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I. National Institute for Fusion Science
in April 2005 — March 2006

This annual report summarizes the research activities at NIFS between April 2005 and
March 2006. NIFS is pursuing the integration of science and technology to realize a fusion
power plant. The systematization of plasma physics, and research and development of reactor
relevant engineering are key elements in our strategy. NIFS has been exploiting its role as an
inter-university research organization and executing a variety of excellent collaborating studies
together with universities and research institutes abroad as well as in Japan.

The main missions of NIFS are (i) the experimental study of toroidal plasma confinement
using LHD and (ii) theoretical research and computer simulations for the study of the complex
state and nonlinear dynamics such as those seen in high temperature plasmas. These major
projects are accompanied by unique supporting research. Advanced engineering and fusion
reactor design studies are strongly promoted.

The LHD is a heliotron type device with an intrinsic divertor. It is the largest
superconducting fusion device in the world. The major goal of the LHD experiment is to
demonstrate the high performance of helical plasmas in a reactor relevant plasma regime.
Thorough exploration should lead to the establishment of not only a prospect for a helical
fusion reactor but also to a comprehensive understanding of toroidal plasmas. We completed
the 9th experimental campaign in FY2005. Diversified studies in LHD have elucidated the
broad scope of steady-state high temperature plasmas.

The plasma parameters as well as physical understanding have been progressing steadily
since the beginning. The most highlighted achievement in the last experimental campaign in
FY2005 is the discovery of Super-Dense-Core plasma operation accompanied by an Internal
Diffusion Barrier. A synergetic effect of highly efficient pumping by means of the Local Island
Divertor and core fueling by repetitive pellet injection generates the SDC mode with a central
density of 5x10®m>. A steep gradient in the density profile is formed by a drastic
improvement in particle transport, i.e., IDB. This observation has been done by Prof.
N.Ohyabu and A.Komori, and their colleagues, which is exploring high density and low
temperature reactor core concept operation with more than 5 x10®m™ and less than 10keV.
This finding has an important meaning equivalent or more important than that of H-mode by
Prof. F.Wagner in 1982. It has been said that a helical plasma has an advantage of high density
operation and the discovery of the IDB emphasizes this advantage much more than expected.
Long pulse operation by means of ion cyclotron resonant heating (ICRH) has shown progress.
The pulse length has been prolonged to close to one hour (precisely 3268 s) with a heating
power of 500 kW. The total input energy for this discharge reached 1.6 GJ which is a world
record in magnetic confinement experiments. High beta discharges also have been advanced
by exploration of aspect-ratio control and consequently a beta of 4.5 % has been achieved.

LHD produced about 10,000 plasma discharges in FY200S. This high availability of
experimental opportunities has indicated a large potential to enable a variety of approaches for
scientific research, which is not limited to fusion science in a narrow sense. These activities
are made possible by the reliable operation of the superconducting facility. Much effort to
improve the cryogenic stability has led to the successful R&D results of the pool-boiling of
helium by the sub-cooling modification. A consequent upgrade of the helical coil cooling
system is scheduled in 2006 as one of the performance improvement plans of LHD.

A satellite experimental project, CHS, has been shut down as of fiscal year 2005. CHS
has completed its unique role while leaving many important achievements with regard to
internal transport barrier, zonal flow, H-mode, etc. Innovative results from CHS will be
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extended by LHD in a more advanced manner.

Simulation studies in NIFS are organized towards the exploration of “Simulation
Science” while remaining founded in the large-scale simulation of fusion plasmas such as
LHD. With the progress of computer performance, the paradigm shift of methodology is
progressing from the classical scheme of reduction to the elements, to the integration of
various interconnecting physics with different time-space scales. This methodology promises
to lead to an understanding of the whole structure of natural phenomena. On the way from
macro to micro scales, for example, the properties of equilibria with micro-scale effects such
as the Hall term, pressure anisotropy, electron inertia, and wave-particle interaction are
investigated, in order to understand the basis of extended MHD and consider the closure
problems of fluid equations. This is the successful output of the numerical multi-layer
re-normalization. Besides sophisticated studies on magnetic fusion plasmas, a variety of
theoretical and simulation studies including inertia fusion plasmas, astronomical plasmas and
molecular dynamics have progressed steadily.

The fusion engineering research center has extended the advanced key-technology for a
blanket system, low activation materials and superconducting magnet systems. These activities
are closely related to a design study on the Force Free Helical Reactor. The properties of Flibe
and vanadium alloys are being intensively investigated.

A variety of coordinated research is managed by the coordinated research center. The
three major activities are coordinated research with industries and with other institutions in
NINS, and an atomic and molecular database. These activities can be the seeds and rhizomes
for interdisciplinary evolution originating from fusion science.

These research activities are integrated into three kinds of collaborating frameworks with
their own distinguishing features. The framework of general collaboration research covers a
wide spectrum of studies on fusion. The Large Helical Device (LHD) program collaboration
research has facilitated participation in the LHD project based on the achievements in
universities. The bilateral coordinated collaboration research promotes mutual interaction on
an equal footing with annexed research institutes of the universities. More than 400
collaborating studies have been implemented during the covered period. In conjunction with
the logistics to methodically support these three kinds of collaboration frameworks, the
environment and infrastructure for efficient collaboration is being improved continuously.

Lastly, NIFS conducts several international collaboration programs, such as the US-Japan
Fusion Cooperation Program, TEXTOR Collaboration and International Collaboration on
Helical Research based on the IEA agreement. NIFS plays an important role as a COE in
fusion science on a worldwide scale.

Osamu Motoji
Director-General
National Institute for Fusion Science



II. Research Activities

1. Large Helical Device (LHD) Project

1-1. LHD Experiment
(1) Overview of LHD Experiment

During the 9™ campaign, we have made significant
progress in three areas, a discovery of an improved
confinement mode (super dense core plasma mode), a long
pulse discharge with nearly an hour duration and
achievement of the average beta of 4.5 %. We discovered
the new improved confinement mode, the Super Dense Core
(SDC) mode in diverted discharges in the Large Helical
Device (LHD). A SDC plasma develops naturally in LHD as
a peaked, high density profile is generated by multiple pellet
injections from the outside mid-plane as illustrated in
Fig.1-a. The density and temperature profiles are shown in
Fig. 1-b for a typical SDC discharge (R,,=3.75 m, B = 2.64
T, P (NBI power input) = 10 MW). They are measured by a
Thomson scattering diagnostic along R, the major radius, in
the poloidal plane, where the plasma is horizontally
elongated (Fig. 1-a). A core region with electron densities ~
4.5%10” m™ and temperatures ~ 0.85 keV is maintained by
an Internal Diffusion Barrier (IDB) located at normalized
minor radius p ~ 0.5. The SDC discharges exhibit the
highest fusion plasma performance achieved so far on LHD,
0,7 Ty ~ 4.4x10" keVm™s, despite a ~ 40 % reduction in
effective confinement volume (due to the LID) from
standard HD discharges.

The radial width of the IDB is ~ 0.1 m (Ap ~ 0.2 ). Inside
the SDC region, the density and temperature gradients are
small. The temperature gradient in the outer region is
determined by anomalous thermal diffusivity. We find that

the observed T.(0) and edge T, gradient increase with P/ngyg.

And thus lowering n.g leads to higher edge VT, and T.(0).
The density gradient outside the IDB behaves as usual with
n ~ 6x10"” m™ at the last closed flux surface (p = 1). After
the termination of a sequence of pellet injection, n(0) decays
slowly with a time constant of ~ 1s for the B = 2.64 T case,
indicating that the diffusion coefficient in the IDB is a very
small value, less than ~ 0.02 m%s™.

SDC plasma does not appear in discharges fueled by gas
puffing alone because edge recycling results in a flat or
slightly hollow density profile. The use of the LID increases

IDB

Pellet
_<:

Fig.l (a) [lustration of the Super Dense Core plasma
configuration (b) Density and temperature profiles of an SDC
discharge with R, = 3.75 m are depicted. The density
normalization factor n° = 4.5x10”"m™ P = 10 MW.

the pumping of edge-recycled particles and maintains a low
dge density and hence high edge electron temperature
gradients. In a helical device, the average density is limited
by the so called Sudo scaling. It is believed that the edge
density is actually what is limited. If so, the core density can
be very high for the peaked profile case such as shown in
Fig.1-b. Indeed the core density in the SDC discharge is
three times the average density predicted by the Sudo
scaling.

Steady state plasma operation experiment was carried
out as one of the mission in the 9th cycle experimental
campaign. The longest plasma discharge was obtained at the



last shot of the campaign. The discharge duration was 54
minutes and 28 seconds. The total injected heating energy
reached 1.6 GJ. The time evolutions of the plasma
parameters are shown in Fig.2. The plasma was mainly
sustained by an ICRF heating of 380 kW in average power
and an ECH power of 110 kW was injected as an assist.
Sparks were observed in the vacuum vessel during the long
pulse discharge. Intensive sparks causes the plasma collapse
and correlate with the ICRF power. Then, the long plasma
discharge was realized by the fine control of the ICRF
power with monitoring the sparks. Helium plasma mixed
with the hydrogen minority ions was used for the minority
heating of the ICRF heating scheme. A line-averaged
electron density was 0.4 x 10" m™ and the central ion and
electron temperatures were about 1 keV. The operation
method of the magnetic axis sweep was adopted to scatter
the heat load on the divertor plates. The temperatures at the
divertor plates saturated during the discharge and the
maximum temperature increase was less than 300 °C. The
discharge was terminated by influx of iron impurity and thus
the most critical issue for achievement of further longer
pulse discharge is to overcome the problem caused by the
heavy impurity influx.
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Fig. 2. Time evolution of plasma parameters in the long pulse
plasma discharge. An injected heating energy of 1.6 GJ was

achieved.

In LHD, the production of high beta plasma has
progressed successfully with increasing heating power of
neutral beam. In recent experiments, a scan of
plasma-aspect-ratio, 4,, was mainly performed from 6.3 to
8.3 to investigate the configurational dependence of MHD
characteristics of high-beta plasmas. An increment of A4,
causes an increase in the central rotational transform and
reduces the Shafranov shift. Large 4, is favorable for a

heating efficiency and a transport because the outward shift

of the magnetic axis leads to an increase in a helical ripple
loss of particles. It is also suitable for raising an equilibrium
beta-limit. However, a reduction of the plasma shift restricts
spontaneous formation of magnetic well, and an increment
of 4, reduces magnetic shear. Consequently, violation of
MHD stability is concerned. The survey of the optimum
operation provided the highest <f,> value of 4.5 % at 4, =
6.6, and achieved <p;,> gradually decreases with an
increment of 4,,.

Figure 1 shows the typical discharge with <S> =
4.5 % in the 4, = 6.6 configuration. The plasma with <f;,>
> 4 % was maintained for 10tz or more. Shafranov shift
Alaey is around 0.2, which is much smaller than equilibrium
beta-limit. Peripheral MHD activities, which are dominantly
observed in the high-beta regime, are enhanced, whereas
m/n = 1/1, 2/3 and 1/2 modes were suppressed and/or
intermittently behaved when the <f;,> exceeds around 4 %.
Although the m/n = 2/5 mode where the resonance is located
near plasma edge remained in the beta range over 4%, the
amplitude on the resonance is relatively small compared
with other modes. This tendency has been well observed in
the high-beta regime and then profile flattening in the
vicinity of the resonances occurs
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(2) LHD Physics Experiments

§1. Superdense Plasma in LHD

Morisaki, T., Masuzaki, S., Kobayashi, M., Ohyabu,
N., Komori, A.

In reduced recycling discharges using a Local Island
Divertor (LID) in the Large Helical Device (LHD), a stable
superdense plasma develops spontaneously when a series of
pellets are injected.” Figure 1 represents the time evolution
of the discharge. Oscillations in the wave form correspond
to each pellet injection. A core region with ~ 4.5 x 10*° m™
and temperature of 0.85 keV is maintained by an Internal
Diffusion Barrier (IDB), as shown in Fig.2 with closed
circles. The density gradient at the IDB (+/a ~ 0.6) is very
high, and the particle confinement time in the core region is
~ 300 ms. The temperature profile inside the IDB (»/a < 0.6)
is flat, on the other hand, its gradient in the outer region is
steep. Because of the increase in the central pressure, a large,
stabilizing Shafranov shift is observed. In the discharge
shown in Fig.2, the shift is about 0.3 m. The critical
ingredients for IDB formation are a strongly pumped
divertor to reduce edge recycling, and multiple pellet
injection to ensure strong central fueling. Low density in the
outer region helps to raise the edge temperature gradient
there and hence the core temperature. Gas puffing results in
broad, flat or slightly inverted density profiles, and does not
lead to formation of a superdense plasma. In that sense, for
the strong pumping, it does not take an LID to reduce the
edge recycling. If a conventional Helical divertor (HD) has
sufficient pumping capability, similar discharges can be
achieved in the HD configuration. The electron density and
temperature profiles depicted in Fig.2 with open circles are
observed in the HD configuration under exhaustive wall
conditioning. It is found that two profiles with different
divertor configurations represent almost the same shapes
and values. This result suggests that the closed HD
configuration with baffles is effective to realize superdense
plasma.

Although use of the island divertor reduces the
confinement volume by ~30 % from its nominal value,
superdense LID discharges exhibit the highest performance
(nTome = 4.4 x 10" m™keVs) obtained so far in LHD.
These plasmas provide unique opportunities for exploration
of high-beta MHD stability in
configurations, and may extrapolate to a novel scenario for

heliotron/stellarator

fusion ignition at very high density and relatively low

temperature.
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Fig. 2. Radial profiles of (a) electron density and (b)
temperature. Open and closed circles represent helical
divertor (HD) and local island divertor (LID) configurations,
respectively.
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§2.

Super Dense Core Plasma (location of
IDB)

Ohyabu, N., Morisaki, T., Masuzaki, S., Kobayashi,
M., Komori, A.

During a sequence of many LID discharges, the wall
conditioning take place and thus the wall pumping
capability is enhanced. SDC plasmas with somewhat lower
temperatures can then be obtained even without the LID.
For longer pulse operation in the SDC mode, however,
active pumping by the divertor is essential. Figure 2-a (the
previous page SDC-I) shows that with continuous pellet
injection at intervals of ~160 ms and AN = 1x10*' particles,
we have successfully maintained a quasi-steady-state SDC
operation for nearly 0.6 s. In Fig. 2-b, the density profiles
just before and after pellet injection (t = 1600 ms, 1620 ms)
are depicted. The pellet particles are fueled in the region
where Vn is high, not in the central region (3.65 m < R <
4.05 m). Somehow the temperature and plasma pressure
(product of the density and temperature) drops by 20 % in
the central region. As indicated by the diamagnetic signal
(W,), the change in pressure is small, except the central
region. Perturbations by the pellets on the temperature and
density profiles can be reduced by optimizing the pellet size
for particular discharge conditions.

SDC plasma performance depends on the configuration
(Ryy)- This is partly because of geometry effects. The NBI
tangency radius is 3.70 m; thus, the power deposited in the
core (p < 0.5) for Ry, = 3.65 m is substantially lower than
that for R, = 3.75 m. Pellet fuelling is more effective for
larger R,, because the pellets are injected from the outside
and

(b)

therefore a higher fraction of the pellet particles is
deposited in a larger outward shifted core than in a smaller
inward shifted core region.

The minor radial extent of the SDC is determined by the
IDB foot (jump in Vn) location (Ryy), and increases with
R, and P. The rotational transform profiles for finite <f> =
0.66 % and 1.2 % equilibria are plotted as a function of R
(p) for the configuration with R,, = 3.75 m [Fig.1-a (b)] to
show a large Shafranov shift of the configuration. There
exist two distinct regions, separated by the Ry, radius, which
is defined as illustrated in Fig.1-c (with enough negative
shear in the inner region, it is nearly the same as the zero
shear radius (R,s)). Inside this radius (Rg,), the rotational
transform profile has modest negative shear, or nearly zero
for low beta cases. In the outer region (outside this location),
the shear is large positive. R, is qualitatively insensitive to
the shape of pressure profile, p(r), for fixed average beta.
Figure 1-d shows Ry, (calculated for the pressure profiles
similar to the observed ones) and Ry, as a function of the
average beta for three different configurations (R, = 3.65m,
3.75m, 3.85m). The IDB foot point falls close to Ry, in the
rotational transform. The difference between Ry, and Ry, is
found to be less than ~ 0.1 m.

The “standard” configuration (R, = 3.75 m) with (0) =
4.4 %, and the IDB foot at p = 0.55 yields an SDC with
optimum  performance. For the outward shifted
configuration (R, = 3.85 m), the SDC grows with
increasing f and the IDB foot is close to the last closed
surface at p = 1.38 %. For the inward shifted case (R, =
3.65m), the SDC is smaller, with the IDB foot at p = 0.45
and <> = 0.5%. The “super dense” effect is weaker in the
present experiments so far.
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respectively.



§3. Super Dense Core Plasma (high beta)

Ohyabu, N., Morisaki, T., Masuzaki, S., Kobayashi,
M., Komori, A.

In order to study the MHD properties of the SDC plasmas,
we have made an attempt to achieve higher § at B = 1.5 T.
The maximum B value so far is <p>= 1.4 % (B(0) = 5.1 %).
We do not see any detrimental MHD activities such as a
sawtooth crash or ELM, as seen in case of tokamak
improvement modes. The time evolution of the SDC plasma
(see Figure 1-a) shows that the SDC forms at 600 ms. After
terminating the pellet injection (t = 700 ms), the stored
plasma energy and hence <f> increases for 100 ms and
reach the maximum. It is similar to the * reheat event”, in
which temperature rise occurs after gas puff is turned off.
The SDC reheat is significantly drastic. During this phase,
the NBI power is fixed. Fig. 1-b show a clear, significant
change of the helical plasma equilibrium, i.e., the magnetic
axis of the plasma moves outwards significantly (a large
Shafranov shift). Att = 703 ms, the temperature and density
profiles are those of the typical SDC mode, shown in Fig.
1-c. The temperature starts to increase except for the outer
region (R > 4.45m, R<3.25 m)[Fig. 1-b] and the profile at t
= 736 ms, maintains the SDC type profile. Because of lower
field, the central density decay rate is much higher without
pellet core fueling and thus the central density decreases by
25 % at t = 836 ms. During this evolution, the temperature
nearly triples, a significant improvement of the confinement,
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The temperature gradients both in the core and outer
regions also increase, deviating from the typical SDC profile,
i.e., flat core profile. What causes the above evolution
remain unclear. We note that the density profile beyond p =
0.8 at t = 703 ms is substantially higher than those at later
times and thus termination of the pellets may cause a
reduction in the density there, which in turn leads to higher
temperature and confinement enhancement. There may be
also responsible some kinds of MHD effects, as it discussed
below.

The ideal MHD stability of these configurations has been
examined by using the 3-D COBRA stability code. The core
region inside the zero-shear radius has direct access to
second stability, i.e., the stability margin increases with f.
Outside the zero shear radius, the plasma becomes unstable
to ballooning modes at B, much higher than the present
experimental value. Of course, resistive versions of the
modes are expected to appear at lower [. These results
suggest that MHD effects may play a role in formation of
the SDC and may also provide a useful mechanism to
constrain the plasma pressure in the outer region. It is
interesting to note that high density discharge similar to the
SDC has been observed in the tokamak experiments despite
significant difference in the MHD properties.

These results suggest a novel fusion ignition
scenario in which an SDC is used to operate at very high
density and relatively low temperature. Such a scheme is
particularly attractive for helical devices because (a) they do
not require current drive (which is the most effective at low
density), and (b) operation at high collisionality reduces the
effect of the helical ripple diffusion regime.

(a) Time evoluti B discharge with a “reheat” event from t= 700 ms.

(b) Time evolution of the temperature profile (t = 703, 736, 836 ms). (¢) The density and temperature profiles
just before termination of the pellet injection (t= 703 ms). (d) The profiles near the peak of the W, (stored

energy) (t= 836 ms). n® = 3.3x10*'m"



§4. Particle Balance Study in the LHD

Masuzaki, S.

Achieving an effective particle control using a divertor
system is a crucial issue in fusion experiment. Particle balance
studies are necessary for understanding neutral particle behavior,
and are also important from the viewpoint of tritium inventory in
vacuum vessel for next step fusion devices. In the Large Helical
Device (LHD), plasma experiments with an intrinsic helical
divertor (HD [1]) and a local island divertor (LID [2]) have been
performed, respectively. The HD is an open divertor at this stage,
and the LID is a closed divertor equipping baffle structure and
pump-system. In the LID configuration, most particles from the
core are well guided by the outer-separatrix of m/n=1/1 island to
the closed divertor module located locally in a toroidal section.

In the LHD, the total in-vessel area and volume of
vacuum vessel are about 700m? and 210m’, respectively, and the
plasma volume is about 30m®. The effective pumping speed of the
main pump-systent is about 400m’/s and 200m?s in the HD and
LID configuration, respectively [3]. In the LID pump system, the
effective pumping speed is about 200m*/s. First wall consists of a
number of stain-less steel (SS) tiles, and HD and LID divertor
plates are made of isotropic graphite and carbon fiber composite
(CFCQ), respectively. The area ratio of carbon plates to SS tiles is
about 10%. Neutral gas pressure is measured by an ASDEX-type
fast ionization gauge (FIG) and a cold cathode gauge installed on
a torus inboard-side port and an entrance of the pump-system,
respectively.

Significant difference in neutral particle behavior has
been observed in the two divertor configurations. Figure 1(a)
shows the time evolution of the particle balance during and after
the discharges with the HD and the LID configurations. In these
discharges, fuelling was conducted by ice-pellet injection. In the
HD case, the total amount of ionized and evacuated particles is
about 25% of the amount of input particles during the discharge.
After the termination of the discharge, neutral pressure in the
vacuum vessel increases for the recombination of plasma particles
and desorption from plasma facing components [4], though the
pressure rise is not so large, and about 80% of fuelled particles
remain in the vacuum vessel even at the start of next discharge.
Therefore the discharge history strongly affects the density
control [4]. In contrast to the HD case in Fig.1(a), the total
amount of ionized and evacuated particles during a discharge is
about 70% of the fuelled particles in the LID case. The total
evacuated particles are over 80% during and after a discharge.

It has been found that the pumping efficiency of the LID
depends on the LID head position. Figure 1(b) shows the pumping
efficiency of the LID for the different head positions (Ryeaq)-
Rpeas=4.18m is the optimum head position for R,=3.75m
configuration, and the pumping efficiency is almost 100%.
Rpeas=4.24 case, the outer-separatrix connects to near the head’s
edge, and the efficiency is about 60%. It is also indicated in
Fig.1(b) that the efficiency is about 20% in the HD case.

The difference in the neutral particle behavior between the
HD case and the LID case is considered to related to the
mechanisms of the particle retention. Charge-exchange particle
implantation to the first wall is a possible cause of the particle
retention [4]. In the LID configuration, neutral pressure in
vacuum vessel is relatively low comparing with that in the HD
case, and the charge exchange particle flux could be smaller than
that in the HD case. Particles can be retained by a co-deposition
process. The material probe analysis revealed that the surface of
the first wall is covered with thin carbon and boron layer in LHD,
and the thermal desorption spectroscopic analysis shows that
retained hydrogen in the wall is the order of 10*'-10% atoms/m?>
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Fig. 1: (a) Time evolutions of time integrated particle amounts
during pellet fuelled discharges under the HD and LID
configurations. The gray colored regions indicate the
discharge durations. In both discharges, the maximum line
averaged density is ~2x10°°m™. (b) Evacuated particles
number as a function of fueled particles number. Ry.,qis the
radial head positoin, and ‘HD’ means the helical divertor
configuration.

[5]. This number is the same order as the averaged areal density
of retained hydrogen after an experimental day with the HD
configuration [4]. In the LID configuration, particle flux to the
helical divertor plates is so small [2] that the carbon amount
released by physical and chemical sputtering is small. Therefore,
particle amount retained by co-deposition process in vacuum
vessel is considered to be smaller than that in the HD case. The
temperature of plasma facing components can be another cause of
the difference in neutral particle behavior between the two cases.
The typical divertor plates’ temperature is over 1000K in the LID
case, and is less than 600K for the HD case. The first wall
temperature is less than 370K. The temperature of LID divertor
plates is enough high to desorb particles, though the HD divertor
plates and first wall temperatures are too low to particle
desorption.
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§5. Long-Duration Sustainability of Pellet

Fueled High Performance Plasma

Sakamoto, R., Yamada, H., Hoshino, M.

For the purpose of investigating fueling issues
towards the steady state operation, we have been
performed long duration discharge with newly-installed
pellet injection timing control system, which is capable of
controlling a plasma density in real time.

Fig. 1 shows temporal evolution in a repetitive pellet
refueling discharge. Pellets were continuously injected
from = 0.4 s with density control and only pellet
injection was employed to build-up plasma density. The
reference value of line averaged electron density ( n.) was
set to 0.7x10°° m™ during discharge. At the build-up
phase (1< 0.2 s), pellet was injected with maximum
frequency, 10 Hz. After reaching 0.7x10% m™, the pellet
injection interval has gotten longer (0.6 - 0.7 S) to keep
0.7x10°" m” at the pellet injection timing. The important
point to note is that the local measurements at plasma
center such as 7.(0), 73(0) and n.(0), and the plasma
stored energy, W, are maintained virtually constant in
spite of pellet sequence. This quasi-stationary phase can
be continued until the end of the neutral beam heating (=
10.3 s).

The electron density profiles just before and after
pellet injection at 7=6.158 s and difference between these
profiles (An.) are shown in Fig. 2 (a). The pellet is
ablated until about half radius and an obvious hollow
density profile, which have density peak at p= 0.6, is
formed just after pellet injection. The hollow profile is
gradually relaxed and returns back to the original profile.
Even in the density profile relaxation phase after pellet
injection, the central density #n¢(0) is maintained virtually
constant in spite of significant changes of the r.(0.6) as
shown in Fig. 2 (b).

In order to estimate the diffusion coefficient, these
density profile change was fitted using following
equation.
an .

to, . ta /[ . . -
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The assumptions made in the above derivation are that
the particle source, S is defined as A4n,, convection
velocity, V is negligible small and diffusion coefficient D
is constant in terms of time and radial distribution.
Assuming D= 0.05 m%s, the calculated density change
adequately corresponds with the measurements as shown
by solid lines in Fig. 2 (b). Thus we see that the inward
diffusion due to inversed density gradient supply particle
constantly to the plasma center suppressing a density
perturbation in the core region despite a lack of inward
pinch velocity. And constant central density; #.(0) is
sustained quasi-stationary during pellet sequence. In
these repetitive pellets refueled discharge, a confinement

index, which is normalized by International Stellarator
Scaling (ISS95), is 1.4 despite the high density operation.
The confinement property is equal to peaked density
profile plasma, which is transiently attained by deep
pellet penetration experiments. However, we should not
overlook that the increase of pellet firing interval, which
is necessary to keep constant density, due to increase of
the density decay time, 7y.cq, after pellet ablation, which
is obtained by curve fitting with an exponential function,
Cexp{-t/Tyecay}, as shown in Fig. 3. This tendency is
caused by increase of boundary density while keeping
constant line averaged electron density during
quasi-stationary phase as shown by 7.(0.9) in Fig. 1 and it
have liner correlation with neutral density (7). Another
point to observe is that the plasma stored energy, W, is
gradually continued decline with increasing the boundary
density and neutral density. It is speculated that the
plasma stored energy, namely, plasma confinement
property is respond to neutral pressure through the
boundary plasma density.
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§6. Observation of Slow Transition between
Two Transport Branches with Different
Temperature Dependence in LHD

Ida, K., Inagaki, S., Sakamoto, R., Tanaka, K., Itoh, K.

A new slow transition process for energy
transport in magnetically confined plasmas is reported. The
slow transition is characterized by the change between two
meta-stable transport conditions characterized by a weak
and a strong electron temperature T, dependence of
normalized heat flux. These two branches are found to
merge at the critical T, gradient. In meta-stable transport,
the derivative of normalized heat flux to the T, gradient,
d(Q¢/n.)/d(-dT/dr), is positive, while it becomes negative
during the transition phase. The time for the transition
increases as the normalized T, gradient is increased and
exceeds the transport time scale characterized by the global
energy confinement time.

In order study the T, and T, gradient dependence
of electron heat transport, the normalized heat flux is
scanned by changing the electron density using repetitive
pellets in the Large Helical Device (LHD). There are clear
phases characterized by the sign of the time derivative of
the T, gradients as indicated by phases I, 1L, I1I, IV. Both T,
and the T, gradient increase in time as the electron density
decreases in phases Il and 1V, which is a normal
characteristic of heat transport in plasma. However, in
phases I and III, the T, gradients decrease even with the
increase of T.. The change in the time derivative of the T,
gradient is abrupt (less than 0.01sec) and its value is
roughly constant in time for each phase as -6.6 keV/m/s (in
phase I), 2.2 keV/m/s (in phase II), -2.7 keV/m/s (in phase
IIT) and 0.6 keV/m/s (in phase IV). This observation clearly
demonstrates that the transition phase between the
two-meta-stable states is characterized by the change in the
time derivative of the T, gradient.

Figure 1(a) shows the normalized heat as a
function of T, and the T, gradient in the weak T,
dependence branch (phase II) and in the strong T,
dependence branch (phase 1V) after the pellets (12 pellets
in series) are injected into the plasmas with different
densities. The experimental data in phase II shows that the
normalized heat flux gradually increases as the T, and T,
gradient are increased, while that in the phase IV shows a
sharp increase of the normalized heat flux. It is noted that
all the experimental data points of the 12 events are
connected and located along curves (data points in phase II
are on a weak T, dependence curve and data points in
phase IV on a strong T, dependence curve). The data points
in the transition phase (Phase III) are scattered between the
weak and the strong T, dependence curves. When the
plasma is on one of the branches, both T, and the T,
gradient are uniquely determined for the given normalized
heat flux, while they are not uniquely determined during
the transition phase.

In order to investigate quantitatively the
dependence of the normalized heat flux on the T, and T,

10

gradient dependence, the normalized heat flux is given by
Qu/n. =cT* (ch/dr)ﬁ where a and [ are the T, and T,
gradient dependence parameters, respectively. The
difference between the Q./n, measured and Q./n, calculated
with the parameters (o,3) are investigated in a wide range
of Q./n, for these two branches. Figure 1(b) and 1(c) show
the contours of the square of differences between the
normalized heat flux measured and that calculated, x> =
[Qu/ne - ¢T.* (dTo/dr)? 17, for various values of (o,p)in the
weak and strong Te dependence branches. The T,
dependence parameter o is 0.44 (-0.23, +0.25) for the weak
T. dependence transport branch and 1.4 (-0.4, +0.3) for the
strong T, dependence transport branch, while the T,
gradient dependence parameter, 3 is close to unity ; 0.86
(-0.25,+0.25) and 1.1 (-0.2, +0.27) for the weak and the
strong T, dependence branches, respectively.
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Fig.1. (a) Heat flux normalized by electron density as a
function of electron temperature T, and temperature
gradient in the weak T, dependence branch (phase
1), in the transition period (phase 11I) and in the
strong T, dependence branch (phase I'V) and the
contours of the difference between the normalized
heat flux measured and that calculated with the
model of ¢T,* (dT./dr) with various values of (c.,f)
for (b) the weak T, dependence branch (phase IT)
and (c) the strong T, dependence branch (phase
IV)atp =0.65.



§7. Effect of Elongation on Transport in ECH
Plasma

Yamada, H., Yokoyama, M., Murakami, S.

Exploration of the effect of magnetic configuration on
confinement is prerequisite for optimization of a helical
system. Geometrical optimization for the neoclassical
transport has been demonstrated in NBI plasmas on LHD
[1]. Also, the anomalous transport has been suppressed as
well in the neoclassical optimized configuration [2]. In
these configuration studies, the position of the magnetic
axis is the key control parameter. Large flexibility of the
coil system of LHD enables us another configuration scan,
that is plasma elongation. Although the plasma elongation
scan for NBI heated plasmas have been already reported
[1], ECH plasmas which are located in deep collisionless
regime have not been studied yet. In the 9th experimental
campaign, plasma elongation scan was conducted for ECH
plasmas.

Plasma elongation has been controlled by the
quadrupole field and scanned in the range between k=0.8
and 1.1. Here elongation is defined by the toroidal
averaged value since the elliptic surface rotates along the
toroidal angle. The magnetic field is fixed at 1.5 T, which
provides centrally well focused ECH deposition.

Energy confinement times have the maximum
performance at k=1 and degrades in both prolate (i>1) and
oblate (k<l) directions. These trends agree with the
observation in NBI heated plasmas.

Then, two dimensionally similar discharges with
different elongation have been compared to clarify the
elongation effect on heat transport. The line averaged
density is controlled at 1x10""m™ and electron temperature
is also controlled to be the same in two case with k=0.8 and
1.0 (see Fig.1). Since the case with k=1 shows the better
confinement, the heating power is 0.93MW for «=0.8 and
0.35MW for «=1. The plasma parameters except for the
elongation are similar to each other, therefore,
representative non dimensional physical parameters such as
normalized gyro-radius p*, collisionality v*, and beta are
also similar to each other.

Figure 2 shows the ratio of the electron heat
diffusivity of these two cases. Since the plasma parameters
of these two cases are the same, the deviation of this ratio
from 1 can be attributed to the remained difference, i.e.,
elongation. Corresponding to the global confinement nature,
local heat diffusivity in the experiment shown in a solid
curve indicates enhancement of heat transport in the case
with k=0.8 by a factor of 2 to 3. A dotted line is the
prediction from neoclassical theory. These two curves are
close to each other, which suggests the neoclassical
transport may make the difference in heat transport.
However, this is not the case. Figure 3 shows the heat
diffusivity profile. The fat solid curve is the experimental
value in the case with k=0.8 and the dotted fat curve is the
corresponding neoclassical prediction. The experimental

value is significantly larger than the neoclassical value,
which indicates heat transport is anomalous even for the
case with k=0.8. Therefore, this is another example that
configuration effect on anomalous transport is correlated or
accidentally happens to coincide with nature of
neoclassical transport [2].
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§8. Radial Structure of Edge Transport Barrier
in Inward-Shifted Configuration of LHD
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S., Tanaka, K., Tokuzawa, T., Watanabe, K.W.,
Yoshinuma, M., LHD Experimental Group
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In the magnetic configuration of LHD, H-modes
were first achieved in high beta plasmas of <f4,>>1.5%
where < ;> is the volume averaged beta value evaluated
by diamagnetic measurement assuming the volume of the
vacuum field [1,2]. In these high beta H-modes, however,
ETB formation immediately leads to excitation of edge
MHD modes after short quiescent phase (~ 10ms). The
edge region where ETB is formed is in magnetic hill and is
susceptible of ideal or resistive interchange instabilities.
Excited edge MHD modes have the following mode
structures as m/n=2/3, 1/2, 2/5 and so on, of which rational

surfaces reside very close to LCFS or in the ergodic layer[3].

Recently, ETB was also achieved in medium beta regime of
< Bgia >~0.9% (Fig.5) [4]. In this case, < Bg;, > increases in
a quiescent phase for ~120ms without suffering intense
edge MHD modes.

In some H-mode plasmas, the pedestal structure
was observed in electron temperature profile [2]. The ETB
zone extends into ergodic layer outside the last closed flux
surface (LCFS) defined in the vacuum field. Moreover,
ETB region is deformed by the presence of m/n=2/3 island
related to edge MHD mode and has a plateau region. The
radial profile of the rise in electron temperature across the
transition indicates that the ETB or “pedestal” width
averaged over the magnetic surface is fairly large (~10 cm)
for the averaged minor radius of 64 cm, and is much larger
than the poloidal ion gyro-radius for proton at ETB ( ~
0.8cm ), where Ti~Te (=0.1keV) is assumed and Bt=0.75T.
Most of ETB plasmas in LHD exhibit strong density rise
near the edge, having almost fixed gradient of electron
temperature there. Figure 1 shows the radial profiles of
electron density and temperature just before and after the
transition at low toroidal field (Bt=0.75T). It should be
noted that the shape of electron density profile in the H-
phase is hollow and does not have a typical “pedestal”
shape. The terminology “ETB” may be suitable to express
the edge structure of density profile, instead of “pedestal”.
This figure clearly indicates that ETB zone extends into
ergodic layer defined in the vacuum field. The width of
ETB defined by the distance between the plasma boundary
determined from electron temperature profile and the layer
where the density rise reaches the maximum isevaluated to
be ~14 cm at Bt=0.75T. For ETB plasmas in LHD, the
dependence of the ETB width on the toroidal field strength
was investigated by scanning Bt from 0.5T to 1.5T on the
condition that the rotational transform at ETB is fixed, that
is, poloidal field strength is simply proportional to Bt. The
ETB width has no clear dependence on Bt, as shown in
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Fig.2. In tokamak H-mode plasmas, the width is often
compared with poloidal ion gyro-radius through a scan of
the toroidal field strength and/or plasma current. In this Bt-
scan, the electron temperature at ETB remains almost same
around Te~0.1 keV. In ETB region of LHD, Ti ~ Te will be
satisfied due to relatively high collisionality. The ETB
width in LHD is much larger than poloidal ion gyro-radius.
Above-mentioned fairly wide width of ETB may be caused
by a long penetration length of neutrals. The other cause
for thus expanded width of ETB may be ELM activities
and/or edge MHD modes. These causes are not yet
investigated systematically. The data of ETB width would
supplement the database on the pedestal width in tokamak
H-mode plasmas and contribute to understanding a
dominant mechanism to determine the ETB width.
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Fig.1 (a) Radial profiles of electron temperature just before
(open circle) and after (solid circle) the L-H transition in the
configuration of Rax=3.6m and y=1.22 at Bt=0.75T. (b)
Change of electron density profile and radial profile of the

increment of electron density An, across the transition.
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Fig.2 Dependence of ETB width on the toroidal field
strength. Solid and open symbols respectively indicate the
ETB width A and the width normalized by the averaged
minor plasma radius Apgrp. Triangles correspond to the
width derived from electron temperature profile and the
others from electron density profile.
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§9. Effects of Applied Resonant Helical-Field
Perturbations on ETB Formation

Toi, K.,

Watanabe, F.,D

Ohdachi, S., Narihara, K., Morisaki, T., Ida, K.,
Masuzaki, S., Miyazawa, K., Morita, S., Sakakibara,
S., Tanaka, K., Tokuzawa, T., Watanabe, K.W.,
Yoshinuma, M., LHD Experimental Group

D Dep. Energy Sci. and Engineering, Nagoya Univ.,
Japan

The local island divertor (LID) coils can
generate helical field perturbations resonate with the
rational surface of 1/2n=1 near the edge in LHD [1]. The
Poicare plot of field structure is shown in Fig.1 for the
case that the LID field is applied to expand the m/n=1/1
magnetic island. In this magnetic configuration, ergodic
layer exists outside the sizable m/n=1/1 magnetic island.

In a shot shown in Fig.2(a) where the line
averaged electron density was ramped up by gas puffing,
the L-H transition occurred at <nc>~2x10'9 m~ and
<Baia>~1.8% [2,3]. In this shot, small LID field was
applied to diminish m/n=1/1 magnetic island induced by
small error field and the electron temperature profile did
not have any obvious island structures near the edge.
When strong LID field was applied to expand the size of
m/n=1/1 magnetic island near the edge as shown in Fig.1,
the transition was triggered at the lower electron density
(~1.3x10" m™)(Fig.2 (b)) [3]. The ETB was formed
outside the island separatirix which slightly moves
outward from the location calculated in the vacuum field
due to finite beta effect, and extends in the ergodic layer,
as shown in Fig.2(c). In this case, formation of modest
electron temperature pedestal may be caused by the
transition at lower electron density which was realized by
application of strong field perturbations. However, the
sizable m/n=1/1 island degrades core plasma
confinement and leads to the decline of <Bg;,;>. A reason
why the transition is triggered at lower <n.2> in the case
with a sizable m/n=1/1 island is not clarified yet. This is
left for an interesting and important issue in future. It
should be noted that if the <n.> dependence in the ITER
scaling law of power threshold is taken into account, the
threshold power normalized <n>"** increases slightly
with the increase in the LID coil current.

As seen from Fig.2(b), ELM like activities in
Hao emission were clearly suppressed by application of
large LID field. Moreover, amplitude of coherent
m/n=2/3 edge MHD mode was also suppressed. The
cause of suppression of ELM like Ha fluctuations and
m/n=2/3 edge MHD mode may be caused by slight
reduction of the pressure gradient at the rational surface
/21=3/2 due to expansion of sizable magnetic island. In
this experimental campaign, steep pressure gradient
region moves outward, but it does not excite other edge

MHD modes such as m/n=1/2 of which rational surface
resides in further outer edge.
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Fig.1 Poincare plot of the field topology in the case that
the LID field is applied to expand m/n=1/1 magnetic
island near the edge.
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Fig.2(a) Time evolution of Hot emission, <fBg;,> and line
averaged electron density <n.> in an ETB plasma where
m/n=1/1 magnetic island is diminished with small LID
field. (b) Time evolution of an ETB plasma in the case that
the island was expanded by excessive LID field. (c) Radial
profiles of electron temperature just before (t=0.669 s) and
after (t=0.769s) the transition in the shot shown in Fig. (b).
Dotted vertical lines indicate LCFS in the vacuum field.
Two zones defined with a horizontal arrow and two vertical
dash-and-dot lines correspond to the expanded m/n=1/1
island region generated in the vacuum field.
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§10. Observation of Radial Structure of Edge
MHD Modes in LHD Plasmas with L-H
Transition

Watanabe, F. (Dep. Energy Eng. Sci., Nagoya Univ.),
Toi, K., Ohdachi, S., Sakakibara, S., Watanabe, K.Y .,
Morita, S., Narihara, K., Tanaka, K., Yamazaki, K.

In the LHD, edge coherent MHD modes such as
m/n = 2/3 or 1/2 (m, n: poloidal and toroidal mode
numbers), of which the rational surface is located in the
plasma edge region of the magnetic hill, are strongly
enhanced after L-H transition [1-3]. The excitation of these
edge MHD modes degrades the confinement obviously,
and stops a further rise in the plasma stored energy by the
transition. Accordingly, it is important to clarify the
characteristics of these MHD modes and to stabilize them.
For this purpose, seven sets of soft x-ray (SX) detector
arrays which consist of 20-channel PIN photodiodes were
installed inside the vacuum vessel in vertically elongated
sections of the LHD. We have used these arrays in order to
measure the radial structure of edge MHD modes and
studied the global stability of the ETB region.

Figure 1 shows a typical example of an NBI
heated plasma with an L-H transition. In this discharge, an
L-H transition takes place at 7 ~ 1.69s. As seen from the
time evolutions of W, and dW,/d¢, rapidly increases with
the transition, but quickly saturates in ~20 ms. In the
saturation phase of W, the m/n = 1/2 edge coherent mode
is clearly enhanced, where the SX fluctuation amplitude,
Ol of the edge coherent modes was extracted using the
FFT filter technique. In contrast, the edge coherent mode
with m/n = 2/3 mode is suppressed across the transition.
The time behaviours of these edge coherent modes
sensitively depend on the location with steep pressure
gradient.

Figures 2(a, b) show the radial profiles of the SX
fluctuation amplitude, &/, and the normalized fluctuation
amplitude, 8/,/I, where these SX fluctuations have a high

coherence with the m/n = 2/3 and 1/2 magnetic fluctuations.

It should be noted that the 0/ /I does not necessarily
correspond to an eigenfunction of the edge MHD mode,
because of the path integral effect. In addition, the numbers
of humps in the profile of 8//I are caused by the path
integral effect in the SX emission measurement, and
depend on the mode number m. The intensity of SX
fluctuation will have a peak when two O-point regions or
X-point regions in a magnetic island related to the edge
MHD mode are aligned along the line of sight of an SX
detector. It will be the minimum when O-point region and
the X-point region are simultaneously aligned. The shape
of the radial profiles of 8/ can be interpreted qualitatively
by the above simple consideration. The peaks of the
fluctuation amplitude, 8/s/Is, in the low and high field
sides (inboard and outboard sides of the torus) are almost
comparable. So far, a strong ballooning character is not
recognizable. This is also consistent because low m

interchange modes do not exhibit a ballooning character [4].

The phase difference among SX channels is also shown in
Figs. 2(c, d). The derived phase relation indicates the
‘even’ or ‘odd’ character of the m-number, that is, the
phase difference between the SX channels at the inboard
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and outboard plasma edges is ~2n (~m) for an even (odd)
m-number. The phase differences for m/n = 2/3 and 1/2
modes are consistent with the m-number determined using
the magnetic probe arrays.

In NBI heated plasmas with an L-H transition in
the LHD, we have measured the radial structure of edge
MHD modes using an SX detector array, the rational
surfaces of which were located near or just outside the
LCFS defined by the vacuum magnetic surfaces. These
radial structures of the edge MHD modes depend on the
m-number. In this experimental ETB study, the fluctuation
amplitude (8/y) of m/n = 1/2 rapidly grows across an L-H
transition, and leads to quick saturation of the stored energy
in a short time, accompanied by H, spikes which are
similar to ELMs.
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§11. H-mode-Like Discharges and ELM-Like
Activities under the Presence of 1/2n=1
at Ergodic Layer in LHD

Morita, S., Morisaki, T., Tanaka, K., Masuzaki, S.,
Goto, M., Sakakibara, S., Watanabe, K.Y.

Shifting the R, outwardly, the profile of rotational
transform becomes flat and the edge rotational transform at
p=1, 1/2rn(a), becomes small with decreasing the edge
magnetic shear (see Fig.1). Then, the values of v2n(a)
are below unity at R,,>3.90m. The H-mode-like discharge
with ELM-like activity has been observed in LHD at
outwardly shifted configuration where 1/2n=1 exists inside
the edge ergodic layer.

A typical waveform of the H-mode-like discharge is
shown in Fig.2. The H-mode-like transition is triggered
by changing the NBI power input at t=1.25s. After
turning off the beam line, the Hot emission quickly drops
and the density gradually rises, showing a clear turning
point. ELM-like bursts appear in the Ho signal.  Similar
bursts are also observed in an electrostatic probe on the
divertor plate (I;;) and a magnetic probe (db/dt).
Reduction of the magnetic fluctuation is also seen after the
H-mode-like transition. No clear mode numbers are
observed on the ELM-like bursts from the magnetic probe
measurement. This H-mode-like feature, however,
disappears after turning off the second NBI at t=2.1s. It
strongly suggests that a relatively narrow power window
exists for keeping the H-mode-like phase.

Pressure profiles in the ergodic layer measured with
YAG laser Thomson diagnostics are plotted in Fig.3. The
data are obtained at t=1.225s before transition (open
circles) and t=1.625s after transition (solid circles) in the
same discharge shown in Fig.2. The position of /2n=1
surface is indicated by a vertical dashed line and the LCFS
position is R=4.560m shown by a vertical solid line. The
edge pressure rapidly increases near 1/2n=1 position and it
is seen that a steeper pressure gradient is formed after the
transition, although the edge T. decreases after the
transition because of density increase.

Temporal behaviors of three chord-integrated densities
from the edge region are traced in Fig.4(a)-(c). The
ergodic layer becomes thick at the inboard side, then, the
signals of (a) and (b) show the information only from the
ergodic layer. A relatively high density exists even in the
middle of the ergodic layer of R=3.399m where the L, is
roughly 100m. A high density is not formed at a region of
Le<10m. Precise measurement was also done to
investigate the relation between the /2n=1 position and the
density bursts position using a multichannel CO,
interferometer with a spatial resolution of lecm. It is seen
that the amplitude of the density bursts become the largest
at /2n=1 position.

The edge rotational transform in vacuum is used at
present. Taking into account the plasma pressure, the
edge rotational transform profile seems to be modified,
based on a modification of chaotic magnetic field structure

of the ergodic layer. A detailed discussion has to be made
for the modification.
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§12. Comparison of Confinement Degradation
in High Density and Particle Transport
between Tokamak and Helical Devices

Takenaga, H., Urano, H., Fujita, T. (JAEA), Muraoka,
K. (Chubu University), Tanaka, K., Yamada, H.

A comparative study between tokamak and helical
plasmas is beneficial for understanding both common
physics in toroidal system and unique physics depending
on each magnetic configuration. In the past two FYs,
confinement degradation at high density observed in
JT-60U was compared with that in LHD. In the LHD
plasmas, the confinement degradation at high density was
also observed at R,=3.6 m as in JT-60U ELMy H-mode
plasmas. At R,,=3.75 m, the confinement degradation was
gradual compared with that at R,=3.6 m, although the
confinement was lower at R,,=3.75 m than at R,,=3.6 m in
the low density region. In this FY, difference of the density
profile, which could influence the confinement, between
tokamak and helical devices was focused. The particle
transport can be expressed by a sum of neoclassical and
turbulence transport and each transport can be divided into
diagonal (diffusive) and off-diagonal (convective) terms.
The diagonal term is generally dominated by turbulence
transport in both tokamak and helical devices. The
dominant transport for the off-diagonal term was discussed
here.

The density profile was compared in the JT-60U
ELMy H-mode plasmas (I,=1.0 MA, B=2-2.1 T, P\p=8-10
MW) and the LHD plasmas (B=1.5, 2.8 T) at various Ry,
(3.5-3.9 m). In this report, the peaking factor of the density
profile was defined as the ratio of the electron density at
r/a=0.2 to that at r/a=0.8. In the JT-60U ELMy H-mode
plasmas, the density peaking factor tends to decrease with
increasing the electron density at r/a=0.5 as shown in Fig. 1
(a). In ASDEX-U and JET plasmas, the density peaking
factor increased with decreasing an effective collisionality
(verr) defined as the ratio of electron-ion collision frequency
to the curvature drift frequency'”. The curvature drift
frequency of @p.=2k 1L pcc/R provides an estimate of the
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Fig. 1 Density peaking factor as functions of (a) the
electron density at r/a=0.5 and (b) the -effective

collisionality in the JT-60U ELMy H-mode plasmas.
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growth rate of the most unstable mode for drift wave
instabilities such as ion temperature gradient (ITG) mode
and trapped electron mode (TEM). As shown in Fig. 1 (b),
the same tendency as observed in ASDEX-U and JET was
also observed in JT-60U, indicating that the off-diagonal
term is determined by turbulence transport such as ITG
and/or TEM. Here, k 1L p= W was used for the
estimation of V.

In the LHD plasmas, the density peaking factor was
smaller than unity (hollow density profile) for a part of the
data at R,,=3.6 m and for all data at R,,=3.75 and 3.9 m.
The density peaking factor increased (the hollowness
decreased) with increasing the electron density at r/a=0.5.
This tendency can be qualitatively explained by increase in
neoclassical off-diagonal term in 1/v regime for the helical
system. On the other hand, the peaked density profile was
observed at R,=3.5 m. The density peaking factor tends to
decrease with increasing the electron density at r/a=0.5 as
well as in JT-60U. The off-diagonal term could be affected
by the turbulence transport at R,,=3.5 m similar to tokamak
plasmas. At R,=3.6 m, various density profiles were
observed from hollow to peaked one. The data in the range
of the electron density at r/a=0.5 of 1.2-1.6x10" m™ are
plotted as a function of the central electron temperature.
The density peaking factor decreased with increasing the
central electron temperature and was separated for different
By. This result might indicate that the dominant transport
for the off-diagonal term changes depending on the v
regimes.

The dependence of the upper boundary for the density
peaking factor on the electron density in the LHD plasmas
at R,;,=3.5-3.6 m was similar as that in the JT-60U ELMy
H-mode plasmas. In these LHD plasmas, the confinement
degradation at high density was strong as well as in the
JT-60U ELMy H-mode plasmas. These results might
indicate common physics between tokamak and helical
devices.
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§13. Comparison of Experimental Transport
Coefficients and Prediction by the
Resistive g-Mode Theory

Funaba, H., Watanabe, K.Y., Sakakibara, S.,
LHD Experimental Group

From the resulats of the local transport analysis of LHD
plasmas in the configuration of R, = 3.6 and v = 1.22, it is
found that the ratio of the effective transport coefficients to the
gyro-reduced Bohm type transport coefficients, x4 /xSF5,
at the peripheral region (p ~ 0.9) increases in the high 3
regime. Here, Y = (x& + x{"")/2 and x&* and x| are
the experimental thermal diffusivities of electrons and ions,
respectively. They are evaluated by using the one-dimensional
transport code for helical plasmas, PROCTR V. On the other
hand, the dependence of x“ /x “%*5 on the volume averaged
8, (B), is weak around p ~ 0.5. It is considered that the grad-
val degradation of global confinement against ISS95 with 3
seems to be mainly caused by the increment in the local trans-
port at the peripheral region.

