective NTM stabilization.

6. Summary

In JT-60U, experiments and simulations of NTM stabilization using ECCD have been
extensively performed with a view to obtaining a stationary high-beta plasma. Complete
stabilization and increase in Oy and Hggpr, have been achieved with a real-time NTM
stabilization system. Preemptive ECCD has proven effective also in high-beta regime,
and Oy = 3, Hggpr, = 2.1 have been sustained without NTM onset. It is shown that
TOPICS code simulation well reproduces experimental observations such as narrow
range of stabilization effect and destabilization for misaligned ECCD. The simulation
also shows that the width of ECCD profile strongly affects the stabilization effect, and

narrow ECCD profile is effective in stabilizing the NTMs.
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Abstract

We have developed a simple Core-SOL-Divertor (C-S-D) model to investigate qualitatively the
overall features of the operational space for the integrated core and edge plasma. To construct the simple
C-S-D model, a simple core plasma model of ITER physics guidelines and a two-point SOL-divertor
model are used. The simple C-S-D mode is applied to the study of the EAST operational space with
lower hybrid current drive experiments under various kinds of trade-off for the basic plasma parameters.
Effective methods for extending the operation space are also presented. As shown by this study for the
EAST operation space, it is evident that the C-S-D model is a useful tool to understand qualitatively the
overall features of the plasma operation space.

Keywords: Coretransport, SOL-Divertor transport, operation space, EAST

1. Introduction

Consistency between the edge plasma operation and the core plasma operation is an important
issue for the design of ITER and the future fusion power plant. In case of the ITER divertor predictive
modeling, the fitting scaling laws for divertor plasma property are built with a two dimensiona (2D)
divertor transport code, and these are used as boundary conditions for the core plasma analysig[1]. Prior to
such detailed and massive calculations by multi-dimensional transport codes, it is useful to understand
qualitatively the overall features of the plasma operational space including the requirements for the SOL
and divertor plasma. For this purpose, we are developing a simple Core-SOL-Divertor (C-S-D) model.
The basic concept of the C-S-D model is presented in ref. [2]. In the present paper, we improve the neutral
transport model by using the experimental database, and apply this C-S-D model to investigating the
steady state plasma operational space of low hybrid current drive (LHCD) experiments for EAST([3].

2. Simple Core-SOL -Divertor Model
2.1. Core plasma and SOL-divertor plasma model

We apply the OD plasma model based on ITER physics guidelines to the core plasma transport[4].
The usual definitions for the global particle and power balance are applied in the present paper[2], and the

particle and energy confinement times are required to solve OD plasma transport model. The scaling law

of the L-mode energy confinement time .= [4] is applied to the energy confinement time

e = f,r05® | where f,(=20) is the confinement improvement factor for H-mode. The particle

confinement time 7, isdefined by z, =C z., where C isthe correction factor for each species. In the
present paper, C, =1.0 isassumed. The L-H transition condition is also installed in the same fashion as

inref. [5], where the experimental scaling law([6] is applied to the threshold power.

The two-point model[7] under steady state conditions can be applied with a time dependent core
transport model, because the time scale of core plasma transport is much longer than that of SOL-divertor
plasma. Basic equations of the usual two-point model are as follows:
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where n and T aredensity and temperature. The subscript “s” and “d” express the upstream SOL and
divertor region, respectively. The heat flux from the core plasma, temperature decay length, and Mach
number at the divertor plate are defined by q,, A, and M, respectively. The coefficients f %' and

mom
f

imp are the fraction of momentum loss and impurity radiation loss. The coefficient y(=~7.0) is the

sheath energy transmission coefficient, and the heat load ¢(~ 21.8eV) on the plate comes from the
recombination and radiation procesy 8].

2.2. Particle balanceto determine the upstream SOL density

In order to integrate the core and edge plasma model, the upstream SOL density n, should be
given in a self-consistent manner both for the core plasma and for the edge plasma. For this purpose, the
particle balance equation in the SOL and divertor regions is used. We assume that all neutral particles
originate at the divertor plate at the rate proportiona to the total particle flux to the divertor plate.
Consequently, the total neutral source rate at the edge region N, including gas puff term N is as

follows:
N =C, ;(1 L jndeCSZﬂRAnsin(y/)+ N * ®)

eZ
where A, isthe density decay length. We assume that A, =2A. w isthe angle of the magnetic field
to the divertor plate. The term (]/2)(1—]/ ez) comes from the integration of the radial direction (from the
separatrix to the density decay lengthA ) on the divertor plate. The coefficient C_is a calibration factor
and C, =0.5is assumed (This value is derived from the following comparison with the experimental
database). By using the simple neutral model and the particle flux across the separatrix, I',. ., from the

core !

0-D core plasma calculation, the particle balance equation for the SOL -divertor region becomes
I,.Sye+ N2+ N& = ;(l—elzjndeCSZﬂRAnSin(!//) (6)

core ~—core

where N& = f9'N and N® = f> (1— f.d‘V)Nn. fov and X are the ionization fraction in the

on on on on on

divertor and the SOL region, respectively. S_,. is the core plasma surface normal to the particle flux.
The ionization fraction in the divertor region is modeled by[9]

v _q_ expi Ldsin(w)] @)

ion div
/1i on

where A% =v,_ /(n, <ov>,,) is defined by the ionization cross section < ov >

on

which is the strong

function of T,, and the neutral velocity v, =,/T,/m. In the present paper, the neutral temperature of
T, =T, isassumed. Theionization fraction in the SOL region is defined by
fsol _ &ol (8)

o A\:ore + A‘sol + A)ump



where A,., A, ad A, ae the effective areas for the core region, the SOL region, and the
pumping effect from the divertor region, respectively. In this paper, the effective areas of A, and A,
are assumed by each cross section area on the plasma midplane, i.e., A,.=22R-a and A, =27R-A,.
The effective area of A, . is defined by A, =C,.,/(v,/4), where C ,  is the speed of the
pumping system[10], but the pumping effect is not considered in the present paper(C,,,, =0.0).

To check the validity of this C-S-D model, comparison with the edge transport code
(B2-EIRENE) is carried out. We have focused on the JT-60U L-mode discharge in the high recycling
state (Table 1)[11]. The density and the temperature for divertor-SOL region against the total particle flux
across the separatrix @, are shown in Figure 1, where the superscripts of “CSD” and “B2" correspond

to the C-S-D model and B2-EIRENE code, respectively. Qualitatively, the result of the C-S-D modél is
similar to that of B2-EIRENE. Quantitatively, the difference in temperature becomes large over

@, =15x10% (s*), mainly because B2-EIRENE result corresponds to the detached plasma state, which

is not considered in the present C-S-D model. From this comparison, it is noted that the results by the
C-S-D model are reasonable in a qualitative sense. Around @, =10x1G?(s") density of the C-S-D model

suddenly increases and temperature decreases sharply in Figures 1, which is considered to be the
transition from alow to a high recycling state]12].

Comparison with the JT-60U divertor recycling database[13] is also carried out. In this simple
neutral model, the total ion flux on the plate is the key parameter, and Figure 2 shows its comparison
between the C-S-D model (Pngi=0.5~4.0MW, Bt=4T) and the database (Pygi=1~12MW, Bt=2~4T). The
result from C-S-D modd is quantitatively consistent with the database, and it aso reproduces the
nonlinearity of the total ion flux against the plasma density. The comparison of the total neutral flux from
the divertor region is shown in Figure 3. In the case of the calibration factorC, = 0.5 in eg.(5), the result

from the CSD model is roughly agreeable with the database and this calibration factor is applied in the
present paper.

ump

3. EAST fully non-inductive operation space by low hybrid current drive
3.1. Main trade-offsfor the operation space

In the initial phase of the EAST plan, current drive experiments are planned to be carried out by
LHCDI3]. Low density operation is preferable for good current drive efficiency. On the other hand, such
operation is disadvantageous to the divertor performance, because it generally results in a high heat load
on the divertor plates. As for the steady state experiment with high performance plasma such as H-mode,
reduction of the heat load onto the divertor plateisacritical issue. Considering discussions above, we take
into account the following trade-offs, or constraints, i.e., 1) available LHCD power, 2) allowable heat |oad
to the divertor plates, 3) available heating power for sustaining the steady state power balance in the core
and alse 4) threshold power for L-H transition.

Based on the particle and power balance of the core plasma[2,4], the total particle flux @, and

the total heat flux Q, across the separatrix are @, =(n,V,)/(C,7:)and Q, =(0.048n,TV, )/z, ,
respectively (V, is the plasma volume). From these quantities and the definition of the energy
confinement time, the temperature and the density of the core plasma are written asT =C,Q,, /®, and
Ny, =C,®@Y° /Q0° , respectively (where C; and C, are functions of the core plasma parameters). With
these eguations, we express the following trade-offs, or constraints as functions of (Qin NON ) and discuss
the plasma operation space on (Qin : ch).

The power required for LHCD is estimated by the following model[14];
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The available LHCD power and plasma current |, in Eq.(9) are set to be 3.5 MW and 1.0 MA for the
EAST[3]. Then, Eq. (9) iswritten as

RIA__Co@eciQi <35. (10
0.122(j" /p’)
where (j* / p*)= 10is assumed in the present paper. In addition, the total heating power for the EAST is
set to be 7.5 MWI 3], then the following relationship has to be considered,

P o <Q, <7.5. (11)
Theleft inequality in Eq.(11) isrewritten as
2319 RnAl,  C, L (12

" To0122(j/p)c, °
The scaling law of the threshold power for the LH transition can also be written as the function of @
and Q

in?

7.7 Yo
Qm >P, = 2_75310'96 R1283076\ i—1Cr?.77 { QB‘?SS J (13)
in

where M, is the average ion mass (amu). The heat flux q,, to the divertor plates is limited to the
maximum allowable heat flux q,, from the engineering viewpoint. This condition is expressed as

qdiv = [‘9 + (7/ + M dZ)Td ]ndM dCsSi n(W)S'n(e) < qmax (14)
where ¢ denotes the inclination angle of the divertor plate to the magnetic lines force in the poloidal
plane. Eq.(14) can also be expressed by @ and Q,, defined above The gma is taken to be 3.5MW/m?,

which corresponds to the averaged value estimated in ref.[3]. Finaly, we obtain the four inequalities, i.e.,
Egs.(10), (12), (13) and (14), for the trade-off relationships of LHCD experiments.

