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I. National Institute for Fusion Science
in April 2004 — March 2005

On April 1, 2004, 5 major leading inter-university research institutes in the natural
sciences, i.e., the National Astronomical Observatory, the Institute for Molecular Science, the
National Institute for Basic Biology, the National Institute for Physiological Sciences and
NIFS (the National Institute for Fusion Science) were consolidated and realigned into the
National Institutes for Natural Sciences (NINS). NIFS continues to enhance its competence for
scientific fusion research and also is becoming responsible for the exploration of much broader
areas of scientific research beyond the boundaries of the existing fusion field through
cooperation with universities.

This annual report summarizes the research activities at NIFS between April 2004 and
March 2005. To promote mutual interaction with annexed research institutes of universities on
an equal footing, the framework for bilateral coordinated collaboration research has been
formed. A synergetic effect with the existing frameworks of general collaboration research and
the Large Helical Device (LHD) program collaboration research is anticipated. About 400
collaborating studies have been implemented during the covered period.

The major programs at NIFS are (i) the experimental study of toroidal plasma
confinement using the Large Helical Device (LHD) and (ii) theoretical research and computer
simulations for study of the complex state and the 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 also 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. The
thorough exploration should lead to the establishment of not only a prospect for a helical
fusion reactor but also a comprehensive understanding of toroidal plasmas. We completed the
8th experimental campaign in FY2004.

The plasma parameters as well as physical understanding have been progressing steadily
since the beginning. The highlight achievement in the last experimental campaign in FY2004
is the long pulse operation by means of ion cyclotron resonant heating (ICRH). The pulse
length has been prolonged to more than 30 minutes (precisely 1905 s) with the heating power
of 680 kW. The total input energy for this discharge reached 1.3 GJ which is a world record in
magnetic confinement experiments. This achievement can be attributed to physics
optimization of the magnetic configuration to confine high-energy trapped particles and
operational optimization to reduce accumulated heat flux by real time control of the plasma
position. With a lower power using electron cyclotron heating alone (110kW), the pulse length
exceeded 1 hour (3900s). Also, a steady extension of the operational envelope has been
realized in plasma beta (4.3%) and ion temperature (13.5keV) by applying our knowledge to
date. Diversified studies in LHD have elucidated the broad scope of steady-state high
temperature plasmas. In particular, the issues of high density, particle control and its related
confinement improvement, and particle & impurity transport have been highlighted in the last
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experimental campaign.

LHD produced 7398 plasma discharges in FY2004, which verifies its potential to provide
plentiful opportunities for scientific research. The reason of this high availability of operation
is mainly attributed to the advantage of LHD plasmas without disruption. Infrastructure such
as remote branches of the LHD control room using Super SINET has been developed steadily
to facilitate collaboration. The logistics are methodically supported by three kinds of
collaboration frameworks.

Experimental approaches to basic plasma physics have been continued in CHS and
HYPER-I by putting emphasis on the clarification of structural flows such as zonal flows and
viscous eddies.

Simulation studies in NIFS are oriented towards the exploration of “Simulation Science”
while remaining founded in the large-scale simulation of fusion plasmas such as LHD.
Activity in simulation is organized into three categories, i.e., complex fusion plasmas, basics
processes in plasmas and simulation technology. Two examples among many interesting
achievements are referred to here. In order to understand high beta discharges in LHD, the
effect of the modification of the plasma boundary due to finite pressure has been discussed
very rigorously, which has developed a system of MHD stability together with a fully 3-D
nonlinear compressible MHD simulation. Also, global simulation by the high-accuracy
gyrokinetic-Vlasov code is highlighted as a challenge to the problem of infinitesimal structure.

The reliability and robustness of the LHD superconducting magnet system has been
confirmed by routine investigations over a 7-year long operation. In order to improve the
cryostability of the LHD helical coil, application of subcooled helium by an additional cooler
has been achieved in an R&D coil test and design study. The operating currents of the helical
coils are expected to increase up to 12kA from 11.2kA by lowering the temperature to 3.5K.

The fusion engineering research center has extended the key-technology for an advanced
blanket system. For example, FLiBe blanket technology has been developed under the US-J
collaboration. Each key-technology is being integrated into the design of the LHD-type
demonstration reactor FFHR (Force Free Helical Reactor).

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. In addition, microwave sintering technology has
been successfully applied to an industrial continuous kiln.

Finally, the Office of Fusion Science Archives has been organized as an official division
in NIFS in view of the importance of historical documentation as well as experience in fusion

(oo

Osamu Motojima
Director-General
National Institute for Fusion Science
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I1. Research Activities

1. Large Helical Device (LHD) Project

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

The main goal in the 8th experimental campaigns is to
achieve long pulsed discharges with temperatures greater
than 1 keV. In December 2004, a steady state plasma was
successfully sustained for 31 min and 45 sec and the total
injected heating energy was 1.28 GJ. Time evolutions of the
plasma parameters are plotted in Fig. 1. The average input
power was 680 kW ( ICRF [38.47MHz] 520 kW, ECH 100
kW and NBI 60 kW. Note that the NBI heating is
intermittent). The central temperature was around 2 keV and
the line-averaged density was around 0.7 ~ 0.8 x 10" m™.
The line average electron density was controlled with a He
gas puffing rate using a measured microwave interferometer
signal. But the electron density decreased by An, = 0.25 x
10" m™ during the NBI heating phase in spite of the gas
puff feedback control. Before the 2003 campaign, the
plasma duration time of the ICRF long-pulse experiment
was limited by local temperature rise of the diverter carbon
plates near the ICRF antenna section, and gradual increase
of out-gassing from the wall finally terminated the plasma
operation. Since then, a new mechanical structure and new
carbon material sheets were added to suppress the
temperature rise and the out-gassing rate. The hardware of
ICRF heating was also improved. The LHD vacuum
chamber was conditioned by boronization, which seemed to
be effective in suppressing the impurity influx to a low level
during the steady-state operations. The long-duration
operation was made possible by introducing a sweeping
technique for the magnetic axis position between 3.6 m and
3.7 m for spreading the heat load, resulting in lower
temperature of the divertor plates.

Attempts to achieve higher beta plasma have been
made. Capability to change the current center of the helical
coil, the effective coil pitch allows us to change the minor
radius and the iota profile. We find that the optimum coil
pitch for high beta is around 1.2. (1.254 for the standard
configuration). A beta value of 4.3 % has been maintained in
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Fig.1 Time evolutions of plasma parameters and heating
Power in the long-pulse plasma discharge of 1905s.

a nearly stationary discharge, in which the plasma density is
maintained simply by the gas puff. With increasing 3, the
mode amplitude with n/m = 1/1 generally increases. It is
intriguing that at 3 > 3.0 %, the mode disappears, seemingly
caused by a natural flattening of the electron temperature
profile at 2n = 1. The mode number ratio (n/m) of the
observed magnetic fluctuation mode with the highest
amplitude increases with increasing beta.

The basic divertor functions of the Local Island
Divertor (LID) have been confirmed. Plasmas flowing
outwards are found to be guided along the island separatrix
to the divertor plates mounted on the divertor head. The
particle pumping is so effective that the required gas puffing
rate is an order of magnitude higher compared with non-LID
discharge with the same density. One of the major objectives



is to achieve confinement improvement. There are a few
promising observations. e.g., (i) The LID discharges with
pellet fuelling exhibit density ITB (internal transport barrier)
at 1/2n = 1/2, leading to very high central density and high
pressure plasma (ii) The electron temperature profile in
LHD is generally characterized by a broad shape (close to
parabolic). For low density (around 2 x 10"m™) operation
with the LID, the shape becomes even broader. In the edge
region (0.75 < p < 1.0), the edge electron temperature
gradient is higher by a factor of ~3, compared with non-LID
discharges.

We observed a bifurcation between equilibria with a
large island (its width of up to 17 % of the minor radius) and
without. A large island (n/m=1/1) generated by the external
resonant field disappears suddenly when the beta at the
rational surface exceeds a critical value, which is
proportional to the applied resonant field strength.

A central ion temperature of 13 keV was obtained with
good reproducibility by following a guiding principle that
maximizing the absorbed power per ion results in the
maximum ion temperature. High Z gas, i.e. neon and/or
argon, was employed in such experiments.

In the LHD discharges, it is difficult to maintain the
detached plasma state. The plasma either becomes attached
or shrinks and subsequently collapses. Under the certain
conditions with R, = 3.65m, however, detached state of the
plasma is triggered by massive gas puff and maintained for 2
seconds.

Systematic density and power scan experiment has
been done to find out parametric (n, T., B) dependences of

the effective thermal diffusivity (y.™)

for hydrogen
discharges with R,(the magnetic axis)=3.6m. Figure 2
depicts the temperature dependence of the . for fixed B (1,
1.5, 2T). There seems to exist two scalings for high and low
temperature regimes respectively. For high temperature
regime (T>T), gyro-Bohm type transport dominates, i.e.,
Xeeff =4.10-T."*/B,> For low temperature regime (T>Te),
the thermal diffusivity has a weak temperature dependence,
1T =2.82.T. /B, .
Finally we summarize the maximum plasma
parameters achieved in the LHD experiment.

PLASMA PARAMETERS ACHIEVED
at LHD

Fusion triple product 2.3x10”keVm™s
Central electron temperature

10 keV at n=5x10"*m”
Central ion temperature

13.5 keV at n=3x10"m"
Beta 43%atB=045T

Pulse length 1 hr 5 min at P= 110kW
31 min 45 sec at P= 680kW

Average density 2.4x10*m?

eff 1.5 2
x"=4107 "B

R =36 m, H 1‘“
ax 2 :

Z:ﬂcz 28 Teo,s ;801.2 o= 0.60
0.2 04 06081 3
Te (keV)

(Komori, A.)




(2) LHD Physics Experiments

81. Half Hour Plasma Discharge

Kumazawa, R.

th

In the 8" LHD experimental campaign (2004), the
steady-state discharge was selected as the main object of
experiment and many trials were carried out.

Time evolutions of the plasma parameters of a typical
long-pulse plasma discharge (#53776) are plotted in Fig.1;
this is the discharge accompanying the largest input heating-
energy so far achieved in the LHD. A plasma with an
electron density n=8x10"m", an electron temperature at
p=0.14 of T,.,=1.5keV and an ion temperature on the
magnetic axis of T,=2.0keV was produced with
P.=0.5IMW, P ,=0.IMW and averaged P, =0.063MW
(a ten times intermittent NNBI heating, i.e., P, =0.45SMW
for 20-30s). The intermittent NNBI heating was done
because when the magnetic axis was moved to the outside,
the energy confinement time was deteriorated a little. Such
long-pulse plasma discharges lasting a half hour were
obtained in three successive discharges, i.e., #53775~#53777
with intermissions of about half an hour to cool down
plasma-facing components. The key factor which led to the
success of the long-pulse discharge was a swing of the
magnetic axis, i.e., R, =3.67m~3.70m in the period of 100sec
as shown in Fig.1. The dispersion of the plasma heat load to
the divertors decreased the temperature to less than 250°C as
shown in Fig.1. The line average electron density was
controlled with a He gas-puffing rate using a measured
micro-wave interferometer signal. The He gas-puffing rate
was 0~0.5Pam’/s depending on the electron density. The
electron density decreased by An=2.5x10"m" during NNBI
for 20~30s in spite of the He gas-puffing feedback control,
which must be improved in the 9" experimental campaign.
The plasma duration was 1905s. and the total injected
heating energy was W,=1.29GJ, which consisted of
W,.=0.98GJ, W_,=0.19G] and W_,=0.12G]J in the
discharge as shown in Fig.1. W, exceeded 1GJ in the other
two successive discharges.

Here an experimental method for achieving a long-
pulse plasma discharge, i.e., 1905s is described. The
temperature increase in the divertor plates was thought to be
the main cause limiting the long-pulse plasma discharge.
Therefore the method of reducing the temperature increase
in divertor plates was employed. The magnetic axis affects
the local plasma heat load to the divertor plates. The precise
calculation suggests that the local heat load becomes broader
when R is located at R >3.65m. The average magnetic axis
R, and the swing width AR are important key factors in
reducing the temperature increase, prolonging the pulse
duration and subsequently increasing the heating energy W,,
as shown in Fig.2. R was changed from R _ =3.55m to
R,.=3.685m. However R and AR were determined by the
appearance of the hot spot observed at the side protector of
the ICRF antenna. Therefore the outermost edge of the
magnetic axis was limited to R =R  +AR =3.70m. The
further the magnetic axis is shifted outward within the

experimental range of R, the larger is the total heating
energy which can be input, as shown in Fig.2. At the
beginning of the 8" experimental campaign a long-pulse
plasma discharge was tried employing the fixed and the
inward shifted R, because of the improved confinement. At
this time the pulse duration was limited to 150sec and the
input heating energy W, was less than 0.2GJ. When R was

located at more than R =3.65m, the pulse length exceeded
10min. and W, exceeded 0.4GJ. Finally the pulse length and
W, exceeded 30min. and 1GJ, as shown in Fig.2. W,
exceeded 1GJ in three discharges, which were the sequential

discharges, i.e., #53775~53777 as already described.
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§2. Plasma Collapse in the Long Pulse
Plasma Discharge

Kumazawa, R.

The duration of the plasma discharge is limited by
several factors including; 1) the work of the interlock
systems, 2) the gradual increase in the uncontrollable density.
Two abovementioned causes could be eliminated. by
employing the feedback control in the liquid impedance
matching systems and by reducing the out-gassing from the
divertor plates employing a method of the magnetic axis
swing.

Al the present lime the steady-state plasma discharge
operation is confronted with the penetrated heavy impurities
in the 8" experimental campaign, though a long-pulse
discharge of more than 30min. was achieved A (typical
example is shown in Fig.1. which was obtained at almost
the end of the plasma discharge. i.e.. at the time between
1640 and 1645sec. This discharge was one of three successive
long-pulse discharges for hall” an hour within a few hours. A
TV camera viewing through 6-T port projected an arcing at 7-
I port on the time of 1641.34sec, as shown in Fig.2(a). After
the arcing intensities of FeX (174.52nm), n, and P_,
suddenly increase as shown in Fig.l. At the time of
1641.60sec (0.24sec after the arcing) the intensity of FeX
showed its maximum, as shown in Fig.1. Then the plasma
was judged extraordinary from the TV screen as shown in
Fig.2(b). An increase in CIII (977.02nm) followed them at
the time of the lower electron temperature. Although the
reflected power did not exceed the interlock level, i.e.. the
reflected power fraction of 20% (as seen in the bottom of
Fig.1), the RF power generator was tumn off manually after
the plasma, shown on a TV screen, was judged abnormal.
The arcing was not found in the other two discharges among
the successive three half-hour discharges. However the
increase in n_, P, and CIII were similarly found.

We examined the LHD vacuum wall and the divertor
plates specially near the 7-1 port. However we could not find
any serious damage on the surface of the plasma facing
components. However many thin stainless flakes were found
at the 4.5 U & L ICRF heating antennas, which were not
used in the 8" experimental campaign. It was thought that
the thin stainless flake penetrated into the plasma and became
a cause of the increase in the intensity of FeX. However it
was not understood why the thin stainless flakes were
produced in the unused ICRF heating antennas.

We propose a method to continue the long-pulse
discharge even in penetrating the heavy impurity and
increasing P An additional ECH power can be injected
triggered by a sudden increase in plasma signal, e.g., P, and
n, etc.. The plasma will be restored by an additional ECH
power, e.g., 0.3MW for 0.5s. This trial will be tried in the
next 9" experimental campaign.
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83. Termination of Steady State Plasmas
Caused by Penetration of Impurity Metal
Flakes

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

Staedy state divertor operation with high performance
plasmas (n. ~ 0.7 x 10"’ecm”, T; ~ 2 keV) was demonstrated
for half an hour in the superconducting helical device LHD.
The high performance plasmas have been sustained with
an averaged heating power of 680 kW and achieved an
injected energy exceeding 1.3 GJ. Long pulse experiments
so far have been performed in the magnetic configuration
with R = 3.6 m for NBI and ICH discharges. In the last
experimental campaign, the optimum operational regime
for long pulse ICH discharges was investigated by
changing the magnetic axis during the discharge. As a
result, we found the best operational regime in a magnetic
configuration with R = 3.67 ~ 3.7 m as shown in Fig. 1. In
the inward shifted magnetic configuration (R = 3.55 ~ 3.6
m), the discharge duration was limited to 160 s without any
gradual density increase, which was observed in the
previous experiments. As the magnetic axis moves outward,
the discharge duration was extended, and then thirty
minutes discharges were achieved by using a real-time
magnetic axis swing with R = 3.67 ~ 3.7 m. In course of
this experiment, we observed an abrupt termination of
steady state plasmas without any trouble in the heating
system. Therefore, we investigate the reason why the
plasma is terminated unexpectedly.

Figure 2 shows a time history of steady state plasma
just before the unexpected discharge termination. Unlike a
normal discharge, the abrupt increase of density and
radiation was observed in spite of constant heating power
input. At this timing, there is no such a large increase of
helium and hydrogen particle influx. The plasma
temperature extremely decreases with increasing the
radiation and it leads to a radiation collapse. After that, an
extremely low temperature plasma was sustained for about
1 s. On the other hand, we observe the plasma with TV
cameras at various positions and more frequently we can
see something like a flake heated in the plasma just before
the termination of the discharge. Therefore, in order to
investigate which material comes into the plasma,
spectroscopic measurements are carried out by observing
visible lines and vacuum ultra violet (VUV) lines. As
indicated in the last column in Fig. 2, it is found that the
metallic impurity (mainly iron) line intensities not but light
impurity ones increase suddenly at the same time as the
increase of density and radiation. The spectral analysis
indicates that highly ionized iron lines (FeXXIII etc.) are
prominent in the steady state phase and low ionized lines
(FeX etc.) explosively appear in the plasma termination
phase. The penetration of metallic flakes makes a dramatic

change in the profiles of electron temperature and density
as shown in Fig. 3. The steady state plasma has a relatively
smooth profile for temperature and density, respectively.
However, a step-wise sharp density profile and a fast
shrinking of temperature profile appear by penetrating the
metal flake into the plasma. These events can be seen in
most of long pulse discharges terminated unexpectedly.
Most probably, steady state discharges are limited by the
penetration of metal flakes into the plasma.
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84. Control of Divertor Heat Load by Real-
time Magnetic Axis Swing in Steady State
Operation

Nakamura, Y., Masuzaki, S., Chikaraishi, H.,
Kumazawa, R., Mutoh, T., LHD Experimental Group

Significant progress has been recorded at LHD. In high
power operation with a combination of ICH, ECH and
intermittent NBI, the plasma with the temperature of more
than T keV has been sustained over 31 min 45 sec.
Steady-state divertor operation unlike limiter discharges in
TRIAM and Tore Supra has been achieved.

Long pulse discharges with the heating power of less
than 1 MW have been successfully achieved over 2 min.
However, an uncontrollable density increase due to
outgassing from divertor components was observed, when
the injected energy exceeded about 75 MJ. As a result, the
plasma was terminated by a radiation collapse. Strong
nonuniformity in divertor heat flux distribution along
divertor leg trace was observed. Such a toroidal
nonuniformity is connected with the existence of ergodic
region just outside the last closed flux surface (LCES),
which depends on the magnetic configuration (magnetic
axis). Therefore, in 2004 experimental campaign, an
optimum toroidal repartition of divertor heat flux has been
attempted by changing the magnetic axis and it has enabled
us to access a steady-state regime with a safety level for
actively cooled divertor plates.

Figure | shows the dependence of divertor heat flux on
the magnetic axis. We measured the temperature increase
of divertor plates located at the inboard and top of the torus
for the discharges with the same plasma parameters in
different magnetic axis. In the inward shifted configuration
(R = 3.6 m), the divertor flux is concentrated on the
inboard side as expected by calculation. As the magnetic
axis is moved outward, the concentrated location changes
from inboard side to top one. From this figure, it is found
that it might be reasonable to operate in the magnetic
configuration with R = 3.65 —3.7 m from the view point of
non-localization of divertor heat flux. The optimum
operatonal regime for steady state operation was explored
by changing the magnetic axis during the discharge. As a
result, thirty minutes discharges were achieved by using a
new technique of real-time magnetic axis swing within R =
3.67-3.7 m. In those discharges, the divertor heat flux was
dispersed along the divertor leg trace as shown in Fig. 2.
The concentration of heat flux observed on the inboard
side of the torus, in particular, near the ICRF antennas, was
evaded and all measured divertor temperatures were
reduced within 200 °C, which is a safety level of actively
cooled divertor plates. Power balance in the divertor was
also analyzed by using a calorimetric method, in which the
exhaust power is measured with the difference between the
input and output water temperatures and the flow rate. The

cooling channel is divided into ten sections along the
divertor trace and passes through the inboard and the
outboard sides of the torus alternately. Figure 3 shows the
distribution of divertor heat load along each divertor leg
trace. We can find that there is still a nonuniformity in the
divertor heat flux. This may be related to the loss of
high-energy ions accelerated at the ion cyclotron resonance
layer near ICRF antennas. The particle orbit calculation is
now under investigation. The total power exhausted in the
divertor is 310 kW and the radiation power is 102 kW. The
averaged injection power can be estimated to be 425 kW
from the absorption efficiency for each heating method.
The energy flow through the plasma is almost completely
accounted.
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85. Sustainment of keV-order Stable Plasma
by ECH Over One Hour on LHD

Yoshimura, Y., Kubo, S., Shimozuma, T., Igami, H.,
Kobayashi, S., Ito, S., Mizuno, Y., Takita, Y.,
Notake, T., Ohkubo, K., Mutoh, T., Nakamura, Y.,
Inagaki, S., Kojima, M., Tokuzawa, T., Nakanishi, H.,
Miyazawa, J.

Stable and continuous plasma sustainment is one
of the main goals of LHD project. So far long-pulse
operation has been tried and a 756 second plasma
sustainment was achieved in the 7th experimental
campaign in F. Y. 2003. In that case, the pressure inside the
evacuated waveguide gradually increased during the power
transmission up to the interlock threshold level 1.3 Pa so
that the power transmission was terminated. The
temperature all over the transmission line was much
increased up to 100 degrees by transmission loss.

During the maintenance period between the 7th
and 8th campaigns, two major modifications on the
transmission line were performed. To enforce evacuation,
straight waveguides were replaced by pumpout-tees at
eight positions. Each new pumpout-tee was connected to an
common evacuated duct or turbo pumps. To remove the
transmission loss energy on the waveguides, almost all the
surface of the waveguides and their couplings were covered
with water cooled thin copper jackets except supported
positions.

Previous to a trial of the long pulse discharge,
magnetic axis position scanning experiment was performed
to search an optimized experimental configuration.
Referring to the result of the configuration optimizing
experiment shown in Fig. 1, the trial of the CW plasma
sustainment was performed with R =3.6 m and B, =1.5 T.
For the long pulse discharge, data acquisition settings such
as sampling time were changed so that the data could be
processed for 3932 seconds (30 ms sampling, 128 kword).

At first, using several shots of duration up to a
few hundred seconds, optimized gas flow rate was searched
and gradual increase with an increment step of 0.0002
Pam’/s for every 5 seconds up to 0.003 Pam’/s was
determined. Then the discharge #56068 was started with
this gas fueling scenario. Plasma start up was supported by
82.7 GHz power of total 420 kW, 300 ms pulses and the
CW power sustained the plasma. Waveforms of ECH
power monitor output, gas flow rate, line averaged electron
density and electron temperature measured with ECE
system are plotted in Fig. 2. Until about 1900 seconds,
density was kept nearly constant at 1.5 x10" /m’ though the
gas flow rate was controlled sometimes to compensate
gradual decrease of the density.

At about 1900 seconds, gas flow rate was
increased for trial of plasma sustainment at higher density.
However, increase of gas flow rate up to 0.006 Pam’/s
caused uncontrollable density increase up to 3.2 x10” /m’
and the flow rate was decreased again. Three more times
increasing the density was tried. However at each trial
rapid density increase occurred and keeping the density at
moderate level could not accomplished with the ECH
power of 110 kW.

Excluding those density increases by
high-density trials the plasma could be much stable, and
except for the limitation on data acquisition the discharge
could be continued longer.
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Fig. 1. Result of magnetic axis scanning experiment
searching the optimized configuration for CW-ECH
experiment. Closed circles denote the maximum stored
energy at each magnetic axis position with on-axis 2nd
harmonic resonance conditions, and the open circles with
higher field conditions.
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86. Dynamic and Static Properties of Wall
Recycling in the Long Duration Discharges

Sakamoto, M., (Advanced Fusion Research Center,
Research Institute for Applied Mechanics,

Kyushu Univ.)

LHD Experimental Group

The achievement of the stable long pulse operation is
one of the requirements for the future fusion reactor. The
global particle balance in the main chamber and its control
are critical in achieving the steady state operation. The
control of the global particle balance depends on the wall
recycling. The wall recycling changes with a long time
constant depending on the wall condition. However, not only
the wall condition but also plasma condition (e.g., particle
flux out of the plasma) influences the wall recycling
property. In such transient phenomena as edge localized
modes or the pellet injection, the wall would considerably
contribute for pumping the particle flux out of the plasma. In
TRIAM-1M, it has been observed that there exists a quite
large difference between properties of wall recycling in the
static condition (i.e. the continuous gas feed case) and the
dynamic condition (i.e. the additional gas puff case) [1]. In
this time, similar experiments were carried out on LHD to
promote better understanding of the wall recycling.

Figure 1 shows the time evolution of the line
averaged electron density 7, in the cases of additional gas
puffs and gas feed termination in plasmas heated by NBI of
which beam direction is CCW. The additional gas puffs were
carried out five times at the interval of 5 s as shown by the
arrows in the figure. The gas feed was stopped att ~5s, 15s
and 25 s in separate discharges. The decay time of 7, after
the gas puff (i.e. dynamic condition) and the termination of
the gas feed (i.e. static condition) means the effective
particle confinement time rp* and it is a good scale for the
evaluation of the wall recycling, since it is defined as
7, /(1= R) , where 7, is a particle confinement time and R is
a recycling coefficient. Figure 2 shows the density decay
time in the dynamic and static conditions as a function of the
discharge duration. Clear difference can be seen between
both conditions. The decay time in the static condition
increases with the discharge duration and it seems to saturate
after t~15 s. That in the dynamic condition slightly increases
with the discharge duration. The large difference of the
density decay time between both conditions is similar to the
result of TRIAM-1M.