As one of the causes of this degradation, effects of the
resistive pressure-gradient-driven turbulence (g-mode, GMT)
on the peripheral transport are studied by comparing the ex-
perimental results with the theoretical resistive g-mode trans-
port coefficients. The transport coefficient for electrons and
GMT GMT
lated by the equations shown in the references 2) and 3).
The theoretical prediction of x&M7T

2

ions by the resistive g-mode, x and y , are calcu-
is smaller than that of
xEMT by almost one order. Howevwr, their dependences on
() are similar. The calculation results show that M7 in-
creases abruptly in the range of (3) < 1.5% and the incre-
ment in xEM7T becomes small at (3) > 1.5%. The ratio of
X /xEMT at p = 0.9 is shown in figure 1(a). In the range
of (B) < 1.0%, x* /xEMT > 1. This result shows that the
effect of the resistive g-mode is small in this range. When (53)
exceeds 1%, x& /xSMT becomes almost constant. There-
fore, the resistive g-mode is a possible candidate for one of
the causes of the degradation in the peripheral region.

On the other hand, x*7 /x&MT at p = 0.5 is shown in

GMT
e

figure 1(b). In the high § regime, x is extremely small

since the magnetic well is formed around p = 0.5. The val-
GMT

€

ues of x /x are scattered in the range of (3) < 1.5 %.
In the range of (3) < 1.5%, the scattering of g—g is small.
The scattering in X%/ /xEM™T may be due to the difference

of the density and temperature dependence between y &%5

and XEMT. When 7. becomes high, XCGMT tends to become
small through S, while x“## has the dependence of Tg/ 2,
Here, S = Tr /7y, is the magnetic Reynolds number where

Tr 1s the resistive skin time and 73, is the poloidal Alfven
GMT

€

time. From these results, it seems that x4 /y is not re-
lated with (3) at p ~ 0.5.

From the comparison results of the transport coefficients
which are theoretically estimated by the resistive g-mode
model and the experimental x 7, it is found that their depen-
dences on () in the high 3 regime are similar. This shows
that the resistive g-mode can be considered to be one of the

causes of the degradation of global confinement in the high 3

regime.
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§14. High Wp Experiment
Nagayama, Y., Sakamoto, R., Narihara, K.

The diamagnetic energy (W,) is the energy confined in
the plasma, and it represents overall performance of a
plasma confinement device. So far, the record W, (1.31
MJ) was obtained in the case of R,,=3.6 m. In this case,
the plasma volume is large and the neoclassical transport is
reduced. This shot (#47919) is referred as R, =3.6m in
Figs. 1-3 in this report. In the 9" campaign, the pipe-gun
type and the repetitive H, ice pellet injectors have been
significantly improved, and the 40 kV, 3 MW NBI for
diagnsotics (NBI#4) has been installed.

Figure 1 shows the obtained W, versus R,. New

record (1.37 MJ) is obtained in the case of R,,=3.65 m. Fig.

2 shows time evolution of ney, Tep and W,. In the high W,
experiment, 8 larger ice pellets are injected from the pipe
gun with 30 — 50 ms interval, then small ice pellets are
injected repetitively. After the large pellet injection, the T,
grows as the n. is decreased, so that the W, is increased.
This phenomenon is called “reheat”.

In the previous campaigns, the ice pellets are injected in
plasma with lower heating power in order to evaporate
limited number of pellets should in the core plasma. In this
experiment, most NBI is injected during pellet injection

since the pellet becomes bigger.

NBI#4 is limited, NBI#4 is injected in the reheat phase.

Since the pulse length of

Fig. 3 shows the radial profiles of n. and T, measured by
the Thomson scattering. The value of n, is normalized by
the FIR laser interferometer at t=0.5 sec and the unit may be
close to 10" m™.  Although still some systematic error may
be remained in the n, profile, we can observe a peaked n,
profile in the case of R,=3.75 m. In the smaller R, cases,
the n, profile is rather flat. Interestingly, in any cases, we
can observe a small step in the n, profile at R=4.25 m, where
the iota=1 surface is located.

The plasma confinement should be improved to obtain

much higher W,. The n. profile control may be a key.
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The small step in the n. profile might be a sign of the

confinement improvement.
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§15. Effect of Island Size on High-T_Transition
during Core-Localized ECH

Shimozuma, T., Kubo, S., Inagaki, S., Yoshimura, Y.,
Igami, H., Notake, T., Mutoh, T.

In LHD, a transision to the high-electron-
temperature state is observed with an electron internal
transport barreir(ITB). It is characterized by a high cen-
tral electron temperature up to 10 keV and steep tem-
perature gradient around p (normalized minor radius)
~ 0.3Y. During the additional ECH, two different kinds
of improved confinement were observed. The appcear-
ance of those states depends on the injection direction of
NBI. Heat transport analyses by using MECH clarified
that the structure of the I'TB existed only in the counter-
injected NBI sustained plasmas. There is a threshold
ECH power for the traunsition to the high-7, state. A
triggering mechanism of the transition is possibly related
to the magnetic field structure such as existence of low-
order rational surfaces and islands in the plasma core® .
We have been studying the effect of the existence and
size of m/n=2/1 islands on the high-T, transition in the
plasma core.

The experiments were performed at the magnetic
configuration with B = 2.829T and the magnetic axis of
R,. = 3.5m. Figure 1 shows the effect of the island-
canceling magnetic field by the external perturbation
coils on the counter-NBI target plasma during an ad-
ditional ECH injection (a) with the natural island (with-
out the island-canceling field) and (b) with reducing
the island size (with the island-canceling field). Caleu-
lated results of flux surfaces with natural islands show
that the maximum width of the 2/1 island is reduced
from 58 mm to 29 mm by the application of the island
canceling field produced by the perturbation coil cur-
rents used in the experiment. Time variations of the
temperature gradients at several minor radii are plot-
ted in the figures. These temperature gradients were
determined from fifth-order polynomial fitted tempera-
ture data, which were measured by 20-channel Electron
Cyclotron Emission (ECE) diagnostic. The rapid and
significant increase of the temperature gradient inside
p =~ 0.3 is found in existence of the natural island after
the additional ECH power of 82.7GHz. The rapid de-
crease of the gradient, or flattening of the temperature
is also observed at p = 0.4 and 0.5. On the other hand, a
slow and little increase during the additional ECH pulse
is found for the plasma with the reduced island size. This
experimental evidence assures that the existence of the
2/1 island is a candidate for the triggering and driving
mechanism of high-7, transition, which may be induced
by the radial electric field bifurcation.

In the 9th experimental campaign, experiments were
performed to clarify the effect of the island size on the

high-T,, transition. Three cases were compared; reduced
2/1 island (calculated size ~ 29mm}, natural island (size
~ 59mm) and enlarged island (size ~ 83mm). In Fig.
2, the central electron temperature increase (p = 0.1
is plotted as a function of the density normalized ECH
power, Prcp/n.. In these experiments, a power thresh-
old for the transition was not clearly observed in the
case with natural islands around Pgen/n. ~ 14. In-
stead, there are small jumps of the temperature between
Preu/ne ~ 0.2 and 0.4. The effect of the island size
is noticed around Preg/ne =~ 1.5. There is an optimum
island size to achieve quick T, increase. The central tem-
perature increase, however, seems to be prevented by a
flattening of the temperature profile with too large is-
land. A precise investigation of the island size optimiza-
tion is a future work.
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Fig. 1: Effect of island reducing field on high-T. transition
in the Counter-NBI sustained plasma with additional ECH.
Time variations of the electron temperature gradient at sev-
eral radial positions are shown for with natural island in (a)
and for with reduced natural island in (b).
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Fig. 2: Central electron temperature increase is plotted as a
function of the density normalized ECH power for reduced,
natural and enlarged 2/1 islands
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§16. Common Features of Core Electron-Root
Confinement (CERC) in Helical Plasmas

Yokoyama, M.,

MaalBberg, H.*, Ida, K., Castejon, F.**, Estrada, T.**,
Fujisawa, A., Minami, T., Shimozuma, T., Takeiri,
Y., Tribaldos, V.**, Beidler, C.D.*, Dinklage, A.*,
Murakami, S.*** Yamada, H.

*Max-Planck Institut fur Plasmaphysik, Greifswald,
Germany

**[Laboratorio Nacional de Fusion, CIEMAT-
FUSION, Spain

*#*¥Dep. Nuclear Engineering, Kyoto Univ., Japan

The improvement of core heat confinement has been
realized in a wide range of helical devices with central
ECH power deposition (alone or in combination with NBI).
Peaked electron temperature (7.) profiles and strongly
positive radial electric fields (£;) in the core region have
been observed commonly in CHS (dubbed neoclassical
(NC) internal transport barrier [N-ITB]) [e.g.1], LHD
(electron ITB) [e.g.2], TJ-II (Enhanced Heat Confinement
(EHC) or electron ITB) [e.g.3] and W7-AS (electron-root
feature [e.g.4]). T. has exceeded 10 keV in LHD and
reached 6 keV in W7-AS with this improvement. The
formation of strong positive E, is required within NC
theory to satisfy the ambipolarity condition. This
“electron-root” feature exists only in low-collisionality
helical plasmas in which the electrons make a transition

from the 1/V regime for small E, to the v%or v regime
for larger E,. Density and ECH power thresholds for this
improved confinement have been recognized associated
with this transition of E,. Core electron heat diffusivity is
reduced significantly compared to its NC level with E~=0.
This improved core confinement, referred collectively as
“Core Electron-Root Confinement (CERC)”, has signatures
quite different than those of tokamak ITBs [e.g.7]. The
contribution of additional convective electron flux (/% con)
driven by strong ECH has also been revealed, illustrating
the configuration dependence of the ECH power threshold

[4]-

The collisionality regime and the ECH power threshold
for CERC are expected to vary depending on the magnetic
configuration as well as the heating scenario [8] since the
NC fluxes and ECH-driven [, (by heated trapped
electrons) are both influenced by magnetic-field topology.
Experiments in a wide range of helical plasmas provide an
opportunity for investigating this issue. The accumulation
of CERC discharges and related theoretical analyses has led
to the initiation of “International Stellarator Profile
DataBase (ISPDB)” as an extension of the ongoing
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research within the International Stellarator Confinement
DataBase activity [9]. The collisionality regime for CERC
in four devices is compared in Fig. 2, where the electron
collisionality, v, in p<0.2 is shown. The data at v,~10’ [1/s]
in CHS are for non-CERC plasma. The four clusters for
W7-AS are due changes in the density. The data points for
CHS and LHD are found at smaller v, than those of TJ-II
and W7-AS. CERC discharges in TJ-II appear in the
regime where CHS has not yet achieved CERC. The
maximum Ve, Vema (from Fig. 1) for CERC is plotted in
Fig. 2 as a function of the effective ripple (a measure of the
ripple-transport level), e, at the core region. The trend that
the larger ey the higher v, ..« can be recognized. It is
worthwhile summarizing CERC discharges with v, . since
the collisionality has been recognized to be the responsible
parameter for transition to the electron root [10]. The trend
in Fig. 2 can be understood by the change of the
ripple-transport level providing the bifurcation nature of £..
It has been confirmed, so far, that, in W7-AS, larger [ con
(comparable to the NC electron flux (/,nc) in ion-root
regime, which is contrast to that in LHD where it is at the
most 30 % of I.n¢) and higher ECH power density are
reasons for higher ve -

The ISPDB activity has allowed us to perform
comparative studies of CERC discharges in different
devices. It has been recognized that larger e and [ con
help achieving CERC at higher collisionality.
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§17. Direct Observation of Inward Electron
Flux Being Blocked in the Large Helical
Device

Narihara, K., LHD Experimental Group

We analyzed particle transport phenomenon caused by a
pellet injection into the Large Helical Device [1].

The plasma (#56112) that we present here was
created by ECH in a vacuum magnetic configuration with
the magnetic axis at 3.6 m and field intensity 2.75T, heated
by 1.3MW NBI, and fueled by a repetitive solid hydrogen
pellets. A multi-channel Thomson scattering system
measured how the electron temperature (7,) and density
(n.) profiles evolve in response to the NBI and pellet
injection (PI). Figure 1 shows eight successive snap-shots
measured every 0.1s. Before the PI, T,-profile shape was a
triangle and n.-profile shape was a shallow hollow. Pellets
entered around 2.45s. Just after the P, n.-profile became a
deep hollow shape like a head of a cat. The T.-profile just
after the PI shrunk a little but soon restored the initial
triangle shape. It seems that the n.-perturbation caused by
the PI did not propagate into the core region. To see this
more clearly, we over-plot n.-profiles between two Pls in
Fig. 2. One can see that particles diffusing into the core
region were almost blocked up to the surface intersecting
at R=3.2m and 4.0m. Only a small amount of particles
(<10%) entered the core region just after the PI and
resided there for a longer time, thus boosting the
background profile as a whole. Except this small increase,
the n.-profile resumed almost the same shape as before the
PI.
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Fig.1 T. (triangle) and n. (hollow) profiles every 0.1s.
Pellet entered at 2.45s. The n. lies in 10"m’ range.

We examine the above blocking phenomenon
somewhat quantitatively. Assuming the usual form of the
particle flux I'=-DVn+4Vn, with assumed diffusion
coefficient D and convection velocity V, we follow the
left-side ne-profile after 2.47s (2" frame) by solving
Adn./At=0(AT)/0p, where p is a minor radius and A(p) is
the area of the flux surface. Here we drop the source term,
since at 2.47s, 20 ms after PI, the injected hydrogen atoms
were almost completely ionized and hence the particle
source localized at the plasma edge had no influence for
the evolution of the perturbed n.-profile. The most simple
model of (D,V)=(constant,0) hardly reproduces the
observed n.-profile evolution. As shown in Fig. 3(A), the

fit with D=0.5m’/s inevitably accompanies an in-going
ne-perturbation. This inward propagation is hindered by
deliberately lowering the D in the inner region, which
mimics an internal transport barrier (ITB) as shown in
Figure 3(B).
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Fig. 2. Evolution of n.profile between two
pellet-injections.

One can better reproduce the observation by choosing a
two-valued (D, V) combination:

D= 0.5 m’/s, =0 m/s in the outer region

D=0.05 m%/s, ¥=1.5 m/s in the inner region
as shown in Fig. 3(C). Here the boundary between the
inner- and outer-regions is guessed to be at R=3.0m and
4.2m, which are marked by the vertical lines.
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Fig. 3. Calculated n.-profile evolutions every 0.1 s after a
pellet injection: for (A) uniform D=0.5 m%s; (B) an ‘ITB’
with 10-times insulation; (C) the ‘ITB’ plus an outward
convection. The right side of each figure is reflection of
the left with plane of symmetry at R=3.6m. The dotted
triangles at the edges are the estimated source profile.

In considering the bi-directional property of the
diffusion process, we could guess from the present result
that the core region can hold plasma a longer time once
plenty of particles are introduced inside by some means.

[1] Narihara, K., ef a/, Plasma and Fusion Research: Rapid
Communications 1, 023 (2006).
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§18. Configuration Effects on Particle
Transport in LHD

Tanaka, K., Michael, C.A. (JSPS fellow), Kawahata,
K.

The particle transport was investigated using
density modulation for three different magnetic
configurations, represented by the magnetic axis position in
vacuum (R,) of 3.6, 3.75 and 3.9m [1]. Figure 1 shows the
change of the T, and n, profiles at three different R,,. The
heating power was adjusted to maintain almost identical
electron temperature profiles. In a previous study [2], it
was found that for constant density, the electron
temperature and its gradient are key parameters for
controlling particle diffusion and convection respectively.
Despite this, as shown in Fig. 1(b), the achieved density
profiles are rather different for almost identical T, profile.
The average density is almost the same for R, = 3.6 and
3.75m, but the density profile is more hollow for R, =
3.75m. The achieved density was lower for R,y = 3.9 m
compared with other configurations under almost identical
particle fuelling.

Figure 2 shows parameter dependence of D and V.
The electron temperature and —grad T./T. are averaged
over 0.4<p<0.7 for the core and 0.7<p<1.0 for the edge. As
shown in Fig.2 (a), (b), positive T. dependencies are
observed in all configurations. For more outward shifted
configurations, the diffusion coefficient becomes larger at
the same T. both in the core and edge region The
temperature dependence also varies with By. Stronger Dgge
variation with T, at lower B, was observed at R,,=3.6m.

A positive dependence of Vo, on —grad T./T, is
observed for all configurations as shown in Fig.2(c). As
shown in Fig. 1(d), the edge convection velocity is
proportional to -grad T./T, at R,,=3.6m and 3.75m, and also
reverses direction from inward to outward with increasing
-grad T./T.. However, at R,,=3.9m, V4, does not change
dramatically. Each graph in Fig. 2 appears to show an
offset linear trend, with a different offset for each
configuration.

Figure 3 shows comparisons of D and V with
neoclassical values and their dependence on the normalized
collision frequency (v',), which is normalized by the
collision frequency of boundary between plateau and 1/v
regime. As v*h is decreased, the experimental D,y
increases, and the neoclassical value of D, becomes
closer to the experimental value as shown in Fig.3 (a).
However, the experimental D, is around one order
magnitude larger than neoclassical even in the 1/v regime
(v'y <1). The difference between the experimental and
neoclassical Degee values is larger. For all values of
collisonality, the experimental value of Degge is more than
one order magnitude larger than the neoclassical one.

As shown in Fig. 3(a), the experimental V. is
comparable with neoclassical for all values of v,
Although, at R,,=3.6m, B=2.8T, V. from experiments at
higher v, is directed inward contrary to neoclassical
prediction, which is directed outward. Generally, both
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experimental and neoclassical V., almost agree within
experimental error.
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§19. Electron Transport Dynamics in LHD

Core Plasmas

Inagaki, S., Nagayama, Y.

The observed dynamics

, Kawahata, K.

has different time and space

scales. Plasma transport is dominated by turbulence, and thus

the exhibited time and space

scales of transport dynamics is

considered to be resulted from the turbulence-transport inter-

actions. To achieving a pre

dictive capability of turbulence

transport, therefore, understanding of the dynamics is crucial.

An spontaneous electron ITB (eI TB) formation and a non-

local electron temperature, 7t, rise have been observed in the

Large Helical Device (LHD), which has negative magnetic

shear and is free of net curre

nt. Neutral beams with a power

of 2-4 MW are injected to initiate and sustain the plasma. The

fundamental and the second harmonics of ECH is added with

a power of 0.5-1 MW. Figure 1(a) shows a typical time evo-

lution of 7; at the spontaneo

us eITB formation. A decrease

in the density triggers an eITB formation in LHD. Electron

ITB formation event propagates core to edge and then stopped

near the low order rational surface (m/n = 2/1) as well as in

tokamaks. The time scale of
ms and is comparable to the

(a) Spomtaneous elTB Formation

the ITB event propagation is 50
energy confinement time of this

discharge.

A typical T; response to the edge cooling in LHD by a
tracer encapsulated solid pellet (TESPEL) injection is shown
in Fig. 1(b). Although the TESPEL affects only on the edge
plasma, a sudden rise of 7; takes place in the central region
(p <0.4). Unlike the ITB formation, the plasma starts to
go back to normal condition 30 ms after TESPEL injection
as in tokamaks. Radial propagation of T rise is unclear be-
cause it takes place almost simultaneously in the core region
(p <0.4).

The spontaneous eITB formation and the non-local 7,
rise takes place in the low-ne and high-7; (low collisional-
ity) regime in LHD. The critical density for non-local 7, rise
(1.5 x 10"m—3) is 2-3 times larger than that for eITB forma-
tion (0.6 x 10'’m=3). The 7, changes discontinuously at the
critical value. On the other hand, an increase in 7;, induced by
TESPEL injection gradually increases with decrease in the
density. Although two phenomena are observed similar ex-
perimental conditions, physical mechanisms are considered
to be quite different qualitatively. The time and space scales
of two phenomena are quite different. The spontaneous eITB
formation in LHD is characterized by narrow in radial region
and slow in propagation time scale. On the other hand, the
non-local 7 rise is characterized by wide in radial region and
fast in propagation time scale.

(b) Nonlocal T_ Rise
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Fig. 1: Typical time evolutions of line-averaged density and electron temperature at different radii in LHD plasmas with (a) the
spontaneous ITB formation and (b) the non-local 7 rise (a major radius at the magnetic axis of 3.5 m, an averaged minor radius
of 0.56 m and a magnetic field at the axis 0f 2.829 T).
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§20. Study of Nonlocal Electron Heat
Transport on the High Temperature
Plasmas of LHD

Tamura, N., Inagaki, S., Tokuzawa, T., Tanaka, K.,
Michael, C., Sakakibara, S., Shimozuma, T., Kubo, S.,
Itoh, K., Kalinina, D.V., Sudo, S., Nagayama, Y.,
Kawahata, K.

In order to achieve a reliable predictive capability for
well-controlled fusion plasmas, a definitive understanding of
turbulent transport is highly required. The recent study of turbulent
transport suggests the importance of an edge-core interaction and
coupling in the nonlocal response observed in many tokamaks and
helical systems. The recent edge cooling experiment in the LHD
shows the nonlocal electron temperature 7, rise invoked by the
rapid cooling of the edge plasma. Nonlocal transport phenomenon
in helical device would be very useful to obtain a comprehensive
understanding of the turbulent transport in magnetically confined
toroidal devices, since the helical devices are free of net-current
and have different magnetic shear from that of tokamaks. Figure 1
shows a typical result of the peripheral cooling experiment by a
TESPEL injection. Within the time displayed in Fig. 1, the plasma
is heated continuously by co-NBI (injected power ~ 2 MW) and
ECH (injected power ~ 1.7 MW). Since the power of the neutral
beam mainly goes into the electrons due to its high acceleration
energy (~ 140 keV), the electron heat transport is the dominant
thermal loss channel. The TESPEL penetration depth is around p ~
0.8. A significant rise of the core T, in response to the edge cooling
can be immediately recognized in Fig. 1. During the rising phase
of the core T, neither density peaking nor significant change in
low-m MHD modes are observed. As shown in Fig. 1, the
discrepancy between the 7, measured and that simulated, which is
obtained by solving the perturbed heat transport equation with a
simple diffusion model, is quite noticeable in the core (p < 0.6)
region. Even with the model based on the assumption that heat
flux has a strong non-linear dependence on 7T, and/or 7, gradient
cannot reproduce the cold pulse propagation with inversion of
polarity. A transient analysis of electron heat transport indicates an
abrupt reduction of electron heat diffusivity takes place with no
change in local parameters in the region of interest. Therefore the
sudden rise in the core 7 invoked by the edge cooling in the LHD
can be caused by a nonlocal effect. In the LHD, the nonlocal 7,
rise is observed in various plasmas. For example, the observation
of nonlocal 7, rise in a plasma heated only with ECH (i.e.
net-current free plasma) can completely rule out the contribution of
the toroidal plasma current as a reason for the non-local 7, rise.

The interaction of turbulence over long distance (nonlocality of
the turbulence) has been studied as a possible candidate for the
nonlocal behavior in the electron heat transport. Microturbulence
theory predicts two candidates for the electron transport, ETG and
TEM modes. Based on a simple mixing length estimate, an ETG
driven electron heat diffusivity is generally much lower than an
ITG/TEM driven one. Thus the ETG turbulence might be ruled
out of the candidates of the nonlocal 7., rise. The nonlocal transport
observed in the ECH plasma, which has the weakly driven ion heat
channel, may suggest that ITG turbulence also could be ruled out.
The TEM modes are generally coupled to ITG modes and are
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stabilized in high collisionality regimes. Thus it is important to
study a dependence of the nonlocal transport on the collisionality.
In the low density (low collisionality) plasma, the core 7., rise takes
place almost as soon as the TESPEL penetrates. However, when
the #, increases, the delay of the core T, rise appears. (e.g. at p =
0.12, ~ 5 ms delayed at a line averaged density of 0.94 x 10" m™)
It should be noted here that even with a delayed onset time of
nonlocal T, rise, the time of the 7, rise in the core region still has
kind of a spatial uniformity. The amplitude of the core T, rise
decreases with increasing 7, as well as in tokamaks. Figure 2
shows the delay until the 7, (p = 0.12) rise over the level just
before the TESPEL injection as a function of collisionality 1,
which is electron collisionality obtained at p = 0.12 normalized by
bounce frequency of banana orbit. The low collisionality (1, < 1)
is favorable for a strong nonlocal effect producing. In the high
collisionality regime, the nonlocal 7, rise is never observed.
Therefore the TEM turbulence may play an important role in the
nonlocal transport phenomenon.



§21. Observation of Spontaneous Toroidal
Flow in LHD

Yoshinuma, M., Ida, K.

A moderate velocity shear of plasma flow is
considered to play an important role to suppress turbulence
and reduce transport, although a large velocity shear cases
Kelvin-Helmholtz instabilities. Thus the measurement of
radial profiles of flow velocity is important in the study of
plasma confinement. Because the toroidal flow is coupled
with poloidal flow through viscosity tensor, the toroidal
flow determined by not only toroidal momentum driven by
NBI and momentum transport but also by toroidal forces
driven by poloidal flow and radial electric field through
viscosity tensor. The profiles of toroidal flow velocity are
measured with charge exchange spectroscopy (CXS) with
tangential view using the emission from carbon impurity
(CVI).

The magnetic field strength is 2.75T and the major
radius of the magnetic axis is Rax=3.6m in this experiment.
The plasma is produced initially by electron cyclotoron
heating with hydrogen gas and sustained with tangentially
injected n-NBI  with negative ion source and
perpendicularly injected p-NBI with positive ion source.
The line averaged electron density and central electron
temperature is 1.6x10""'m™ and 2.5 keV, respectively. The
n-NBI is also used to control the momentum injection in
tangential direction which drives the troidal flow directly,
while the p-NBI is used as a probe beam for CXS as well
as the ion heating.

Figure 1 shows the radial profiles of the troidal flow
velocity in the plasma with co-injected and
counter-injected NBI. The differences in toroidal flow
velocity between these two discharges are considered to be
the toroidal flow driven by momentum injection from
n-NBI. The toroidal flow driven by the n-NBI is localized
near the plasma center (p < 0.4) because the beam
deposition profile is peaked at the plasma center and the
toroidal viscosity, which plays as a drag of toroidal flow,
significantly increases towards the plasma edge. The
toroidal flow in the counter direction is observed off the
plasma center (p > 0.4) even in the plasma with
co-injection. Because the magnitude of this counter rotation
does not depend on the direction of n-NBI injected, the
toroidal flow is considered to be a spontaneous toroidal
rotation driven by the coupling between toroidal and
poloiadl flow through viscosity tensor. Figure 2 shows the
radial profiles of radial electric field in the plasma similar
to that plotted in Fig.1. The positive radial electric field is
observed in the plasma with both the co-injected and
counter-injected of NBI. In helical plasma the positive
radial electric field drives spontaneous toroidal flow in the
counter direction due to viscosity tensor because the
plasma tends to flow along the minimum gradient B
direction, which is in contrast to the fact that the positive
radial electric field drives spontaneous rotation in the
co-direction.

In summary, the toroidal flow observed in LHD is
dominated by the toroidal flow driven by NBI near the
plasma center, while it is dominated by the spontaneous

toroidal flow outer region of the plasma. The spontaneous
toroidal flow observed is in the counter direction when the
radial electric field is positive in the electron root plasmas.
This result is consistent with the experimental results in
CHS[1] and considered to be common characteristics in
Heliotron plasma, where the pitch angle of minimum
gradient B is always larger than the pitch angle of magnetic
field averaged in magnetic flux surface.

Reference
1) Ida, K., et.al., Phys.Rev.Lett 86, (2001) 3040.
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Fig. 1. Radial profiles of troidal flow velocity in the
plasma with co-injected and counter-injected NBI. Positive
(negative) toroidal flow corresponds to the toroidal flow
parallel (anti-parallel) to the equivalent toroidal plasma

current which produces the poloidal magnetic filed due to
the external current in helical coils.
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Fig. 2. Radial profiles of radial electric field in the plasma
similar to that plotted in Fig.1.
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§22. Configuration Effects on Turbulence
Transport in LHD

Tanaka, K., Michael, C.A. (JSPS fellow),
Vyacheslavov, L.N. (Budker Institute of Nuclear
Physics), Sanin, A.L. (Budker Institute of Nuclear
Physics), Yamagishi, O., Kawahata, K.

The characteristics of the particle transport are
studied from density modulation experiments in LHDJ[1].
The roles of fluctuations are investigated from the
turbulence measurements by using a two dimensional
phase contrast interferometer (2D-PCI) [2,3]. These studies
are done under three different magnetic configurations.
The experimental values of particle diffusion coefficients
(D) and particle convection velocities (V) are compared
with neoclassical prediction. The value of D is
anomalously large and both in core and edge in whole
configuration and core convection velocities were
comparable with neoclassical estimation in the present
experimental regime. The three kind of fluctuation, whose
existing region, propagation direction, peak wave number
is different, are observed. Low k (~0.4mm’") are localized
in core (p<0.8), and higher k (~0.8mm™) are localized in
edge (p>0.8). Edge high k components consist of two
components. One is propagating to the electron
diamagnetic direction and the other to the ion diamagnetic
direction in laboratory frame.

As shown in Fig.1, the fluctuation level of edge ion
diamagnetic components increases with Dgg, in the all
configurations, although the edge electron diamagnetic
components do not show such a clear dependence on Degg..
This strongly suggests edge ion diamagnetic components
play role on edge diffusion. Figure 2 (a) (b) shows density

and fluctuation profiles. At more outward shifted
configuration, where edge diffusion becomes larger,
fluctuation amplitude becomes larger under similar

averaged density. However, the growth rate does not vary
very much, although diffusion and fluctuation changes
clearly. Especially, growth rate is not smallest Rax=3.6m,
whose fluctuation amplitude and D, are the smallest. One
of the possible interpretation is reduction of growth rate or
stabilize due to the Er shearing rate (or,). Figure 2 (d)
shows yi1G- @r,. The Er shearing rate was calculated with
Er from GSRAKE code. The value of y;rg - o, becomes
smaller at Rax=3.6m suggesting stronger og, help to reduce
fluctuation. However, more detail systematic study is
required to conclude the identification of the edge ion
diamagnetic components and the mechanism of reduced
fluctuation at Rax=3.6m.

Reference

1) Tanaka, K., et al, to be published Fusion
Science and Technology

2) Sanin, A.L., et al.., Rev. Sci. Instrum. 75, (2004)
3439

3) Michael, C.A., to be published Rev. Sci,
Instrum.
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§23. Observation of Fluctuation Generated
by Energetic Particles and Electrons
Using Microwave Reflectometer

Tokuzawa, T., Osakabe, M., Sakakibara, S., Toi, K.,
Muto, S., Shimozuma, T., Kawahata, K.

Two reflectometer systems are utilized for
fluctuation measurements. Using the extraordinary
polarized wave, we can measure the corresponding value to
the combined fluctuation with the electron density and the
magnetic field in the plasma core region.

One system has 4 channels of fixed frequencies
of 78, 72, 68, and 65 GHz. This system is very
convenient to observe MHD phenomena such as energetic
particle driven Alfvén eigenmodes. Another system is
consisted by a VCO which is the frequency changeable
source. The source frequency is swept full range (26 —
40GHz) every 200ms and the number of the stair step is 20.
Each time of the launching frequency is 10ms and data
sampling rate is 1ps, then the data point is 10,000 and the
frequency resolution is 100Hz. It is also enough to
observe the MHD phenomena such as TAE. Figure 1
shows the frequency spectrum of the frequency fixed
78GHz reflectometer signal. In this plasma condition that
the axial magnetic field strength is 1.0 T and the averaged
electron density is under 0.5x10"’m, there is no cut-off
layer of 78GHz and this system is operated as an
interferometer mode. We can see several continuous
coherent frequency components. Figure 2 shows the
radial profile of the fluctuation strength of the frequency
swept reflectometer signal during =4.0-4.8s (4 periods).
It can be obtained that the frequency component around
200kHz is large near at p=0.8 and the other component
around 150kHz is localized in the plasma core. Here the
meaning of the data points which are located under p=0 is
that these frequency waves are not reflected from the
plasma and they are come back from the opposite wall.
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Fig. 1. Frequency spectrum of interferometer mode
CW Reflectometer.

Non-thermal electrons have been seen to leads
the energy quench in several tokamaks. Also, in LHD it is
observed that the high power ECH generates the high
energy electrons measured by HX-NPA. In such discharges,
the fluctuation with coherent spectra of around 10 kHz is
observed in reflectometer signal as shown in Fig. 2. Here
an additional ECH is injected after 0.75s. The
characteristics of this phenomenon need the future study.
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§24. Microwave Imaging Reflectometry in
LHD

Yamaguchi, S., Nagayama, Y., Pavlichenko, R.,
Inagaki, S., Kogi, Y., Mase, A. (KASTEC, Kyushu
Univ.)

The microwave reflectometry is a radar technique for the
of the
fluctuations by probing the density-dependent cutoff layer in

measurement electron density profiles and

the plasma. A multi-channel reflectometry system

equipped with an imaging optical system has been
developed to the microwave imaging reflectometry (MIR) [1,
2]. It has a potential to obtain the 2-D/3-D image of the
MHD turbulences and instabilities with excellent time and
spatial resolutions. The MIR system is under development
in the Large Helical Device (LHD).

Figure 1(a) shows the schematic of the MIR system of
LHD. The illumination beams of 66 and 69 GHz are
launched from the port 4-O to the plasma center, and they
are reflected at the right-hand cutoff layer in the peripheral
plasma. Since the cutoff layer of X-mode is less bent and
the wavelength of X-mode is shorter than O-mode, the
X-mode illumination is utilized in LHD. The reflected
beams are focused by the imaging optical system, and the
reflected power is measured by the 6-channels heterodyne
receiver. The dichroic plate has a clear cut-off feature at 70
GHz, so that it can separate the operational frequency band
for MIR (50-70 GHz) and ECE Imaging (ECEI) system
(70-140 GHz) [1, 3].

The LHD plasma has an elliptical cross-section which is
tilted at the port 4-O as shown in Fig.1(a). As the density

is higher, the right-hand cutoff layer is more tilted downward
near the equatorial plane. The beam paths near the
reflection surface is calculated by using a ray-tracing code.
It shows that the illumination beam should be launched
upward by a few degree in order to obtain considerable
reflected power. In the new setup an ellipsoidal mirror
with adjustable angle is installed into the vacuum chamber
of LHD.

remote-controlled actuators with ultrasonic motors to

It can be rotated poloidally and toroidally by

optimize the illumination angle for the wider range of the
plasma parameters.

Figure 1(b) shows the example of the MIR signals in the
case of the low density plasma (R, = 3.5 m, B,y = -2.829 T,
Y= 1.254 and B,= 100 %).
amplitude appears in the MIR signal right after the ECRH is
turned off at t = 0.46 sec. The frequency varies from 20 to
40 Hz during t = 0.5 — 1.0 sec.
are slightly different among the different channels, the

A slow oscillation with large

Since the oscillation signals
oscillation is not a mechanical vibration. The amplitude of
the oscillation is reduced and the oscillation disappears after
the density is increased at t = 1.0 sec. The corresponding
oscillation is not observed in the ECE signals, therefore, the
slow oscillation may be a density fluctuation in the plasma.
This indicates that the MIR has a potential to observe

phenomena that is not observed by ECE measurement.

Reference

1) Nagayama, Y. et al. : J. Plasma Fusion Res. 81 (2005) 337
2) Mazzucato, E. et. al. : Nuclear Fusion 41 (2001) 203

3) Mase, A. et al. : Rev. Sci. Instrum. 74 (2003) 1445
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Fig.1. Schematic of the MIR system (a) and oscillations of the MIR signals in the case of the low density plasma (b).
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§25. High-Beta Experiments in LHD

Sakakibara, S., Watanabe, K.Y., Yamada, H.

In LHD, the production of high beta plasma has
progressed successfully with increasing heating power of
neutral beam. In recent experiments, a control of a
plasma-aspect-ratio, 4,, was mainly performed from 6.3 to
8.3 to investigate the configuration dependence of MHD
characteristics of high-beta plasmas. An increment of A4,
causes an increase in central rotational transform and
reduces the Shafranov shift. Large 4, is favorable for a
heating efficiency and a transport because the outward shift
of the magnetic axis leads to an increase in a helical ripple
loss of particles. It is also suitable for raising an equilibrium
beta-limit. However, a reduction of the plasma shift restricts
spontaneous formation of magnetic well, and an increment
of A, reduces magnetic shear. Consequently, violation of
MHD stability is concerned. The survey of the optimum
operation provided the highest <f;;,> value of 4.5 % at 4, =
6.6, and achieved <f;,> gradually decreases with an
increment of 4,,.

Figure 1 shows the typical discharge with <[,>
= 4.5 % in the 4, = 6.6 configuration. The plasma with
<[> > 4 % was maintained for 10t; or more. Shafranov
shift A/a.y is around 0.2, which is much smaller than
equilibrium beta-limit. Peripheral MHD activities, which are
dominantly observed in the high-beta regime, are enhanced,
whereas m/n = 1/1, 2/3 and 1/2 modes were suppressed
and/or intermittently behaved when the <f;.> exceeds
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Fig.1 Typical MHD activities in high-beta discharges
in 4, = 6.6 configuration.

around 4 %. Although the m/n = 2/5 mode where the
resonance is located near plasma edge remained in the beta
range over 4%, the amplitude on the resonance is relatively
small compared with other modes. This tendency has been
well observed in the high-beta regime and then profile
flattening in the vicinity of the resonances occurs'.
Theoretical prediction suggests that these modes are
resistive interchange ones because the resonances are
located in periphery with magnetic hill. As an example, the
dependence of the m/n = 1/1 mode on magnetic Reynolds
number S and <S> is shown in Fig.2. The mode is
enhanced by increasing <f;,> and reducing S, and it is
expected to be deeply related with the linear growth rate of
the resistive mode”.

The plasma confinement, H = Tg/Tissos, gradually
degrades from 1.6 to 1.0-1.2. The transport analysis
indicates that the thermal transport in the periphery
significantly degrades with an increment of <f,>, and the
transport coefficient in high-beta regime is about ten times
larger in a prediction by gyro-reduced Bohm model®. As
one of the reasons for the degradation, a turbulence caused
by resistive-g mode has been considered. The predicted
transport coefficient in periphery is quantitatively consistent
with experimental results. The turbulence is caused by the
decreases of S and magnetic shear, and an enhancement of
magnetic hill as well as pressure gradient. It suggests that
the large A, leads to a degradation of the transport in
addition to the finite-beta effects.

Reference

1) A.Komori, S.Sakakibara et al., Phys. Plasmas 45, 12
(2005) 056122

2) S. Sakakibara et al., to be published in Fusion Science
and Technology (2006).

3) H. Funaba et al., to be published in Fusion Science and
Technology (2006).
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Fig.2 Amplitude of m/n = 1/1 mode on the S and <S>
diagram.
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§26. Effect of Resonant Magnetic Field on
low-m Mode in LHD

Sakakibara, S., Watanabe, K.Y., Yamada, H.

In standard configuration of LHD, the m/n = 1/1

mode where the resonance is located in periphery with
magnetic hill and strong magnetic shear has been enhanced
with increasing beta and pressure gradient. The clear
dependence of the mode on a magnetic Reynolds number
has been found out, and it is close to that of growth rate
predicted by linear theory of resistive interchange mode".
On the other hand, when the magnetic shear is decreased by
controlling magnetic configuration and/or by positive
plasma currents increasing rotational transform, non-rotating
m/n = 1/1 mode appears and abruptly grows instead of the
rotating resistive m/n = 1/1 mode. The mode causes the
minor collapse in the core region and the plasma energy loss
reaches more than 50 % in case of the lowest magnetic shear
configuration. It was found out that the mode clearly limits
the operation regime of LHD, which is qualitatively
consistent with predicted ideal stability boundary".
Here, the control of non-rotating m/z = 1/1 mode was
attempted by means of an external magnetic field including
the m/n = 1/1 component mainly. Usually, the mode has no
rotation frequency and grows at the place where a natural
error filed in LHD exists. The external coils are equipped in
LHD in order to compensate the error field and/or to apply
the local island divertor system. The effect of strength of
external field on the activity of the mode was investigated
through the experiments.

Typical NBI discharge in the configuration with
Ry=3.6m, B,=09Tand %= 1.13 is shown in Fig.1. The
NBI in the co- direction was applied here and the
port-through power was 2.9 MW. The strength of the radial
component of the m/n = 1/1 mode, b,,/B;, on the 2 = 1
surface, which was identified by magnetic measurements,
non-linearly increase from 0.53 s despite no external field.
Figure 2(d) shows the spatial location of the m/n = 1/1 mode,
and @, is toroidal angle where the O-point of the m/n = 1/1
island is located at poloidal angle 8= 0 and z = 0. The mode
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Fig.1 Typical discharge in the configuration with ¥ =
1.13.
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grew and saturated at the specific location with ¢,;; ~-120 °©
where the natural error field exists. Here, the external
magnetic field with the m/n = 1/1 component was added to
the same plasmas as fig.1 discharge, and the normalized coil
current, /;p/B;, was changed from -833 to 833 kA/T. The
positive coil current produces the 1/1 island at which the
O-point is located at ¢, ~ -126 °. The positive current
extends the width of the natural island, whereas the negative
current almost cancels it. The dependence of /jp/B, on
plasma parameters and the activity of m/n = 1/1 mode under
the condition with constant n, are shown in fig.2. The
observed modes almost saturated. When the positive /| p/B;
was increased, b;/B, gradually increased and the location
approached that of given m/n = 1/1 island as shown in
Fig.2(d). The <f,> gradually decreases due to the
extension of the island width.

On the other hand, when the negative 7 ,/B, was
applied, the amplitude of the mode abruptly reduced with
the increase in |/ /B and had the minimum at -278 A/T.
Then <S> recovered and had the maximum value. The
amplitude of the mode increased again when 7 p/B; < -278
A/T. The location of the island gradually rotated in the
opposite direction and approached the position of given 1/1
island when negative [y p/B; increased. Thus, the results
suggests that it is possible to completely stabilize
non-rotating m/n = 1/1 mode by means of moderate external
magnetic field. The saturation level of the mode strongly
depends on given island width.

Reference

1) S. Sakakibara et al., appear in Fusion Science and
Technology (2006).
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§27. On the Reconstruction in LHD High
Beta Plasmas

Watanabe, K.Y., Yamaguchi, T. (Grad Univ.),
Narihara, K., Tanaka, K., Suzuki, Y.

The establishment of the identification of MHD equilib-
rium is one of the very important subjects in the torus
plasma study. in helical systems, strictly speaking, the
nested magnetic surfaces do not exist, the practical mag-
netic surfaces exist, which is calculated by the numerical
calculation. The above practical magnetic surfaces are pre-
dicted to be stochastic as the beta and PS currents increase
by a theoretical calculation. In the above situation, we meet
some difficulties when we identify the MHD equilibrium
configuration in high beta and in peripheral region. Here
we consider the more consistent method of the identifica-
tion of the MHD equilibrium configuration.

Figure 1 shows a reconstructed MHD equilibrium for
a LHD high beta operation with <Bg;;>~2.9% by HINT
code. The observed pressure profile at the equatorial plane
of the horizontally elongated cross section is shown in
Fig.1 (circles). The solid line corresponds to the input data
of pressure profile of HINT code. Here the applied bound-
ary condition in HINT calculation is that the pressure set to
zero where the field line connects to a wall before 1 tor-
oidal turn and the pressure should be same with the field
line averaged value over the 2 toroidal turns as a default so
that the observed peripheral pressure profile is reproduced
well. The center of the peripheral flux surface estimated by
the constant pressure surface is predicted to be shifted torus
outwardly by ~5cm, which corresponds to ~9% of the av-
eraged plasma minor radius. The torus outboard location of
the OMEFS in the high beta value of <By;>~2.9% is pre-
dicted to be almost same with that of the OMFS of vacuum,
the inboard location is shifted to torus-outwardly, and the
volume of the OMFS is reduced by ~8% comparing with
that of vacuum.

Next we study the relationship between the connection
length to a wall and the electron mean free path to consider
the force balance of the MHD equilibrium in a open field
line region. Figure 2 shows the observed electron tempera-
ture and density profiles, electron mean free (A.) in a high
beta LHD discharge with <B4;,>~2.9%, which is for the
same discharge and time slice with Fig.4. In a high beta
operation with <By;,>~2.9%, the central electron tempera-
ture and the density are ~0.5KeV and ~2.7x10"’m>, respec-
tively. They are fairly low temperature and density because
of the low operational magnetic field strength (B¢=0.5T).
The connection length of the magnetic field line to a wall
and the connection length between the torus-top and the
bottom (L¢.rp) predicted by HINT are shown by solid lines
in Fig.2. It should be noted that when L< L., an MHD
equilibrium current cannot flow for the equilibrium force
balance. In the LHD high beta operation with <f4;>~2.9%,
Lc > L is always satisfied in the region with a finite
electron pressure. And the region with the short electron
mean free path, A.<10m, is widely spread in the peripheral

region. Especially in an open magnetic field region shown
by shadow in Fig.2, where the maximum of the field lines
corresponds to less than 40 toroidal turns, A,/ L.t is less
than 0.2, which is too small. In the above region, there is a
possibility that a finite pressure gradient along the magnetic
field line exists. The above fact suggests that in order to
reproduce a more consistent MHD equilibrium with the
experimental condition, we might take the inertial term
(v.vv) the viscosity and/or the anisotropic pressure, in the
force balance equation into account. How large these ef-
fects influence the magnetic surfaces and the magnetic field
line structure in the peripheral region is one of the big open
issues.

[1] Harafuji K. et al ., J. Comput. Phys. 81 169 (1989).
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§28. Two-Dimensional Structure of the MHD
Instabilities and Its Non-Linear Evolution
in the Large Helical Device

Ohdachi, S., Toi, K.

It is important to further understand the role
MHD instabilities play in plasma confinement in
helical systems. Since mode amplitudes depend
nonlinearly on the pressure gradient, it is not
straightforward to make theoretical predictions of
mode structures and amplitudes, and thus deter-
mine their effect on confinement. We experimen-
tally study the evolution of pressure driven modes
using images measured by a fast, tangentially-
viewing soft X-ray camera [1]. Sawtooth-like
MHD activity occurs in high density plasmas when
the pressure gradient in the core region exceeds a
limit. It is found that the magnetic surfaces are
strongly deformed just before the sawtooth crash.
The magnetic reconnection due to this deformation
causes rapid energy flow from the core to the edge.

It is oberserved that the core pressure gradi-
ent after the sequential pellet injection is 2 ~ 3
times larger than found in normal operation with
gas fueling. As the pressure gradient increases,
sawtooth-like events begin. These events are often
followed by large amplitude oscillations which per-
sist for 0.1 - 0.3s. The electron density decreases
and the electron temperature gradually increases
during this time. Thus, we can investigate the influ-
ence of resistivity on the mode behavior by compar-
ing cases with similar pressure gradients and differ-
ent electron temperatures.

Fig.1 shows the fluctuating components of the
image from the tangential soft x-ray camera at the
time of the maximum fluctuation amplitude (1.515
s). First, an m=3 mode evolves within 500ms and
deforms the magnetic surface (Fig. 1(B2) white
area). When the mode saturates, an enhanced heat
flux from the core to the edge is observed, causing
flattening of the pressure profile. The SX emission
from the outer plasma increases after the event (see
Fig.1 (B3)). The enhanced flux could be caused by
reconnection where the magnetic surfaces are heav-
ily compressed due to an interchange mode.

The pressure gradients at the rational surface
are also studied. There is an onset of MHD events
when the pressure gradient exceeds a limit (—dB/dp
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1 %). The onset value does not change signif-
icantly when the iota profile is modified by the
plasma current. The magnetic Reynolds number S
(= TrR/Tusven) 15 used as a measure of the resistiv-
ity. For similar pressure gradients, sawtooth activ-
ity occurs for lower values of S and saturated os-
cillations occur at higher values of S. This can be
understood qualitatively from the following model.
The amplitude of the MHD instabilities increases
with the pressure gradient. It saturates when there
is a balance between the fluctuation-driven flux and
the pressure gradient. However, in higher resis-
tive plasmas, reconnection occurs more easily at
the same instability amplitude. Thus, sawtooth-like
events are triggered in plasmas with lower S. This
model is consistent with the observation that the
repetition rate is higher when the electron tempera-
ture is low.

We have observed similar sawtooth-like ac-
tivity near different rational surfaces, e.g.,1 = 1/3,
1/2, 1/1, with m = 3, 2, 1. Though the pressure
profile is modified by the sawtooth-like activity, the
effect on the global confinement is small. The de-
crease in the stored energy is less than several %
when the sawtooth-like activity is present.

[1]S. Ohdachi et al., Rev. Sci. Instrum 74, 2136 (2003).

woig.1 LA
0.1 E 3
e M\M

-0.1
-0.2 .

1.510 1.51 1.520 1.525
Time [s] 50
Fluctuating Component

-50

Fig.1: Two-dimensional structure of a saw-
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§29. Effect of Separatrix Geometry on
Transport and MHD

Suzuki, Y., Yamada, H., Ida, K., Yoshimura, M.,
Kobuchi, T., Watanabe, K.Y ., Tanaka, K.

Plasma shape control is a major knob to investigate
confinement as well as MHD characteristics of magnetically
confined plasmas. In particular, plasma elongation has been
widely explored in many experiments and theoretical
investigations. For example, optimization in the line of
W7-AS and W7-X owes much to reduction of
Pfrisch-Schlueter currents due to elongation. It is also widely
recognized that plasma elongation affects energy
confinement in tokamaks, which can be seen in the ITER
H-mode scaling. On the other hand, the role of separatrix has
been attracting interest in both a fundamental issue of a
dynamical system with cross of stable and unstable
manifolds and applied issues for performance of magnetic
confinement. Many reports can be referred to the latter
issues, which are related to dynamics of magnetic islands
and its effect on transport, equilibrium 3 limit and a function
of divertor. Since the Shafranov shift is enhanced by
horizontal elongation, equilibrium f limit is lowered in
oblate configuration. In general, the equilibrium B limit is
defined by the Shafranov shift as large as a half the minor
radius, when the deformation of magnetic flux surface is
thought not to be tolerable. However, this is not physically
reasonable definition. In the tokamak case, the separatrix is
generated inboard side due to enhanced Pfrish-Schlueter
currents. Oblate configuration provides the experimental
evidence what happens by a large Shafranov shift and can
mitigate the approach to the question what the equilibrium 3
limit is.

Figure 1 shows the electron temperature profile in the
experiment and the pressure profile calculated by HINT in
the case of k of 0.5 [1]. Both profiles are plotted along the
major radius. As shown in Fig. 1 (a), the Shafranov shift
beyond a half the minor radius is already observed in low 3
(0.3%). Along with the increase in f, inflection of
temperature gradient appears inboard side of the peak. This
evolution of profile is well reconstructed by the HINT
calculation. The calculation of HINT indicates that large
Shafranov shift occurs even in low P since the separatrix
geometry already exists in the vacuum condition and the
rotational transform is close to zero. With increase in 3, the
outer petal evolves while the inner petal degenerates. The
outer region of the petal, namely the outside of the internal
separatrix becomes stochastic and loses confinement
capability. This trend is pronounced in the inboard side of
the outer petal in the physical space. While large pressure
gradient is maintained in the outer petal (outer separatrix
domain), the pressure gradient declines in the outside of this
region. This physical picture seems to be consistent with the
experimental observation. The reason why the experimental
observation in the inboard side is somewhat mitigated from
the prediction by HINT may be healing of ergodization due
to unresolved dynamics of the plasma or tolerable parallel
heat transport. Although the direct measurement of the

change of magnetic geometry is not available, circumstantial
evidence supports the validity of the calculation by HINT.
Subsequently the picture of equilibrium B limit can
described based on results from the calculation by HINT [2].