3.2. Basic and qualitative featuresfor EAST operational space
The main parameters of EAST are summarized in Table 1[3]. With these parameters, we explore
the possible operation space in the (Qm,dbp) space as shown in Figure 4. The operational space is

painted, and each boundary is the operation condition as mentioned in the previous subsection. Figure 4
indicates that the allowable heat flux to the divertor plate is a key parameter to extend the possible

operation space. The upper boundary of Q,, is limited t03.0-3.5(MW) by q,, <3.5(MW/m?). The
boundary of q,, <3.5(MW/m?) for Q, <3.0(MW) region implies a decrease of q,, by the
trangtion from the low to the high recycling state. The upper boundary of the particle flux®  is
dominated by the power balance requirement for the low Q,, region, while it islimited by the available
LHCD power for higher Q. . In other words, the available power for the LHCD tends to be a key
parameter to extend the operation density of the core plasmain thishigh Q,, regime. In this exploration,
no gas puffing in the divertor region is assumed. The sudden changes in the curve for the required LHCD
power and the power balance around (Qm,tbp)z (1.5MW, 1.5x10% s‘l) are caused by the LH transition.

To extend the operationa space, the following methods have been investigated in a qualitative
sense. In this series of investigations, the remaining parameters except the key parameter in the following
methods are kept at the same values as those in Figure 4. To extend the operational space, the divertor
temperature has to be reduced. Gas puffing in the edge region is one of the candidates for the decrease of

4



the divertor temperature. When N, =1.0x10%s™ (which corresponds to about 5% of the total neutral
source rate N, )isfuelled in the divertor region, the operational space is extended toward both the lower
particle flux range of ®_ ~1.0x10*s™ and the higher heat flux range of Q, =33-4.0 MW(Figure

5(a)). The impurity seeding in the SOL-divertor region is also one of the candidates to extend the
operation boundary. When it is possible to increase up to f;, =0.6 of the impurity radiation loss

fraction similar to the ITER divertor design, then the upper boundary of Q,, is extended up to
Q, =50MW (Figure 5(b)). Of course, the impact of the impurity seeding on the core plasma
performance should be carefully checked by more detailed numerical ssmulations, because f._ isgiven

imp

as the input parameter in the C-S-D model. In addition, the effect of impurity seeding on the efficiency of
LHCD is not calculated, either. By using the C-S-D model, it is revealed that gas puffing is an effective
method to extend the operational space toward both the lower @, and higher Q,, region. On the other

hand, achievement of f, ' =0.6 hasthe possibility toextendupto Q,, ~5.0MW region.

4. Summary

The C-S-D model has been developed to investigate the overall and integrated features of the
core and edge plasma in tokamaks, and applied to the analysis of the EAST operationa space. The basic
features of possible operational space have been studied for the LHCD steady-state operation. Various
kinds of trade-off have been taken into account in the analysis. Furthermore, we have confirmed that gas
puffing and impurity seeding in the edge region have the potential to extend the operational space. From
these applications to the study of the EAST operation space, the C-S-D mode! is shown to be a useful tool
to understand qualitatively the overall features of the operational space for future reactors under various
kinds of trade-off.
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Abstract

The assessments of poloidal flows driven by ion Bernstein waves in Heliotron J
and EAST plasma are carried out by use of a ray tracing method. Sheared poloidal
flow is expected to suppress plasma turbulences. In Heliotron J and EAST plasma,
the rays travel into the central region with oscillations along the magnetic lines of
force and the power are absorbed by ions at the cyclotron resonance layers.
Momentum inputs are estimated by a simple method and the poloidal flows are
estimated with the neoclassical viscosities. In both devices, the momentum inputs
with variation of their sign with the minor radii are obtained and sheared poloidal

flows are driven.

Introduction

Turbulence suppression of magnetic confined plasma is one of key roles for
nuclear fusion research. A sheared poloidal flow driven by ion Bernstein waves
(IBWs) is expected to the turbulence suppression[l]. In some tokamaks, it is
reported that confinement improvement was observed during IBW heating[2].

In this research, we estimated wave trajectories, power absorption, and
momentum inputs of IBW on Heliotron J] and EAST (HT-7U) device. The driven

poloidal flows are also estimated by use of the neoclassical viscosity.

Heliotron J device and EAST device
Heliotron J is an I=1/ m=1 helical axis heliotron device and is composed of straight

sections and corner sections. In the corner sections, the magnetic configuration is



similar to that in tokamaks. In this research, the ray of IBWs is started at this
section.

EAST device is tokamak device with super conducting coils and is being
constructed at Institute of Plasma Physics, Chinese Academy of Science. In this
research, for simplicity, it is assumed that the magnetic field configuration is that of
an axisymmetric tokamak with a circular poloidal cross-section, of which the
magnetic field is defined in Ref. [3]. The major and minor radii are assumed to be

1.7m and 0.4m, respectively, which are the same of those of the EAST.

Wave trajectory and power deposition

In the ray tracing calculation, since only IBWs propagate in plasma, the dispersion
relation of electrostatic waves is used.

A ray trajectory in Heliotron J plasma is shown in Fig. 1. In this calculation, the ray
of IBW with 16.8MHz of the frequency and 3.0m" of the wave number parallel to the
magnetic field starts at the point of p=0.89 on the equatorial plane in the corner
section, where p is the normalized minor radius. The working gas is deuterium, the
magnetic field strength on the axis is chosen to be 1.3T, and the second harmonic
deuterium ion cyclotron resonance layer is located at p=0.65. The density and
temperature profiles are assumed as ne=he(1-p°) and Te=Ti=Te(1-p?) and the central
values of the electron density ng and temperature Ty are 1.0X10"m?* and 200eV,
respectively. The ray travels into the central region with an oscillation along the
magnetic line of force. In the vicinity of the second harmonic ion cyclotron
resonance layer, almost all wave power is absorbed through the ion cyclotron
damping.

A wave trajectory in EAST is plotted in Fig. 2. In this calculation, the working gas
and the magnetic field strength on the axis are deuterium and 3.5T, respectively.
The central electron density and temperature are 5.0X10°m?® and 800eV,
respectively. The profiles are the same as those in Heliotron J. A ray with 48MHz of
the frequency and 5.0m™ of the parallel wave number is started at p=0.875 on the
equatorial plane. The second harmonic ion cyclotron resonance layer is located at
p=0.5. Similar to that in Heliotron J, the ray travels into the central region with an
oscillation along the magnetic line of force. Almost all wave power is absorbed by
ions through ion cyclotron damping in the vicinity of the ion cyclotron resonance

layer.



Momentum input
By use of the ray tracing calculation, momentum input is estimated. In this
research, the momentum input is calculated by taking analogy with quantum

mechanics, where momentum of a photon is hk with #i, the Planck constant.
Momentum input may be written as

AP = —A(IK) (1)

where | is the ratio of the wave power to the initial wave power.
Figure 3 shows the radial profile of the momentum input in Heliotron J. The
broken and solid lines show momentum input parallel to the magnetic field, Ap,,

and that parallel to Bx V¥ , Ap,, where B and ¥ are the magnetic field and the

toroidal magnetic flux, respectively. The Bx V¥ direction is almost the poloidal
direction. Hereafter, Ap, and Ap, are referred to as the parallel and

perpendicular momentum input. Until the cyclotron damping occurs, the parallel
momentum input occurs and varies its sign with the minor radius since the ray
trajectory has the oscillation. In a similar way, the perpendicular momentum inputs
varies its sign, but the amplitude of the variation is small. The momentum input in
the radial direction, which is not shown in the figure, is locally strong at the
cyclotron resonance layer. This is due to the local cyclotron damping of the power
of the IBW with the large perpendicular refractive index. However, this component
does not drive the poloidal flow.

The momentum input in EAST is shown in Fig. 4. As in the case of the results of
Heliotron J, both the parallel and perpendicular momentum inputs vary their sign
before the cyclotron damping, except that the amplitudes of the variation of the
parallel and perpendicular inputs are about the same. The strong momentum input

in the radial direction occurs.

Driven poloidal flow

For estimation of flow velocity, viscosity needs to be considered. The parallel and
toroidal viscosities are [4]

(B-v-7#)=3uV -vo+ 1V V()

<L5’t'V'ﬁ>:3(ﬂtp\7've+ﬂf\7'vg) (2)

where, I§>t , 7,and V are the toroidal magnetic field, the viscosity tensor, and the



flow velocity, respectively, and u°, ', 4, and g are coefficients related to

viscosity. Here, the Hamada coordinates (V, 6, ¢) are used, where V, 6, and ¢ are the
volume enclosed by the toroidal flux, the poloidal and toroidal angles, respectively.
The angle bracket denotes the averaging along the flux surface. The employed
conditions both of Heliotron J and of EAST are in the plateau regime. The four
coefficients in this regime are written in Ref. [4]. By coupling with Eq. (2) and the
MHD equation in steady state, poloidal flow velocity in non-axisymmetric

configuration is obtained as

_ /utt<é Ifext>_/ut<ét : lfext>

VH
Al — il ')

(3)

where V? =V -V# and Ifext are the poloidal contravariant components of the flow
velocity and the external force, respectively. In the case of axisymmetric
configuration, where ,ut, ,utp, and ,uf become zero, the poloidal flow velocity is

obtained as

=/ )

Regarding the external force as the momentum input per unit volume and time,
the flow velocity is estimated. The flow velocity profiles in Heliotron J and EAST
plasma are shown in Fig. 5 and 6, respectively. In both cases, the injected power is
200kW. It is noted that, in EAST configuration, angles ¢ and ¢ in Hamada coordinates are
approximated by the orthogonal poloidal and toroidal angles, respectively. In the case of
Heliotron J, poloidal flow is driven before the cyclotron damping occurs and varies
its sign with the minor radius. In the same way of the momentum input, the
variation of the poloidal flow is due to the oscillatory motion of the ray. As in the
case of Heliotron J, the driven poloidal flow in EAST varies its sign with the minor
radius.

The poloidal flow shears in the case of Heliotron J and EAST are in the order of
107/sec, which exceeds those observed in practical experiments in tokamaks such as
PBX-M[5]. The results imply that heating by traveling ion Bernstein waves with
narrow k;, spectrums drives strong sheared poloidal flow.