On the other hand, when another NBI system of
which beam direction is CW is used, no clear difference
between both conditions can be seen as shown in Fig.3. In
this case, the density decay time of the static condition is
almost the same as that of CCW NBI plasma. However, that
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of the dynamic condition is larger than that of the CCW NBI
plasma. It may suggest that the behavior of the particle
confinement time against the gas puff is different between
CW and CCW NBI plasmas.
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Fig.1 Time evolution of the line averaged electron

density in the cases of the gas puffs (a) and the gas

feed termination.
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by NBI of which beam direction is CW.

Reference
1) Sakamoto, M. et al., J. Nucl. Mater. 313, (2003) 519.



87. Characterization of Energy Confinement
Using Extended International Stellarator
Confinement Database

Yamada, H., Yokoyama, M., Watanabe, K.Y ., Suzuki,
Y., Harris, J.H. (Australian National Univ., Australia)
Dinklage, A., Beidler, C.D., Kus, A. (Max-Planck-Institut
fiir Plasmaphysik, EURATOM Association, Germany)
Ascasibar, E., Tribaldos, V. (CIEMAT, Spain)

Sano, F., Murakami, S. (Kyoto Univ.)

International collaboration on development of a
stellarator confinement database has progressed. More than
3000 data points from major 9 stellarator experiments have
been compiled. In order to express the energy confinement
in a unified scaling law, systematic differences in each
subgroup are quantified (see Table 1). An a posteriori
approach using a confinement enhancement factor on
ISS95 as a renormalizing configuration- dependent
parameter yields a new scaling expression ISS04 (see
Fig.1);

T£§.so4 _ 0.134a2.28R0.64P—0.6lﬁ£.54BO.84_I§()/.;ll
Gyro-Bohm characteristic similar to ISS95 has been
confirmed for the extended database with a wider ranger of
plasmas parameters and magnetic configurations than in
the study of ISS95.

It has also been discovered that there is a systematic
offset of energy confinement between magnetic
configurations and its measure correlates with the effective
helical ripple of the external stellarator field. Another
potential  geometrical ~ parameter related to a
renormalization factor is that given for the neoclassical flux
in the plateau regime. This plateau factor corresponds to
the effect of elongation in tokamaks. Lackner-Gottardi
scaling, which is close to ISS95, was derived from this
theoretical approach. An equivalent formulation covering
stellarator geometry is available in Ref.[1]. Here the
geometrical factor characterizing a particular stellarator is
the ratio of the dimensionless fluxes for the multi-harmonic
stellarator field to that for tokamaks with only toroidal
ripple of a/R, expressedas T" /T

ok *
Figure 2 shows the correlation of this plateau factor

r,.,/'I',, with the enhancement of confinement times

with respect to the unified scaling law ISS04. There seems
to be a correlation. However, the plateau factor is closely
related to plasma elongation and an elongation scan in
LHD (k=0.8-1.4) has excluded this collinearity, which has
not indicated significance of dependence (compare
closed and open diamonds in Fig.2). Therefore, €, is more
likely to be the essential configuration factor than is the
plateau factor. It should be noted that both ¢, and

I,.,/'T,, are measures of the difference between drift

surfaces and magnetic flux surfaces.

Full documentation of the international stellarator
confinement database is available at http://iscdb.nifs.ac.jp/
and http://www.ipp.mpg.de/ISS.

Device Jren
ATF 0.43+0.09
CHS 0.43+0.08
Heliotron-E 0.44+0.09
ATF/CHS/Heliotron E 0.43+0.09
Heliotron-J 0.58+0.23
LHD R,=3.6 0.93+0.15
LHD R, =3.75 0.67+0.06
LHD R, =3.9 0.48+0.05
LHD k= 0.8 0.71+0.05
LHD k=14 0.70£0.11
TJ-I1 0.25+0.04
W7-A 0.71+0.19
W7-AS 4, <0.48 1.00+0.27
W7-AS +,.>0.48 0.79+0.19
W7-AS high B 0.92+0.18

Table 1 Renormalization factors
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Fig.1 Comparison of energy confinement times in
experiments with prediction from ISS04
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88. New Global Confinement Scaling for
High-Density LHD Plasmas

Miyazawa J., Yamada H., Funaba H.
Murakami S. (Kyoto Univ.)

Systematic density and power scan experiment has
been carried out at various magnetic field strength, to
investigate the temperature and magnetic field dependences
of the thermal diffusivity. In the experiment discussed here,
B, is varied as 1.0, 1.5, and 2.0 T, while the magnetic
configuration is fixed to R, = 3.6 m. Plasmas are heated by
negative-ion based neutral beam (NB) injection. One or
two tangential beam lines are used in the B, scan
experiment and the total heating power is varied from 2 to
5 MW. The density is scanned by hydrogen gas puffing.

In Fig. 1, depicted are the effective electron thermal
diffusivity, y, versus T, obtained after the B, scan
experiment. The weak (7. oc 7."") and gyro-Bohm like (.
o T.”) temperature dependences are recognized for each
datasets at different B, To estimate the inflection
temperature, T, where the temperature dependence of ™
changes from y™ o T to " o« T,”, a set of models
below is assumed;

Z:“ = Cl Tc().s / Blia (Te S Tcl)’ (])
1 =C, T IB (T.>T,). )

Below the inflection temperature, . increases with C, T

and decreases with an unknown B, dependence of an index
a. Note that o = 1.0£0.2 was obtained in the former study
[1]. Above the inflection temperature, we simply assume
the gyro-Bohm model with a factor C,. Three parameters of
C,, C, and « are determined at each p (= r/a), to give the
minimum standard deviation, o, of the experimental y™
compared with the model. From the fitting results, we
conclude o = 1.240.1, which is consistent with the former
result of o = 1.0+£0.2, while the ambiguity is reduced.
Examples of the fitting are also shown in Fig. 1, by solid
and broken lines.

To obtain a dimensionally correct expression, another
dependence on the minor radius of " oc @™ should be
introduced to Eq. (1) as below;

chll o (Tc/a)li,S / BQ],Z. (3)

HI eff

> oc a’ly™, Eq. (3) is transformed to

HD -1/3 13 4/5 73 73
7, o P, " <n>" BW a  R". “4)

Assuming 7,

where P, <n>, and R denote the total heating power, the
volume-averaged electron density, and the plasma major
radius, respectively.
According to Eq. (4), the plasma stored energy should
be expressed by the HD (High-Density) scaling below;
WHI) — C <P >2/3 <rle>l/3 BU4/5 aef7/3 R 1/3, (5)

P dep i ax

. HD
where units of W, <P, >, <n>, B, a, and R are kJ,

MW, 10”m”, T, m, and m, respectively. To include the NB
deposition profile effect, which becomes shallower in the
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high-density regime, the volume average of the NB
deposition profile, <P, >, is adopted as an index of the
heating power. An effective minor radius, a,, is defined by a
product of a and p,,., where p,,. is the average of p
where 7, ranges from 50 to 150 eV. This 7, range is chosen
because the reliability of our Thomson scattering system is
assured at 7, > 30 eV. In our database, the effective minor
radius is distributing within roughly £5% of 0.64 m, which
corresponds to a in the vacuum configuration. As for the
major radius, we adopt R for simplicity. This scaling is
compared with the datasets of B, scan experiment in Fig. 2.
The factor C = 140 is determined by the least square
method using this data. As seen in the figure, the HD
scaling well matches with the experiment.

Compared with 1SS95 (7,* o« n** P "), the HD
scaling has weaker density dependence (7, oc n').
However, it should be noted that the HD scaling is still
favorable since the density dependence is positive and,

especially, the power degradation is weak (7" oc P™).

Reference
[1] J. Miyazawa et al., Plasma Phys. Control. Fusion 47,

801 (2005). 2=41071B

e
£y

R =36m,H £
ax 2 HEAN
10 0 V.o

—_

©n

o5

g

=

-

5, 1

R

0=0.60

e 03 12
=20 1s

02 04 06081
T (keV)

(8]

Fig. 1. T, dependence of y" at various B,. Solid and
broken lines show fitting results with o= 1.2.
R =36m, H2
600 — : —

500 + -

400 - ,

w dia (k])

200 + g 107 |-

o 15T

100 - ® 20T | |

0 1 1 ! ! 1
0 100 200 300 400 500 600

2/3 13 p 45 13, 13
140<Pd> <n>"B " a R

e e eff ax
Fig. 2. Comparison of the HD socaling with the data
from the B, scan experiment.




89. Global Energy Confinement Properties in
LHD High Beta Plasmas

Watanabe, K.Y., Funaba, H., Yamada, H.

In recent LHD experiments, the highest operational
averaged beta value has been expanded up to 4.3% by
increasing the heating capability and exploring a new
magnetic configuration with a high aspect ratio. Although
the MHD stability properties are considered to be
unfavourable in the new high aspect configuration, the
heating efficiency due to neutral beams and the transport
properties are expected to be favourable in a high beta
range. Here we study the global energy confinement
properties in LHD high beta plasmas.

Figure 1 shows the improvement factor (Hjss) of the
global energy confinement time with respect to the ISS95
(International Stellarator Scaling 1995) empirical scaling in
the new high aspect configuration (RaxV:3.6m/Ap:6.3) as a
function of <Bg4;,>. Here Higs_gia and Higg.in are based on the
diamagnetic  flux ~measurement and the electron
temperature and density profile measurements under the
assumption of Z.s=1 and T;=T., respectively. Zg, T; and T,
are the effective electric charge, the ion and the electron
temperature, respectively. The <Bg4;,> is estimated based on
the diamagnetic energy. A disruptive degradation of both
global energy confinement times based on the diamagnetic
flux measurement and the profile measurements have not
been observed up to <Bg.> ~4%. However, the
enhancement factors are gradually reduced as beta
increases. In Fig.1, Hisg.gis is better than Higgyiy, especially
in high beta range. One of the reasons is why the beam
contribution to the beta value.

As shown in Fig.1, though a gradual degradation of a
global energy confinement on beta value is observed based
on the ISS95 transport model, the disruptive degradation of
the global confinement has not been observed around
<Bgia>=3-4%, where the global ideal MHD modes is
predicted to be marginally unstable. Figure 2 shows the
electron density normalized by a density limit scaling
proposed by Sudo et al. [1], H,,, as a function of the beta
value. High beta discharges are done in a high collisionality
range close to the density limit, Hy, >0.5 in <Bg,> >2%
and Hg, ~1 in <Bg4,> ~4%. According to a recent LHD
transport scaling analysis at high collisionality [2], the
dependence of the global energy confinement time on the
electron density changes from the 1SS95 scaling, tg~n.""'
in the low collisionality range to te~n.?* in the high
collisionality range. Figure 3 shows the results when the
above new scaling law is applied to Hiss.kin (closed squares)
in Fig.1 for the data with Hg,4,>0.5. Closed squares, open
squares and open triangles correspond to Hg,g, <0.5, 0.5<
Hgugo <0.7 and Hgyg, >0.7, respectively. The scatter of data
in the low beta range becomes smaller than that in Fig.1.
However, the degradation in the high beta range, <(4,>
=2~4%, is still observed, where the beta gradients in the
peripheral region are in the Mercier unstable region (<>
>2%). The above suggests the possibility that the high

mode number ideal MHD instabilities affects the global
confinement. As other explanations of the degradation, the
high number resistive MHD instabilities and the invasion
of stochastic region are considered. Further study on the
degradation mechanism is also one of our important future
subjects.

[1] Sudo S. et al 1990 Nucl. Fusion 30 11
[2] Miyazawa J. et al 2005 J. Plasma and Fusion Res. 81
302
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Fig.1 The beta dependence of the improvement factor of the
global energy confinement time with respect to the
ISS95 empirical scaling.
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810. Features of Non-Local Electron Heat
Transport in LHD

Inagaki, S., Nagayama, Y., Kawahata, K.

It is presumed that local turbulence led by local microin-
stability drives local transport. Several recent experiments
in LHD, however, point to the importance of non-local ef-
fects in the turbulent-induced transport. It has been ob-
served that the non-local response to edge cold pulses of-
ten have reversed polarity, with the core T; increasing in
response to edge cooling as well as in tokamaks. The re-
ported features of the non-local T; rise observed in LHD
are, (1) This phenomenon is observed in plasmas sustained
by ECH, NBI and NBI+ECH, (2) The non-local response
is also observed in the e-ITB plasmas. In this report, the
newly obtained features of non-local transport in LHD are
described.

The strong non-local effect is usually observed by
TESPEL injection in LHD. The similar improvement of
confinement induced by pellet or impurity injection (e.g.
PEP-mode RI-mode) has been observed in tokamaks. Sim-
ilarities and differences between these modes and the non-
local phenomena will help to make a physical picture of the
turbulence. The non-local 7; rises are observed not only
by TESPEL injection but also by shallow pellets injection
as shown in Fig. 1. The TESPEL contains impurity (e.g. C
and Ti) but pellet is consists of pure H, and thus little impor-
tance of impurity is suggested. The particle source profile
and/or density profile is also considered to be irrelevant to
the non-local transport mechanism because the change in
density induced by TESPEL or shallow pellet injection is
negligible small (< 10%).

The non-local T; rises are observed in low collisionality
(high T; and low n.) plasmams in LHD as shown in Fig.
2. This result is qualitatively consistent with TFTR scaling.
There are no qualitative differences of non-locality between
Co- and Ctr-NBI plasmas in LHD. The similarities of non-
locality between tokamaks and LHD and Co- and Ctr-NBI
plasmas allow us to conclude that the magnetic shear is not
important in the non-local transport. There are some differ-
ences of non-locality between tokamaks and LHD and they
are important for understanding non-local transport. The
non-local effect is unclear in the auxially heated tokamak
plasmas, while it tend to be strong in high power density
(low collisionality) LHD plasmas. It has been observed that
the non-local effect takes place more easily in small rather
than large tokamaks. In helical systems, however, no obser-
vation has been reported in small devices.
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Fig. 1: Time evolution of T, perturbation in core region (p =
0.3) induced by (a) a pellet and (b) a TESPEL injection. The
pellet and TESPEL are injected to the edge of ECH+NBI
plasmas at t = fy. The typical experimental conditions are
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811. Heat Pulse Propagation across the Rational
Surface in Large Helical Device Plasma
with Counter Neutral Beam Injection

Yakovlev, M., (Graduate University for Advanced Studies)
Inagaki, S., Shimozuma, T., Kubo, S., Morisaki, T.,
Nagayama, Y., Kawahata, K., Komori, A.

The core electron temperature flattening (p<0.3-0.4)
is observed in the LHD inward shifted plasma with counter
neutral beam injection (Ctr-NBI) as shown in Fig.1(a). To
study this phenomenon the heat pulse experiments are
performed by modulated on-axis ECH. Typical parameters
in these experiments are following: a major radius of 3.5m,
an averaged minor radius of 0.6m and magnetic field at
axis of 2.83T, line averaged density of 2.0x10""'m”, injected
neutral beam power of 1-6MW. The phase delay and
amplitude profiles of heat pulse indicate the monotonic
heat pulse propagation from core to edge in Co-NBI
plasmas, where T, flattening has not been observed, as it
shown in Fig.1. A unique feature of heat pulse propagation
is observed near the m/n = 2/1 rational surface in Ctr-NBI
plasmas. The simultaneous response of temperature
perturbation on the radially separated flux surfaces is
observed. The non-monotonous heat pulse propagation can
not be explained by any one-dimensional heat transport
models. The change in topology due to the presence of a
magnetic island structure is used to explain this
non-monotonous heat pulse propagation. In fact, the m/n =
2/1 natural island has been observed in the electron beam
mapping experiments on LHD. The ECE system views the
region near the O-point of the m/n = 2/1 natural island.
Thus, the growth of m/n = 2/1 natural island can explain
the non-monotonic heat pulse propagation in the Ctr-NBI
plasmas.

A heat transport model based on the magnetic island
structure is shown in Fig.2. The one-dimensional heat
transport inside the island, i.e. presence of nested closed
flux surfaces and <<y, are assumed inside the

magnetic island, where y and y, are heat diffusivity

perpendicular and parallel to magnetic field, respectively.
The simultaneous response of 7, perturbations on radially
separated flux surfaces (i.e. p ~0.2 and p ~0.5) can be
explained by parallel heat transport on the separatrix of the
island due to the large parallel heat diffusivity. The phase
delay behaviour from p=0.2 to p=0.33 and from p=0.5 to
p=0.33 indicates heat pulse propagation from island edge
to O-point. The estimated O-point location from the
position of the local peak in phase delay profile is in
agreement with the m/n=2/1 rational surface location. The
large difference in phase delay between O-point and edge
of the island discloses that there are nested closed flux
surfaces inside the island. The clear structure of the m/n =
2/1 island showed by phase delay means that the m/n = 2/1
island does not rotate, otherwise the phase delay inside of
island must to have same values due to averaging of
sampled data from ECE.

The magnetic island enlargement is considered to be
related to direction and profile of plasma current mainly
driven by NBI. In Co-NBI plasmas, the beam-driven

current increases the rotational transform, thereby the m/n
= 2/1 rational surface will be vanish. No evidence for the
presence of m/n = 2/1 MHD activity in Co NBI plasmas is
observed by the magnetic measurement system.
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812. Edge Transport Barrier Extended to Ergodic
Field Layer in a Low Density Plasma of LHD

Toi, K., Ohdachi, S., Watanabe, F. (Dep. Energy Eng.
Sci., Nagoya Univ.), Narihara, K., Morisaki, T.,
Sakakibara, S., Morita, S., Goto, M., Ida, K.,
Yoshinuma, M., Tanaka, K., LHD Experimental Group

In a tokamak with axisymmetric poloidal divertor,
regions of closed magnetic surface and open field line are
clearly separated by the separatrix. In the poloidal divertor
tokamak, H-mode with edge transport barrier (ETB) is
easily achieved and its confinement improvement is high.
However, small misalignment of poloidal coils and/or edge
MHD instabilities could generate magnetic islands near the
separatrix and lead to ergodic separatrix [1]. Moreover,
recent experiment in DIII-D demonstrated that type I edge
localized modes (ELMs) can be effectively suppressed by
introducing edge ergodization, without loosing the plasma
performance [2]. Edge transport barrier (ETB) related to
LH transition was observed in high beta regime on LHD
[3,4]. The LHD has a magnetic configuration with helical
divertor, where nested magnetic surfaces are surrounded by
ergodic field layer. It is interesting and important to study
how edge magnetic islands and field ergodization affect the
formation of ETB and characters of ELMs. The study of
ETB plasmas in LHD may provide important information
about this issue.

The ETB observed in high beta H-mode plasmas of
LHD extends into the ergodic field layer in the vacuum field
[4]. Moreover, edge MHD modes of which rational
surfaces reside in the ergodic layer are strongly destabilized
by the increase in the pressure gradient there. Recently, the
LH transition has been achieved also in low beta and low
density regime, of which typical shot is shown in Fig.1.

The line averaged electron density <n.> and the beta value
<f.> derived from diamagnetic measurement using the
plasma volume in the vacuum field start to increase just
after the transition. Note that ELM-like activities in Ho
emission become significant in about 120 ms after the
transition. On H-mode plasmas in high beta regime, the
ELM-like activities are immediately excited within ~15 ms
after the transition [3,4]. The ETB in the shot shown in
Fig.1 is also formed inside the ergodic layer, as shown in
Fig.2. The profiles of electron temperature and density in
the H-phase have a steep and almost constant gradient in the
ergodic layer where the ETB extends. The poloidal rotation
velocity was measured by charge exchange spectroscopy of
doped neon ion. The data indicates that the radial electric
field Er in the H-phase obviously changed to appreciably
negative value in fairly wide zone of the plasma edge (0.8 <
p ), as shown in Fig.3. However, the information of Er in
the more edge region of p>0.9 is still missing. The space
potential measurements in the edge region by fast
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reciprocating Langmuire probe or heavy ion beam probe are
expected in the next experimental campaign.
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813. Comparison of Confinement Degradation
in High Density and Particle Transport
between Tokamak and Helical

Takenaga, H., Oyama, N., Konoshima, S., Takizuka,
T., Fujita, T. (JAERI), Muraoka, K. (Chubu University),
Tanaka, K., Yamada, H., Miyazawa, J., Peterson, B.J.,
Nishimura, K., Sakamoto, R.

A comparative study between tokamak and helical
plasmas is beneficial for understanding of both common
physics in toroidal system and unique physics
depending on each magnetic configuration. In the last FY,
the confinement degradation at high density in the LHD
plasmas with R,;=3.6 m was compared with that in the JT-
60U ELMy H-mode plasmas. In this FY, the
comparison was performed in the LHD plasmas with
R,=3.75 m. For the particle transport, the gas-puffing
modulation experiments were carried out in the last FY. In
this FY, the particle transport was investigated with
modulated ECH in the low density region, where it is
difficult to use the gas-puffing modulation technique.

In LHD plasmas, an equivalent Greenwald density was
estimated as ngyw=(5/m)(B/R)\, where v at the LCFS was
used. The dependence of confinement enhancement factor
(Te/tiss0s) over the ISS95 scaling on n/ngy at R, =3.6 and
3.75 m is shown in Fig. 1 (a). In LHD, n, of ~1x10* m?
corresponds to n/ngy of ~0.6 at R,=3.6 m and ~0.8 at
R,=3.75 m. The value of ty/t55s decreased with increasing
n/ngy in the region of n/ngy>0.1 at R,=3.6 m as reported
in the last FY. The confinement improvement factor was
smaller at R,=3.75 m than at R, =3.6 m in the region of
n/ngw=0.1-0.4. However, in the region of n/ngy=0.6, it
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Fig. 1 Dependence of confinement enhancement factor
on the density normalized by (equivalent) Greenwald
density in (a) LHD and (b) JT-60U for different major
radius.

was larger at R, =3.75 m than at R,=3.6 m, because the
confinement degradation was small at R,=3.75 m. In JT-
60U ELMy H-mode plasmas, the confinement
enhancement factor (Hgop) over ITER89P scaling decreased
in the region of n/nsw=0.4 as shown in Fig. 1 (b). In the
outward shifted plasmas at R,=3.6 m, the confinement
degradation was also observed and Hgy was smaller than
that at R;=3.3 m. The effects of density profile and heating
profile should be investigated in future work to understand
the dependence of confinement on plasma configuration.

The modulated ECH was applied in the low density
plasmas with R, =3.5 m to investigate T, and/or T, gradient
dependence of particle transport as shown in Fig. 2. The
modulation was observed in the line integrated electron
density and the central T.. The modulation was also
observed in the Ho emission intensity (I,), which might
indicate the modulation of the particle source. In fact, the
density modulation propagated from the plasma edge to the
plasma center, even with the central EC wave deposition as
shown in Fig. 3. However, the phase of the modulated I,
and edge density was reversed. The density modulation
could be introduced by the T, modulation rather than the
modulation of the particle source. The density modulation
was calculated with an assumption that the time scale of the
heat transport is sufficiently shorter than that of the particle
transport and changing rate of the temperature (ATJ/T,) is
larger in the edge region. The calculation results with
DxT, and v «VT, indicates that the modulation
propagates from the edge region to the central region as
observed in experiment under this assumption (Fig. 3).
Further study is necessary in future work to find the model,
which gives better fitting to the experiment.
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814. Experimental Study of Turbulence and
Particle 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), Kawahata, K.

The confinements in the most of the operational
regime of LHD are dominated by the anomalous transport.
Therefore study of the turbulent fluctuation is important.
Recently, particle transports at Rax=3.6m are studied from
density modulation experiments and parameter dependence
of the diffusion coefficient (D) and convection velocity (V)
are obtained [1]. The diffusion coefficients are found to
be anomaly large compared with neoclassical prediction.
The direction of the convection velocities are against
neoclassical prediction in several cases. In order to study
turbulent fluctuation, recently two dimensional phase
contrast interferometer (2D PCI) was developed [2]. The
2D PCI is capable to measured fluctuation with around 0.2
of minor radius spatial resolution within frequency range
(~2MHz) and wavenumber range (0.2~1.5mm™).

Figure 1 shows n., T, and fluctuation amplitude
under different heating power at B;= 1.49T and Rax=3.6m.
As shown in Fig.1 (b), hollow density profiles are observed
in all three cases, and the peak density position shifts to
outward as heating power increases.  This is because Vegge
increase in the outward direction at higher temperature
gradient. As shown in Fig.1 (c), the peaks of fluctuation
amplitude exist in plasma edge where density gradients are
negative. The fluctuation amplitude becomes larger with
higher heating power. Figure 2 shows profile of the particle
flux of three cases. These are calculated using estimated
D, V from the modulation experiments and measured n,
profiles. The diffusive and convective flux was calculated
from —D grad n. and nV respectively. The total flux is
sum of two fluxes. The profiles are shown only up to p =
1.05 because the close to plasma boundary gradients
becomes sharp and it becomes difficult to represent the
diffusive flux. This sharp gradient around the plasma
boundary is due to lack of resolution of the present FIR
interferometer. Figure 3 shows relation between fluctuation
level and normalized particle flux. Figure 3 consists of 16
shots. Here, the fluctuation level is the ratio of the observed
fluctuation amplitude, which is averaged between p = 0.7
and 1.1 and k >0.5 mm" and 5 < f < 500kHz, to the
averaged density at 0.7 < p < 1.05. Because the spatial
resolutions of the fluctuation measurements are not very
fine, average fluctuation levels are used. The normalized
particle flux is calculated also at 0.7 < p < 1.05. As shown
in Fig.3, a clear relation between normalized convective
flux and fluctuation level are observed. At higher
fluctuation level, normalized convective flux becomes
larger. Although there is not clear relation is observed
between fluctuation level and normalized diffusive flux.
Fluctuation induced particle flux is determined not only by
density fluctuation amplitude but also by the potential
fluctuation amplitude and correlation between density and
potential. One of the possible interpretations of lack of the

18

clear relation between fluctuation level and normalized
diffusive flux is due to the role of the potential fluctuation
and phase relation between potential and density
fluctuation. More detail consideration will be possible with
help of the theoretical model about potential fluctuation
and phase relation.
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815. Investigation of Micro-turbulence and
Particle Transport in LHD from 2d CO
Laser Phase Contrast Imaging

2

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

It is well known that particle and energy transport in
fusion plasmas is driven strongly by micro-turbulence.
Using a recently developed CO, 2d laser phase contrast
interferometer (PCI), density fluctuations are measured, and
their characteristics are compared with the transport
coefficients. It is our goal to classify the turbulence and
compare it with theoretical predictions in order to
understand the driving terms for particle transport.