© B,=0.3%

1000 * By=1.7% f—rrrrrrr1]
C| ® B =2.2% (@) 4
800 0 : -
3 z
" 400 -
200F .
C after pellet injection ]

0 PO (T SN SN SR TN NN TR S TR SR (NN SN SN S R N 1

0.10 1 T T T 1 T T T T 7T

| —,=0.1%
| ==B,=05%
| ===p,=10%
[|——B,=2.0%

(b) ]

Pressure (A.U.)
[om]
T

3.0 35 40 45
R(m)

Fig.1 Profile evolution in the configuration with k of 0.5.
(a) Electron temperature in NBI heated plasmas
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[1]Y. Suzuki, et al. Nucl. Fusion 46 (2006) 123
[2] H.Yamada, et al. Fusion Sci. Technol. (accepted)
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§30. Minor Collapse of Current-
Carrying Plasma in LHD

Narushima, Y., Sakakibara, S., Watanabe,
K.Y.

A minor collapse observed in current-carrying
plasma has been investigated in Large Helical
Device (LHD). Experiments were carried out in
the configuration with a high central rotational
transform of 1y/2n = 0.58 in order to decrease the
magnetic shear around the v/2m = 1 surface. The
target plasma is produced and maintained by the
neutral beam injection (NBI), which drives the
plasma current /, in the co-direction. When the
beam-driven current exceeds a certain value, the
m/n = 1/1 mode (here, the m and n are the
poloidal and toroidal mode number, respectively)
grows and causes a sudden drop of the plasma
stored energy w, (collapse) and the electron
temperature 7., and it also limits the plasma
current itself. Before the collapse, the time
evolution of the w, and T, are almost constant,
while the 7, continues rising and the finite
perturbed magnetic field with m/n = 1/1 mode
b.11/B,, which is the radial magnetic component of
the m/n = 1/1 mode estimated by the magnetic
flux measurement, gradually increases. When the
I/B; (here, B; is the toroidal magnetic field)
reaches 39 KkA/T, the electron temperature 7,
measured with an electron cyclotron emission
(ECE) diagnostic suddenly drops while the b,,/B,,
increases. At that time, the decay time of the w,
becomes ~40 ms and the growth time of the
b.11/B, is about 30 ms, which are slower than the
growth time (~ 100 ps) of the ideal MHD
phenomenon. The magnetic fluctuation and the
soft X-ray diagnostics do not show any precursors
or post-cursors of the collapse. After the collapse,

the b,1,/B, increases faster than before the collapse
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and the width of the flat region of the 7, profile
expands toward the plasma center region. As a
result, the central electron temperature decreases
from Ty = 1.2 to 0.6 keV. The increase of the
width of the flat region of the 7, profile indicates
the growth of the magnetic island with m/n = 1/1
structure by the development of the perturbed
magnetic field. The toroidal angle of the X-point
of the mode at the outboard side maintains a
certain value during the discharge, which means
that the mode almost does not rotate. The position
of the flat region corresponds to the v2m = 1
which is measured with

resonant surface,

motional Stark effect spectroscopy (MSE)
diagnostics in which the current density profile is
parabolic. The plasma discharge is not terminated
by this collapse. A collapse was observed in the
current-carrying plasma in Heliotron-E [1], and
the collapse was explained by the appearance of
the m/n = 1/1 internal kink mode at the /21 = 1
resonant surface in the negative shear (dvdp < 0)
region of the rotational transform profile with the
double resonant surfaces. In this experiment, the
V2n profile is not a double resonant one.
Therefore, it seems that a physical mechanism
different from that described in Ref.[1] exists in

this experiment.

Reference
1) Wakatani M. et al., Nucl. Fusion 23, (1983)
1669



§31. Control of Magnetic Shear by Neutral
Beam Injection in LHD

Ida, K., Yoshinuma, M., Kobuchi, T., Watanabe, K.Y .,
Nagaoka, K.

Control of magnetic shear has been recognized
to be important issue in helical plasma as well as tokamak
plasma, because it has significant impact to the transport
and MHD stability at the rational surface. For example, the
interchange mode appears, when the magnetic shear at the
rational surface decreases. Further decrease of magnetic
shear causes growing of 2/1 magnetic island at a rational
surface of 0.5. Appearance of interchange mode and
growing of 2/1 magnetic island have been observed in the
plasma with counter-NBI, where the toroidal current in the
counter direction is increasing[1,2].

Radial profile of rotational transform (1) is
measured with Motional Stark Effect (MSE) spectroscopy
[3] during the transient phase where the direction of NBI is
switched during the discharge in LHD. Figure 1 shows
the time evolution of toroidal current driven by NBI and
radial profile of rotational transform (1) and shift of
polarization angle due to toroidal current and
Pfirsch-Schluter current. (The absolute value of
polarization angle is a order of 10 degree at the plasma
edge.) As seen in the time evolution of toroidal current, the
toroidal current keep increasing or decreasing during the
co- and ctr-NBI phase and does not reach to the steady
state. This is because the diffusion time scale is much
longer than the duration of discharge.

In order to study the effect of the current ramp
rate on t profile and magnetic shear, the two 1 profiles are
compared with similar magnitude of toroidal current (Ip =
56 — 59KA in counter direction) and different ramp rate:
one is in the discharge where the counter current is
decreasing with dIp/dt = 42kA and the other is in the
discharge where the counter current is increasing with
dIp/dt = -34kA. When the current is decreasing the
polarization angles have negative values that indicate the
decrease of 1. This is contrast to the radial profile of
polarization angle where the current is increasing, where
the polarization angle changes its sign in radius. (positive
values near the plasma center and negative values near the
plasma edge). These polarization angle profiles clearly
show the existence of d reversal of toroidal current near the
plasma center. Please note the contribution of
Pfirsch-Schluter current, which is typically causes the
negative offset in polarization angle, is small in this
experiment where the plasma density is low (0.67x10""m™)
and magnetic field is high (2.75T).

Reference

[1] A.Isayama, et. al., Plasma Phys. Control. Fusion 48 L45
(20006)

[2] M. Yakovlev, et al., Phys. Plasmas 12, 092506 (2005)
[3] K.Ida et al., Rev. Sci. Instrum. 76, 053505 (2005)
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§32. Observation of Localized Oscillations
at m/n = 2/1 Rational Surface during
Counter Neutral Beam Injection

Isayama, A. (Japan Atomic Energy Agency),

Inagaki, S., Watanabe, K.Y ., Narushima, Y.,
Sakakibara, S., Funaba, H., Ida, K., Nagayama, Y.,
Yamada, H., Kawahata, K., Komori, A., Motojima, O.,
LHD Experimental Group

In LHD experiments, an instability localized at the
1/21=0.5 surface during neutral beam injection (NB) in the
counter direction is observed. In this study, characteristics
of this instability have been investigated. Stability analysis
using profiles and equilibrium in an LHD experiment has
been also performed.

Spatial structure and its evolution of the localized
instabilities in LHD experiments have been investigated
using the signals of magnetic perturbation and electron
temperature perturbation profile from electron cyclotron
emission (ECE) diagnostic. It has been found that electron
temperature perturbations exist at 1/2n=0.5 with the spatial
extension of about 10% of the minor radius. The instability
typically grows in several milliseconds and saturates. In a
few discharges, the instability was triggered by a sawtooth
crash. Under the condition of increasing plasma current in
the counter direction and nearly constant pressure, the
oscillations are observed at larger magnitudes of plasma
current (20 kA T"). In the NB reversal experiments,
where the direction of the NB is changed from the co- to
the counter-direction and vice versa, the oscillations were
observed only for the former case. These results suggest
that the profile and magnitude of the plasma current play an
important role in the mode onset. According to the
motional Stark effect diagnostic, rotational transform at
1/21>0.5 decreases while it increases at 1/2n<0.5 when the
direction of NB is changed from co- to counter-direction,
showing that magnetic shear at the 1/2n=0.5 surface
decreases by the NB reversal. It is probable that the
decrease in the magnetic shear at the 1/2n=0.5 surface is
responsible for the onset of the localized oscillations.

In addition to the experimental study, stability
analysis has been performed. Analysis based on the
Merecier criteria using the VMEC code shows that at a fixed
plasma current an interchange mode becomes more
unstable when the current profile is hollow (Fig. 1). It has
been also found that for a flat or a hollow current profile
the interchange mode becomes more unstable at higher
negative plasma current while the stability is improved by
increasing the plasma current for a center-peaked current
profile. The result suggests that the center-peaked profile is
not likely to occur during the counter-NB or NB reversal
from co- to counter-direction, which is a similar tendency
to the above experimental observations. It is also found that
radial displacement due to the localized oscillations
evaluated from electron temperature perturbation profiles
with the ECE diagnostic agrees well with that predicted by
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a three-dimensional ideal magnetohydrodynamic stability
code TERPSICHORE (Fig. 2).
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Fig. 1. Profiles of rotational transform (1/27), the Mercier
parameter (D;) and current density (—d/,/ds) for different
current profiles: (a) hollow current profile and (b) peaked
current profile. In each figure, the location of 1/27=0.5 is
indicated on the D, profile with an open circle.
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Fig. 2. Profiles of radial displacement evaluated from
ECE measurements and TERPSICHORE calculations.

Reference

1) Isayama, A., Inagaki, S., Watanabe, K.Y,
Narushima, Y., Sakakibara, S., Funaba, H., Ida, K.,
Nagayama, Y., Yamada, H., Kawahata, K., Komori, A.,
O. Motojima and LHD Experimental Group,
Plasma Phys. Control. Fusion 48 (2006) L45-L55.



§33. Particle Orbit Analysis in High Beta
Plasma of LHD

Matsumoto, Y., Seki, R., Oikawa, S., Itagaki, M.,
Shimoda, H., Shimizu, N., Tanaka, H. (Hokkaido
Univ.), Watanabe, K., Suzuki, Y., Sakakibara, S.,
Narushima, Y., Yamaguchi, T.

High beta plasmas more than 4 % have been
obtained in the low magnetic field (~ 0.5 T) discharges
of LHD[1]. Although the particle orbit analyses in such
finite beta plasmas of LHD have been done, they are
restricted inside the last closed flux surface (LCFS)[2].
However, it is pointed out that the peripheral flux sur-
faces in the helical systems like LHD are destroyed with
rising the plasma beta[3]. Since the particle drift in the
low magnetic field, in which the high beta LHD experi-
ments have been done, becomes large, it can be predicted
that the particle started from the core go out of the
LCFS. In such cases, the re-entering particles[4] would
play an important role. Thus, the particle orbit analysis
including the peripheral region is required.

In this study, the particles in LHD are traced
with the use of the real coordinate system. The parti-
cle behavior in the high/low magnetic field and/or the
high/low beta plasma is investigated.

Particles are traced in the four magnetic field con-
figurations (case 1: B.x =3 T, =0 %, case 2: B,y =3
T, 8 =32%, case 3: Bay =05 T, 8 =0 % and case
4: Bax = 0.5 T, 8 = 32 %). In these magnetic field
configurations, the vacuum magnetic axes are located at
R.« = 3.6m. The 100 keV protons are traced for a period
of 30 ms by numerically solving the guiding-center equa-
tion. The particle loss boundary is set at the vacuum
vessel wall. The starting points of particles are located
at R axis on the horizontally clongated poloidal plane.
Moreover, the initial pitch angels are varied from 0 to
with a step size of 7 /20.

We classify the particle orbit into four groups:
passing particles, banana particles, chaotic orbit parti-
cles and prompt loss particles. By comparison in four
cases, it is found that the particle orbit characteristics
in the high beta plasma are almost the same as those in
the vacuum magnetic field except the particles started
from the inner side. In the low magnetic field cases, the
number of prompt loss particles becomes large due to the
large particle drift.

The summations of the pass length of the re-
entering particles in the peripheral region are calculated.
The pass length of the re-entering particles is up to 10
km. In addition, path length of the particles started from
R ~ 4 mis ~ 1 k. This indicates that even the par-
ticles started from the core also go out of and re-enter
into the LCFS.

Moreover, the effect of the charge exchange on the re-
entering particle orbit is studied. It is assumed that the
neutrals exist only in the peripheral region of LHD on
the constant density. The loss particle ratio is shown in
Fig. 1. In all cases, the particle loss due to the charge
exchange is small except for the particles started from
the inner side of the torus. The numbers of loss particles
due to the charge exchange in the high beta cases (2 and
4) are larger than those in the low beta cases. In cases 1
and 2, particles started from the LCFS neighborhood are
lost due to the charge exchange. By contrast, in cases 3
and 4, the loss due to the charge exchange is incident for
particles started from the core.

LOSS PARTICLE RATIO

T v T T T T T

3.0 3.5 4.0 4.5
starting point R (m) T

LCFS LCFS

Figure 1: Loss particle ratio of particles in case 4. Values
at each starting points are averaged over the pitch angle.

We analyze the particle orbit in the high/low beta
plasma and/or the high/low magnetic field in LHD. Fol-
lowing information is obtained. The particle orbit char-
acteristics in the high beta plasma are almost the same
as those in the vacuum magnetic field. If the magnetic
field strength is reduced, many particles with large v
become the prompt loss particles. Even in the high beta
cases, particles can repeatedly re-enter many times. The
particle loss due to the charge exchange is small except
for the particles started from the inner side of the torus.
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§34. Plasma Collapse Phenomenon in Ctr-NBI
Heating Plasma with the Magnetic
Configuration of Bq=200%

Nagaoka, K., Narushima, Y., Watanabe, K.Y.

Recently, the magnetic axis sprit was observed in
LHD with strongly elongated configuration in
horizontal direction (Bq=300%) [1] and it was also
investigated by analysis of MHD equilibrium [2]. A
new type of plasma collapse phenomenon has been
observed with the magnetic configuration of
Rax=3.6m, Bt=1.5T, Gamma=1.254, Bq=200%, which
is also horizontally elongated configuration.

The collapse was observed in the plasma heated by
counter neutral beam injection (NBI), of which
typical discharge is shown in below figure. The NBI
is switched at /=5.3 sec from dominated by co-beam
with total port-through power of 3MW to ctr-beam
with port-through power of 2.6MW. The electron
density significantly increases from 0.9x10!9m™3 to
2.5x1019m3 after the switch of NBI direction, and
plasma current can not be in the counter direction.
The electron temperature profile becomes flat soon
from peaky profile after the switch of NBI. In this
discharge, two collapses occur, first one is minor

collapse at t=6.6 sec and the stored energy of about
15% is lost. Second is complete collapse at t=9.3 sec.
The characteristics of the plasma going to the
collapse are spontaneous density increase, increase
of radiation, flattening of electron temperature
profile. The collapse starts from center region of the
plasma, and the electron temperature profile
becomes hollow, which is most impressible feature of
this phenomenon.

The necessity condition for the collapse is the

magnetic configuration of Bq=200% and ctr-NBI
heating. This collapse has a critical density, the low
density plasma lower than ~0.7x10¥m3 can be
sustained and plasma current can be driven in the
counter direction. However the plasma density
gradually increases and exceeds the critical density,
and finally goes to collapse.
The electron temperature profile is clearly different
from magnetic axis sprit for the point that two
maximum electron temperatures appeared in hollow
profile are always same. This indicates that
magnetic equilibrium is completely different from
magnetic axis sprit. This collapse is interesting
phenomenon at the point of view of equilibrium
limit.
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§35. Zeeman Spectroscopy with Tomographic
Analysis

Goto, M., Morita, S.

Emission lines in the visible/UV wavelength ranges are ob-
served with 80 lines of sight in total. Their field of view cov-
ers an entire poloidal cross section of the plasma as shown in
Fig. 1. The emitted light is received with optical fibers having
100 um diameter and is guided into a 1.33 m Czerny-Turner
type spectrometer equipped with preoptics for the astigma-
tism correction. The entrance slit width is fixed to be 30 um.
A charge coupled device (CCD) having 13.3 mm X 13.3 mm
area size is used as the detector and the spectra from all the
lines of sight are recorded perpendicularly to the wavelength
dispersion on the CCD.
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Fig. 1. Geometry for the observed plasma cross section and
the obtained emission locations with all the lines of sight as a
result of tomographic analysis. The darkness corresponds to
the line intensity. The radiation regions indicated with arrows
seem to be ghosts which have wrongly survived the tomo-
graphic analysis.

The Zeeman splitting of a neutral helium line, 1667.8 nm
(2'P-3'D), which is caused by the magnetic field for plasma
confinement, is measured. Though the obtained line profile
is in general a superposition of several components on the
same line of sight, they can be separated according to their
different splitting widths. The measurement is made for a dis-
charge with a magnetic configuration of R,x = 3.75 m, where
Rax 1s the major radius of the magnetic axis. The magnetic
field strength on the magnetic axis is 2.64 T. The plasma is
sustained with hydrogen neutral beams and the electron den-
sity is controlled with helium gas puff. The spectra are taken
every 250 ms (230 ms of exposure time and 20 ms of readout

time), and the data over five frames are summed up to reduce
the statistical errors. During the time period for the observa-
tion the line-averaged electron density and the central electron
temperature are almost kept constant to be 2 x 10" m™* and
2.5 keV, respectively.

Figure 2 is an example of the observed spectra. The profile
is understood as a superposition of two Zeeman components
having different splitting widths. The magnetic field strengths
of 2.56 T and 1.38 T are obtained from the least-squares fit-
ting. The fitting result is shown with the dashed line in Fig.
2. The variation of the field strength along the line of sight
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Fig. 2. Example of measured spectra for the Hel1667.8 nm
line. The profile is well fitted with two Zeeman components
and field strengths of 2.56 T and 1.38 T are derived.

is precisely known in LHD, and the emission locations are
determined from the obtained field strength values. In many
cases, however, a single field strength gives two locations on
the line of sight and in such cases unique determination of the
emission location is difficult. Here, let us remind that we ob-
serve the plasma with two different viewing angles as shown
in Fig. 1 and a tomographic analysis might be possible. The
observed area is divided into square cells having 50 mm side
length and possible cells for the emission location are picked
up in accordance with the Zeeman splitting analysis. Then the
intensity distribution over the candidate cells is determined so
that the following evaluation function, &(f) where f repre-
sents the intensity distribution, has the minimum value,

s =y (I~ 1) (1)
1

Here, I,.Cal (f) and Il‘.’bs are the line-integrated intensities in the
calculation and in the observation with the ith line of sight, re-
spectively. The summation is made over all the lines of sight.
The result is shown in Fig. 1. The line emissions along the
inboard-side divertor legs and around the X-points are found
to be rather strong while in the regions near the inboard- and
outboard-side walls they are hardly detected. This suggests
that the dominant particle recycling takes place on the diver-
tor plate rather than the vacuum vessel wall. The radiation
regions indicated with arrows in Fig. 1 are unrealistic and are
considered to be ghosts which have wrongly survived the to-
mographic analysis. The present evaluation equation has yet
to be optimized and further improvement is necessary.
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§36. High-Resolution Measurements of Ho
Spectral Line Profiles in LHD Steady State
Plasmas

Kondo, K., Arimoto, H. (Kyoto Univ.),

Oda, T. (Hiroshima Kokusai Gakuin Univ.),
Takiyama, K. (Hiroshima Univ.),

Masuzaki, S., Shoji, M., Goto, M., Morita, S., Noda,
N., Ida, K., Sato, K., Ohyabu, N., Sudo, S.

The sustainable detachment has been obtained?.
The line—averaged clectron density 7, dependences of
the parameters deduced from the Ha line profile have
been investigated to discuss the differences in the neu-
tral hydrogen behavior in the attachment and detach-
ment plasmas.

Figure 1 shows the Ha spectral line profiles in the
(a)attachment and (b)detachment discharges obtained
at the sight line which view the inner divertor plate.
These profiles can be decomposed into two Gaussian
components of a narrow shape and a broad shape. The
narrow component is considered to be the contribution
of the dissociated atoms and the broad component rep-
resents the reflected and charge—exchanged atoms. The
center of the broad component shows significant blue
shift in attachment, while the shift is much smaller in
detachment. The blue shift in attachment is due to the
reflection by the divertor plates and corresponds to the
inward flow velocity of up to 1.5x10% m/s.
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Fig. 1: The Ha spectral line profiles in the (a)attach-
ment and (b)detachment discharges.

Figure 2 shows the 7. dependences of the (a)Ha
line intensity, (b)flow velocity along the sight line,
(¢)temperature of the hydrogen atoms, (d)ion satura-
tion current mecasured by the 6-1 divertor probe and
(e)T. at p =0.9 measured by the Thomson scattering
system. The filled and open symbols indicate the nar-
row and the broad component, respectively, except for
Fig.2(d) and (e). As shown in Fig.2(a), the line inten-
sities of both components are almost proportional to 7,
in attachment. A similar dependence is found in the ion
saturation current in Fig. 2(d). This means a clear corre-
lation between the neutral hydrogen generation and the
divertor flux in attachment. While in detachment, the
line intensities are independent of the divertor flux and
tend to increase in the higher 7, conditions. As shown
in Fig.2(b) and (c), the flow velocity and the temper-
ature of the narrow component do not depend on 7.,

40

and take almost constant value of ~3.0x10% m/s and
~3 eV, respectively, regardless whether attachment or
detachment. Those parameters of the broad component
in attachment strongly depend on 72.. The flow velocity
drops from ~1.5x10% m/s to ~0 m/s with the increase of
M. The broad component in this condition is considered
to be mainly the reflected atoms by the divertor plates.
The drop of the flow velocity with 7. can be partly at-
tributed to the decrease of the sheath potential and the
energy of the incident ions due to the decrease of the edge
electron temperature shown in Fig. 2(@) The tempera-
ture of the atoms is considered to be also affected by the
edge electron temperature. In detachment, the contri-
butions of the reflection are scarce because of the drastic
decrease of the divertor flux. The flow velocity and the
temperature arc scemed not to depend on 77,.. The flow
along the sight line can be regarded as almost isotropic
with a little data scattering and the temperature ranges
from about 7 eV to about 13 eV. The broad compo-
nent in detachment could be qualitatively ascribed to
the emissions from the charge—exchanged atoms around
the shrunk core plasma. The difference in the broad
component between attachment and detachment can be
attributed to the significant differences in the divertor

flux and the edge electron temperature? .
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Fig. 2: 7. dependence of (a)Ha line intensity, (b)flow
velocity, (c¢)temperature of the hydrogen atoms, (d)ion
saturation current by divertor probe and (e)T. at p=0.9
by Thomson scattering.
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§37. Application of Visible Bremsstrahlung to
a Density Monitor in Steady State Fusion
Reactor

Hisamichi, Y. (Grad. Univ. Adv. Stud.),
Morita, S., Goto, M.

It is important to measure the electron density in the
present toroidal devices in order to study the transport
physics. In the fusion reactor, however, the density
measurement becomes important in a viewpoint of feedback
controls for the fusion output and maintenance of steady
state discharges. At present, FIR interferometer and
Thomson scattering are generally used for the density
measurement. Both diagnostics need an external laser beam
as a passive tool. It is very difficult to maintain them over a
year in the future fusion reactor. Another reliable density
monitor is needed in such a fusion reactor.

In the fusion reactor the electron density is high enough
such as 1x10"em™ and the value of Z.r is below 2 in order
to gain the necessary fusion output. Intensity of visible
bremsstrahlung is proportional to the square of the electron
density if the Z.y is close to unity. Then, the application of
the visible bremsstrahlung [1-3] to the density monitor
instead of such active diagnostic methods represents a
necessary technique to the steady state fusion reactor. For
the purpose of the density monitor in high-density plasmas,
the visible bremsstrahlung has been measured in LHD and
analyzed in comparison with signals from the FIR
interferometer.

Visible bremsstrahlung profile has been measured with a
combination of 80 optical fibers with a core diameter of
300um, 80 photomultipliers and an interference filter. The
optical fibers with a length of 100m transfer the visible
emissions from LHD to a diagnostic room. The radial
profiles of the visible bremsstrahlung consist of two sets of
horizontal 40 chords, which measure the slightly different
poloidal magnetic surfaces cross section. A time response of
the photomultiplier tubes is 10us. The data are normally
taken by a 10kHz sampling A/D converter. Figure 1 (a)
shows a comparison between temporal behaviors of n.l and
the square root of the visible bremsstrahlung signal. Both
signals are taken from line-averaged data at the plasma
center chord. The density is built up by continuous H, gas
puff. It is seen that both signals have the similar temporal
behavior. Here, a ratio of the square root of the visible
bremsstrahlung signal to the n.l is analyzed. Increasing the
density during the discharge, the electron temperature
decreases as shown in Fig.1(b). As mentioned above, the

visible bremsstrahlung signal has weak temperature

dependence. Two ratios are, then, considered. The ratios are

/7
[

expressed in eqs.(3) and (4) as follows; RI = 3)
[, xT, 035
R,y = 4)
n,l

The eq.(4) corrects the weak temperature dependence
included in the visible bremsstrahlung signal. The results
are plotted in Fig.1(c).

A similar analysis is done in the repetitively injected H,
pellet discharge. The density rapidly goes up after the H,
pellet injection and decays with a core particle confinement
time. The ratio with a correction of the temperature
dependence denoted by the dashed line (R,) gives a
smoother and constant value during the discharge, although
the ratio without the correction gives a slight difference
during the discharge.

The present experimental result strongly suggests the use
of the bremsstrahlung signal to the density monitor instead
of the present density diagnostic methods such as FIR

interferometer and Thomson scattering in the future fusion

reactor.
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Fig.1 H, gas puff plasma. Fig.2 H, ice pellet injection
plasma; (a) Time evolutions of n.l and the square root of
visible bremsstrahlung signal, (b) electron temperature
measured by Thomson scattering and (c) ratios of R; (solid
line) and R, (dashed line).
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§38. Estimation of the Particle Confinement
Time of the Helium Ash in LHD

Mitarai, O. (Kyushu Tokai University),
Sakamoto, M. (Kyushu University),

Tanaka, K., Goto, M., Morisaki, T., Masuzaki, T.,
Ashikawa, N. (NIFS)

The ratio of the helium ash confinement time to the
energy confinement time (t,*/t¢) should be lower than 7 in
the FFHR helical reactor. However, for maintaining
ignition t,*/tz=3 is usually assumed. As such data are not
yet available in any helical device, it is urgent to measure
helium particle confinement time experimentally. While
the charge exchange recombination spectroscopy with small
S/N ratio has been used in many tokamak experiments, He
lines and density decay are monitored by spectrometer and
interferometer to estimate the helium particle confinement
time roughly.

In 2004 campaign, Helium gas was injected in the
helical divertor configuration without pumping. Therefore,
the density decay was very slow. In 2005 campaign, LID
configuration with active pumping has been used with
B,=2.64T and R,=3.75 to study the pumping effect on a
helium confinement time. Two density regimes with
3x10" and 1.5x10" m™ are used for comparison. Ina
higher density regime, H-alpha signal is observed during He
gas puffing. Hydrogen gas absorbed in the vacuum
chamber or the LID head were released by He gas puffing.
Therefore, the density waveform may not be made by He
gas alone.

In the lower density regime, hydrogen line is not so
strong during He gas puffing [t=2-2.1s] (Fig. 1-(b)) as in the
higher density regime. Then we estimated the He
confinement time using the density decay waveform (Fig.
1-(c)) assuming the charge neutral condition: An.=2Any4.

The helium particle balance equation is

Anyey _ S,ps — Puea (1)

dt '

where 1, is the effective helium particle confinement time.

a

The helium source term Syg4 is determined by the waveform
of He-I line (4684 A) [Fig. 1-(c)]. The base line of the
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density during He gas puffing is monitored in the separate
shot without He gas puffing and is subtracted from the
density waveform [Fig. 1-(c)]. Fitting the density and
alpha particle confinement time using Eq. (1) were
conducted. The resultant effective helium particle
confinement time t,* is 0.16 ~0.29 sec as plotted in Fig.
1-(d), which provides 1,*/1=3.2~5.8 for the constant energy
confinement time of 50 ms (#57594).

However, the effect of the small amount of Hydrogen
injection observed by H-alpha line on the charge neutrality
cannot be ruled out. More accurate experiments using the
charge exchange recombination spectroscopy with NBI is

required and is planned in 2006.
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§39. Achievement of 1.6 GJ Input in Steady
State Operation in LHD

Seki, T.

Investigation of steady state operation has been carried
out in LHD using an ion cyclotron range of frequencies
(ICRF) heating mainly. One of the main purposes of the
research was to achieve the longer discharge length and the
higher input energy, which were recorded in the 8th cycle
experiment. As a result, discharge length of 54 minutes
and 28 seconds and total input heating energy of 1.6 GJ
were achieved.

The plasma was sustained by an ICRF heating mainly
with an assist of electron cyclotron heating (ECH). The
wave frequency of ICRF heating was 38.47 MHz and a
magnetic field strength on magnetic axis was 2.75T.
Helium majority plasma with hydrogen minority was used.
Ton cyclotron resonance layers wete located at saddle
points of magnetic configuration. Plasma was heated by
the minority heating regime. The heating efficiency was
best in the ICRF heating modes. ECH power of 110 kW
was injected as an assist. Averaged total heating power
was 490 kW.

Figure 1 shows the time history of plasma parameters of
the longest discharge. The total input energy of 1.6 GJ
was achieved in this discharge. During long pulse
operation, sparks were observed in the vacuum vessel by
the CCD camera monitor. Some sparks were related with
the plasma collapse.  Frequency of sparks had a
relationship to the ICRF power. Then, the ICRF power
was controlled during the plasma discharge with
monitoring the sparks in the vacuum vessel. A
line-averaged electron density and ion and electron
temperatures near plasma center were lower than the
experiment in 8th cycle because the average heating power
was lower. An average density was 0.4 x 10" m™.
Central ion and electron temperatures were about 1 keV.
Position of magnetic axis was swept so as to disperse heat
load on the divertor plates. Temperatures at the vacuum
vessel were saturated during the discharge. This
operation method was established in the 8th cycle
experiment. The range of sweep of the magnetic axis was
inward shifted from the 8th cycle experiment and R, =
3.64 - 3.67m. Temperatures at the vacuum vessel and the
divertor plate were saturated during the discharge.
Temperatures at the feedthrough of the ICRF antenna were
increasing gradually. Cooling of the feedthrough must be
strengthened for further experiment. At the end of the

discharge, plasma was collapsed by influx of iron
impurities. This phenomenon occurred in the 8th cycle
also. It is important for further experiment to avoid the

plasma collapse caused by an impurity influx.

Figure 2 shows an injected heating energy as a function
of a plasma discharge time. In the 8th cycle experiment,
an injected heating energy of 1.3 GJ was achieved. This
was the world record exceeding the achievement set by
Tore Supra. The plasma duration time of 65 minutes was
also attained using ECH. In the 9th cycle experiment, the

injected heating energy was renewed and 1.6 GJ was
achieved. The next targets are an input energy of 2 GJ
and plasma duration time more than one hour.
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Fig. 1. Time evolution of plasma parameters of the
longest discharge in the 9th cycle experiment. An input
heating energy of 1.6 GJ was achieved.
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§40. Long Pulse Discharge of MW-ICRF
Heated Plasma

Kumazawa, R.

Achieving a long pulse plasma discharge is one of the
main purposes of experiments on the Large Helical Device,
(LHD) and attempts have been carried out in every
experimental campaign. A long pulse plasma discharge of
1905 sec (with a total input energy of the plasma heating
exceeding 1.3J) was achieved at less than IMW in the 8"
experimental campaign, i.e., in 2004, using mainly ion
cyclotron range of frequency (ICRF) heating power [1~4]. In
the 9™ experimental campaign it was carried out with high
power ICRF heating of more than IMW. The plasma was
terminated by the gradual density increase accompanying the
increase in the radiated power or the sudden penetration of
heavy impurity ions, e.g., of Fe; the former problem was
overcome by aging graphite tiles with many long pulse
plasma discharges up to 1.5MW of heating power, but the
latter was an unsolved issue to be overcome in further trials
of the long pulse operation with a higher heating power. This
paper reports the experimental results for the long pulse
plasma discharge using mainly ICRF heating in the 9"
experimental campaign.

In the 9" experimental campaign trials were carried
out of the long pulse discharge with more than IMW of
ICRF heating. The time evolutions of plasma parameters of a
typical long pulse discharge are shown in Fig.1. A plasma of
nc:1X1019m'3, T~T;,=1.2~1.3keV was sustained for 285 s.
with an applied power of an ICRF heating power,
Pici=1.33MW and an ECH (Electron cyclotron heating)
power, Prcy=0.11MW. At almost the middle of the plasma
discharge the metal impurity penetrated the plasma
accompanied by sparking on the vacuum vessel surface,
which would have led to a decrease in the electron
temperature with a sudden increase in the electron density
and terminated the plasma. In this discharge, however more
ECH power of 330kW was injected from another ECH
power system for 0.6 s. at 178.4 s., being triggered by the
sudden increase in the electron density.

The summarized result achieved in the 9"
experimental campaign is shown in Fig.2, where the plasma
duration time is plotted against the RF heating power (a
summation of Pyc and Pge~0.1MW in every plasma
discharge). Open circles were obtained in the 8" campaign,
and solid circles and squares in the 9" campaign. It was
found that the plasma duration time was extended to a higher
RF heating power region in the 9" campaign. Solid squares
denote a plasma discharge with an instantaneous ECH power
injection and solid circles one without it. It is easily seen that
the effectiveness of the ECH power injection is clear in the
power range of 1.4 to 1.6MW. However the plasma duration
time was decreased with the increase in the total RF heating
power, though the plasma operation region was extended.
The scaling law of the discharge duration time against Pgp,
7(sec) =1,200exp{—P,.(MW)} is plotted using a dotted
line. The other dotted line of a constant time of 300 s is
found in Fig.2. It is a saturation time of thermal equilibrium
in divertor plates. When the impurity penetration problem is
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overcome, it suggests that a long pulse plasma discharge
more than 1 hour will be achieved up to 1.4MW.
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§41. Density, ICRF Power and Pulse Length
Operated in Steady State Experiment in
the 9th Cycle Experiment

Seki, T.

Higher density operation is important for a steady state
experiment. One reason is a slowing down of high-energy
ions. The other is an engineering study of experimental
devices for a steady state operation. During the long
pulse operation, sparks are observed in the vacuum vessel.
One of causes of plasma collapse is thought an iron
impurity influx accompanied with the sparks. Frequency
of the sparks is related with an electron density. When the
line-averaged electron density is high, the sparks are rare.
One possible speculation of source of the sparks is
high-energy  ions accelerated by ICRF waves.
High-density operation is effective to decrease the
high-energy ion tail and the sparks. Possibility of plasma
collapse during a steady state operation will go down by a
high-density operation. In case of a high power steady
state operation, heat load on the divertor and the vacuum
vessel is large. It will contribute to investigate an
engineering evaluation of LHD for a steady state operation.

In the steady state experiments in the 9th cycle
experimental campaign, higher density operation using a
high power ICRF heating was carried out at the beginning.
Figure 1 shows the maximum of a line-averaged electron
density against the ICRF power. Symbols are classified
by the experimental dates. Data of the 8th cycle
experiment are also plotted. Figure 2 shows the pulse
length of the ICRF pulse as a function of the ICRF power.
The steady state experiment was started at an injection
power of about 1 MW and a line-averaged electron density
of 1 x10" m™ and a pulse length of 10 seconds. The
ICRF power was increased and the pulse length was
extended after that. The maximum density was about 1.8
x 10" m™.  This is lower than that of the 8th cycle’s value
for the same ICRF power. The plasma with an electron
density of 1 x 10" m™ was sustained for 4 minutes and 45
seconds with an ICRF power of 1.35 MW. These power
and density were almost same as target values for the 9th
cycle steady state experiment. However, many sparks
occurred and a long pulse discharge using a high power
ICRF heating became difficult later. Higher power and
longer pulse trial may have caused the problems in the
ICRF antenna and the vacuum vessel. Traces of arcing
were found at the ICRF antenna when inspection was
conducted in the vacuum vessel after the experiment. The
ICRF power was controlled with watching the sparks for
the further long pulse experiment. A line-averaged
electron density was reduced with the ICRF power.

Data from the 8th and the 9th cycle experiments in Fig.2,
it seems that there is some threshold that the discharge
extends to more than 1000 seconds. If the pulse length
reached to around 400 seconds, possibility to get longer
was high. This will help for an efficient steady state
experiment as a criterion.
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Fig. 1. Maximum of a line-averaged electron density
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§42. Mechanism of Magnetic Axis Sweeping
Divertor

Watanabe, T., Masuzaki, S., Nakamura, Y.

Steady state divertor operations with high performance
plasmas have been demonstrated in the LHD. For
achieving steady state operation, it is very important to
control the deconcentration of divertor heat flux. Slow
(period: about 100 seconds) and small periodic sweep-
ing of magnetic axis position achieves the high perfor-
mance long pulse discharge by overcoming the toroidal
nonuniformity of heat load on divertor tiles. The mag-
netic axis position sweeping was carried out by prepro-
grammed current control of the poloidal coils. Physi-
cal mechanism of the magnetic-axis-sweeping-divertor is
studied based on the chaotic nature of lines of force in
the peripheral region of plasma column.

The LHD magnetic field is produced with the contin-

uous winding helical coils and without the toroidal coil.
Then, a characteristic of the LHD magnetic ficld is the
high magnetic shear configuration in the peripheral re-
gion of plasma column including the open field line re-
gion outside the last closed flux surface (LCES) of the
LHD. So, lines of force in open field line region show
a fractal structure and create a chaotic field line layer.
Whisker field lines constitute the divertor field lines in
the LHD(Fig.1). Tt scems that numbers of whiskers and
the thickness of each whisker field lines decides the heat
flow to the divertor tiles. A slight change in a verti-
cal magnetic field produces slight change in the rota-
tional transform, which greatly changes the alignment
of whiskers and the magnetic islands embedded in the
chaotic field line region because of the high magnetic
shear in the peripheral region. This should be the phys-
ical mechanism of the deconcentration of divertor heat

flux by magnetic axis sweeping.
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§43. Characteristics of Impurity Content
in Long-Duration Discharges with
Magnetic Axis Sweeping

Nakamura, Y., Kumazawa, R., Mutoh, T., LHD
Experimental Group

Significant progress in LHD has been made in terms of
injected energy: an energy of 1.6 GJ has been injected into
plasmas lasting more than 54 min in the 2005 experimental
campaign. These long-duration discharges were terminated
by radiation collapse due to penetration of metallic flakes
into the plasma. Therefore, we investigate the dependence
of impurity content on magnetic configuration and the
direction of magnetic axis sweeping.

Steady state operation was carried out in various
magnetic configurations by scanning the magnetic axis in
time during the discharge. Figure 1 shows the discharge
duration and the normalized radiation as a function of the
magnetic axis. In the inward shifted configuration (R =

3.55 ~ 3.6 m), the discharge duration was limited up to 160.

The discharge duration was extended gradually by shifting
the magnetic axis outward, Finally, the discharge was
sustained for more than 30 min with real-time magnetic
axis sweeping between R = 3.672 ~ 3.693 m in the 2004
experimental campaign. In this experimental series, there
exists another key point for extending the discharge
duration. As seen in Fig. 1, the radiation normalized by the
averaged electron density remarkably decreases by shifting
the magnetic axis outward. An abrupt termination of the
steady state plasmas was frequently observed without any
trouble in the heating system. In that case, the abrupt
increase of density and radiation was observed at the end
of the discharge in spite of constant heating power input.
Spectroscopic measurements show that light impurity line
intensities do not increase but metallic impurity (mainly
iron) line intensities increase suddenly at the same time as
the increase of density and radiation. This suggests that a
relatively large iron mass comes into the plasma. The
events mentioned above can be seen in most of the long
pulse discharges terminated unexpectedly. Most probably,
the discharge durations are limited by the penetration of
metallic flakes into the plasma, which may be caused by
localized heat deposition or power concentration.

Figure 2 shows the time behavior of radiation and
impurity line radiations in thirty minutes discharge. The
averaged central chord radiation was maintained at a
constant level during the discharge. The detailed time
behavior is similar to that in the line radiation of the
metallic impurity (FeXXIII). On the other hand, the light
impurity line intensity (CIII) has no significant change in
time. This suggests that the main impurity in the core
plasma is iron and its content is significantly large. In
addition, it is found that the normalized radiation is
dependent upon the magnetic axis and the sweeping

direction as shown in Fig. 3. The radiation normalized by
the line averaged electron density indicates the impurity
content in the plasma. The data points indicate an averaged
value in the magnetic axis sweeping of 18 times except for
those during the injection of neutral beam. In the outward
shifting phase, the normalized radiation increases in the
vicinity of R = 3.678 m and then decreases by shifting the
magnetic axis outward. When the magnetic axis moves
inward, the radiation increases monotonously. These
results indicate a strong interaction between the plasma
and SS wall in the inward shifted magnetic configuration.
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§44. Distribution of Divertor Temperature
after Long Pulse Operation Using ICRF
Heating in 9th Cycle Experiment

Seki, T

Heat load on divertor plates are important for a steady
state operation. Outgas from divertor plates at high heat
load is one of causes of a plasma collapse. To disperse
the local heat load, an operation method of magnetic axis
sweep was established in the 8th cycle experiment.
Temperatures on the divertor plates were saturated during
the long pulse discharge so far. However, the saturated
temperatures were different from the position of the plates.
Distribution of divertor temperature rise was compared.

Figure 1 shows the position and the number of the
divertor plates. Eight positions of divertor plate
temperature are measured at each toroidal section. There
are 10 toroidal sections. Figure 2 shows a time history of
the ICRF power and distribution of temperature increase of
the divertor plate in the longest shot of the 9th cycle
experiment. Figure 3 shows the same as the Fig.2 in the
other shot of the 9th cycle experiment. Different ICRF
antennas were used in Fig.2 and Fig.3.

Distribution of the divertor temperature is quite different.
The ICRF antennas are located at 3.5U, 3.5L, 7.5U, and
7.5L ports. In Fig.2, 3.5U, 7.5U, and 7.5L antennas were
used. Temperature rise near the 7.5-port was notable.
Temperatures at 6.5L, 7.5L, 6l, 71, and 81 were especially
high. Temperatures near 3.5 antennas were also relatively
increased. During the long pulse discharge, sparks were
observed at around the 71 port and 7.5 section. Frequency
of sparks at 71 port was related to the injection power of the
7.5L antenna. Temperatures of the vacuum vessel at 71
and 9I were also high. Temperature behavior of the
vacuum vessel at 71 was closely related with the ICRF
power at the 7.5L antenna.

In Fig.3, 3.5U, 3.5L, and 7.5U antennas were used.
The ICRF power was higher and the pulse length was
shorter than that of the Fig.2 case. Temperature increase
near the 7.5 antennas was relatively small. Divertor
temperature at 3.5L and 31 were increased particularly.
Temperature at the 20 plate was also increased. Influence
of the L antennas on temperature rise of the divertor plate
was larger than that of the U antennas. Watching the high
temperature plates and power control of each ICRF antenna
may be important for the higher power and the longer pulse
operation in the future.
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Fig. 1. Position and the number of the divertor plates.
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§45. Wall Recycling Study Using Pulsed
Gas Puffing during a Long Duration
Discharge in LHD

Sakamoto, M. (Advanced Fusion Research Center,
Research Institute for Applied Mechanics, Kyushu
Univ.), Nakamura, Y., Takeiri, Y., Kumazawa, R.,
Tanaka, K., Noda, N., the LHD Experimental Group

The achievement of the stable steady state operation
(SSO) is one of the requirements for the future fusion reactor.
Understanding of the global wall recycling is critical in
achieving the SSO. In this time, we investigated the wall
recycling properties of long duration discharges of NBI
heated hydrogen plasma using pulsed gas puffing (i.e.
dynamic condition).

Figure 1 shows the time evolution of the decay time
of the line averaged electron density 7, just after gas
puffing in NBI discharges. The direction of NBI is clockwise
(CW). The value of 7, of the background plasma is about
1 x 10" m™. The gas puffing was carried out at the interval
of 5 s. In the case of large gas puffing, the density decay
time, T4, increases with time and it becomes twice in the
period from t = 5 s to 25 s. The increment of 7, due to gas
puffing is about 25 %. On the other hand, in the case of
small gas puffing, 74 only slightly increases. The increment
of n, due to the gas puffing is about 7 %. It is found that
there exists a big difference of T between large and small gas
puffings.

Figure 2 shows a comparison of 14 between CW-NBI
and CCW-NBI discharges. In both discharges, large gas
puffing, i.e. ~25 % increment of 7,, was carried out. In the
case of CCW-NBI discharge, 14 does not change so much
and it seems to be almost constant during the discharge. In
the case of CW-NBI, the result is the same as Fig.1. It is
found that there also exists a big difference of 14 between
CW-NBI and CCW-NBI discharges.

The decay time of 7, just after the gas puffing
means the effective particle confinement time 7, and it is a
good scale for the evaluation of the wall recycling, since it is
defined as the following equation:

z,=7,/(1-R).

where 7, is particle confinement time and R is a recycling
coefficient. The density decay time depends on both particle
confinement time and a recycling coefficient. It is expected
that 7, increases with time, since R increases with time.
Actually, increase in rp* with time was observed in
TRIAM-1M [1]. On the other hand, it was also observed that
the density decay time just after gas puffing did not change
during a one-minute discharge which was sustained by lower
hybrid current drive in TRIAM-1M [1]. This result is similar
to the results of small gas puffing and CCW-NBI in LHD.

The difference of 14 in Fig.1 and Fig.2 seems to be an
important key to understand the mechanism of the wall
recycling in the case of the dynamic condition. Through a
comparison of results between TRIAM-1M and LHD, the
detailed investigation will be done.
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§46. Instantaneous ECH Injection for ICRF
Heated Long Pulse Plasma Discharge

Kumazawa, R., Shimpo, F., Kubo, S.

During the long pulse plasma discharge sparking was
frequently observed especially just before the plasma
collapse. It seemed that a heavy impurity such as Fe
penetrate the plasma, which was often detected using VUV
spectrum [1]. The sparking was found between the divertor
tiles, whose position was sometimes different in different
plasma discharges. A subsequent penetration of heavy
impurities, eg., Fe resulted in the reduction of the electron
temperature, the increase in the electron density and the
collapse of the plasma.

A trial of the instantaneous ECH power injection
(which we call ECH camphor injection) was carried out to
restore the electron temperature using the sudden increase in
the density as a trigger, as shown in Fig.1. A small amount
of heavy metal penetrated at 178.2 sec, but the subsequent
density increase was less than 25% (the level set to launch
ECH power injection as the trigger threshold in this plasma
discharge) and was not enough to trigger such ECH power
injection. Heavier metal penetrated at 178.4 s. accompanied
by a sudden increase in the electron density and a reduction
of the electron temperature. Then the ECH power was
simultaneously injected as shown in Fig.1; the electron
temperature was increased to 2.1keV and the electron
density was decreased by 0.2x10"’m>, as often observed in
the high electron temperature plasma discharge [2, 3].

The effect of the ECH injection was confirmed in a
series of 12 plasma discharges (n.~1x10"m> with
PicitPecn=1.4~1.6MW). Plasma duration times of five
plasma discharges without ECH camphor injection and seven
ones with it are described in Table. The average duration
time of the plasma discharge was 136.6s (T,w,) Without the
ECH power injection and 235.6s (T,,) with it as seen in
Table. The standard deviations from these samples are 26.1s
(owo) and 32.6s (o), respectively. In accordance with t-test
of statistics,

2 2
_N,o,+N,o,

U2 wo~ wo
N'IVO + N'IV - 2
T — 17-;”/)1’ _1Tavl1/0
4 U211/2
LT

|T| =5.128 is calculated as shown above. Here N, and N,

are the number of plasma discharges without and with ECH
camphor injection, respectively. The critical value a is
deduced to be a<0.001 from t;o(o)=5.128. The possibility
that ECH injection was effective was deduced to be more
than 99%. However, when the second impurity penetration
occurred, further elongation has not been achieved so far
even though more ECH power has been injected. It is
thought that at the second penetration a larger heavy
impurity might be penetrating, and the ECH power of
300kW for 0.6 s. is not enough to restore the plasma. An
injection of ICRF heating power up to IMW for 1~2 sec
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using one antenna among 4 antennas is planned as a camphol
injection in the next (10"™) experimental campaign.

It is now an open question why sparking occurs between
the divertor tiles, but there seems to be an intimate relation
between frequent sparking and an excitation of RF electric
field in the toroidal direction. A transverse electromagnetic
wave (TEM) can travel in the presence of the plasma in the
LHD vacuum. A phase control and employing a slightly
different frequency between antenna sets will be tried in to
reduce the the standing wave the next experimental
campaign.
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Fig.1 Time evolutions of n, and T, before and after ECH
power injection at 178.4sec.

without with
ECH (s) ECH (s)
1 103 190
2 175 185
3 135 230
4 155 270
5 115 263
6 261
7 250
average(s) 136.6 235.6
standard 26.1 32.6
deviation
from
samples(s)

Table Experimental data from 12 discharges
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§47. Optimization of Magnetic Configuration
and Polarization for Long Pulse Plasma
Sustainment with ECH

Yoshimura, Y., Kubo, S., Shimozuma, T., Igami, H.,
Kobayashi, S., Ito, S., Mizuno, Y., Takita, Y., Notake,
T., Mutoh, T., Inagaki, S., Sakakibara, S., Tanaka, K.,
Tokuzawa, T., Narihara, K.

In the 8th LHD experimental campaign in F. Y.
2004, a long pulse discharge with the plasma duration of
3900 seconds by 110 kW ECH, and a discharge of 1905
seconds by ICH, ECH and NBI were performed. In those
long pulse discharges, ECH power injection was done with
waveguide antenna, which was specially installed for long
pulse ECH operation from a view point of unnecessity of
water cooling inside the LHD vacuum vessel.

Before the 3900 seconds discharge, an
optimization of magnetic axis setting was performed by
scanning the magnetic axis with the second harmonic
resonance condition, because the preciseness of the
mechanical direction of the waveguide had some ambiguity.
From the variation of plasma stored energy, the magnetic
axis of 3.6 m and the magnetic field setting of 1.48 T were
determined. With the magnetic field setting, the on-axis
magnetic field on a poloidal cross section where the
antenna is installed becomes 1.5 T, that is, the second
harmonic field for the frequency 84 GHz of the CW
gyrotron. The wave polarization setting was selected from
only two values, + and — 45 degrees because those values
have been used for O- and X-mode injections in other
transmission lines. The polarization setting of —45 degrees
was selected from a comparison of discharges. For the
1905 seconds discharge, the polarization was set at +45
degrees because the magnetic field of the discharge was
2.75 T, that is, nearly fundamental resonance field.

For the better performance in the future long
pulse discharges, the optimized polarization setting was
more precisely searched by scanning as —60, -45, -30, 0, 30,
45, 60 and 90 degrees.
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Fig. 1. Electron temperature distributions in the discharges

with the polarization settings of + and — 45 degrees.

As seen from the 7, distributions in Fig. 1, it was
confirmed that —45 degrees was the best and the +45
degrees was the worst. The 7, distributions with the other
settings distributed between them.

The magnetic field setting was varied as 1.44,
1.48 and 1.52 T with the magnetic axis fixed at 3.6 m. The
variation of 0.04 T corresponds to the shift of the resonant
magnetic field layer of about 6 cm, while the beam waist
size is 7 cm at the equatorial plane. It was also confirmed
that the magnetic field setting of 1.48 T was the best.
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Fig. 2. Electron temperature distributions in the discharges
with the magnetic axis settings of 1.44, 1.48 and 1.52 T.

The optimized polarization setting for the ICH
discharges was also investigated. The discharges with 2.75
T, 3.75 m were sustained only with ECH power injected
9.5 seconds from the waveguide antenna, scanning the
polarization setting in a shot by shot manner. As seen in
Fig. 3, the plasmas were sustained till the end of the power
injection only with the polarization setting around +45
degrees. With other values, the plasmas could not been
fully sustained.
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Fig. 3. Plasma duration time as a function of the
polarization setting angle.

From those confirmations, the optimized

parameters for the future long pulse discharges with ECH
and with ICH supported by ECH were determined.
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§48. Density Limit Study in LHD
Miyazawa, J., Sakamoto, R., the High-Density Group

So-called Sudo density limit scaling has been often
used to discuss the operational density limit of helical
plasmas. The Sudo scaling is defined by; n.>"* (10 m™) =
0.25 (PB/(d®R))*, where P (MW), B (T), a (m) and R (m)
are the total heating power (Py), the magnetic field
strength, the minor radius and the major radius,
respectively [1]. Tt should be noted that strongly peaked
density profiles are not in the scope of the Sudo scaling.
This scaling is based on the power balance between the
heating power and the radiation loss that is proportional to
n.’. In LHD, radiative collapse is triggered even at a small
radiation loss fraction of ~30 %. On the other hand,
sustainable complete detachment, named the Serpens mode,
has been found in LHD [2], and the radiation loss fraction
ranges from 30 to 100 % at complete detachment. It is
therefore difficult to determine a threshold radiation loss
fraction that triggers radiative collapse.