Summary

In order to assess the poloidal flow driven by IBWs in Heliotron J and EAST plasma,
the ray trajectories and the power absorption are estimated. In the both case of
Heliotron J and EAST, the rays travel into the central regions with oscillations along
the magnetic lines of force and almost all wave power are absorbed by ions in the
vicinity of the second harmonic ion cyclotron resonance layers. Momentum inputs
are calculated by taking an analogy with quantum mechanics. In plasma both of
Helitron J and of EAST, the perpendicular and parallel momentum inputs with
variations of their sign with the minor radii are obtained before the cyclotron
damping occurs. By taking the viscosity in the plateau regime, the poloidal flow
velocity driven through the momentum input is estimated. The poloidal flows are
driven before the cyclotron damping occurs and varies its sign with the minor radii
in both configurations and the obtained poloidal flow shears are larger than those
observed in IBW heating experiments in tokamaks. Obtained result may imply that
strong sheared flow is driven by traveling waves of ion Bernstein waves with narrow

spectrum of the parallel wave number.
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Figure caption
Fig. 1
Top view of a ray trajectory in Heliotron J plasma. The ray starts at ( x, y, z)=( 1.49m,

0.0m, 0.0m) and the power is absorbed near the 2nd ion cyclotron resonance layer.

Fig. 2
Top view of a ray trajectory in EAST plasma. The ray starts at ( x, y, z)=( 2.05m, 0.0m,

0.0m) and the power is absorbed near the 2nd ion cyclotron resonance layer.

Fig. 3
Radial profile of momentum input in Heliotron J plasma. Solid and broke lines show
the profiles of Ap, and Ap,, respectively.

Fig. 4
Radial profile of momentum input in EAST plasma. Solid and broke lines show the
profiles of Ap, and Ap,, respectively.

Fig. 5
Radial profile of the poloidal flow velocity in Heliotron J plasma.

Fig. 6
Radial profile of the poloidal flow velocity in EAST plasma.
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Advanced Tokamak Equilibrium Theory

Shaojie Wang and Jun Yu

Institute of Plasma Physics, Chinese Academy of Science

ABSTRACT

A theoretical model is proposed to study the advanced tokamak equilibrium
configuration with plasma current density reversal. With the proposed
Grad-Shafranov-Helmholtz equation, an approximate analytical solution is found in
the toroidal coordinate system for a circular cross-section tokamak, and an exact
analytical solution is found in the cylindrical coordinate system for a rectangular
Cross-section tokamak.

The analytical solution shows that current density reversal equilibrium
configurations exist with continuous current density and finite plasma pressure, and
that the central current density reversal is accompanied by axisymmetric magnetic
islands and pressure gradient reversal.

In applying the theory to model the recent alternating current operation [Huang,
et a., Nucl. Fusion 2000], it is found that the theoretical results agree well with the
experimental measurements in the loop voltage, the current density, the beta value,

and the flux surface.
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Abstract

Magnetic sensorless sensing and control experiments of the plasma horizontal
position have been carried out in the superconducting tokamak HT-7. The sensing is
made focusing on the ripple frequency component of the power supply with thyristor
and directly from them without time integration. There is no drift problem of integrator
of magnetic sensors. Two kinds of control experiments were carried out, to keep the
position constant and swing the position in a triangular waveform. And magnetic
sensorless sensing of plasma shape is discussed.

keywor ds. sensorless control, drift problem, HT-7, shape control, EAST

1. Introduction

In a nuclear fusion reactor, some kinds of diagnostic systems should be used for
reactor protection and plasma control. Since the sensors are used under severe
irradiation circumstances, the number of diagnostic sensors placed near by a plasmais
desired to be small or zero and must not have a drift problem. Therefore it is important
to develop a sensorless sensing or control system in which there are no sensors of the
controlled object and need not time integration.

The sensorless control has been developed in two ways. For example, in a device
with active magnetic bearings as actuators, the rotor displacement velocity was
calculated from the voltage and current in the coil, and the displacement was obtained
by integration [1]. On the other hand in an active levitation control, the electromagnet is
driven by a pulse width modulated (PWM) signa. The PWM carrier frequency
component of the magnetic coil current is a function of the coil inductance. The gap
between the electromagnet and the levitated object was calculated directly from the
inductance without integration [2].

In this paper, we focus on the application to a plasma horizontal position control
system, where the position is controlled by a vertical field coil. The voltage of the
power supply for the vertical field cail is controlled by phase shift of the thyristor, and
has ripples, whose frequency is higher than that of position controlling current. The
ratio of the ripple frequency components of the coil voltage and current is a function of
the coil inductance. Since the inductance depends on the plasma horizontal position, the
position can be calculated directly from the inductance without integration.
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This sensing method has been applied to the superconducting tokamak HT-7. The
ratio of the ripple frequency (300 Hz) components of the vertical field coil voltage and
current is calculated by Fourier expansion of the wave forms sampled every 0.1 ms for
3.3 ms before and after the time. We calibrated the equivalent circuit parameters in the
relation between the ratio and the plasma horizontal position by a least square method.
The calculated sinusoidal waveform of the position coincides with the one obtained
from flux loop signal. The error is less than 2 % of the plasmaminor radius [3].

Using the equivalent circuit parameters calibrated above, feedback control of
horizontal position was tested on HT-7 in 2004. Because of real-time control, only past
data for each one-ripple period were used to calculate the position based on sensorless
sensing. Two kinds of experiments were carried out, to keep the position constant and
swing the position in atriangular waveform.

Improvement of the magnetic sensorless control system has been endeavored. And
magnetic sensorless sensing of plasma shape is discussed in analogous fashion to the
plasma position sensing.

2. Experimental device and magnetic sensorless sensing principle
The superconducting tokamak HT-7 (the toroidal field Br = 2.5 T, the maor radius

R = 1.22 m, the minor radius a = 0.26-0.30 m) of ASIPP [4], has thermal radiation
shields between the plasma and the superconducting toroidal field coil, and between the
toroidal field coil and the vertical field coil. The shield acts as a stabilizing shell for
plasma equilibrium and the position is measured by flux loops taking the shell effect
into account. The plasma horizontal position is controlled by the vertical field coil
power supply, where phase of the thyristor is controlled at the frequency of 300 Hz.

In afeedback control system of the plasma horizontal position xp, thisis controlled by
a vertical magnetic field made by vertical field coil current Iy driven by the applied
voltage Ey. When the plasma shifts outward horizontally, a voltage is induced in the
vertical field coail. In a voltage controlled power supply, Iy isincreased, and in a current
controlled power supply, Ev is reduced. Therefore we can obtain some information on
xp from the Ey and Iy, and we can deduce the xp from them.

First, we consider the electrical equivalent circuit equations of the vertical field coil
(V), thermal radiation shield (S) and plasma (P), and reduce Is and |p from these
eguations:

Zy Ly Ze|ly E,
Zy Zs Zg|lg|=
Zoy Zps Zp \lp 0
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If we approximate Z as a series element of aresistance and an inductance, and neglect
the resistance of the shield and the plasma compared with that of the coil:
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where s is an operator for Laplace transformation, R, L and M are resistance, self and
mutual inductance, and t is time constant defined as ratio L/R or M/R. Since the plasma
inductance and the mutual inductances (M) between the plasma and the others depend
on Xp linearly in the first-order approximation concerning elongation ratio and inverse
aspect ratio,

S stor —sro (1+ XP)
IV XO
Consequently, the position (xp) can be calculated directly from Ey and |y, and the time
integration is not necessary for deriving the position.

The position is expressed as a fractional or a linear function of the ratio (Ev/Iv). But
this ssmple expression results from the above approximate linearization, neglecting the
low-frequency components to apply it finally for feedback control of plasma position,
since high speed is necessary in detecting the plasma position. On the other hand, since
high accuracy is also necessary, we express the position as a first-order lag element of
the ratio to raise the degree of precision. The amplitude of the voltage and current ripple
is calculated from the fundamental Fourier component of each ripple.

The time resolution of the plasma horizontal position measurement based on
magnetic sensorless sensing is limited by the ripple frequency as well as that obtained
from the flux loop signal.

3. Experimental results of magnetic sensorless sensing and discussions

In the superconducting tokamak HT-7, the effect of eddy current in the thermal
radiation shield must be taken into account. The plasma horizontal position is swept
horizontally (the amplitude is smaller than 1 cm) at 7 Hz in the shot number 45160.
Since I s is not measured, we cannot determine the mutual inductances, My s between the
vertical field coil and the shield, and Msp between the shield and the plasma separately.
We can determine only the effective mutual impedance (Myp- Mys Mgp / Ls) between
the plasma and the vertical field coil.

The ratio of the ripple frequency (300 Hz) components of the vertical field cail
voltage and current is calculated by Fourier transformation of the waveforms sampled
every 0.1 ms. From the equations in the previous section, the ratio is expressed as a
fractional function of xp. But practically a first order transfer function should be
sufficient to take into account the resistive effect. The relation between the ratio
(impedance) and the plasma horizontal position is calibrated from the waveform of the
shot number 45160 from 200 ms to 800 ms, i.e. the gain and time constant of the lag
element, and the pedestal are determined.

Using these parameters, we applied this method to evaluate xp in the shot number
45165, where xp was swept at the different frequency of 10 Hz. The error of the derived
plasma position is lower than 2 % of the plasma minor radius, and only the calculated
position in the first cycle just after 200 ms depends on the starting position [3].
Although the error amount of 2 % is sufficient with respect to the required accuracy of
the plasma position control, it may be too high with respect to the SOL and with respect
to the position of the X-point in a divertor machine. But in the divertor machine, the
waveforms of the divertor coil current and voltage would give more information on
them, especially on the position of the X-point, and the error amount would decrease.

4. Experimental results of magnetic sensorless control and discussions
In the magnetic sensorless sensing, we have made analysis of the data from HT-7



off-line. In order to apply the magnetic sensorless sensing method to feedback control of
plasma position, we must take into account the real time processing, the noise rejection,
the accuracy and the calculation time.

Before the calculation of the fundamental Fourier component, necessary is the
pre-processing for extracting the ripple component. In the real-time control system, only
the past data are available in reducing the low frequency component and the high
frequency noise from the raw current signal. The time lag due to the past data should be
compensated by adjusting the time constant of the first order lag element. There is a
method to utilize the discrete orthogonality of Chebychev polynomial. Since it, however,
does not use the data at regular intervals, a ssmple averaging method is adopted here.

Using the equivalent circuit parameters calibrated above, feedback control of
horizontal position was tested on HT-7 in 2004. Because of real-time control, only past
data for each one ripple period were used to calculate the position based on sensorless
sensing. In the first experiment to keep the position constant, it goes inward linearly in
time as shown in Fig. 1. In the second to swing the position in a triangular waveform, it
follows outward shift well, but does not inward one as shown in Fig. 2.