The principle of the diagnostic technique is to image
line-integrated fluctuations in an area of 19x6mm onto a 6x8
CdHgTe detector array using a CO, laser beam and phase
contrast imaging system [1]. Their position along the line of
sight is determined according the propagation direction,
assuming fluctuations propagate perpendicular to the field
lines. The peak wavelength is comparable or greater than
the size of the image. Therefore, to maximize spatial
resolution, it is necessary to extrapolate the image beyond
the measured region using high resolution non-linear
spectral analysis techniques.

A comparison is made between two discharges with
different divertor configuration, helical divertor (HD) and
local island divertor (LID). The gas-feed was modulated
in order to estimate profiles of D and V, shown in Fig. 1 [2].
Shaded areas indicate confidence intervals, and
discontinuities are a result of having only 2 fitting variables
for the profiles of D and V. Transport is enhanced in this
LID discharge, as a result of modification of density and
temperature profiles. The fluctuation amplitude profiles
are shown in Fig. 2, and their phase velocity is shown in Fig.
3. Different branches are identified, according to phase
velocity and propagation direction. In Fig. 3, the plasma
poloidal rotation velocity, ion and electron diamagnetic drift
velocity profiles, projected perpendicular to the line of sight,
are compared with the phase velocities of each branch. The
E, field was obtained from a calculation based on measured
n.,Te profiles enforcing ambipolarity of the neoclassical
particle flux [3]. For the drift velocities, it is assumed that
T=T.. In both cases, there appear to be two branches, one
propagating with the ExB rotation velocity, the other close
to the ion diamagnetic drift velocity. The ExB branch is
localised slightly closer to the centre than the i-dia branch,
though most of the fluctuation power in this branch is not
shown since it is at wavelengths larger than the image size,
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giving poor spatial resolution.

The amplitude of the i-dia branch is larger in the LID
case, consistent with having enhanced particle transport.
Determination of the relative density fluctuation level is
hampered by the spatial resolution and steep gradients in
the edge, however, by comparing with the density profile in
Fig. 2, it appears that the relative fluctuation level is
considerably larger (>10 times) in the LID case.

Calculations of the growth rate for ion temperature
gradient (ITG) turbulence were carried out based on the
gyro-kinetic mode equation. The growth rate, indicated by
the dash-dot line in Fig. 2, scales approximately with the
peak amplitude of the i-dia branch. Based on the
propagation direction in the plasma frame, and agreement
of the model with the measurements we assert that ITG
turbulence plays an important role in determining
anomalous transport.

[1TA. Sanin et al., Rev. Sci. Instrum 75, 3439 (2004)

[2] K. Tanaka et al., to be published Nucl. Fusion

[3] C.D.Beidler et al., PPCF 36, 317 (1994)
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816. Observation of Energetic Particle Mode
Fluctuation by Using Microwave
Reflectometer

Tokuzawa, T., Yamamoto, S. (Osaka Univ.),
Kawahata, K., Sakakibara, S., Toi, K.

The heterodyne reflectometer system is utilized
for the fluctuation measurement. The system uses a
conventional reflectometer technique and is easy to operate
routinely [1]. By 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 even if the radial electron density
profile is flat.

Currently the system has three channels of fixed
frequencies of 78, 72, 65 GHz. Power combined three
microwaves are traveling to/from the LHD by using a
corrugated waveguide for avoiding the transmission loss.
The simplified super heterodyne detection technique is
used for the receiver system. Recently the real-time data
acquisition system has been able to be utilized and the
sampling rate is up to 10 MSample/sec by using a
compact-PCI based digitizer. Reflectometer system has
been adapted this data acquisition system from 8th
campaign. Then the system is very convenient to observe
MHD phenomena such as energetic particle driven Alfvén
eigenmodes [2], launching the extraordinary polarized
wave. In Fig. 1 the temporal behaviour of the
reflectometer signal of 78 GHz and magnetic probe signal
and these power spectra are shown. Coherent spectra of
around 8 and 16 kHz are caused by low-n mode oscillation.
Frequency spectra at =1.73s is shown in Fig. 2. In the
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range of 100~150 kHz there are a lot of coherent mode.
These mode are identified the n=1 (n:toridal mode number)
mode by the magnetic probe analysis. Also on the
reflectometer signal it is observed higher mode around 230
kHz. Just after =1.82s MHD-burst is occurred and these
frequency components are rapidly disappeared and then
passing 0.02s these mode are revived. It may be caused
that the distribution of high energy particle is changed by
such a MHD-burst. Therefore reflectometer is easy to be
utilized to study the MHD phenomena.
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817. Scattering Measurement from Gyrotron

Pshenichnikov, A., Kharchev, N. (General Physics
Institute, Russian Academy of Sciences)

Kubo, S., Shimozuma, T., Yoshimura, Y., Ilgami, H.,
Notake, T., Ohkubo, K.

Scattering measurement of the gyrotron power from
plasma is continued in the 8th experimental campaign. The
correlation analysis between the Sniffer probe signal, power
monitor and scatterred one are stresed. Signals from horn an-
tenna at (port 9.5-O) mostly from the scatterred microwave
power from main plasma. Sniffer probes (ports 9.5-L and 2-
0) are sensitive to the stray microwave around the plasma.
Gyrotron power monitor is set in the transmission line and is
not affected by the plasma. The main goals were to prove the
reliability of horn antenna signal as a scattering signal and
to study the scattering spectra formation mechanism via ex-
periment. Different spectral and correlation techniques were
used for analysis.

One possible way of scattering signal distortion could
be gyrotron power fluctuations. To study their effect the spec-
tra of gyrotron power monitor signal and the scattering signal
can be compared (Fig. 1). The scattering signal has much

Fourier spectra
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frequency, kHz

Fig. 1. Smoothed Fourier spectra examples for #11 gyrotron
power monitor (blue line) signal, 9.5-L port horn antenna sig-
nal (red line) and 9.5-L port sniffer probe (magenta line) at
shot 55993. Time window 0.400-0.405 s

broader spectrum than the that of power monitor. This in-
dicates that the high frequency components of the scattering
signal is originated from plasma fluctuations but not from
the gyrotron power fluctuations. Fig. 2 shows that only low
frequency components (mostly below 50 kHz or even lower)
are correlated. To study the possibility of multi-scattering
the correlations between sniffer probe signal and horn an-
tenna signal were analyzed. Figure 3 shows that the corre-
lation level is rather low. The exceptions are near 350 kHz

Fig. 2. Wavelet coherency versus time for horn antenna and
power monitor signals at shot 55993. The noise component
(350 kHz) and a low frequency component have high co-
herency.

Fig. 3. Wavelet coherency versus time for horn antenna and
sniffer probe signals at shot 55993. High coherency level
before gyrotron pulse is present due to common noise. The
highest noise coherency is in 350 kHz region.

band noise correlation and low frequency components cor-
relations. But sniffer probe receives almost all incident (at
probe) radiation of wide polarization angles range and dif-
ferent propagation directions. I.e. it receives almost all stray
signals at point of its location (which is close to horn a an-
tenna location), while but the horn antenna should receives
only scattered radiation from plasma. It may be the reason
that sniffer probe spectra are broader than those for scatter-
ing (Fig.1). From these differences in spectrum and incoher-
ence between them, it can be concluded that the horn antenna
receives radiation scattered on some not very large (in com-
parison to plasma size) volume which can be estimated theo-
retically or perhaps found experimentally by some additional
measurements.

21



818. Control of the Radial Electric Field Shear
by Modification of the Magnetic Field
Configuration in LHD

Ida, K., Yoshinuma, M., Yokoyama, M., Beidler, C.D.
(Max-Planck Institut fuer Plasmaphysik, Greifswald)

Control of the radial electric field, E, is
considered to be important in helical plasmas, because the
radial electric field and its shear are expected to reduce
neoclassical and anomalous transport, respectively. In
general, the radial electric field can be controlled by
changing the collisionality, and positive or negative electric
field have been obtained by decreasing or increasing the
electron density,respectively. Although the sign of the radial
electric field can be controlled by changing the collisionality,
modification of the magnetic field is required to achieve
further control of the radial electric field, especially
producing a strong radial electric field shear. In the Large
Helical Device (LHD) the radial electric field profiles are
shown to be controlled by the modification of the magnetic
field by changing the radial profile of the effective helical
ripples, €p[1]. Since the radial electric field in LHD is
determined by the ambipolar condition of ion flux and
electron flux that are trapped in the effective helical ripples,
a change in the magnitude and radial profiles of effective
helical ripples will be the most straightforward tool to
control the radial electric field. In LHD, the radial profiles of
effective helical ripples can be modified by a shift of the
magnetic axis from 3.5m to 3.9m as seen in Fig.1.

Figure 2 shows the radial profiles of the radial
electric field for the ion root (large neoclassical flux with
negative E, in the high collisionality regime), electron root
(small neoclassical flux with positive E; in the low
collisionality regime) and the transition regime (between ion
root and electron root) for various configurations with
different effective helical ripple profiles. When the plasma
collisionality decreases by decreasing electron density or
increasing the temperature with higher heating power, the
radial electric field changes its sign from negative in the ion
root to positive in the electron root. Regardless the
configuration, the transition from ion root to electron root is
observed at the plasma edge if the electron density is
decreased below 0.5x10"”m~. When the effective helical
ripple increases gradually towards the plasma edge (R, =
3.75m, 3.9m), the electron root region extends to half of the
plasma minor radius and the radial electric field shear
produced is relatively weak. However, when the effective
helical ripple increases sharply at the plasma edge (R, =
3.5m), the electron root region is localized at the plasma
edge and strong radial electric field shear is produced. When
the magnitude of the effective helical ripple is suppressed to
a low level (R, = 3.6m), the transition region of the radial
electric field is located at p = 0.9, not at the plasma edge,
because there is no increase in the effective helical ripple at
the plasma edge in this configuration. These results show
that a strong electric field shear can be obtained at the
plasma edge by shifting the magnetic axis inward rather than
shifting the magnetic axis outward, where the achievement
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of electron root itself is relatively easy (even with higher
collisionality).
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Fig. 1. Poloidal cross section of the magnetic flux surface
for plasmas with various magnetic axis, R, of (a)3.5m,
(b)3.6m, (c)3.75m, and (d)3.9m. The region of the radial
electric field measurement using the charge exchange
spectroscopy (CXS) is indicated with arrows.
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Fig. 2. Radial profiles of radial electric field, E, and
effective helical ripple €, for plasmas with various
magnetic axis, R, of (a)3.5m, (b)3.6m, (c¢)3.75m, and
(d)3.9m.
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819. Formation of the Radial Electric Field
Shear at the Boundary of Magnetic Island
with Repetitive Pellet Injection in LHD

Yoshinuma, M., Ida, K., Sakamoto, R.

Since the radial electric field E, and its shear are
expected to reduce neoclassical and anomalous transport,
respectively, the control of the radial profile of the radial
electric field is considered to be one of the important tools
to improve confinement in helical plasmas. In general, the
radial electric field can be controlled by changing the
collisionality, and positive or negative electric field has
been obtained by decreasing or increasing the electron
density, respectively. Farther, the radial electric field has
been observed to be zero inside the magnetic island in the
large helical device (LHD) [1]. When the plasma achieves
the ion root (negative E;) outside the magnetic island by
increasing the collisionality, the large radial electric field
shear will be formed at the boundary of the magnetic island
as shown in Fig.1. We demonstrated that the formation of
the radial electric field shear at the boundary of a n/m = 1/1
magnetic island induced by external perturbation coils
(LID coils) with repetitive pellet injection in the plasma
with a magnetic axis of 3.6m and magnetic field strength of
2.75T. The pellet was injected into the NBI sustained
plasma with the electron density of 1.0x10"m™ to fuel the
particles inner side of the magnetic island to archive the
negative E, of ion root regime.

Figure 2 shows the radial profiles of the radial electric
field with the repetitive pellet injection. The radial electric
field is close to zero in the discharge with the LID coil
current of 1200A. The radial electric field profile shows
that the plasma is in the ion root outside of the magnetic
island in the discharge with the LID coil current of 1920A
and the radial electric field shear was formed near the
boundary of the magnetic island (shaded region in Fig.2).
The electron density after the pellet injection is 1.5x10"
m” and 2.5x10'° m” in the discharge with the LID coil
current of 1200A and 1920A, respectively. Larger increase
of the electron density is observed in the plasma with larger
magnetic island.

Figure 3 shows the time evolution of the radial electric
field at the R=4.04m measured with the charge exchange
spectroscopy with better time-resolution. With the single
pellet injection, the formation of the negative electric field
and strong FE, shear was transient, and then the E; shear
disappears in the time scale of few 100msec. By injecting a
repetitive pellet, the negative electric field and electric field
shear can be sustained. Faster change of E. is observed in
the discharge with large pellet injection.

Reference
1) Ida, K., et.al., Phys.Rev.Lett 88, (2002) 15002.
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Fig. 1. Schematic view of the E; shear formation by pellet
injection with external induced magnetic island. The red
line shows the poloidal cross section of magnetic flux
surface near the magnetic island induced by external
perturbation coil.
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§20. Characteristics of High -Te Plasmas
Related to NBI-Beam-Driven Current

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

In the Large Helical Device (LHD), operation at
high electron temperature (> 10 keV) and ITB for-
mation have been achieved using high power ECH (>
2 MW) and strongly focused mirror antennas. In the
experiments, neutral-beam-driven currents modify the
profiles of the rotational transform ¢/27, and two differ-
ent kinds of improved confinement were observed. Us-
ing the heat pulse propagation techniques generated by
modulated ECH (MECH), we investigated the electron
heat transport to elucidate the triggering mechanisms
for the improved confinement. and found the difference
of heat transport by the direction of the beam-driven
current 1).

The ITB formation was only observed in counter in-
jected NBI plasmas with centrally focused ECH. There
are two questions: (1) What happens when the magnetic
field is reversed? (2) How does the amount of beam-
driven current affect the characteristics of ITB forma-
tion?

We have three tangential NBI injectors, two counter
(BL1,3) and one co (BL2) injection NBI in the normal
magnetic configuration. In order to make clear the ef-
fect of the plasma current direction on ITB formation
(Question (1)), we made the same experiments in the
NBI plasmas with reversed magnetic configuration.

The target plasmas were NBI-sustained low density
plasmas with 7. = 0.5 x 10"”"m™3 and Tey ~ 1.5 —
2.0 keV. The magnetic axis was placed on R=3.5 m,
and the field strength was -2.829 T on the axis, where
the minus sign means reversed field compared with the
normal magnetic configuration.

Figure 1 shows the electron temperature profiles
measured by Thomson scattering for a) counter (BL2)
and b) co (BL3) injected NBI target plasmas, respec-
tively, at the timings of just before ECH on and ECH off.
In this case, BL2 injector drove counter current and BL3
drove co current. There was a narrow peaked T, profile
with steep temperature gradient in the only counter-NBI
(BL2) plasma. On the other hand, wide high Te profile
appeared in co-NBI (BL3) sustained plasma. The T,
profile was obviously different from each other before
ECH injection. The flattened profile was observed for
counter-NBI and the peaked profile for co-NBI plasmas,
which is the same feature as in the normal magnetic
configuration.

This results assures the fact that the behavior of T,
profiles were affected by the beam driven current , i.e.
he profiles of the rotational transform ¢/27, not by NBI
power deposition profiles.

In order to answer the question (2), we tried ECH
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injection into the long pulse counter-NBI (5sec. dure-
ation) plasma that had a gradual counter current in-
crease from 0 to 22kA. ECH injection timing was
changed shot by shot to investigate the effect of cur-
rent amount on the I'TB formation. However, we could
not find big dependence on the total current within this
current range. This suggests the current profile is more
important than the total amount. Deeper investigation
on the current profile is required to make the phenomena
clear.

References
1) T. Shimozuma, et al., 20th TAEA Fusion Energy Confer-
ence, 1-6 November 2004, Vilamoura, Portugal, EX/P3-12.
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Fig. 1: Electron temperature profiles just before ECH on
and off a) for counter-NBI (BL2) and b) for co-NBI (BL3)
sustained plasmas.



821. Recent Progress on High lon Temperature
Experiment with High-Z Discharge in LHD

Ikeda, K., Takeiri, Y., Morita, S., Kaneko, O., Ida, K.,
Mutoh, T., Nakamura, Y., Tsumori, K., Oka, Y.,
Nagaoka, K., Ozaki, T., Goncharov, P.

High ion temperature experiment with high-Z
discharge progressed year by year. We have achieved the
ion temperature 10 keV in the 7th experimental campaign .
Three negative-ion-based neutral beam injectors are
arranged tangentially in LHD. The neutral beam power is
mainly deposited on electrons due to the high-energy
hydrogen neutral beam of 180 keV. It is important to
increase the ion-heating power in order to increasing the
ion temperature. High-Z discharges used Ar or Ne are
effective to increasing of ion heating power in the low
electron density plasma below 0.5x10”m”. It is also
important to reduce contamination of the neutral particle
from the wall in order to maintain high beam absorption in
the low-density plasma. The Ar- and Ne-glow discharge
cleaning have been carried out 41 hours and 22 hours in
front of the experiment day, respectively.

Figure 1 shows the time evolution of the density
and the temperature of the shot number 54878th on the
Ar-puffed plasma with the magnetic field axis of 3.7m. The
electron density measured by a far-infrared interferometer,
is build up by the short Ar gas puffing. The beam power of
8.7MW of the injected power of 10.5MW is absorbed in
the plasma. The central ion temperature rapidly increases as
the density decreases, and reaches the new record of 13.5
keV where the ion temperature is measured with the
Doppler broadening of ArXVII. The electron temperature
measured by the Thomson scattering, is 4.5 keV, it is lower
than the ion temperature due to the dominant ion heating.

The neutral beam heating at the 8" experimental campaign
#54878
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Fig. I Time evolution of the density and the temperature
in an Ar gas-puffed plasma. The neutral beam power of
10.5 MW is injected totally
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Fig. 2 Ti against absorbed NBI power normalized
electron density on the Ar-puffed plasma in the 7" and 8"
experimental campaign.

is more effective to the heating at 7" experimental
campaign as shown in Fig.2. As the result, the ion
temperature increase as the ion heating power per unit
density increases. It is indicate that the intensive Ar- or
Ne-glow discharge wall conditioning is effective to keep
the low density.

Characteristic of the ion temperature with high-Z
discharge is researched well in the case of the magnetic
field axis below 3.7m. The ion temperature well rises due
to the density peaking in case of the magnetic field axis of
3.7m. Figure 3 shows the effect of the neutral beam heating
on the Ne-puffed plasma with various magnetic field axes
outside of 3.7m. In the case of 4 m, the ion temperature
dose not increases as the heating power increases because
of the bad confinement. The ion temperature with the case
of 3.85m well rises as the case of 3.7m. If it can maintain
density low, we expect to produce higher ion temperature
by using the Ar-puffed discharge.

® R=3.7m, B=-2.676T &
O R=3.85m, B=-2.572T o
X R=4.0m, B=-2.4531 LRI
> °o
6 - R .
? o
°
= o %
v 4 ° % o
= L] o XY
- ° 5?0 ) /9
[ od [ 05 GO
L ] ® (o)
o o S0 e B %
2 Y'Y AR
8 s X
x X
0

0 2 4 & 8 10 12 14
Pas / o [MW/A0'®m]

Fig. 3 Tiagainst absorbed NBI power normalized
electron density in various magnetic field axes on
Ne-puffed discharge plasma.

1) Y. Takeiri, et al., 20" IAEA Vilamoura, 2004, EX/P4-11
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822. Confinement Improvement in High-lon
Temperature Plasmas in LHD

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

High-ion temperature plasmas above 10 keV have
been obtained with negative-ion-based NBI heating in
LHD. Since the hydrogen injection energy is higher than
150 keV, the electron heating is dominant in hydrogen
discharges. In order to enhance the ion heating power
effectively, high-Z discharges with Ar or Ne seeding are
utilized [1]. Low-density and high-Z plasmas, where the
beam absorption power is enhanced and the ion density is
reduced, are realized by suppression of the dilution with
wall-absorbed hydrogen with intensive Ne and/or Ar glow
discharge cleaning. As a result, the central ion temperature
(Ty) is increased with an increase in the density-normalized
ion heating power, and reaches 13.5 keV.

Considering that the increase in the central T; is not
saturated with the ion heating power, the anomalous
transport, which causes the power degradation of the
temperature, would be suppressed in the high-ion
temperature plasmas obtained in the high-Z discharges. As
shown in Fig. 1, the central T; is increased with an increase
in the electron temperature (T.) gradient in an outer plasma
region of around p=0.8, and no definite correlation is
observed between the central T; and the T. gradient in a
core region of round p=0.6. The neoclassical ambipolar
calculation considering multi-ion species indicates the
generation of strong positive radial electric field (E,) in the
outer region for the high-ion temperature plasmas. In the
CXRS measurement, positive E; is observed in the outer
region and the positive E, is increased as the density
decreases. Correspondingly, a little rise of the local T; there
is also observed. These results suggest the improvement of
the ion transport in the outer plasma region due to the
electron root, and that should lead to the central T; rise.

When the centrally focused ECH is superposed on the
high-Z NBI plasma, central T; rise is observed [1]. Then,
the T, profile shows the electron ITB, in which the T,
gradient is steep in a core region of p=0.4-0.5. The
neoclassical calculation shows the formation of positive E;
in the core region. In the case of the non-high-Z plasmas,
positive E, is observed in the core region with the
superposition of the ECH in the CXRS measurement.

As shown in Fig. 2, positive E, is observed in a core
region for an electron ITB plasma in the non-high-Z
discharges generated with a combined heating of NBI and
ECH, and a little increase in the T; is recognized. In the
electron ITB plasmas the improvement of the electron
transport has been confirmed [2], and the core T, and the T,
gradient are both increased without saturation as the
density-normalized electron heating power increases.
Considering the above mentioned results, the ion transport
should be improved due to the electron root in the high-ion
temperature plasmas.
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823. Toroidal Rotation in Ar Discharges

Morita, S., Ikeda, K., Takeiri, Y., Yokoyama, M.,
Yamazaki, K. (Dept. Energy Eng. Sci., Nagoya Univ.)
Murakami, S. (Kyoto Univ.)

Ne glow discharges were done for 8 hours overnight
before daily experiments in order to decrease hydrogen
neutrals. The Ha intensity further decreased during NBI
discharges and roughly became half of that after He-glow
discharges. Some amount of hydrogen was replaced by
neon. As a result, a further density decrease became
possible down to 0.2x10"cm”.

After the Ne glow discharges the density profile became
peaked in Ar discharges, as shown in Fig.l. In Ne
discharges after Ne glow discharge, however, an extremely
flat density profile was performed by the enhanced edge
recycling of neon. It is reported that the inward velocity
of impurities in LHD is proportional to their ionization
stages, q. This may be a main reason why the Ar
discharge has such a peaked density profile in addition to
the lower recycling rate.

From these experiments it became clear that the ion
temperatures are sensitive to density profiles. The density
peaking followed by the reduction of edge density at p=0.8
is well correlated with high values of ion temperatures,
especially in the Ar discharge case.

Central toroidal rotations measured from Doppler shift
of ArXVII were analyzed with the ion temperatures and
density peaking.  The rotations could be also well
correlated with the density peaking and ion temperatures.
For example, the rotation was smaller than 10km/s in the
flat density profile of Ne discharges after Ne-glow cleaning
and 30-40km/s in the peaked density profile of Ar
discharges (see Fig.2). The T,(0) was 2-3keV and 7keV
for Ne and Ar discharges, respectively (see Fig.3). The
heat transport was analyzed between such two discharges.
The central ion thermal diffusivity, y, was 25m’/s and
10m’/s for Ne and Ar discharges, respectively. Here, it
should be noticed that the ion density much decreases in
these discharges and then, the analyzed y, becomes larger
than that in hydrogen discharges (y,~2-5m’/s). In the
practical discharge the hydrogen ion density becomes still
dominant and is estimated to be 2-3 times as much as the
Ar ion density. The obtained y, are, of course, much
larger than the neoclassical values. Then, it is pointed out
that the enhanced toroidal rotation followed by the density
peaking may improve such an anomalous transport also in
LHD. The toroidal rotation velocity of 40km/s
corresponds to 30% of the Ar thermal velocity.

The toroidal rotation is mainly reduced by a parallel
viscosity due to helical ripple mainly located at plasma
outer half region. The density reduction at the plasma
outer region leads to the reduction of the parallel viscosity
and enhances the toroidal rotation. The recent theoretical
analysis predicts the same rotation velocity as the
experimentally obtained velocity of 40km/s (see Fig.4).
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824. Estimation of the Particle Confinement
Time of the Helium Ash in LHD

Mitarai, O. (Kyushu Tokai University), Goto, M.,
Morisaki, T., Masuzaki, T, Ashikawa, N. (NIFS)

The ratio of the helium ash confinement time to the
energy confinement time (7,*/1g) should be lower than 7 in
the FFHR helical reactor to maintain ignition. However, as
such data are not yet available in any helical device, there is
the physics uncertainty in a helical reactor design.
Although high energy He-beam should be finally injected
into the plasma core to simulate the burning plasma, He gas
was initially injected to measure such exhaust characteristics
as a first step of this type of experiment.

Helium gas was injected by gas puffing at 1.2 sec in the
outwardly shifted plasma with B;=2.64T and R;=3.75m.
After the plasma density is adjusted to be flat, helium or
hydrogen gas were injected. In an actual experiment, it is
confirmed that helium gas puff was injected by monitoring
the electron density. For comparison, experiment was also
conducted without gas puffing.