Detachment in LHD proceeds as described below.
When the density is increased by hydrogen gas puffing, the
hot plasma boundary, pjgeev, given as the normalized minor
radius where 7, = 100£50 eV, gradually decreases. When
Procev decreases to 1, complete detachment takes place and
the ion saturation current begins to decrease at all the
measured divertor tiles. In contrast to tokamaks, but similar
to W7-AS, there are no clear indications of kigh recycling
prior to detachment. As the edge 7. decreases, hydrogen
volume recombination takes place and the ionization front
moves from the ergodic region to the closed-flux-surface
(CFS) region. The effective fueling efficiency for neutral
particles is improved at complete detachment. This is due
to the better particle confinement in the CFS region, where
particle diffusion perpendicular to the flux surfaces is
important, compared with that in the ergodic region, where
parallel particle transport through the open field lines
dominates. To avoid an excess of density increase that
leads to radiative collapse, it is necessary to decrease the
fueling rate. Therefore, the density that results in pjgpey = 1
corresponds to the maximum density achievable under the
attached condition. It is possible to increase the density
further beyond this critical density, under the completely
detached condition. The Serpens mode begins when pjggev
decreases to ~0.9.

Shaded regions in Fig. 1 denote the density regimes
for complete detachment, where <n.> and the edge electron
density, 1'%V defined by the density at pjgey, are plotted
against Py, High-density reaching 2.2 n,>"* is sustainable
in the Serpens mode plasmas. Higher densities as high as
3.5 n M are achieved by applying pellet injection,
although these are transient. Even in these pellet-fueled
plasmas, 1%V are similar to those obtained in the
gas-fueled plasmas at the threshold for complete
detachment (pjg0ey ~ 1.0). The high <n.> achieved in
pellet-fueled plasmas are resultant of the strongly peaked
density profiles (see Fig. 2). The ratio of <n>/n>"®
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linearly increases with a peaking factor defined by
<ne>/n.'""V, which reaches ~4 in pellet-fueled plasmas. In
detached plasmas, ».'""" are larger than in the attached
plasmas, although the maximum peaking factor achieved so
far is less than 2.
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§49. The Highest Density Achieved in LHD
Miyazawa, J., Sakamoto, R., the High-Density Group

The highest central density in helical plasmas of 5 x
10 m™ has been demonstrated on LHD. The volume-
averaged electron density, <ns>, reaches 3 x 10%° m™, in
spite of the small absorbed power density in LHD (< 0.5
MW/m®) compared to W7-AS (< 4 MW/m®), where <ng> ~
4 x 10%° m™ was attained with divertor detachment.

Waveforms in the highest <n.> discharge are
depicted in Fig. 1. This is obtained at an “inward-shifted”
configuration, where the magnetic axis (R,,) of 3.65 m and
the magnetic field strength on the magnetic axis (B;) of
2.71 T. Eight hydrogen ice pellets are injected from ¢ = 0.7
sec to 1 sec. Both the line-averaged electron density
measured by CO, laser interferometer and <r.> measured
by Thomson scattering reach 3 x 10 m™. The density
signals of Thomson scattering are calibrated to match the
<n.> with that estimated from Abel inversion data of FIR
interferometer signals at the density regime of less than 1 x
10*” m™. Note that the absolute sensitivity of each channel
is not yet calibrated.

The highest value of the central electron density (79)
of 5 x 10° m® is obtained at an outward-shifted
configuration of R,x = 3.75 m and By = 2.64 T, as is shown
in Figs. 3 and 4 (a). Hydrogen ice pellet injection is also
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used in this case. After the pellet injection, the electron
density decreases and the electron temperature increases
vice versa (Fig. 4 (b)). The total stored energy increases in
this phase, as is known as the “reheat” (Fig. 4 (c)). In this
case, the Super-Dense-Core (SDC) is formed after £ ~ 1.2
sec. The central plasma pressure reaches 100 kPa (7; = T,
and n; = n, are assumed). A large Shafranov shift from 3.75
m to 4 m is observed at the SDC phase. Although the SDC
has been studied in the Local Island Divertor configuration,
where #. ~ 5 x 10”° m™ is also attained, it is possible to
form the SDC in the usual helical divertor configuration.
#65488: R =375m,B =2.64T
o 1500

1000 %

P

",

500

n (10" m?)

time (s)
Fig. 3. Waveforms in the highest #., discharge.

#65488: R€|X =3.75m, B0 =2.64T

T
P
oA
g
=
=
©
=
0.969 s
1.003 s
1103 s
12035
1303 s
< 1.403 s
%
=
—
e~ v
0.969 s
1.003 s
1.103 s
1.203 s
= 1.303 s
[a )
=
N
Q_’D

R (m)
Fig. 4. Radial profiles in the highest # discharge.

53



§50. Divertor Transport Study of LHD

Kobayashi, M., Morisaki, T., Masuzaki, S., Shoji, M.,
Miyazawa, J., Ohyabu, N., Komori, A., Motojima, O.,
the LHD Experimental Group (NIFS),

Feng, Y., Sardei, F., Igitkhanov, Y. (MPI, IPP),
Reiter, D. (FZJ, IPP)

The divertor transport characteristics of LHD has been
analyzed wusing the 3D edge transport codes,
EMC3-EIRENE [1][2], and a 1D model. In LHD, the
experiment shows that the plasma temperature drop from
the LCFS to the divertor is more than an order of
magnitude [3], and the SOL collisionality,

|/:;OL = Lo/ Aees (1)
is estimated at ~ 100, where Lc and A, are the connection
length of magnetic field lines and mean free path of

electron self collision, respectively. Nevertheless, there is
no evidence of high recycling regime, i.e.

ng o n, Ty ocn,”, here the subscript d and u denote

downstream (divertor) and upstream values. But the
dependence is rather modest, as shown in Fig.1 where
electron temperature and density at the divertor and the
LCFS are plotted as a function of line averaged density,
together with the results of the 3D modelling. One sees that
the code results are in a reasonable agreement with the
experimental data.

In order to explain the modest change of T,y and ny
against the line averaged density, we introduce a cross field
transport effect into the standard two point model [4]. The
ratio of perpendicular and parallel transport scale is defined
as,

B=Ax/L¢, (2)
where Ax is a thickness of ergodic layer, several
centimeters. In the helical divertor configuration, p ~ 10™.
In the ergodic layer, the energy transport equation could be
written as,

d 572 ,dT d dary 3
,de[ K()T ﬂde-f-dx[ }(Ll’ldxj—o, ()
where x is a radial coordinate and it is assumed that T, = T;
= T. The first term on the left hand side represents a
projection of parallel transport onto x. The momentum

equation is given by,
AV,

ﬂi(mny//z +p): _p, Ay @

dx A2

where the right hand side is accounting for a momentum
loss in perpendicular direction. Especially, in the ergodic
layer, this term becomes important because of friction
between counter flows which are induced by the ergodic
field lines. AV, and A are thus the relative velocity of two
neighboring flows and the characteristic distance between
the flow channels. The boundary condition at the down
stream is given by Bohm condition,

gy =rnqTacsqs Vy=csqa )
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with ¢y being a sound speed at the downstream. The
equations (3)-(5) are solved to give the solutions,

7/2 712 Tqyle Txin
T T I L
21('0 Zﬂ K
Py =2pq(+ fip), (7
where fm is a momentum loss factor,

5o D [ LAl dx]. @)

Besal\csana A
When g — oo, the third term on the right hand side of eq.
(6) and f,, vanish, and the model becomes the standard
two-ponit model for tokamaks. The results of eq.(6)-(8) are
plotted in Fig.2 for different f,’s, together with the 3D
results. It is found that the solution becomes closer to those
of EMC3-EIRENE, indicating that the cross-field
momentum loss as well as low P affect the transport
characteristics in the ergodic layer.

.vO‘

(@) upstieam - 971 (b) upstream = gy ¢
o . DO, E S

;E 0_,/"/% [l /r"'

£ 107 EMCOEIRENE
w : W e 0 ;
ot T B v
A H - E ¥
- o tor | 0 e
P o #29265  divertor "
10" .
! ) o o 1 e - 10
n, A0 M 10 m

Fig.1 Plasma parameter dependence on the line averaged
density, together with the 3D code results. (a) density, (b)
electron temperature.
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averaged density for a comparison of eq.(6)-(8) (extended
tow-point model) with the 3D modelling.
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§51. Simulation of Sheet-Shaped Lithium
Beam Probe Performance for Two-
Dimensional Edge Plasma Measurement

Tsuchiya, H. (Graduate University for Advanced
Studies), Morisaki, T., Komori, A.

The edge plasma has been considered to affect the
overall energy and particle confinement in fusion test
devices, since the formation of the transport barrier,
excitation of turbulent fluctuation, edge localized modes,
ELMs, blobs, etc. are taken place in this region. Recently it
has been known that such phenomena do not always appear
symmetrically in toroidal and/or poloidal directions. Thus
the one-point or one-dimensional (1D) measurement is not
sufficient to know the overall picture of the phenomena. The
2D diagnostics with sufficient time and spatial resolutions
would be helpful. A sheet-shaped thermal lithium beam
probe has been developed, and the 2D edge density profiles
at the poloidal cross section were successfully obtained by
one shot in LHD [1]. The density profile is reconstructed
from the light emission profile due to the interaction
between Li atoms and plasmas. In the reconstruction process,
the conventional procedure so-called “the beam attenuation
method” is often employed [2].

According to “the beam attenuation method”, the
plasma density n.(r) can be derived fromthe following

equation.

Vil (” )

ne(l’)= (ov)lf I(r)dr

(M

where <ov>;, v, and I(r) are the effective rate coefficient for
ionization, the beam velocity and the rate of local photon
emission, respectively. Since this method is based on the
assumption that the density profile is in the steady state
during the time concerned, there are uncertainties if it can
simply be applied to fast and transient phenomena like blobs
whose velocity is higher than that of the probe beam.
We simulated the 2D  density
reconstruction where a blob flies out from the confinement

profile

region to the SOL in the radial direction [3]. Referring to the
reference [4], the diameter of a blob and its velocity in the
radial direction were set to be d,.c= 0.05 m, Vijop= 5.0x10*
m/s, respectively, using typical parameters of the LHD edge
plasma. Fig.1(a) shows the assumed 2D density profile with

a blob flying radially in the SOL. Fig.1(b) are the
reconstituted density profiles, assuming that the Li I light is
observed by an ideal ultra fast camera with very short
exposure time. The beam was injected to the plasma
vertically from the bottom. The upper right corner colored
red shows the confinement region whose electron density
was set to be 1x10'® m™. The wide blue region represents the
SOL with uniform density of 2x10"" m™.

Using the beam attenuation method, the blob
density was reconstructed to be about 0.6 10" m™ as shown
in Fig.1(b), although it was assumed to be 1 x10" m™ as
shown in Fig.1(a). This difference is caused by the fact that
Eq.(1) which is originally for the steady state analysis was
however applied to the transient phenomenon. In this
situation no beam attenuation occurs on the down-stream
side of the blob, because the beam which experienced the
high density blob has not arrived there within such an
extremely short period. Thus the integral term in Eq.(1)
becomes large. Consequently, the reconstructed density of
the blob becomes low. Because of the same mechanism, the
density on the up-stream side of the blob is also
reconstructed to be low.
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§52. Analyses of the Effect of a Closed
Divertor Configuration on the Density
Profile of the Neutral Hydrogen
Molecules in the LHD Divertor

Shoji, M

The isolation of neutral particles from the main
plasma and the control of the neutral density in the plasma
periphery are essential for achieving good plasma
confinement and for sustaining the thermal transport barrier.
The closed divertor configuration is one of promising
measures to realize the above requirements.

For the detailed design of the closed divertor
configuration, the behavior of neutral particles in the
plasma periphery has to be investigated. For this purpose,
H, intensity profiles have been monitored with a 10ch
vertical detector array installed in an outer port (1-O).
Recently, polarization resolved H, spectra are also
measured with a spectrometer with polarization separation
optics (PSO). The location and intensity of the emission
along the line of sight of the detectors can be identified by
the least-squares fitting [1].

Analyses of the behavior of neutral hydrogen were
carried out by using the above two H, measurements and a
fully three-dimensional neutral particle transport simulation
code (EIRENE) [2] with including the effects of Doppler
broadening, fine structure splitting of H, line by Zeeman
effect, and polarization of the emission by the magnetic
field. It proposed that the closed divertor configuration in
the inboard side of the torus is efficient and realistic for
particle control in the LHD plasma periphery.

For evaluating the effect of the closed divertor
configuration, a detailed three-dimensional grid model for
simulating the LHD vacuum vessel and the baffle plates
installed in inboard side of the torus is assembled for the
neutral particle transport simulation. The geometry of the
model is limited to one toroidal pitch angle (¢=36°) for the
limitation of the computational resources. For performing
full toroidal simulations, two toroidal ends of the grid
surface (¢=0° and 36°) are specially treated as toroidally
periodic surfaces. The strike points are calculated by
magnetic field line traces from the LCFS. The toroidal and
poloidal distribution of hydrogen neutrals emitted from
divertor plates is determined from that of the strike points.
The component of the neutrals (reflected hydrogen atoms
or released molecules) is derived from the database of the
TRIM code. Non-reflected neutrals are treated to be the
released hydrogen molecules which have a kinetic energy
corresponding to the room temperature (300K).

Figure 1 shows the poloidal cross-sections of the
calculated density profile of neutral hydrogen molecules in
the plasma periphery in the case of the magnetic
configuration (R,,=3.60m) at the four toroidal angles (¢=0°,
10°, 18°, 26°). The simulation clearly shows that the
spontaneous formation of the high density neutral hydrogen
molecules in inboard side of the torus. The reason of the
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formation of the high density can be attributed to the
three-dimensionally complicated shape of the vacuum
vessel in which the inboard side locates between the two
helical coils.

Figure 2 gives the poloidal cross-sections of the
calculated density profile of neutral hydrogen molecules
for the closed divertor (baffle plates) installed in inboard
side of the torus at the four toroidal angles. The simulation
predicts the formation of the higher density of neutral
hydrogen molecules in the inboard side of the torus. The
enhancement factor of the density of neutral hydrogen
molecules in the closed divertor configuration is roughly
estimated to be about factor 3. It quantitatively shows that
the closed divertor configuration is effective for isolation of
neutral particles from the main plasma and efficient particle
control in the LHD plasma periphery.

Reference
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2) Reiter, D. et al.: J. Nucl. Mater. 196-198 (1992) 1059.
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§53. Analyses of the Polarization Resolved
H-alpha Spectra in Various Magnetic
Configurations in LHD

Shoji, M.,
Iwamae, A., Sakaue, A., Atake, M. (Dept. Eng. Phy.
Mech. Graduate School of Eng., Kyoto Univ.)

The analyses of the behavior of neutral particles in the
divertor region and the plasma periphery are important
issues for efficient particle control and divertor detachment.
The control of the neutral density in the plasma periphery is
essential for good plasma confinement and for sustaining
the thermal transport barrier.

For measurement of the behavior of neutral particles,
H, intensity profiles have been monitored with a 10ch
vertical detector array installed in an outer port (1-O).
Recently, polarization resolved H, spectra are also
measured with a spectrometer with polarization separation
optics (PSO). The location and intensity of the emission
along the line of sight of the detectors can be identified by
the least-squares fitting with abroad Gaussian profile [1].

The polarization resolved spectra are analyzed by a
fully three-dimensional neutral particle transport simulation
code (EIRENE) with newly including the following three
effects:

1. Doppler broadening due to the velocity of neutral

hydrogen atoms and molecules,
2. fine structure splitting of the H, line spectrum by
Zeeman effect,

3. polarization of H, emission by the effect of the

magnetic field.
Polarization resolved spectra (e-ray and o-ray) are
calculated by integrating calculated H, spectra along the
line of sights with considering the instrumental function of
the detectors and the polarization angle of the PSOs.

The strike points are calculated by magnetic field line

basing on that of the strike points. The simulation predicts
that the density of neutral hydrogen molecules is relatively
high in the inboard side of the torus in three magnetic
configurations (R;,=3.50, 3.65, 3.75m). The reason for
formation of the high density is attributed to the
complicated shape of the vacuum vessel.

Figure 1 illustrates the measurements and calculations
of the vertical profile of the H, intensity in the all magnetic
configurations. The calculations are obtained by summing
the H, emission along horizontal lines on the poloidal
plane of the detectors. It shows quite agreement with the
measurements, indicating that the calculated density
profiles of neutral particles are reasonable.
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Fig. 1. The measurements and calculations of the vertical
profile of the H,, intensity in the three magnetic
configurations (R,=3.50, 3.65, 3.75m).

Figure 2 gives the calculations and measurements of
the polarization resolved H,, spectra in the three magnetic
configurations, which shows no significant disagreement
between them. The measured narrow peak of the o-ray
(A4~656.24nm) for R,,=3.50m is likely to be reflected light
from the vacuum vessel because of the unbalanced
intensity of the two polarized spectra (e-ray and o-ray).

The simulation can reproduce the measurements of
the vertical intensity profile and the polarization resolved
spectra, which verify the high neutral density in the inboard
side of the torus in all the magnetic configurations. It
strongly suggests that the closed divertor configuration in
the inboard side of the torus is efficient and realistic for
particle control in LHD plasmas.

traces from the LCFS. The distribution of released neutral Reference
particles (hydrogen atoms and molecules) is determined 1) Iwamae, A. et al.: Phys. Plasmas 12 (2005) 042501.
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Fig. 2. The measurements and calculations of the polarization resolved H,, spectra (e-ray and o-ray) in the magnetic
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§54. Development of Pellet Ablation Model
Considering the Effect of the Plasma
Shielding

Hoshino, M. (Nagoya Univ.),
Sakamoto, R., Yamada, H., Kumazawa, R., Watari, T.

For a future fusion reactor, an establishment of fueling
scenario is prerequisite to attain and maintain an
appropriate fusion gain. Gas puffing is not expected to fuel
to the core region of hot plasmas because of a shallow
neutral penetration due to a hot and thick scrape-off layer.
Injection of cryogenic solid pellets has the advantage of
deeper penetration and higher fueling efficiency than gas
puffing since pellets ablate in a plasma and provide the
particle directly. It is necessary for prediction of fueling
performance to clarify physical mechanisms in two stages,
i.e., the ablation process of pellets and the subsequent drift
motion of the ablated plasmoid. The former has been
generally interpreted by the neutral gas shielding (NGS)
model [1,2] and the latter is often discussed by the EXB
drift model [3]. These theoretical models should be
assessed and improved by comparing with experimental
results and other models.

In LHD, the pellet-fueled experiments have been
performed by two pellet injectors (an in-situ pipe-gun pellet
injector and a repetitive pellet injector) to demonstrate high
fueling efficiency and capability to control the electron
density. Pellet penetration depth reflecting the ablation
process in plasmas has been studied, which gives an initial
condition of pellet fueling for a further study. The
penetration depth predicted by the NGS model (ABLATE
code [4]) considering not only thermal electrons but also
fast ions produced by NBI heating accounts for the
measured one in LHD, however there is a slight
disagreement in the region of shallow penetration [5]. The
neutral gas and plasma shielding (NGPS) model [6] is
newly applied to solve this problem. This model takes into
account 1) the shielding effect due to the neutral cloud and
plasmoid, 2) the geometrical effect of incident particles
(thermal electrons, ions and fast ions), 3) the incident heat
flux estimated by the cut-off energy and the energy
distribution function and 4) the ablation rate determined by
the heat flux and the line integrated density of targets. A
new code employing these items has been developed. In the
initial calculation, the parameters of neutral cloud and
plasmoid are assumed : the cut-off energy £, = 1.4XT,_,
cloud — 2 X 7> the plasmoid radius,
length and temperature 7, = 1.0 eV. Also, input parameters
for hot plasmas in LHD are used as below; linear electron
temperature profiles (6 types of T, = T, where T, = 1.0-3.5
keV), flat electron density profile (n, = n, = 2.0 X 10" m™)
and linear fast-ion density profile (17, = 2.0 X 10'* m™).

First of all, the penetration depth of the ABLATE
code as the NGS model (Milora-Foster model [1] and
Parks-Turnbull model [2]) is compared with that of the new

the neutral cloud radius r

58

code as the NGPS model (only the effect of the neutral gas
shielding is considered and the plasma shielding is
ignored.) as shown in Fig. 1. The part of the NGS model on
the new code agrees with the result of two models on the
ABLATE code, therefore the neutral gas shielding model
can be reproduced by this new code. Next, the effect of the
plasma shielding is calculated by the NGPS model (see Fig.
2), the results from the model considering only the effect of
thermal electrons on pellet ablation are similar for the NGS
and NGPS models. However, the difference between these
two models exists when the effect of fast ions on the
ablation is included. The result shows that pellets deeply
penetrate due to the effect of the plasma shielding for fast
ions. The comparison of an observed plasmoid with the
new NGPS model is underway.
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Fig. 1 Penetration depth of the ABLATE code is compared
with the that of the new code for the part of the NGS model,
(magnetic axis ; R, = 3.6 m, minor radius ; a = 1.0 m,
plasma ellipticity ; & = 0.47, magnetic field ; B, = 3 T,
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Fig. 2 Ablation rate profile of the NGS and NGPS model
on the condition of Fig. 1 (7 = 1 keV).
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§55. Application of Tomographic Imaging
to Photodiode Arrays in LHD

Liu, Y., Tamura, N., Peterson, B.J. (NIFS),
Iwama, N. (Daido Institute of Technology)

To improve the understanding of radiative
processes such as radiation collapse, transport of
heavy trace impurities injected into the plasma, a
fast AXUVD (Silicon absolute extreme ultraviolet
diode) has been applied to supplement the standard
foil bolometer diagnostic for radiated power
measurements on the Large Helical Device (LHD).'

AXUVD allows measurements on time
scales as short as 10™s with continuous sensitivity
from the near infrared into the soft x rays. Using
multiple AXUVD emission viewing chords through
the plasma, a spatial resolution of about Sem can be
obtained over a rectangular region of about 3 by 3m,
providing a means for following the formation and
subsequent evolution of a radiation structure in
plasma in two dimensions. Several tomographic
techniques have been used to reconstruct the
radiation profile. A number of experimental situation
have been explored in a detailed way from the
AXUVD imaging system. Results are presented of
the fast radiation process during impurity injection
and of the highly localized radiation loss in the self-
sustained detachment regime.

To take full advantage of the available
information in our limited number of line integrated
measurements, the local radiation emissivity is
obtained by inverting the measured brightnesses
with linear (Tikhonov-Phillips) or nonlinear
(maximum entropy) regularisation methods which
are more flexible than the hybrid method we used
before.> The most important features of these
capability  of
reconstructing radiation distributions without any

improved methods are the
symmetry assumptions, built-in smoothing, and
useful reconstructions with relatively few detectors.
The plasma radiation distributions in a
variety of discharge conditions have been visually
characterized. Figure 2 shows a rotating radiation
structure observed in a discharge of self-sustained
detachment. The tomography method allows us to
investigate in detail the temporal and spatial
evolution of the rotating radiated belt, providing

quantitative information to the studies of the
mechanism of the formation of a self-sustained
detachment regime.

2-D tomography techniques applied to the
semi-tangential cross-section data showed that the
algorithms are powerful enough to reconstruct
complicated asymmetric emissivity distributions.
They are used in the examination of impurity
emission images during TESPEL injection and used
to study the radiation distribution during a self-
sustained detachment regime on LHD.

Fig. 1. Layout of the lines of sight of the AXUVD
tomography system on LHD.
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Fig.2  Reconstructed radiation distribution at
three time slices (t,=1.584s, t,=1.600s, t.=1.608s),
the upper contour shows the time evolution of
AXUYV signals during self-sustained detachment.
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§56. Imaging of Radiation from TESPEL
Injected into a Magnetic Island in
LHD

Peterson, B.J., Tamura, N., Liu, Y. (NIFS)

Confinement and transport of impurities in
plasma is an important topic for reducing radiative
cooling and fuel dilution in a fusion reactor.
Magnetic islands form and grow in magnetically
confined plasmas through perturbations either
external or internal to the plasma and can have a
deleterious effect such as with neoclassical tearing
modes in tokamaks or can be used to control the

plasma such as with a Local Island Divertor in LHD.

Advanced tomography techniques applied to the
signals of arrays of highly sensitive photodetectors
with fast time response can give information on the
two-dimensional evolution of the radiation and
hence of its source impurity [1]. Previous work has
shown that an impurity tracer can be injected into
and can be confined by a magnetic island (MI) [2].
In this article we show images of radiation from
Titanium (Ti) locally deposited in an externally
induced magnetic island, which provide new
information on the confinement of impurities by a
magnetic island.

The experiment is carried out by using
TESPEL to inject a Ti tracer into an m/n=1/1 MI
produced by the LID coils on LHD. Care is taken
to adjust the density to reduce the background
radiation from the polystyrene shell of the TESPEL
and to match the electron temperature profile to the
MI location such that the radiation of Ti from the
MI is optimized. The tracer deposition position is
determined by the trajectory and speed of the
TESPEL and the density and temperature profiles.
The resulting radiation is measured by two 20-
channel AXUVD arrays which view the same semi-
tangential cross-section from upper and outer ports
[3]. A method combining Tikhonov-Phillips and
minimum Fisher regularization techniques is used
to compute the tomographic inversion and produce
two-dimensional images of the plasma radiation.
The TESPEL injection was carried out with the
positive and negative phases of the MI, which
effectively exchanges the positions of the X-point
(zero MI width) and the O-point (maximum MI
width) of the MI and for the case of a small natural
MI.

The results can be seen in Figures 1 to 3.
In Figure 1 the Ti tracer is injected to the MI near
its O-point.  The peak in the radiation is localized
to within the MI and disperses slowly. This
indicates that the impurity is well confined for over
8 ms by the MI both radially and poloidally. In
Figure 2 the case with the oppositely phased MI is
shown which results in the Ti impurity being
deposited near the X-point of the MI. In this case
the radiation disperses radially and poloidally
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within 4 ms, which indicates that the impurity is not
well confined by the MI. In the case of Figure 3 the
LID coils are not energized, leaving only a small
natural MI. In this case the radiation is seen to
disperse poloidally in one direction indicating that
the impurity is rotating around the plasma.
Therefore the impurity is either well confined or
restricted from rotating poloidally depending on
where in the MI it is deposited.
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Fig. 1. Radiation intensity at (a) < 1 ms, (b) 2 ms, (c)
4 ms and (d) 8 ms after Ti TESPEL injection into the
O-point of the MI (white).

Fig. 2. Radiation intensity at (a) <1 ms and (b) 4
ms after Ti TESPEL injection into the X-point of
the MI (white).

Fig.3. Radiation intensity at (a) 1 ms and (b) 1.3 ms
after Ti TESPEL injection into the natural (small)
MI (flux surfaces shown in white).



§57. Laser Calibration of the Infrared
Imaging Video Bolometer

Parchamy, H., Peterson, B.J. (NIFS),
Konoshima, S. (JAEA)

The energy loss from a magnetically
confined plasma due to radiation (such as
impurity line radiation) is an important
measurement for describing a plasma. The
infrared imaging video bolometer (IRVB) with a
single large metal foil is a foil bolometer that
absorbs the broad band radiation from nearly all
spectral regions from the plasma.

The calibration technique of the IRVB
gives confidence in the measured values of the
plasma radiation that is necessary for
tomographic analyses.' The foil calibration could
be carried out in order to obtain local foil
properties such as the thermal diffusivity, x, and
the product of the thermal conductivity, k£ and the
foil thickness, #; of the foil.? These quantities are
necessary for solving the two-dimensional heat
diffusion equation of the foil which is used in the
experiments. A schematic of the camera
calibration and foil calibration setup is shown in
Fig.1. For camera calibration (the IR camera
calibration is made to determine the foil
temperature from the IR camera signal) a heat
lamp can be mounted behind a plate which is
blackened with graphite in the same manner as
the foil. Calibration of the foil was made in-situ
using a HeNe laser (~ 27 mW) as a known
radiation source to heat the foil from the IR
camera side using a beam steerer and IR mirror.
The calibration parameters are determined by
comparing the measured temperature profiles
and their decays from the experimental results
(from laser profile on the foil) with the
corresponding solution to the heat diffusion
equation.

The IR thermal data from the foil during
a steady state condition for the experiment can
be taken by the IR camera to get the steady state
data. The temperature profile is fitted to a 2-D
Gaussian, to find the coefficient parameters. This
is shown in Fig.2. The heat diffusion equations in
two dimensions have been solved analytically by
using the FEM. Then a 2nd order polynomial is
fitted to the relationship between 1/ ke t; and the
temperature rise (A7), so that the appropriate
value of the k.t; could be determined from the
experimental value of data.

The resulting temperature decay data is
fit to the exponential equation to find 7 then a
2nd order polynomial is fitted to the relationship

between the inverse of the thermal diffusivity
and the decay time and used to find the
appropriate value of the thermal diffusivity (x )
of the foil from the experimental value of the
decay time. These results are shown in Fig. 3.
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§58. LHD Gauge by External Coil Currents

Watanabe, T., Akao, H.

The drastically improved plasma has been obtained
through the LHD experiments started in 1998. In the
recent experiments, the maximum averaged beta value
< Baia > of 4.5% was obtained by high power NBI heat-
ing up to 12MW in the configuration with R,x = 3.6m
and B,x = 0.45T, where R,x and B,y are magnetic axis
position and toroidal magnetic field on the magnetic axis,
respectively. Up to now, the beta collapse phenomenon
has not been reported in the LHD experiment. Steady
state divertor operation with high performance plasmas
was demonstrated for more than 30 minutes in the LHD-
[CRF heating experiments.

The LHD achieves these high-performance plasma con-
finement by the coordination of magnetic surface region
and chaotic field line layer. Therefore, it is necessary
to establish a numerical method to analyze the high
beta equilibrium that doesn’t assume the existence of
the magnetic surface.

The magnetic field B satisfies always the relation
V - B = 0. The essential freedom of B is two and B
can be expressed by a vector potential of 2 component.
In the rotating helical coordinate system (X,Y,¢), we
can express B as follows without loss of generality (LHD

Gauge [1]). o

B=VxA, A= 0 ; (1)
p{¥ +Y®}/r

where p is the helical pitch (= 5 for the LHD) and
r = rg+ Xcospp — Ysinpp. LHD equilibrium com-
posed of magnetic surface region and chaotic field line
region can be obtained numerically by the force balance

equation 1
VP=JxB, J=—VxB. (2)
Ho

Profiles of [P(X,Y,¢),®(X,Y,¢), V(X,Y,¢)] are ob-
tained as the solution of eq.(2) under the appropriate
boundary conditions. To solve the equation (2), we have
developed an analytical expressions for the LHD gauge
(@, W) created by external coil currents Joxt ().

Under the Coulomb gage, the vector potential of ex-
ternal coil currents Jox () is given by the Biot-Savart
law. Therefore, vector potential under the LHD gauge is

given by

po [ 5 s Jexi(@’)
A(z) =10 Tt L vy, :
(@) 47r/d T Py +Vx, (3)
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where the scalar function y is determined by
0= Ay (4)

® and ¥ are verified to be smooth and single-valued func-

tion in the vaccum vessel of the LHD (Fig.1).

(a)

Fig.1.
of Rax = 3.75m. (a) ®(X,Y,7/10): The chain line shows

the line of & = 0, and X represent the position of the

Numerical example of LHD gauge for the case

magnetix axis. (b) W(X,Y,7/10): Poinvare pltos of lines
of force corresponding coil currents are also shown. W
can approximate automatically the magnetic surface.
Reffernce
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§59. Study on Generation Mechanism of
Particles in LHD

Shiratani, M., Koga, K., Kiridoshi, S. (Dept.
Electronics Kyushu Univ.),
Ashikawa, N., Nishimura, K., Sagara, A.

Of late there has been growing concern over
formation of dust particles due to plasma-surface
interaction [1-4], because dust particles pose two potential
problems: those remained in a fusion device are dangerous,
as they can contain a large amount of tritium and can
explode violently; they may lead to deterioration of plasma
confinement. Therefore, it is important to reveal their
formation mechanism, their transport as well as their
accumulation area. Investigation of dust in fusion plasma
research devices has been carried out using ex-situ dust
sampling method [1-4]. Moreover, most such studies
focused on dust particles around wm in size [1-4]. Recently,
Kyushu University group of us reported formation of
carbon dust nano-particles due to interaction between ECR
hydrogen plasmas and carbon walls [5, 6]. This report
motivates us to study small dust particles in LHD. Here, we
will describe the results regarding characterization of dust
particles collected from LHD using the filtered vacuum
collection method.

The total mass of dust particles collected by each
filter was obtained as the difference of filter mass before
and after dust collection. Figure 1 shows the distribution of
surface mass density after the 8th campaign. The mass
densities depend little on the collected location, especially
the values at the location No. 15 on the divertor made of
carbon (IG-430) are similar to those at other locations
where the first wall is made of stainless steel (§S316). The
inner surface area of the LHD chamber without and with
ports are 400 m’? and 700 m’, respectively. Assuming the
area of 400 m?, the total dust inventories after 7th, 8th, and
9th campaign are estimated to be 3.9, 1.4, and 1.1 g,
respectively. The total inventory of dust particles collected
from LHD after the 4th campaign in March 2001 is 16.2 g
[3]. Therefore, LHD becomes cleaner during its operation
history and the total dust inventory after the 9th campaign
is the lowest among the reported values for several devices
such as JT-60U and ASDEX-Upgrade [3, 4].

There exist dust particles ranging in size from 1 nm
to 10 wm. The smaller their size is, the higher their number
density is. The size distribution of dust particles is
expressed in terms of an inverse power law size
distribution function, that is, the Junge distribution. This
size distribution suggests that small dust particles grow into
large ones in LHD. Dust particles are classified into small
and large size groups: small dust particles below 1 um in
size are spherical and their major composition is C, while
large ones above 1 wm in size are irregular in shape and
their major compositions are Fe and Cr. Figure 2 shows
cumulative percentage of volume and surface area of dust
particles at location No. 13 after 8th campaign. Small dust
particles of Inm to Ium in size have 70% of the total

After the 8th campaign
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Fig. 1. Distribution of surface mass density of dust

particles after 7th (a), 8th(b), and 9th campaign.
No. 15 is on divertor target.
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Fig. 2. Cumulative percentage of (a) volume and (b)

surface area of dust particles at location No. 13
after 8th campaign.

surface area, while they have 10% of the total volume.
These small dust particles cannot be bypassed, because
they may contain a large amount of tritium due to their
wide surface area in future fusion devices such as ITER.
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§60. Erosion of Plasma Facing Materials by
Charge Exchange Neutrals

Ono, K., Miyamoto, M. (Dept. Mater Sci. Shimane
Univ.), Tokitani, M., Yoshida, N. (RIAM, Kyushu
Univ.), Masuzaki, S., Ashikawa, N.

Charge exchange (CX) neutrals create radiation
damages in the subsurface region of Plasma Facing

Materials (PFMs) and contribute to the surface modification.

Authors have reported that the surface modifications of
PFMs caused by CX-neutrals in plasma confinement
devices have large impacts on plasma density controlling
through recycling and pumping in the wall '?. In the
present work, microscopic damage in metals exposed to
LHD hydrogen plasma was examined and the energy
distribution and the flux of CX-neutrals were evaluated
quantitatively.

To examine the surface modification caused by
CX-neutrals, a materials probe experiment was catried out.
Pre-thinned vacuum-annealed disks of 3 mmé¢ made of
SUS316L, Cu, W and Mo were used as specimens. These
specimens mounted on the material probe system were
placed at the similar position of the first wall surface
through the 4.5 L-port, and exposed to long discharges for
about 150 sec. (Shot No. 58834-58984, hydrogen plasma).

Typical plasma parameters were: T;~ 1 keV, n,~ 3x10" m?.

After exposing the discharges, the microstructure of
specimens was observed by means of transmission electron
microscopy (TEM). In addition, irradiation experiments
were carried out with hydrogen ions of 3 keV.

Fig. 1 shows dark field images of the
microstructure in the specimens exposed to LHD hydrogen
plasma. The radiation-induced dislocation loops with white
contrasts were formed in these specimens. This figure also
shows the threshold energies of hydrogen for knock-on
damage in each specimen. In general, radiation induced
secondary defects are formed as aggregates of point defects
produced by knock-on processes. Accordingly, these defects
indicate the existence of high energy incident particles. The
existence of high energy CX-neutrals was suggested from
the depth distribution of dislocation loops in SUS316L
exposed to LHD hydrogen plasma as in Fig. 2. The damages
are distributed to rather a deep range beyond 100 nm. This
widespread depth distribution would be attributed to the
high energy components of CX-neutrals with more than 8
keV with a little minor thermal effect.

The flux of CX-neutrals was evaluated from a
result of the controlled irradiation experience. Fig. 3 shows
fluence dependence of area density of dislocation loops
formed in SUS316L under the irradiation with 3 keV
hydrogen ions. Compare the defects density with the
specimen exposed to the LHD plasma, the fluence of
energetic CX-neutrals was roughly estimated to be 2.8x10%
atoms/m>. From this results, the mean flux of CX-neutrals
with enough high energy to cause radiation damage (>370
eV) was estimated to be about 2x10"® atoms/m’s. On the
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other hand, the slightly larger flux (~10" atoms/m’s) was
evaluated in similar hydrogen discharges from the point of
view of plasma density controlling in LHD *. This
discrepancy seems to be due to undetectable flux of the low

energy CX-neutrals in this experiment.

In this experiment, the flux and energy of
CX-neutrals were obtained as just averaged value for varied
discharges. Therefore, the flux for individual cases and
thermal effect are slate to be evaluated in next experiments
with improved sample holder.
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Fig. 1 Dark field images of the microstructures and the
threshold energies of hydrogen for displacement
damage in each probe specimen.
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§61. The Effect of Argon and Helium Glow
Discharge Cleaning on Boronized
Surface in LHD

Kizu, K., Yagyu, J., Ishimoto, Y., Nakano, T., Tsuzuki,
K., Miya, N. JAEA),
Ashikawa, N., Nishimura, K., Sagara, A.

The purpose of this study is acquiring basic data to design
the effective surface conditioning system for next nuclear
fusion experimental devices [1]. In late years, neon glow
discharge cleaning (Ne-GDC) has been often performed in
LHD because helium glow discharge cleaning (He-GDC)
leads He accumulation in metal wall, and this helium slowly
desorbs to hydrogen plasma as unwished impurity. However,
the influence of glow discharge with higher atomic number
than helium on boronized wall is not fully investigated, yet.
Thus, in this work, boronized samples were introduced into
He- and Ar-GDC in LHD and analyzed by Secondary ion
mass spectrometry (SIMS).

Silicon (Si) and F82H samples were prepared for this
study. These samples were boronized in Radiochemistry
Research Laboratory in Shizuoka University. The
boronization was conducted with glows discharge of
decaborane and He gas mixture. Then, these samples were
installed on the sample station at 4.5 L port in LHD, and
were exposed to He-GDC (6 or 12 hours) or Ar glow
discharge (Ar-GDC) (6.5 or 13 hours). Ne-GDC could not
perform for schedule. The change of boron layer thickness
and change of hydrogen retention in samples were
investigated by SIMS. Impurity distribution like oxygen,
carbon and iron will be measured by X-ray photoelectron
spectroscopy (XPS) in future.

At first, SIMS measurements were performed to samples
exposed to 6 and 12 hours He-GDC. The wear of boron
layer was observed only for 12 hours He-GDC sample. The
wear thickness was 24 nm. In previous work [2], clear
change of thickness was not observed for the sample
exposed to 6 hour He-GDC. These results mean that the
wear of boron layer by He glow discharge is very small.
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Fig. 1. Depth profile of boron on Si sample before and
after 13 hr Ar glow discharge cleaning.

Then, SIMS measurements for samples exposed to Ar-GDC
of 6.5 and 13 hours were performed. Figure 1 shows that the
depth profile of boron on Si sample for unexposed and after
13 hours of Ar-GDC. The obvious decrease of boron layer
thickness was observed. The average decrease of thickness
was 150 nm for 6.5 hours of Ar-GDC and 190 nm of 13.5
hours of Ar-GDC, respectively.

The sputtering yield of boron with 2.3 g/cm’ in density by
He normal injection with 150 eV is about 0.15. The
He-GDC conditions of LHD are 130-180 V in glow
discharge voltage and 20.5 A in current and 700 m’ in
surface area of vacuum vessel. Therefore, calculated current
density is 29.3 mA/m’. This indicates that 4.6 and 9.2 nm of
decrease of boron thickness are expected for 6 and 12 hours
of He-GDC. On the other hand, the Ar-GDC conditions are
350 V, 30 A and the sputtering yield of 0.12. These mean
that the sputtering thickness is expected to be same level as
He-GDC. However, large sputtering thickness like Fig. 1
was observed. This probably means that the current density
profile of glow discharge in LHD is difterent for Ar and He.
This difference leads the localized sputtering as Ar-GDC
case.

Finally, the hydrogen retention in boron layer before and
after GDC were investigated. The tendency of hydrogen
retention was same for all samples. After GDC, the
hydrogen retention was increased at surface and not changed
in boron layer. Figure 2 shows the depth profile of hydrogen
in boron layer on Si sample after 12 hr He-GDC. Two
processes are possible reason for the increment of hydrogen
retention at surface
(i) The impurity bonded to hydrogen like CH was sputtered
by He- or Ar-GDC and retained on boron layer.

(ii) Hydrogen atoms sputtered by He- or Ar-GDC were
injected into boron layer.

The analysis of atomic ratio of B, C, O, Fe, etc. on surface
by XPS is expected to clarify the process of hydrogen
retention in boron surface.
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§62. Toroidal Uniformity of Boronized Wall
During 8" Experimental Campaign

Hino, T., Nobuta, Y. (Hokkaido Univ.),

Ashikawa, N., Sagara, A., Nishimura, K., Masuzaki,
S., Noda, N., Ohyabu, N., Komori, A., Motojima, O.,
LHD Experimental Group

Boronization experiments were conducted from
the 5™ experimental campaign. The oxygen impurity level
in the LHD plasma was several orders of magnitude
reduced after the boronization. In order to understand the
reduction of oxygen impurity level, the boronized wall
surface was analyzed using a material probe technique.
Material probes were installed at 10 positions along the
toroidal direction from the 6™ experimental campaign, and
the toroidal uniformity of the boron deposition was
investigated. The boronization during the 8" experimental
campaign was three times conducted using glow discharge.
Two anodes between toroidal sectors 1 and 10 and between
toroidal sectors 4 and 5 were employed for the glow
discharge. The diborane plus helium gas was driven from
three gas inlets between toroidal sectors 1 and 2, between
toroidal sectors 3 and 4 and between toroidal sectors 7 and
8. After the campaign, the material probes were extracted
and the depth profile of atomic composition was examined
using Auger electron spectroscopy.

The thickness of boron film largely depended on
the toroidal position. Figures 1 (a), (b) and (c) show the
depth profiles of atomic composition in the probes placed
at the toroidal sectors 1, 9 and 10. In the positions close to
the anodes and gas inlets, the boron deposition was clearly
observed. In opposition, the boron deposition was very
small in the positions far from the anode. Thickness of the
boron film was as high as approximately 500 nm. In the
positions with a thick boron film, the discharge history is
observed. After each boronization, the carbon deposition
due to main and glow discharges in Figs. 1 (b) and (¢).

Figure 2 shows a plot of thickness of boron film
against toroidal sector number. The ratio of the boronized
wall to the entire wall was approximately 30 % and 40 % in
the 6™ and 7™ experimental campaigns. The ratio in the 8"
experimental campaign significantly increased
(approximately 70 %). This increase is due to that the gas
flow rate at every gas inlet was taken roughly the same.
The amount of oxygen retained in the boron film was
measured based upon the depth profile of atomic
composition. The amount of retained oxygen was roughly
proportional to the thickness of boron film. Thus, the
oxygen impurity concentration might have been further
reduced by the improvement of toroidal uniformity of
boron film.

In summary, the boronization was very
successfully conducted in the 8" experimental campaign,
and the toroidal uniformity of the boron film was
significantly improved. This result contributes to further
increase of plasma stored energy in LHD.

66

References

(1) Nobuta, Y., Ashikawa, N., Hino, T., et al, Fusion Eng.
and Design, 81(2006)187-192

(2) Hino, T., Nobuta, Y., Ashikawa, N., “New
Development in Nuclear Fusion Research”, NOVA
Scientific Publishers Inc., NY, (2006)

(a)Toroidal sector, 1

100

_ : : . o
B ¢
£ 80 48
~ o v 0O
g //” & Fe|
8 o
Z 60 DJU/D-&D/ g
o
£ -
S doqdfa 1
E - A a
A
S 20-1‘,‘% e 1
< N
Pyt .
0 PO ; -
0 200 400 600 800 1000

Depth (nm)

(b)Toroidal sector, 9

100

/ —o—si
80 —a—
£

N
6041 \ . /
i Y PN

/. A
4047 h‘“nf X

Town

e 4

s ®

20 P aus

&
/
JARRN
\,
a
\A
0 e —— . a

0 200 400 600 800
Depth (nm)

Atomic compostion (at.%)

(c)Toroidal sector, 10

100 T T T T T

/ —o—Si
o C
< 80 4B
u i
& el o
5 | \A A4 i
2 | o \ A
= 60404 Aa AR T
2 °f a PN
1/
=% 1
E q0id \\ A J
S A \
Q
£ 20 o 4
2 /
= A

v N
0 :.‘,'zx.:v;;v:v;,vzuvx_,z_..;..,:..:x;"fmf,f;_xwx,ﬂ,w ]
0 100 200 300 400 500 600

Depth (nm)
Fig. 1 Depth profiles of atomic composition at probes
placed at toroidal sectors 1 (a), 2 (b) and 3 (c).

2004

Anode Nozzle Nozzle Anode Nozzle Anode
VR NN A A
£ &
= S04 a a
=
2 400
S
S
G
° 300 8th °
wn
5]
<
=<
2
=
=

1004

s A/ /
\. g / . //.-
Y \ /
;:;-24}-:§\: — Y é///

34 5 6 7 8 9 10

Toroidal sector number

Fig.2 Boron thickness and amount of oxygen retained
versus toroidal sector number.




§63. Study on Hydrogen Retention and lIts
Existing State in Boron Film Exposed to
Hydrogen Glow Discharges

Okuno, K., Oya, Y., Yoshikawa, A., Oyaidzu, M.
(Fac. of Sci., Shizuoka Univ.),

Ashikawa, N., Nishimura, K., Sagara, A., Noda, N.
(National Institute for Fusion Science)

1) Introduction

For the future D-D discharge experiments in
LHD, it was important to estimate the desorption
behaviors and retention of tritium trapped in boron
films formed by boronization for first wall
conditioning. In this study, the analyses of atomic
composition and chemical states were performed for
three kinds of boron films by XPS (X-ray photoelectron
spectroscopy).

2) Experimental

The boron film deposited on the Si substrate in LHD
(Sample A), and the oxygen-contained boron film
(Sample B) and the pure boron film (Sample C)
deposited on the Si substrate using P-CVD
(Plasma-chemical vapor deposition) in Shizuoka
University were prepared. After the heating treatment
was performed at 993 K for 10 min and subsequent
surface sputtering by 3 keV Ar’, atomic compositions
and chemical states were evaluated by XPS
(ULVAC-PHI ESCA 1600 System) at Shizuoka
University

3) Results and discussion

The results of atomic composition analyses for
Samples A, B and C are shown in Table. It was found
that Sample A contained 12% of oxygen and 10% of
carbon. In Sample B, the oxygen and carbon
concentrations were 10% and less than 1% (impurity
level), respectively, while, both of them in Sample C
were not almost contained.

The analysis of chemical states of boron was
performed for Samples A, B and C by means of XPS.
Figure shows the B-1s XPS spectra. The B-1s binding
energies of Samples A and B were shifted toward higher
energy side compared to Sample C. The chemical shift
of B-1s spectrum for Sample A was larger than that for
Sample B. The shoulders of the spectra of Samples A
and B were located at 191 eV. As these shoulders
approximately corresponded to the binding energy
contributed to boron oxide [1], it was suggested that
boron oxide was formed in Samples A and B. The
FWHM (Full Width of Half Maximum) of Sample A
was larger than those of Samples B and C. It was
suggested from these results that the B-C bond was
formed as carbon concentration in film increased.

In future, the desorption behavior, retention and
chemical states of hydrogen should be elucidated in the
boron film exposed to discharge in LHD.

Table The atomic composition analyses for
each sample (%)

B C N O

Sample A 73 10 5 12

Sample B 85 10

Sample C 96
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Figure The B-1s XPS spectra
for each sample

4) Conclusion

To evaluate hydrogen isotope behaviors in the boron
thin film, three kinds of samples, the ones prepared at
NIFS and Shizuoka University, were prepared and the
analyses of atomic composition and chemical states
were studied by means of XPS. Concentrations of
impurities, oxygen and carbon, for NIFS sample were
higher than those for Shizuoka sample. These facts
suggest that these impurities can be made large effects
on the implanted hydrogen isotope retention and trapped
states in the boron thin film.
[1] O. M. Moon, B.C. Kang, S.B. Lee, J.H. Boo, Thin
solid films, 464-465 (2004) 164-169.
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§64. lon Cyclotron Conditioning with Strong
Magnetic Field in LHD

Ashikawa, N., Masuzaki, S., Nishimura, K., Sagara,
A., Saito, K., Seki, T.

The ion cyclotron conditioning (ICC) is one of the
typical wall conditioning methods in current devices. The
operation of experimental devices for fusion plasma with
superconducting coils needs a long-time duration for
increasing and decreasing the magnetic fields. As a typical
wall conditioning method, DC-glow discharge cleaning is
used in JT-60U and LHD with no magnetic field. In the
future, the fusion reactors with superconducting coils will
be operated over long discharge durations with
deuterium/tritium mixtures. Therefore, for future devices, a
wall conditioning method that can be used in a magnetic
field will be required in general.

The impact of high-energy particles on the wall is
considered to be one of the effective mechanisms for the
high removal rate of hydrogen by ICC. In order to observe
the confinement of a high-energy ion accelerated by ICRF
heating, a silicon-diode-based fast neutral analyzer was
installed in LHD. Figure 1 shows the distribution of
high-energy particles every 5 shots. The energy range of the
accelerated ions during these shots, #56155 and #56160, is
over 60 keV.

A useful parameter for comparing the ICRF input
power in different pressures is the power density, Py, /N,
defined as the power normalized to the He particle number:
P, /N =P,/ (pV), where P, is the input power by an
ICRF antenna, p is the pressure and V is the volume of a
vacuum chamber. Consideration is given for the reason
about the wide energy distribution of high-energy particles
as shown in Fig.1. A comparison of input powers and the
power density P;, / (pV), in every 5 shots are plotted in
Fig.2. Wide energy distributions of high-energy particles
such as shot numbers #56155 and #56160 are also shown on
the hatched period in Fig. 2. A comparison of input powers
shows similar intensities in shots of #56155, #56165,
#56170, #56175 and #56180. Therefore the wide energy
distributions depend on the power density, rather than on
the power. From this result, the controlling method of this
high-energy distribution and an investigation into a
producing mechanism of this distribution during ICC are
considered as the important issues to optimize the
operational method for ITER.

The ICC method was already tested in some fusion
devices. The operation regions of the power density are
quite different as shown in Fig. 3. The volume depends on
each device and this number cannot be changed after
construction. The operational range of the helium pressure
is determined by the breakdown problem in tokamaks at
present. The ICRF power designed for ITER is about 20
MW as a heating system. To get a high removal rate using
the present devices, two kinds of optimizations are
important. One is the relationship of the ICRF input power
and the working gas pressure as the parameter of power
density. The removal rate depends on the wide energy
distributions, and controlling this distribution is important.
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The second one is the phase of on or off of the RF input
power with pumping efficiency. In Tore Supra, this
experiment was carried out and published, but we did not
get any answer regarding future operation in ITER. Because,
a long-term operation with CW-ICC is difficult in many
devices due to the property of each antenna. In the future,
operations of CW-ICC are possible in LHD.
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§65. Recent Progress on High lon
Temperature Experiment in the LHD

Ikeda, K., Morita, S., Takeiri, Y., Ida, K., Kaneko,
O., Mutoh, T., Nakamura, Y., Tsumori, K., Oka, Y.,
Goto, M., Nagaoka, K., Kumazawa, R.