The asymmetric behavior suggests an asymmetric cause of sensorless sensing. It
may be caused by increase in the ripple frequency as the phase-controlled voltage
increases. In this control experiment, however, the calculation of the pre-processing for
extracting the ripple component and the fundamental Fourier component were made by
fixing the period of the thyristor ripple for smplicity. The easiest way of adjusting the
variable period is to input the command signal for constant-voltage control of the power
supply for vertical field coil and calculate the period from the time derivative.

The phase of the ripple depends on the firing angle. The amplitude of the current
ripple is very small, although that of the voltage ripple is large. The current ripple
component depends on the frequency, and the ratio to the main current of low frequency
(amost DC) component is about 0.3 %. The small current ripple changes according to
the plasma shift via change in the effective mutual inductance. The current ripple
changes by 0.2 % per plasma shift of 10 mm. Consequently, the current ripple should be
amplified beforehand, so that the plasma displacement dependence on the ripple
component could be detected with 12-bit AD converter, or we should adopt with 16-bit
AD converter.

The ohmic coil voltage and current are to be measured and analyzed to take the
effect into account, although the ripple frequency is 600 Hz, which is two times as
high as that of vertical field coil. We should endeavor on making fast the calculation
without deteriorating the accuracy. Neural network could shorten the time, although it
takes much time for the training.

5. Magnetic sensorless sensing of plasma shape

In order to measure elongation ratio based on magnetic sensorless sensing, we pay
attention to quadrupole component of poloidal field coils as in Fig. 3(a). Taking into
account the ripple frequency of 300 Hz, we consider the quadrupole current profile in
plasma surface and the magnetic coupling with the quadrupole coil component (Fig.
3(b)). As in magnetic sensorless sensing of plasma position, the current ripple
component decreases with ripple frequency for fixed elongation ratio of 2 (Fig. 4(a)).
For fixed ripple frequency of 300 Hz, the current ripple component changes as a
function of the elongation ratio (Fig. 4(b)).

Therefore, magnetic sensorless sensing of elongation ratio is possible in principle.
In Fig. 3, the mgjor and minor radii of the quadrupole coil positions are about the same



asin HT-7 for comparison with the position sensing. In case of EAST [5], poloidal coils
are also superconducting, and the time constant is long. Although the current ripple may
be too small, it decays hardly at all in time.

6. Summary

Sensorless sensing experiments were carried out in the superconducting tokamak
HT-7. The plasma horizontal position was estimated from the vertical field coil current
and voltage. The plasma horizontal position was directly calculated from the ratio of the
fundamental Fourier components of the voltage and the current without time integration.
Therefore this technique is very advantageous for the application to long pul se tokamak
discharges without suffering from the drift problem in time integration of magnetic
signals.

In the magnetic sensorless control experiment on HT-7, the plasma position could be
controlled stably based on magnetic sensorless sensing method under disturbances from
other poloidal coils and thermal radiation shield, if the asymmetric cause of sensorless
sensing were eliminated.

Magnetic sensorless sensing of elongation ratio was studied. This sensorless control
concept may be extended to the one of triangularity, and resistive wall mode.
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Fig. 1. The first experiment to keep the position constant based on sensorless control.
Ip: plasma current, lv: vertical field coil current, Vv: vertical field voltage, xSL: plasma
position based on sensorless sensing, XFL: plasma position deduced from flux loop
signal. Although xSL is amost constant by feedback control, xFL goesinward linearly.
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Fig. 2. The second experiment to swing the position in a triangular waveform according
to flux loop signal. The notations are the same as in Fig. 2. Although xSL follows
outward shift well, it does not inward one.



(b)

Fig. 3. Poloidal magnetic field is decomposed into dipole and quadrupole (a) field
components. Plasma surface current profile is also decomposed into dipole and
quadrupole (b) current profile components.
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Abstract:

Detailed analysis of the low frequency instability is performed in a linear magnetized steady state

plasma device. Identification and modification of the instability are achieved.
m|ntroduction:

During the early years in plasma physics, many studies were devoted to plasma
instabilities in laboratory plasmas, especialy in linear magnetized plasma devices. Many
of them were related to anomalous transport in magnetically confined fusion plasmas. In
order to control were turbulent state and the related transport, it is very important to
achieve a better understanding of the mechanisms of instability of the system.

In linear magnetized plasma devices, low frequency fluctuations are easily
observed.’? There are many factors causing these fluctuations, such as resistive drift
wave, K-H instability and Rayleigh-Taylor instability. In order to identify the instability,
careful analyses should be conducted to make a detailed study of the radial profile of the

plasma parameter.
sExperimental setup:

The experiments are performed in the Linear Magnetized Plasma Device (LMP) at
USTC. A detailed scheme is displayed in Fig. 1. The device consists of two large
stainless steel chambers (60cm in diameter and 50cm in length) separated by an insulated
column (25cm in diameter and 200cm in length) immersed in a solenoid. The magnetic

field inside the column is generated by ten equally spaced water-cooled coils. The



maximum field strength is 1000 Gauss with a current of 170A in the solenoid. One of the
large chambers is used as a hot-filament DC discharge multipolar source, with argon as
the working gas. Plasma parameters are determined with the Langmuir probes, emissive
probes and quad-probes. The typical parameters are Density: 10°cm’®, Te: 1~3eV.

mPreliminary result in LMP

1. Observation of low frequency instability

Until the field strength reaches a threshold, no significant fluctuations are observed.
Fig. 2 shows the revolution of the spectrum of the ion saturation current at a certain radial

position.
2. ldentification of the low frequency instability

Fig.3 shows the typical radia profiles of the ion saturation current and its spectrum.
The radia location of the maximum fluctuation corresponds to the position of the
maximum current gradient. The propagation velocity of the fluctuation is calculated
based on the probe tip distance and the cross relation function between the two floating
voltages. Due to the existence of the radial electrical field, the induced Doppler shift
(ExB drift) should be subtracted. The phase velocity measured at r=-1.7cm is
approximately 172m/sec and the wave propagates in the direction of the electron
diamagnetic drift. These results are summarized in Fig.4. Also, it is found that the density
fluctuation leads the potentia’s. All the observed characteristics are consistent with the
model of the drift wave.

Drift wave is a low frequency wave driven by a pressure gradient. According to a

simple model, the phase velocity of the drift wave driven by density gradient is given by
V, = %an B, where K is the Boltzmann constant, n is the plasma density, and B is

the magnetic field strength. A more accurate model should take into account the parallel
propagation of the adiabatic electrons.® The calculated phase velocity is approximately



200m/sec, which agrees with the measured value very well.

3. Modification of the low frequency instability

Usually, the insulated stainless steel column is grounded, the same with the large
chambers. When the column is biased with a positive voltage, the profile of the low
frequency instability is greatly modified (see Fig.5). It has proved to be avery useful way
to change the plasma from a quiet state to weak turbulence, then to full developed

turbulence. However, further studies are still ongoing to investigate the mechanism.

mConclusion and summary

Detailed analysis of the low frequency instability in LMP is given. The observed
fluctuation is identified as the drift wave. With the positive biased column, the
modification of the low frequency is achieved.
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Fig2: The revolution of the power spectral density (PSD) of the ion saturation current at certain radia
position r=-1.7cm (r=0cm at the center of the column). The horizontal axisis the B field (Gauss), the
vertical axisisthe PSD.



Fig3: Theradia profile of the low frequency instability (B at 700Gauss). Right top is the radia profile
of the normalized ion saturation current.
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Figd: Top is the coherence of the two floating voltages, middie is their cross spectral density, and
bottom is the phase angle between them.



Fig5: The radial profile of the low frequency instability (the column is biased +4 volt), the horizontal
axisistheradia position (cm)
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Abstract

Spectroscopic diagnostics have been extensively devel oped for studies of impurity and
neutral particle transports at core and edge plasmas in LHD. Diagnostics of core plasmas are
similar to the tokamak case, i.e., Zg from visible bremsstrahlung, K-x-ray measurements from
X-ray spectroscopy using Si(Li) detectors and a compact crystal spectrometer, and high-Z
impurity diagnostics from VUV spectroscopy using a flat-field EUV spectrometer. A
combination of impurity pellet injection and the visible bremsstrahlung is an active tool for the
determination of the diffusion coefficient D and the convective velocity V. Using thistool the
gpatial structures of D and V are obtained and discussed with the neoclassical effect. On the
other hand, the spectroscopic method for edge diagnostics is considerably different from the
tokamak case because of the existence of a thick ergodic layer in addition to the x-points
necessarily included in the diagnostic chord view. In order to break this negative situation,
Zeeman and polarization spectroscopy were adopted to LHD edge plasmas. As a result,
2-dimensional emission contours of Hel and How were successfully obtained. Laser absorption
spectroscopy was employed in an attempt to measure hydrogen neutrals directly. Radial
profiles of edge impurities were also measured with amirror-assembled 3m VUV spectrometer.
Recent results and the progress on LHD spectroscopy are briefly reviewed.
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1. Introduction

Experiments of the Large Helica Device (LHD: R/<a>=3.6m/0.64m, B<3T,
Vp:30m3) have been carried out with a complete set of superconducting coils and carbon
divertor plates installed on the vacuum chamber (SS316L) at 4 divertor sections. Successful
discharges have been obtained without any serious problem on impurity radiation. Helical
plasmas, however, have a high degree of freedom for density profile formation in comparison
with tokamaks, where the peaked, flat and hollow density profiles usually appears as functions
of By, Te, Ne and so on. It becomes very important for LHD to study the relation between the
formation of such a variety of density profiles and the core impurity transport. On the other
hand, the magnetic field structures in LHD are characterized by the presence of a relatively
thick ergodic layer, which is created by intermediately closed magnetic field lines, surrounding
the main plasma within p=1. It isacommon feature in non-axisymmetric devices. Especially
in LHD, the averaged thickness of the ergodic layer A, (~10cm) is much greater than the neutral
penetration length, A; (=1-3cm). Therefore, it also becomes important to study the transport of
impurities and neutral particlesin relation to the chaotic B-field structure in the ergodic layer.

Many kinds of impurity diagnostics have been developed in LHD for the purpose of
above-mentioned key issues. In this paper, recent progress on the impurity diagnosticsin LHD
are briefly interpreted with some experimental results.