As shown in Fig. 1, He-II line (4684A) has a finite

signal before helium gas was puffed.

As the waveform of the incremental value of the
density An and He-II line are both similar, it is found that
helium gas is the source of the electron density. However,
the density signal is the line average, it cannot be determined
whether helium is injected into the core or not. However,
as it is certain that at least the helium is injected to the
plasma edge and scrape off layer, it may be possible to study
the helium exhaust characteristics in the plasma edge.

We have conducted initial rough estimations of the
helium particle confinement time using the averaged particle

balance equation in the plasma edge.

Ay _ _ Ay (1)
dt HES 7,

«
Where 1,* is the effective helium particle confinement time.
The helium source term Sy is determined by the waveform
before and during gas puffing pulse. The temporal change
in T, provides the helium density nygg, which was fitted to
the observed He-II line emission waveform. The resultant
effective helium particle confinement time T,* may be
roughly 0.25 ~1.5 sec as plotted in Fig. 1, which provides
To¥/1e=7~42 for the energy confinement time of 36 ms
(#49346).

time and analysis on profiles, experiments for various

More accurate determination of the confinement

operational conditions and with He-line profile diagnostics

are required.
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He-II line is not affected by hydrogen

gas puffing. line.
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Fig. 1. (a) Observed He-II line (dashed line) in the outwardly shifted LHD
plasma (#49346). Dotted curve is the calculated helium density normalized to
the He-II line. (b) T,* is the effective helium particle confinement time. (solid
line) to fit to He-II line.

He gas fueling rate (Sygs) is described by dotted



825. Parameter Dependence of Particle
Transport in LHD

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

The characteristics of the particle confinements
are studied from density modulation experiments at
standard configuration (Rax=3.6m) [1]. The diffusion
coefficient (D) and convection velocity (V) can be
estimated without knowledge of absolute value of particle
source. The power of NBI and toroidal magnetic field (Bt)
were scanned to study electron temperature (T.), T.
gradient and B, dependence. Examples of the analysis are
shown in Fig.1 ~2. Clear differences of the electron density
(n.) and T, profiles were observed under different heating
power. As shown in Fig.2, two fitting variables of D and V,
which represents core and edge value are used. The core
and edge value of D are modeled to be constant at p = 0 ~
0.65 and p = 0.75 ~ plasma boundary respectively and the
convection profile increases linearly from p = 0 till p = 0.7
and change the gradient. These profiles of D and V can
fit not only modulation profile and but also equilibrium
profile as shown in Fig.1 (b).

Figure 3 (a) shows T. dependence of Deg,e under
different B.. Positive T, dependence, which is typical
character of anomalous dominated L mode plasma, was
observed. The observed T, dependences are
D, o105 at 1.49T, D, o T, 2T and

edge
D,y T,V at 2.75,2.8T. Although data number is
small (5 shots) and dynamic range of T, scanning are small
at 2T, there is a increase of temperature index as B,
decreases. This suggests turbulence character changes
under different B,. Figure 3(b) shows B dependence of
Degge-  Here, the data, whose edge Te is from 0.6 keV to
0.7 keV are shown. Ten shots at 1.49T, 4 shots at 2T and 5
shots at 2.75, 2.8T are used for the analysis. Then,

observed B, dependence is D,y % B, 073023 The observed
T, and B dependences are not simple Bohm like (o 7, /B, )
nor gyro-Bohm like (oc 7% /B *). Further consideration

comparing possible theoretical model is necessary to
explain observed dependence.

Figure 4 shows the normalized T, gradient
dependence of V under different B,. The value of V at p =
0.7 is considered to be Vg, and Vg is considered to be
the value at p =1.0. The electron temperature gradient is the
averaged over the region p = 0.4 ~ 0.7 for core and p = 0.7
~ 1.0 for the edge. At B, = 2.75,2.8T, core convection is
directed inward at lower —gradT./T. and reverses the sign at
higher —gradT./T.. On the other hands, in the edge region,
the dependence is more complicated. There is a minimum
value of V4, although clear increase of V4, With increase
of —gradT./T, was observed at B=1.49T. In both core
and edge, the convection is more outward directed at lower
B, under same —gradT./T.. The toroidal magnetic field and
—gradT./T, influential or maybe determining parameter to
determine V and density profile in LHD.
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826. Three-dimensional Observation System
for Pellet Ablation in LHD Plasmas

Sakamoto, R., Yamada, H.

In order to investigate an ablation of a solid hydrogen
pellet, which is injected into high temperature plasmas with
high speed (~1 km/s) for the plasma refueling,
three-dimensional observation system of a fast camera has
been developed. A stereo method has been employed to
obtain the three-dimensional information of the pellet
ablation. A pair of the stereo images, which has been taken
from different location, has been focused onto single fast
camera by using bifurcated imaging fiber scope, to ensure
that the simultaneity of the both images. The projection
matrix, which is used for a stereo reconstruction, is
calibrated by taking images of a model plane of known
coordinates from the actual camera positions.

Accuracy of the stereoscopic measurement is examined
by the model plane, which was used at the camera
calibration. Fig. 1 shows measuring accuracy of Z axis,
namely, depth direction. The horizontal axis and vertical
axis indicate the actual Z value of the model plane and the
stereo reconstructed Z value, respectively. The stereo
reconstructed Z value show good agreement with the actual
Z value within the range of the error. The thick error bars
indicate maximum and minimum stereo reconstructed Z
value for a model plane, which is put at Z. The Z error is
about £30 mm that is £2 % for the Z coordinate as shown by
thin alternate long and short dash lines. The thin error bars
indicate the range of scatter in reconstruction, when a stereo
matching has +3 pixel error. The reconstructed X-Y
coordinates have a similar accuracy to the Z coordinate. It is
confirmed that the stereo reconstruction provide the good
estimation of the spatial coordinates with linearity.

In order to demonstrate the usefulness of this
measurement, an ablation behavior of a pellet, which is
injected into the LHD plasmas, has been analyzed. Fig. 2
shows temporal change of a pellet ablation light intensity,
which is measured by a photo-diode with H, filter.
Assuming that the initial pellet velocity maintains during
ablation, the pellet position can be predicted as a broken line
in figure. The stereo observation has been carried out with
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Fig. 1 Stereo reconstructed Z coordinate versus
actual position of the model plane. Thin alternate
long and short dash lines indicate £2 % error.
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Fig. 3 (a) Typical stereo pair of the ablating pellet

and (b) the emission intensity distribution along the

epipolar lines.

sampling rate of 20,000 images per second and exposure
time of 4 ps. In this experiments, a life time of the pellet is
relatively long (> 3 ms) because of low temperature target
plasma (7,(0)= 0.7 keV) and about 70 pairs of the stereo
images are obtained during ablation. Fig. 3(a) shows the
stereo pair of the typical pellet ablatant. An epipolar line is
parallel to horizontal axis in both images. The emission
intensity distribution along the epipolar lines is shown in fig.
3(b). Stereo matching has been carried out by a
feature-based stereo matching procedure, i.e. the
corresponding points in each images are defined by the
brightest points along the epipolar lines. The pellet position,
which is measured by the stereo observation, is plotted in
the fig. 2 by the open circles. The pellet position, which is
reconstructed by the stereo analysis, showed good
agreement with the predicted pellet position. In other words,
it has been confirmed by this method that the initial velocity
of a pellet maintains during ablation in hot plasma. At the
same time, we can observe structure of the ablating pellet on
X-Y plane by the images.

We acquired ability to obtain three-dimensional
information of the obvious corresponding points such as
emission peak. In respect of the subject for a further study,
full three-dimensional reconstruction using an area-based
stereo matching procedure is required to perform more
detail observation. In addition, multi-point simultaneous
observation is also useful to reduce blind spot and to
perform stable stereo analysis



8§27. Estimation of the Effect of Fast lons on
Pellet Ablation

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

To date gas puffing has been successfully used as a
fundamental fueling tool. However, for larger devices there
is a concern that the fueling efficiency of gas puffing
becomes worse because most of fueled gas is ionized by a
hot and thick scrape-off layer before it penetrates into the
confinement region. Injection of cryogenic solid pellets
which is an alternative approach of fueling has been
attracting interests because of advantage of deeper and
more efficient fueling than gas puffing. In LHD, pellet
fueling is performed by two pellet injectors to demonstrate
high fueling efficiency and capability to control the
electron density. It is necessary for prediction of fueling
performance to clarify physical mechanisms in two stages,
i.e., ablation process of pellets and subsequent drift motion
of ablated plasmoid. We have estimated the pellet ablation
with the use of measured and predicted pellet penetration
depths.

In LHD, fast ions produced by NBI heating affect the
pellet ablation due to their high energy up to 180 keV
though the contribution of thermal electrons to the ablation
is still predominant. Here the stored energy of fast ions is
introduced as the indicator of the effect of fast ions on the
ablation, Wi = Paep X Tsjowdown» Where Pge, is the NBI
deposition power and 7yowgown 1S the slowing-down time
estimated by plasma parameters at the center. In Fig. 1, the
penetration depth becomes shallow as a increase of the
energy of fast ions and the curve is saturated at ~ 27 kJ,
thus we define it the critical value (i.e. High Wy means the
energy is more than this value). Figure 2 shows the
comparison of the NGS scaling, which accounts for only
the effect of thermal electrons on the ablation with
measured pellet penetration depth. In the case of low Wy,
the trend agrees well with the NGS scaling even for deep
penetration while it shows slightly offset from the NGS
scaling. In contrast to this result, the difference between
measured and predicted pellet penetration is large for deep
penetration in the case of high Wy although there is no
difference between measured and predicted penetration
depth in two cases for shallow penetration. We conclude
that the discrepancy of experimental results from the NGS
model is evidence of the effect of fast ions on the pellet
ablation since the NGS scaling considers only thermal
electrons.

The pellet penetration depth is calculated by means of
the ABLATE-code [1] including contributions of not only
thermal electrons but also fast ions to the ablation for
profiles of measured electron temperature, electron density
and calculated density of fast ion [2]. Figure 3 shows the
comparison of the penetration depth calculated by the
ABLATE with measured pellet penetration depth. The
penetration depth of the ABLATE results from the ablation
model of consideration of the effect of both electrons and
fast ions. Although a systematic discrepancy between

dataset of high and low Wy is mitigated, disagreement
between experimental observation and the model
calculation still exist.
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Fig. 1. The relationship between the measured pellet
penetration A/a and the energy of fast ions Wy in LHD
pellet fueled discharges.
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828. Injection of Repetitive Ice Pellet during
ICRF Heating

Seki, T.

Long pulse plasma discharge more than 30 minutes was
achieved by the ion cyclotron range of frequencies (ICRF)
heating in LHD. Control of the plasma density is
important to accomplish the long pulse operation. Figure
1 shows the example of the long pulse discharge. The
line-averaged electron density was kept constant by the
feedback control of the helium gas-puffing as shown in the
second column. For the ICRF heating, the plasma
consists of the helium majority species and the hydrogen
minority species. Fueling of the plasma particle was
carried out by the gas-puffing of the helium majority
species. Low minority ratio is preferable for the ICRF
heating. However, the ratio and the density of the
hydrogen minority decrease during the long pulse
discharge as shown in the bottom column. The temporal
fluctuation of the electron temperature and the intensity of
the H-alpha and the minority ratio are caused by the swing
of the magnetic axis.

The hydrogen ice pellet injection is one candidate of the
fueling of the minority ions. However, the ice pellet
injection to the ICRF heating plasma was not desirable
because the plasma was terminated by the injection of the
pellet. The repetitive pellet injector was developed and
installed in LHD. The pellet size is smaller than the
former. The injection frequency up to 11 Hz and the
injection duration more than 1000 seconds are possible.

The repetitive pellet injection was carried out for the
ICRF sustained plasma discharge. Figure 2 shows the
time history of the plasma parameters during the repetitive
pellet injection. The pellet injection started from 67.5 sec.
and the injection frequency is 5 Hz. The pellet was
injected successfully to the end of the plasma discharge.
The line-averaged electron density increased continuously
during the pellet injection.  The ion and -electron
temperature rose at beginning and decreased later by the
density rise. The intensity of the H-alpha increased and
the minority ratio was kept almost constant. The increase
of ion and electron temperatures suggests the confinement
improvement caused by pellet injection.

The ICRF heating performance was estimated using
TASK/WM three-dimensional full wave code”. The
plasma parameters before and during pellet injection were
used. The power deposition profile was almost same in
the both case. The absorbed power increased double
during pellet injection. This is caused by the higher
density arose from the pellet injection. The ICRF heating
had no harmful effect by pellet injection.

Reference
1) Fukuyama, A., et al, IAEA Conf., Solento,
TAEA-CN/THP2/26 (2000).
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829. Measurement of Inhomogeneous Poloidal
Distribution of He Neutral Atom Flux

Goto, M., Sawada, K., Morita, S.

Neutral atom flux in the plasma boundary region has been
measured with a spectroscopic method. An emission line in
the visible wavelength range shows a clear Zeeman splitting,
and the magnetic field strength at location of the line emis-
sion is deduced from the splitting width. Since the distribu-
tion of the magnetic field strength along the line of sight is
well known, the emission location and its intensity can be
simultaneously obtained. This kind of measurement is car-
ried out with an array of 40 lines of sight which covers an
entire poloidal cross section, and then the poloidal distribu-
tion of neutral atom flux is obtained. [1] Because the Zeeman
splitting is found more noticeable in helium lines than in hy-
drogen lines, studies are made with helium discharges. We
focus our attention on the measurement of neutral helium line
(1667.8 nm) distribution.

In the previous measurement for the poloidal cross sec-
tion where the plasma is elongated in the horizontal direc-
tion, localized atom emissions in the vicinity of inboard-side
X-points are observed for the configuration of R,y = 3.6 m,
where R, is the radius of the magnetic axis. We have at-
tempted to determine the electron temperature and density at
each emission location from the intensity ratios of three emis-
sion lines of neutral helium, and have found little variation in
the obtained parameters at all the emission locations. This
indicates that the observed line emission can be directly in-
terpreted as the inward atom flux and therefore there exists
a strong inhomogeneous distribution of atom flux around the
plasma. When R,y is shifted outwards to R,x = 3.75 m, the lo-
calized line emissions at the inboard-side X-points dissipate.

According to the measurement with Langmuir probes em-
bedded on the divertor plates, the divertor flux is dominantly
observed in some narrow areas rather than is distributed
homogeneously, and these locations change depending on
R,x. Specifically, the divertor flux becomes dominant on the
inboard-side divertor plates for R,x = 3.6 m, and on the upper-
and lower-side plates for R,x = 3.75 m. This is consistent with
a calculation concerning the magnetic field line structure in
the plasma boundary region, where we regard the density of
open magnetic field lines striking on the divertor plates as a
measure of the divertor flux. From these results in addition
to our previous measurement, it is most likely that when R,
is shifted outwards to 3.75 m, intensive line emissions take
place in the area near the X-points at the vertically elongated
plasma cross section.

In order to certify this suggestion, the Zeeman spec-
troscopy is also applied for the poloidal cross section where

the plasma is vertically elongated. Figure 1 shows the results
from the R,x = 3.6 mand 3.75 m configurations. In the case of
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Fig. 1. Derived emission locations of Hel 1667.8 nm line for
(a) Rix = 3.6m and (b) R;x = 3.75m cases. Open circles
stand for the location of line emissions and their sizes show
the intensity. Lines of sight of 40 channels are indicated with
straight lines.

R.x = 3.6m we find no localized strong atom emissions, but
intense line emissions around the X-points and the divertor
legs are observed for R, = 3.75 m. This agrees to our expec-
tations, and a close relationship between the divertor flux and
the atom flux is confirmed.

It has been pointed out that there might be a strong interac-
tion between the plasma and inboard-side vacuum vessel wall
due to a small clearance between them and this can give rise
to another strong particle source there. In our measurement,
however, the atomic radiation near the inboard-side wall is
relatively weak, and the possibility of a strong particle source
on the inboard-side wall surface seems to be denied.

For a deeper understanding of the relationship between the
divertor recycling and atom flux, a Monte-Carlo simulation
code for neutral particle transport has been developed. With
this code we have calculated a three-dimensional distribu-
tion of neutral line emission intensity under conditions that
the particle source is localized on the divertor plates and its
strength is proportional to the density of the magnetic field
lines striking on the divertor plates. Similar behaviors to the
experiments are obtained for both the R,y = 3.6 mand 3.75m
cases and therefore it is concluded that the neutral atom flux
dominantly originates in the particle recycling at the divertor
region.

Reference
1) M. Goto and S. Morita, Phys. Rev. E 65, 026401 (2002).
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830. High-resolution Measurements of Ho
Line Spectral Profiles in LHD Steady State
Plasmas

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

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

Ohgo, T. (Fukuoka Univ. Educ.),

Masuzaki, S., Miyazawa, J., Shoji, M., Kobayashi, M.,
Morisaki, T., Morita, S., Sudo, S., Ohyabu, N.,

Noda, N., Ida, K., Sato, K.

Ha line spectral profiles in LHD hydrogen dis-
charges have been measured with a high wavelength res-
olution spectroscopic measurement system. The system
is designed to distinguish a few eV difference of neutral
hydrogen energy along the sight lines.

In this experimental campaign, we investigated
e dependence of the neutral hydrogen behavior in the
helical divertor configuration with R,, = 3.60m. With
the density feedback gas-puffing and the series injection
of NB, steady state hydrogen discharges were performed.
The discharge duration was ~6s and 7, was varied in the
range of 2.0~6.0x10" m~2 in shot by shot. The spec-
tral profiles can be decomposed into narrow and broad
Gaussian components and the asymmetric profiles due
to the blue shift of the broad component were obtained.
This blue shift can be attributed to the atoms reflected
on the inner divertor plates because the particle depo-
sition is intensive at the inboard side of the torus in
R, = 3.60mY. Figure 1 shows 7. dependence of the
line intensity and the flow velocity of the hydrogen atoms
deduced from the spectral profiles obtained at the sight
line viewing an inner divertor plate. In the m. range
of 2.0~6.0x10" m~3, the line intensity of the narrow
and broad component increases with 7.2 and 7.2, re-
spectively. The intensity ratio of broad/total increase
from 0.3 to 0.5 with the increase of n, from 2.0 up to
6.0x10'” m~3. The ion saturation current measured by
the 61 divertor probe depends on 7.22. The similarity
in m, dependence of the line intensity and the ion sat-
uration current indicates that the interactions with the
inner divertor plates such as desorptions and reflections
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Fig. 1: Line-averaged electron density dependence of
Ha line intensity and flow velocity of hydrogen atoms.
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are progressed caused by the increasing outflux with 7.
On the other hand, the flow velocity and the tempera-
ture of the hydrogen atoms deduced from the broad com-
ponent decrease with the increase of m.. Especially in
the flow velocity, the rapid decrease is observed as shown
in Fig. 1 and the asymmetric feature of the spectral pro-
files gradually vanishes. This is considered to be due to
the falloff of the sheath acceleration, because the edge
electron temperature become lower(~50%) with the in-
crease of M, from 2.0 up to 6.0x10' m=3.

In the high density detachment experiment?), line
spectral profiles of Ha were also investigated. Figure 2
shows the spectral profiles in the attachment(a) and the
detachment(b) phase obtained at the sight line viewing
an inner divertor plate. In the detachment phase, the
contribution of the broad component decreases and the
spectral profile of total emission exhibit narrower shape
than in the attachment phase. The line-averaged elec-
tron density is ~6.0x10" m~3 in the attachment and
~1.4x10%° m~3 in the detachment phase. Despite the
significant increase in 7, the difference in the total line
intensity between the attachment and the detachment
phase is not significant(~7 % lower in the detachment
phase). This is considered to be due to the suppression
of the neutral hydrogen generation by the detachment.
In the measurement duration of 0.45sec(1.35~1.80sec),
about 30 ELM-like spikes are observed by Ha monitor.
These spikes are thought to be deeply concerned with
the rotating radiation belt® which appears during the
detachment. Emissions from a rotating radiation belt
will be investigated in next campaign.
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Fig. 2: Ha line spectral profiles observed in
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References
1) Morisaki, T. et al. : Contirb. Plasma Phys. 42 (2002) 2-4 321.
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§31. High-beta Experiments in LHD

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

To investigate configuration dependence of MHD
activities and to optimize the magnetic configuration for
production of high-beta plasmas, the control of rotational
transform profile by external coils has been done in LHD.
The aspect ratio of helical coil current, y, was changed from
1.22 to 1.13 at the same magnetic axis position, which also
changes the central rotational transform 1,/2n from 0.47 to
0.73.  While the increase in 1/2n has a disadvantage on
MHD stability because it leads to restraint of Shafranov shift
restricting spontaneous magnetic well formation in addition
to the reduction of magnetic shear, a degradation of particle
confinement due to an increment of helical ripples with the
plasma outward-shift expects to be avoided.

Figure 1 shows change of achieved average beta as
a function of y. The y scan experiments had been done in
the configuration with Bt = -0.5 and -1 T, and achieved beta
has a maximum value in the y = 1.20 configuration. ~After
these experiments, we tried the high-beta plasma production
in y = 1.20 configuration, and average beta <f;;,> of 4.3 %
was obtained in the configuration with R,, =3.6 m, B, =0.45
T as shown in fig.2. The previous experiments show that
while several MHD modes excited in peripheral region are
dominantly observed and enhanced with increasing <[y,
they saturate and/or intermittently observed when <fy.>
exceeds about 3 %". This trend has been shown in fig.2
discharge. In this discharge, an increase in <fy,>is
restricted by an excitation of peripheral MHD modes when
electron density increases in spite of constant <f;,>. One
of the reasons for electron density dependence of MHD
activity may be due to the increment of magnetic Reynolds
number, S. The S dependence on the saturation amplitudes
of MHD modes have been found out by the database study,
and about 10 % of degradation of plasma stored energy due
to peripheral MHD modes has been observed in density
ramp-up operation with temporal reduction of S. The

5 T T T Y T
| W -05T,11.3MW O -1T,9.5MW|
4L I -
Sk 0 n g I ]
A
= n U
cnu 2L n é E
\" O 9
®
o 8 H
g ¢
o o)
0 1 i 1
1.12 1.16 1.20 1.24

Y

Fig.1 Change of achieved beta in Bt = -0.5 and -1 T
discharges as a function of y

linear theory suggests that the growth rate of resistive
interchange mode is decreased by an increment of S, and it
is qualitatively consistent with characteristics of observed
MHD activities.

On the other hand, the achieved beta gradually
decreases with the increase in 1y/2n by external coil control
and/or positive plasma current as shown in fig.1. The
minor collapse of plasma due to m/n = 1/1 mode was
observed in the highest 1p/2n configuration (0.73). Also,
even if the vacuum 1y/2n is relatively small, the large plasma
current increasing 1/2m causes the similar collapse. The
growth of m/n = 1/1 island, which was identified as profile
flattening of Te near the resonant surface at p ~ 0.5, was
observed just before the minor collapse in both cases, and it
decreases <fy,> by more than 50 %. Then the peripheral
plasma pressure with strong magnetic shear was still
maintained before and after the collapse. These
phenomena may be caused by the reduction of magnetic
shear at the m/n = 1/1 resonance in magnetic hill
configuration.

Reference
1) A.Komori, S.Sakakibara et al., Phys. Plasmas 12 (2005)
0561221.
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§32. Observed Pressure Gradients at
a Peripheral Rational Surface in LHD
High Beta Plasma

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

Ideal MHD instabilities have a possibility to strongly
limit the operational regime of the plasma parameters such
as beta, pressure gradient and/or so on. In tokamaks, it is
well known that the operational beta limits are quite
consistent with theoretical predictions of ideal linear MHD
theory. On the contrary, in helical plasmas, a limited number
of systematic studies about the effect of pressure driven
ideal MHD instabilities on the operational beta range in
experiments have been reported. In order to study the role of
low mode number ideal pressure driven MHD modes on the
operational beta range in LHD, we compare between the
experimentally observed pressure gradients at peripherally
located resonant rational surfaces and the theoretically
predicted unstable region for ideal pressure driven MHD
instabilities in the new high aspect configuration with
R.=3.6m/A,=6.3, where the achieved beta value has been
extended to 4%.

Figure 1 shows observed beta gradients and contours of
the growth rate of low-n ideal MHD mode with a global
mode structure in the <B>-df/dp diagram in a peripheral
low order rational surface (p=0.9, 1~1). Here p and 1 are a
normalized minor radius and a rotational transform,
respectively. Solid and dotted lines denote contours of the
low-n (m/n =1/1) ideal MHD modes (with global mode
structure) with ylow_"/mA=lO'2 and 3x10™ for currentless
equilibria. The growth rate is calculated with a MHD
stability analyzing code (TERPSICHORE). Here ws=vA¢/Ro,
vao and Ry are the Alfven velocity and the major radius at
the magnetic axis. The dashed lines are the stability
boundary of Mercier modes (with a highly localized mode
structure / high-m limit), which corresponds to the yjgy../® A=
0 contour of the low-n mode. Figures 2 (a) and (b) show the
mode structures of the ideal MHD unstable mode at the
symbols, “a” and “b” in Fig.1, respectively. Here we are
considering a fixed boundary mode. Both eigenfunctions are
dominated by an almost single mode. From Figs 1 and 2, the
mode width of the MHD unstable modes with yqy../® =107
and 3x107 are ~5% and ~1% of the plasma minor radius,
respectively. The mode width is quite narrower than that of
the MHD unstable mode resonant with the core low-n
rational surface, for example, m/n=2/1 because the magnetic
shear is stronger than that in the core region. The circle
symbols in Fig.1 correspond to the observed thermal beta
gradients, which is estimated based on measured electron
temperature profile and density profile. Here Z.s~1 and
T;=T. are assumed. The data were obtained in 0.45T to
1.75T operation. The envelope of the observed beta
gradients at p=0.9 increases with the beta up to <Bg;;>=4%.
Though a change of the envelope is observed around
<Baia>=1.5% which corresponds to the Mercier unstable
region, clear boundary is not observed up to <Bg;,>=4%. The
envelope of the observed thermal pressure gradients in the
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beta range of <f4;,>=3-4% corresponds to coincide with a
contour of the m/n=1/1 ideal MHD mode with ~5% of the
plasma minor radius as the mode width.