We had achieved the ion temperature of
Ti=13.5keV on the argon discharge with the high-energy
neutral beam heating (NNBI) of 10.5 MW in the 8th
experimental campaign. Argon discharge is effective to
improve the ion heating power even with the high-energy
neutral beam. These experiments contributed to the
research of the high temperature plasma above the 10keV

On the other hand, it is more important task to
improve an ion temperature on a hydrogen discharge or a
helium discharge that will be used for a fusion device.
High-energy neutral beam is mainly deposit on electrons in
the hydrogen plasma. Hydrogen beam sopping cross-
section used the beam energy of 40keV is three times larger
than the cross-section used the beam energy of 180keV. So
we have adopted the low-energy NBI (PNBI) system to
improve the hydrogen ion heating. Hydrogen neutral beams
are injected perpendicularly with the beam power of 3MW
at the beam energy of 40keV. Shine through ratio is
designed to 50% at the electron density of n,=1x10"m?.
The tasks of the high temperature group are the
improvement of the hydrogen ion temperature and the
measurement of a fine ion temperature profile used the
charge-exchange recombination spectroscopy (CXRS) in
the 9™ experimental campaign.

We have achieved the ion temperature of Ti=2.6
keV measured by the ArXVII X-ray spectroscopy on the
hydrogen discharge with the heating of 11.5MW NNBI and
2.2MW PNBI at the shot number of 60502. The electron
temperature and the averaged electron density is T ,=3.3keV
from the Thomson scattering and the <n>=1.5x10"m?
from the far-infrared interferometer, respectively.
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Fig. 1. Heating effect of hydrogen plasmas by PNBI

Figure 1 shows the effect of the PNBI with the power of
2.5MW at the energy of 40keV. Initial plasma is build up
by ECRH and then it is sustained by NNBI heating.
Electron density increases with the hydrogen ice pellet. The
ion temperature increases to 2keV when the heating power
of 12MW used three NNBIs. The ion temperature is
improved to 2.4keV when we use the additional PNBI
heating at the peak ion temperature. Ion heating power
evaluated by the absorption efficiency and the ion heating
efficiency is IMW, So the Ti increasing rate of Ti/(Py/n;) is
estimated to be 0.8keV/(MW10"”m™) that is consistent of
previous high-Z experiments.

We have installed two CXRS systems to
measure the ion temperature profile. One views the plasma
perpendicularly from the LHD 5-O port along the PNB
used the convex mirror inside of the vacuum chamber, the
other views the plasma tangentially from the LHD 7-T port
along the NNB. Visible carbon charge exchange spectrum
is used for the measurement. We have clearly observed the
ion temperature profile in two sight lines with the time
resolution of 50ms. Figure 2(a) shows the fine profile of
the ion temperature measured by the poloidal CXRS. The
peak ion temperate is 2.2keV at t=2.1s with a PNB
injection and a pellet fueling. In the gas-puff case, the
electron density becomes hollow profile then we have not
observed the increasing of the ion temperature around the
plasmas center. The ice pellet is effective to increase the
center ion temperature because the electron density peaks
around the plasma center in the decay phase of the density
at t=1.8s. We have also observed the increasing of the ion
temperature around the center by the CXRS used NNBI as
shown in Fig. 2(b). These results will expect the increasing
of the ion temperature and formation of the ion internal
transport barrier if we will improve the ion heating power
at the plasma center using PNBI heating.
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Fig. 2. Profile of the ion temperature from CXRS used
PNBI (a). Time evolution of the ion temperature measured
by the CXRS used NNBI (b)
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§66. lon Temperature Rise in Electron-ITB
Plasmas Formed with Combination of
ECH and NBI

Takeiri, Y., Morita, S., Ikeda, K., Ida, K., Tsumori, K.,
Oka, Y., Osakabe, M., Nagaoka, K., Kaneko, O.

The increase in the ion temperature due to transport
improvement has been observed in plasmas heated with
high-energy negative-NBI, in which electrons are
dominantly heated, in Large Helical Device (LHD). When
the centrally focused ECH is superposed on the NBI
plasma, the ion temperature rises, accompanied by
formation of the electron ITB. This is ascribed to the ion
transport improvement with the transition to the
neoclassical electron root with a positive radial electric
field.

R=3.7m, B=1.51T
T

increase in the E, is observed in a core region with the
superposition of the ECH, as shown in Fig. 2(c), and an
increase in the T; is also observed, as shown in Fig. 2(b).

Since the electron density profile is not changed with
the superposition of the ECH, the NBI absorption power
and profile are not so changed. Considering that the
increase in the ion heating power ratio is as small as around
10% due to an increase in the T, and that the heat exchange
between the electrons and the ions is negligible, the ion
temperature rise is ascribed to the improvement of the ion
transport in the core electron root.
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Fig. 1. Time evolution of the electron density and the ion

temperature in an NBI+ECH plasma.

Figure 1 shows the time evolution of an NBI+ECH
plasma. With superposition of the centrally focused
second-harmonic ECH on a plasma heated with
high-energy negative-NBI (>150keV, H), the central T, is
increased, and the electron ITB, which indicates a steep
gradient in a core region, is formed in LHD [1].
Simultaneously, the central T; is also raised with the
superposition of the ECH, as shown in Fig. 1. The electron
ITBs in helical systems are characterized by improvement
of the core electron transport due to the neoclassical
electron root, which is in contrast with the tokamak’s ITBs.
The neoclassical calculation shows the formation of
positive radial electric field (E,) in the core region in the
electron ITB plasma, in which the transport improvement
of both ions and electrons is theoretically predicted. Figure
2 shows the radial profile of T, measured with Thomson
scattering, and those of T; and E, measured with CXRS, for
an electron ITB plasma and a non-ITB plasma. A positive
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§67. Effect of Ripple Trapped Electrons on
Neutral Beam Driven Current in LHD

Nagaoka, K., Narushima, Y., Watanabe, K.Y.

Recently, the control of plasma current and/or iota
profile is recognized to be important for confinement
improvement not only in tokamaks but also in
stellarators. The basic properties of neutral beam
driven  current have been  experimentally
investigated in LHD. In this report, the results of
neutral beam current drive experiments in 9th
campaign of LHD, in particular, the effect of ripple
trapped electrons on the neutral beam driven
current are experimentally investigated by changing
plasma shape.

Three neutral beam injectors has been
tangentially installed in LHD, and long pulse beams
with the duration of about 5 second have been
injected for the neutral beam current drive (NBCD)
experiments. The hydrogen gas puffing has been
used to keep the plasma density constant during the
discharge, and the saturation of plasma current has
been evaluated. The magnetic configurations of this
NBCD experiment is Rax=3.6m, Bt=1.5T and
Bq=72-200%, where Bq is scanned in order to change
plasma shape, that is, magnetic ripple. The plasma
current includes two components; one is bootstrap
current and the other neutral beam driven current.
In order to evaluate the latter, discharges with co-
and ctr-injection NBI have been compared.

In general, neutral beam driven current is given
by
_Ahn L glog 1—ZLG 1)

NB
2R Zqﬁ, o

where 5, Vi, _s, Z# and G are neutral beam current
injected by NBI, beam velocity, slowing down time of
injected ions, effective charged number of bulk
plasma ions and geometrical factor, respectively. In
LHD case, slowing down time of beam ions is
dominated by collisions with electrons, so it depends
on electron temperature and density (732 n.). For
simplicity, electron temperature on the magnetic axis
and line averaged density experimentally obtained
have been used to evaluate Ino. The current drive
efficiency (/ns//xBo) is considered to depend on G,
because it may be considered that Zg does not

!

depend on the plasma shape, which is shown in Fig.1.

The geometrical factor approximates ratio of
toroidally circulating electron £ and depends on the
magnetic configuration. The larger ratio of
circulating electron, the smaller neutral beam driven
current, because circulating electrons produce
retarding current against the beam current. The

dependence of volume averaged ratio of circulating
electron < £ > is also shown in Fig.2. The plasma
destabilizes and can not be applied the ctr-current in
the plasma with ctr-NBI heating in the case of
Bq=200%. The error bar becomes large because the
plasma current can not be scanned in wide range.
Thus, It is difficult to conclude whether the model
given by eq.(1), which is also shown with dotted line
in fig.2, can be applied for helical devices. The wider
range scan of Bq in small Bq region is necessary for
getting the clear experimental confirmation, which is
planed in the LHD 10t campaign.
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Fig.1 The NBCD coefficients v.s. Bq.

0.35 T T T

0.30 | & .

0.32 0.33 0.34 0.35 0.2
<fc>

Fig.2 The NBCD coefficient v.s. the volume
averaged fraction of toroidally circulating
electrons. The dotted line shows the model
given by eq.(1).
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§68. Fraction of Neutral Beam with Different
Energies Measured by the Beam
Emission Diagnostic

Ikeda, K., Nagaoka, K., Osakabe, M., NBI Group

Supply of fast ions is a key issue to produce high
temperature plasmas for fusion development. Neutral beam
injection (NBI) is one of the effective technique to heat
fusion particles. We have installed the low-energy NBI
system in order to improve the ion temperature in the LHD
as shown in Fig. 1. The design of this system requires the
3MW of a hydrogen neutral beam power with two ion
sources at the beam energy of 40keV. We have used a
positive-ion source because high ion current density is
necessary. It is well known that a hydrogen ion source
produces H', H," and H;" ions ". So the different energy
particles such as the full energy of E, the half energy of E/2
and the one thirds energy of E/3 are produced in the
neutralizer cell. Increasing of the full energy component of
the neutral beam is necessary in order to improve a gross
heating power. So the information of relative flux of the
fractional-energy is important for improving the beam
injection power. The optical system consists of quartz
lenses and quartz optical fibers. The optical sight line is
arranged along the beam injection axis with the angle of
14.3 degree on the LHD 5-O port. So the beam emission
separates from a plasma emission spectrum by the Doppler
effect. The intensified charge couple device (ICCD)
detector is coupled on the focal plane of the spectrometer.

Figure 2 shows the measured spectrum from the
hydrogen discharge with the magnetic field strength of 1.5
T. The spectrum of the Balmar-o from the neutral
hydrogen atoms around the low temperature region is
observed at 656.3nm. Beam emission spectra are shifted to
the red shift side due to the Doppler effect. We have clearly
observed the three beam emission components with the
energy of 38keV, 19keV and 12.7keV. The Doppler shift
values are the consistent of the expected shifts. We have
also observed a few impurity spectra near the Ho emission
lines, but it dose not have an influence on the beam
emission because it is sharp.

A/D converter

ICCD|Spectrometer Optical fiber

Fig. 1. Schematic diagram of the NBI and the
measurement optics.
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We estimate the strength of the beam emissions of the
different beam energy by integrating of apart of the beam
emission spectrum. Figure 3(a) shows the time evolution of
IpEEbeam/Cem; that corresponds to the beam power. Here we
use the cross-sections of csemi:8.39><10]6cm2 for E=12.7keV,
Ge,,,i:7.88)(101(’cm2 for E=19keV and (Semi:8.23><10]6cm2
for E=38keV. The beam power of full energy beam at
t=2.3s is improved from that power at t=0.5s by 3 times.
The beam power of full energy beam is 2.7 times larger
than that of the half energy beam at t=2.3s. Fraction of the
injection beam power of the full energy has been improved
to 63% at t=2.3s from 50% at t=0.5s as shown in Fig. 3(b).
Intensities of the beam emission of E/2 and E/3 slightly
increase, but these fractions decrease against of the total
beam power. These results are the net fractions of the
injected neutral beam after the neutralization. It is expected
that the proton ratio inside of the arc chamber is larger than
the fraction of the full energy beam component because of
the neutralization efficiency decreases when the beam
energy increases. Then the acceleration drain current
increases to 126A at t=2.3s from the 92A at t=0.5s with the
constant hydrogen feeding due to the increasing of the arc
discharge current in the ion source. So injection beam
power depends on the fraction of the full-energy beam

influenced by an arc discharge condition.
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Fig. 2. Hydrogen Balmar-o spectrum of both plasma

emission and the beam emission. Beam emission consists

of three different energy spectra. Impurity spectra located
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the beam emission measurement.
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§69. Plasma Sustainment by the ICRF Mode
Conversion Heating

Saito, K.

In the long pulse discharge by the ICRF minority ion
heating in the large helical device (LHD), Plasmas collapse
by the influx of iron impurity [1]. As an alternative heating
method for long pulse discharge, ICRF mode conversion
heating was investigated in 2005 with the frequency of
25.3MHz and the magnetic field strength on axis of 2.5T.
Hydrogen and helium was used. The cyclotron resonance
layer of hydrogen was located on the edge of plasma as
shown in Fig.1. The ion-ion hybrid resonance layer where
fast wave was mode converted to ion Bernstein wave was
located upper and lower in front of ICRF antenna. By the
analysis of power absorption by electron by use of ECE, it
had been known that only electrons were heated directly by
this heating method [2].

Plasma was sustained for 7 seconds by the ICRF mode
conversion heating as shown in Fig.2. A couple of ICRF
antennas were used. The plasma stored energy was 40kJ.
Line averaged electron density and electron temperature on
axis were 0.6x10"”m> and 0.5keV, respectively. The
electron temperature profile was hollow as shown in Fig.3.
Therefore, the mode conversion heating was the off-axis
heating. In this discharge silicon-diode-based fast neutral
analyzer (SiFNA) did not detect any high-energy ions.
Therefore, it was clarified that only electrons were heated
directly. This heating method has a disadvantage of a low
loading resistance due to the low frequency, which results
in the high voltage in the transmission line and limits the
injection power. However, it was found that the loading
resistance increases until approximately 3.5Q by the
increase of electron density in the case of the distance of
8cm between antenna and the last closed flux surface as
shown in Fig.4. The loading resistance of 3.5Q corresponds
to 630kW with the limited voltage of 30kV to prevent
arcing in the transmission line. Injection of 2.5MW will be
possible with two couples of antennas.
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Fig.1 Plasma cross section in front of ICRF antenna
calculated with the assumption of 50% of hydrogen
concentration ratio.
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§70. Experiment of Wave-Particle Interaction
by Use of Second Harmonic ICRF
Heating and NBI

Saito, K.

In the large helical device (LHD), the second harmonic
ICRF heating had been conducted with the target plasma
heated by tangential neutral beam injection (NBI) [1]. In
this combination of heating, population of particles with
the large Larmor radius was small. However, enhancement
of high-energy ion tail formation was expected in the
presence of these particles supplied by the perpendicular
NBI.

In addition to the tangential NBIs, a perpendicular NBI
was newly installed in the horizontally elongated plasma
section in 2005. High-energy particles are detected by
several detectors, such as silicon-diode-based fast neutral
analyzer (SiFNA). Figure 1 shows 6I-SiFNA, which
detects the particles with the perpendicular pitch angle at
an inner port of LHD (61 port).

The second harmonic ICRF power was launched to the
plasma sustained by the tangentially injected NBI as shown
in Fig.2. The resonant particles were hydrogen ions. The
applied ICRF frequency was 38.47MHz and the magnetic
strength on axis was 1.375T. A pair of second harmonic ion
cyclotron resonance layers were located at the off-axis. The
innermost normalized minor radius of the resonance layer
was 0.5. The particles of hydrogen were injected by the
perpendicular NBI with the energy of 40keV. The ICRF
heating power and the perpendicular NBI power were
27MW and 2.2MW, respectively. Electron and ion
temperatures were not changed by the injection of
perpendicular beam as well as electron density. Figure 3
shows the relation between the energy and the detected
particle counts by 6I-SiIFNA at the timings of (A)
tangential beam only, (B) tangential NBI with ICRF
heating and (C) tangential and perpendicular NBI with
ICRF heating. The flux was enhanced by a factor of three
in the presence of the perpendicular NBI. The population of
low-energy neutral particles are deduced to be same since
the intensities of Ha and Hel detected at the same troidal
section with the 6I-SiFNA did not change at the timing of
perpendicular NBI injection. Therefore, charge exchange
rate is same and the population of high-energy ion tail
produced by second harmonic heating was thought to be
enhanced in the presence of the perpendicular NBI.

The gradients of energy spectrum were same. The
explanation is as followes. Fokker-Planck equation of
steady-state condition at the higher energy than the source
is written as follows with the assumption that particle loss
is proportional to distribution function;

0=C()+Q) -1/,
Gradients are the same regardless of with and without
source. Therefore the population of particles with much
higher energy than the source energy could be enhanced.
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§71. Excitation of High Frequency
Fluctuations and Their Effects on High
Energy lons in LHD

Higaki, H., Kakimoto, S., Yamaguchi, Y., Ichimura,
M. (Univ. Tsukuba),

Kumazawa, R., Watari, T., Mutoh, T., Seki, T., Saito,
K.

When a magnetized plasma has an anisotropy in
its velocity distribution function, various fluctuations (or
waves) can be excited spontaneously. For examples,
Alfven ion cyclotron waves are observed when high energy
jons are confined in a mirror plasma " and ion cyclotron
emissions can be observed in Tokamaks associated with the
fusion products ? and/or the high energy neutral beam
injection (NBI) *. The production of high energy ions with
Ion Cyclotron Heating (ICH) can also excite these
fluctuations ¥. Tt is quite natural that these high frequency
fluctuations to be observed in helical systems. Investigating
these fluctuations is important because they are affected by
the fusion reaction rate, high energy ions and edge
localized modes.

To estimate if such a high frequency fluctuations
around the ion cyclotron frequency can be excited in
plasmas, the dispersion relation of an infinitely long
uniform density plasma with a temperature anisotropy was
considered as a first step. Shown in Fig.1 is the calculated
contour plot of the growth rate for the slow and fast waves
around the ion cyclotron higher harmonics. It is assumed in
the calculation that a plasma has the density of 2x10" cm™

and the bulk electron and ion temperature of 1keV at B=1T.

Also included are 25% high energy ion components
(80keV in perpendicular to B field).
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Fig. 1. A contour plot of the growth rate as a function of
the parallel and perpendicular wave number.

For experiments in Large Helical Device (LHD),
magnetic probes (MP) were employed to observe these
high frequency fluctuations excited with NBI or high
power ICH injection. Signals from MPs were recorded by
an oscilloscope (250Ms/s) with the resolution Af ~ 15kHz.
Associated with the perpendicular injection of neutral
beams (NBI#4), high frequency fluctuations were observed
for the first time in LHD. An example is shown in Fig.2

when B = -2.71 T. Shown in Fig.2 (a) is the plasma density
and stored energy as a function of time. In this example,
NBI#4 was injected from 1.1 to 1.5 sec. In Fig.2 (b), the
FFT power spectrum obtained by a MP signal before the
injection of NBI#4 (t = 1.06 sec) is plotted. And the power
spectrum during the injection of NBI#4 is shown in fig.2(c).
It is seen that fluctuations are excited around 71 MHz
during the injection of NBI#4. The frequency of 71MHz is
near the second harmonic of the ion cyclotron frequency of
protons (2fc ~ 82MHz).

Although a high frequency fluctuation near the
second harmonic of ion cyclotron frequency was observed,
the systematic data accumulation is still necessary to reveal
the features of the high frequency fluctuations in helical
systems.
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Fig. 2. (a) A plasma density and stored energy as a
function of time. (b) A FFT power spectrum before the
injection of NBI #4 (t = 1.06 sec). (¢) A FFT power
spectrum during the injection of NBI #4 (t = 1.37 sec).
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§72. Study on Electron Bernstein Wave
Heating in High Density Regime

Nagasaki, K., Mizuuchi, T., Kobayashi, S., Watanabe,
S., Tsuji, T. (IAE, Kyoto Univ.), Igami, H. (NIFS),
Murakami, M., Maekawa, T., Tanaka, H., Uchida,

M. (Kyoto Univ.), Isayama, A. (JAERI), Kubo, S.,
Yanagi, N., Shimozuma, T., Yoshimura, Y., Notake,
T., Inagaki, S. (NIFS), Idei, H. (Kyushu Univ.)

In toroidal devices, electron cyclotron heating
and current drive is utilized for many purposes such as
production of current free plasma, control of electron
temperature profile, and suppression of MHD instabilities.
Usually electromagnetic waves, the ordinary (O-) and
extraordinary (X-) modes of fundamental and second
harmonics are chosen because of high single pass
absorption. However, these modes suffer from a cut-off
density limit, preventing the ECH/ECCD scheme from
accessing the high density regime. In order to overcome
this problem, a mode conversion from electromagnetic
waves to electrostatic waves is proposed in order to heat
plasmas and drive the EC current at higher density.

Electron Bernstein waves (EBW), one of electrostatic
waves, have advantage of no density limit and very high
single pass absorption at electron cyclotron resonance.
Theoretically an optimum launching condition for
ordinary-extraordinary-Bernstein wave mode conversion
process has been investigated for LHD and CHS
configurations [1]. In the experiment, a crystal diode is set
up to detect leak power from the vacuum chamber as a
indicator of good conversion efficiency. Although this
method can not measure the absolute leak power, a
qualitative estimate is possible for the O-X mode
conversion. Figure 1 shows the dependence of leak
millimeter wave intensity on the injection angle. The
detector signal intensity is dependent on both the toroidal
and poloidal injection angles, indicating that the optimum
injection angle exists for the leak power. This angle is a
little smaller than the theoretical optimum angle under
vacuum condition. This is possibly because the injected
waves are subject to refraction.

We have observed a clear increase in stored energy in
overdense plasma by applying 54.5GHz ECH [2]. The ECH
power of 415 kW is superposed on the NBI plasma. The
injection angle is set for minimum leak power and the
magnetic field strength is adjusted to locate the Doppler
shifted resonance around the plasma center. The time

evolution of OXB heating of NBI plasma is shown in Fig. 2.

The average electron density is 4x10"m™, which exceeds
the cut-off density for the O-mode. The increase rate of
stored energy depends on the magnetic field strength,
suggesting the change in resonance position or change in
power absorption.
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§73. Excitation of Electron Bernstein Wave via
O-X-B Mode Conversion Process in the
Over-Dense Plasma on LHD

Igami, H., Kubo, S., Laqua, H.P. (IPP Griefswald),
Nagasaki, K. (IAE, Kyoto Univ.), Inagaki, S.,
Shimozuma, T., Notake, T., Yoshimura, Y., Mutoh, T.

Electron cyclotron heating (ECH) by clectron Bern-
stein waves (EBWSs) excited via O-X-B mode-conversion
process was demonstrated in the over-dense plasma on
LHD for the first time. If the ordinary (O-) mode is
injected obliquely to the external magnetic ficld so that
the plasma cutoff point of O-mode coincides with, or is
very close to the left-handed cyclotron cutoff point of ex-
traordinary (X-) mode, it is mode converted to X-mode
near the plasma cutoff then is mode converted to EBWs
in the upper hybrid resonance layer. This O-X-B mode-
conversion rate T is given as follows,

Y . .
T = exp{—mkoL,/ 5[2(1+Y)(NZ—NZ(,7,t)Z+]\7:5]} (1)

where, ko = w/c, Y = Q/w and N, = /Y/(1+Y).
¢ is the velocity of the light. Here we assume the slab
geometry where the density increases along the z direc-
tion and the external magnetic field B is paralell to the
z direction. N, and NNV, are the y and z components of
the refractive index. The injection angle is determined by
the the radial and toroidal focal point (R focar and Lyocar)
on the target plane on the midplane. We calculated the
O-X-B mode conversion rate to investigate the mode-
conversion window for the case of 84 GHz wave injection
for fundamental ECH. In Fig.1 (a), the calculated mode-
conversion rate is shown as a contour plot versus Ryocqr
and T'fpcqi- In the calculation, we assumed that the edge
of the electron density profile is located at p = 1.1 and
the plasma cutoff is located at p = 0.7 in a magnetic
configuration R,,;s = 3.6 m, B,z = 2.75 T. p is the
normalized minor radius. In the experiment, 270 kW
84GHz microwaves were injected with 100% power mod-
ulation at 47 Hz into the target plasma sustained by 5.1
MW neutral beam injection (NBI). The magnetic con-
figuration was R,.;s = 3.6 m, B,,;s = 2.75 T. Nearly O-
mode (left handed circular polarized) and X-mode (right
handed circular polarized) were injected. The line aver-
aged electron density at the central code exceeded the
cutoff density of 84 GHz, n. = 8.98
the injection. The reconstructed electron density pro-
file from the line density profile indicates that the edge
of the electron density profile is located at p ~ 1.1 and
the plasma cutoff is located at p ~ 0.7. We changed
the focal point shot by shot as shown in Fig.1 (b). In
Fig.2 (a)-(d), the modulation amplitude of the electron
temperature during the modulated power injection at 47

10m =3 during

Hz is plotted versus p. These results are obtained from
FFT analysis of the ECE signals. The clectron density
was below the cut off for the frequencies used in the ECE
measurement in this experiment. Focal points A, B and
C correspond to the focal points A, B and C marked in
Fig.1 (b). As shown in Fig.2 (a), power absorption takes
place when O-mode is injected toward the focal point A,
which is close to the calculated mode-conversion window.
When O-mode is injected toward the focal point B, the
modulated amplitude becomes smaller as shown in Fig.1
(b). As shown in Fig.2 (c), no applicable amplitude is
seen in the case of injection toward the focal point C.
In the case of X-mode injection toward the focal point
A, as shown in Fig.2 (d), the profile of the amplitude
is similar to those in the cases of O-mode injection al-
though the peak is low. These experimental results sug-
gest that EBWs were successfully excited and absorbed
in the central part of the over-dense plasma in the case of
O-mode injection toward the focal point A and B. We in-
jected left handed and right handed circularly polarized
waves instead of pure O-mode and X-mode. Therefore
the injected ”X-mode” waves had O-mode components
to some extent and the electron temperature might rise
a little as shown in Fig.2 (d) because of the absorption
of the excited EBWs.
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Fig. 1: (a) Calculated OXB mode-conversion rate and (b)
experimental focal point setting plotted on the target plane
on the midplane
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§74. Variation of EBW and X-Mode
Absorption Profile with Changing the
Electron Density

Igami, H., Shimozuma, T., Kubo, S., Nagasaki, K.
(IAE, Kyoto Univ.), Inagaki, S., Notake, T.,
Yoshimura, Y., Mutoh, T.

In LHD, Electron cyclotron heating by electron
Bernstein waves (EBWs) via X-B mode conversion pro-
cess has been tried since 8th experimental campaign.
When the extraordinary (X-) mode microwave beam is
injected obliquely to the toroidal direction from the bot-
tom port as shown in Fig. 1, the beam can directly
access the UHR layer from the high field side and com-
plete mode-conversion to EBWs can occurs. Before the
beam reaches the UHR. layer, it passes the fundamen-
tal electron cyclotron resonance (ECR) layer. 350kW,
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Fig. 1: Plasma and incident vacuum beam cross sections
projected on the plane created by the beam vectors and the
major radius R

84GHz microwave beam was injected toward the fixed
focal point on the midplane as shown in Fig. 1 with
34Hz, 100% power modulation. If the electron density
profile changes, the location of the UHR layer moves
and the parallel refractive index of the mode-converted
EBWs at the UHR layer changes. Therefore the ray tra-
jectory and the power absorption region of EBWs can
be expected to change. We changed the electron den-
sity of the target plasma to investigate the change of
the power absorption profile. Thorough the experiment,
the target plasmas were sustained by the neutral beam
injection. The magnetic configuration was R,.;s=3.6m,
Bris=2.75m, $=100% and y=1.254. The profiles of the
modulation amplitude and phase of the electron tem-
perature are plotted in Fig. 2 for each case of the line
averaged central electron density n.g. These profiles are
obtained by FFT analysis of the ECE signals. In the case
(a), (b), when X-mode was injected, double peaks were
shown in the amplitude profiles. Each peak of amplitude
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coincides the bottom of the phase. In the case (b), when
O-mode was injected, only one peak was shown in the
outer side compared to the case of X-mode injection. In
the case (¢) and (d) we can hardly see the double peaks
and bottoms. The position of the inner peaks seems to
move to the outer region as the electron density changes.
These experimental results can be explained as follows.
O-mode is absorbed near the ECR layer as electromag-
netic waves. While, different two mechanisms of wave ab-
sorption may occur at the same time. One is the absorp-
tion as X-mode and the other might be the absorption as
mode-converted EBWs. When X-mode has a finite par-
allel component of the refractive index, power absorption
can take place even at the fundamental ECR layer. We
had expected that the microwave beam of X-mode runs
almost straight before it reaches the UHR layer and the
power absorption in the ECR layer as X-mode is weak
because the ECR layer is located in the peripheral low
temperature region. However, if the plasma spreads over
the region where the normalized minor radius p > 1, X-
mode beam has possibility to be deflected and bend to
the high density side. In that case, ECR layer is located
at more inner side of the plasma and the absorption be-
comes stronger. A part of the X-mode beam is absorbed
as X-mode and the rest pass through the ECR layer, then
be mode converted to EBWs and absorbed at strongly
doppler shifted ECR layer.
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§75. Analysis of Plasma Current Driven by
Electron Cyclotron Waves

Idei, H. (Kyushu Univ.), Shimozuma, T., Fukuyama,
A. (Kyoto Univ.), Notake, T., Kubo, S.

Electron Cyclotron Current Drive (ECCD) experi-
ments has been begun to investigate the effect of gener-
ated local current to MHD activitics and plasma confine-
ment in the LHD. The power deposition in the oblique
injection (finite parallel refractive index N,,) for the
ECCD experiment was cvaluated using a ray tracing
code developed and modified at NIFS. Figure 1 shows
the power deposition of a pencil beam in a second har-
monic ECCD scenario at the magnetic field of 1.5T. The
power was deposited in the central region (p ~ 0). The
finite Larmor radius effect in the thermal Maxwellian
plasma was taken into account in the calculation. The
central clectron temperature was 2.5 keV. In plasmas
with higher electron temperature, some relativistic ef-
fects should be included properly.

The ECCD experiments in the Lower Hybrid Cur-
rent Drive (LHCD) plasma were conducted in the
TRIAM-1M tokamak[1]. In the LHCD plasma, fast elec-
trons were generated by the LH wave. The EC power
deposition was evaluated using a TASK/WR code[2],
including the relativistic effect. To evaluate the power
deposited to the fast electrons, the velocity distribution
function of the fast electrons was assumed here. The
parallel and perpendicular electron temperatures for the
forward fast electrons generated by the LH wave were
100 keV and 40 keV, respectively. The peak value of N,
at the LH launcher was 1.8, and thus, the maximum par-
allel energy by the LH wave was 103keV. For the back-
ward fast electrons, both the parallel and perpendicular
electron temperatures were 40 keV. The bulk electron
temperature was 0.7keV. The fast electron component,
which explained the observed plasma current, was 3.7%.
The ratio of the density of the backward electron to that
of the forward electron was 0.66. Figure 2 shows the
ray trajectories and the deposition power density profile
for the fundamental O-mode injection with N,, = 0.22.
Multiple rays in the ray tracing were radiated as par-
allel rays from equal-area 64 segments in the radius of
1.5 times the beam size at the antenna output aperture.
There was 99.5 % power of the beam in the radius. The
total single absorption rate was 0.35, and the rest was
absorbed by multiple wall-reflection effect. The uniform
deposition power density due to the multiple reflections
is also shown in the figure.

The TASK code is rebuilt to be applied to the power
deposition analysis of the LHD experiment taking the
relativistic effect into consideration. The helical geome-

try of the LHD will be included into the code. In order
to evaluate the power deposition of the injected beam
properly, the beam tracing analysis with the TASK code
will be conducted in the LHD configuration as well as
in the tokamak configuration. Finally, the deposition
analysis will be linked to the velocity distribution anal-
ysis using Monte Carlo and/or Fokker-Plank codes to
evaluate the generated current by ECCD. The TASK
code can treat arbitrary velocity distribution functions
in general.

This work was realized by the collaboration orga-

nized by NIFS (NIFSO5KLRR005).
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Fig. 1: Power deposition of a pencil beam at a second

harmonic ECCD scenario in the LHD experiment.
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Fig. 2: Ray trajectories and the deposition power den-

sity profile for the fundamental O-mode injection with
N;; =0.22 in the TRIAM-M experiment.

References
[1] Idei, H., et al., Nuclear Fusion, 46, 489 (2006).

[2] Fukuyama A., et al., Fusion Eng. and Design, 53,
71 (2001).

79



§76. Electron Cyclotron Current Drive Using
20-port Antenna

Notake, T., Shimozuma, T., Kubo, S., Yoshimura, Y.,
Igami, H., Kobayashi, S., Ito, S., Mizuno, Y., Takita,
Y.

A current drive can be one of strong tools to improve
plasma performance even in helical devices through
control of the iota-profile, magnetic shear, and
suppression of some MHD activities. Non-inductive
current drive using electron cyclotron waves (ECWs)
propagating obliquely with respect to a magnetic field
lines is possible and can localize driven current. ECWs
are absorbed by electron that has velocity component
satisfying the following condition considering the
Doppler shift and fully relativistic effects in the
mono-particle theory.

WINPHEQ? 1y \ 2
w2N‘?+1292—w2 <—E-) +

w4Nf+2w2Nfl2Q2+l4Q4 v, wQN.\ 2
w2 Nfl2Q2+l4Q4_w2l2Q2 T w?NfH‘ZQZ =1

Where w, N, l,Q,c,v;,v, represent the frequency of
waves, refractive index for parallel direction, harmonic
number, cyclotron frequency, speed of light,
perpendicular and parallel velocities of an electron,
respectively. For Ny<I this is the equation for an ellipse
and, for N>1, it designates a hyperbola in the velocity
space. It is important to note that for Ny<1 resonant
interaction is impossible for
1Q/w > (1 — N?)"s

which excludes anomalous cyclotron resonance entirely.
As shown in Fig.1, in the case of large N, injection, the
resonant ellipse moves to a high parallel velocity region
in momentum space due to strong up-shift of resonance.
This indicates that ECWs tend to interact with an
electron having high parallel velocity. So, large N,
injection must be effective to achieve a high ECCD
efficiency. Moreover, the effect of electron trapping will
be significant, especially in LHD which has not only
toroidal ripples but helical ones, since the diffusion in
momentum space due to the electron cyclotron damping
is mainly in the perpendicular direction. It reduces the
ECCD efficiency or may reverse the direction of the
driven current (Ohkawa effect). In order to avoid such
problems, depositing the waves power in a location of
ripple top is favored. Using an O-port antenna, which is
installed at a horizontally elongated-cross section of
LHD, is more suitable for this purpose than using an
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L-port antenna, which is installed at a vertically
elongated cross-section where a ripple top region exists.

In a F.Y.2005, ECCD experiments were carried out
using the 20-port antenna for the first time at a magnetic
configuration of Rax = 3.75m, Bo= 1.45T. Fig.2 shows
the time evolution of hard X-ray emission measured by
Ge-semiconductor and plasma current during a ctr-
ECCD. A change of plasma current for reasonable
direction, and intense hard X-ray emissions up to 200
keV during the ctr-ECCD were clearly observed. These
results indicate that electron population having high
parallel velocity were mainly accelerated selectively in
weaker magnetic regions compared with the magnetic
regions corresponding to the 2nd harmonic cyclotron
resonance. As a result, driven current must be generated
by this suprathermal electron population. Unfortunately
in this experiment, N, ~0.4 was fixed and linearly
polarized waves were injected. To improve ECCD
efficiency, these parameters must be optimized in the
next experimental campaign and analyses based on the
kinetic theory are prepared.
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Fig.1. The ECWs resonant curve in a momentum space
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§77. Ray-Tracing for Electron Cyclotron
Waves Propagating Obliquely with
Respect to Magnetic Field Lines

Notake, T., Kubo, S., Shimozuma, T., Yoshimura, Y.,
Igami, H., Kobayashi, S., Ito, S., Mizuno, Y., Takita,
Y.

A ray-tracing is a sophisticated tool, providing much
insight on propagation and absorption of waves in
plasmas. Its condition of validity is the following

| VEk |<< K

which states that the wavelength must not change much
over a wavelength. Electron cyclotron waves in the
ranges of mm-waves are sufficiently adequate for
current fusion research machines. A ray-tracing code
was developed for electron cyclotron heating (ECRH) in
the 3-dimensional magnetic field structure of LHD [1],
but in that code quasi-perpendicularly propagating
waves with respect to magnetic field lines in weakly
relativistic thermal plasma can only be treated.

On-axis ECRH using fundamental O-mode with
84GHz and 2nd harmonic X-mode with 168GHz from
the 20-port antenna is required for oblique injection in
order to aim a electron cyclotron resonance layer at
neighbor vertically elongated cross section. Because the
cyclotron resonance layer doesn’t across a magnetic-axis
at a horizontally elongated cross section which is just
positioned in front of the O-port antenna. Therefore, the
existing ray-tracing code was extended so as to
investigate the best condition for oblique on-axis ECRH
using 20-antenna in the LHD.

For propagation angles satisfying following condition

N|cosO |>|1—1Q/w|,v/e,

the relativistic down shift of the cyclotron frequency
may be neglected because Doppler effect dominates.
Where N, 0,0,Q,w,v; and ¢ mean refractive index,
propagation angle with respect to magnetic field lines,
harmonic number, cyclotron frequency, wave frequency,
electron thermal and light velocity, respectively. We can
use absorption coefficients obtained from the non-
relativistic dielectric tensor for a hot Maxwellian plasma
[2]. In such frame, power absorption line is decided
using the conventional plasma dispersion function [3]
described by

20) = i VZeap(— &) V2  dtexp(— £2/2)

which can be calculated numerically. Here, an argument
¢ is defined as follows.
¢= (¢/vy) (w— w,.)/(V2wNcosh)

Absorption of obliquely propagating electron cyclotron

waves strongly depends on its angle, plasma density,
electron temperature, wave polarization and its harmonic
number. Especially, it must be cared that the propagating
angle dependences for the absorption of Ol and X1
modes in the finite density region satistying a condition
2N(v,/c) | cost |< (wp/w,)*

become inverse. Much detailed descriptions are given in
the reference [2].

The oblique ECRH from 20-port antenna was tried in
the magnetic configuration of Ry=3.75m and By=1.5T
although in such configuration electron cyclotron
resonance exists even in the magnetic-axis of
horizontally elongated cross section. The experimentally
deduced heating efficiencies from the time-derivatives
of plasma-stored energy when ECRH was turned off are
plotted as multiple marks in Fig.1. And, color mapping
of absorption ratio obtained by the new ray-tracing code
is also given. Here, horizontal and vertical axes are focal
potions of toroidal and height directions of the torus
respectively. Tfoc = 0 and =%0.6 correspond to almost
perpendicular injection to horizontally elongated cross
section and obliquely injection to neighbor vertically
elongated cross sections respectively.

It seems that a tendency of heating efficiency on
injection angles is similar although the efficiencies
deduced from the experiment is lower than expected
those from the ray-tracing in whole region. One of
causes would be inappropriate injection of linearly
polarized waves in the experiment since in the case of
oblique injection, polarization states should be elliptical
to couple waves in free-space with them in plasma
efficiently. This optimization will be performed in the
10th experimental campaign.

Zfoc [m]

-1.0 0.5 0.0 0.5 1.0

Tfoc [m]

Fig.1 Comparison of absorption efficiencies between
experiment and predictions from new ray-tracing code.
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§78. Study on Production of Energetic lons in
ECH/ECCD Plasmas in LHD

Kobayashi, S. (IAE, Kyoto Univ.), Osakabe, M., Isobe,
M., Ozaki, T., Goncharov, P., Kubo, S., Shimozuma,
T., Yoshimura, Y., Igami, H., Muto, S., Nagasaki, K.,
Murakami, S. (Kyoto Univ.), Toi, K., Yamamoto, S.
(Osaka Univ)

In some torus devices, tail ion has been observed only
in the ECH/ECCD plasmas. These phenomena have been
considered to be due to the anomalous electron-ion
coupling or acceleration by LH-decay waves, however, the
mechanism of the ion tail formation is still an open
question.

In the 70 GHz 2nd harmonic ECH plasmas of
Heliotron J, the energetic ions has been observed under the
low density conditions below than 1x10' m™. The apparent
tail temperature increases with decreasing the density. It is
also found that the slope of the ion tail becomes large with
the ECH injection power. In the 53 GHz ECCD plasmas of
CHS, the energetic ions have been formed when the
electron density was below than 0.5 x 10" m™ and the
toroidal plasma current was higher than 3.8 kA. Under the
conditions, several modes of n=1 and a mode of m/n=5/2
having the frequency range from 50 kHz to 200 kHz has
appeared. These modes have propagated in the ion
diamagnetic drift direction and in the counter direction of
the magnetic field. In these experiments, unfortunately, the
plasma production and heating was done only by one ECH
system.

In the LHD device, four ECH systems have been
installed and various heating experiments, for example
additional heating, modulation or current drive, can be
performed. Figure 1 shows a typical time evolution of the
averaged electron density and ion energy distribution in
ECH plasmas (4 Units, 84GHz, 82.7GHz, IMW). In the
earlier phase of the discharge where the electron density
was around 0.1 x 10" m™, the flux of the tail ion was
observed in the energy more than 20 keV. The ion energy
distribution was measured with compact NPA system. The
apparent tail temperature, estimated from the slope of the
energy spectrum as shown in Fig. 2, was found to be about
3 to 4 keV. The slope of the energy distribution did not
depend on the electron density. Figure 3 shows the
dependence of the apparent temperature and amount of the
tail flux on the electron density. The obtained tail
temperature was in the range from 2.5 to 5 keV and it was
insensitive to the electron density, while the amount of the
ion flux decreased rapidly as increasing the density. No
coherent mode was observed like that obtained in CHS.

In the next experimental campaign, the ion energy
distribution in the lower energy side (< 10keV) will be
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measured and compared with the bulk ion. The
measurements of the high frequency wave will be tried in
order to investigate the mechanism of the ion acceleration.

Energy (keV)
Counts 10%x (c/s*keV)

Time (s)

Fig. 1. Time evolution of electron density and ion
flux measured with compact NPA in ECH
plasmas of LHD.
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§79. Stray Radiation Behavior Measured at
Different Locations in the LHD Vacuum
Vessel

Igami, H., Kubo, S., Laqua, H.P. (IPP Griefswald),
Nagasaki, K. (IAE, Kyoto Univ.), Inagaki, S.,
Shimozuma, T., Notake, T., Yoshimura, Y., Mutoh, T.

Monitoring of the stray radiation with so-called sniffer
probes 1) is helpful to confirm the effectiveness of elec-
tron cyclotron heating (ECH) absorption. If the level
of the stray radiation with plasma is low as compared
with that without plasma, we can guess that the in-
jected microwave power is absorbed in the plasma. A
sniffer probe consists of a stainless steel oversized wave
guide antenna coupled to a spherical copper cavity. The
diameter of the wave guide is several times of the vac-
uum wavelength, allowing many modes to propagate. All
incoming waves into the integrating cavity are nearly
equally coupled to the microwave detecter after several
reflections 1). Two sniffer probes are installed in dif-
ferent locations in the LHD vacuum vessel as shown in
Fig.1 (a). One is installed in a horizontal port (2-O)
and the other is installed in a bottom port (9.5-L). We
changed 84GHz microwave beam focal point on the ”tar-
get plane” on the midplane as shown in Fig.1(a) and (b),
to search the good focal point to excite electron Bern-
stein waves (EBWs) in the over-dense plasma via O-X-
B mode conversion process. In the over-dense plasma,
the electron density exceeds the plasma cutoff density
near the electron cyclotron resonance (ECR) layer. 270
kW microwaves were injected with 100% power modu-
lation at 47 Hz into the target plasma sustained by 5.1
MW neutral beam injection (NBI). The magnetic con-
figuration was Rgzis = 3.6 m, Bguis = 2.75 T. Nearly
O- and X-mode were injected. The line averaged elec-
tron density at the central code exceeded the cutoff den-
sity, n. = 8.98  10'm ™3 during the superimposed in-
jection. In Fig.2 (a)-(f), the stray radiation levels at
each probe are plotted for three different cases as a
function of the toroidal focal point. Note that both
cases of Rjyoeqr = 3.91 m, and 3.94 m are included at
Ttocar = —0.78 m. When the microwave beam was in-
jected toward the focal point A, into the over-dense plas-
mas, the average of the stray radiation at the 2-O snif-
fer probe became minimal and the modulation profile
of the electron temperature suggests that power absorp-
tion took place. While, the average at the 9.5-L sniffer
probe did not vary significantly with changing the focal
point. In the experiment, the over-dense plasma often
collapsed during the discharge. As shown in Fig.2 (b),
when microwaves were injected into the collapsing plas-
mas the stray radiation levels were high at the 2-O sniffer
probe. While, the levels at the 9.5-L sniffer probe were
as low as the case of the injection into the over-dense
plasmas When microwaves were injected into the vac-
uum, the stray radiation levels were not as high as in the

cases of the injection into the collapsing plasmas at 2-O
sniffer probe, while at the 9.5-L sniffer probe, the stray
radiation levels are higher than the cases of injections
into over-dense plasmas and collapsing plasmas. These
tendency can be explained as follows. The incident mi-
crowave beam passes close to the 2-O port. If an over-
dense plasma exists in the vacuum chamber, the injected
microwaves are reflected at the cutoff point in the plasma
and large amount of the reflected power almost comes
back around the 2-O port, except when the microwave
beam successfully excite EBWs. The 9.5-L port is lo-
cated in the opposite direction of the microwave beam
direction. Therefore the stray radiation picked up at the
9.5-L sniffer probe may be the integration of the resid-
ual microwaves through multi reflection. When a plasma
exists, the power of microwaves are gradually absorbed
every time the waves are reflected on the wall and pass
through the plasma. Even if the waves do not suffer
the single path absorption, large portion of the injected
power is absorbed in the plasma before the waves reach
the sniffer probe at the 9.5-L port.

9.5-L port (a) (b)
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Fig. 1: (a) Positional relationship between the mi-
crowave beam injection antenna and the sniffer probes.
(b)Experimental focal point setting plotted within the tar-
get plane drawn in Fig.1(a).
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Fig. 2: Signal level of the stray radiation at the 2-O and
9.5-L sniffer probes for each case of injection into (a)(d) over-
dense plasmas, (b)(e) collapsing plasmas and (¢)(f) the vac-
uum space. Focal points A, B and C correspond to those
plotted in Fig.1 (b)
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(3) LHD Device Engineering Experiments

1. Introduction

The LHD is the world's largest superconducting system
that consists of a pair of pool-cooled helical coils (HI and
H2 coil), three pairs of forced-flow-cooled poloidal coils
(IV, IS, and OV coils), nine superconducting bus-lines, a
helium liquefier and refrigerator of 10 KW class, and six
DC power supplies. The total weight of superconducting
coils and their supporting structures is 822 ton, and the
magnetic energy exceeds 700 MJ. Availability higher than
98% has been achieved in a long-term continuous
operation both in the cryogenic system and in the power
supply system since the first cool-down in February 1998.
It will be owing not only to the robustness of the system
but also to efforts of maintenance and operation. Results of
device engineering experiments and the operations in the
ninth cycle are summarized.

2. Ninth Cycle Operation of LHD

The history of the ninth cycle operation of LHD is
shown in Table 1. Main compressors of the cryogenic
system started on August 19, 2005 and stopped on March
17, 2006. The total operating time was 5,035 hrs.

A major trouble in this cycle was a failure of a check
valve in a water-cooling system. As supplying mass flow
was suddenly reduced, a backup pump in the parallel line
was started. However, the mass flow was not recovered.
Since the reduction of the mass flow was caused by
choking with the broken check valve, water driven by the
backup pump was returned through the broken check
valve. The water-cooling system finally recovered to a
normal operation by closing the manual valve of the line
with the broken check valve. The main compressors of the
cryogenic system stopped for about two hours by this
trouble, and not a small amount of helium was lost. It took
three days to recover to the normal condition.

Table 1 The history of the ninth cycle operation.

Operation mode Date
<Vacuum pumping system>
Pumping of cryostat 8/8/2005-3/10/2006

Pumping of plasma vacuum vessel 8/9/2005-3/10/2006
<Cryogenic system>

Purification 8/19/2005-8/30/2005
Cool-down 8/31/2005-9/26/2005
Steady state operation 9/27/2005-2/16/2006
Warm-up 2/17/2006-3/17/2006

3. Device Engineering Experiments
The excitation tests of the superconducting coils before
the plasma experiments were conducted from September
27 to 30. The following values were attained;
(1) #1-0,B=2.70 T @ 3.75 m (H-O/M/I = 11.25 kA)
(2) #1-d, B=2.846 T @ 3.60 m
(H-O/M/1=11.6/11.55/11.0 kA)
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(3) #1-d-R3.5m, B=2.927 T @ 3.5 m
(H-O/M/1=11.6/11.55/11.0 kA)
(4)#1-0,B=1.20 T, »=1.15
(H-O/M/1 = 0.05/3.0/12.0 kA)
(5) Mode transition at 11.0 kA of the helical coil.
(radii of the plasma axis were 3.42 to 4.1 m,
quadruple components were 72 to 200%)
The coil currents were almost same as the previous cycle.
The definition of ramp rate was changed from T/min of the
central toroidal field to A/s of the helical coil. Any normal
zones were not observed in this cycle.
The device engineering experiments were conducted on
the following schedule.
November 15, 2005

(1) Performance examination of heaters that had been
additionally installed on the outlet pipes of the helical coils
for increasing the steady mass flow rate.

(2) Measurement of loop currents decaying with a very
long time constant in the poloidal coils by charging up to
2.5 T and discharging with a ramp speed of 0.2 T/min
November 16, 2005

(1) Slow charge and discharge for strain measurements

(2) Measurement of the loop currents by charging up to
2.5 T and discharging with a ramp speed of 0.1 T/min
November 17, 2005

(1) Experiments of coil current control

(2) Measurement of loop currents by charging up to 2.5 T
by 0.1 T/min and discharging by 0.2 T/min
November 18, 2005

(1) High power operation of the helium refrigerator
December 7, 2005

(1) Excitation tests of the superconducting coils after
recovering from the failure of the water-cooling system

4. Summary

New achievement by device engineering experiments
and operations are summarized as follows;
(1) The soundness of the superconducting coils and the
supporting structures was confirmed.
(2) The measurement of mechanical disturbances with AE
sensors was advanced. The investigation is progressing by
being compared with the balance voltages of the coils.
(3) Four Hall probes were installed near the OV coils in
addition for further estimation of the magnetization of the
superconducting coils. Loop currents decaying with a very
long time constant were also observed near the OV coils.
(4) It is needed to improve the thermal conductance of the
new heaters at the outlet of the helical coil.
(5) It was confirmed that the helium refrigerator had
enough power to increase the mess flow of helical coil up
to 50g/s and to install cold compressors to lower the inlet
temperature down to 3.0 K.

(Imagawa, S.)



§1. Influence of Magnetic Hysteresis on necessary to select coils that have the same magnetic
Quench-Voltage Detection in Large properties.
Superconducting Magnets
o |
Takahata, K. i i Quench Detector - i
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magnetic hysteresis in quench-voltage detection systems Rsers‘:is’t‘(‘)r Amplifier :
for large superconducting magnets. To detect a quench C)Dc § Joint — -u;n—c'h

sensitively, it is necessary to use a balanced bridge circuit
for canceling out inductive terminal voltages across a
magnet. Fig. 1 illustrates a circuit diagram of the quench
detection and protection systems for the LHD poloidal
coils. Each pair of coils, which are symmetrically arranged
with respect to the equatorial plane of the device, is
connected to a dc power supply in series. Therefore, the
upper and the lower coils generate the same inductive
terminal voltage for all operating modes. The bridge circuit
can eliminate the inductive voltage using a center tap at the
joint between the upper and lower coils. Fig. 2 shows the
observed output voltage from the bridge circuit when the
IV coils are energized to a maximum current of 15.6 kA.
Also shown is the energizing current. The graph indicates
that two types of out-of-balance voltages appear. One is a
mound-shaped change with a peak of approximately 10 mV
(indicated by “A”). The second is a sharp spike with a peak
of over 100 mV (indicated by “B”). These spikes occur
only after the current has started or stopped changing. The
observations suggest that the out-of-balance voltage is
caused by a changing magnetization related to
superconductivity.