2. Coreimpurity diagnostics

The effective charge Z«: is a typical measure of core impurity concentration™. A
radial profile measurement of the Zg with 80 view chords has been developed using visible
bremsstrahlung in a range of 5315A. At present, the Zg; profile has not been sufficiently
obtai ned because of amixture of visible line emissions mainly from the x-points. Nevertheless,
the contribution of line emissions can be reduced by selecting an appropriate magnetic
configuration and density range. A typical profile of Zg isshownin Fig.1. Dataaretaken at a
density of 5x10%%cm™. The Z« profile seems to be flat, indicating a small increase in the
plasmacenter. The density profileisalso flat, but the error bars of ng(r) are considerably large.
Therefore, the error bars of Zg«:(r) become large inevitably. Recently, a fairly good density
profile has been measured in LHD by a Thomson scattering and CO,, laser interferometer. The
detailed study of the Z profile will progress further in the near future in addition to the
technical improvement of the Zg: measurement.

Theimpurity transport has been studied in acombination of the visible bremsstrahlung
measurement and an impurity pellet injection™. The cylindrical pellets of C, Al and Ti were
adopted in this study with a velocity range of 150 to 300m/s and a size range of 0.5-0.9mm.
Typical waveforms of the visible bremsstrahlung after C pellet injection are traced in Fig.2(a)
as a parameter of the electron density. The decay time of the signals depends strongly on the
density level. Theimpurity pellets were injected in avariety of NBI (<10MW) discharges. In
order to analyze the impurity transport using the diffusion coefficient D and the convective

-3-
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velocity V, the following model is assumed with radial structures;

on
I, =—D,(r)—+V,(r)n, (1)
or
Va(r) = 1\/("")* x(i—p*j (r>p%), v
and V,(r)=0 (r<p*). ©))

Here, Ty, g, Dq and V,, are the particle flux and theion density of g™ charge state, the diffusion
coefficient and the convective velocity, respectively. The value of p* means the inflection
point of the assumed radial profile of V, as shown in Fig.2(b). The present model is consistent
with the normally used conventional model, when p* is 0. The time behavior of the impurity
density profile is thus calculated by the following equation with the ionization balance of

impurity ions;
on 10
# = _?5(”—‘(:] )+ aq—lnq—lne + ﬂq+1nq+1ne - (aq + ﬂq )nqne + Sq ) (4)

In the equation o, B and S, represent the ionization and recombination rate coefficients and an
initial particle source given by the impurity pellet, respectively.

Since the collision frequency of impuritiesis high at standard plasma parameters, the
impurity ions generally stay in a collisional regime. The particle flux I' and the diffusion
coefficient D in the collisional region are described by the neoclassical theory;

on on dT,
Fq = _Dimp _q+ D|m’3Q(i_p_l(1_1]i s jnq’ (5)
or n, or 2 q)Tp Or
D, =224x10%(292 +1)InA i (6)
mp S \/T_GBZ ’
on oT,
and V, = Dimpq(i_p_l[l_iJiﬂJ, (7)
n, or 2 )T Or

where n, is the proton density, gs the safety factor and InA the Coulomb logarithm. These
equations indicate that the D is independent of the impurity charge state g, but Vq is
proportional to q in addition to the proton density gradient. Then, Eq.(2) is replaced by the
following equation to include such q dependence on V;

V(r) = 1\1(2)* (g-pj(gj (r>p*). ®)

The time trace of the measured bremsstrahlung shows a fairly good agreement with the
gpatially constant D and the V modeled by Egs. (3) and (8). The vaue of p*=0.6 is thus
obtained as aresult of the best data fitting.

The density dependenceof D and V at p=0.8 isshownin Fig.3 (a) and (b), respectively
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as one of the typical results of the impurity transport study. The diffusion coefficients are
nearly constant for the three elements of C, Al and Ti and also for the density. Values predicted
by the neoclassical theory are also plotted in the figure. It is clear that the experimentally
obtained coefficients are much higher than the predictions. The inward velocities, on the other
hand, have a considerably strong dependence on the density and the charge state. This result
seems to be consistent with the prediction from the neoclassical theory (see Eq.(7)). However,
no temperature gradient dependence on the V is observed. Replacing the density of the figure
into the collisionality vimp, Which ranges in the Pfirsch-Schliter regime, we obtain a clearer
result that the D is also constant for a variety of vimp and the V becomes more negative when
Vimp iNcreases, e.g., V(0.8)=0 for vimp/ves=1 and V(0.8)=-3m/s for vimp/vPs:103. In LHD a
helical ripple becomes dominant at p>0.5. The present result on the D may suggest that the
impurity transport is not affected by the existence of such ahelical ripple.

X-ray emissions from core metallic impurities have been routinely monitored using
the Si(Li) and Ge detectors. Radial profiles are also measured by scanning the line-of-sight of 4
Si(Li) detectorsin asteady phase of LHD discharges™! (see Fig.4). From this measurement the
density of iron is determined to bein the order of 10 to the electron density. Theradial extent
of the Ko lines is mainly determined by the central electron temperature having a weak
dependence on the impurity transport coefficient. In order to observe core impurity transport
coefficients using passive spectroscopy, a compact crystal spectrometer is being constructed.
Figure 5 (a) shows a schematic view of the Johann-type spectrometer (LiF(220): 20=2.848A,
2R=43cm, 15x15mm?). The spectrometer covers an energy range of 6.4-7.0keV in which Fe
Ka linesemitted from their all charge states can be observed, when a CCD detector with atotal
size of 26mm (1024ch) is used. One of calculated results on the Fe ions radia profile
(D=0.2m?%s, T¢(0)=2keV) istraced in Fig.5(b). The charge state distribution of Fe at the plasma
center becomes a considerably strong function of D in LHD, because T¢(0) typically rangesin
2-3keV and partially ionized ions like Fe"™-Fe™* till remain in the plasma center. The Fe Ko
lines obtained from LHD are also expected for comparison with those from astrophysical
plasmas observed by the ASTRO-E2 x-ray satellite, in which some of Ko x-rays are emitted
by a different excitation mechanism.

A flat-field EUV spectrometer with an incident angle of 87.0° has been constructed for
aquantitative analysisof coreimpurities. Theimage of spectral lines can befocused linearly by
the use of a varied-line-spaced grating. This focusing mechanism yields a relatively high
spectral resolution over a wide wavelength range of 100-400A in combination with a
back-illuminated CCD (26.6x6.6mm?, 1024ch) as an EUV detector. The spectral resolution of
0.4A isdesigned at A=200A. A mechanically ruled grating is used at present. Inthe near future
a laminar-type holographic grating will be used in place of this one in order to reduce the
reflectivity of higher order light. The spectrometer is also aimed for understanding the atomic
structures of Sn and Xe ions injected into LHD, as one of severa joint projects related to an
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EUV light source development (130-140A)® for next-generation lithography based on
laser-illuminated plasmas.

2. Edge impurity diagnostics

Figure 7 shows (a) Hp, (b) Hel and (c) ClI chord-integrated radial profiles observed
vertically at a horizontally elongated plasma position'®. No sufficient explanation can be
derived from the datafor the behavior of the edge particle because those profiles are too strange.
In LHD there exists a thick ergodic layer and two x-points outside the main plasma. The
line-of-sight from the diagnostic ports always includes such edge structures. In order to break
this deadl ock the Zeeman spectroscopy has been adopted for better understanding.

Figure 8(a) shows a chord-integrated Hel spectrum, which is recorded with a chord
denoted with (a) in Fig.8(e) passing through an inner and an outer part of the edge plasmas. The
Zeeman-split spectrum can be then explained by a combination of two magnetic field strengths
of 1.99T (inboard edge) and 1.51T (outboard edge)!”. The positions of ¢ and © components are
indicated with solid (1.99T) and dashed (1.51T) lines in Fig.8(a). Using this technique a
2-dimensional emission contour was successfully obtained analyzing basically the radial
profiles data of Fig.7(b). Theresult is plotted in Fig.8(e). Theintensities of the Hel emissions
expressed by the size of closed squares are dominant in the inboard side of the edge plasma.
According to a theoretical prediction the particles coming out of the main plasma reach the
inboard-side divertor in this configuration. The enhanced Hel emissions at the inboard side are
believed to be a result of enhanced interaction between the particles and the carbon divertor
plates.

On the other hand, the technique became afailure when it was applied to Ho.. The Ha
spectrum could not be resolved into each ¢ and n= component since those were widely
broadened and mixed with each other (see Fig.8(b)). We therefore further attempted with
polarization spectroscopy in addition to Zeeman spectroscopy to resolve this problem'®. The
experimental results are shown in Fig.8(c) and (d). In LHD the rotational transform islarge at
the plasma edge (/2rx~1.5), and then the polarization becomes different between the inboard
and outboard sides due to different directions of the magnetic field lines. The e-ray shown in
Fig.8(c) indicates approximately a combination of © component at the inboard side and o
component at the outboard side, and the o-ray in Fig.8(d) indicates a ¢ component at the
inboard side and = component at the outboard side. Here, the e-ray and o-ray, which were
separated by a polarization separation prism, mean different polarization angles crossed at right
angles. Both spectraare analyzed using two different temperatures of cold and hot components.
We thus obtain an absolute position of Ho. emissions shown by open circlesin Fig.8(e). Inthe
figure only the result from asingle chord is plotted, but the 2-dimensional Ho. contour has been
analyzed as well asthe Hel case.

A direct measurement of hydrogen neutrals was attempted using laser absorption
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spectroscopy'®. A diode laser fixed to Ho. wavelength of 6562.8A, which is tunable in a
wavelength range of 1A with aline width of 4MHz, was transferred by an optical fiber to an
LHD diagnostics port and the laser power passing through the plasma was monitored with a
PMT thorough an Ha interference filter and a visible spectrometer at the opposite diagnostics
port. When the laser power is absorbed by the hydrogen neutralsin an excited level of 2s state,
the detected power isreduced. A typical result on thelaser absorption spectroscopy isshownin
Fig.9. Data of some interest is obtained at the end of discharges during t=1.25-1.35s (see
Fig.9(c)). The signal from alock-in-amplifier, which is used to eliminate the background Ha
light from the plasma, traced in Fig.9(d) clearly indicates areduction of theinjected laser power
meaning the absorption by the neutrals. At present no quantitative analysisis made. However,
the present result demonstrates a possibility on the direct measurement of edge neutrals in
fusion devices.