Figure 3 shows the radial profile of the growth rate of the
high-n ideal ballooning modes at the symbols “a” in Fig.1.
At <Bgi>~4%, the high-n ballooning mode is as unstable as
the low-n interchange mode. The systematic analysis of the
relationship between the ballooning modes and experiments
is a future subject of exploration.

p=0.9 (1~1) "m/n=1/1 unstable
12 4 - -
OAdBkin/dp A v

s 8l i
(=8
ke
(<08
o
4 L .
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<B,.> (%) .
Fig.1

The contours of low-n ideal MHD mode growth rate
calculated in <f>-dp/dp diagram.
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Fig.2
The eigenfunction profiles of the low-n ideal
MHD unstable mode for (a) "a" and (b) "b" in
Fig.1
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Fig.3 The normalized growth rate profiles of the high-n
ballooning mode for the pressure profile
corresponding to the point of "a" in Fig.1.



833. Onset of Pressure Driven Mode

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

Relationship ~ between  characteristics  of
magnetohydrodynamic (MHD) modes and the linear
stability boundary has been investigated by controlling the
edge pressure gradient directly using the movable limiter.
A series of experiments have three kinds of advantages on
MHD study. One is that they enable us the detail
reconstructions of equilibria with clear plasma boundary,
which can give the accurate stability calculations. The
LHD configuration has an ergodic layer outside last closed
flux surface, which makes the accuracy of the calculation of
edge stability unclear. Second one is that the movable
limiter can directly control the edge pressure and its gradient
destabilizing the pressure-driven mode. Also it is useful
for confirming them the resonant or non-resonant modes.
Third one is that it is possible to identify the onset of MHD
instability in steady state plasmas.

Changes of the plasma boundaries defined by
different conditions and radial positions of rational surfaces
as a function of the limiter position, Ry, are shown in fig.1.
The Ry, is used here as a matter of convenience, which is the
radial position of the limiter tip at z = 0.33 m. Clear
identification of the plasma boundary in experiments is
difficult because of the lack of measurements in the edge, so
two kinds of plasma boundary are estimated here. One is
defined by the extrapolation of observed T, profile, and the
other are decided by the location where the plasma has the
ratio of the specific amount of the electron stored energy to
total one. The locations of resonant surfaces, which are
calculated by 3-D MHD equilibrium code VMEC, are
almost constant at any limiter position. Edge low-n
resonant surfaces with m/n = 2/3, 3/4 and 4/5 go outside
plasma boundary when R, <4.13 m, and the 21 = 1 surface
becomes just the plasma boundary at R, = 4.02 m. Thus,
the pressures at /2m > 1 resonant surfaces could be
completely removed in the experiments.

The results of the linear stability analyses on
resistive interchange mode and changes of magnetic
Reynolds numbers, S, at /2n = 4/3 and 1 resonances are
shown in Fig.2. The ideal interchange mode is
theoretically stable in the edge region by the magnetic shear
effect. The Dy is well used as the index of stability
boundary of the resistive mode. The positive Dz means the
resistive mode is unstable, and edge MHD modes are
linearly unstable due to magnetic hill configuration in a
series of experiments. When the /27 = 4/3 and | resonant
modes disappear or are sufficiently suppressed, both Dg’s
have the same value of 0.08 ~0.1. The S parameter, which
concerns the linear growth rate of resistive modes, continues
to decrease with the limiter insertion because of reduction of
T.. Both thresholds of the Dy are obtained in the plasmas
with S of 5 x 10° ~ 10°. According to Ref.1, the low-n
resistive modes have the significant growth rate when Dy is
0.15~0.20 in the plasmas with S > 10°, which is consistent
with the experimental results within the factor of two.

Reference
1) M.Wakatani et al., Fusion Eng. Design 15 (1992) 395.
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§34. Transport Analysis of High g Plasmas on
LHD

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

High beta plasmas with over 4% of the volume averaged
beta, (), are obtained in the LHD experiments. According
to the results of recent analysis with respect to the global con-
finement property based on the empirical scaling ISS95, no
disruptive degradation was found up to (3) ~ 4%, while grad-
ual degradation of confinement efficiency was observed. The
improvement factor of the energy confinement time compared
with ISS95, Hisggs, showed decrement by about 30% when
() increased from 2% to 4% ) .

based on the power balance has been made in order to clarify

Local transport analysis

the causes of such degradation. The effective thermal trans-
port coefficients, x7 = (x&*P + x{*7)/2, are derived by us-
ing the one-dimensional transport code, PROCTR 2, Here,
X and x ;" are experimentally evaluated thermal diffusiv-
ities of electrons and ions, respectively. The NBI power de-
position profiles are evaluated by a three-dimensional Monte
Carlo simulation code in these analyses. The analysis is car-
ried out using the gyro-reduced Bohm (GRB) type model as
reference. The dependence of ISS95 on the parameters is al-
most similar to that of the GRB model. The ratio of Y& to the
transport coefficient by the GRB model, x grp, is studied at

various radial positions. The plasmas in the density region of

Hsypo < 1.0, where Hgypo is the ratio of the electron den-
sity to a density limit scaling proposed by Sudo et al. ® are
investigated. It is found that degradation of transport at the
peripheral region is large. At the normalized minor radius,
p = 0.9, Xeﬁ/XGRB becomes large in the high 3 regime by
some factors of 5 ~ 10 (Fig. 1) . On the other hand, the
degradation of x ¥ /x ¢rp is weak around p ~ 0.5 as shown
in Fig. 2.

As some possible reasons for this degradation, following
causes can be considered. (1) Effects of the pressure-driven
MHD modes :
it is predicted that the pressure-driven MHD modes become

In LHD, which is a heliotron type device,

unstable in the high /3 regime at the peripheral region. (2)
Degradation of confinement property at the high density or
high collisionality regime : At the high collisionality regime
even in low (3 cases, confinement degradation, which is com-
pared with the GRB type model or the ISS95 model, was also
observed %) although the reason is not clear. On LHD, high
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was achieved in the density region near the density limit. (3)
Increment in ergodicity of magnetic flux surfaces in the pe-
ripheral region with the increment in 3 : From the results of
the 3-dimensional MHD equilibrium code which does not as-
sume nested flux surfaces a priori, it is shown that a stochastic
region at the edge begins to penetrate to the core region when
3 increases ®) .

In order to study the effect of the pressure-driven MHD
modes which is listed as (1) above, comparison between the
experiment and the anomalous transport model by the resis-

tive g-mode will be carried out.
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Fig. 1. Dependence of x“7' /x arp on (3) at p ~ 0.9.
Density regeions (Hgypo) are distinguished by
the symbols.
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835. Observation of Internal Structure of Edge
MHD Modes in High Beta Plasmas on
LHD

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

In LHD, Edge MHD modes such as m/n = 1/1,
3/4, 2/3 and 1/2 are excited near the plasma edge region in

magnetic hill, with the increase in the plasma beta value [1].

These edge MHD modes sometimes interrupt the increase
in the stored energy in high beta regime. In particular, the
edge MHD modes are suddenly destabilized just after L-H
transition which leads to the formation of edge transport
barrier having a steep pressure gradient [1, 2]. To clarify
characteristics of edge MHD modes and minimize the
effects on plasma confinement, measurements of the
internal structure, growth rate and so on are crucially
required.

In LHD, we have employed eight sets of
20-channel soft-X-ray (SX) detector array in order to
measure the internal structure of the edge MHD modes. An

example of these SX detector array systems is shown in Fig.

1. This system is installed inside the vacuum vessel in the
vertically elongated section of LHD. The detector array is a
silicon PIN photodiode array which consists of 20ch active
areas arranged in one dimension. A beryllium foil with 8um
or 15um thickness is attached in the front of the system to
shut visible and vacuum ultra violet emissions. The
viewing sight of the detector system is adjusted through a
collimator slit, as shown in Fig.1.

Figures 2(a)-2(d) show the radial profile of SX
intensity /[, the fluctuation amplitude o/, have high
coherence with the observed m/n = 1/1 and 2/3 magnetic
fluctuations in a typical high beta hydrogen plasma heated
by NBI heating. The rational surfaces of these edge MHD
modes locate in the plasma edge region (<r>/<a> = p >
0.8). The SX fluctuation o/, is derived by numerical
filtering around the frequency range of high coherence with
the magnetic fluctuations, and is averaged over a time
window of 20 ms. The relative amplitude J/,,/I;, of m/n =
1/1 and m/n = 2/3 modes increases rapidly toward the
plasma edge, as shown in Figs.2(c) and 2(d). The peak of
ol for respective mode locates slightly inside that of the
rational surface, which is caused by the path integral effect
in SX signals. Moreover, dl, of m/n = 2/3 mode has a peak
in the plasma central region (Fig.2(b)). This is also
attributed to the path integral effect. The relative amplitude
of m/m = 2/3 mode decreases more rapidly toward the
plasma center than that of m/n = 1/1 mode. This is
consistent with the radial dependence of the eigenfunction
with different m number, although Jd/,,/I;, or even 0l,/|VI|
does not necessarily correspond to an eigenfunction of the
MHD mode because of the path integral effect.

The phase relation among SX fluctuation signals
obtained by a SX array will give information of m-number.
As shown in Figs. 2(e) and 2(f), the phase difference
between SX channels in inboard and outboard plasma
edges is roughly ~2n for m/n = 2/3, i.e. the m-number is
even, and is ~mt for m/n = 1/1, i.e. the m-number is odd.

They are consistent with the m-number determined with
magnetic probe array.

In conclusion, the edge MHD modes were clearly
detected by SX detector arrays as well as magnetic probes.
The relative amplitude J/,/I;, of edge MHD modes such as
m/n =2/3 and 1/1 increases rapidly toward the plasma edge,
which clearly indicates a character of edge mode. The
radial variation of d/,/I;, depends on the m-number. In
order to clarify the characteristics of edge MHD modes and
their impact on plasma confinement, we need the detailed
comparison between experimental data such as SX data and
theoretical results on edge MHD modes obtained by MHD
stability codes for three-dimensional plasma such as
CAS3D3 code [3].
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Fig. 1 SX detector array system in LHD. 40 lines of sight by
two SX-ray detector arrays are drawn.
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Fig. 2 Radial profiles of SX intensity (/,,), fluctuation
amplitude (J/;,) by edge MHD modes (m/n = 1/1 and
2/3) and phase difference between SX channels. The
vertical dotted lines indicate the LCFS in the vacuum
field. Thin vertical lines stand for the rational surfaces
of //2n=1and 3/2.



§36. Spatial Structure of the MHD Events
Observed in LHD

Ohdachi, S., Toi, K.

Edge magnetic fluctuations are often ob-
served in the high-beta experiments on LHD. From
the mode-number analysis, they are localized in
the plasma edge region or located even outside
the LCFS. It is therefore important to study the
spatial structure and to clarify their effect on the
plasma confinement. A tangentially viewing soft
X-ray camera [1] is suitable to study such kind
of edge MHD activities. Since the magnetic is-
lands/perturbed structures extend toroidally along
the magnetic field lines, they can be visualized bet-
ter when they are observed tangentially. In the 8th
experimental campaign, the tangentially viewing
camera was modified. The quality of the images
has been improved significantly: the framing rate
and the dynamic range of the fast framing video
camera is increased by 15kHz(formerly, 4.5kHz
256x256 pixels) and 12bit(8bit), respectively. With
this new system, we tried to study the structure of
the MHD modes.

In high beta experiments, the electron temper-
ature is not high enough for the input window of the
camera (Be film 40 4 m, E ;o;s ~ 1.5keV). In order
to increase the SX radiation, neon gas puffing was
used. Radiation profiles measured by the SX detec-
tor array system are shown in Fig.1. SX radiation
from 0.4 < p < 10 are increased significantly.

In Fig. 2, SV decomposed images at a relax-
ation event in the high-beta experiments are shown.
While relaxation of the plasma are shown in the
component 1, post-cursor oscillations can be seen
in the component 2.

In order to study the structure, we tried to re-
construct a radiation profile at a poloidal plane from
the tangential image. From one tangential view, it is
not possible to reconstruct a 3—D radiation profile.
We assume that radiation along the magnetic field
lines is constant and try to reconstruct a 2—-D pro-
file on a poloidal plane. We adapt a method based
on the least-squares fitting by QR decompositions
twice [2]. Reconstructed image are shown in Fig.
3. An m=1 island-like structure around p ~ 0.8 can
be seen. So far, we have measured m = 1, 2 and 3
pre/post cursors at relaxation events at different ra-
tional surfaces. We continue to study the structure
of those activities observed in relaxation events.
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§37. MHD Stability of the Current Carrying
Plasma with Finite 8 in LHD

Narushima, Y., Watanabe, K.Y ., Sakakibara, S.,
Cooper, W.A. (CRPP Lausanne, Switzerland)

In Heliotron plasma, it is not concerned with the
current driven instabilities because the plasma does
not need the plasma current to make its confinement
magnetic field. In the actual experiment, there are
some kinds of currents like the bootstrap current and
Ohkawa current. Therefore, it is worthwhile to study
the characteristics of stabilities of the current carry-
ing plasma. The MHD stability analysis with the low-
n ideal 3-D MHD stability code TERPSICHORE[1] has
been carried out to examine the characteristics of the
current carrying plasma with finite 8. The equilib-
rium calculated with VMEC code[2] has the parame-
ters of the magnetic axis (Rax=3.75m) and coil pitch
parameter (7.=1.15), in which the configuration has
higher rotational transform compared with the stan-
dard one. For an equilibrium modeled, the profiles
of the plasma current density and the pressure are as-
sumed as j(p) =jo(1—p?) and B(p)=/So(1-p*)(1-p®),
respectively. The fixed boundary condition is adopted
for the analysis. Figure 1 shows a result of calcu-
lation for Bp=0.5% and I,=55[kA/T]. The profile of
the rotational transform /27w goes up by the effects
of the finite 8 and I,(Figl(a)). The m/n=1/1 mode is
destabilized(Figl(b)) and the current driven term dom-
inates the potential energy((Figl(c))). The unstable
region of m/n=1/1 mode is shown in Fig.2 as a By vs.
I, space, which indicates that the plasma is destabi-
lized in the high 8 and/or high I, region. In case of
the higher I, region (I,>40[kA/T]), the current driven
term is dominant in the potential energy while the pres-
sure driven term is dominant in the case of lower I,
(I,<40[kA/T]). In the lower I,(I,<40[kA]) and finite
beta (1.0[%]<B80<3.0[%]) plasma , the plasma current
contributes to making of the pressure driven mode un-
stable.
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838. Experiment Study of Current Driven
MHD Mode in LHD Plasma

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

Heliotrons do not require the plasma current for
the magnetic field to confine plasmas. However, net
toroidal currents can be generated by the Neutral Beam
Injection (NBI) or bootstrap current and so on. These
kinds of current play an important role from the view-
point of Magneto-Hydro Dynamic (MHD) stability be-
cause the plasma current modifies the profile of the ro-
tational transform /2w, which affects the characteris-
tics of the pressure and/or current driven MHD insta-
bilities. Some experiments have reported the influence
of the toroidal current on the pressure and/or current
driven MHD modes [1-3]. To study the characteristics
of the current driven MHD instabilities in Heliotron
plasmas, discharged with large net toroidal currents,
driven by the two co-NBIs which make the rotational
transform ¢/27 higher, has been done in the Large He-
lical Device (LHD). In recent LHD experiments with
large net toroidal current and high rotational trans-
form, we observe a plasma collapse. The time evolution
of a discharge with a collapse is shown in Fig.1. The
co-NBIs continue to drive the plasma current. When
the plasma current reaches I,=38[kA/T] (kinetic beta
is Bp=0.5[%)]), the electron temperature T, decreases to
half within 0.1[s] (from ¢=1.7 to 1.8[s]). The plasma
discharge does not terminate in spite of the collapse,
in which the collapse is defined by dw,/dt becoming
negative before the termination of the NBI heating.
Here, wy, is a stored energy. Here, T;pl is defined as
T,;plz(dwp/dt) Jwp (at just before the collapse). Be-
fore the collapse (t<1.7[s]), wp, Te and 7. are constant
while the I, continues rising. The T, and w;, begin
to decrease at t=1.7 [s] while the 7i. does not change.
About 0.05[s] later, the electron density starts increas-
ing and the plasma current goes down. The time deriva-
tive of magnetic fluctuation (db/dt) does not show any
remarkable fluctuation (precursor) before the collapse.
Furthermore, precursors are not observed in the soft
X-ray diagnostics. The electron temperature profile in-
dicates a wide flat region around the collapse as shown
in Fig.2(b). Before the collapse (t=1.656[s]), the profile
shows a slight flat region (closed circles). A flat region
appears at both sides during the collapse at t=1.756[s]
(triangles). After that (t=1.856[s]), the width (A) of
the flat region grows up to A/a,=0.43 (Here, a, is a
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minor radius in real coordinate.), which occupies the
profile (open circles). As a result, the electron temper-
ature in the core region falls to half while the T, profile
at the peripheral region keeps its gradient. The position
of the flat region corresponds to the ¢/2w=1 resonant
surface as shown in Fig.2(a) calculated with VMEC.
From the magnetic diagnostics, it is thought that this
phenomenon suggests the production of a magnetic is-
land with m/n=1/1 mode structure without rotation.
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Fig. 2: Electron temperature profile during collapse
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§39. Comparative Study of MHD Instability in
LHD and JT-60U

Isayama, A. (Japan Atomic Energy Research Institute)
Inagaki, S.

It is generally recognized that in helical systems
plasma current in counter direction is favorable to the
Mercier stability. However, in LHD experiments,
instability localized at 1/2n~0.5 was observed during
neutral beam injection in counter direction. The objective
of this study is to investigate the characteristics of this
instability such as onset condition and spatial structure, and
to clarify similarities and differences between the
instability and that in tokamaks.

Previous analysis clarified that sinusoidal
oscillations and sawtooth oscillations localized at
/2n~0.5 are observed under similar discharge conditions.
In this study, onset condition of these oscillations,
classification of the mode behavior at the onset, and the
period of the sawtooth oscillations have been investigated.
Typical experimental parameters are as follows: magnetic
axis location R =3.60 m, magnetic field B _=2.75 T,
y=1.254, B,=100%.

Figure 1 shows relation between line-averaged
electron density and electron temperature at p~0.5
(1/2n~0.5) at the onset of sawtooth oscillations and
sinusoidal oscillations. It can be seen that the sinusoidal
oscillations appear at high density and low temperature
regime, and that the sawtooth oscillations appear at low
density and high temperature regime. Although the onset
regime is fairly well separated, the two regimes are laying
side-by-side. Actually, in some cases, sinusoidal
oscillations appear soon after sawtooth oscillations. It is
also found that the magnitude of plasma current does not
seem to have a significant effect on the mode onset.

Temporal evolution of sinusoidal oscillations has
been investigated in detail by using electron cyclotron
emission (ECE) diagnostics. Figure 2 shows electron
temperature near /2n~0.5 at the mode onset. In this series
of discharges, three types of onset and evolution have been
observed: (a) fast growth (Fig. 2(a)), (b) slow growth (Fig.
2(b)), and (c) onset triggered by a sawtooth crash. The
cause for the difference is under investigation.

Investigation on sawtooth period has found that
the period changes irregularly in time even under a fixed
experimental conditions. This feature is quite different
from sawtooth oscillations in tokamak (sawteeth with
m/n=1/1), where the period is proportional to 7.". This
suggests that mechanism of the sawtooth oscillations in
LHD may be different from those in tokamaks.

Temporal evolution of mode location has been
investigated with ECE diagnostics by tracing the inversion
radius of the sawtooth oscillations and the location of the
maximum amplitude of the sinusoidal oscillations. It has
been found that the location can be changed in time when
the direction of neutral beam is changed. This suggests that

current profile is actually changed by neutral beam
injection as in the case in tokamaks. It is expected that the
information can be also used to calibrate the motional Stark
effect diagnostic.
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Fig. 1. Relation between line-averaged electron density
and electron temperature at the onset of sawtooth
oscillations and sinusoidal oscillations. Closed circles and
open squares correspond to the sinusoidal oscillations and
the sawtooth oscillations, respectively.
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Fig. 2. Temporal evolution of electron temperature near
/21~0.5 at the onset of sinusoidal oscillations: (a) fast
growth, (b) slow growth, (c) sawtooth-triggered
oscillations.
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840. Quantitative Evaluation of Pressure
Anisotropy by Magnetic Measurements

Yamaguchi, T. (Grad Univ.), Watanabe, K.Y,
Sakakibara, S., Narushima, Y.

It has been pointed out that the characteristics of the
MHD equilibrium and the instability under the anisotropic
pressure are different from those under the isotropic
pressure. Therefore a quantitative evaluation of anisotropy
is important for the MHD equilibrium and the instability
study. Magnetic measurements are useful tools for
measuring a pressure anisotropy.

The diamagnetic loop measures the diamagnetic current
and the saddle loops measure the Pfirsch-Schliiter(P.S.)
current. The P.S. current is induced by p,+p;, whereas the
diamagnetic current is induced by p, only. Here p, and p
denote the plasma pressure perpendicular and parallel to
the magnetic field, respectively. Saddle loops and the
diamagnetic loop are adequate to pick up the vertical
magnetic field induced by the P.S. current and the toroidal
magnetic flux induced by the diamagnetic current,
respectively. As another difference, the saddle loops are
sensitive to a pressure profile while the diamagnetic loop is
not sensitive. In order to evaluate the quantitative
anisotropy, the effect of the pressure profile on the
magnetic measurements should be avoided.

In Fig.1, the relationship between the line-averaged
electron density and @Dgpeq/Psiiso is shown in many NBI
discharges with R,,=3.6m, B=0.5, 0.75 and 1.5T. <Bg;,> is
in the range between 1% and 2%. Here ®g; .y, denotes the
saddle loop flux which experimentally observed. ®gy;, is
the saddle loop flux evaluated by the VMEC-DIAGNO
code for the plasmas with the isotropic pressure. In order to
estimate @g;,, the electron pressure profiles measured by
Thomson scattering and FIR laser interferometer are used
and volume averaged values of those pressures are adjusted
to agree with the volume averaged pressure values
evaluated by the diamagnetic loop. Therefore, an
inconsistency of the isotropic estimation with experimental
data can be shown by the difference of gy qy/Dgiiso from
unity. Furthermore, we suggest that ®g; cy,/Pgyiso depends
on (W +W)/1.5W  because g, depends on the flux due
to the P.S. current and Dg;, is derived based on the
measured diamagnetic flux. Here W, and W, are the
parallel and perpendicular stored plasma energy. Note,
W=W_/2 in the case of an isotropic pressure. Pg exy/PsLiso
approaches unity as the density increases and does not
change so much for 72, >3x10"m>.

In order to study the contribution of the anisotropic beam
pressure, the beam pressure is estimated based on the
Monte Carlo technique and the steady state Fokker-Planck
solution(FIT code). To compare with ®gjex)/Pgriso, We
estimate W/W, which would be more intuitive than
(W, +W))/1.5W, as the anisotropic index. W and W are
expressed as the followings with the thermal energy,
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Wiemal» and the perpendicular and parallel beam stored
energy, Woeam. and Wycam,

VVh - (1/3)VVthermal+ VVbearyﬂ )
WJ— = (2 /3 )VVthermal + WbeamJ_ 2

Usually, the diamagnetic plasma energy, W, is estimated
under the isotropic pressure, and Wy, is expressed as
follows:

Wdia = (2/ 3 )VVthermal + WbeamJ_ 3)

From those equations, W;/W, can be expressed by Wi,
Wheamt and  Wyeam. Waia is estimated based on the
diamagnetic measurement. Wyeam 1 and Wy are estimated
based on numerical calculation by the FIT code. Figure 2
shows the relationship between the anisotropic index
W /W, and @gjexy/Psiiso- The correlation coefficient of
them is 0.97, therefore, strong correlation can been shown.
Then g exy/Psiso is considered a useful index to evaluate
pressure anisotropy. From Fig. 2, in the LHD discharges
with R,=3.6m configuration, the anisotropy W /W, is
scaled as a function of Mgy e,/ Pgyis, as follows:

W||/WJ_ =-0.8+1 '3(q)SLexp /q)SLiso) 4)

The examination of the accuracy of this relationship is a
future plan because the scattering of the data is large in
Fig. 2.
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841. The Effect of the Rotational Transform on
Shafranov Shift

Kobuchi, T., Ida, K.

The effect of rotational transform on the
Shafranov shift in the neutral beam heated plasma has been
experimentally investigated in Large Helical Device (LHD).
In LHD, the rotational transform is controlled by changing
the current distribution in helical coils which consists with
three layers of superconductor. When the current center
in helical coils is shifted towards the plasma, the effective
minor radius a, becomes small and the central rotational
transform increases.

The Shafranov shift of magnetic axis due to the
Pfirsch-Scheluter current for the low beta limit can be
expressed as

aApzﬂO : O (p)
A= : ,
1(1) Jl(p)l((p) L (h

where {3 is the central beta, A is aspect ratio (ratio major to
minor radius), t is the rotational transform, Kk is totoidal
averaged ellipticity of cross section of magnetic flux
surface, and 8, is Fourier component of 1/B* with m (n) is
the poloidal (toroidal) mode number.

The magnetic axis is derived from the tangential
soft x-ray image measured with the soft x-ray CCD in LHD.
The position of the magnetic axis is derived from the best
fit of measured x-ray intensity to that calculated soft x-ray
intensity based on the magnetic flux surface derived using
three-dimensional  free boundary equilibrium code
(VMEQ).

Figure 1 shows the dependence of effective
minor radius, central rotational transform and coefficient

g U0 =038

(b) 10) = 0.46

aA],Z/t(l), in eq. (1), on the pitch parameter of helical coil y
(= ma/nR, where a is distance between the plasma
center and helical coil current center). The effective minor
radius becomes small and the central rotational transform
increases as the pitch parameter of helical coil is decreased.
The coefficient aA"Z/L(l) increases as the effective minor
radius is decreased with constant major radius.