The quench-voltage detection system can balance the
voltage due to the magnetization as well as the inductive
voltage if the two coils have the same magnetic properties.

Power
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Fig. 1. Circuit diagram of the quench detection and
protection systems for the LHD poloidal coils.
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2. Observed out-of-balance voltage in the quench

However, the observations of out-of-balance voltages detector for the IV coils. The energizing current is

suggest that there is a difference in magnetization between

the two coils. We therefore tried to determine the also shown.
conditions that reproduce the observed out-of-balance : : : : : :
voltages using the analytical methods and assuming ) Experimental | {15
different magnetizations. As a result, we were able to s % o
confirm differences not only in the penetration field but g 0 G 110 3
also in the coupling time constant by our analysis. First, we % 0re ™ i
assumed that the superconducting filaments in the upper 51 15 &
coil have a 10% higher penetration field than those in the = 20
lower coil. Fig. 3 shows the experimental and the S0t : : : : : : o
calculated waveforms. The comparison between these two 30 |- (b) Calculated 115
waveforms confirms that the mound-shaped voltages, S 2r o
indicated by “A” in Fig. 2, are caused by the difference in g 0 j\ _’ 110 %
penetration field between the coils. In addition, the sharp § 0 - —~ 2
spikes, indicated by “B” in Fig. 2, can be explained by the s Or ( s 3
difference in coupling time constant. = 20

The observed out-of-balance voltages in the LHD sors l , l o 0
poloidal coils can be explained by the difference in 0 100 200 300 400 500 600 700
magnetization between the balanced coils. However, this Time (s)

phenomenon is not specific to these coils. For magnets as
large as the LHD magnet system, the terminal voltage due
to magnetization can influence the quench-voltage
detection. To balance the terminal of two coils, it is

Fig. 3. Comparison of (a) experimental and (b) calculated
out-of-balance voltages, assuming a difference in
penetration field.

85



§2. Optimization of the Distribution of Mass
Flow in the Helium Cooling System of
the LHD

Okamura, T., Nagakura, Y. (Tokyo Tech.),

Imagawa, S., Yanagi, N., Hamaguchi, S., Maekawa, R.

The LHD helical coil is planned to be cooled by
subcooled helium to reduce the coil temperature and to
improve its performance.l) The temperature of the
subcooled helium rises when a heat is input.2) It is
important to hold sufficient mass flow rate of subcooled
helium as well as to reduce the helium temperature in this
cooling system. The present helium refrigerator/liquefier
for LHD is estimated to have an excess supply capacity of
more than 2 kW. Helium mass flow rate of about 50 g/s
can be expected to be supplied using this excess capacity.

The maximum flow rate that can be used for
helical coil cooling is not clearly understood, since the
cooling channels are connected in parallel for supporting
structure cooling, superconducting bus line cooling, helical
coil cooling, etc. The objective of the present study is to
clarify the maximum flow rate for helical coil cooling or
the minimum flow rate for the other components cooling
by the present cooling system.

We need to evaporate liquid helium in the
helical coil vessel by a heat deposition with heaters in order
to obtain a flow rate more than 5 g/s of the amount of
evaporation equivalent to the constant heat leakage (about
100 W), because the helical coil cooling system does not
have a liquid helium return-line. At first, a performance
test of these heaters has been carried out. Ten heaters
were attached at the exit of the helical coil vessel before the
9™ cycle test. We tried to input about 1 kW to the ten
heaters to get about 50 g/s of mass flow rate of subcooled
helium. But, described as follows, we could not increase
the heater input power up to 1 kW because of a poor
bonding of the heaters.

The temperature of Heater 4 reached 50 °C
under the condition of the constant heater input power of
313 W, as shown in Figure 1. We can know from this
figure that not only the Heater 4 temperature reached 50 °C
but also the temperature of the all heaters continued to
increase after 75 minutes’ heat input. This fact suggests
poor bonding between heaters and piping.

For the next step of this study, the excess
capacity of the helium refrigerator/liquefier has been
measured. We have gradually increased the liquefaction
rate by increasing the mass flow rate through turbines
T1-T3 and T4-T5. While the liquefaction rate has been
increasing, the liquid helium level in the storage vessel has
been kept constant at the present value (22%) by enhancing
the heat input power to a heater in the storage vessel.
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The helium mass flow rate in the cold box has
been increased from 700 g/s to 760 g/s spending three
hours. As a result, we could increase the excess capacity
of the refrigerator/liquefier from 1.37 kW to 2.19 kW
keeping the liquid helium level in the storage vessel
constant. In this period, the mass flow rate from the
compressor was kept constant, while the flow rate in the
cold box was increased corresponding to the decrease in
flow rate in the by-pass circuit. The flow rate in the
by-pass circuit was 310 g/s when the flow rate in the cold
box was 760 g/s. This means that the compressor has
sufficient margin in its capacity for this refrigeration power
enhancement.

Since the required refrigeration capacity for
helical coil cooling is estimated to be 1.6 kW, more than
0.5 kW of refrigeration capacity can be used for supporting
structure and superconducting bus line cooling.  This
result means that we can supply a sufficient amount of
subcooled helium to the helical coil maintaining the present
level of the refrigeration capacity for the cooling of the
other parts.

We will clarify the optimal distribution of the
helium mass flow rate in the cooling system when the flow
rate of 50 g/s for the helical coil is kept after the repair of
bonding the heaters.
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Fig. 1. Temperatures of HC heaters at heating power of 313 W.

1) Imagawa, S., et al., Fusion Engineering Design,
to be published.
2) Hamaguchi, S., et al., [EEE Trans. on Applied
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§3. Monitoring and State Estimation of the
LHD Coil

Ishigohka, T., Uriu, Y., Ninomiya, A. (Seikei Univ.),
Mito, T., Imagawa, S., Yanagi, N., Sekiguchi, H.,
Yamada, S.

The normal zone expansion mode of the LHD coil is
relatively complex. According to Yanagi et al., the
behavior of the normal zone in the helical coil of the LHD
includes, (1)expansion, (2)reduction, and (3)keeping
constant level with one directional traveling”. For such a
complex phenomenon, a highly sophisticated quench
protection system is necessary. So, the authors propose a
quench protection scheme taking into consideration (1)the
resistive voltage of the coil, (2)the velocity of the normal
zone expansion, and (3)the effective stored heat in the coil.

The state of the coil can be estimated using; (1)the
resistive voltage V., (2)velocity of normal zone expansion,
or (3)effective stored heat. Among them, the resistive
voltage Vs has a fundamental importance. It is almost
proportional to the heat dissipation (Watt) in the coil.
Through a careful observation of the resistive voltage (Fig.
1), we can conclude that the quench decision should be
done as soon as possible if the resistive voltage exceeds the
criterion voltage of 40 mV. This value corresponds to the

normal zone length of 35 m for the coil current of 11.45 kA.

Because the length of the conductor for 1 turn of H-1 coil is
35 m, this value means the normal transition of Iturn
length.

The velocity of normal zone expansion is also an
important factor for the decision of quench. It is almost
proportional to the derivative of the resistive voltage of the
coil. In general, derivative of coil voltage includes large
noises. However, in the case of H-I coil the noise can be
suppressed by a smoothing process applying a moving
averaging technique. In Fig. 2, we can recognize a clear
large signal just after 2600 s. In this case, the appropriate
quench decision threshold value for the velocity of normal
zone expansion should be 3 m/s.

Effective stored heat in the coil is another important
factor. This factor is obtained by an integration of the
resistive voltage. So, fundamentally this factor is strong to
noises. According to the experimental data shown in Fig. 3,
the threshold value of quench for this factor would be 50 J.

As mentioned above, the criterions of the quench
decision for each factor are summarized in Table 17,
Applying these criterions to the experimental data shown in
Fig. 1, 2, and 3, we can actuate the emergency shutdown
process about at 7 = 2601 s well before the full quench.

Thus, the authors proposed a quench protection
scheme introducing some intelligent data processing
techniques on the voltage signal of the helical coil of the
LHD system. The conclusions are summarized as follows.

(1) A careful noise reduction effort to obtain a reliable
resistive voltage is essential.

(2) Other than the resistive voltage, the velocity of
normal zone expansion, and the effective stored heat would
be effective as new criterion for the quench.

(3) Applying these new quench decision criterions for
the LHD system, a full quench can be avoided.
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Table 1. Quench decision criterion of H-I coil.

Resistive voltage 40 mV

Normal zone expansion velocity 3m/s

Effective stored heat 507
Reference

1) N. Yanagi, S. Imagawa, Y. Hishinuma, et al., IEEE
Transactions on Applied Superconductivity, 14, (2004)
1507-1510.

2) T. Ishigohka, T. Mito, S. Imagawa, N. Yanagi, H.
Sekiguchi, S. Yamada, “Protection of LHD coils by
intelligent observation of voltage signals™, Presented at
ITC-15, Dec. 2005.
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§4. Open-Loop Excitation and Electrical
Parameter Estimation of LHD
Superconducting Coils

Chikaraishi, H., Takami, S., Inoue, T., LHD Group,
Ise, T. (Osaka Univ.)

In the LHD experiments regarding plasma current,
the change of plasma current induced voltages to the coils
and the coil current controller produced counter voltage
to regulate the coil currents. These counter voltages in-
duced a plasma one-turn voltage and affected the plasma
current. This induced one-turn voltage depends on the
current, control scheme, and smaller one-turn voltage is
expected in some plasma experiments. The use of an
open loop-system, which involves no feedback of coil cur-
rents, is possible way to remove this effect. The design of
such an open-loop system must take into account accu-
rate electrical parameters of the inductance matrix and
resistances of the coil system.

For this purpose, we estimated the cricuit resistance
from the steady state controll error of the coil current.
Next, we estimated inductance matrix of the LHD coil
with following way. Figure 1 shows waveforms when the
HO coil current reference was changed. In the figure, the
current drift was rejected. The coil current change éi and
its reference §i* have a relation of Ldi = L*6i*. When
we use six different references, the inductance matrix can
be estimated as L = L*§i*5i 1.

First, we measured the current drifts with open loop
control to confirm the new estimated equivalent resis-
tance. Figure 2 shows the current waveforms. For com-
parison, we sct v* to zero while 40 < ¢ < 100. All cur-
rents drifted in the same way when v* was set to zero.
In the open-loop controller with the new estimated re-
sistances, the drift of the HM coil current was almost 0
A, and the HO and HI currents drifted the opposite way.
The drift of the average coil current was well compen-
sated using the new estimated resistance. Small estima-
tion errors remained in the resistances and lead the coil
current unbalance, which are sensitive to voltage error.
Even though small current drifts about 20 A during 60
s opcration occur, they arc sufficiently smaller than the
opcration current of 866 A, and thus do not interfere
with the power supplies.

Next, we tested the new inductance matrix. Figure
3 shows the test results using the previous inductance
matrix and Figure 4 shows the results using the new ma-
trix. With the new paramecter, the turbulences of HM
and HI coil currents were suppressed to 5A as shown in
Figure 4. With these results, the new estimated induc-
tance matrix has a closer fit to the actual inductance
matrix than the previous one. In both figures, the wave-
form of the HO coil current shows offset of 5 A and a
small over-shoot when the current ramps down. These
offset and over shoot are caused by the induced volt-
ages due to the change of the eddy current flowing in the
structure. When more accurate control is required for
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this control scheme, the effect of eddy current should be
considered in the controller’s design.
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§5. Strain Measurement of Cryogenic
Support Structure of LHD

Nishimura, A.

The strain measurement of the Large Helical Device
(LHD) has been conducted from the first cool down in 1998.
In the plasma experiment period, slower ramp-up and ramp-
down tests to/from 2.85 T were performed to evaluate the
strain on the equator of the cryogenic support structure of
LHD keeping AC losses small.

The strain measurement system was already reported
and some results were published before [1-4]. The location
of the strain gages and the structure of data acquisition
system are able to be referred to these papers.

In the 9" cycle of plasma experiments in 2005, the
strain measurement with slower ramp rate was carried out
twice on September 30 and November 16. The strains in
toroidal and poloidal directions on inner and outer equators
are summarized in Fig. 1 and 2, respectively. In these figures,
the horizontal axis shows the sector number (The LHD
cryogenic structure consists of ten sectors), and the vertical
axis is the strain. The minimum measurable strain is 2.5 x
10" strain (ue) because it corresponding to one digit. Since
+/- three digits are considered to be the scatter, +/- 7.5 pe is
the scatter in strain. In Figure 1, the new data on the sector
10 (HSNE3012) shows the lower results over the scatter.
The data obtained on September 30 and November 16 were
the same of 27.5 pe and the older data was about 42.5 pe.

To investigate the reason for the different strain
behavior, the outputs of HSNE3013 and 3014 were studied,
for the tri-axial gage, 3012, 3013 and 3014, was used. If the
active mechanical strain should change actually, some
changes will occur on other two gages. As shown in Fig. 3
and 4, when the outputs are compared with the old data on
October 4, 2000, it is clear that only the HSNE3012 shows
the different output behavior from before. Therefore, it is
considered that dummy gages for HSNE3012 or gage- leads
must be damaged and such output was generated.

The measurement will be performed in the next cycle.
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§6. Upgrading Program of LHD Helical Coils
by Subcooling

Imagawa, S., Yanagi, N., Hamaguchi, S., Mito, T.

Helical coils of the Large Helical Device are
pool-cooled superconducting magnets. Methods for
improving their cryogenic stability have been examined.
Considering the withstanding voltage of the coil and the
possibility of air mixing, the method of being subcooled
was selected. In order to mitigate the modification, cold
compressors were selected as shown in Fig. 1, and the
design values of the mass flow and the inlet temperature
are 50 g/s and 3.1 K, respectively, by utilizing the surplus
power of an existing helium refrigerator. The average
temperature of the helical coil is expected to be lowered to
3.5 K. Remodeling is progressing, and it will be completed
by August in 2006.

In order to estimate the effect and to demonstrate the
subcooling system, a test facility with cold compressors
was assembled, and cryogenic stability tests have been
carried out with a model coil. In subcooled helium, the
minimum current for dynamic propagation of a
normal-zone /) increases in proportion to the degree of
sub-cooling from 11.2 kA at the saturated temperature of
4.4 K to 11.7 kA at 3.5 K. This improvement is considered
to be caused by the slightly higher heat flux in the
convection and nucleate boiling region at the lower
temperature of helium. In saturated helium, the /,, varies
from 10.7 to 11.2 kA, and the cryogenic stability is divided
into two groups[1]. The well-cooled condition was attained
by being subcooled once, and it continued even after the
coil quench. The reason is not understood well, but the
wetting area at the narrow space between the conductors
and the spacers could be improved. From analyses of
propagation velocities with the quasi-static heat balance
equation, the equivalent heat transfer coefficient % in
saturated helium before being subcooled is estimated to be
0.50 kW/m%/K, and it is improved by 20% after being
subcooled. Furthermore, it is improved by 30% by being
subcooled to 3.5 K.

The propagation velocities in the LHD helical coils
can be estimated from the time difference of peak voltage
induced in pick-up coils along the helical coils. Figure 2
shows the distribution of the propagation velocities for the
14th to 16th propagation of a normal-zone. The velocity is
faster at the higher magnetic field. All the initiated
positions for 10th to 17th propagation are near the bottom
of the coil, where the field is not the highest. Therefore, the
cooling condition around the innermost high field layers is
considered to be deteriorated at the bottom by accumulated
bubbles. The average % of the helical coil for the 14th to
16th propagation is estimated to be 0.39 to 0.43 kW/m”/K
by the same equation with the absolute magnetic field.
Therefore, the present cryogenic stability of the LHD
helical coil is considered to be worse than the model coil
before being subcooled. It will be caused by worse quality,
which is the higher ratio of gas to liquid, of inlet helium
due to a long connection line.
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Figure 3 shows the load lines and the minimum
currents for propagation of the model coil and the helical
coil. If the helical coils are cooled down to 3.5 K, the
operating current is expected to be increased to 12.0 kA
that corresponds to 3.0 T at the major radius of 3.6 m.
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Fig. 1. Flow diagram of the helical coil and supports. The
additional flow lines are drawn with dashed lines.

12 ©
3 o
g 10 P =~ 5
1S e ~ g
= e Yyt N ‘\;\o :
Z 8 e | —e—14th (1130 kA) [ BSOS 56 5
8 e g 15th (-11.08kA) | & Qe O @
o ) — o -16th (-11.11 kA) N o
2 iy 54
c /\ %
5 4 o452 o
: I—rﬁf\ =
s Br at 3rd layer -}
s 2 —s
0 (Top)  (mmen  (Botom) 438
90 180 270 360
(Outer) Poloidal Angle (deg)

Fig. 2. Temperature dependence of minimum currents for
dynamic propagation of a normal-zone in the R&D coil.

13

—_ v
g 3rd layer
= Expected at 3.5 K of LHD ]
2 Model coil ]
= 1 2 - #1 -0 # 1 -d R .
g e 2721 201t ]
o NN @349K ]
T (0.115 MPa)]
Red #1-0 " ]
B qq [265T M- @ 4.42 K after subcool
&
8 \”"w..__\\\ /,,,,,,_* of Sample
£ @442K kN :
= 10 before subcool (Bil12.5) (B//18) 1
NV~ AN I TG NP i

5 5.5 6 6.5
Magnetic Field (T)
Fig. 3. Minimum current for a normal-zone propagating in
the LHD helical coil and the model coil. The maximum
field of the LHD helical coil is in the last turn of the third
layer where normal-zones were considered to be initiated.

Reference
1) Imagawa, S. et al.: IEEE Trans. Appl. Supercond., 16
(2006) 755.



1-2. Device Engineering and Cooperative Development Research
(1) Physics and Engineering of LHD Torus System

The Compact Toroid (CT) injector of SPICA (SPeromak
Injector using Conical Accelerator) has been developed for
an advanced refueling in LHD. Through experimental
results, the SPICA device has achieved CT parameters to
penetrate into LHD plasmas at B = 0.8 T. However, after
considering CT transport in long distance to plasma central
region and CT injection into LHD plasmas at higher B, the
injector performance needs to be enhanced much more.

In this fiscal year, we have conducted the experiments
with a focus on surveying the basic CT parameters to clear
the requirements for the improvement of the SPICA device.
As the first step, the electrodes for CT acceleration were
shortened to half, and then a flux conserver (FC) and a
compressor, which were provided from the other CT injector,
were connected to the exit of the SPICA. The preliminary
tests indicated that CT plasmas could not move into the FC
owing to worse-than-expected CT deceleration through the
compressor. Thus we designed and made a new FC to be
directly connected to the SPICA device without the
compression part. The ratio of inner diameter to length was
determined at 720/400 based on an obtained equilibrium
solution for sphromak. The experimental setup with the new
FC is shown in Fig. 1. PIN diodes were mounted at port
P1-P4 for the observation of CT transit to calculate CT
speed. In the FC, the He-Ne laser interferometer measured
the line-averaged electron density of a CT plasma. The
magnetic probe arrays also provide magnetic field profile
measurements of the CT.

Multi-channel
magnetic probe array
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By:10ch.
Bx:10ch.
X 3
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He-Ne laser PIN diodes
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Fig. 1. Measurement system for SPICA device

and flux conserver.

Vanadium alloys are potential candidates of
low-activation structural material for fusion blanket. In
order to understand the plasma-surface interactions of
vanadium alloys, the surfaces of V-4Cr-4Ti alloy specimens
exposed to LHD plasma were analyzed by means of Auger
electron spectroscopy, Raman spectroscopy and X-ray
diffraction. No harmful modification of the alloy took place
by the exposure to LHD plasma at around room temperature.
It was difficult to understand the interaction between
hydrogen plasma and the alloy under the present conditions
because of the masking effects by deposited layer. In
addition, vanadium alloys would be exposed to plasma at
elevated temperatures (e. g. 600 °C) in future fusion reactors.
The reaction between constituent elements of the alloy and
deposited materials may take place at such temperatures.
These effects could be investigated through the optimization
of experimental condition by, for example, using material
probe system of LHD.

Boronization and titanium flash have been employed to
reduce fuel hydrogen recycling and oxygen impurity
concentration in plasma. If both boronization and titanium
flash are conducted, the boron-titanium is produced on the
first wall surface. The fuel hydrogen retention of this
material has not been investigated so far. In the present
experiment, the boron-titanium was prepared using electron
beam evaporation, and irradiated by deuterium ions. After
the deuterium ion irradiation, the deuterium retention and
desorption behavior was investigated. The present results
suggest that both fuel hydrogen retention and a baking
temperature required for reduction of hydrogen retention can
be reduced by an use of boron-titanium. A further study will
be conducted to clarify the reason why the boron-titanium
has a low desorption temperature by using surface analysis
techniques.

(Ohyabu, N.)
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§1. Improvement of Compact Torus Injector
for Fuelling LHD

Fukumoto, N., Nagata, M. (Univ. Hyogo),
Masamune, S., Sanpei, A. (Kyoto Inst. Tech.),
Takahashi, T., Asai, T. (Nihon Univ.),

Irie, M. (Waseda Univ.),

Miyazawa, J., Yamada, H.

The Compact Toroid (CT) injector of SPICA
(SPeromak Injector using Conical Accelerator) has been
developed for an advanced refueling in LHD. Through
experimental results, the SPICA device has achieved CT
parameters to penetrate into LHD plasmas at B = 0.8 T.
However, after considering CT transport in long distance to
plasma central region and CT injection into LHD plasmas
at higher B, the injector performance needs to be enhanced
much more.

In this fiscal year, we have conducted the
experiments with a focus on surveying the basic CT
parameters to clear the requirements for the improvement
of the SPICA device. As the first step, the electrodes for
CT acceleration were shortened to half, and then a flux
conserver (FC) and a compressor, which were provided
from the other CT injector, were connected to the exit of
the SPICA. The preliminary tests indicated that CT
plasmas could not move into the FC owing to
worse-than-expected CT  deceleration through the
compressor. Thus we designed and made a new FC to be
directly connected to the SPICA device without the
compression part. The ratio of inner diameter to length was
determined at 720/400 based on an obtained equilibrium
solution for sphromak. The experimental setup with the
new FC is shown in Fig. 1. PIN diodes were mounted at
port P1-P4 for the observation of CT transit to calculate CT
speed. In the FC, the He-Ne laser interferometer measured
the line-averaged electron density of a CT plasma. The
magnetic probe arrays also provide magnetic field profile
measurements of the CT.
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el [l 1

PIN diodes

Fig. 1. Measurement system for SPICA device and flux
conserver.

92

Figure 2 shows the typical time evolution of PIN
diode signals and the CT density for the current fed through
the bias poloidal coil I, = 210 A, the charging voltage on
the formation bank Vi, = 8 kV, the voltage on the
acceleration bank V.. = 12 kV. Here, CT speeds are
estimated at 126 km/s between VL2 and VL3 (P2 and P3)
and 56 km/s between VL3 and VL4 (P3 and P4). The
peaked CT density is 9.6 x 10°° m™ in the FC. In addition,
the magnetic field profile in the FC indicated a typical
spheromak configuration. In these experiments the noise in
observed signals, which occur when CT plasmas eject from
the SPICA device, are extremely lower than those in
previous experiments. This is considered to be due to
change of acceleration current pathway at the time of
separation of the current and the CT plasma ejecting from
the muzzle of the SPICA. Therefore we have investigated
the adverse effects of long electrodes in the experiments
with different length accelerators. Decrease of noise level
allows us to operate the SPICA device at higher voltage on
the CT accelerator bank, leading to enhancement of CT
parameters.

On the measurement system, we have modified
the He-Ne interferometer to add one more channel in order
to investigate the density decay in a CT plasma moving
through the accelerator into the FC. As future works, we
will measure CT parameters and magnetic field profiles to
investigate the dependence on the operation parameters
(the trigger timings of gas-puffing, formation and
acceleration, the duration of the gas-puffing, the bias
poloidal (BP) magnetic field, and the charging voltages of
the formation and acceleration capacitor banks) on the any
stages of CT formation, acceleration, ejection and
transportation. Moreover, a BP coil will be added on the
SPICA injector. Various systematic scan of the CT
operation parameters will be conducted to find suitable
positions of the BP coil and the gas puff valves for CT
formation and acceleration. The SPICA injector will be
effectively improved through the series of experiments.
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Fig. 2. Typical evolution of PIN diode signals in the
acceleration region and line-averaged electron density in
the FC.



§2. Hydrogen Retention in Vanadium Alloy
Exposed to Hydrogen Plasma

Hatano, Y., Hara, M. (Univ. Toyama), Ashikawa, N.,
Nagasaka, T., Sagara, A., Muroga, T.

Vanadium alloys are potential candidates of
low-activation structural material for fusion blanket. In
order to understand the plasma-surface interactions of
vanadium alloys, the surfaces of V-4Cr-4Ti alloy specimens
exposed to LHD plasma were analyzed by means of Auger
electron spectroscopy, Raman spectroscopy and X-ray
diffraction.

Sheet type specimens of a V-4Cr-4Ti alloy
(NIFS-HEAT-2) were placed on the first wall of LHD
during 6th cycle experimental campaign and exposed to
plasma at around room temperature. After the experimental
campaign, the specimens were analyzed with a scanning
Auger microscope in Institute of Nuclear Safety System
and Raman Spectrometer in Kyushu University. X-ray
diffraction analyses were carried out in Toyama University.

Fig. 1 shows a typical example of secondary
electron images of specimen surface. Particles giving dark
contrast were observed as indicated by an arrow in this
figure. The size of such particles was about 10 pum or
smaller. Carbon was sole element detected by point
analysis of such particles by Auger electron spectroscopy
(Fig. 2). A typical Raman spectrum obtained by point
analysis of the particle is shown in Fig. 3. All peaks
observed were assigned to C-H vibrations and not to C-C
vibrations. These results indicate that the particles giving
dark contrast are co-deposits of carbon and hydrogen
formed as a result of erosion of divertor plates.

A typical example of Auger spectra of matrix is
shown in Fig. 4. No constituent element of specimen (i. e.
V, Cr and Ti) was detected, whereas large peaks of carbon,
oxygen and iron were observed. Such depositions of carbon
and iron were ascribed to the erosion of divertor plates and
first wall, respectively. Analysis of matrix by means of
Raman spectroscopy was impossible because the deposited
layer was too thin.

No peak of reaction product between constituent
elements of the alloy (V, Cr and Ti) and deposited
materials (C and Fe) was observed in X-ray diffraction
pattern. Namely, no harmful modification of the alloy took
place by the exposure to LHD plasma at around room
temperature.

It was, however, difficult to understand the
interaction between hydrogen plasma and the alloy under
the present conditions because of the masking effects by
deposited layer. In addition, vanadium alloys would be
exposed to plasma at elevated temperatures (e. g. 600 °C) in
future fusion reactors. The reaction between constituent
elements of the alloy and deposited materials may take
place at such temperatures. These effects could be
investigated through the optimization of experimental
condition by, for example, using material probe system of
LHD.

Fig. 1
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Secondary electron image of V-4Cr-4Ti alloy
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(2) Applied Superconductivity and Cryogenics

1. Introduction

The superconducting technology becomes indispensable
to construct a large-scale fusion experimental device for the
magnetic confinement of plasma because of the
requirements for efficient operation and steady state plasma
experiment. Furthermore, considering the energy balance,
adoption of superconducting systems is essential for the
future fusion reactors. Research activities concerning with
applied superconductivity and cryogenics are summarized in
this section. The research subjects concerning on the
superconducting system for LHD are summarized in 1-1-(3)
LHD (Device) Engineering Experiments. The research
subjects concerning design studies of advanced
superconducting systems for a helical reactor are also
summarized in 2-2-(2) Helical Reactor Design.

The ninth cycle operation of LHD superconducting
system began with the purification operation of the
cryogenic system on August 19, 2005, and completed the
warm up of the whole system on March 17, 2006. The
steady-state operation time to have kept the system under
superconducting state reached to 3,470 hours and the total
operation time of the cryogenic system was 5,035 hours
from the start up of compressors to the end of wam-up
operation. Total operating time of the LHD superconducting
system until the end of ninth cycle was 41,788 hours, and
the steady-state operation time to have kept the coil in the
superconducting state reached to 28,501 hours. The total coil
excitation number became 985. The serious failure of the
superconducting system that causes the obstacle to stable
continuous operation has not occurred. The LHD
superconducting system, in which the cryogenic system and
the coil power supplies are included, has realized a high
availability factor of 97 % or more on average during the
eight year operations. To achieve such a high availability
factor, the extensive maintenance works of each component
have been done during the operation dormant?? period of
LHD. To improve the cryogenic stability of the helical coils,
the quality improvement of the pool-boiling helium by the
sub-cooling modification has been planned. A quantitative
evaluation of the stability improvement by the sub-cooling
modification has been done by the experiments with the
sub-cooling R&D coil'”. Based on the successful R&D
results, the sub-cooling upgrading of the helical coil cooling
system is scheduled in 2006 as one of the performance
improvement plans of LHD. We expect that a steady high
magnetic field operation, such as the plasma center magnetic
fields of 3 T with a magnetic axis at 3.6 m becomes possible
by the upgrade.

The Fifteenth International Toki Conference (ITC-15)
was held during December 6-9, 2005, with the theme
“Fusion and Advanced Technology”. The topics of ITC-15
specified on superconducting fusion devices,
superconducting magnets and conductors, cryogenics, fusion
reactor designs, and advanced technologies related to fusion
reactors. The outline of the conference has been summarized
in the following report””.
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2. Research activities of collaboration

We have promoted research collaboration on
superconducting technology and cryogenic engineering. The
collaborations include basic and applied studies. The
purpose of these research activities is early realization of a
fusion reactor and application of developed technologies to
different areas. A variety of research collaborations with
universities and/or national institutes concerning applied
superconductivity and cryogenics have been carried out,
such as fundamental researches about thermo-mechanical
properties of a High Tc bulk superconductor, current lead
applications of High Temperature Superconductor (HTS),
characteristics of super-fluid helium, superconducting
magnet for SMES application, electromagnetic phenomena
of Cable-in-Conduit superconductors, development of an
advanced superconductor, etc. The titles of researches are
list in the following. The collaboration research items of the
LHD Project Research Collaboration are summarized in the
section 1-4.

(1) Studies on the Thermo-Mechanical Strength
Characteristics of Single Crystal RE High Tc Bulk
Superconductors. (Katagiri, K.., Iwate Univ.)

(2) Design and Optimization of High Tc Superconductors
for Current Lead Application. (Yamada, Y., Tokai
University)

(3) Effect of the Superheating on Heat Transfer in
Two-dimensional Channels in He II. (Kobayashi, H.,
Nihon Univ.)

(4) Feasibility Study on SMES Systems Using
Stress-Minimized Helical Coils. (Shimada, R., Tokyo
Institute of Technology)

(5) Basic Studies of Electric Properties of Polymeric
Silver (I) Complexes at Low Temperature.
(Chikaraishi, N., Kanagawa University)

(6) Study on Long Loops with Long Time Constants in
Cable-in-Conduit Superconductors. (Hamajima, T.,
Tohoku University)

(7) Reliability of Cryogenic Composite Electrical
Insulation for LHD. (Nagao, M., Toyohashi University
of Technology)

(8) Evaluation of Electrical Insulation Properties of
Superconducting Coils. (Hara, M., Kyushu Univ.)

(9) Study on Cryogenic Characteristics of Advanced
Uni-Polar Power Electronics Devices and Their
Application to High Efficiency AC/DC Converter.
(Matsukawa, T., Mie Univ.)

(10) Fundamental Study on Application of Magnetic
Levitation Using YBCO Bulk Superconductor to
Fusion Research. (Tsuda, M., Tohoku Univ.)

(11) Standardization of the Fabrication and the Operation
Technologies for Large Scale Superconducting and
Cryogenic Systems. (Haruyama, T., KEK)

(12) Development of a New Conductor Controlled the
Twist Angle to Improve the Performance of LTS Coils.
(Sumiyoshi, F., Kagoshima Univ.)



(13) Basic Study on Oxide Superconductors for Nuclear
Fusion Reactor. (Iwakuma, M., Kyushu University)

3. Research activities of the Applied Superconductivity
Group of NIFS

The Applied Superconductivity Group is belonging to
the Fusion & Advanced Technology Systems Division of the
Department of Large Helical Device Project. The group is
pursuing not only the establishment of operation of LHD
superconducting system but also rigorous researches to
improve the performance of LHD. Furthermore, our focus
is on the design study of a helical-type fusion reactor and the
development of its superconducting and cryogenic
technologies. In 2005, we requested the Cryogenic
Association of Japan for an external evaluation of the group.
According to valuable proposals, comments and suggestions,
we will promote a wide joint research with a related field of
overall nuclear fusion system. Research activities of applied
superconductivity and cryogenics including the applications
to the other fields by downsizing of Fusion Technology are
listed below.

(14) A Co-axial Pulse Tube Current Lead Development.
(Matsubara, Y., NIFS)

(15) Cryodielectrics - Electrical Insulation of
Superconducting Power Equipment Based on Partial
Discharge Measurements. (Hayakawa, N., Nagoya
University, NIFS)

(16) Validation of the High Performance
Conduction-Cooled Prototype LTS Pulse Coil for
UPS-SME. (Mito, T., NIES)

(17) Improvement in Cryogenic Stability of the Model Coil
of the LHD Helical Coil with Lower Temperatures.
(Imagawa, S., NIFS)

(18) Power Saving Trial of Helium Compressors for the
LHD Cryogenic System. (Yamada, S., NIFS)

(19) Cryogenic  Stability = of  LTS/HTS
Superconductors. (Yanagi, N., NIFS)

(20) Operating Test of 100 kW Class DEMO SMES.
(Chikaraishi, H., NIFS)

(21) Dynamic Simulation of a Large Cryogenic Plant.
(Maekawa, R., NIFS)

(22) Design Optimization of Bi2212 HTS Tubular Bulk
with Conical Shape for Current Lead. (Tamura, H.,
NIFS)

(23) Preliminary Cool-Down Tests of the Cryogenic Target
for the FIRE-X Project. (Iwamoto, A., NIFS)

(24) Experimental and Numerical Studies on Heat and
Mass Flow of He II through Porous Media.
(Hamaguchi, S., NIFS)

(25) Effect of Shielding Currents on Current Decay
Behaviors in HTS Coils. (Hemmi, T., NIFS)

(26) Development of HTS Loops for Long-Time Plasma
Diamagnetic Measurements. (Hemmi, T., NIFS)

(27) Stability of NbTiI/Cu CICC with Artificial
Non-Uniform Current Distribution. (Bansal, G.,
Sokendai)

(28) Cryogenic  Stability of  LTS/HTS
Superconductors. (Bansal, G., Sokendai)

Hybrid

Hybrid

(29) Summary of Fifteenth International Toki Conference:
ITC-15. (Mito, T., NIFS)

(Mito, T.)
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§1. Studies on the Thermo-Mechanical
Strength Characteristics of Single Crystal
RE High T_Bulk Superconductors

Katagiri, K., Kasaba, K., Shoji, Y. (Fac. Eng., Iwate
Univ.), Iwamoto, A., Mito, T.

In order to develop the large superconducting devices
such as magnetically confined fusion reactor, development
of the current lead which allows large current and
suppresses heat is required. Although rare earth high T bulk
superconductors have these characteristics, and have
already commercialized as a current lead of 1 kA, not only
the superconductivity but also the thermo-mechanical
characteristics which bears to the cycles of large thermal
shocks and thermal stresses are important for larger
machines applications. In this experiment, evaluation of
of the bulk and
clarification of its fracture mechanisms were conducted and

thermo-mechanical characteristics
the direction of the bulk fabrication process and current lead
design were obtained.

14x11x15(c-axis) mm specimens were cut from
commercial DyBa,Cu;O, (Dy,BaCuOs being 25 % mol
fraction) bulk samples with 46 mm diameter and 25 or 15
mm thickness. Tensile tests were conducted on the two
kinds of 3x3x4 mm specimens, loading in the bulk ¢ axis
and perpendicular to it, after 110 rising and cooling thermal
cycles between 393K and 77K using a 2 kN Shimadzu
servo-pulsating universal testing machine at the cross head
speed of 0.15 mm/min. Further, Finite Element Mode
analysis ANSYS were used to analyze non-stabilized
thermal stress analysis on cooling.

Tensile strength: As shown in Fig. 1, the average
tensile strength for the specimens thermal cycled 110 were
not changed for loading perpendicular to c-axis and 2/3 for
loading parallel to c-axis compared with those without
thermal cycles. On the surface of specimens experienced
thermal cycles, cracks perpendicular to the c-axis, which
have not been seen were observed by an optical microscope.
By these cracks, the strength in the specimens loaded in the
c-axis direction was thought to be degraded.

Thermal stress analysis: The changes in the maximum
value of non-stable tensile thermal stress on cooling of the
bulk sample analyzed by ANSYS were shown in Fig. 2.

The maximum stress in the direction perpendicular to the
c-axis was 40 MPa and was 1.5 times of the tensile strength
in this direction. On the other hand, the maximum stress
around 20 MPa were larger than 4 times of the tensile
strength in this direction, 4.5 MPa (Fig. 1). Because the
large thermal stresses were induced, cracks in the direction

96

perpendicular to c-axis were induced and the strength of the
thermal stressed samples were thought to be decreased.

In the calculation, thermal conductivity, the coefficient of
thermal dilatation, specific heat and Young’s modulus in the
Ref.1, 2) and the heat transfer coefficient in Ref. 3) were
used.

References:

1) H. Fujishiro et al., Physica C 426-431, (2005) 699-704

2) K. Katagiri et al., Supercond. Sci. Technol. 19, (2006) in
press

3) J. Mosqueira et al., Supercond. Sci. Technol. 6, (1993)
584-588
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§2. Design and Optimization of High Tc
Superconductors for Current Lead
Application

Yamada, Y., Ohkubo, J., Shimohiro, T., Tachikawa,
K. (Tokai University),
Tamura, H., Mito, T.

High temperature superconductors (HTS) can be
synthesized by the diffusion process between the two
components in an appreciably shorter reaction time than
that of the HTS prepared by the conventional sintering
process. In the Bi-Sr-Ca-Cu-O system, a homogeneous
HTS layer of Bi,Sr,CaCu,Oy4:x (Bi2212) is easily
synthesized by the diffusion reaction between Bi-free
Sr-Ca-Cu oxide substrate and Bi-Cu oxide coating ”. In the
present study, the transport current performance and heat
loads of Bi2212 HTS conical tubular bulk will be reported.
The conical shaped tube may be expected to yield larger
transport current due to the larger cross-sectional area at
warm joint and smaller heat leakage due to the smaller
cross-sectional area at cold joint in comparison with the
cylindrical tubes. The Bi2212 HTS conical tubes by the
diffusion process are attractive for current lead applications
in superconducting magnet systems >~ .

Fig. 1 shows the Bi2212 HTS conical tube
specimen 47/39 mm in outside/inside diameter at the larger
end, 27/19 mm in outside/inside diameter at the smaller end
and 200 mm in length. The Ag contact joints of 100 um in
thickness are formed around both ends of the specimens.
One of the advantages in diffusion process enables to form
HTS diffusion layer on substrates of any shape.

Fig. 2 shows the test set-up of the Bi2212 conical
tube specimen connected to the Cu bus bar and NbTi
superconducting wires. The conical specimen is soldered to
both Cu end caps using commercial Sn-Pb solder. Seven
voltage taps were attached on the upper and lower Cu cap
(V1 and V5), outer HTS surface (V2, V3 and V4) and inner
HTS surface (V6 and V7), respectively. Five Platinum-
Cobalt resistance thermometers were attached to the upper
and lower Cu cap (T1 and T5), and to the HTS (T2, T3 and
T4). A pair of SUS304 stainless steel boards serves as a
shunt, and relieves thermal stress in the specimen. Resistive
heaters were installed on the upper Cu cap to adjust the
temperature of the larger end of the conical specimen. Then,
the specimen was cooled using liquid helium in a cryostat.

The transport current for the conical tube
decreases with increasing temperature at the warm joint,
and is about 5,000 A at 40 K and 4,000 A at 50 K, which
corresponds to the current density of 12,500 A/ecm” and
10,000 A/ecm’, respectively. Fig. 3 shows the transport
performance for the conical tube specimen at the warm
joint of 50 K and 55 K, respectively. The transport current
of 2,000 A was stably run with no voltage on the HTS part
(between V2 and V4). The voltage of the warm joint
increased with increasing transport current, and were 800
pV at 50 K and 1,100 pV at 55 K after reaching 2,000 A.

On the other hand, both voltages of cold joint at 4.2 K
remained approximately constant at 45 uV after reaching
2,000 A. Therefore, the Joule heat generated by transport
current of 2,000 A are as small as 90 mW at the cold joint.

The heat leakage conducted through the
specimen increases with increasing temperature at the
warm joint, that is, the temperature difference between the
warm and the cold joint. The heat leakage for the conical
tube is calculated to decrease by 30% compared to that of
the cylindrical tube with the same cross-sectional area at
the warm joint. Present Pb-free Bi2212 conical tubes seem
to be promising as large transport current leads with small
heat loads for superconducting magnets.

Fig. 1.  Bi2212 HTS conical tubular conductor with Ag
contact joint on both ends.

Fig. 2. Test set-up of the Bi2212 conical tube connected
to Cu end caps, bus bar and NbTi superconducting wires.
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Fig. 3. Transport current performance and voltages of the
Bi2212 HTS conical tube at 50 K and 55 K in self-field.
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§3. Effect of the Superheatin gon Heat makes heat transfer characteristics reversible without the
Transfer in Two-Dimensional Channels in sudden temperature rise in the conductor.
He Il

References
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2) Helvensteijin, B.P.M.et al.: Adv. in Cryo. Eng. (*81)

3) Kobayashi, H. et al.: Cryogenics 37 (‘97) 851

4) Nishigaki, K. et al., :Phys. Rev. B33 (“86) 1657 27, 485
5) Gentile, D. et al,: Cryogenics 21, (‘81) 234

Kobayashi, H. (Inst. Quantum Sci., Nihon Univ.)

Researches on the heat transfer from a good
conductor to He Il in a narrow two-dimensional channel are
required to compact a He Il-cooled apparatus such as heat
exchanger and superconducting magnet. One of the necessary
conditions for the compactness is that the temperature rise of
the conductor is not sudden but gradual and reversible at a
critical heat flux O, at which a part of He in the channel
reaches the A-temperature. The condition is achievable if He II
cools a good conductor in a two-dimensional channel with the
gap distance of sub-millimeter even below the A-point pressure
P;. Tt has been observed in the present work that the superheated
phase begins to spread on the heated surface at O, almost the
same as that in the pressurized He II (He IIp).

To study the specific heat transfer characteristics,
disk-shaped channels with radial heat flow were fabricated. The
channel shown in Fig. 1 is made of copper disk with the radius of
10 mm and the thickness 7 of 13 mm. The radius of the insulator
disk is 11 mm. The disks face parallel each other leaving a space

Cu disk

SUS flange

Thermo-foil

g 0.15 mm ~ 03 mm. Figure 2 shows the heat transfer (b) <

characteristics accompanied with the superheating. The good

conductor stabilizes not only the superheated He 11 (SHe 1) but Fig. 1 Schematics of the two-dimensional channel
also the superheated He I (*He 1) in a wide range of bath (a) Top view, (b) the view cut across the diameter.
pressures even in a vibrating cryostat. On the phase diagram, The many solid marks indicate the positions of
there is neither He II-phase nor He I-phase above the saturation thermometers. In-situ pressure gauges are attached at
temperature in a state of equilibrium though [1~3]. From positions P, and Pg.

experimental results, the metastable SHe I layer is estimated to

cover the hottest spot as well as in He Il [4]. In other words, the 25

SHe I phase coexists steadily with the *He II phase on the same

heated surface between Q, and the critical boiling heat flux QOy. Om

Although the appearance of “He I-phase is not directly seen from

Fig. 2a, the temperature very near the heated surface keeps rising 2.0r
above O, up to Oy due to the growth of “He I. In narrower
channel, temperatures increase in 773 beyond the 7; have been

observed (not shown). The heat transfer state is switched from = 150N
the non-boiling state to a state of boiling at Oy. The in-situ s 1
pressure gauge detects the sudden pressure change due to the

boiling. At the moment of the boiling the temperature of the O

conductor changes a little although the superheated phase
collapses entirely as shown with line-a in Fig. 2a and b.
Therefore, heat transfer curves below P; traverse on a relatively
low temperature side. However, the curves trace higher side 0.5
along line-b above P;. The non-boiling state through Q; and Oy
successively until the film boiling occurs entirely at heat flux Oy

much above Q. On the other hand, in He 1lp, the temperature of Tp=1.94 [K]
the conductor increases rapidly with increasing heat between Qs 00520 T 2220 3.0 4.0
and O\, since a localized dried area starts to spread above Oy, T, K] T [K]
since the stable subcooled He I prevents the conductor from (a) (b)
cooling in such narrow channels. . L.

Although either the stable subcooled He I or the Fig. 2 Heat transfer characteristics

()T vs. O, (b) T¢ vs. Q for d: 13 mm, g: 0.168 mm.

metastable superheated He I reduces the heat transfer rate, the cY
The parameters indicate the bath pressure.

nucleation of He I-phase on the spot of the heated surface
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§4. Feasibility Study on SMES Systems Using
Stress-Minimized Helical Coils

Nomura, S., Tsutsui, H., Tsuji-lio, S., Shimada, R.
(Tokyo Tech.),
Chikaraishi, H.

Design considerations for large-scale SMES that has
same stored capacity of pumped hydro storage have been
discussed [1, 2]. Fig. 1 indicates a schematic diagram
of the back-to-back (BTB) interconnection with SMES
based on the force-balanced coil (FBC) design. The FBC
is a helically wound hybrid coil of toroidal field coils and
a solenoid. The FBC is an optimal SMES coil that can
minimize the required mass of the structure for induced
electromagnetic forces. Since the BTD interconnection
already has AC/DC converters, by using superconduct-
ing coils instead of DC reactors, the SMES can be easily
incorporated into the BTB interconnection. The sug-
gested system enables flexible power interchange between
interconnected power networks.

Fig. 2 shows a schematic illustration of the BTB in-
terconnection with 600-MWh SMES based on the FBC
design. In the case of large-scale SMES, the supercon-
ducting coils require special structural considerations for
induced electromagnetic forces, such as bedrock support.
In order to reduce the risk in the coil manufacturing
process, the 600-MWh is composed of 4000 supercon-
ducting coils. Each coil has the stored cnergy of 150
kWh (540 MJ). When the several SMES coils have been
constructed, these coils will be put into operation im-
mediately. Then the stored energy can be continuously
enlarged.

In order to demonstrate the feasibility of the FBC
concept for large-scale SMES, a one tenth sized model
coil of the 150-kWh SMES coil has been designed [3].
The model coil with an outer diameter of 0.53 m will have

SMES caoils
(Force-Balanced Coils)

power power
network #1 network #1

power
network #2

power
network #2

Figure 1: Schematic diagram of the BTB interconnection
with the SMES.

Force-Balanced Coil

150 kWh (540 MJ)
15 T, structure 2 ton

Figure 2: Schematic illustration of the 600-MWh SMES
based on the FBC design.

Figure 3: Winding form for the model coil.

270-kJ stored energy at the maximum magnetic field of
7.0 T using NbTi superconductors. Fig. 3 shows a pho-
tograph of the winding form made of aluminum alloy. In
this demonstration, the winding of the model coil will be
carried out without reinforcing materials for the NbTi
superconductors, and the mechanical properties of the
model coil will be investigated.
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§5. Basic Studies of Electric Properties of
Polymeric Silver(l) Complexes at Low
Temperature

Chikaraishi, N. (Kanagawa University)

The chemistry of coordination polymers has attracted
much attention as they have potential as functional
materials. Recently, a new simplified synthetic procedure
for commercial manufacture of ternary single-source
precursors (SSPs) to form polycrystalline AglnxSy and
CulnSe2 type semiconductors.was reported [1]. We
reported the preparation of six water-soluble, relatively
light-stable, chiral and achiral silver(I) complexes («
{[Aga(ca)]} and «{[Agx(ca),(Hca),]}). Slow
evaporation of saturated aqueous solutions of the
complexes gave needle single crystals. As shown in Fig.
1, the silver(I) complexes formed linear polymers in the
crystal and their Ag-Ag separation indicated the existence
of'a van der Waals contact between silver(l) atoms.

In attempting to explore electrical properties of these

crystalline silver(I) complexes at low temperature, we
made test samples for preliminary measurements of
electric resistance.

Sample A: Needle crystals of each silver(I) complexes
were grown on slide glasses followed by silver paste
painting (Fig 2). Electric resistances was estimated as
2.3MQ at room temperature and 10M € at 77K using
0.1uA current source. The esd’s of electric resistance
were within 10% for three-times repeating, but voltage
became larger in the fourth cycle of cooling.

Sample B: Electrodes were prepared by silver paste
painting on the slide glasses followed by crystal growth
of silver(I) complexes (Fig. 3). The distance of the
electrodes was shorted but needle crystals came up from
the slide glass.

Future plans: To increase stability of the sample
electrodes, test samples using water-insoluble linear
silver(I) complexes polymers with shorter distances of

electrodes would be made for measurements.

[1] Kulbinder K. Banger, et al, /norg. Chem., 2003, 42,
7713-7715

Fig. 2. Sample A
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§6. Study on Long Loops with Long
Time Constants in Cable-in-Conduit
Superconductors

Hamajima, T., Yagai, T., Tsuda, M., Sato, H. (Tohoku
University),
Takahata, K.

The superconducting coils wound with
Cable-In-Conduit Conductors(CICCs) which are composed
of several stages of sub-cable has been applied to large
devices such as experimental fusion apparatuses and
Superconducting Magnetic Energy Storage (SMES) devices
because of its high mechanical and dielectric strength. In
recent years there has been a growing interest in coupling
loss with long time constants ( > Isec) which are not
observed in test result using short sample conductor [1]. In
addition, the extra increment of the loss with 15% is
observed when the large electromagnetic force is applied to
the conductor[2]. Our previous works revealed that the
production of the coupling loss with long time constants is
due to the line contact condition between strands. The loss is
expected to be large as a result of the longer contact length,
in other words, the lower contact resistance.

In this work, we investigate the change of the contact
condition between strands induced by the electromagnetic
forces by applying the transverse compression to the
conductor.

Figure. 1 shows the experimental setup for the
measurement of the change of the transverse resistance of
the conductor. The sample conductor is the OV coil
conductor of 210mm in length which consists of 486 (3*x6)
NbTi strands. In order to apply the compression, the conduit
of the conductor is removed of 70mm in length at both up
and down side. Two Cu electrodes put pressure and feed the
constant current to measure the transverse resistance. The
resistance, deformation of the conductor and the applied
pressure are measured through a data acquisition system.

The compression procedure is that the pressure is
holded during 120sec at interval of 4kN/m from OkN/m to
100kN/m, and repeated three times. Fig. 2 shows the
deformation of the conductor versus applied load in each
compression cycle. In the 1% cycle, the deformation range is
large compare to other cycle. In the 2™ and 3™ cycle, the
deformation does not start from Omm. This indicates that the
conductor deformed plastically at the first cycle. On the
other hand, the deformation at all cycle converges to a fixed
value.

Figure. 3 shows the transverse resistance versus applied
load in each cycle. In the 1% cycle, the resistance decreased
significantlly. But in the 2" and 3™ cycle, the decrement was
smaller than that in the 1% cycle. The initial resistance in 2™
and 3" cycles were smaller than that in the 1% cycle.