A 3m normal incident VUV spectrometer has been developed to measure radial
profiles of edge impurities with the use of view-angle adjustable mirrors set in front of an
entrance slit and the back-illuminated CCD detectort™®. Full vertical profiles of CIV (1550A)
are recorded from high-density and low B; discharges (see Fig.10(a)). In these discharges the
outer boundary of plasmas shrink inside LCFS due to a large edge energy loss. The ergodic
layer and x-points disappear. Asaresult, the profilesbecome symmetric. In LHD adirection of
grad-B drift of particlesis not as simple as the tokamak in which the up and down asymmetry is
observed. Thisresult suggeststhat the effects of the grad-B drift and helically trapped particles
are small at least in such acollisional regime. The profile at t=1.8s indicates the plasma decay
phase after NBI pulseisswitched off. The edgeradial profilesof the carbonionsin each charge
state are also measured. A preliminary result is shown in Fig.10(b). The data are taken from
limiter plasmas, and then the value of z=0 means the position of the limiter head. The radial
positions of carbon ions are a function of the (inward) convective velocity in addition to the
edge Te profile. These data are expected to be useful for understanding the formation
mechanism of the inward velocity and the impurity transport at plasma edge.

3. Concluding remarks

A variety of spectroscopic instruments have been developed for impurity and neutral
particle diagnostics in LHD during the past ten years and new ideas have been also attempted.
Some of them have produced successful results. Besides the above-mentioned diagnostics, the
ion temperature measurement by a high-resolution crystal spectrometer!* and the monitoring
of impurity by severa VUV spectrometers have been routinely done in every discharges.
Diagnostics using visible forbidden lines has been newly started. Joint efforts are being
continuously made for future development of the impurity transport study in LHD in
collaboration with many universities and institutes.
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Impurity Measurement and Study on HL-2A Divertor Tokamak *
Zhengying CUI, Ping SUN, Yudong PAN, Wei LI, Quanming WANG, Xueu DUAN

Southwestern Institute of Physics, P. O. Box. 432, Chengdu, Sichuan 610041, China

Abstract: The HL-2A tokamak with two close divertors has been in full operation
since 2003. In the 2004 experimental campaign the divertor configuration was
successfully formed and the siliconization as a wall conditioning was performed on
this device for the first time. The diagnostics for impurity measurement are described
in this paper. The divertor configuration can be reconstructed by the CFc code.
Impurity behaviors were investigated during the experiments with the divertor
configuration and wall conditioning. The reduction of impurity was clearly evident
under both conditions of the divertor configuration and siliconization.

Key words: plasma, wall conditioning, impurity

PACS: 52.55.F, 52.25. y

1, Introduction

Over the past decades impurity behavior has been seen as one of the principal
factors governing the achievement of fusion reactor plasma conditions. Fuel dilution
of the central plasma is often unacceptably high and impurity radiation near the edge
is the likely limiting factor on achievable plasma density. The principal task of
tokamak impurity studies is to explain impurity levels in the main plasma and to
indicate means of control. In order to avoid destroying the vessel wall and poisoning
the plasma, yet at the same time, to efficiently extract the waste product of the fusion
process from the system, divertors have been proposed right from the beginning to
handle such problems in many machines'.

The HL-2A with two close divertors was successfully constructed in 20022, It is
the first divertor tokamak in China. The parameters are as follows: the magjor radius
R=1.64m, the minor radius a=0.4m, the toroidal magnetic field Bt=2.8T, and the

toroidal plasma current 1p=480kA. Impurity study and control as one of the critical

* Thiswork has been supported by the National Natural Science Foundation of China under Grant No. 10475022.



issues will generally be undertaken during the initial operation period since the
content of impurity may be high and will strongly affect the discharge operation and
plasma quality.

Different kinds of impurity diagnostics have been developed on the HL-2A
device including measurement of impurity radiation, line emission, Zeff, etc. This
issue is discussed in Section 2 of this paper. The experimental results regarding the
impurity on the divertor configuration as well as the experimental results of
siliconization are described in Section 3. The last section presents a summary.

2, Impurity diagnostics

A monochromator in the VUV spectral range has been installed on HL-2A to
examine the impurity behaviors in the main plasma region™. It is a Seya-Namioka
vacuum monochromator with a wavelength range of 20nm-200nm and a sensitive
material coating on the surface of the detector. The line of sight goes through the
plasma center mainly for the investigation of impurities of helium, boron, carbon,
oxygen, iron, cupper, silicon, etc.

The visible spectroscopy in the main plasma chamber is comprised of
bremsstrahlung measurement with 6-channels for plasma effective charge, Zeff, and
of Ha measurement with two arrays. Each array includes 23 channels. There are four
other channels for independent Ho. measurement which are located along the toroidal
direction of which the line of sight of one channel goes through the plasma edge and
the others go through the plasma core. In the divertor chamber some visible fibers
with the filter are also installed for Ho, Cl11 and Oll measurement. Detail information
is presented in reference. In the 2005 experimental campaign a new Ha array with
92 channels has been installed for a horizontal view of the main plasma chamber.

In the early operation stage of HL-2A there are only one array of bolometer with
16 channels. The detector is Absolute Extreme Ultra Violet silicon photodiodes,
AXUV, which is characterized by a fast response, high sensitivity and wider
bandwidth. Nevertheless, it is not sensitive to the particle loss. The energy range of
the detector is from 10keV to 1eV. The array is mounted on the horizontal port of the

device with a fan-shaped line of sight™®. For the 2005 campaign two new bolometer



arrays with 16 channels for each array and the same detector with the old bolometer
areinstalled in the main plasma chamber.

The plasma discharge with a single divertor (down) was successfully formed in
the 2004 campaign'®. The reduction of impurity was obvious when the divertor
configuration was formed. The siliconization as awall conditioning had been done for
the first time on HL-2A since the start of the device's operation. By using
siliconization a decrease in impurity was achieved. The characteristics of the
siliconization and the effect of the wall conditioning on the plasma as well as on wall

recycling were investigated.
3, Experimental Results

3.1, Effect of Divertor on Impurity

The plasma discharge can typically extend to more than 1s on HL-2A. The
longest discharge achieved in 2004 campaign was 1.58s. A typical discharge with the
divertor configuration has distinct regimes. the limiter phase in the early stage of a

discharge without X-point, and the divertor phase with X-point, shown in Fig.1.
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monochromator, electron density in the divertor neq, measured by microwave
interferometer, electron temperature Teo.giv @and density Neio-giv N the high field side
divertor chamber measured by probes located at the neutralized target plate, electron
temperature Teigiv and density Ne-gyv in the low field side divertor chamber also
measured by probes. The divertor configuration has been formed from 270ms to
600ms. When the divertor is fully formed the temperatures at the target plate both in
the inner divertor and in the outer divertor increase to about 50eV. The electron
density in the inner divertor chamber is higher than that in the outer divertor chamber
which are 9.5x10"cm™ and 2.7x10"cm™, respectively. H, intensity in the main
plasma region decreases dramatically from 600a.u. to 160a.u. The decreasing rate is
about 73%. During the whole discharge there is only the background gas puff.
Therefore, the changes in the H, intensity and the density in the divertor chamber are
absolutely caused by the particle pumping capability of the divertor. In the main
plasma region the emission from light Z impurity such as oxygen shown in item 4
obviously decreases from 28a.u. to 13a.u. with a total decreasing rate of 53%. The
effect of the divertor on impurity and recycling of the wall can always be observed as
soon as the divertor is fully formed.

By using a plasma transport code, B2, which is transferred from Germany and is
only available in the scrape-off layer (SOL) and the divertor region |, the distribution
of the electron density and temperature in the plasma edge and the divertor region are
calculated. The power, which goes through the separatrix from the plasma
confinement region into the SOL region, is one of the important input parameters in
the code. It is assumed to be 500kW under the condition of ohmic heating. The results
are shown in fig.2. The distribution of the electron density is on the left and that of the
temperature is on the right. Different colors are related to different values of density
and temperature. The density is about 3-6x10™cm™ and temperature is about 30-50eV
near the last closed magnetic field surface. The calculated values of both density and
temperature are very similar with the experimental values. It means that during the
first operation stage of the divertor in the ohmic heating case on HL-2A the typical

value of the plasma density is lower. Therefore, the typical temperature at the divertor



target plate is dightly higher than that of the other device with additional heating

power. The experimental result is confirmed by the results of B2 code.
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3.2, Effect of Siliconization on Impurity

Inside the vacuum vessel of HL-2A there are four pairs of fixed limiters and a
segment of the moveable limiter. All of the fixed and moveable limiters are closed to
the joint sections of the vacuum vessel and covered by the graphite tiles. The two
domes of the divertors are also covered by the graphite tiles. The ratio of the area
covered by graphite to the total inner surface of the vessel is about 0.1%. The vacuum
volume and inner surface of HL-2A are 26m° and 76m?, respectively. The main pump
systems of HL-2A are comprised of six molecular pumps: 6x3500 (Is') and two
cryogenic pumps.  2x12000 (Is?), and pre-pump systems with two Roots pumps:
2x600 (Is?) and mechanical pumps: 2x70 (Is?), respectively. The volume of the two
divertors is about 2x7.2m®. The total leakage rate is 9x10° (Pam3s™) ®. The obtained
highest vacuum is 4.6x10° Pa up to now. At the beginning of an experimental
campaign the vacuum chamber of the device is normally baked up to the temperature
0f120°C. When the temperature of the wall is back to the room temperature the glow
discharge cleaning with helium gas is taken, and then the plasma discharge is followed.

Since the two big divertor chambers with the ratio of the divertor volume to the whole



vacuum volume being about 55% are as a huge reservoir of gas, they strongly affect the
electron density of the plasma. Related research has been published asin reference %,
The experimental results of the siliconization are presented below.

By using the glow discharge cleaning (GDC) with the mixture gas of SiH,+He
the containing film of silicon is coated on the internal surface of the vacuum vessel.
The evaporation is continued for about 40 minutes each time. Before and after
siliconization there is GDC with helium, and on each day 30-minute helium GDC is
routinely taken just before the plasma discharge. Compared to boronization,
siliconization can strongly absorb oxygen. Therefore, the intensity of oxygen is
remarkably decreased after siliconization. Presented in figure 3 is the time evolution

of the oxygen intensity comparing the discharges before and after siliconization.
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Fig.3, Comparison of oxygen before and after siliconization

Shot 2876 is the discharge after siliconization and shot 2860 is the one before
siliconization. The plasma current of both shots are similar as 1,=213kA for shot 2860,
1,=228KA for shot 2876, respectively. The toroidal magnetic field and electron density
of both shots are the same as 2.1T and 0.9x10"cm™, respectively. The intensity of
oxygen of the fifth ionization stage after siliconization is about ten times lower than
that before the wall conditioning. Its intensity of the radiation drops from 70a.u. to
8a.u. at the peak and from 12a.u. to 5a.u. at the plateau of the discharge. The intensity
on the radiation at the peak drops nearly 14 times after the wall conditioning. It means
the reduction of impurity by siliconization is clear. The emission of carbon before and
after siliconization has also been compared. The change in the intensity of carbon is
similar with oxygen decreasing about ten times on its radiation peak and about one

time on its plateau after siliconization.