Figure 2 shows the dependence of the Shafranov
shift measured with the soft x-ray CCD camera as a
function of averaged beta in the plasma with three central
rotational transform 1(0) = 0.38, 0.46 and 0.57 at R’ = 3.60
m. Lines in Fig. 2 show the theoretical prediction
calculated with VMEC code. The results are calculated
for plasma with two plasma pressure profiles, (1-p")(1-p?)
and (1-p")(1-p%).  The Shafranov shift become small as y is
decreased because of larger central rotational transform
even the coefficient aAPZ/l( 1) is increased.
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Fig. 1. Dependence of effective minor radius, central

rotational transform and coefficient aApzlt(p) on the pitch
parameter of helical coil y.
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and lines show the experimental results and theoretical predictions calculated with VMEC code,

respectively.
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842. Effective Plasma Boundary Behavior in
Finite Beta Plasma of LHD

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

The identification of MHD equilibrium is very
important to study the properties of MHD stability and
transport so on. In order to identity MHD equilibrium,
information on (1) shape of OMFS (Outermost Magnetic
Flux Surface), (2) toroidal current profile and (3) pressure
profile is necessary. However the OMFS is not easy to
identify in helical plasmas, especially with divertor
structure because the “effective magnetic surfaces” exist
but the exact ones do not exist in helical systems due to
lack of any symmetry. Moreover the “effective magnetic
surfaces” become more stochastic especially in the
peripheral region as beta increases. Then the identification
of the LCFS (Last Closed Magnetic Surface) becomes
more difficult as the beta increases.

LHD has powerful profile measurement systems like
Thomson scattering, FIR and so on. Here we define “the
effective plasma boundary” based on the -electron
temperature and density profile measurements. They are
compared with theoretical prediction by HINT code[1],
where the existence of the closed magnetic surfaces is not
necessary. In this calculation, the pressure is set zero where
the magnetic field line connects with the calculation
boundary within 10 toroidal turns. The distance between
the calculation boundary and the well-defined OMEFES in
vacuum is ~70% and ~150% of the plasma minor radius at
the torus outside in the horizontally elongated poloidal
cross-section and at the torus inside in the vertically
elongated poloidal cross-section, respectively. Any
artificial radial diffusion is not assumed here. The
“effective plasma boundary” is defined as the area which
encloses the 99% of the electron thermal energy estimated
by the profile measurements.

Figure | shows a peripheral magnetic surface shifts as
a function of the beta value. Symbols correspond to in
R _=3.6m/B =100%/y=1.254 magnetic configuration (LHD
typical configuration) with almost same pressure profiles as
the function of p (minor plasma radial variable), p~(1-p).
Solid line corresponds to the prediction by HINT code.
Though the scattering of data is fairly large, the
experimental data is consistent with the prediction.
Symbols in Fig.2 (a) and (b) show the “effective plasma
boundary” at the torus outboard and at the torus inboard in
the horizontally elongated poloidal cross section,
respectively. Solid lines denote the prediction by HINT
code. Dashed lines denote the well-defined OMES in
vacuum. The torus outboard boundary expands to outside
of the well-defined OMFS in vacuum by ~10% of the
minor radius in the high beta range with more than 2%. The
torus outboard boundary becomes torus outer as beta
increases up to ~2%, and it keeps almost same position in
the beta range of more than 2%. On the contrary, the torus
inboard boundary keeps almost same position in the beta
range of less than 2%, and it becomes torus outer as beta
increases in the beta range of more than 2%. Its qualitative
behavior is quite consistent with the prediction by HINT
code. However, the observed boundary position expands to
outside of the prediction by HINT code by ~10% of the
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minor radius. The most probable candidate of the
difference between experimental data and the prediction is
due to the perpendicular diffusion respect to magnetic field
line.

Reference
1) T. Hayashi, Theory of Fusion Plasmas, EUR 12149 EN
(1989) 11; K. Harafuji et al, J. Comp. Phys. 81(1989) 169.
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843. Effects of Magnetic Axis on Formation
and Healing of Magnetic Island

Nagayama, Y., Narihara, K., Narushima, Y.,
Ohyabu, N., Sakamoto, R.

The neo-classical transport theory tells that the bootstrap
current changes the magnetic island width. This theory is
useful to explain the neo-classical tearing mode (NTM) in
tokamaks.  Theoretically, there is a direction of the
bootstrap current that enlarges the island width, and the
opposite direction reduces the width [1]. In tokamaks, the
direction of the bootstrap current is the same as the plasma
current. In LHD, however, the direction of the bootstrap
current can be changed. The object of this experiment is to
investigate the effect of the direction of the bootstrap current.
Figure 1 shows the geometric factor of the bootstrap current
at the /2n=1 surface in LHD. This factor indicates the
direction of the bootstrap current at the 1/2n=1 surface.
Since the direction changes at R,,=3.57 m, we can expect
that the island width is enlarged as the beta is increased
when R,<3.57 m, and it is reduced when R, >3.57 m.

In the former experiment [2], we have had a plenty of
data in the case of R,=3.6 m, so that the experiment is done
in cases of R,=3.55 m and R,=3.575 m in the 8-th LHD
experimental campaign. Figure 2(a) show the electron
temperature profiles before (t=1.889s) and after (t=2.056s)
the hydrogen ice pellet injection in the case of the LID
current (I;p) of -400A. In the case of I;;p=-400A, the
island width is canceled in vacuum, and the island is not
formed before the pellet injection as shown in Fig. 2(a).
Due to the pellet injection, an island is generated as shown
in Fig. 2(a). In the case of R,=3.575 m, the threshold of
the island formation is increased to I;;p=-500A. This is
consistent with the neo-classical theory.

Figure 2(b) show the electron temperature profiles
before (t=2.189s) and after (t=2.623s) the hydrogen ice
In the case of

pellet injection in the case of I ;p=-1800A.

I1p=-1800A, a large island is formed in vacuum, but the

island is not formed before the pellet injection as shown in
Fig. 2(b). Due to the pellet injection, an island is generated.
as shown in Fig. 2(b).

In the high temperature plasma, the bootstrap current is
higher because of low collisionality and it enlarges the
magnetic island in the case of R,=3.55 m, theoretically.
However, the healing of the island is observed in the high
temperature plasma, experimentally. It takes further

investigation to understand the island dynamics.
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Fig.1. Major radius of the magnetic axis versus geometric

factor of the bootstrap current at the 1/2n=1 surface.
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844. The Local Island Divertor Experiment

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

The local island divertor (LID) is an advanced closed
divertor, utilizing an m/n = 1/1 island generated externally
by 20 small perturbation coils. In the last two
experimental campaigns, fundamental LID functions have
been demonstrated experimentally.1)

In the recent LID experiment, relatively good energy
confinement was achieved in the high density regime at the
outward shifted magnetic axis position, R, of 3.75 m.2)
Experiments were performed with various »,’s in the LID
and helical divertor (HD) configurations.  In order to
compare with the standard configuration at R,= 3.60 m,
the improvement factor of the global energy confinement
time, 7, over the ISS95 scaling as a function of n, is
presented in Fig. 1 (a). It can be seen that the
improvement factor in the LID configuration is less than
unity in the high density region above ~5 x 10" m™ and
always inferior to that in the HD.  On the other hand, in
the outward shifted configuration at R, = 3.75m, the
improvement factor in the LID keeps almost unity in the
density range up to ~1.3 x 10 m™.  This is a remarkable
feature of the R, = 3.75m configuration, which can never
be seen at R,, = 3.60m. It can be said that the energy
confinement of the LID is better than that of HD in the R,,
= 3.75m configuration.

The reason for the different confinement characteristics
between R, = 3.60 and 3.75 m configurations is not clear.
One candidate of the explanation is the different recycling
state between two configurations. In the R, = 3.6 m
configuration, the island separatrix is completely isolated
from the HD separatrix. ~ Almost all particles diffusing
out from the core region are ideally guided to the LID head,
and then recycled there.  On the other hand, in the R, =
3.75 m configuration, some amount of diffused particles is
escaping to the HD target plates without being trapped by
the island separatrix because of the edge ergodization.
Then, some amount of particle recycling consequently
occurs there. In fact, a longer density decay time, rlf,
suggesting higher particle recycling, was observed at R, =
3.75 m.  Furthermore, the particle recycling at the LID
head is also high at R = 3.75 m, since the outer island
separatrix may hit the leading edge of the LID head a little.
This problem comes from the design concept of the LID
head which was originally designed to fit the magnetic
configuration at R, = 3.60 m.

During the high performance discharges, highly peaked
ITB-like density profiles, n,, were obtained in the reheat
phase after pellet injections, together with the peaked
electron temperature profiles, 7, as shown in Fig. 2. It
seems that those “barriers” exist near the rational surface of
q=2.  The large Shafranov shift of the magnetic axis
suggests the high pressure at the plasma center.
Although this phenomenon is very transient at present,
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such a favorable state may be kept or developed by
optimizing the fueling and the magnetic configuration.
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Fig. 1. Improvement factor of the energy confinement
time 7z from the ISS95 scaling law at (a) R,= 3.60 m and
(b) Rix=3.75 m as a function of the line averaged density.

15 ey 1500
455603 (Rax-3.65m) | 0 Qe
Lt=1.536s .‘3:"9%
1ol S o 9 v 1000
o~ ' __ qe % O. ] mi
¢ p o . 5
i) D  JPS ol% &
o r © © c
= L 1lisland & | o 9 "‘1/1 island 8.
0.5 .Egﬁ % Z,
0 I P L P 1
2.5 3 3.5 4

R (m)

Fig. 2.  Highly peaked n_ and T, profiles in the reheat
phase after pellet injections.
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845. Edge Transport Study of LID
Configuration in LHD

Kobayashi, M., Feng, Y. (IPP Max-Planck Institute,
Germany), Morisaki, T., Masuzaki, S., Sardei, F. (IPP
Max-Planck Institute, Germany), Reiter, D. (IPP FZJ,
Germany), Ohyabu, N., Komori, A., Motojima, O.,
LHD Experimental Group

The Local Island Divertor (LID) configuration

has been proposed as one of the schemes controlling edge
transport physics of heliotron type devices”. A separatrix
of'an m/n = 1/1 island induced at the periphery of the
plasma is utilized as a scrape-off layer (SOL) for guiding
plasma heat/particles to the divertor region (fig. 1).
In order to analyze the three dimensional transport physics
in this configuration, the 3D edge transport code, EMC3?,
has been implemented being coupled with the 3D neutral
transport code, EIRENEY. EMC3 solves plasma fluid
conservation equations of mass, momentum and energy
(electron & ion) with a Monte Carlo scheme, while
recycling neutrals from plasma facing components and
their ionization profiles are treated by EIRENE.

Figure 1 shows time traces of up/down stream
temperature, T, & Te, and its ratio, Te/T.s, where the
up/down stream are at the O-point of inner separatrix of the
m/n=1/1 island and at the surface of the LID head. It is
seen that the ratio reaches up to 10 ~ 15. At the typical
parameters in LID, a SOL collisionality, vsoL =107
nLJ/Tel is ~ 10 for n,=2x10" m?, T.=200eV and
L.=200m. According to the two-point model” based on a
parallel heat conduction transport and a constant pressure,
which is widely used in tokamaks,

10" vsor” = Co T/ T *(1-(TJ/T)>d), (1)

where C»~10", it gives Ty/Tq ~ 2 for vsor = 10. The large
deviation from the model is attributed to a cross field
energy loss, which in the LID case effectively cool down
the temperature along the field lines. Figure 2 shows the
parallel  temperature  profiles predicted by the
EMC3-EIRENE code. L.=0 and 190 m correspond to down
and up stream (the LID head and O-point of inner
separatrix), respectively. One sees that between X-point (L
~ 90m) and the LID head there exists significant
temperature gradient along the field lines. Because of the
short connection length inside the island (private region),
the density as well as temperature become low therein.
After the flux tunes leave the core plasma at the X-point,
therefore, the cross field energy loss takes place at the both
sides of the tubes, i.e. towards private region and outside of
the island. This geometrical effect gives rise to the effective
cooling of the temperature along the field lines, as shown
in the Fig. 2.

A power deposition profile onto the LID head was also
analyzed with the 3D codes, where we found that the
power load is ~ a few tens MW/m? at maximum, which
greatly exceeds the safety limit imposed by engineering

design. This is due to the small wetted area of the LID head,
which is estimated at ~ 0.1 m?, while the total input power
to the plasma is several MW. In order to save the LID
surface from a severe erosion, it is necessary to smear out
the heat load, e.g. by divertor detachment. This is currently
an ongoing issue for the LID operation.
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Fig. 1. Time traces of up/down stream temperature (T,
T,) and the ratio (T,/T,). It is found that the ration
increase up to 10 ~ 15, indicating a significant temperature
gradient along the field lines.
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stream (the LID head) and the up stream (O-point of inner
separatrix), respectively. There appears a significant
temperature gradient between the LID and the X-point (L,
=90 m).

Reference

1) T. Morisaki et al., J. Nucl. Mater. 337-339 (2005) 15

2) Y. Feng et al., Contrib. Plasma Phys. 44 (2004) 57.

3) D. Reiter, Technical Report Jul-1947, KFA Juelich,
Germany (1984), and www.eirene.de.

4) P.C. Stangeby, “The plasma boundary of magnetic
fusion devices”, Ch. 4, IOP publishing Ltd 2000, Bristol
and Philadelphia.

49



846. Titanium Tracer Impurity Behavior in the
LHD Plasma with a Plasma Detachment

Tamura, N., Kalinina, D.V., Veshchev, E., Sudo, S.,
Matsubara, A., Sato, K., LHD Experimental Group

A plasma detachment in LHD plasma has been achieved in the
8th LHD experimental campaign, although it has been done with a
different approach from the conventional one. When the plasma
detachment occurs, a core plasma confinement is expected to be
improved. In order to investigate impurity transport in the core
LHD plasma during the plasma detachment, the
tracer-encapsulated solid pellet (TESPEL) injection has been
performed. The TESPEL can deposit its tracer particles inside the
plasma (typically p = 0.7 ~ 0.8). Thus, the deposition of those is
absolutely free from the influence of the plasma detachment. Figure
1 shows typical waveforms of a TESPEL injected discharge with
the plasma detachment. The time during the plasma detachment is
indicated by the colored area in the figure. In this case, the plasma
detachment has been sustained for around 1.8 s from 0.9 s. As has
been indicated by the vertical dashed line in the figure, the TESPEL
is injected at t ~ 0.8 s just before the onset of the plasma detachment.
Just after the TESPEL injection, the intensities of emission line for
Ti XVI (N-like) and Ti XII (Na-like), measured by a vacuum ultra
violet spectrometer (SOXMOS), are increased and decreased
rapidly. At about the same time, the intensity of Ti XX (Li-like) is
increased. This temporal behavior is attributed to the rapid
ionization of the tracer impurity due to the high electron
temperature of the LHD plasma. When the plasma detachment
occurs, the electron temperature is decreased drastically (Figure
1(b) shows the temporal behavior of the electron temperature
around the center (R = 3.64 ~ 3.67 m with R, = 3.65 m) of the
LHD plasma.) In accordance with the decrease of the electron
temperature, the intensity of Ti XX is decreased quickly and those
of Ti XVI and Ti XII are increased appreciably. During the plasma
detachment, the intensity of Ti XX remains the almost same level.
The intensity of Ti XVI is decreased gradually, conversely, that of
Ti XII is increased gradually. This experimental result suggests that,
during the plasma detachment, Ti tracer impurity seems to be
simply re-distributed according to its ionization balance and not to
be pumped out from the core plasma. This might indicate that the
particle confinement in the LHD plasma is improved during the
plasma detachment. The differences of the impurity transport

properties in the core plasma between with and without the
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detachment are being investigated.
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Fig. 1. Typical waveforms of TESPEL injected discharge
with the plasma detachment. The TESPEL injection time is
at t ~ 0.8 s as indicated by the vertical dashed line. The
colored area indicates the time during the plasma
detachment.



8§47. Study of ECRH Effect on Impurity
Behavior with Tracer-Encapsulated Solid
Pellet Injection on LHD

Kalinina, D. (Graduate Univ. Advanced Studies),
Sudo, S., Tamura, N., Sato, K., Matsubara, A.,
Muto, S., Ida, K., LHD Experimental Group

Studies of impurity behavior in magnetically confined
plasmas are highly important, since it could determine the
feasibility of controlled fusion. Especially for the realization
of the practical fusion reactor, it is important to have an
effective tool to suppress an impurity accumulation, which
can trigger the degradation of the fusion power efficiency.
In order to evaluate whether ECRH can suppress impurity
accumulation, the effect of that on the impurity behavior
was studied in LHD plasmas.

As a tracer of the Tracer-Encapsulated Solid Pellet
(TESPEL), titanium (Ti) was injected into the LHD plasmas,
which are sustained by NBI heating. A soft x-ray pulse
height analyzer (PHA) and a VUV spectrometer (SOXMOS)
are used to observe a temporal behavior of line emissions
from the highly ionized Ti tracer impurity. The global (over
the whole plasma) properties of Ti impurity confinement are
studied with a decay time of Ti Ka emissions measured by
the PHA. In the experiments, ECR pulse with the total
injected power of ~ 0.9 MW and the duration of ~ 0.6 s was
applied just after the TESPEL injection. The experimental
data shown here are obtained under the condition of R, =
3.6 m, B, = 2.75 T. As shown in Fig. 1, in the moderate
density range (n.= 1.5 - 3.0 x 10" m™), the decay time of Ti
Ko emissions (it can be considered as the global impurity
confinement time) during the ECRH is smaller than that
without ECRH. At the lower density, no significant
differences of the decay time of Ti Ka between with and
without ECRH are appreciable. The radial electric field (E,),
which can strongly affect the impurity transport [3]), could
be varied when the ECRH enhances a non-ambipolar
electron loss. Therefore, the radial electric field is also
measured by a Ne CXRS measurement in these experiments.
Figure 2 shows radial profiles of the E, at t = 1.5 s (TESPEL
is already injected at t ~ 1.15 s.) in the NBI-sustained
plasma (n. = 1.6 x 10"”m™) with and without ECRH. When
the ECRH is applied, the E; becomes positive, especially
around p = 0.45 and the decay time of the Ti Ko emissions
become faster than that without the additional ECRH. The
impurity transport analysis using a 1D impurity transport
code, MIST, is performed with the constant diffusion
coefficient (D) and the E.-dependent convective velocity
(Veonv), Which can be written as Vo, = ¢ X ZE./ T (cnyis a
factor, which can be determined by the experiment). Figure
3 shows the comparison of the temporal evolution of the Ti
Ko emissions with that calculated by the time-dependent
MIST code. In this analysis, the value of D is fixed at 0.2
m?/s. The model with the constant D and E,-dependent ¥y,
can reproduce the experimental result well. To conclude, the

ECH would be a useful tool for the control of impurity
transport, since the strong ECH can modify the radial
electric field, which has a strong influence over the impurity

behavior.
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Fig.1. Comparison of the decay time of Ti Ko emissions
measured by the PHA in the NBI-sustained plasmas with the
0.9 MW ECRH (solid circles) and without that (solid squares)
as a function of line-averaged electron density. The data
shown here are obtained in the case of R, = 3.6 m and B, =
2.75T.
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Fig.3. Comparison of the Ti Ko emissions measured by the
PHA with those calculated by the time-dependent MIST code
for NBI plasmas (solid squares) and NBI + 0.9 MW ECRH
(solid circles).
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848. A New Method on Recycling Coefficient
Measurement Using Impurity Pellet
Injection in LHD

Nozato, H. (AIST, National Metrology Institute of Japan)
Morita, S., Goto, M.

A new method” for measuring the impurity recycling
coefficient has been applied to hydrogen and helium
plasmas using impurity pellets and absolutely calibrated
high-spatial ~resolution bremsstrahlung measurement.”
For the purpose of direct supply of the impurity particles
inside the LCFS, an impurity pellet injector was installed
on LHD.” 1In order to evaluate recycling coefficients of
carbon, aluminum and titanium, the pellet were injected
into a steady phase of NBI heated plasmas with R =3.6m
and the recycling coefficient was evaluated from a transient
time response of bremsstrahlung intensities using an
one-dimensional impurity transport code.

The impurity behavior was analyzed with a
diffusive/convective model assuming that the transport of
bulk ions is stationary and the functions (diffusion
coefficient D, convective velocity V and recycling
coefficient R) are constant in time. Then, the impurity
particle flux in q" charge state is given as follows;

r,=-D, (r)%Jr V,(r)n,- (1)
Here, the recycling coefficient R is defined through I'j,/T oy
where I'y, and I’y stand for the inward and outward fluxes
at p=1, respectively. In the simulation, it is assumed that
the particles reenter into the plasma in singly ionized
state. In typical LHD plasmas with R,,=3.6m, the particle
transport coefficients D and V are reported as shown in
Fig.1.” The D has a spatially constant value, and the
inward V exists only at p>0.6 with the electron density
gradient.
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Fig.1 Spatial structure of transport coefficients D and V.

Figure 2 shows a carbon transport analysis in a helium
plasma. In the figure, Z denotes the height of viewing
sight on the bremsstrahlung diagnostic. In order to fit
calculated bremsstrahlung intensities to measured ones, a
good combination among D, V(a) and R should be selected.
Additionally, the spatial structure of the D and V must be
considered. For the evaluation of the R from the time
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evolution of absolute intensities, it is necessary to specify
an exact particle source. As an initial condition in the
simulation, the absolute amount of supplied particles must
be given. Figure 3 summarizes the recycling coefficients
of carbon in hydrogen and helium plasmas. This result
indicates that the recycling process of carbon obviously
differs between the two cases.
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Fig.2 Time evolutions of measured (solid lines) and
calculated (dashed lines) bremsstrahlung intensities for
carbon pellet injection in a helium plasma.
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Fig.3 Summary of carbon recycling coefficients
in hydrogen (@) and helium (o) plasmas.

In impurity transport studies, metallic impurities such as
aluminum and titanium have been traditionally treated as a
non-recycling particle. From the analysis on aluminum
and titanium pellet injections, it was clearly confirmed that
those elements behave as the non-recycling particle.
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849. Forbidden M1 Transitions Emitted from
Argon Discharges in LHD

Katai, R. (Grad. Univ. Adv. Stud.)
Morita, S., Goto, M.

Forbidden lines arising from magnetic dipole (M1)
transitions of highly charged ions are useful in
spectroscopic studies and plasma diagnostic applications.
The M1 transitions of highly charged ions have been
studied in many laboratory and space plasmas’. The MI
transitions in 2s2p*(x=1 to 5) ground and 2s2p excited
configurations of highly charged argon have been also
identified using electron beam ion trap (EBIT) in visible
spectral region *”.  However, the study of those transitions
in VUV spectral region has not been done so far *.

Observation of the M1 transitions is generally difficult in
high-temperature plasmas, because the M1 transitions are
much weaker than allowed transitions. In LHD, pure
argon discharges have been created for ion heating
experiments. Argon discharges were produced by neutral
beam heating with injection power up to 12 MW. The
density was initiated by argon gas puff at the beginning of
the discharge and maintained during 2-3s with electron
densities up to 2x10” m®.  The central electron
temperature was very high (4 keV) in the argon discharges.
Almost pure argon discharges were performed remaining a
small amount of hydrogen. In such discharges visible and
VUV emissions from argon ions drastically increased and
the M1 transitions were observed for the first time in LHD.
The MI transitions of argon are emitted from the edge
plasma, because the ionization potentials in such argon ions
are smaller than the central electron temperature. On the
other hand, x-ray lines from H- and He-like argon ion have
been observed for ion temperature measurement in the
central column of LHD plasmas .

VUV spectra have been measured using a space-resolved
VUV system, consisting of a 3 m normal incidence
spectrometer with a 1200 grooves/mm grating, CCD
detector and a pair of two focusing mirrors ®. Visible
spectra have been also measured using two 50 cm
Czerny-Turner type spectrometers equipped with CCD
detectors.  Low-resolution 100 and 150 grooves/mm
gratings were selected for monitoring a wider spectral
band.

Forbidden M1 transitions of Ar ions were successfully
detected in such argon discharges. Typical examples of
the VUV and visible spectrum are shown in Fig.1 and Fig.2,
respectively.  Five lines were identified as an MI
transition of ArXII(2s22p®: 649.03A), ArXIV(2s™2p:
4412A), ArX(2s2p’ : 5533A), ArXV(2s2p: 5944A) and
ArXI (2s2p*: 6917A), by analyzing the Doppler
broadening and time behaviors. The visible emissions of
the Ar MI1 transitions were bright. As a result, the
relatively strong M1 emissions enabled us to study the
physical mechanism of the M1 transitions. Intensities of
the M1 transitions are being calculated using a simple
model and some of them are compared with the
experimental results.
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850. Sustained Detachment - Serpens Mode
Miyazawa J., the High-Density Theme Group

Self-sustained detachment has been obtained since the
8" experimental campaign. In Fig. 1, shown are the
waveforms from a neutral beam (NB) heated hydrogen
discharge where detachment is self-sustained for 2 s. The
NB port-through power, P,”, of ~ 8 MW is applied from
0.8 to 3.3 s (Fig. 1 (a)). The line-averaged electron density,
n, , is rapidly increased to > 1 x 10 m” by short but strong
gas puffing of @~ 200 Pasm’/s at ~ 1.1 s, after the
density feedback phase (Fig. 1 (b)). Then, the ion saturation
current measured on the divertor plate, [, (Fig. 1 (b))
decreases significantly (/, normalized by n_ is ~1/10 of
that in the attached phase), indicating that detachment is
occurring. Correspondingly, the neutral pressure, p, (Fig. 1
(c)) and the H, intensity (Fig. 1 (d)) also decrease. These
suggest that the recycling flux is reduced. Since the
high-density is sustained with the reduced recycling, an
improved fueling efficiency for the recycling neutrals
and/or an improved particle confinement is expected. It
should be noted that ELM-like spikes are recognized in /_,
H, and C,, signals. Unlike the usual detachment in other
devices, the detachment phase is sustained without gas
puffing. No impurity gas puffing is applied in this case and
the intrinsic carbon (sputtered from the divertor tiles) is
thought to be the main radiator since the C,, intensity (Fig.
1 (d)) is well correlated with P_,. The electron temperature
at the edge region of p = 0.9 (p is the normalized minor
radius), T, decreases below 100 eV as shown in Fig. 1 (e).
Here we define an effective radius of the hot plasma
boundary, p,,,.,, by an average of p where 7, is in the range
of 50 to 150 eV (Fig. 1 (e)). In the attached phase before 1
S, Puoev 18 slightly larger than 1, indicating that the hot
plasma is filled to the last closed flux surface (LCFS). As
the detachment proceeds, the hot plasma column shrinks
and p,,., decreases to 0.88+0.02, which corresponds to the
radius of + = #/(2n) = 1/q = 1 rational surface, and
destabilization of m/n = 1/1 MHD fluctuation is observed,
where m and n denote the poloidal and toroidal mode
number, respectively. Also in the other discharges obtained
in the same magnetic configuration, p,,., ranges from 0.85
to 0.9 as long as the detachment phase is sustained.