It is predicted that the reduction of the resistance is

caused by increment of inter-strand contact cross section.
According to the Elastic theory, the contact width is
expressed as the equation:

(M

Where b is the contact width, p is applied load, d; is
strand diameter, v is Poisson’s Ratio of Cu and E is Young’s
Modulus. Assuming that the contact resistance is inversely
proportional to the contact width, the resistance is
proportional to 2. The p""® line is also shown in Fig. 3.
The resistances with high pressure side in all cycle agree
with the p™"? line, it is indicated that the inter-strand contact
conditions are subjected to the elastic deformation of strands.
It is thought that the curves which are different from p“"?
line are caused by increment of the current pathes or contact
length due to deformation of the strand positions.
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Fig. 1: Experimental setup for compression test
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Fig. 3: Transverse resistance of CICC vs. applied load.
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§7. Reliability of Cryogenic Composite
Electrical Insulation for LHD

Nagao, M., Hozumi, N., Murakami, Y. (Toyohashi
University of Technology),

Hara, M., Suehiro, J. (Kyushu University),
Kosaki, M. (Gifu College of Technology),
Shimizu, Y., Muramoto, Y. (Meijo University),
Mizuno, Y. (Nagoya Inst. of Technology),
Minoda, A. (Mastue College of Technology),
Yamada, S. (National Institute of Fusion Science)

The world’s largest class superconducting coil
is used for the “Large-scale Helical Device”. Its elec-
trical insulation system might be exposed to considerably
severe multiple stresses including cryogenic temperature,
large mechanical stresses and strong magnetic fields. It is
therefore very important to study its electrical insulation
performance under these severe conditions in order to
establish the reliability of the coil.

quenches from superconducting state to normal state, the

If a superconductor

liquid coolant vaporizes very easily and turns into
The partial
discharge (PD) or electrification would become the cause

high-density gas at cryogenic temperature.

of this quench. So it is required to clarify the influence
of the PD and electrification on the insulation perform-
ances.

1. Measurement of PD characteristics and PD current
waveform in composite insulation system of LN, and
solid insulator

This research was conducted using electrode sys-
tem that simulated the insulation system included triple
junction, which is consisting of the electrode, solid insu-
lator and LN, to investigate the PD phenomena.

Figure 1 shows typical current waveform of PD un-
der the condition of the super cooling. Under the super
cooling, the half band width is about 12 ns because micro
bubble was not generated by the PD. The current
waveform of PD under atmosphere pressure is shown in
Fig.2. The half band width is about 20 ns and is longer
than that compared with Fig.1. Under the atmosphere
pressure, both of Fig.1 and Fig.2 were observed as the
current waveform. It is considered that longer half
band width is observed due to the generation of the mi-
cro bubble.

Figure 3 shows classification of the PD by the
half band width under the atmosphere pressure. The
PD pattern was clearly separated into two clusters. It
is thought that the open circles and solid circles in Fig.3
indicate the PD in LN, and in micro bubble, respectively.
Therefore, it is suggested that the current waveform
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measurement with the measurement of the PD pattern
brings the possibility to ascertain presence of the micro
bubble in LN,.

2. Electrification of liquid nitrogen flowing electrical
insulating pipe

The measurement system of electrification of
nitrogen was improved by using an instrument with
higher internal resistance. ~ Amount of charge of liquid
nitrogen was measured with a so-called Faraday cage,
which passed inside a PVC pipe of 1 m in length and 13
mm in inner diameter. The measured charge lay in the
range of 100-300 pC for 1000 cm® liquid nitrogen, which
was much bigger compared with charge measured in a
former system.

When a joint was introduced in a straight PVC
pipe at its center length, the amount of charge increased.
When a cylinder of acrylic resin was placed in the space
of liquid nitrogen flowing in the PVC pipe, the amount
of charge was also increased. Uneven inner surface at
the joint or increase in surface area by the cylinder may

result in increase in charge.

Reference

1) Nakamura E., Murakami.Y., Hozumi.N., Nagao.M.,
Minoda.A., Kosaki.M. & Yamada.S., 2006 Annual
Meeting Record I.E.E. Japan, Vol.2, p.54 (2006)

2) Noda T., Yasui S., Mizuno Y. and Minoda A., 2006
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§8. Evaluation of Electrical Insulation
Properties of Superconducting Coils

Hara, M., Suehiro, J. (Kyushu Univ.),
Yamada, S.

A superconducting coil of LHD is exposed to
various stresses, such as a thermal, electrical or mechanical
one. Electrical insulation systems of LHD are placed in
liquid helium, and when transition from superconducting
state into normal conducting state called quench occurs on
superconductors, it is possible that its electrical insulation
strength is significantly reduced by the vaporization of the
liquid helium due to the Joule heat at the quenched part of
the superconductors. These cryogenic environments and
the quench phenomena must be taken into account in the
electrical insulation design as well as in high voltage tests
of LHD. As the first approach to this issue, this project
focused on power frequency withstand voltage tests of HTS
(High Temperature Superconductor) power apparatus with
pancake coil structure cooled by liquid nitrogen (Fig. 1.).
Medium factors of insulation weak parts and insulation
elements were theoretically and experimentally obtained
and a significant unique medium factor of the apparatus
were discussed with them. The studied insulation elements
were coil-to-coil and current lead insulation elements. The
insulation weak parts chosen mainly from the coil-to-coil
insulation element were (i) uniform field gap, (ii)
non-uniform field gap, (iii) triple junction defined as a
contact point between a metal, a solid insulator and liquid
or gaseous dielectrics and (iv) solid insulator surface. Main
results are summarized as follows.

1) Uniform and non-uniform field gaps, triple junction and
solid insulator surface were chosen as the insulation
weak parts, and their medium factors were theoretically
and experimentally clarified as a function of the gap
length between electrodes and the nitrogen gas
temperature.

2) The measured values medium factors were compared
with the medium factor of a coil-to-coil insulation
element experimentally obtained with its modeled
electrode system under a given condition. It was pointed
out that the medium factor of the coil-to-coil insulation
element should be determined from that of its insulation
weakest part, which was triple junction or solid insulator
surface in our case.

3) Based on these findings, It was recommended for the
safest side of the insulation design that the equivalent
insulation test voltage at room temperature for the
finished HTS apparatus should be determined by the
maximum value of the medium factor selected from
those of the insulation elements (Fig. 2.).

4) It was suggested that additional insulation distance is
needed in at least one of the insulation elements for
preventing discharge activities at room temperature if
the ratio of the maximum medium factor to the

minimum one is larger than the safety factor in the
standard test voltage.

Reference

1) Hara, M., Maeda, Y., Nakagawa, N., Suehiro, I.,
Yamada S.: "DC breakdown voltage characteristics of
saturated liquid helium in the presence of metallic
particles", IEEE Trans. on DEI (in press)

2) Hara M., Kurihara T., Nakano R., Suehiro, I.:
"Medium factors of electrical insulation systems in high
temperature superconducting power apparatus with coil
structure for equivalent ac withstand voltage test at room
temperature”, Cryogenics, Vol.45, pp.705-717 (2005)
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Fig. 1. Schematic diagram of modeled electrode
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§9. Study on Cryogenic Characteristics of
Advanced Uni-Polar Power Electronics
Devices and Their Application to High
Efficiency AC/DC Converter

Matsukawa, T., Ishida, M. (Dept. of Electrical and
Electronic Eng., Mie Univ.),

Sato, Y. (Dept. of Electrical and Electronic Eng.,
Daido Inst. of Tech.),

Chikaraishi, H.

The super junction type power-MOSFET is one
of advanced power eclectronics devices to achieve lower
on-state resistance value in higher voltage region, which
has excellent electrical characteristics to be applied to high
current AC/DC converter. A super junction type
power-MOSFET is investigated on its static voltage-current
characteristics and the on-resistance value. The super
junction type power-MOSFET SPA20N60C3 has the
voltage and current ratings of 650Vand 20.7A respectively,
and also, the temperature dependence of its voltage-current
characteristics is clarified. Considering to cool down the
power electronics device for high current operation, the
static voltage-current characteristics are measured in room
and liquid nitrogen temperature.

Fig. 1 shows the schematic diagram of single
phase full-bridge synchronous rectifier for testing operation
with small voltage and current. The symbol of
power-MOSFET means one super junction type
power-MOSFET  SPA20N60C3  investigated in the
previous section. Two switching units of super junction
type power-MOSFET devices are used for converting AC
to DC in full cycle period. According to the AC voltage
polarity, each device is supplied with synchronized gate
signal voltage to flow the current through main part of
power-MOSFET element, not through the body diode.
Each power-MOSFET device is triggered in every half
cycle synchronizing to the AC voltage. In the positive half
cycle, the upper side power-MOSFET (FET1) turns on to
flow the current as mentioned in the previous section. To
output the current in the negative half cycle period, the
inverse side power-MOSFET (FET2) is to flow the current
as same process as in the positive half cycle.

In Fig. 2, The AC voltage (V1) is the voltage
appearing in secondary side of transformer and the
drain-source voltage (VDS1) is the voltage appearing in the
upper side power-MOSFET (FET1). It is observed that the
power-MOSFET (FET1) is turning on and turning off in
every 180 electrical degrees with synchronizing to the
applied AC voltage (V1). The final waveform of output
voltage (V0) is similar to that of a normal single phase
full-bridge circuit with diode rectifier, and it is also shown
that the inverse side power-MOSFET (FET2) is switched
on/off according to the corresponding gate signal voltage.
The converter system including power-MOSFET devices
will be cooled down in liquid nitrogen to make its
operational loss extremely low. And, as another type
advanced  uni-polar  power  device, SiC-based
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power-MOSFET will be developed for lower on-state
resistance and higher operational temperature than that of
conventional Si-based power-MOSFET. The advantage of
synchronous rectifier using power-MOSFET is to minimize
total on-state resistance of parallel connected devices. The
principle of basic operation of synchronous rectifier is
described, and is tested experimentally with single phase
full-bridge circuit. The operational results of single phase
synchronous rectifier are successful, and super junction
type power-MOSFET device, which is an advanced
uni-polar power electronics device, is demonstrated to be
applied to synchronous rectifier.
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§10. Fundamental Study on Application of
Magnetic Levitation Using YBCO Bulk
Superconductor to Fusion Research

Tsuda, M., Hamajima, T. (Tohoku Univ.),
Ishiyama, A. (Waseda Univ.),

Noguchi, S. (Hokkaido Univ.),

Mito, T., Yanagi, N., Iwamoto, A.

Stable levitation and precise levitation height
control of a spherical cryogenic target are required in a
magnetic levitation system for laser fusion system. The
spherical target is surrounded by HTS thin layer of less
than 100 um. Large levitation force enough to levitate the
target has to be generated in such the HTS thin layer. The
characteristics of magnetic levitation, such as stability,
levitation force and levitation height, have been already
investigated both experimentally and theoretically. The
most of investigations, however, are about disk- and
ring-shaped HTS bulks and the characteristics of magnetic
levitation in a spherical target with a concentric spherical
HTS thin layer have not been investigated yet. The
characteristics of magnetic levitation are closely related to
supercurrent distribution. The supercurrent distribution
strongly depends on the size and shape of HTS region. It is
very difficult to produce the spherical target with a
concentric spherical HTS thin layer. Furthermore, it is
expected that the supercurrent distribution in the HTS layer
of a spherical target would be similar to that of a spherical
HTS bulk. Therefore, we investigated supercurrent
distribution and the characteristics of magnetic levitation of
a spherical YBCO bulk.

Since supercurrent distribution and levitation
force strongly depend on equivalent critical current density
of HTS bulk, it is very important to estimate the equivalent
critical current density as accurate as possible. The
equivalent critical current density can be estimated by both
measurement and numerical analysis of levitation force
using an active magnetic levitation system composed of
HTS bulk and electromagnet. Therefore, we prepared a
spherical YBCO bulk sample and three sets of copper coils.
Then we measured levitation force of the spherical YBCO
sample using the active magnetic levitation system shown
in Fig.1. The diameter and weight of the YBCO sample are
15mm and 11g, respectively. The inner and outer diameters
and height of copper coil are 20mm, 72mm and 12mm,
respectively. In numerical analysis, we adopted the
FEM-BEM coupling method to evaluate levitation force of
the YBCO sample. We calculated the levitation force as a
function of the equivalent critical current density and
compared them with that of experiment. From the
experimental and numerical results, the equivalent critical
current density of 4 10’A/m’ was obtained. To validate
the obtained equivalent critical current density, we
measured levitation height of the YBCO sample using laser
displacement meter. Good agreement between experiment
and analysis was obtained. This means that the estimated
equivalent critical current density is reliable.

Using the estimated equivalent critical current
density, we simulated supercurrent distribution within the
spherical YBCO sample. The computed supercurrent
distribution at the coil current Z.,; of 0 A (just after
field-cooling process), 5 A (levitation height = 0 mm), 15
A (levitation height = 3.75 mm), and 45 A (levitation
height = 44.2 mm) are shown in Fig.2. As shown in Fig.2,
supercurrent flows only outermost layer of the spherical
YBCO sample; the layer thickness of supercurrent region
of about 0.8mm is independent of coil current and
levitation height. This means that the thickness of the
concentric spherical YBCO layer of 0.8mm is enough to
levitate the sample of weight of 11g.

Accurate evaluation of supercurrent distribution
within a concentric spherical HTS thin layer of a very small
cryogenic target is necessary for the precise estimation of
levitation force and the investigation of relationship
between HTS layer thickness and levitation force. A strong
nonlinearity of the E-J power law in the HTS layer,
however, results in bad convergence of the nonlinear
equation solvers, i.e., the Newton-Raphson method.
Consequently, the unsuitable and/or  undulating
supercurrent distribution is sometimes observed. Therefore,
we developed a new method combined a line search with
the Newton-Raphson method. It was observed in the
analysis by the developed method that the convergence was
considerably improved and the supercurrent distribution
was suitably smooth.
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Fig. 1. Schematic drawing of an active magnetic
levitation system.
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Fig. 2. Supercurrent distributions of a spherical YBCO
sample in an active magnetic levitation system.
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§11. Standardization of the Fabrication and
the Operation Technologies for Large
Scale Superconducting and Cryogenic
Systems

Haruyama, T., Kimura, N., Nakai, H., Aoki, K. (KEK),
Shintomi, T. (Nihon, Univ.),

Sato, A., Yuyama, M., Maeda, M., Dantsuka, T.
(NIMS),

Shiotsu, M., Shirai, Y., Hata, K. (Kyoto Univ.),

Mito, T., Yanagi, N., Maekawa, R., Iwamoto, A.,
Hamaguchi, S.

i) Introduction

Large superconducting magnets and accompanying large
cryogenic systems have been fabricated in a lot of institutes; the
Large Helical Device (LHD) is an example. The magnet systems
were specially designed for each purpose so that its technology
cannot directly transfer to other systems. This is a trouble to large
scale superconducting magnet system.

The superfluid helium (He II) database have been arranged
for design of superconducting magnet system by arrangement of a
large number of data and by investigation of complementary data
of He II. Researchers can apply its data for design. Using this
database, we suppose that magnet systems can be divided into
classes of cooling technology. This concept would be expanded
into whole existing large scale magnet systems. Then, we hope to
establish the standardization of the fabrication and the operation
technologies for large scale superconducting and cryogenic
systems.

This group consists of five institutions of various fields:
high-energy physics, applications of high magnetic field, power
application, fusion science, and so on. Therefore, ideas from
various fields can be integrated for the establishment of the

standardization.

ii) He II database

The He II database is categorized as shown in Table 1. It has
enough information to apply by researchers who design He II
cooled magnet system. So far, more than 850 data have been
completed in the database.

In FY 2005, we integrated the He II database by searching
and collecting data from literatures published from 2000 to 2003.
Some new data have been found and have checked on the
effectiveness and reliability. Their graphs, figures and required
information is still selecting for the database. The utility of the

database was also upgraded. Users can search and access required
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data though the internet web site. For the convenience of its access,
the computer for the database was renewed, and the program for its
homepage was improved. For easy integration of the database, the
method of information input is modified, and data can be directly

sent and is stored in the computer though the internet.

Table 1. Technical items for He II database.

Head items Items Sub items
Heat transfer He Il pressurized |[plate
channel
He 11 saturated plate
channel
System Cryostat
Heta exchanger JT
Hellp-Hells
Pumping vacuum pump
cold compressor
M aterials
Cooling M easurement temperature
technology pressure
flow rate

level

miscellaneous

Special technique |seal

miscellaneous

Operated cases |Refrigeration
M agnet

M agnet stability
Conductor

iii) Discussion on the standardization of the fabrication and the
operation technologies for the large scale superconducting magnet
and cryogenic systems

We discussed how to standardize large scale superconducting
magnet and cryogenic systems once in FY 2005. First, we had to
have a common idea what is the standardization. Some existing
large scale systems: LHD, the Large Hadron Collider (LHC) at
CERN, the 920MHz NMR Magnet at NIMS, and 45T hybrid
magnet at National High Magnetic Field Laboratory (NHMFL),
were chosen as examples for a discussion. Their magnets applied
various cooling methods and conductors. We could recognize the
difficulty of the standardization because the systems were specially
designed with different concepts so that it is difficult to divide the
systems into common units. However, only a liquefier, especially a
compressor, was thought to be able to become one of example for
the standardization. In FY 2006, we will start to consider solutions
for the standardization.

Reference:

1) Yuyama, M., et al., Abstracts of CSJ Conference, Vol. 74 (2006),
p.101 (in Japanese).



§12. Development of a New Conductor
Controlled the Twist Angle to Improve
the Performance of LTS Coils

Sumiyoshi, F., Kawabata, S., Kawagoe, A.
(Kagoshima Univ.),
Mito, T.

The development of SMES to protect from momentary
voltage drops is conducted. In this SMES, conduction-cooled low
temperature superconducting (LTS) pulse coils are used. The
conduction-cooled prototype coil was fabricated and tested.[1,2]
The coil was wound by new design method for coils, in which the
twist angles around the axis of the conductor are controlled
according to the coil shape. The results of the tests on the coil
showed that the coil has high performances. In this coil, however,
there are some problems, for example, the winding conductor is
not optimized, and the special winding machine is needed for
winding this coil. As a result, the cost of the coil is increased.

The purpose of this study is to develop the new
conductors which are used as windings of conduction-cooled LTS
pulse coils with both low ac loss and high stability. For the purpose,
several kinds of NbTi/Cu multifilamentary tapes with high aspect
ratio were fabricated. For these tapes, critical currents,
magnetizations, coupling losses were measured.

The aspect ratio of the fabricated test tapes were
increased by rolling the round wires composed of single matrix of
cooper. Therefore, the conductors are expected to have high
performances as follows: (1) Ac loss in the tape under changing
transverse magnetic fields oriented to parallel to its flat face is
reduced. (2) The stability increases because matrix of the tape is
cooper and surface cooling is possible. (3) The cost is reduced,
because the tape can be fabricated by simple fabrication process
which is rolling the round wire.

The parameters of four samples are shown in Table 1.
‘HAOO’ is before rolling. The other three samples are new tapes
which are increased their aspect ratio by rolling the sample HAQO.
The sample HA1lwith the highest aspect ratio of 7.4 are most
interest samples

When the transverse magnetic fields were applied
parallel to the flat face of the new tapes with high aspect ratio, the
measured critical currents of these samples were increased with
increase in aspect ratio. Especially, the critical currents of the
sample HA11 increased to1.19 times that of the sample HA0O at 8
T.

The magnetization curves of each sample were
measured by VSM. The transverse magnetic fields applied
perpendicular and parallel to the flat face of tapes. In the measured
magnetization curves, the proximity effect was not observed. In
addition, the effective diameter of filaments, d.z which were

normalized /M by critical current densities, J., were obtained.
When transverse magnetic fields applied parallel to the flat face of
samples, the d. of HAOO was 4 um, and one of HA11 was 2.8 um.
The d.; of HA11 is smaller than that of HAQO. Therefore, it is
found that the hysteresis losses in the tape decrease in spite of
increase in critical current by rolling process.

Coupling losses were measured. Measuring conditions are as
follows: The measurements were carried out in liquid helium, at
42 K. The dc bias magnetic fields were 0.5 T and 1.0 T.
Amplitudes and frequencies of the ac ripple magnetic fields are
from 0.1 to 1.6 mT and from 0.7 to 335.5 Hz. Transverse magnetic
fields applied to the samples in directions parallel to the flat face of
the tape.

The coupling time-constants of each sample, which are
obtained from measured their coupling loss properties, are listed in
Table 2. The coupling time-constants are given by dividing
measured coupling losses by ,uonzn'a), where H,, 1 and o are
amplitude of applied magnetic fields, permeability of vacuum and
angular frequency, respectively. The experimental values almost
agree theoretical values. The coupling losses in the samples with
high aspect ratio, HA09, HA10, HA11 are decreased by rolling
process. Especially, coupling loss in the sample HA11 are 1/17
times that of the sample HA00.

Consequently, we found as follows: (1) The hysteresis losses
were decreased in spite of increase in critical currents. (2) The
coupling losses in the sample with high aspect ratio decreased
greatly than the coupling loss in the round wire.

References

[1] T. Mito, et al., IEEE Trans. Appl. Supercond., Vol.15, No.2, pp.
1935-1938

[2] A. Kawagoe, et al., IEEE Trans. Appl. Supercond., Vol.15,
No.2, pp. 1891-1894

Table 1 Parameters of samples

Sample HA00 HA09 HA10 HATI

4 0.502mm'  0.461mm'  0.403mm'
x2.483mm" x2.736mm" x2.984mm"

Diameter of filament  16um - - -

Dimension 1.24mm

Aspect ratio 1 4.9 5.9 7.4
Cu ratio 2.4 — — —
Twist pitch 27mm — — —
RRR 50 39 37 37

Table2 Coupling loss time-constants

Sample HAO00 HA09 HA10 HAT1
Experiment [msec] 8.61 0.76 0.47 0.14
Theory [msec] 14.3 1.06 0.76 0.46

Experiment/Theory 1/1.66 1/1.41 1/1.61 1/3.24

107



§13. Basic Study on Oxide
Superconductors for Nuclear
Fusion Reactor

Iwakuma, M. (Kyushu University),
Mito, T.

1. Introduction
measured  the
dependences of the magnetization curves of YBCO

This year we temperature
superconducting tapes and estimated the temperature
dependences of the /.-B characteristics to understand
the basic electromagnetic properties of YBCO tapes.

2. Magnetization measurement and /. estimation

A sample straight YBCO tape with a length of
60mm was inserted into a saddle-shaped pickup coil
shown in Fig.l1. Magnetic field was applied in
perpendicular to the wide surface. Temperature
ranged from 31K to 77K. The observed magnetization

curves are shown in Fig.2.

Yy /4

Fig.1 Saddle-shaped pickup coil
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Fig.2 Observed magnetization curves
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Next we estimated /.-B characteristics by using the
magnetization curves and the following expression,

I(B) = 4h X {((IB)/2) X (w/2))/ wh}

= 4h X (m(B)/wh)

=4h X M(B)
where m(B) is the magnetic moment due to the
induced shielding current at the applied field, B, w
and / is the width and the height of superconducting
layer. The estimated /.-B characteristics are shown in
Fig.3 in log scale.

Here we found out that the specific field at the
breaking point of /.-B curves, B, and the constant /,
around zero field, /., have the same temperature
dependence and that the B dependences of /. are the
same for B> B, regardless of temperature. So we
normalized the /.-B curves by /.. The obtained result
is shown in Fig.4. We can see that the normalized /.-B
curves coincide with each other and the /.-B
characteristics are scaled with temperature.
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Fig.3 Estimated Ic-B curves by using the observed
magnetization curves
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§14. A Co-axial Pulse Tube Current Lead
Development

Matsubara, Y., Maekawa, R., Takami, S., Kato, A.

Development of pulse tube cryocooler has been
conducted extensively to realize the next generation of
cryocooler applications. Since the pulse tube does not
possess any moving parts at the low temperature region,
which intrinsically has a high potential to be used as a part
of applications combined with other apparatus such as
current leads for superconducting coils. To demonstrate its
potential, we have investigated the possibility to utilize it as
a current lead system to improve the reliability of
superconducting coil systems. A pair of prototype pulse
tube current leads had been fabricated. The integrated
current lead (ICL) consists of a co-axial pulse tube
cryocooler with a current lead, a copper rod, penetrating its
axis. The design work had been performed using a
numerical program. The program had been written based
upon an Equivalent Pressure-Volume method. The target
for the current carrying capacity was 1 kA and the first
prototype successfully achieved its goal. Consequently, the
integration of a pulse tube refrigerator with a current lead
showed the high potential to utilize as a conductively cooled

superconducting coil application.

FIGURE 1 shows the schematic of pulse tube
cryocooler for the numerical calculation model. In this
case, the 4-valve operation scheme is described. A
fundamental concept of the model is the existence of a
highly elastic gas piston in the pulse tube. The gas piston

is assumed to be present in the pulse tube with its ends

Heat Pulso-Tube

Regenerator Exchanger /
Cv 1 \ C"J+ v 3

-
(2] Ve Vi
e
Cv 2 v 4

re | Tp TH
Fig. 1 Schematic of numerical model

displaced as a function of time. Therefore, the ‘“ideal”
pulse tube cryocooler cycle can be determined by analyzing
gas processes in terms of equation of state. To do so, the
system was divided in subsections. Working gases are
either flowing in or out to the system via control valves from
Cv_1to Cv_ 4. Ve indicates the expansion volume, which
provides a cooling power. Tc, Tp and TH represent
temperature of a cold-end, a pulse tube and the warm end.
Pressure of each section was determined by the ideal gas law.
The program was designed to determine the position of a gas
piston with iterations, using mass and pressure balance
within the system. The calculated results reflect the
pressure-volume change within the pulse tube which in turn
reveals the expansion work at the cold end. Another

interesting feature was dividing the regenerator in
two-section by a Cv_ 5 valve, reducing the computational
speed. The computational result does not provide the
information of pulse tube dimension. The interaction
between the diameter and length of pulse tube to the
refrigeration capacity has to be estimated empirically.

Heat Exchanger . Cold Heat Exchanger
. Isolation Vacuum Pylse Tube Regenerator
Lead Terminal

Current Lead

Compressor

ICompressor

Fig. 2 A prototype pulse tube current lead.

According to the numerical design, a pair of pulse tube
current leads was fabricated as shown in Fig. 2. Validation
of the prototype was confirmed by the series of performance
test: measuring the refrigeration capacities and study current
carrying properties. The prototype achieved a steady
operation up to 2.17 kA.  After that the cold end
temperature could not sustain the steady-state condition.
This was not the optimum operating condition, however.
According to the measured voltage drop across the
current-lead, the temperature peak was located close to the
warm-end of pulse tube. Optimization of the current-lead

length and diameter will improve the current carrying

capacity.
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§15. “Cryodielectrics” — Electrical Insulation of
Superconducting Power Equipment Based
on Partial Discharge Measurements

Hayakawa, N. (Nagoya University)

1. Introduction

Superconducting power equipment such as HTS
power cables and magnets are expected to have higher
power density and lower losses than conventional ones.
However, electrical insulation technology of the
superconducting power equipment, i.e. Cryodielectrics, has
not yet been established. Partial discharge (PD) inception
characteristics and mechanisms should be understood in
order to prevent the degradation of insulation performance
leading to breakdown (BD).

2. Partial Discharge Measurement of HTS Power Cables

Electrical insulation of HTS power cables consists of
liquid nitrogen (LN,) / polypropylene (PP) laminated paper
composite insulation system as shown in Fig. 1. We have
been investigating the PD inception and BD characteristics
of HTS cable models. We have already evaluated the volume
effect of PD inception strength (PDIE), as shown in Fig. 2,
as a function of statistical stressed liquid volume (SSLV)
defined by the following equation [1, 2]:

SSLV = jﬂ( 5!’ dev

where E; is the electric field strength at a volume unit i, E,, is
the maximum electric field strength, and m is the Weibull
shape parameter for PDIE. (E/E,)" corresponds to the
relative PD probability at the volume unit i.

Electrical and optical PD measurements with
statistical analyses revealed that, at the lower stress levels,
PD was generated not only in butt gaps but also in micro
gaps between PP laminated paper layers caused by its own
surface roughness. After the PD inception, PD activity could
be propagated in the butt gaps at the higher stress levels,
finally leading to BD. A detailed observation of the test
samples decomposed after the experiments confirmed
discolored PD traces on the PP laminated paper layers as
well as BD traces in the butt gap area [3]. The PD traces
were distributed along the whole butt gap area on the paper
layers. These results suggest that PD would be originated
between the PP laminated paper layers and developed in the
butt gaps before BD. Figure 2 also shows the volume effect
on BD strength (BDE) as a function of SSLV [3]. The
difference between PDIE and BDE can be recognized as the
margin from PD inception to BD.

A novel PD measurement under ac and lightning
impulse voltage applications has also been carried out by
electrical, optical and acoustic methods [3, 4]. Such PD
inception, propagation and BD characteristics together with
their physical mechanisms are crucial for the reliable,
efficient and practical electrical insulation design of HTS
power cables.

3. Electrical Insulation Technologies for Superconducting
Power Equipment
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In order to review the state-of-the-art technologies on
electrical insulation of superconducting power equipment, a
seminar was organized and held in NIFS on November 17,
2005. The seminar consisted of 7 lectures focusing on fusion
magnets, fault current limiters and power cables, and present
status and future perspectives on Cryvodielectrics were
discussed. The details of the seminar can be found at
http://www.istec.or.jp/Web21/PDE/06_5/J8.pdf.
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§16. Validation of the High Performance
Conduction-Cooled Prototype LTS Pulse
Coil for UPS-SME

Mito, T., Chikaraishi, H., Maekawa, R., Baba, T.,
Yokota, M., Morita, Y., Ogawa, H., Yamauchi, K.,
Kawagoe, A., Sumiyoshi, F. (Kagoshima Univ.),
Iwakuma, M. (Kyusyu Univ.),

Hemmi, T. (Graduate Univ. for Advanced Study),
Okumura, K., Kuge, A. (Technova),

Abe, R., Nakamura, A. (Shibuya Kogyo Co.)

A conduction-cooled  low  temperature
superconducting (LTS) pulse coil has been developed as a
key technology for UPS-SMES. We have been developing
a I MW, 1 s UPS-SMES for a protection from a
momentary voltage drop and an instant power failure. A
conduction-cooled LTS pulse coil has excellent
characteristics, which are adequate for a short-time
uninterruptible power supply (UPS). The LTS coil has
better cost performance over the HTS coil at present and
the conduction cooling has higher reliability and easier
operation than the conventional cooling schemes such as
pool boiling with liquid helium or forced flow of
supercritical helium. To demonstrate the high performances
of the LTS pulse coil, we have fabricated a prototype coil
with stored energy of 100 kJ and have conducted cooling
and excitation tests. The successful performance test results
including current shut-off test with a time constant of 1.3 s
and repeated excitation of a triangular waveform with high
ramp rate are reported in the paper (1).

UPS-SMES as a protection from momentary
voltage drop and power failure are required for industrial
fabrication facilities such as semiconductor chip production
equipment or large-sized experimental facilities for big
science such as a nuclear fusion experimental device. A
five-year project to develop UPS-SMES is being started
from 2002 fiscal year as one of the research promotion
programs of the New Energy and industrial technology
Development Organization (NEDO). We have developed a
100 kJ class UPS-SMES in order to do a principle actual
proof. According to the successful results of the cooling
and excitation tests, we have proceeded to construct 1 MJ
LTS pulse coils used for | MW, 1 s UPS-SMES.

The design of conduction-cooled pulse coil is
determined by the temperature margin during pulse
operation. The temperature increase of the prototype coil
after 1 s discharge is estimated as 6.7 K assuming an
adiabatic condition in which the heat transfer from the SC
conductor to the DFRP spacers and other winding
components was neglected. According to the
performance test, the prototype demonstrated its high
potentiality for the SMES applications. In fact, the
performance values well exceeded the prototype design.
Thus, the compact design of an actual system can be
achieved and the running cost will be substantially reduced.
Effective thermal design, arrangement of bundled Litz
wires, leads to these high performances of the prototype.

Further, the supporting structure with Dyneema FRP
(DFRP) spacers in the coil winding enhances the thermal
performance. Since the coil consists of copper, aluminum,
epoxy resign and DFRP, these materials have relatively
high thermal diffusivities below 10 K. The time constants
of thermal diffusivities for each component with the total
amount of thickness used in the coil are estimated
approximately 1 s around 4 K. Therefore, the heat
generated within the coil was dissipated within the winding
with a very short period. So, the spatial temperature
distribution within the coil becomes negligibly small
against heat generations. The detailed analysis including
the heat transfer during the pulse operation and the
comparison with the experimental data have been carried
out in the paper (2).

We  have  successfully developed the
conduction-cooled  prototype LTS  pulse-coil for
UPS-SMES. The performance tests validate the design
and fabrication technique of the coil. As a matter of fact,
the data exceeded the design performance such as; the
stored energy was 200 kJ instead of design value of 100 kJ.
Since the coil was designated for a pulse operation, the
effective thermal diffusivity results in the rapid temperature
stabilization. Consequently, the design philosophy has been
established and the much compact system with a high
efficiency can be developed.

TABLE |
SPECIFICATIONS OF THE SC CONDUCTOR

Aluminum coated NbTi/Cu
compacted strand cable

Conductor diameter 5.8 mm

Critical current 3740 A@ S T,42K

Coupling time constant of AC 82 msec for face-on (FO) orientation

Conductor type

loss: A"t " 10 msec for edge-on (EO) orientation
Compacted strand cable 1.55 x 3.36 mm
Aluminum coating Al- 1197
RRR of Al coating 9.85
TABLE II
SPECIFICATIONS OF THE LTS PULSE COIL
Specification 100 kJ 1MJ
Prototype coil Full size coil
Dimension of the coil windings
Inner diameter: 2al 0.305 m 0.600 m
Outer diameter: 2a2 0.509 m 0.804 m
Length: 2L 0.402 m 1.098 m
Total turn number 67 x 14 layers 183x 14 layers
=938 turns = 2562 turns
Coil inductance 0.20 H 2.00H
Maximum magnetic field 22T 248T
Magnetic stored energy 100 kJ 1 MJ
Operating current 1000 A 1000 A
Coil Weight 400 kg 1,100 kg
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§17. Improvement in Cryogenic Stability of
the Model Coil of the LHD Helical Coil
with Lower Temperatures

Imagawa, S., Yanagi, N., Hamaguchi, S., Mito, T.

The cryogenic stability of a model coil of the LHD
helical coil was examined in saturated and subcooled
helium. The cool-down and series of stability tests were
carried out three times. In subcooled helium, the increment
of the minimum current for dynamic propagation of a
normal-zone /) of the model coil is almost proportional
to the degree of subcooling, and it increases from 11.2 kA
at the saturated temperature of 4.4 K to 11.7 kA at 3.5 K,
as shown in Fig. 1. This improvement is considered to be
caused by the slightly higher heat flux in the convection
and nucleate boiling region at the lower temperature of
helium. In saturated helium, the /,, varies from 10.7 to
11.2 kA, and the cryogenic stability is divided into two
groups[1]. The well-cooled condition was attained by
being subcooled once, and it continued even after the coil
quench. The reason is not clear, but the wetting area at the
narrow space around the conductors could be improved.

Average propagation velocities in tested turns are
shown in Fig. 2. Their reproducibility is fairly good, and
the propagation velocities at the same current are slower at
the lower temperature in subcooled helium. The stability
test before subcool was carried out 20 hours after being
immersed in liquid helium. It must be sufficient time to
cool-down the coil. The tests after subcool were carried out
after all thermo-sensors in the coil had indicated 4.4 K. The
propagation velocity after subcool was obviously slower
than that before subcool. The latter in the third cool-down
is almost same as that in the first cool-down, even though
the steady heat load is decreased to one third. It means that
the deterioration of heat transfer before subcool is caused
not only by the heat load. Although the cause is not
understood well, the wetted condition of the conductor
surface could be improved by being subcooled once.

From the quasi-static heat balance equation, the
propagation velocity v, is expressed as

y o |PPE_T-2 (1)
£V 4 FoedT -1
2
= TpiT
Aph =——-T,

where p, 4, h, k, p, ¢, I, T,, Ty, Tj, F are the perimeter, the
cross-sectional area, the equivalent heat transfer coefficient,
the thermal conductivity, the resistivity, the specific heat,
the current, the critical temperature, the current sharing
temperature, the bath temperature, and the factor of
effective heat capacity, respectively. The p, T, and 7 are
dependant on the magnetic field, and the p is derived by
multiplying the average resistivity by 2.0 as the effect of
the slow current diffusion. The k and ¢ are averages of the
composite conductor, and they are dependant on the 7.
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The values of F and /4 were surveyed to fit the
experimental results. Figure 3 shows the calculated result
for F of 0.63. The & in saturated helium before being
subcooled is estimated to be 0.50 kW/m2/K, and it is
improved by 20% after being subcooled. Furthermore, it is
improved by 30% by being subcooled to 3.5 K.
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§18. Power Saving Trial of Helium
Compressors for the LHD Cryogenic
System

Yamada, S., Moriuchi, S.

Figure 1 gives an arrangement of compressors for
the LHD cryogenic system. Eight single-stage compressors
of oil injection type were applied. They have a discharge
capacity of 1100 g/s for the electric power of 3.45 MW.
Massflow rate of the main circulation is controlled to 700
g/s, and the other of 400 g/s was bypassed for the typical
operation w/o pulse operation mode, because the heat load
and heat input into the cryogenic parts is not so large than
that of the designed values.

In long-term operation, reduction of power
consumption will be one of the most important issues. To
minimize the bypass flow and to reduce the electric power
consumption, unload operating characteristics of the
compressor system were investigated. In this test, the
compressors of AL1 and AL4 of low pressure stage were
used. Following method was applied for the unload test:
(1) set the stroke of the valve of AL1 gradually from 100%
to 5%, and come back to 100% again, then (2) set the
stroke of the valve of AL4 gradually from 100% to 0%, and
come back to 100% again. To avoid the perturbation for
cooling the SC coil system of the LHD, we watched
carefully whether the cooling conditions of the turbines in a
cold box would change. The stroke of the valve and the
massflow rate change are shown in Fig. 2, and the relation
of the electric power consumption and massflow rate
change are shown in Fig. 3.

It was clearly seen that the massflow rate of a
compressor responded with sufficient accuracy to a gradual
change of a stroke. The maximum flow rate of the
compressors, ALI, AL2, and AL3 were 240 g/s. The
maximum flow rate of AL4 was 120 g/s. All compressor
units have the capacity margin of more than 10 %.

Figure 4 shows the relation between the electric
power consumption and massflow rate. The experimental
result of the power consumption to a massflow rate was

0.2 MPa
0.1 MPa
-«

He Gas
Holder

Typical operation (w/o pulse mode)

[Fo]:1100e/s  [F1]: 70085 [F2]: 150e/s [F3]: 400/

Coldbox

Fig. 1. Arrangement of compressors and measuring
points of mass flow rates.

almost the same for the compressors AL1 and AL4. The
slight difference of inclination in a Figure may originate in
the difference of the load efficiency of the induction motors.
It was confirmed that power consumption of 500 kW can
be decreased by reducing the massflow rate of 200 g/s in
the bypass circuit.
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§19. Cryogenic Stability of LTS/HTS Hybrid
Superconductors

Yanagi, N., Hemmi, T.,
Bansal, G. (Sokendai)

Large current capacity with high current density is
supposed to be achieved by solid composite-type
superconductors when they are extra stabilized with low
resistive metals. Such an example is seen in the
aluminum-stabilized superconductor used for the helical
coils of the Large Helical Device (LHD). However, it was
found in this conductor that the cold-end recovery current
was lower than the expected value due to the enhancement
of the magnetoresistivity of aluminum-copper composites
by the generation of the so-called Hall currents under high
magnetic field. Moreover, in the transient process, the
minimum propagation current becomes even less due to the
long magnetic diffusion time constant in the pure aluminum,
and traveling normal-zones are observed to propagate only
in one direction along the conductor [1].

If these problems with composite-type superconductors
are solved, the cryogenic stability can be highly improved,
and this type of conductors will still be used in the near
future middle-scale or large-scale superconducting coils. In
this connection, we consider that high-temperature
superconducting (HTS) wires can be used as a stabilizer in
place of pure aluminum. An HTS wire has effectively zero
resistivity as long as the transport current is lower than the
critical current, and thus they can be regarded as an ideal
stabilizer. In such a “hybrid” conductor, we can assume that
the transport current flows initially in the low-temperature
superconducting (LTS) wires. When there is a
normal-transition in the LTS wires due to some external
disturbances, the transport current may immediately
transfer to HTS and thus the heat generation can be
suppressed and a quench will be avoided. Here it should be
noted that HTS wires need not to be supplied in long length
but in short pieces, and therefore, the problems related with
mechanical robustness and AC losses can be solved. We
believe that hybrid conductors will explore a new research
field in terms of the cryogenic stability of LTS conductors.
At the same time, they will also contribute in the
development of full HTS conductors in the future.

In order to develop LTS/HTS hybrid conductors, we
started by the combination of NbTi/Cu and Bi-2223/Ag
wires. Figure 1 shows the cross-sectional view of the hybrid
conductor, which is the modified version of the original
aluminum-stabilized superconductor for the LHD helical
coils by replacing the aluminum-stabilizer by a bundle of
Bi-2223/Ag tapes. This conductor is now being fabricated
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and it will be tested soon. Before actually examining the
properties of this conductor, we have prepared a series of
small-scale samples in order to carry out proof-of-principle
experiments. Here, a NbTi/Cu cable with the
cross-sectional area and current capacity roughly ten times
smaller than those of the LHD conductor was used and two
and/or three tapes of Bi-2223/Ag wires were soldered
together and thus hybrid conductors were formed. The
stability tests were performed by initiating a quench in the
NbTi/Cu cable using a resistive heater and the propagation
of the generated normal-zone was investigated. The results
are shown in Fig. 2 both for the two-tape and three-tape
samples. As is expected, hybrid conductors show good
stability and the minimum propagation current can be
improved by using HTS tapes as a stabilizer.

Copper NbTi/Cu

ﬁ/NbTi/Cu

: ;}%%%E% Cu-2%Ni
Aluminum /

/

~__. /
EBW Bi-2223/Ag

10 x 3 Tapes

Fig. 1 Cross-sectional views of the aluminum-stabilized
superconductor used for the LHD helical coils (left) and its

modified version as a hybrid conductor (right).
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Fig. 2 Experimentally observed minimum propagation
currents of small hybrid conductor samples (with two and
three HTS tapes) as well as a NbTi/Cu cable.

References

1) Yanagi, N., Imagawa, S., et al., IEEE Trans. Appl.
Supercond. Vol.14, No.2 pp.1507-1510.

2) Bansal, G., Yanagi, N., et al., to be published in Fusion
Engineering and Design.



§20. Operation Test of T00kW Class DEMO
SMES

Chikaraishi, H., Hemmi, T., Mito, T.,
Abe, R. (Shibuya Co., Ltd.)

The operation test using 100kJ SMES and the power
converters are performed. The test circuit is shown in
Figure 1. To show the large power operation of this test
system, the regenerating power is circulated to the elec-
trical utility network. In the experimental room, there
is no 400V line for test, we made a test line using step
up transformer.

In the preliminary operation design, the exciter will
be turned off while the system supply the power to the
facility. This exciter is based on the switching regulator
and the dc side circuit is simple diode rectifier and the
circuit to circulate d¢ current can be kept. Therefore,
we changed the control sequence that the exciter is not
turned off even if the SMES supplies power.

The electrical line used in this test supplies many
utilities in the Superconducting Magnet Lab. and a hard
power change in short time may makes problem to other
utilities. Therefore, we limit ramp up rate of the power
to 1.5 MW per second. Previous experiments show that
the superconducting coil has enough operation margin
and the power converters made with rating of 140kW
for short time operation. Therefore we discharge at the
maximum rate of 140kW to show the temperature rising
in the coil clear.

Figure 2 and Figure 3 show the test results. Dc line
voltage, the coil voltage and current are shown in Fig-
ure 2. The discharge started at t=1000ms and stopped
at t=1720 ms. To check the operation of the chopper,
the discharge operation was continued until coil current
became zero. The available power is limited be coil cur-
rent and dc voltage. In this system, dc voltage is 300V
and 150kw output is possible while coil current is lager
than 500A. At the beginning of the operation, distur-
bance was observed in dc¢ current and coil voltage. The
coupling between inverter control and chopper control
caused this disturbance. In the next IMW class systen,
a computer controller is used and decoupled control will
be installed. Figure 3 shows the stored energy in the
coil, power flowing dc link. The dc power is kept con-
stant as 150kW while 1000ms < t<1440ms. After this
operation, the temperature of coil increased 1K and it is
smaller than the designed value. In this test operation,
the capacity of the utility line used in this test was about
20kVA and is smaller than SMES output of 150kW then
the line voltage raised about 30%. In the actual system
line capacity and SMES capacity arc balanced and the
voltage change will not be occurred.
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Figure 1. Test ciruit diagram
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§21. Dynamic Simulation of a Large
Cryogenic Plant

Maekawa, R., Ooba, K., Mito, T.,
Ando, K. (Taiyo Nissan Co.)

The real-time simulator for the large-scale cryogenic
system has been developed since 1993. In 2004, as a result
of extensive collaboration with Taiyo Nippon Sanso Co.,
National Institute for Fusion Science (NIFS) successfully
demonstrated the capability of C-PREST, simulating the
LHD helium refrigerator/liquefier. As for the next step of
the development program, LHD cryogenic system was
selected to be the target plant. LHD has been operated
since 1998, conducting eight-year of operating campaign.
Since then, the cryogenic plant has been demonstrating its
reliability. Still, it is mandatory to pursue its safety and
reliability, and efficient operation procedures as well. As
increasing the operating period, the hardware and/or
software required to be updated and/or replaced. This is
primarily caused by the termination of products, especially
for the control system hardware. Since the processing
speed of the hardware unit has been greatly improved, it is
inevitable to replace the old one. The driver or the system
software has to be modified as replacing the hardware unit;
otherwise this would induce the software crush and/or
malfunction of other hardware. To secure the reliability of
a new system, it is required to test the system before
installing to the plant. To do so, the most reliable way
should be the testing a new system, utilizing the identical
control system and the plant. In addition to these, it is
essential to study the plant process to increase its efficiency
which will lead to a reduction of running cost,

A simulation model has been implemented to
demonstrate the cooldown process of LHD. In this study,
the modeling of LHD components was limited to the
following; a pair of helical coils, three sets of poloidal coils

and supporting structures. To save the CPU time, a
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simulation of thermal radiation shields was substituted by
the heat input to the refrigerator. A cooldown process of
LHD has been designed to maintain the temperature
difference within the system for less than 50 K, it is obvious
to assign the massflow rate to each component with its cold
mass. Since some components were eliminated for this
simulation study, the total massflow ratio is less than one.
The Process and Instrument Diagram (P&ID) for the
simulation model has been developed. The priority for the
simulation was set to achieve a real-time computation and to
understand a dynamic behavior of the total cryogenic system,
even though the model accuracy is considered to be more
important. So, the model was executed to sustain the fast
computational speed and was simplified to eliminate any
additional CPU load to the process calculation. The
lumped-capacitance  model, neglecting any spatial
temperature variations, was employed to implement the
components as:
dr, _

MiCiE mcp(T;'n _Tout) (1)

where M; is a mass and C; is a specific heat of component 7;
m is a massflow rate of helium gas and C, is its specific heat.
T;, and T,, are the inlet and the outlet of helium gas
temperature, respectively.

Equation 1 has been solved with imposing the
efficiency of temperature, 77, between the helium gas and the

component i:

T

’7 — 7o-‘z‘(t_ T in (2)

Cooldown operation was conducted and compared
with the cooldown process during the 7" experimental
campaign in August, 2003.  There are numbers of
temperature sensors in LHD system, while the simulation, as
mentioned before, was done based on one temperature for
each component. The simulated data were considered as an
averaged temperature of the component, which agrees well

with the actual operation.



§22. Design Optimization of Bi2212 HTS
Tubular Bulk with Conical Shape for
Current Lead

Tamura, H., Mito, T.,
Yamada, Y., Tachikawa, K. (Tokai Univ.),
Heller, R. (FZK)

The performance of high-Tc superconductors
(HTS) has been improving and many practical applications
have been introduced. The major advantage of using a HTS
system is a low heat load to the lower temperature region
since it has a low thermal conductivity compare with a
metallic conductor. They are expected as a current lead
between a low-Tc superconductor and a conventional
current lead which is used between room temperature and
intermediate temperature. Yamada et al. has developed
Bi2212 bulk material by using diffusion reaction. To obtain
high transport current, increasing of the cross-sectional area
can be efficient since the diffusion layer is synthesized on
the surface of the substrate. A tubular bulk seemed to be
appropriate to maximize the surface area. We have made
some tubular bulk to investigate an electrical performance
of the HTS bulk and the maximum transport current of 8
kA was achieved at 4.2K.

A current lead wusually has a temperature
distribution along its warm end to the cold end. From the
result of the transfer current against temperature rise, the
maximum transfer current was 2 kA under the condition of
warm end temperature was 50 K". Under this condition,
the cross section of the cold end can be smaller since the
temperature of cold end is almost 4.2K”. Based on the
consideration, we made a new type of tubular bulk which
had a conical shape. The conical bulk had 47 mm/39 mm in
diameter at the warm end and that of 27 mm/19 mm at the
cold end. The bulk was connected to end caps made of
copper with solder. Fig. 1 shows the current profile and the
temperature change at the warm end, HTS part, and cold
end. No temperature rise due to the current flow was
observed for any region of the specimen. The voltage
generation in the HTS region was less than 25 uV. These
data show that the current transport behavior is quite stable
in the HTS region even when the current exceeded to 4 kA.

To show the effect of the conical HTS and for a
practical use of the Bi2212 bulk, we considered a
conceptual design of a current lead. The nominal current
was set to 2 kA. The calculation model of the current lead
consists of 3 parts; conventional heat exchanger part, HTS
part, and low Tc superconductor part. The heat exchanger
part was assumed that consisting of 114 bundle copper
wires being 1.5 mm in diameter. The warm end of the HTS
part was assumed to be cooled by 60 K helium gas with 0.9

g/s of mass flow rate. The cold end was connected to
NbTi/Cu low Tc superconductor which was in the liquid
helium. Thermal conductivity of the HTS part was obtained
from the measurement of the Bi2212 plate. CURLEAD
analysis code was used for the calculation. Fig. 2 shows the
results of the calculations. We fixed the outer/inner
diameter at the warm end to 47 mm/39 mm. The
outer/inner diameters at the cold end of the cylindrical and
conical model were set to 47 mm/39 mm and 27 mm/19
mm, respectively. Then the length of the HTS part was
changed to obtain an effect for the heat leakage to the cold
end. As the result, the heat leakage of the conical shaped
HTS was almost 2/3 of that of the cylindrical one. The heat
leakage would be less than 1 W if the length of the HTS
part was longer than 150 mm.
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§23. Preliminary Cool-Down Tests of the
Cryogenic Target for the FIREX Project

Iwamoto, A., Maekawa, R., Mito, T., Motojima, O.,
Nakai, M., Norimatsu, T., Nagai, K. (ILE, Osaka
Univ.)

i) Introduction

To accomplish the Fast Ignition Realization EXperiment
(FIREX) project, key technologies are higher power lasers and a
cryogenic target. In regard to lasers, the existing compression lasers,
GEKKO XII will be utilized, and the heating laser called LFEX
with 10kJ/10ps are under construction. On the other hand, the
fabrication technology of the cryogenic target has been developed
at the Institute of Laser Engineering (ILE), Osaka University.
Furthermore, the collaborative research between ILE and the
National Institute for Fusion Science (NIFS) has been started to
demonstrate the fuel layering process. This paper focuses on the
cryogenic target development at NIFS.

The target for the project has a unique design which have
been proposed by ILE. It consists of three parts: a foam shell, a
conical laser guide and a liquid or gas feeder. Epoxy resin was used
as the adhesive to assemble them into a target. The difference of
thermal contraction among the materials is one of the possibilities
to damage the target. Therefore, to check the validity of the target at
cryogenic environment, preliminary cool-down tests using the
dummy target with a polystyrene shell were conducted at NIFS. In
this paper, a confirmation of helium (He) leak tightness and a
demonstration of H, liquefaction on the dummy target are
described.

ii) Specification of the target

Fig. 1 shows the schematic illustration of the target applied for
FIREX. The target consists of three parts: a foam shell, a conical
laser guide made of a gold thin plate and a gas or liquid feeder
made of a glass tube. The shell is a sphere shape with uniform and
thin foam layer and has a diameter of 500 um with the thin layer of
~20 pm. The foam is low density porous plastic and a supporting
material of fuel. The foam material is expected to be impregnated
uniformly with solid fuel, so that an ideal target is formed.

iii) Dummy target and experimental procedure

The dummy target was prepared for the preliminary study as
shown in Fig. 2. A polystyrene shell with ~2 mm in diameter and
~30 pm in layer thickness was substituted for the foam shell
because of easy observation by a digital camera. The feeder with an
inner tip diameter of 30 um was arranged. The dummy target was
set in a target can. Target temperature can be controlled by the heat
exchange gas-He (GHe) filled in the can. Gaseous H, (GH,) was
used as the substitute for D, or DT fuel under self-imposed control
of NIFS.