The effect of siliconization on the whole plasma radiation measured by the
bolometer array is also notable which is shown in figure 4. Shot 2870 and shot 2860
are the discharges after siliconization and before siliconization, respectively. The
radiation profiles are directly gotten from the integral signal along the line of sight of
the detector. The plasma parameters are similar for both shots. The total radiation
level of plasma is very high and goes up to 40kW/m before siliconization. After
siliconization the total radiation drops down to 5 kW/m™. The ratio of the radiation
before wall coating to that after coating is about 8 times. The capability of controlling

impurity radiation loss of siliconization is very effective.
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3.3, Lifetime of Siliconization

It is hard to exactly define the lifetime of a coating. In general, the lifetime of the
silicon coating is characterized by the shot numbers in which the coating has an
obvious influence on the plasma performance. In the normal case, after siliconization
impurity radiation decreases obvioudly, the quality of the discharge is improved, and
the effective performance with good repetition is obtainable. The emission directly
from the ionization stage of silicon has been investigated after siliconization. It is
shown in fig. 5 with the emissions of SilV (139.4nm) measured by VUV
monochromator. The intensity of silicon rapidly decreases shot by shot just after

siliconization. Shots 2874, 2875 and 3011 are the discharge of the first, the second



and the 34™ plasma discharge after siliconization, respectively. The plasma currents
for these shots are similar as 212kA, 219kA and 207kA, respectively. The toroidal
magnetic field and line averaged electron density of the three shots are the same being
2.1T and 1x10"cm®, respectively. For the first shot, 2874, the intensity of silicon is
stronger at the value of about 20a.u. The intensity of silicon on the second shot, 2875,

decreases to a half of the value of the first shot. And after 34 discharges the silicon
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Fig. 5, Time evolution of silicon intensity of Fig.6, The intensity of oxygen
three shots just taken after siliconization vs. discharge number.

The intensity of silicon decreases shot by shot very quickly. It means that the
slack layer of the atomic silicon on the coating surface loses quickly. The hard layer
of the compound of silicon is present and it has a strong influence on impurity.
Although the line emissions of silicon decreases rapidly as a function of the discharge
number, even almost disappears, the effect of siliconization on the plasma properties
is present all along and decreases gradually for alarge number of discharges. Here let
us focus on the effect of siliconization on impurity, which is shown in figure 6, with
the intensity of oxygen (OIV 103.2nm). Shot 2876 and shot 2966 are the third and
92™ discharge after siliconization, and shot 2860 is the discharge before siliconization.
The plasma parameters of the three shots are also similar. It is shown in figure 8 that
the intensity of oxygen increases to a half of the value of shot 2876. The effect of the
siliconization can be maintained to 160 or 180 discharges with the similar discharge

parameters. In the normal case there may have 30 shots on one day. Therefore, the



effect of siliconization can extend to five or six days. This suggests that the lifetime of
siliconization coating is not short and is comparable with the result of 140 shots on
HL-1M. We should mention that HL-2A is a new device while HL-1M is a device
being operated for seven years. Consequently, it may be due to the divertor
configuration that keeps the wall away from the bombardment of the particle from
plasma. That is just the function of the divertor on a tokamak. Impurity is obviously
controlled by the divertor configuration and wall conditioning on HL-2A.
4, Summary

HL-2A is Chinas first divertor tokamak with two X-points. It was successfully
operated under the condition of full divertor configuration formed in the 2004
experimental campaign. The reduction of impurity was clearly observed when the
divertor configuration was formed. The siliconization as awall conditioning was done
for the first time on HL-2A in the 2004 campaign. The radiation of impurity was
reduced by a large margin after the wall of the device was coated by silicon. The
recycling of the wall was also affected by the wall conditioning. It is obvious that
impurity is controlled by the divertor configuration and wall conditioning on HL-2A.
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Abstract A vertical resolved 16-channel electron cyclotron emission imaging

(ECEI) diagnostic has been developed and installed on the HT7 Tokamak for
measuring plasma electron cyclotron emission with a temporal resolution of 0.5
us. The system is working on a fixed frequency 97.5GHz in the first stage. The
sample volumes of the system are aligned vertically with a vertica channel
gpacing of 11 mm, and can be shifted across the plasma cross-section by varying
the toroidal magnetic field. The high spatia resolution of the system is achieved
by utilizing alow cost linear mixer/receiver array and an optical imaging system.
The focus location may be shifted horizontally via trandation of one of the
optical imaging elements. The detail of the system design and laboratory testing
of the ECE Imaging optics are presented, together with HT7 plasma data.

Keywords: Electron cyclotron emission imaging, optical and electronic setting,
electron temperature and its fluctuations

PACS: 52.70.Gw, 52.35.Hr, 52.25.Xz

1. Introduction

In magnetized toroidal plasmas such as those in tokamaks, the electron
cyclotron emission (ECE) arises from the gyro motion of electrons. In optical
thick plasma, the intensity of the ECE radiation is proportional to the local Te.
As the ECE frequency depends on the magnetic field, which is a monotonically
decreasing function of the major radius, local Te can be obtained by frequency
resolved ECE measurements [1].

Conventional ECE radiometry uses a single antenna/receiver aligned along
a horizontal chord in the direction of the major radius to measure electron
temperature. It has been standard diagnostics for measuring plasma electron
temperature profiles in magnetized toroidal plasmas since 1974 [2]. Its spatia
resolution in the transverse direction of the sight line is limited by the

" Thiswork is supported by the National Natural Science Foundation of China under Grants Nos. 10235010 /
10335000 .



divergence of the beam pattern of the antenna, typically about 2-3 cm. And it is
generaly limited to 1D horizontal measurement along the major radius. The
poloidal spatial resolution of such a system is very poor.

Recently, a novel plasma diagnostic, electron cyclotron emission imaging
(ECEI)[3], has been developed and operated on the Texas Experimental Tokamak
Upgrade (TEXT-U)[4, 5], the Rijnhuizen Tokamak Project (RTP)[6], the Torus
Experiment for Technology Oriented Research (TEXTOR)[7, 8] tokamaks and
the Large Helical Device (LHD) [9]. The principle of the diagnostic is illustrated
in Fig.1. Instead of using a receiving horn antenna, it utilizes a vertically aligned
schottky barrier diode mixer/receiver array [10] and special imaging optics so
that it can achieve a high spatial resolution about 1cm. These diagnostic systems
have demonstrated excellent poloidal spatial resolution and two dimensional
measurement capabilities, and have proved to be an extremely useful tool for the
study of fine scale structures of T. profiles and small amplitude plasma
fluctuations[4, 6, 11].

In continuation of this diagnostic development research, a two dimensional
ECEI system will be installed on the HT-7 Tokamak. As the first stage of this
project, a one-dimensional vertical 16 channel ECEl system working at a fixed
97.5GHz has been installed on the HT-7 Tokamak. In Sec.2, the ECEI optical
design and its performance are discussed in detail. The details of the electronic
system are presented in Sec.3. Preliminary plasma data are presented in Sec.4.

2. ECEI OPTICAL DESIGN AND PERFORMANCE

The optical layout of the HT-7 ECEI system is illustrated in Fig. 2. The
system uses a horizontal diagnostic port window (HDPE, 40 cm high, 8 cm
wide). The positions and focusing properties of lenses 1-3 and the substrate lens
are designed to image the ECE layer onto the mixer array which resides on the
back of the substrate lens. It includes four lenses: one substrate lens, two E plane
focusing lens (lens 2 and lens 3), and one H plane focusing lens (lens 1). Both
the E plane and H plane focusing lenses are cylindrical lenses so that the E plane
and H plane can be focused individually. That makes it easy to adjust the
focusing planes. By the translation of Lens 2, the E focusing plane can be easily
shifted horizontally. And it also makes the lens easy to fabricate.

The antenna array is borrowed from Prof. Luhmann’s group of U.C. Davis.
It is the backup antenna array for ECEI system installed on TEXTOR. It is a
dual dipole antenna, which offers numerous advantages over the slot bowtie
antenna, including superior H-plane antenna patterns and a wider intermediate
frequency (IF) bandwidth [7]. Because the array is not designed for using in
97.5GHz, the antenna pattern is not good as shown in Fig.3. This makes the spot
size larger than the channel spacing and introduces some cross channel talk in
the nearby channels.

Prior to the installation on HT-7, the channel positions and focal plane beam
patterns of the ECEl system were characterized in the laboratory. The E Plane
(vertical direction) focal plane patterns measured at 97.5GHz with d=640 mm



are shown in Fig.4. It is seen that the interchannel spacing is a uniform 11 mm
on all channels, with a /e beam spot size that varies from 13 to 17 mm and with
relatively low side lobe levels. The H plane (toroidal direction) spot size is
approximately 23 mm, with an interchannel (staggered) spacing of 19 mm.

A fixed Gunn oscillator working at 97.5GHz with an output power of 40
mW is utilized as the local oscillator. This Gunn oscillator is made by RPG. The
output of the Gunn oscillator is coupled to the mixer array by one spherical lens
and one cylindrical lens comprised of HDPE. The two HDPE lenses transform
the output from a W-band horn antenna to an elliptical beam, focused at the
mixer array.

3. ECEI ELECTRONICS

Shown in Fig. 5 is the block diagram of one of the 16-channel IF detection
circuits. Each signal from the array mixer is preamplified (~48 dB) by
MiniCircuits's low noise amplifiers. Passed through the bandpass filters, the IF
signals are converted into video signals by Metelics Corporation’s M SS20000
series zero bias Schottky detector diodes. The diode detectors, video amplifiers,
and low pass filters are integrated into compact, low cost |F detectors that are
enclosed in shielding boxes approximately 7.5x6.5x4 cm® in size. The output
voltage of the IF signal power (and thus proportional to Te ), and to match the
ADC's dynamic range of -2.5-2.5 V. In order to apply the auto-correlation
technique, The 3 dB frequency of the low passfiltersis set to 1 MHz. A total of
16 IF detectors are fabricated for the 16 mixer channels. The IF frequency
response, sensitivity, and video response of the 16 IF detectors have been tested
and the maximum variation between channels is within 20%.

The signals coming out of the video amplifiers are recorded by four
simultaneous DAQ cards: ACQ16PCI, which is made by D-TACQ. It could
provide a sample rate up to 6 MSPS for 16 channels with 14 Bit resolution and
16 M sample length. The DAQ system uses differential input with a dynamic
range of -2.5-2.5V and has a good immunity to the interference.