Slight shortage of the strong gas puffing results in the
reattachment as shown in Fig. 2. It is apparent from this
figure that / decreases and stays at low level as long as
Py 18 1ess than 1. In other words, detachment takes place
when the hot plasma boundary lies beneath the LCFS. In
these cases, however, the detachment phases are not
sustained. To achieve the Serpens mode as in Fig. 1, it is
necessary to decrease p,,., below 0.88. Excess reduction of
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Py L0 less than 0.85 merely leads to the radiative collapse.
There is no discharge where the detachment phase is
self-sustained with 0.9 < p,,., < 1, to date. This suggests
that the transition to Serpens mode occurs when p,.,
becomes close to (or, slightly less than) the radius of the =
1 rational surface.
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851. Time Evolution of Diverter Particle Flux
during Serpense-mode

Masuzaki, S.

In LHD high-density discharges with a magnetic
axis position of R=3.65m, we have observed steady
self-sustained fully detached discharges, the so-called
Serpens-mode [1]. Figure 1 shows time evolutions of
plasma parameters in a Serpens-mode discharge. After the
line averaged density, nepq, rises up to about 6x10°m> with
feedback gas puffing, a strong but short pulse gas puff with
about 200 Pam’/s of fueling rate is applied. Over 1x10*’m™
of ngp, 1S achieved, and total radiation loss, P4, measured
by a 2n bolometer increases rapidly to about 40% of the
input power. On the other hand, the ion saturation current
measured by the Langmuir probe arrays on the divertor
plates, Iy, decreases during the strong gas puffing and the
discharge moves to a detached plasma. At this stage, T, is
reduced not only in the divertor plasma, but also in the
peripheral region, and the hot plasma boundary shrinks up
to p~ 0.88. After termination of the gas puffing, the
detached plasma is sustained without artificial fueling, and
intermittent spikes appear in I, (see Fig.1(c)) and H,
signals. This is the so-called Serpens-mode.

Fig.2 shows I, waveforms at (a) t=0.95-1.2s and (b)
t=2.8-3.2s in the same discharge with Fig.1. In Fig.2(a), s
at 61 probe array largely decreased, and that indicates
divertor detachment with the strong gas puffing. The strong
gas puffing was applied from 61 port, and thus, divertor
detachment may be local phenomenon. Indeed, Iy
increased with the gas puffing at 10.5U probe array. At the
end of the gas puffing, Iy, at 10.5U starts to decrease. At
the same time, T, at the LCFS also starts to decrease and it
seems to be a sign of the beginning of shrinking of
temperature profile leading to full detach. Fig.2(c) shows
the intermittent spikes in Iy during Serpense-mode. The
frequency of the spikes appearance is close to the rotating
frequency of radiation belt, Serpent, and there is phase
shifting in the spikes between 61 and 10.5U probe arrays. It
suggests that particle source for the spikes rotating. That is
very interesting because we have observed similar
intermittent spikes in I, in H-mode like discharges [2], but
there are no phase shifting between different positions
probe arrays. In helical divertor configuration, stochastic
layer surrounds the LCFS, and thus, particle outflux from
main plasma lost its origin. One possibility to account the
Iy characteristics is blob-like transport.
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852. Observation of Rotating Radiation Belt in
LHD

Masuzaki, S., Sakamoto, R., Miyazawa, J.,
Tamura, N., Peterson, B.J.

A poloidally rotating radiation belt with helical
structure has been observed in self-sustained detachment
discharges by photo diode fan arrays and fast camera in
LHD. This phenomenon is similar to the MARFE as far as
its poloidal localization, but the crucial difference between
them is whether the position of the radiation volume
continuously moves or not. The direction and mode
number of the poloidal rotation is electron diamagnetic and
1. respectively. and the poloidal rotating frequency is
several 10 Hz. After termination of the plasma heating, the
rotation continues, but its rotating radius shrinks. and the
frequency becomes 10 times higher than that during plasma
heating. These observations suggest that the belt location
does not relate to rational surfaces unlike Snake-mode, and
we have named this radiation belt *Serpent’.

A rotating radiation volume was observed during
Serpens-mode by absolute extreme ultraviolet photodiodes
(AXUVD) fan arrays [1]. Figure 1(b) shows the time
evolution of the sight volume integrated radiation power,
<P, profile during Serpens-mode. measured by an
AXUVD fan array in a nearly horizontally elongated
poloidal cross-section [1] (see Fig. 1(a)). That looks similar
to multi-faceted asymmetric radiation from the edge
(MARFE) in tokamaks [2] and in LHD [3] as far as its
poloidally localization, but the crucial difference between
them is whether the position of radiation volume
continuously moves or not. This figure indicates that the
poloidal mode number of the rotation is 1. and the rotating
frequency is several 10Hz, varying with input power.
Turn-rounds of the <P,,> peak in Fig. I(b) are channel
number 4 and 17 (see Fig. 1(a)). That indicates the peak
location of the rotating radiation volume to be inside the
LCFS. Figure 1(c) shows that the rotation continues after
NBI termination (t=3.3s). and its radius and frequency
become smaller and about 10 times higher than during
Serpens-mode. The shrinking of the rotation radius seems
to be related to the shrinking of the T, profile during the
recombination phase, and it suggests that the rotating
location is not tied to a rational surface unlike in the
Snake-mode [4]. The rotating radiation volume is also
observed in other toroidal sections. The fast camera (no
filter, 20,000 frames/s, 108° away toroidally from the above
mentioned AXUVD fan array. AXUVD#1) viewing the
torus inboard and lower helical coil can from an outboard
port in a horizontally elongated cross-section found that the
poloidal direction of the rotation is electron-diamagnetic.
Similar time evolutions of the <P,4> profile to Figs. 1(b)
and (c) were observed by another AXUVD fan array (144°
toroidally away from AXUVD#I1) viewing the torus
inboard side in a toroidal section from the outboard port in
the adjacent toroidal section obliquely [1]. From this
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observation, it is reasonable thinking that the rotating
radiation volume forms a helical radiation belt. and it has
been named ‘Serpent’. Density condensation is considered
to cause such localized radiation belt as in a MARFE.
though the mechanism and onset condition of the poloidal
rotation are not understood at this time.

References

[1]  B.IL Peterson et al., Plasma Phys. Control. Fusion 45,
1167 (2003).

[2]  B. Lipshuliz, J. Nucl. Mater. 145-147, 15 (1987).

[3] B.J. Peterson et al., Phys. Plasmas 8, 3861 (2001).

[4]  A.Weller et al., Phys. Rev. Letts. 59, 2303 (1987)



853. Behavior of Impurity Radiation and Edge
Plasma during Radiative Collapse at the
LHD Density Limit

Peterson, B.J., Miyazawa, J., Masuzaki, S. (NIFS)

The onset of the radiative thermal instability
leading to radiative collapse at the density limit has been
empirically defined as the point when the radiated power is
increasing with the third power of the density [1]. Since the
dominant intrinsic light impurities are oxygen and carbon
they should be responsible for the strong increase in the
radiation from the edge. First we consider the radiation
brightness from the divertor, core and edge plasmas in Fig.
I as the discharge collapses. One notes that the onset of
the thermal instability, as defined by the thick dashed line
when x = 3 for the total radiation, is followed by the
development of the previously observed [2] asymmeltry in
the radiation as the radiation from the inboard channel
starts to diverge from the channel located near the outboard
edge of the plasma. At the same time the radiation from
the divertor leg region is increasing, but not as dramatically
as the radiation from the inboard side. The ion-saturation
current from the divertor probe begins to drop with the
onset of the thermal instability and the radiation asymmetry
as it approaches a detached state. Finally, considering the
density exponents of the light impurities signals, CIII and
OV, and the radiated power, one notes that the thermal
instability begins in the OV, but that the CIII signal most
closely matches the total radiated power indicating that the
carbon is the dominant impurity. This  temporal
progression makes sense in that the oxygen should radiate
at a higher temperature, and therefore the thermal
instability should begin earlier in the oxygen as the edge
temperature drops.  Also, the above suggestion, that
carbon is the dominant impurity, is consistent with
observations before and after boronization, that while the
reduction of OV radiation is stronger than that seen in the
reduction of CIII, the reduction in CIII more closely
matches the reduction in the total radiated power [3].

In Fig. 2 the evolution of the radiated power density
profile from the bolometer array at the horizontally
elongated cross-section [4] is shown. In the steady state
portion of the discharge the profile is hollow. After the
onset of the thermal instability the strongly radiating zone
broadens and moves inward minor radially. Also one notes
some indication of growth in the core radiation, At the edge
of the plasma one notes the radiation reaches a maximum
then decreases, then increases again. This is also seen in the
inboard channel of the bolometer in Fig. 1 and may be
related to the two peaks observed in the cooling rate of the
impurities as a function of electron temperature. One
should take care in the quantitative evaluation of the
radiation profile during the collapsing phase as the
asymmeltry in the radiation signal may lead to errors in the
tomographic inversion. These errors should be mitigated
in this case by the orientation of the array which fans out
vertically while the asymmetry has an inboard-outboard
nature.
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854. Temperature Measurement of a Vertically
Installed Divertor Plate with an Infrared
Radiation Thermometer in Self-sustained
Detachment Plasmas

Shoji, M.

In the last experimental campaign (7th cycle), a
CCD camera at 3-O port for monitoring divertor plates
observed a hot spot (local heating) on the vertically
installed divertor plate in 2.5-L port during ICRF heated
long pulse discharges. The reduction of the heat load onto
divertor plates is a major concern for modern plasma
confinement systems. A single channel infrared radiation
thermometer (Chino, IR-FBSr) was installed in 7-O port
for direct measurement of the surface temperature of the
vertically installed divertor plate in 6.5-L port in this
campaign (8th cycle). The lowest measurable temperature

of the thermometer is 300°C, and the viewing area is about

$35mm on the surface located 3 metes ahead. A CCD
camera (Sony, DXC-LS1) with an interference filter for
CH band emission measurement (A,=429.5nm) is fixed to
the thermometer to check the viewing area. The viewing
area of the radiation thermometer can be changed
horizontally and vertically by stepping motors which is
controlled from a LHD control room via optical fibers.

In this experimental campaign, we unexpectedly
succeeded in production of self-sustained detachment
plasmas by strong gas fueling after density feedback
control in a magnetic axis configuration (R, =3.65m).
Figure 1 shows the images of the CH band emission profile
in the lower divertor region in the case without the
self-sustained detachment (a) and with the detachment (b).
Divertor leg structures and a bright line appearing on the
lower divertor plates are unclear during the detachment.
These observations qualitatively indicate the decrease of
the particle flux onto the divertor plates, which is consistent
with the measurements with electro-static probes embedded
in the divertor plates. Gray circles in the middle of the
images indicate the viewing area of the infrared radiation
thermometer which directly observes the vertically
installed divertor plate in 6.5-L port.

Without Detachment #55651

With Detachment #55652

Fig. 1. The images of the CH band emission profile without
(a) and with (b) the self-sustained detachment in the lower
divertor region in 6.5-L port. The viewing area of the
infrared radiation thermometer is also shown as gray circles
on a vertically installed divertor plate.
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Figure 2 gives the time traces of the temperature
of the vertically installed divertor plate measured with the
radiation thermometer in the case without (a) and with (b)
the detachment. The temperature of the divertor plate kept

to be low (< 300°C) during the detachment (between 1.0s

and 1.5s in case (b)). The duration time of the detachment
is strongly dependent on the quantity of the gas fueling
after the density leedback control. When the gas fueling is
not sufficient, the detachment was not clearly observed as
shown in the case (a). The direct measurements of the
lemperature with the infrared radiation thermometer
successfully show the strong reduction of the heat load
onto the vertically installed divertor plate during the
self-sustained detachment.
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Fig. 2. The time traces of the temperature of the
vertically installed divertor plate in 6.5-L port in the
case without (a) and with the detachment (b). These
experimental data were measured with the infrared
radiation thermometer installed in 7-O port.




855. CH Band Emission Profile Measurement
in Self-sustained Detachment Plasmas in
LHD

Shoji, M.

The deterioration of the plasma energy
confinement due to radiation by hydrocarbons originated
from graphite divertor plates is a major concern in LHD
plasma discharges. A practical technique to evaluate the
hydrocarbon density is the measurement of the intensity of
CH band emission'. A filtered visible CCD camera
(%,=429.5nm) has been installed in 7-O porl (0 measure the
emission profile in the divertor region (6.5-L). The viewing
angle of the camera can be controlled from a LHD control
room, which can directly observe lower divertor plates,
divertor legs and X-point.

We unexpectedly succeeded in production of
self-sustained detachment plasmas in the last experimental
campaign (8th cycle) by strong gas fueling after density
feedback control in a magnetic axis configuration
(R,=3.65m). In these discharges, attached plasmas were
steadily sustained after the gas fueling without additional
gas fueling for plasma density control. During the
detachment, a toroidally and poloidally rotating radiation

belt was observed with a tangentially viewing CCD camera,

bolometer arrays, and a fast-framing CCD camera.
Electro-static probes embedded in divertor plates also
observed the fluctuation of the ion saturation current which
frequency is corresponding to that of the rotating radiation
belt.

Figure 1 shows the time evolution of the image
ol the CH band emission in the lower divertor region in a

Divertor Legrs

N

self-sustained detachment plasma. In this discharge, the
detachment was sustained between 1.1s and 1.4s. The
intensity of the CH band near the X-point in the ergodic
layer is significantly high just before the detachment
(1.09s), and the fluctuation of the intensity was
simultaneously  observed. Impurities (hydro-carbons)
originated from the graphite divertor plates can penetrate
into the X-point, which leads to local radiation and cooling
in the peripheral plasma. It may trigger the self-sustained
detachment and the rotating radiation belt.

As shown in fig. I, the divertor leg structure and
a bright line on the lower divertor plates are unclear during
the detachment. These observations qualitatively indicate
the decrease of the particle and heat flux onto the divertor
plates, which is consistent with the measurements with
thermo-couples and the electro-static probes embedded in
the divertor plates. An infrared radiation thermometer for
monitoring the surface temperature of the vertically
installed divertor plate in 6.5-L port also indicated low
temperatures (< 300°), which clearly shows significant
reduction of the heat load onto the plate.

Detailed measurements of impurity radiation
profiles and velocities in the X-point, the divertor legs and
the divertor plates during the detachment will contribute to
elucidation of the relationship between the detachment and
the impurity (hydro-carbon) transport in the plasma
periphery. Three-dimensional impurity transport simulation
which can handle the transport of hydro-carbon molecules,
atoms and ions will be useful and powerful tool to clarify
the physical mechanism of the self-sustained divertor
detachment and the rotating radiation bell.

Reference
1) Pospieszezyk, A.: Nuclear Fusion Research (2005) 135.

Fig. 1. The time evolution of the image of the CH band emission profile in the lower divertor region in a self-sustained
divertor detachment plasma, which is observed with a filtered visible CCD camera (A,=429.5nm) installed in 7-O port.
The detachment was sustained between 1.1s and 1.4s in this discharge.
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856. Heat and Particle Deposition Profiles
on the Helical Divertor during Magnetic
Axis Swing Operation

Ogawa, H. (Grad. Univ. Advanced Studies),
Masuzaki, S., Ohyabu, N.

In the helical divertor, heat and particle deposition
profiles are not uniform in both toroidal and poloidal
directions, and the profile changes with changing magnetic
configuration, e.g., major radius of magnetic axis (R ) [1].
Fig.| shows temperature rise of torus inboard (Div#l) and
bottom (Div#6) divertor plates in 80 seconds ICH
discharges with different R . In the case of inward shifted
R . heat deposition is intensive at torus inboard side, and
torus top and bottom become the intensive heat deposition
area in outward shifted R discharges,

In LHD, long pulse discharge experiments have
been conducted mainly using ICH. One of the limits of
discharge duration is believed to be overheating of divertor
plates at intensive heat deposition area [2]. The foregoing
characteristic of heat deposition profile in the helical
divertor was utilized to avoid the overheating of divertor
plates by dispersion of time averaged heat deposition profile
with R swing operation during discharges, and heat and
particle deposition profiles during the operation were
investigated.

Fig. 2(a) and (b) show the time evolutions of
temperature rise of the divertor plates and rate of
temperature rise at torus inboard side and bottom,
respectively, and Fig.2(¢c) shows R during a R swing ICH
discharge. It is very clearly shown that heat deposition to
both divertor plates is modulated with R swing. As shown
in Fig.1, heat load to the torus inboard side divertor plate
(Div#l) and bottom plate (Div#6) is almost same at
R =3.67-3.69m. This R swing operation was conducted in
the range of R _~3.65-3.69m. It is important that R swing
range is centered near R =3.67-3.69m for ecffective
dispersion of the divertor heat load. For example, in the
discharge with R swing in the range of R =3.62-3.65, heat
deposition profile is not modulated. Fig.2(d) and (e) shows
the ion saturation current, that is, particle flux profiles on the
divertor plates at torus inboard side and bottom, respectively,
and these profiles were also modified by R swing. It means
that R, swing operation can modify heat and particle
deposition profiles on the helical divertor. and also on each
divertor plate. Therefore, this operation is effective tool to
avoid overheating of divertor plates, and to extend the
discharge duration. The discharge with duration of over 30
minutes and total input energy of 1.3GJ was achieved with
this operation [3].

Reference

[1] Masuzaki, S. et al., Nucl. Fusion 42 (2002) 750.

[2] Mutoh, T. et al., Nucl. Fusion 43 (2003) 738.

[3] Mutoh, T. et al., J. Plasma and Fusion Res. 81 (2005)
229.
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Fig.1. Temperature rises of torus inboard (Div#1) and
bottom (Div#6) divertor plates during discharges with
different R_. Insertion shows positions of the divertor plates
in which thermocouples are embedded in a toroidal section.
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857. Transport Analyses of Carbon Atoms in
the LHD Divertor Region

Shoji, M.

The deterioration of the plasma energy
confinement due to radiation by carbon ions originated
from graphite divertor plates is a major concern in LHD
plasma discharges. The reduction of carbon ions in the
plasma periphery can mitigate radiation collapse which is
often observed in high density plasmas in LHD.

Since the 6th experimental campaign, we have
observed impurity (carbon ions) radiation profile in the
lower divertor region in 2.5-L port with filtered CCD
cameras (A,=426.7nm for CIlI, A =465.4nm for CIII). The
cameras can directly observe the graphite divertor plates,
divertor legs and an X-point. Figure 1 shows the time
evolution of the image ol the radiation profile of carbon
ions (CII and CIII) in the lower divertor region in which
the plasma density was slightly increased by controlling the
fueling rate from a gas puffer (R =3.75m). Significant
increase of the radiation of CII in on a lower divertor leg
(left side) was observed as the plasma density rise. The
plasma discharge was terminated by radiation collapse

Cll CllI

Fig. 1. The time evolution of the image of the emission
profile from carbon ions (CII and CIII) in the lower
divertor region. In this discharge, the plasma density was
slightly increased by controlled gas fueling.

occurred at 1.84s, at which the divertor legs was not clearly
observed and the radiation in the main plasma significantly
increased.

These observations strongly suggest that the
radiation by carbon ions from the graphite divertor plates
affects the radiation collapse and limits the plasma density.
For detailed analyses of the transport of carbon ions in the
divertor region, we calculated the profile of neutral carbon
atoms by using three-dimensional neutral particle transport
simulation code (EIRENE stellarator version)'. Figure 2
gives the calculation of the density profile of carbon atoms
al a toroidal position where the plasma is vertically
elongated. Neutral hydro-carbons (CH,) are emitted from
divertor  plates in  this  calculation, and the
three-dimensional profile of the emitted hydro-carbons is
based on the calculation of magnetic field line traces from
the last closed magnetic surface. The input plasma
parameter profiles are determined by the experimental
results measured with plasma diagnostic systems just
before the radiation collapse. The simulation shows the
high density of the carbon atoms on inner divertor legs. In
figure 1, the divertor leg (left side) on which high emission
from carbon ions appeared corresponds to the inner and
lower divertor leg. The calculation using the neutral
particle transport simulation code can qualitatively explain
the observations of the behavior of carbon atoms just
before the radiation collapse.

In the near future, this analysis will contribute to
the detailed investigation of plasma wall interactions and
impurity (ransport in the divertor region, and to the
achievement of higher density plasmas. It is also useful for
the design of optimized closed divertor configurations
planned in Phase II in LHD.

Reference
1) Reiter, D. et al.: Plasma Phys. Contr. Fusion 33 (1991) 1579.
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Fig. 2. The calculation of the density profile of carbon
atoms just before the radiation collapse. In this
calculation, methane is emitted from divertor plates on
the basis of the calculation of magnetic field line traces.

61



§58. Edge Plasma Measurement with Fast

' i FSP500
Scanning Langmuir Probes FSP300

Masuzaki, S.

Unlike the scrape-off layer in poloidal divertor

tokamaks, open field lines layer (OFL) outside the last
closed flux surface (LCFS) in the helical divertor (HD)
configuration has complex field lines structure containing
stochastic field line layer, residual islands and whisker

layer. To understand the transport, detailed investigation of

density and temperature profiles is necessary.

Two fast scanning Langmuir probes (FSPs) driven
by pneumatic cylinders have been installed in LHD from
4.5U port as shown in Fig.1. Their stroke is 300mm and

500mm, respectively. Short stroke FSP crosses a divertor
leg, and the latter measures near X-point. The probe
position is measured by laser distance meter, and the scan

speed is about 1 m/s. Two electrodes are equipped in each

FSP. They can be a double probe or two single probes. The
spatial resolution is determined by frequency of probe
voltage swing, and that is about 4 mm.

In Fig.2, connection length profiles for R =3.75m

and 4.05m are shown. Whisker layers appear at Z > 1.1m

in R =3.75m case and all Z range in R =4.05m case as

spike like structure. In the 8" experimental campaing,

initial FSP data were obtained. Electron density (n,) and

temperature (T,) are deduced from single probe 0.9 1 1‘.1 1.2
Z (m)

characteristics. Modulation of profiles of n, and T, reflects
54331 R =4.05m
T 1 T

whisker layer. In R =3.75m case, stochastic layer appears

at Z<1.05m. In this layer, T, profile is nearly flat, though n, " 0.8.8 h 420
. . . S . . 2 >
profile has gradient. This profile is consistent with early S04 103
Thomson scattering data [1], and relates with ergodicity in Zw =
stochastic layer. Systematic data will be collected in the 9" 9 0
10 T T T T

experimental campaign.

After the experimental campaign 2004, FSPs were T 10°F .
drawn out, and checked damages. Top part made of :u 102 -
boron-nitride partly sublimed. In this campaign, FSP 10! | | ! |
experience up to 6 MW of input power. Therefore, FSP 0.9 1 1.1 1.2

Z(m)
Fig.2. Vertical profiles of electron density, temperature and

measurement should be limited in low input power

discharges. ) :
connection length of field lines along FSP500
trajectory. The origin of Z is the equatorial plane.
Reference Rx=3.75m (top). R, =4.05m (bottom). Open circles:
[1] Morisaki, T. et al., J. Nucl. Mater. 313-316 (2003) 548. Te. Closed circles: n..
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§59. Characterization of the LHD Edge &
Divertor Plasma by lon Sensitive Probe
Measurement (II)

Ezumi, N. (Nagano National College of Tech.)
Ohno, N. (Ecotopia Sci. Inst., Nagoya Univ.)
Takamura, S. (Dept. Energy Eng. & Sci., Nagoya
Univ.)

Masuzaki, S.

Ion temperature (7;) is one of the key parameters for
characterizing edge and divertor plasmas. A lot of studies
have been made on electron temperature (7,) and electron
density (n.) measurements for the divertor region of the
LHD. However, an ion temperature (7;) profile in this
region is not well known. In this study, we investigate the
ion’s behavior in the LHD edge and divertor region since it
is important to reveal the property of edge and divertor
plasma for improving the LHD plasma performance. There
are some methods for measuring 7; at the boundary plasmas.
Conventional optical methods for measuring the T,
especially a doppler broadening measurement, have a
difficulty to obtain the local values and the profile of T,
because the evaluated values are integrated (averaged over)
along the line of sights. In the case of LHD divertor
measurement, there are many restrictions for the
arrangement of optical devices, because the vacuum
chamber of the LHD has the complicated geometric
structure. Therefore, in order to measure the profile of 7; in
this region, it is necessary to prepare a high spatial
resolution diagnostic system. An Ion Sensitive Probe (ISP)
[1] is a candidate for such diagnostics because the ISP is
electrical probes used for measuring the spatial profile of T;
in the magnetized plasmas and has high spatial resolution.
Moreover, T, and plasma space potential (V,) can be
measured, simultaneously.

T: measurement using an ISP in the divertor leg in
LHD had been done during 4", 5™ and 6™ experimental
cycles. The prototype-ISP for LHD was installed to the fast
scanning probe system and the measurement system was
established. In #31256, typical ISP’s I-V characteristics
were obtained from both electrodes [2]. The estimated T;
and T, using the I-V characteristics were about 20-35 eV
and 5-15 eV at the outside region of the divertor leg,

respectively. The spatial distribution of the evaluated 7; is

qualitatively consistent with the results of calculations of
particle’s orbits in the edge and divertor region of LHD.