The validity of the target at cryogenic environment was
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checked in the following two steps: the confirmation of helium
(He) leak tightness and the demonstration of H, liquefaction. At
first, GHe was filled at 2.5 kPa in the target can. A leak rate through
the target was measured at room temperature and at cryogenic
environment by a helium leak detector. At the second step, the
exchange GHe was added up to 4 kPa. GH, was fed into the target
and its pressure was kept at the saturated vapour pressure, where H,
liquefaction was started and was checked by a visual observation.
During the demonstration, the temperature of the exchange GHe
was controlled at 18.5 K.

iv) Results

He leak rates through the dummy target were measured at 300
K and at 18 K. The measured leakage was 2.5x10™"" Pam’s at
room temperature, whereas was 82x10™" Pam’s at 18 K. A
serious leak was not observed on the target. Judging from this result,
it was sure that the epoxy resin was useful as the adhesive to
assemble the practical target.

Figures 3(a) and (b) show successfully liquefied H, in the
dummy target. The photographs were taken by a digital camera.
The liquefaction started at ~85 kPa of the partial pressure of GH,.
According to saturated vapour pressure of H,, the inside
temperature of the shell at this point must be ~20 K. The
temperature difference between the exchange GHe and the inside
of the shell results in ~1.5 K.

Gas or liquid
feeder (glass)

Fig. 2. Dummy target with a polystyrene shell.

(b) liquefaction :
in progress

Figs. 3(a) and (b). Liquefied H, in the dummy target.

(a) beginning
of liquefaction



§24. Experimental and Numerical Studies on
Heat and Mass Flow of He Il through
Porous Media

Hamaguchi, S., Maekawa, R.,
Okamura, T. (Tokyo Tech.),
Baudouy, B. (CEA Saclay)

For superconducting magnets cooled with He II,
the  conventional electrical insulation of  the
superconducting cables also works as the thermal
insulation. So, it is considered that porous media are
applied as electrical insulation on superconducting cables,
because the flow of the superfluid component through the
porous media would make a good thermal connection
between the He II and the superconducting cables. To use
the porous media as the electrical insulation of
superconducting magnets, it is important that the heat and
mass flow of the He II through the porous media is
investigated. In the present study, a numerical code,
which can calculate the heat and mass flow of He II both in
micro channels of porous media and in He IT bath and He 1T
chamber simultaneously, have been developed.l) The
present numerical model was based on the two-fluid model
with the Gorter-Mellink mutual friction and dealt with the
classical friction loss and the tortuosity in the porous
media.2) In the present calculations, the steady state
problems of the heat and mass flow of the He II through the
porous media were analyzed for various porous media and
the numerical results are compared with the experimental
results.

Fig. 1 shows a schematic view of an
experimental apparatus. The apparatus consists of 3 parts,
which are an outer cylindrical vessel, an inner cylindrical
vessel and a disk with a porous medium, made of SUS304.
The disk is 15 mm thick with the diameter of 120 mm and
has a hole in the center of the disk. A porous medium, 10
mm thick with the diameter of 40 mm, is attached into the
hole. The porous medium is made of Al,Os, the porosity
is 32 % and the average pore diameter is 1 um. These
parts are sealed with indium wire, the diameter of 1 mm.
The space between the outer vessel and the inner vessel is
evacuated to interrupt the heat flux from the He II bath to
the He II chamber. The He II chamber is 40 mm high
with the diameter of 60 mm. A heater and a germanium
thermo sensor are fixed in the He II chamber. A pressure
sensor, which is connected to the He II chamber by a
narrow tube, is located out of the He II chamber. The He
II chamber is only open to the He II bath through the
porous medium at the bottom. The apparatus is immersed
in the pressurized He II bath. In the present experiment,
steady heat and mass flow of He II through the porous
medium was measured.

Some calculations were carried out as to the
experimental apparatus before the experiments were
conducted. The tortuosity of 4.6, which was estimated
from previous experiments by Maekawa et al.3), was used.
The numerical results are shown with the results of the

following experiment in Fig. 2. The calculations were
consistent with the experimental results. The validity of
the present numerical model was confirmed as to this
porous media immersed in the pressurized He II.
However, a little discrepancy between the numerical
outputs and the experimental data occurred in the regime of
the high heat flux. Subsequently, it was found that the
accurate tortuosity of the porous media, obtained from the
results of the following experiments, was 4.8. It is
guessed that the difference of the tortuosity depends on the
influence of the variation of the average pore diameter. It
is expected that the numerical results will be closer to the
experimental results if the corrected tortuosity is applied to
the calculations.
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Fig. 1. A schematic view of the experimental apparatus.
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§25. Effect of Shielding Currents on Current
Decay Behaviors in HTS Coils

Hemmi, T., Yanagi, N., Seo, K., Takahata, K., Mito,
T., Bansal, G. (Grad Univ.)

HTS coils with persistent current operation are employed
for high beta plasma confinement by dipole field with an
internal ring. The current decay behaviors have been
evaluated using the joint resistance and E-J characteristics of
the HTS tape. In the past studies of LTS coils, the effect of
the decay of coupling currents was discussedl). It was
suggested that the transport current could be changed by the
decay of coupling currents. In the case of HTS coils, the flux
creep of the shielding currents is supposed to play the key
role to affect the transport current in place of the coupling
currents in the LTS wires. In order to achieve magnetic
stability of 0.1 ppm/h like NMR magnets, the effect of
shielding currents on magnetic stability of HTS coils in
persistent current operation has to be studied, and a series of
experiments have been carried out and a numerical analysis
using finite element method (FEM) was conducted?).

A Bi-2223/Ag tape having the critical current of 104 A
and n-value of 24.4 (at temperature 77 K under self-field)
was used to wind HTS coils with a number of turns of 160
and the inductance of 4.0 mH. The joint resistance is 8 nQ
as a whole. From the experimental results at temperature of
60 K, it was found that the decay rate of the persistent
current could not be fitted by an exponential function of
time up to about 1000 s. In the long-time range after 1000 s,
it is well fitted by an exponential function which can be
determined by the joint resistance. The effective resistance
can be evaluated from the decay rate of the current and the
result is shown in Fig. 1. It was also found that the current
decay behaviors could be changed by excitation process, as
is shown in Fig. 2. In the case of an overshooting excitation,
the effective resistance becomes close to the value given by
the joint resistance.

The current decay behavior has been numerically
analyzed using FEM by taking account of the non-linear E-J
characteristics of the HTS wires. The HTS coil is assumed
to be a double-pancake coil of 8 turns with the same inner
radius and tape configuration. The joint resistance is
assumed to be zero in the present calculation. The calculated
current decay behaviors by changing the excitation process
are shown in Fig. 3. The current decay behaviors are
improved by having an overshooting excitation process in
which the current distribution is gradually changed to the
reverse direction. In the overshoot case which is first
charging to 120 A, ramping down to 60 A and then

120

switching to a persistent current mode, the magnetic field
direction, which is made by the shielding currents, becomes
the same as that of the major field of the coil. Therefore, the
transport current increases due to the decrease of the
shielding current.

In summary, current decay behaviors of HTS coils in
persistent current operations are discussed by carrying out
experiments and numerical analysis. The current decay
behaviors are found to be affected by shielding currents. It
has been shown that the improvement in decay behaviors is
possible using appropriate excitation process. We can
conclude that the current decay behaviors of HTS coils
should be determined by the joint resistance, the E-J
characteristics of HTS wires and shielding currents.
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§26. Development of HTS Loops for Long-
Time Plasma Diamagnetic Measurements

Hemmi, T., Yanagi, N., Mito, T., Bansal, G. (Grad
Univ.), Yamazaki, K. (Nagoya Univ.)

In the conventional diamagnetic measurement, the time
variations of plasma energy and beta-value are evaluated
using diamagnetic loops made of normal conductor, such as
copper. In order to obtain the diamagnetic flux, the induced
voltage is integrated. However, the integrator has drift
characteristics. Therefore, the diamagnetic measurement
using integrators are considered to be difficult in long pulse
operations, such as longer than 1 hour. In order to improve
this problem, another diamagnetic measurement system,
which converts the magnetic flux into a current of a
superconducting loop, is being studied. In order to arrange a
loop in locations with high temperature near plasma,
high-temperature superconducting (HTS) loop can be used.
Here, an HTS loop is operated in a persistent current mode.
In this study, a long-time plasma diamagnetic measurement
system has been designed, fabricated and tested.

The schematic of a superconducting diamagnetic loop and
the photograph are shown in Figs. 1 and 2. The HTS loop
consisting of two double-pancakes were wound using a
Bi-2223/Ag tape. The tape has a dimension of 4.1 mm width
and 0.23 mm thickness, and it has the critical current of 104
A and the n-value of 24.4 (at temperature 77 K under
self-field). The HTS coils have a number of turns of 80, the
inner and outer radius of 50 and 65 mm, respectively. A
persistent current switch (PCS) and another superconducting
coil were wound by NbTi/Cu superconducting wires. The
current of the HTS coils was measured by a Hall probe. The
PCS is turned off during the excitation. The superconducting
coil has limited the current of the HTS loop.

The HTS loop was excited using a copper coil as the
primary loop, which imitated plasma diamagnetic flux. The
test results are shown in Fig. 3. From Fig. 3(a), the decay
time constant of the superconducting loop is evaluated to be
814 hours. The joint resistance determines this decay
behavior in this system. Fig. 3(b) is the measured magnetic
field when the current of the copper coil is changed.

In summary, a plasma diamagnetic measurement system
using an HTS loop has been examined for long-time
measurement. From the test results, the principal of this
system has been demonstrated. In the future, reduction of
joint resistance and high-resolution current sensor will be
developed for a high-performance system. Installation of an
HTS diamagnetic loop to the Large Helical Device will be
considered.

HTS loop

Persistent current switch

gpall probe

:

Superconducting coil

Fig. 1. Schematic of a superconducting diamagnetic loop.

Fig. 2. Photograph of the fabricated HTS loop.
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§27. Stability of NbTi/Cu CICC with Artificial
Non-Uniform Current Distribution

Bansal, G. (Sokendai), Seo, K., Yanagi, N., Hemmi,
T., Takahata, K., Mito, T. (NIFS), Sarkar, B., Saxena,
Y.C. (IPR, INDIA)

Abstract: The effect of non-uniform current distribution
(NUCD) on stability of NbTi/Cu cable-in-conduit
conductor (CICC) for the Steady State Tokamak
(SST-1) [1] has been investigated by artificially
introducing NUCD in the cable. The stability was found
to decrease in case of NUCD. A transition from high
stability to low stability is observed at around 13 kA
current in bias field of 6 T in case of uniform current,
whereas it is around 11 kA with NUCD. The dependence
of stability on helium pressure is also investigated. The
stability increases in liquid helium as compared to that in
supercritical helium.

Introduction: A short sample of NbTi/Cu CICC was
prepared and the stability was examined at different
operating currents with uniform and non-uniform current
distributions in the bias field of 6 T. The CICC has 135
strands of diameter 0.86mm without insulation in a
twisting  pattern of 3x3x3x5. The copper to
superconductor ratio is 4.9. The experiments were
performed in stagnant supercritical helium at 0.4 MPa
and 4.4 K. The experimental set-up details are found in
reference [2].

Experimental Method: The last two twisting stages of
the CICC were opened up into 15 sub-cables at the
current inlet and outlet of the sample. Thin film resistive
heaters were mounted on individual sub-cable line to
introduce non-uniform current distribution in the cable. A
number of combinations of the heated sub-cables of
different twisting stages may be chosen using this
technique. Fig.1 shows some of the combinations. The
white portion in the figure shows the heated sub-cables to
introduce the non-uniform current distribution in the
cable. Step-0, Step-1, Step-3, and Step-6 correspond to
0%, 20%, 47%, and 66.67% heated sub-cables in the
whole cable. During the experiments, initially, the
sample was charged up to the desired current and then
the selective heaters were turned on to obtain the non-
uniform current distribution in the cable. After reaching
the steady state in about 30 sec, the inductive heater was
turned on to initiate a normal zone in the cable.

Experimental Results: Fig.2 shows the results of the
measured stability margin of the NbTi/Cu CICC with
uniform current and different NUCD patterns. Sharp
transitions in the stability were observed with and
without NUCD. A decrease in the stability was observed
in case of NUCD in the cable.
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The stability of the conductor was examined by varying
the helium pressure as well. Fig.3 shows the results of
this experiment with and without NUCD. The conductor
showed high stability in liquid helium. The quench was
not observed in case of liquid helium due to the
restrictions of the induction heater voltage. The increased
stability of CICC in liquid helium might be due to the
large latent heat of vaporization (~ 20 J/g) of liquid
helium.

Step-0 Step-1 Step3 Step6

Fig.1: NUCD Patterns. The white portion is heated bundles.

6 _
10 Bias Field: ~6.1 T
He pressure: 0.4 MPa
-~ 5 . Uniform Current
;. 1074
>
>
(]
c
w 4
5 1077
o
£
Step-6 e
10° —
11 12 13 14 15

Sample Current (kA)

Fig.2: Stability of the conductor with and without NUCD.

6

10" 3 Sample Current: 14 kA
Bias Field: ~6.1 T
~ 1 Stable (without NUCD)
=) E
<07 /
> 1 © o O
o
o Quench (without NUCD)
fe)
I:l_'J 104_ £ E @ /
3 A ® ® @
< / .
1 Quench (with Step-6 NUCD)
10> +———— :

01 02 03 04 05 06
Helium Pressure (MPa)
Fig.3: Dependence of stability on helium pressure.
References:

[1] Saxena, Y.C. et al.: Nucl. Fusion, 40, (2000) 1069.

[2] Seo, K. et al.: 74™ Cryogenic Society of Japan
meeting, 2006, 2P-P34.



§28. Cryogenic Stability of LTS/HTS Hybrid
Superconductors

Bansal, G. (Sokendai), Yanagi, N., Hemmi, T.,
Takahata, K., Mito, T. (NIFS)

Introduction: Pure aluminum stabilized superconducting
cables have been used in many applications such as
accelerator magnets, fusion devices, SMES etc. It has
been found in some cases that these conductors show
rather lower recovery currents than expected due to the
enhanced longitudinal resistivity by the so called Hall
current generation in the pure aluminum used together
with copper [1]. In transient conditions, rather lower
minimum propagation currents, Iy, have also been
observed due to the long magnetic diffusion time
constant in the pure aluminum compared to the steady-
state recovery currents [2]. In the present experiment the
high temperature superconducting (HTS) tapes, in place
of aluminum, have been used as a stabilizer to the low
temperature superconducting (LTS) NbTi/Cu cable to
increase the minimum propagation currents.

Experimental set-up: The NbTi/Cu cable with a cross-
section of 3.36x1.55 mm’ was first tested and then the
same cable with two layers of HTS tapes soldered on to it
was tested. The sample was prepared by winding one
layer of the NbTi/Cu cable into the grooves of a Bakelite
bobbin. The end terminals of the sample coil winding
were shorted by making a soldered lap joint so that the
sample coil could be charged inductively by the
background 9 T magnet. The experimental set-up
schematic, and sample coil winding are shown in Fig. 1.

Experimental Procedure: The sample coil was charged
inductively by the bias coil itself. For I,, measurements,
a thin film resistive heater was used to initiate a normal
zone in the conductor. Voltage taps attached to the
sample coil at the heater location (V2) and 4 cm away
from V2 in both directions (V2R and V2L) provide
information of normal zone growth in the cable. The
sample coil current was measured by a calibrated Hall
sensor at the center of the sample coil.

Experimental Results: Fig. 2 shows the typical
measured voltage signals of V2, V2R, and V2L in the
case of 6 T bias field. The measured I, of LTS/HTS
hybrid conductor are plotted in Fig. 3. As expected, the
graph shows that the minimum propagation currents
increase in hybrid conductor as compared to the NbTi/Cu
cable. The critical currents of HTS tapes (the sum of
critical currents of two HTS tapes) and NbTi/Cu cable
are also plotted for comparison. Using the observed
voltage signals, the normal zone propagation velocity is
estimated at different sample currents. The linear fitting
of the propagation velocity on the y-axis and sample
current on the x-axis gives the minimum propagation

current of the conductor. The measured minimum
propagation currents of NbTi/Cu cable have also been
plotted in Fig. 3.
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Fig.1: Experimental set-up schematic, and sample
winding photograph.

Bias Field: 6T

Sample Current: 1378 A

0.006 e

L P '
i FA :
< 0005 F fo Vo 166

Z E Heater Pulse ; ] %1
% 0.004 F ¥ - 165 =

3 C
c \ E )
0.003 64 o+
9 ] —
” b, vaL 3 =
o 0002 j63 @
8 | YA P 1., 8
o 209 : 62 5

s "N %, ]
o ] £ I —
I [a ] O F— | f__,_,_ \){{ %, kX Q
> 0001 F i = e 3

-0.002 Ea 159

02 0 02 04 06 08 1
Time (sec)

Fig.2: Typical voltage tap signals observed during the

LTS/HTS hybrid conductor testing.
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§29. Summary of Fifteenth International Toki
Conference (ITC-15)

Mito, T.

The Fifteenth International Toki Conference
(ITC-15) was held at “Ceratopia-Toki” in Toki-city, Gifu,
Japan during December 6-9, 2005, with the theme “Fusion
and Advanced Technology”. In the conference, 137
researchers from 12 countries throughout the world
participated, and valuable presentations and fruitful
discussions were held throughout the week. The number of
participants from each country was found as follows: the
United States (10), China (10), Germany (5), India (4),
Russian Federation (3), Korea (2), France (2), Austria (1),
Slovakia (1), Italy (1), Ukraine (1), and Japan (97).

The International Toki Conference (ITC), which
is series of conferences dedicated to the discussions and
presentations of research activities related to fusion science,
was initiated in 1989 and has been held annually since then
for commemorating the foundation of the National Institute
for Fusion Science (NIFS). Toki-city, which is located in
the central area of Japan and famous for pottery industry
with 1300-year traditions, has been serving as the hosting
city of the conference.

The ITC-15 focused on the science and
engineering issues related to fusion experimental devices,
fusion reactor designs and related advanced technologies.
The topics specified on superconducting fusion devices,
superconducting magnets and conductors, cryogenics,
fusion reactor designs, and advanced technologies related
to fusion reactors.

The conference consisted of three plenary
presentations, 23 invited talks, 12 contributed oral
presentations, and 76 poster presentations. Prof. Koichi
Kitazawa, Executive Director of the Japan Science and
Technology Agency gave the first plenary presentation
with the title “Twenty Years since the Discovery of High
Temperature Superconductivity”. Twenty years have
passed and it was emphasized that the HTS application is
proceeding into the practical stage to fulfill the dream in
the future. The second keynote speech was presented by
Prof. Osamu Motojima, Director General of NIFS with the
title “Progress of Plasma Experiments and Superconducting
Technology in LHD”. Outstanding results of the plasma
experiments in the Large Helical Device (LHD) were
clarified along with the engineering features of the
large-scale superconducting magnet system. The third
keynote speech was given by Prof. Peter Komarek,
Director of the Institute for Technical Physics (ITP) of the
Forschungszentrum Karlsruhe (FZK) with the title
“Potential and Desire for HTS Application in
Thermonuclear Fusion”. The tasks of applying HTS to
fusion reactors were addressed after the present studies
were reviewed regarding the development of the
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superconducting technologies for nuclear fusion devices. It
was also proposed that now is the time to start the
application of HTS to fusion reactors because it requires a
long-term research.

In the invited talks, the latest results of
engineering research of the world projects were discussed
by the representative researchers in each laboratory
regarding the superconducting fusion experimental devices,
such as Tore Supra, TRIAM-1M, Wendelstein 7-X, EAST,
KSTAR, SST-1 and LHD. Moreover, 23 invited talks were
presented on the latest technological developments on
ITER, reactor design studies of such as FFHR, HELIAS,
ARIES, VECTOR and KOYO, high magnetic field
superconducting magnets, advanced metallic
superconductors, HTS wire developments, and the applied
superconductivity and cryogenic research activities in the
world projects. Furthermore, regarding the theme of the
conference, 12 contributed oral presentations and 76 poster
presentations were given, accompanied by extensive
discussions. The Proceedings of ITC-15 are going to be
published as the special issue of Fusion Engineering and
Design.

ITC-15 was organized by NIFS partly as an
internal collaboration program of the National Institutes of
Natural Sciences (NINS) with the support of Toki-city,
Gifu-prefecture, the Japan Society of Plasma Science and
Nuclear Fusion Research, the Cryogenic Association of
Japan, the Fusion Engineering Division of the Atomic
Energy Society of Japan. The conference was also
supported by the Ministry of Education, Culture, Sports,
Science and Technology, as well as by the Fusion Science
Association.

The chair of the international organizing
committee of ITC-15 was Prof. Osamu Motojima, and the
chair of the scientific program committee was Prof. Akio
Sagara. Prof. Toshiyuki Mito served the chair of the local
organizing committee, Prof. Shinsaku Imagawa, the chair
of the conference secretariat.

We wish to express our gratitude to all
participants of ITC-15 for wonderful presentations and
fruitful discussions. We would like to say many thanks to a
lot of people who cooperated for holding the conference.



(3) RF Heating Technologies

In the experimental campaign of 2005FY, EC and
ICRF heating have made steady progress for high
power and long pulse operations. The most
noteworthy result was almost one hour plasma
sustainment using both ICRF and ECH, and the 1.6
GJ was achieved as the new world record of input
energy to plasma. The average input power was 490
kW (ICRF: 380kW, ECH: 110kW) and the plasma
was sustained for 54 minutes. In 2004FY we achieved
the record of 1.3 GJ for input energy which was the
monumental success of long pulse operation of helical
devices, and at the same time, it was the highest value
in the world magnetic fusion devices. The input
energy was not limited by heating system problems
and mainly limited by sudden impurity influx inside
the plasma chamber.

At the long pulse operation, impurity influx of
metal dusts or flakes from the wall or divertor tiles
was important factor of plasma termination in both
2004 and 2005FYs. Especially in the higher power
operation of more than one mega watt, the impurity
influx frequently caused bright sparks. After the
bright sparks, a plasma was usually terminated by
radiation collapse. In the last year campaign, the long
pulse discharge by mega watt power injection was an
important task in LHD. Because the high power can
sustain high density plasmas and it improves the
plasma parameters such as temperature and
confinement time. For this purpose, a new technique,
booster ECH, was developed. A plasma sustainment
in 1.4 MW and 4 minutes operation was
successfully achieved at the higher plasma density by
using the instantaneous booster ECH pulse injection
just after the sudden impurity influx. The additional
ECH injection was effective to recover the plasma
from the radiation collapse due to sudden impurity
influx.

Besides the long pulse operation, the high power
RF heating was also the main topic of this year. The
ECH system was improved to inject higher power by
changing one of the large diameter (88.9 mm)
waveguide lines to an evacuated type to improve the
stand-off voltage and also by introducing the high
power 84 GHz gyrotron. After that, ECH system
achieved efficient electron heating power of over 2
MW.

The impedance matching system of ICRF was also
improved for efficient operation to increase the
injection power. At the second harmonic heating
mode, the maximum ICRF input power of 3 MW was
achieved at the 38.5 MHz operation.

ECH In 2005FY, one of 6 waveguide
transmission lines having large inner diameter of 88.9
mm, which has been used in the atmospheric pressure,
was modified to be evacuated to improve the

stand-off voltage at the high power transmission.
After the reconstruction of the transmission line, the
conditioning process was shortened and the allowable
injection power was much improved. To increase the
injection power into the LHD, a new high power
gyrotron (800 kW / 3s / 84 GHz) was installed and
connected with this evacuated line. As a result, the
maximum injection power of 530kW / 1s and a stable
injection of 340 kW/ 3 sec from one gyrotron became
possible.

The technology of transmitting the microwave
power with high efficiency through the long-distance
transmission line is one of the key technologies of
future fusion devices. The alignment method of a
wave beam based on the moment and the phase
information retrieved from infra-red images are
developed under US-Japan collaboration with MIT
group, and it was demonstrated the beam could be
aligned within the tolerance of the required precision.
The mode analysis in the waveguide will be
performed as the next step.

To evaluate and measure the ECH power in any
positions along the transmission line and even in
LHD chamber, the new handy dummy load was
developed. The octanol filled Teflon tank dummy
load played an important role to evaluate the accurate
power along the transmission line from the gyrotrons
to the LHD plasma positions in the vacuum vessel.

ICRF  Long pulse operation was an important item
for ICRF team. To achieve successful results, many
improvements were enforced. As for the impedance
matching system, the feedback control system to
realize the real time matched condition during the
long pulse operation was developed and installed. The
signals of directional coupler which include reflected
power ratio and phase information were used to
calculate the impedance matched conditions to
control the liquid levels of stub tuners. This system
was checked by using the artificial time varying
dummy load, and after that, it was applied to the real
long pulse experiment.

In 2005, the installed antenna number was
reduced from 3 pairs of former experimental
campaign to 2 pairs to check the interference with the
perpendicular NBI injector which was firstly installed
in LHD. As mentioned above, long pulse operation
was sometimes terminated by sudden impurity influx
from the LHD chamber wall or divertor plates during
normal operation. Plasma was collapsed just after the
some sparks around the plasma column (sometimes
they came from the divertor section). These sparks
seemed to be suppressed by reducing the RF field
around the antenna and also by reducing the plasma
density outside the scrape off layer.

(Mutoh, T.)
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§1. Development of an Evacuated
Transmission Line with $88.9 Diameter
Waveguides for ECH

Ito, S., Kubo, S., Shimozuma, T., Yoshimura, Y.,
Igami, H., Kobayashi, S., Mizuno, Y., Takita, Y.,
Notake, T.

For the plasma ignition or heating, Electron Cyclotron
Heating (ECH) is widely used for its stability. For the
plasma experiments that depend on magnetic field, the
frequency of an injected microwave has to be selected as
the fundamental or 2nd harmonic cyclotron resonances. In
LHD, the microwave that is generated by a gyrotron is
transmitted to LHD through the corrugated waveguide
with  ¢88.9mm or ¢31.75mm diameter. The latter
waveguide is used to transmit the microwave of 84GHz
frequency under the vacuum condition. The former
waveguide is used for the transmission of 84 and
168GHz power under both atmosphere and vacuum
condition. In the transmission line in air, the transmission
is limited the power level and pulse length because the
arcing often occurs by the concentrated electric field in
the line. Although flowing dry air through the line reduces
the possibility of arcings, it is difficult to transmit the high-
energy microwaves. Once a gas such as CO, was filled in
the waveguide previously, it was very difficult to eliminate
the produced carbon perfectly when the arcing occurred.
Therefore, we decided that the transmission line should be
evacuated to avoid the arcings effectively.

As the $88.9mm diameter waveguides was usually used
in the atmosphere, it seemed to be easy to evacuate this
line. At first, the direction of beam in the waveguide was
aligned from gyrotron to LHD and the constitution
supporting of the line was enforced to avoid the movement
by a force of the atmospheric pressure. After that, we
checked the vacuum leak in the system. There, however,
were many leak points because of the original architecture
of waveguide (pressure-tight structure). As the beam line
and the architecture could not be changed after that, the all
of leaks were sealed by a sealant. The two turbo-molecular
pumps with 200L/sec pumping speed, four vacuum
indicators, and two pumping ports from waveguides were
prepared to evacuate the line. They were installed in
adequate points for effective evacuation and the vacuum
condition was monitored. Especially it is important to
monitor the pressure around the barrier window between
the transmission line and LHD. The detector was installed
near the window and finally the achieved pressure of
1-1x10"Pa was accomplished in the line.

After the procedure, the system was conditioned quickly
and we could inject the higher power than in the pervious
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experiments. This effect is shown in Fig. 1. The arcings in
the transmission line were drastically suppressed. The
higher power injection obviously increases in the plasma
stored energy and the electron temperature. The increment
of the stored energy reaches 1.3 times by additional power
injection from the new system. The electron temperature
increment is also about 2keV at the 3x10'" m™ plasma
density and the electron temperature of 7keV was achieved
by using all of gyrotrons with three 168GHz for 2nd
harmonic X-mode and five 84GHz for fundamental
O-mode injection.

During the 9th experimental campaign in 2005, we
could stably transmit the high power and long pulse
microwave to the LHD. Some arcings, however, occurred
even though the transmission line was evacuated. It
originated from the insufficient evacuation. When the
high-energy microwave was transmitted, the vacuum level
was degraded instantaneously. On that time, the arcing
was detected in the location where the vacuum level was
low. There seems to be little margin of the vacuum level
required for the stable operation without arcings.
Therefore, we need further improvement of the
transmission line, especially in the waveguide joints where
many leaks were found. The structure is inadequate for
highly evacuation because it is difficult to suppress the
leak by tightening flanges more. Improvement of the joints
of waveguides will be required. By next experiments, we
will prepare another vacuum transmission line that has the
improved joint-system. It is expected that the higher
energy microwave can be injected steadily and repeatedly.

LHD Injection Power -
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Fig. 1 Comparison of the possible injection power between
in 5th (2002) and 9th (2005) experimental campaign.
Progress of the conditioning during start-up period
(~11days) is shown in special.



§2. Evaluation of Transmission Efficiency by
Power Measurement Using a Compact
Portable Dummy-Load

Shimozuma, T., Kubo, S., Kobayashi, S., Ito, S.,
Igami, H., Notake, T., Yoshimura, Y., Mizuno, Y.,
Takita, Y., Mutoh, T.

We have developed a compact portable dummy-load
to measure millimeter wave power at any places along the
transmission lines even in LHD vacuum vessel. Require-
ments for the porposes are (1) portable and compact, (2)
closed system without cooling water and electricity, (3)
high precision of temperature measurement, (4) thermal
insulation from ambient temperature, (5) rapid thermal
equilibration and so on.

The dummy-load consists of 250mm x 250mm X
80mm Teflon® tank (thickness is 10mm), a precise
RTD(Resistance Temperature Detector) and a stirrer to
uniformize the temperature of absorbing liquid shown in
Fig. 1. The Teflon tank can be filled with about 2-liter
octanol and is thermally insulated from an aluminum
frame surrounding the tank. The RTD has the measur-
able accuracy of 0.01 degree and the temperature data
can be transferred through RS232C and recorded every
0.2 sec. The stirrer is driven by a rechargeable battery.
The dummuy-load can be sct in the measuring positions
both vertically and horizontally.

Teflon is adequate for high power millimeter trans-
mission because of its low permittivity and low loss-
tangent. It also has low thermal conductivity. We ini-
tially used water as a absorbing liquid. Since water has
very high permittivity (88 at 0 deg.C) , the reflection
from teflon-water layers is about 80% for the right angle
injection. Octanol has low permitivity and low absorp-
tion cocfficient and has lincar absorption of 13 dB per
cm traversed?. And it has the same level of the boiling
point as water. So we chose it as a working liquid.

By using the octanol dummy-load, transmitted
power was measured at several positions along the trans-
mission line. Figure 2 shows the result of temperature
evolutions of octanol. Injected power into the dummy-
load was a single shot of 200kW with 10ms pulse width,
which was measured by a normal Teflon tubing-load in-
stalled at the MOU out. The temperature reached the
maximum about 20 seconds after the pulse, then it grad-
ually decrcased.  We used the maximum temperature
rise to estimate a millimeter wave energy absorbed in
the octanol and calculated the power. Such values are
also indicated in the Fig. 2. The positions of measur-
ing point are as follows. The position of "MOU out”
is the output from the matching optics unit near the
gyrotron. The position of ”"Miterbend in LHD room”
locates about 100m apart from "MOU out”, in which

there are 7 miterbends and a polarizer system that con-
sists of 3 mirrors and 2 polarizers. The position of " LHD
window” is about 15m apart from ”Miterbend in LHD
room” and is just above the LHD injection port. Finally
the position of "in LHD” corresponds to the focal point of
the mirror antenna on the equatorial plane of LHD. The
evaluated transmission efficiency between "MOU out ”
and "LHD window” is agreed with the value obtained
another measuring method within the error of 6%. Big
difference was observed between the measured and ex-
pected values for the efficiency of ”in LHD”. After the
LHD window, there are only four mirrors and spill-over
loss was estimated as 2-4%. The reason is unknown for
the present. Possible reasons are an error in measure-
ment method, low mode purity in the waveguide, unex-
pected absorption on the mirror and so on. The load
still needs some improvements, such as stirring working
liquid, rapid time response of RTD, reducing reflection
from the Teflon surface, thermal insulation from ambient
temperature. Those issues are under consideration.

Fig. 1: Teflon® dummy load with RT'D and stirrer
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Fig. 2: Time cvolution of the temperature of octanol in the
dummy-load, which is measured at several positions
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§3. Moment Analysis of Power Profiles
Radiated from Corrugated Waveguides of
ECH Transmission Lines

Shimozuma, T., Ito, S., Kobayashi, S., Mizuno, Y.,
Kubo, S., Yoshimura, Y., Igami, H., Takita, Y.,
Notake, T., Idei, H. (Kyushu Univ.)

In an ECH system, the improvement of the trans-
mission efficiency is getting more important, because
long-distance transmission is required for large fusion
devices such as ITER. It is very casy to deteriorate
the transmission efficiency, because the used millimeter
wave(mmW) has short wave length compared with the
size of some transmission components. We proposed a
mmW alignment method based on moment and phase
information retrieved from IR (Infrared) images!) un-
der the US-Japan collaboration with MI'T group, and
demonstrated the beam could be aligned within the tol-
erance of the required precision?. The next step is the
mode analysis in the waveguide which is deduced from
retrieved phase and amplitude information.

Prior to the mode analysis, we measured radiation
patterns from the corrugated waveguide of the several
transmission lines at some positions, which were used
in LHD ECH system. The method of the measurement
was the same as before described in ref.2). Measure-
ments were performed for four lines (two 82.7GHz and
two 168GHz lines). The measured position was mainly
at the ECH transmission stage in the LHD room, which
located about 100m far from the beam entering position
into the corrugated waveguide. Figure 1 shows radiation
patterns at the several distances L from the corrugated
waveguide mouth of the 82.7GHz line with 88.9mm in
diameter. The power profile at the waveguide mouth
has two peaks around the axis. The profile, however, be-
comes one peak through the propagation. The propaga-
tion characteristics agree with the evolution of the Gaus-
sian beam which is deduced from the calculated second
moments. The spatial profile of temperature increment
of the target is plotted in Fig. 2 at L = 810mm in loga-
rithmic scale. The dashed line is a Gaussian profile that
is normalized at = 0. The radiation pattern can be
well described by a Gaussian profile. The first moments,
zo and yo, which correspond to the center of the mmW
power, show obvious inclination of the mmW beam axis
shown in Fig.3. This fact suggests that the mmW beams
axis is probably changed in the waveguide by some im-
perfection of transmission line alignment, for example,
miterbend mirrors and tilt, offset at the waveguide cou-
pling points.

References
1) M. Shapiro ct al., Fusion Eng. Design 53(2001)537 544.
2) T. Shimozuma et al., J. Plasma Fusion. Res. 81(2005)191.
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§4. Installation and Operation of New
84GHz Gyrotron System

Kobayashi, S., Kubo, S., Shimozuma, T., Yoshimura,
Y., [gami, H., Takita, Y., Ito, S., Mizuno, Y., Notake, T.

We have installed an 84 GHz gyrotron of 800 kW output
power for the 9th experimental campaign to perform high
power heating experiments at fundamental electron
cyclotron resonance condition. In order to operate this
gyrotron, we have newly added a body power supply (30kV,
0.2A), a heater power supply and a crowbar switch to the
existing collector power supply No. 3, with which another
gyrotrons can be operated in parallel. Figure 1 shows a
block diagram of these power supplies used for this
gyrotron.

We have also installed a new gyrotron tank, since all
existing ones are occupied. Due to the limitation of the
allowed space and furthermore in order to reduce the total
volume of insulation oil, we made a compact gyrotron tank
structure of 1 x 2 m” in occupying area. Gyrotron, SCM
(super conducting magnet), and MOU (matching optics unit)
can be firmly supported by this structure and attached oil
jacket surrounding the gyrotron body and cathode works as
an interface of the high voltage. This MOU has vacuum tight
structure so as to connect to the evacuated waveguide
system. Water pipes of ceramic or Teflon are placed inside
the MOU to absorb stray microwave power. Figure 2 is a
whole view of this gyrotron system. The other important
new components are a vacuum tight multi-hole power
monitor and a dummy load, which are modified from those
originally designed for use in the air. Using these new
components, transmission power and gyrotron oscillation
states are monitored in real time. Figure 3 shows a
correspondence of the monitored signal level and injected
power into LHD. As the result, the power of 340kW/3sec is
stably transmitted and injected into the LHD from this
gyrotron system.

GYCOM gyrotron
GLGD84/0.8/3 #4

-65kV, 42A -
Collector P.S 3 t
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MR 50k Q

Heater P.S. |

Fig. 1. A connection diagram of gyrotron power supply No, 3

Fig. 2. 84GHz Gyrotron and power supply assembly.
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@: MOU, (&): Power monitor, ®: 88.9mm waveguide
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§5. Study on High Energy Particles Escaped
from LHD Using Lost lon Probe

Nishiura, M., Isobe, M., Mutoh, T., Osakabe, M.,
Kubo, N., Sasao, M. (Tohoku Univ.),

Murakami, S. (Kyoto Univ.),

Darrow, D.S. (PPPL)

For understanding fast ion behaviors, a scintillator
type lost ion probe is newly developed and installed into
2.5U port of LHD. 1, 2) The lost ion probe has measured
the loss signals of fast ions near the edge region
throughout the 9th campaign.

The location of the lost ion probe was determined
using the collision less orbit code of single particle and
DeltaSd code taking into account the particle collisions
inside plasmas. Both results are crosschecked. The
DeltaSd code calculates the fast ion behaviors using NB
deposition profile. In the case of the magnetic axis
Rax=3.75m and Bt=3T, the ion loss points across the last
closed flux surface of p=1 are mapped on the 6-® space,
where 6 and @ are the poloidal and the toroidal angles,
respectively.
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Fig. 1. Maps of ion loss points and detector positions
(2.5U:new location, 50:location before 8th campaign)

The lost ion probe measures the pitch angles and the
gyro radii of fast ions directly and simultaneously by
observing the ion strike points on the scintillator plate
passing through the entrance slit and the collimator slit.
The emitted light from the scintillator plate is detected by
a CCD camera for relatively slow signals of 33
msec/frame and by a 3x3 photomultiplier array for fast
signals from dc to 20 kHz. Figure 2 shows that the gyro
radius estimated from the peaks of striking points on the
scintillator plate becomes small as the toroidal magnetic
field increases.

The confinement time of fast ions can be obtained
from the ICRF power modulation experiments. The
phase delay between the ICRF sine wave and the detected

signal is used to estimate the confinement time of fast ions.
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3) From this result, the phase delay is found to be 20.7
degrees. In the previous experiments, the neutral particle
analyzer is used as a detector. However since a direct
detection of fast ions is possible without the effect on a
sight line integration, the confinement time would be
obtained more precisely.
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Fig. 2. Fast ion losses for gyro radii. The signal of ChS
corresponds to the ion energy with more than 30 keV.
The ICRF power is modulated with a sine wave of 4 Hz.

The spatial distribution of lost fast ions is
measured in the vicinity of the LHD plasmas, shown in
Fig. 3. At Z=1000 mm, the intensity of lost fast ions has
almost disappeared. These data are important, and can
use the estimations of deposition profile of NB with the
combination of HFREYA code.
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Fig. 3. Spatial distribution of lost fast ions is measured in
the edge region at R=3.45m. Plasma parameters are
n.(FIR)=0.75x10"" m™, Rax=3.6m, and Bt=-1.375m.
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§6. Sparks from Inner Side of Torus during
ICRF Long Pulse Heating

Saito, K.

In the large helical device (LHD), plasma collapses due
to the abrupt electron density increase and the radiation
power increase were often observed at the end of the long
pulse discharge by the ICRF minority ion heating [1]. At
the same timing of the abrupt plasma collapses, an increase
in the FeX intensity was observed. Therefore, plasma
collapses was attributed to the influx of iron impurity. One
of causes of influx of iron impurity was due to sparks,
because in several discharges sparks were seen in the inner
side of the vacuum vessel near the 7.5U and L antennas.
Fig.1-(a) shows the sparks from the inner side of 7th
toroidal section (71) viewed by the CCD camera installed in
the 6T port (tangential). In 2006, another CCD camera was
installed at the 70 port to observe the sparks from 7I.
Fig.1-(b) shows the same sparks with Fig.1-(a) by the CCD
camera in the 70 port. In this discharge sparks occurred on
the divertor plates or the wall of vacuum vessel and at the
same timing the plasma collapsed, but the precise position
of the sparks was not clear because no damage was found
inside of LHD. Sparks were usually not seen initial few
minutes but gradually small sparks occurred and finally
plasma collapsed. This phenomenon of sparks is therefore
thought to be closely related to the temperature increment
of the chamber wall including the divertor plates.

In the case of the minority ion heating, temperature
distribution is localized in the toroidal direction [2]. The
temperature of divertor plates around ICRF antenna is
higher than that of the other area. According to the
calculation of particle orbit, accelerated protons at the
cyclotron resonance layer out of the last closed flux surface
(LCFS) in front of the antennas can result in the localized
intense heat load in the toroidal direction. Squares in Fig.2
indicate the temperature increment of the divertor plate
located at the inner side of 7.5L port near 7.5U and L
antennas in two minutes normalized by the injected power
from these antennas (300-500kW) depending on the
distance between these antennas and LCFS. Circles
indicate the normalized temperature increment of the wall
of the vacuum vessel located 71 in two minutes. It was
found that the temperatures increased with the distance
between antennas and LCFS. Temperatures were thought to
be increased due to the increase of resonant hydrogen ions
accelerated in the peripheral region by widening the
distance.

Sparks may be suppressed by narrowing the distance
between antenna and LCFS by the reduction of
temperatures around ICRF antenna, but temperature of
antenna itself increases. In the case of the distance of 6¢cm,
the temperature surpassed 1000°C in two minutes.
Therefore we cannot use this method for the long pulse
discharge. Suppression of particle acceleration in the
peripheral region is necessary.
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Fig.1-(a) Sparks viewed from 6T port.
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Fig.1-(b) Sparks viewed from 70 port.
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Fig.2 Wall and divertor plate temperatures depending on
the distance between antenna and LCFS.
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§7. Improvement of Real-Time Impedance
Matching System for the ICRF Long Pulse
Heating

Saito, K., Takahashi, C., Yokota, M.

For a long pulse discharge we had conducted two
methods of impedance matching in ICRF heating in LHD
to reduce the reflected power caused by the change of
antenna impedance [1]. One was manual frequency control.
By this method, the reflected power fraction initially
decreased. However, the frequency was limited to within
the allowable bandwidth of the amplifiers without tuning;
therefore, the reflected power eventually increased.
Therefore this method was insufficient. Another method
was automatic feedback control utilizing a trial-and-error
method by using liquid stub tuners. Since this method has
the risk of increasing the reflected power fraction by
incorrectly shifting the liquid height, it is useful only for
very slow variations in antenna impedance. Moreover, it
took some time to reduce the reflected power fraction
because the liquid stub tuners have to be controlled one by
one.

Since the above-mentioned methods have limitations, a
new real-time impedance matching method was required.
Since fine impedance matching through the use of a
prediction method has been established for short pulse
discharges in the LHD [2], the reflected power fraction was
expected to be kept low during a long pulse discharge by
the application of this method to real-time feedback
control.

Figure 1 shows the real-time impedance matching
system using the prediction method. It consists of the liquid
stub tuners, a directional coupler, 3dB couplers, a phase
detector, diodes, an analog-digital converter (ADC), a
computer, motor drivers, and pulse motors. The signals of
the forward and reflected waves are measured by the
directional coupler. The waves’ signals are divided by 3dB
couplers. One signal is rectified by a diode and the other
signal is input to the phase detector. The outputs of the
phase detector, the rectified forward and reflected wave
amplitudes, and the liquid height voltages are converted to
a digital signal by the ADC. Then a computer calculates the
antenna impedance and the liquid heights are predicted so
as to achieve an impedance matching. Pulses are sent to the
motors via motor drivers as determined by the calculation.

The feedback experiments were conducted by attaching
a variable resistor to the outlet of stub tuners at a power of
less than 1W. The frequency was set to 38.47MHz, which
is the standard frequency of the LHD plasma experiment.
Figure 2 shows the result of the experiment. Resistance
changed between 3Q and 6Q. Without feedback control
reflected power fraction ratio P,/P; reached 13.5%, but by
adjusting liquid lengths L, and L;, it was kept low under
1%.

Since this system was verified to be useful, we utilized it
for long pulse plasma discharges. In 2006 we achieved the
world record of input energy of 1.6GJ by using this system.
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Figure 3 shows the liquid lengths and the reflected power
fraction ratio of 7.5U ICRF antenna which contributed
most to the 1.6GJ input energy. Liquid lengths were
adjusted and reflected power fraction ratio was kept low
under approximately 1%. A calculation showed that the
ratio would have reached up to 70% as shown by dashed
line without feedback control.
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§8. Workshop on Generation, Application
and Measurement of High Power
Millimeter Waves

Maekawa, T. (Graduate School of Energy Science,
Kyoto Univ.), Shimozuma, T.

1. Objectives

Many devices and components over 100GHz fre-
quency range have been developed day by day. The
related information of the cutting-edge technologies in
these fields should be consolidated constantly. In Na-
tional Institute for Fusion Science, there are lots of mil-
limeter wave devices such as gyrotrons, transmission
lines and millimeter wave detectors for plasma exper-
iments. The millimeter wave power is utilized not only
plasma heating, but also electron temperature measure-
ment through the clectron cyclotron emission from the
LHD plasmas. Since the millimeter wave technology,
which includes power sources, detectors and compo-
nents, is still developing, it is important to catch up
with the leading edge of such technology for the im-
provement of ECH and ECE system. The objectives of
this workshop are the information exchange between the
researcher of millimeter wave and microwave technolo-
gies, the improvement of each millimeter wave systems
through the workshop and development of combined re-
scarch ficlds.

2. Activities in FY2005

The activities of this fiscal year were to research
methods and computer codes to design and analyze mil-
limeter wave devices and components, to cstablish the
database, and to make CD-ROM archives. Front-line
researchers made presentations of their latest research
activities and computer codes. Through this process,
the technologies of high power millimeter wave genera-
tion, application and measurement have been organized.

On the workshop, all participants from nine re-
search institutes and universities presented their re-
searches. The following researchers made detailed pre-
sentation of research results with the related computer
codes.

Program and contents of the lectures are as follows.

(1) ” Analysis of slow-wave clectron cyclotron insta-
bilities due to anomalous Doppler effect” by Dr. Kazuo
Ogura (Niigata University)

It is shown that the slow-wave electron cyclotron
instability due to the anomalous doppler effect occurs
in addition to the Cherenkov instability in the interac-
tion between axially injected electron beams and slow

electromagnetic waves. Although this instability is ex-
cited through an electron cyclotron resonance, the elec-
tron energy perpendicular to the magnetic filed is not
necessary because it is a slow cyclotron mode. The anal-
ysis includes the model in which the three-dimentional
perturbation of the electrons is taken into account. the
slow-wave cyclotron instability is analyzed on the actual
boundary condition which is used in the real slow-wave
microwave devices. Application to microwave sources is
also discussed.

(2) "Recent topics of ECH analysis computer codes
in Tsukuba University” by Dr. Yoshimori Tatematsu
(Plasma Rescarch Center, Tsukuba University).

In the plasma research center of Tsukuba Univer-
sity, a high power 28GHz gyrotron system was devel-
oped and installed for the production of clectric ficlds
in the plug region of GAMMA 10. It was necessary to
design and manufacture a new transmission line for the
gyrotron. A launcher of the antenna was designed by
the electromagnetic code to produce a axially-symmetric
field profile at the resonance. Using the launcher leads
to the highest electric field production. Another appli-
cation of the code is the design of the transmission sys-
tem in the central-cell ECH system. The modification
of the system resulted in the achievement of the highest
temperature of the bulk electron,

(3) ”Optimization of ECH system in LHD: Com-
puter codes related ECH” by Dr. Shin Kubo (NIFS).

In LHD, the ECH system consists of many kinds
of gyrotrons, transmission lines and antennas. A lot of
computer codes, such as propagation analysis of electro-
magnetic waves in the waveguide and in free space, mir-
ror design code, polarization analysis, ray tracing code
of ECW, etc., have been developed and used for the sys-
tem design, optimization and operation. He explained
the principle, configuration, problems and calculation
examples.

The attendances distributed over wide arca related
to the millimeter wave technology. About 20 members
joined the workshop. (1) High power millimeter wave
application to plasma heating: NIFS, Tsukuba Univ.
Kyushu Univ. Kyoto Univ. (2) Generators of high
power micro and millimeter waves: Fukui Univ. Niigata
Univ. Kanazawa Univ. Tohoku Univ. (3) Millimeter
wave technology: JAEA

This workshop was continued for two years. In
future the main theme will be concentrated on the
higher frequency range such as submillimeter wave (Tera
Hertz) range. This expands RF technologies to the
wider area; communication, remote sensing, biology ap-
plications and so on.
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(4) High Energy Beam Technology

High energy beams are used in various fields of
magnetic field confining nuclear fusion research. Neutral
hydrogen/deuterium beam is commonly used for plasma
heating, current drive, and diagnostics such as charge
exchange recombination spectroscopy (CXRS) and beam
emission spectroscopy (BES). Heavy Ion Beam Probe
(HIBP) is another diagnostic tool using high energy beam.
These tools are also used in LHD, and the successive
development on the beam formation system or
improvement of the diagnostic system is undertaken
through the collaborations. Among them, the activities on
the development of NBI system are reported here. Those of
diagnostics (BES and HIBP) are reported in other category
of this annual report.

In LHD, neutral beam injection (NBI) is a main
plasma heating source as in other helical devices and
tokamaks. NBI is also utilized as plasma production, which
is a unique feature of LHD assisted by the fact that the
confining magnetic field exists in steady state. The neutral
beam is also used for measurement of ion temperature and
velocity profiles via CXRS, and the induced current can be
used to change magnetic field configuration for MHD
studies under the week magnetic field strength.

The very specific feature of LHD NBI systems is that most
of them are negative-ion based injection systems, which
includes an advanced technology for making a high energy
neutral beam that can be applicable for future reactors
(>1MeV). In LHD, the maximum injection energy of
hydrogen beam is 180 keV, which is even too high to
construct an injection system by using a conventional

positive ion because the neutralization efficiency is so small.

The negative ion technology is still in the course of
development. Therefore, the R&D activity continues in
NIFS as well as other institutes such as JAERI and
CADARACHE.

A new NBI has been constructed this year which is a low
energy (40keV), positive-ion based hydrogen beam injector
for CXRS. The specific feature of this beamline is that the
injection angle is normal to the LHD plasma. The choice of
beam angle was done considering that the ICRF heating
works in the case of inner-shifted discharge of LHD. By
this beamline, spatial profiles of Ti has become available by
CXRS without doping impurities such as Ar or Ne.

The report-1 by Takeiri et al. is a summary of the
injected beam power of three negative-ion based NBI’s in
LHD through the 9" experimental campaign in FY 2005.
Although total input power could not exceed the maximum
achieved power of 13MW in FY2003, it should be noted
that high power level was available throughout the
experimental campaign. The reproducibility of three
beamlines were improved. The reason that the maximum
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total input power was small is due to the low performance
of BL-3. The voltage withstanding of BL-3 did not
recovered through long conditioning, the reason of which is
not found yet.

The report-2 by Oka et al. is on the behavior of
cesium in the negative ion source of BL-2. The lines of
cesium atom and cesium ion are observed. The remarkable
feature is that both lines increase during beam extraction.
This may show the fact that the cesium that covers the cold
wall is released by bombardment of back stream ions. It
should be noted that the extracted negative ion current does
not change even though the cesium lines increase.

Five reports (3 to 8) are on a new low energy beamline;

The report-3 by Nagaoka et al. is on the performance
of new injector called BL-4. The input power (current)
achieved its specification very quickly, but unfortunately
the pulse length was limited due to unexpected local heat
load on the beam dump. The design and the obtained
performance of the arc chamber and acce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>