4. INITIAL EXPERIMENTAL RESULTS

The ECEI system was just installed on HT-7 in May 2005. The operational
time has been very limited. It has only been tested in Ohmic discharges. Plotted
in Fig. 6 are time histories of four ECEIl signals for HT-7 shot 79227,
normalized to unity and offset to better compare signals, showing significant
sawtoothing activity during Ohmic discharges. The discharge conditions are:

Bo=1.78T, Ipa=165kA, N, =2x10"cm™. The corresponding radial location is

at R=124cm The experimental data are still under processing. Improvement of
the uniformities of the 16 channels are being made.
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Abstract

Induced charge of a spherical dust particle on a plasma-facing wall is investigated analytically,
where non-uniform electric field is applied externally. The one-dimensional non-uniform
electrostatic potential is approximated by the polynomial of the normal coordinate toward the wall.
The bipolar coordinate is introduced to solve the Laplace equation of the induced electrostatic
potential. The boundary condition at the dust surface determines the unknown coefficients of the
general solution of the Laplace equation for the induced potential. From the obtained potentia the
surface induced charge can be calculated. This result allows estimating the effect of the surrounding
plasma, which shields the induced charge.

Keywords: dust particle, induced charge, non-uniform electric field

1. Introduction

As the duration of plasma confinement in fusion devices becomes longer, the dust particles can
be important to the behavior as an impurity to the core plasma and potential formation near
plasma-facing plates. The absorption of radioactive tritium to the dust causes the safety issue in
fusion reactors. In severa fusion devices (TEXTOR-94, ASDEX-U, LHD, DIIID, NSTX etc.), the
dust particles have been collected and their characteristics analyzed [1, 2], where the radii are
wide-ranging between afew nm and afew tens um. These dusts are composed mainly of metals and
hydro-carbons, which are used for most divertors and plasma-facing materials. The understanding
of the characteristics of dust particles in plasma, such as charging, absorption current, and acting
forces, can be quite important for suppressing and controlling their behavior in plasma. The dust
density in fusion devices usually is too low to bring collective effects. The investigation of the
behavior of a single dust particle in boundary plasma is important. In this study we theoreticaly
investigate the induced charge of the conducting dust particle with a spherical shape on the



plasma-facing wall in a non-uniform electric field.

2 Electrostatic potential
A spherical conducting dust particle with a radius Ry is attached on an infinitely extended
conducting plane wall. The local electrostatic potential is composed of the sum of the external one
¢ « and the one ¢ i, due to induced charges on the conducting dust particle.
P(r.2) = ¢y (2) + ;1 (1, 2) 1)
where (r,2) is the conventional cylindrical coordinate, where the origin is located at the contacting
point of the spherical dust to the planewall (Fig.1).

y4
A
a=0
p=const. >0
a=const. >0
p=0
» I
p=const. <0

Fig.1 The cylindrical coordinate (r,z) and the bipolar coordinate (e,f). The infinitely extended
conducting plane wall and the surface of the spherical dust are indicated by g = 0 and 1/2,
respectively.

In this study the externally applied potential is approximated to be non-uniform toward the normal
direction to the plane wall, i.e. z,

Kmax K
Pex(2) = X hyz". @)
k=0
At the surface of the plane wall (z = 0) the external potential corresponds to the biased wall ¢,

Pex(z=0) = ¢,,, Which is the same as the surface of the conduction dust. The potential ¢n due to

the induced charge satisfies the Laplace equation:
a_ Oy, O a9,
2 WA

—=—>, (

a +ﬂ2 o ﬁ—ﬂ 7 o

a2+ﬂ2 P
in the bipolar coordinate (o, £) [3]. The relation between the cylindrical coordinate (r,2) and the
bipolar coordinate (,p) is

N
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I Ry
a+ip’ )

Z+ir=

where i denotes the imaginary unit. Here the ranges of « and fare 0<a <o and -0 < f< o,
respectively (Fig.1). The planez= 0, i.e. = 0, corresponds to the wall surface and g = 1/2 (= /)
indicates the surface of the spherical dust particle. The general solution of the Laplace equation (3),
which satisfies the condition ¢, =0at 5= 0, isgiven by

4 (@ f) =2+ écnun(a,ﬂ) , (5)

and

$or STN(S2)
snh(8,4)

where Jy isthefirst kind Bessel function of the O-th order and the coefficients c,'s are determined by

(@ f)=1di A6 Jo(ia), (6)
0

the boundary condition at the surface of the spherical dust. The external potential is also expressed
in(a,p):

K max
bl f)= 2 M= 2 25 ) (7)

where the coefficient hy corresponds to the biased wall potential #,. With the aid of the relation

n

d 1
dﬂn'Ja2+ﬂ2

the external potential is expressed by the function I,(«,f). The total electrostatic potentia ¢ (a,p) is
obtained as a combination of the externally applied potential ¢ and the induced potentia . In the

1" = [daa"e P 3g(ha)= 1 o, f), ®
0

case of Kmax = 4,
¢(a’ﬂ) = ¢ex(a!ﬂ) + ¢in(a1ﬂ)

h,R3 .\ hsR3
3B 545

4
= g+ Va2 + B [(hiRa+ +h7“;d) | 1(@.f)

h,R3 h3RS hyR§

hsRS 2h,R3 hs RS

+ a2+ﬂ2k§ilck|zk(0&ﬂ) : (9)

where the first and second terms of the RHS of eq.(9) are the external potential and the last term
corresponds to the induced potential. From the boundary condition at the surface of the spherical
dust = fo= 12



(10)

¢ex(a’ﬁ0) + ¢i n(a!ﬂo) = ¢W’
the coefficients c,'s are expressed by the known quantities,
h,R§  h3Ry  haRY
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~( 354,
_ hsRg
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(11)

Ck = 0: k>5.
Note that the relation In(e.fo) = (e, fo) a the dust surface is used to derive the relations (11)

Finally we obtain the total local potential consisting of the external and induced ones for the case of

Kmax = 4-
¢(a,p) = P (. B) + Py (. B)
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Here the function lg, is defined as
(13)

_ < n nh[(ﬂo_ﬂ)i]
| sn(a. B) = édl A Sinh(ﬂoﬂ,) Jo(Aa).

3. Induced charge
The electric field of the normal direction to the spherical dust surface gives the charge density

o<(a) atthe spherical dust surface (8= o= 1/2):
2, 2
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where Ino(a)ETdﬂ A"e Pt 3o(Aa) and
0
_7 n_Jo(4a)
I cno(a) = J(.)dll A th(ﬂoﬂv) . (15)

The induced charge Qqin 0n the conducting spherical dust is obtained

len J. O-Sds_ 27[‘90Rd.'._20»)ﬂ(¢9(+¢|n) da
O( +ﬂ) B=Py=12
=-2r g Ré(d1h1+d2h2Rd+ d3h3R§+"') (16)

where oz and & are the surface charge density (eq.(14)) and the dust surface area, respectively. In
the case of kynax = 4, the numerical coefficients di's are
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Here 7(n) and {(n) are the Gamma and Rieman's Zeta functions, respectively. The first term of the

_ Zdﬂ = 27(n) ¢(n)/ (28,)" (19)

RHS corresponds to the charge in the uniform electric field.

4. Conclusion

The induced charge of the conducting spherical dust particle on the conducting wall in the
non-uniform electric field is calculated theoretically as well as the local electrostatic potential. The
non-uniform electrostatic potential is approximated by the polynomial of the normal coordinate
toward the wall. These results can be compared to the results from the particle computer simulation
[4], where the total charge includes both the effects of the induced charges and plasma shielding.
Thistheoretical analysisis useful to understanding the dust behavior in the boundary plasma[5].
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magnetic islands in tokamak plasmas
15 | 16:45 | 17:10 25 |Magnetic islands observed by a fast-framing S. Ohdachi NIFS
tangentially viewing soft X-ray camera on LHD
and TEXTOR
16 | 17:10 | 17:35 25 |Tomographic analysis of central MHD activities Yi Liu SWIP
and radiation losses on the HL-2A and LHD
19:00 | 21:00 Reception party
July 28, Thursday, 2005
No | Start | End | Dura. Title Chairman Speaker Affiliation
Min.
1 9:00 | 9:25 25 |Divertor study in JT-60U S. Ide H. Kubo JAERI
2 9:25 | 9:50 25 |Poloidal divertor experiment in HL-2A X. R. Duan SWIP




9:50 | 10:15 25 |Review of divertor study on LHD T. Morisaki NIFS
4 ] 10:15 | 10:40 25 |Divertor design for EAST Shizeng Zhu ASIPP
10:40 | 10:55 15 |Coffee break
5 | 10:55 | 11:20 25 |Theory of zonal flow in tokamak and helical Shaojie T. Watari NIFS
plasmas Wang
11:20 | 11:45 25 |Measurement of zonal flow in HT-7 tokamak Guosheng Xu ASIPP
11:45 | 12:10 25 |Suppression of neoclassical tearing modes A. Isayama JAERI
towards stationary high-beta plasmas in JT-60U
8 | 12:10 | 12:35 25 |Overall feature of EAST operation space by using Y. Hiwatari CRIEPI
simple Core-SOL-Divertor model
12:35 | 14:00 85 |Lunch break
9 | 14:00 | 14:25 25 |Assessments of flow drive by use of lon Bernstein | Jiagi Dong Y. Torii Kyoto
Wave on Heliotron-J and HT-7 devices Univ.
10 | 14:25 | 14:50 25 |Advanced Tokamak Equilirium Theory Shaojie Wang | ASIPP
11 | 14:50 | 15:15 25 |Magnetic sensorless control of plasma position K. Nakamura | Kyushu
and shape in a tokamak Univ.
12 | 15:15 | 15:40 25 |Low Frequency Instability in Magnetized Plasma Jin-lin XIE USTC
Column
15:40 | 15:55 15 |Coffee break
13 | 15:55 | 16:20 25 |Spectroscopic study on impurity transport of core K. S. Morita NIFS
and edge plasmas in LHD Nakamura
14 | 16:20 | 16:45 25 |Impurity Measurement and Study on HL-2A Z. Y. Cui SWIP
divertor tokamak
15 | 16:45 | 17:10 25 |Development of A New ECE Imaging System for Jun WANG USTC
Core
16 | 17:10 | 17:35 25 |Dust particle behaviors in boundary plasma of a Y. Tomita NIFS
fusion device
17:35 | 18:00 25 |Closing acticity
18:10 Bus departure for hotel
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