In order to measure the hotter 7; region, it is necessary
to improve the structure of ISP. During this experimental
cycle, we designed a new ISP head as shown in Fig. 1. The
outer electrode is placed in slightly inside of BN shield in
order to avoid high heat load when positive bias voltage is
applied. Coaxial cables are used for wiring the ISP
electrodes and the length of both electrodes is to be as short
as possible in order to reduce electrical noise, which caused
serious problem for analyzing measured data. Moreover, we
also reassemble the wiring in the fast scanning probe system.
Recent results of the linear plasma generator PSI-2 showed
the difficulty of 7; measurement under the condition of the
existence of electric field along the axis of the ISP
electrodes [3]. Maybe we must consider the influence of the
electric field around the ISP when the probe head moves
into the edge plasma region. In the next experimental cycle,
the probe head connector of the fast scanning probe system
will be modified. We plan to redesign the ISP head along

the modification of the probe connector.

References

1) Katsumata, I., Contrib. Plasma Phys. 36, (1996) S, 73.
2) Ezumi. N. et al., J. Nucl. Mater. 313-316, (2003) 696.
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860. Measurement of Two Dimensional
Electron Density Profile in Edge Plasma
Region by Thermal Lithium Beam Sheet

Takahashi, Y. (Dep. Energy Eng. Sci., Nagoya Univ.),
Morisaki, T., Toi, K.

Improved understanding and control of edge plasma are very
important for takamaks and helical devices to achieve high
confinement mode such as H-mode where edge transport barrier
(ETB) is formed, and is partially destroyed by so-called edge
localized modes (ELMs). Recently, H-mode is observed also in
LHD [1]. The magnetic configuration of LHD is
three-dimensional and has helical divertor, where the nested
magnetic surfaces are surrounded by complicated ergodic
magnetic field layer near the plasma edge [2]. Two dimensional
measurement of edge plasma structure is very eflective for
understanding of edge plasma behavior in this complicated
configuration such as LHD. We have developed a new type of
lithium beam probing (LiBP) method using thermal beam with a
sheet shape, and applied to low density LHD plasmas produced
with electron cyclotron waves.

In this newly developed lithium beam probe, metallic lithium
in an oven is heated up to about 800 K°, and lithium vapor is
conduced to an LHD plasma through three horizontally orifices.
This simple technique has successfully produced a thermal sheet
beam. The beam is widely spread on the poloidal plane of an
LHD plasma but its toroidal divergence is limited to a thin layer, as
shown in Fig.|. We could measured two dimensional plasma
electron density profile by using this prove system. The energy of
the beam is ~0.08 eV, which corresponds to the beam velocity of
1.5 x 10’ ms™'. Measurable upper limit of path-integrated electron
density is ~3 x 10" m™. Two dimensional image of the resonance
line Li | (670.8 nm) produced by the sheet beam injection is
detected with a CCD camera.

In LHD, the sheet type Li beam was applied to a low density
plasma of line averaged density <n>~ 5 x 10" m™ produced by
low power electron cyclotron waves. For this plasma, the lithium
beam is expected to penetrate up to ~ 200 mm from the plasma
boundary. A typical images of Li | taken by the CCD camera in
this plasma is shown in Fig.2. If a beam source is placed far away
from a plasma, we can assume that many pencil beams arranged
along the major radius of a plasma are injected vertically to the
plasma. We can easily derive two dimensional electron density
profile from the Li [ image as shown in Fig.2.

Figure 3 shows the derived two-dimensional electron density
profile from the data in Fig.2, where the profile is overlaid to the
magnetic surface. The distortion of the profile near the inner wall
may be caused by reflection near the inner wall of the vacuum
vessel. This difficulty may be overcome by re-arrangement of the
beam optics.
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Fig.1 Spread of sheet beam in LHD poloidal plane

Fig.2 Intensity profile of Lil emission.
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861. Evaluation of Heating Efficiency of EC
Waves for Discharges of LHD 8th
Experimental Campaign

Yoshimura, Y., Igami, H., Kubo, S., Shimozuma, T.,
Kobayashi, S., Ito, S., Mizuno, Y., Takita, Y.,
Notake, T., Ohkubo, K., Mutoh, T., Sakakibara, S.

Heating efficiency of electron cyclotron (EC)
waves on LHD plasmas of 8th experimental campaign is
evaluated from a change of time-differentials of plasma
stored energy W, just before and after the termination of
EC wave injection as P, /P =(dW/dd, - dW/dd /P, .
The time-differentials of W, are obtained by linear fitting of
W data during 20 ms before and after the termination of
EC wave injection. Here, data from discharges in which
termination or brief break down of neutral beam power or
injection of fueling pellets occur close to the evaluating
time are eliminated because those events can cause large
error on the evaluation.

In the most of discharges, two 82.7 GHz
gyrotrons, two 84 GHz ones and four 168 GHz ones are
operated in the same time sequence, respectively. Here,
data from discharges in which the gyrotrons of two or three
types of frequencies are simultaneously terminated are
eliminated so that most of the evaluated efficiency are
average of two or four gyrotrons of the same frequencies.

Figure 1 shows the efficiency of 84 GHz
gyrotrons, #4 and #5 as functions of magnetic axis position
as a representative of parameters of magnetic field
configuration. Though the data are widely distributed from
0 to 1, efficiency at R _larger than 3.8 m show degradation.

Setting magnetic axis outward results in far off-axis heating.

Averaged value of all the plot points in the figure is 0.46.
The same procedure is applied for 82.7 GHz and 168 GHz
gyrotrons, and the averaged efficiencies are 0.4 and 0.35,
respectively.

Effect of setting of EC wave beam direction is
seen in Fig. 2 and Fig. 3. Figure 2 plots the data obtained
with a magnetic field setting of R =3.6 m and B=2.75 T,
and Fig. 3 of R =3.75 m and B=2.64 T. In those plots, data
from “on resonance” heating where the beam aims at the
resonant surface closest to the magnetic axis, and “off
resonance” heating where the beam aims at other locations
are distinguished. In both magnetic configurations,*“on
resonance” setting shows higher averaged efficiency than
“off resonance” case.

Taking averages for data at each magnetic
configurations, averaged efficiency is 0.44 for R _=3.5 m
and B=2.83 T, 0.66 for R _=3.55 m and B=2.79 T, 0.52 for
R =3.6mand B=2.75T, 0.4 for R =3.75 m and B=2.64 T,
and 0.63 for R =3.6 m and B=1.5 T, respectively. Except
for the data for R _=3.5 m and B=2.83 T, it can be said that
inward shift of magnetic axis, that is, having resonant
surface closer to magnetic axis results in better heating
efficiency. Lower electron temperature and density, and
prompt helical ripple loss would cause the degradation of
heating efficiency in the cases of “off resonance” and
outward shift of magnetic axis.
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862. Electron Bernstein Heating Experiment in
LHD

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

Electron Bernstein wave (EBW) is a kinetic mode
propagating in plasmas without the density limit. It is
strongly  electron  cyclotron damped near the
Doppler-shifted electron cyclotron resonance (ECR) layer
including higher harmonics, even when the electron
temperature is low since its group velocity is as low as the
electron thermal velocity and the spatial damping rate is
large. Therefore electron cyclotron heating (ECH) and
current drive (ECCD) by EBW are promising way when
the wusual way of ECH/ECCD by the normal
electromagnetic (EM) waves, such as the ordinary (O) and
the extraordinary (X) modes is not available, e.g., when the
plasma frequency is higher than the electron cyclotron
frequency where EM waves cannot propagate, or when the
cyclotron damping is weak due to the low electron
temperature. However, since the EBW is an electrostatic
wave, which cannot propagate in vacuum, it should be
excited at the upper hybrid resonance (UHR) layer via
mode conversion process by injection of the EM waves
from outside of the plasma. ECH by EBW was tried for the
first time in the last 8" experimental campaign of LHD. In a
magnetic field configuration of LHD, when a microwave of
84GHz is injected obliquely to the external magnetic field
as a quasi-X wave from the mirror antenna installed in the
lower port with an appropriate toroidal angle, it can be
expected to pass through the “XB access window”, that is,
to propagate through the fundamental ECR layer and
directly access the UHR layer from the higher field side
and excite an EBW as shown in Fig.l since the
fundamental ECR layer is located in the peripheral low
temperature region where the absorption of EM waves is
weak. Modulated ECE signals were detected when a quasi
X wave is injected with 100% power modulation of 34Hz
to the target plasma sustained by a neutral beam injection
(NBD),

Ra=3.55(m), Ba=2.789(T)

ECR layer

2 o5 8 55 4 45 s
R(m)
Fig.1. Plasma cross section on the plane created by the

incident beam vector and the major radius.

The result of FFT analysis shows a narrow peaked power
deposition profile in the lower field side of the ECR layer
as shown in Fig. 2-(a) although the incident beam
approaches the ECR layer from the high field side at first.
On the contrary, when a quasi-O wave is injected in the
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same direction the peak of the power deposition profile
appears in the higher field side of the ECR layer. When the
beam is oriented outward on the same plane in Fig.1, the
narrow peak disappears for the case of quasi X wave
injection as shown in Fig. 2-(b). When the beam deviates
from the “XB access window” and encounters the
right-handed cutoff, any distinct peak cannot be seen in
both cases of quasi-X and O waves injections as shown in
Fig.2-(c).
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Fig.2. Radial profiles of amplitude and phase, for each case
of beam focal point (a): (Rf,Tf)=(3.15m,-0.75m) (b):
(Rf,T)=(3.3m,-0.75m) (c): (Rf,Tf)=(3.55m,-0.75m)

When the polarization of incident waves is gradually
changed from the quasi-X wave to the quasi-O wave in the
same incident beam direction as Fig.2-(a). The amplitude
of the peak in the lower field side gradually decreases
while the amplitude of the peak in the higher field side
gradually increases as shown in Fig.3-(a). Different
mechanism of heating should exist respectively in each
case of the quasi X and the quasi-O wave injections. On the
contrary when the polarization of incident wave is
gradually changed in the similar way in the same incident
beam direction as Fig.2-(b), the height of the peak in the
high field side changes but any peak does not appears in
the higher field side as shown in Fig.3-(b). These results
indicate that ECH by mode converted EBW might take
place when a quasi X wave is injected toward the UHR
layer from the higher field side.
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863. Study on Electron Heating and Current
Drive by Electron Bernstein Waves

Nagasaki, K. (IAE, Kyoto Univ.), Igami, H. (NIFS),
Murakami, M., Maekawa, T., Tanaka, H., Uchida, M.,
Shidara, H. (Kyoto Univ.), Isayama, A. (JAERI),
Ohkubo, K., Kubo, S., Yanagi, N., Shimozuma, T.,
Yoshimura, Y., Notake, T. (NIFS), Idei, H. (Kyushu Univ.)

Electron cyclotron heating (ECH) and electron
cyclotron current drive (ECCD) provides plasma
production, control of electron temperature profile,
suppression of MHD instabilities. Electromagnetic waves
such as a fundamental O-mode and a second harmonic
X-mode are conventionally used for ECH and ECCD
because of the high single pass absorption. However, these
electromagnetic modes inevitably have upper density limit,
so called cut-off, which prevents the waves from accessing
the core region at high density plasmas. To overcome this
problem and access high density region, use of electrostatic
waves is proposed. The electron Bernstein waves (EBW),
one of electrostatic waves, can be excited though mode
conversion from electromagnetic waves [1][2]. The EBW
has advantage of no cut-off density and very high single
pass absorption even at low electron temperature. There are
three kind of mode conversion method to excite the EBW,
that is, O-slow X-B, slow X-B and fast X-B. In this report,
we concentrate on the O-slow X-B mode conversion
method.

We have developed ray tracing codes for
calculating the propagation and power deposition of the
EBW in toroidal fusion devices. If we assume that
inhomogeneity of plasma parameters is weak and
geometrical optics approximation is valid, the ray trajectory
of both electromagnetic and electrostatic waves can be
obtained by solving the differential ray equations
numerically. The dispersion relation of electromagnetic
waves is given by using a cold plasma approximation. The
numerical method is similar to a ray tracing code for H-1
Heliac [3]. The absorption coefficient of electromagnetic
waves can be obtained by considering weakly relativistic
effect in dielectric tensor. On the other hand, the dispersion
relation for the EBW can be given by using a hot plasma
approximation.

The EBW is considered to be an important heating and
current drive scheme in spherical tori since the
conventional electromagnetic waves is not suitable because
of low magnetic field strength. Since the toroidal magnetic
field is weak and comparable to the poloidal magnetic field
compared to conventional tokamaks, the approximation of
magnetic field structure using only the toroidal field is not
valid as well as helical systems for calculating the power
deposition of the EBW heating and current drive. Figure |
shows the calculation results of the O-X-B mode
conversion based on the NSTX model. The injected
O-mode is coupled to the slow X-mode at the O-mode
cut-off layer, w=w_, then the slow X-mode is converted
into the EBW at the upper hybrid resonance layer, moving
toward the core plasma region. The EBW is absorbed at the
strongly Doppler-shifted cyclotron resonance. Figure 2
shows the dependence of absorption profile on the electron
density. As the core electron density increases, the EBW is

excited earlier, and travels towards to the resonance layer.
Although the optimum orientation for O-X mode
conversion moves in the outer direction of the plasma with
an increase of the electron density, the optimum injection
angle changes only slightly, that is, 9 deg and 8 deg in the
poloidal and toroidal directions, respectively. The
calculation results indicate that the O-X-B heating is
realistic in spherical tori, and the absorption profile can be
controlled by changing the magnetic field and electron
density.
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Fig 1 Ray tracing calculation results of O-X-B heating
in spherical tori, (a) ray trajectories and (b) power
deposition profiles
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864. Electron Cyclotron Current Drive
Experiment in LHD

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

Takita, Y., Mutoh, S., Watanabe, K., Sakakibara, S.,
Yamaguchi, T.

In recent years, current profile in magnetically confined
fusion plasma has been recognized as essential key to
improve plasma confinement. Even in helical devices,
which don’t need plasma current to obtain confinement
magnetic field, plasma current control is useful in order to
optimize plasma performances through compensation of
deleterious currents like bootstrap or modification of
iota-profile. Electron cyclotron current drive (ECCD) is an
effective tool for current profile shaping because electron
cyclotron waves (EC-waves) can penetrate not only plasma
periphery region but also core region. In addition, energy
absorption region of the EC-waves is highly localized
spatially, so we can control plasma current locally in an
arbitrary location. The first step to control plasma current
profile is to comprehend ECCD physics in large helical
device (LHD).

In the 8th experimental campaign of LHD, ECCD was
investigated in a magnetic configuration with R _=3.55 m,
B,=2.789 Tesla. In order to diagnose change of plasma
current due to ECCD, one-turn loop voltage was measured.
Figure 1 shows the typical time evolutions of plasma
parameters in the experiment. Target plasma was
maintained by ICRF heating to suppress the base-current of
the target plasma as much as possible, 84GHz EC-waves of
500kW were superposed on it changing incident wave
angle with respect to toroidal direction in shot-by-shot
basis. In response to incident angle, the polarization was
optimized so that incident wave couples to pure O-mode
waves in plasma periphery region. In some oblique incident
case, one-turn loop voltage was clearly changed and
bremsstrahlung emission in the hard X-ray energy range
between 10 and 200 keV was detected by using
Germanium-semiconductor. Even in the
quasi-perpendicular incident case, changes of the one-turn
loop voltage were measured but the hard X-ray was hardly
detected. These findings may imply that 1) only bootstrap
current was enhanced due to the growth of pressure
gradient in the quasi-perpendicular incident case, 2) ECCD
was accompanied by the creation of suprathermal electrons
accelerated asymmetrically in the momentum-space by
EC-wave with finite N, in the oblique incident case. (Such
suprathemal electrons play an important role in ECCD
physics and those kinetic behaviors will be investigated in
more detail by using not only the Germanium-detector but
ECE radiometer from high field side measurement.)
However, the dependences of enhanced current directions
shown in Fig.2 and hard X-ray intensities on the incident
toroidal angles are not so clear. The bootstrap current and
the Ohkawa current induced by trap-detrap mechanism,
which never fail to flow in the opposite direction to the EC-
current, must influence the experimental results. So the
ECCD physics must be carefully considered including
these effects.
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The crucial quantities in studies of ECCD physics are the
wave absorption location, the ECCD efficiency, and the
EC-current density profile and so on. At the present stage,
we only can estimate the ECCD efficiency. The efficiency,
defined as

Sea = chRIFe/Pec [AW?Im72:| ’

is often used for comparison between ECCD efficiency
obtained in different machines. Using parameters in the
experiment, we obtain ¢  ~0.08 in the maximum under

the assumption that L/R time-constant of LHD-plasma is
about 30 seconds. The ECCD efficiency is lower than that
of many tokamaks yet. Effects of the Ohkawa current due
to trapped electrons in helical ripples and radial diffusions
of particle and energy might reduce the efficiency in LHD.

More experiments are needed to optimize the efficiency
and location of driven current.
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Fig. 1. Typical time evolutions of plasma parameters in
the experiment.
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865. Investigation of Polarization and
Deposition of EC Wave Beams

Shimozuma, T., Notake, T., Kubo, S., Yoshimura, Y.,
Igami, H., Itoh, S., Kobayashi, S., Mizuno, Y.,
Takita, Y., Ohkubo, K.

It is required to adjust an injection polarization for
optimizing absorption efficiency of Electron Cyclotron
(EC) waves. In the 8th cycle experiments, we in-
vestigated the polarization dependences for three lines
168GHz #2, 84GHz #4 and 82.7GHz #11, which were
remaining lines in the previous experimental campaign.

The polarization condition of the incident EC wave
can be defined by two angles, o and [ shown in Fig.
1. The linear polarization corresponds to § = 0 and
a defines the angle between the reference axis of the
system, which is the toroidal direction in this case, and
the principal axis of the polarization ellipse.

The experiment was performed in the magnetic
configuration of R,,=3.5m and B=2.829T. The target
plasmas were produced by the other EC power sources
except the line under test. The plasma electron den-
sity and temperature were m, = 0.5 x 10”m~3 and
Teo ~ 1.5 — 2.0 keV. The injection power of 168GHz
lines under test was modulated with the frequency of
40Hz. The measured electron temperature by ECE was
Fourier analyzed. Figure 2 shows the FFT amplitude
dependences on the polarization angle of a) « and b)
(. The maximum amplitude was obtained at about
a = —45 deg., which corresponded to a perpendicularly
linear-polarized wave (X-mode) at the plasma boundary.
The g angle dependence of the amplitude was shifted to
the minus value from the expected one (f = 0). This
is because the angle between the wave vector and the
magnetic lines of force a little differed from 90 deg.

The power deposition position was investigated by
the same manner. Since the modulation frequency on
the EC power was not so high (40Hz, this is a hardware
limitation), the profile of the FFT amplitude does not
represent a deposition profile, but it includes heat diffu-
sion process. However the minimum of the FFT phase
indicates the deposition center. Figure 3 shows the FFT
amplitude and phase profiles for 168 GHz #2 line for the
antenna focal point of Rf,.=3.53m and Rt,.=3.48m. In
the figure the calculated deposition profiles by the ray-
tracing code were also plotted. The deposition center
well agreed with the minimum of the FFT phase pro-
file, though the amplitude profiles considerably differs
in both cases. In Fig. 3 a), there is another phase min-
imum around p = 0.4. This suggests the existence of a
magnetic island around here, which requires more inves-
tigation in relation to the heat diffusion process.

Fig. 1: Polarization ellipse: The polarization state is defined
by the angle of a and 3. The x-axis corresponds to the
toroidal direction in this case
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866. Development of High Beta Plasma
Production by Using Higher Harmonic
Fast Wave in ICRF

Takase, Y., Kasahara, H., Taniguchi, T., Kamada, Y.,
Ishii, N., Oosako, T., Tojo, H. (Frontier Sci. and Sci.,
U. Tokyo)

Fukuyama, A. (Eng., Kyoto U.)

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

The purpose of this collaborative research is to develop a
radiofrequency heating method that can be used at low
magnetic fields for high beta plasma research on LHD. In
particular, electron heating by Landau damping and transit
time damping of the fast wave at relatively high harmonics
of the ion cyclotron frequency can be explored using the
existing ICRF transmitters which can provide power in the
frequency range of 30 to 80 MHz. The fast wave in this
frequency range is called the high-harmonic fast wave
(HHFW).

Development of heating scenarios is carried out on both
LHD at NIFS and the TST-2 spherical tokamak at the
University of Tokyo, which share the same objective of
studying high beta plasmas. On LHD, existing ICRF loop
antennas are used. On TST-2, two transmitters in the
frequency range of 10 to 30 MHz will be used. TST-2 has
the advantages of ample experimental time and flexibility
with short turn-around time for hardware modifications.

In LHD, HHFW experiments were performed using the
38.4 MHz ICRF system. In order to operate in the HHFW
regime, Helium plasmas were used at lower magnetic fields,
1.5 T and 1 T. Plasma was initiated by ECH and NBI.
Since the ion cyclotron frequency for helium at 1.5 T is
11.4 MHz, the fast wave frequency is around the third
harmonic. The fast wave propagates in the density range
exceeding the right-hand (R) cut-off density. At high
harmonics of ion cyclotron frequency, ion cyclotron
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Fig. 1. Evolution of the stored energy (SN50490).
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damping becomes weaker, and electron damping by
Landau damping and transit time damping is expected to
become dominant. The harmonic number is not very high
in the present experiment, absorption by energetic ions may
not be negligible in neutral beam heated plasmas. The
formation of energetic ions is observed experimentally in
LHD, but it is not know how much power is absorbed by
ions.

The time evolution of the plasma stored energy for shot
number 50490 is shown in Fig. 1. In this discharge, plasma
was formed by NB (2.5 MW) and EC (1.6 MW).
Application of FW (1.2 MW) into this discharge raised the
central electron temperature from about 2.5 keV to 3 keV,
and the stored energy from about 250 kJ to nearly 260 kJ at
an electron density of 3 x 10”m™". There was no change in
the ion temperature. EC injection was terminated first, then
FW injection was terminated 0.2 s later. At this time, the
electron density did not change at 2 keV, but the ion
temperature decreased from 1.475 keV to 1.45 keV. This
result indicates that it is possible to obtain more electron
heating than ion heating near the plasma center provided
the electron temperature is sufficiently high (greater than
2.5 keV in this case), even in the presence of energetic ions
from NB injection

When ECH works effectively, the central electron
density is pumped out by localized electron heating. The
rate of decrease of electron density is smaller when HHFW
heating was applied. This result suggests that HHFW is
absorbed when the cenral electron temperature and beta are
high enough and that parallel heating of electrons by
HHFW reduces electron density pump out caused by
perpendicular electron heating by ECH.

TST-2 has been moved to the Kashiwa Campus of the
University of Tokyo, and is ready to start electron heating
experiments using the HHFW in FY2005.
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867. Dependence of Magnetic Axis on Neutral
Beam Driven Current in LHD

Nagaoka, K., 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 8th
campaign of LHD, in particular, the dependence of
magnetic axis on the neutral beam driven current
are presented.

Three neutral beam injectors has been
tangentially installed in LHD, and long pulse beam
with the duration of about 5 second has been injected
for the neutral beam current drive 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 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.
The magnetic axis dependence of neutral beam
driven current per NBI deposition power in the same
averaged density of 0.4x109m=3 is shown in Fig.1.
The neutral beam driven current at Rax=3.6m is the
largest, of which magnetic configuration is almost
explained the electron temperature on the magnetic
axis, which is also shown in Fig. 1.

In general, neutral beam driven current is given
by

LVt 1 1
=L 81— Gl=1y,|l-——GCG

2R Zy off

where &, W, .s, Z and G are neutral beam current

]NB -

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 (7:3%/n.). For
simplicity, electron temperature on the magnetic axis
and line averaged density obtained experimentally
have been used to evaluate Inso. The current drive
efficiency (/np//Bo) is considered to depend on Zir
and G, and is shown in Fig. 2. Here, it is assumed
that Zsr does not depend on the magnetic axis. 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 volume averaged ratio
of circulating electron < £ > is also shown in Fig.2.
The increase of neutral beam current drive efficiency
in outward shifted magnetic configuration case
(Rax= 3.9m, 4.0m) can not be understood by ratio of
circulating electron, while it in inward shifted
magnetic configuration case (Rax= 3.5m, 3.6m) can
be qualitatively understood by the decrease of the
ratio of circulating electrons.

In this analysis, the profile of plasma parameters,
for example, plasma density, electron temperature,
and plasma current, can not be included, which is
left for a future study.
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Fig.1 The magnetic axis dependence of
experimentally obtained neutral beam driven
current. The closed circles represent the
neutral beam driven current per beam power
in the same plasma density (0.4x1019m3),
and the open circles electron temperature on
the magnetic axis.
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868. Neutral Beam Attenuation Measurement
in the High Temperature Plasma

Ikeda, K.

It is important to understand the deposition of
high-energy neutral beam in order to produce the high
temperature plasma with the efficiently heating into the
core plasma region. Negative ion based neutral beam
injectors (NBI) with a high energy of 180keV have been
installed tangentially in Large Helical Device (LHD) ". We
have achieved totally 13 MW hydrogen neutral beam
injection *.

To study the beam deposition inside the plasma
along the injection beam axis, we applied the beam
emission spectroscopy * for measurement of the neutral
beam attenuation. The measurement system consists of
twenty optical fibers, a 25cm spectrometer with a grating of
1800 grooves/mm and an intensified charge-coupled device
detector. Two observation sight lines with a different beam
penetration length are arranged on both the upstream side
and the downstream side of the beam injection axis at the
3" beam line system. We have clearly observed beam
emission Ha spectra separated from the background Ha
emissions due to the Doppler effect.

High-Z discharges with argon or neon gas
puffing are used for high ion temperature experiments in
LHD “. We have achieved a high ion temperature of
13.5keV+2keV with Ar discharge by totally 10.5SMW
hydrogen NBI heating at the 8" LHD experimental
campaign. The power of 3.4 MW neutral beams with the
energy of 167 keV is injected from the 3rd beam line.
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Fig. 1. Neutral beams are injected from the three beam

lines (a). The electron density builds up by the argon gas
puffing, and the ion temperature increases to over 10keV

(b).
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Fig. 2. Normalized beam emission intensity of both the
hydrogen and argon discharge.
In this discharge, the electron density rises up by the Ar gas
puffing as shown in Fig. 1. The ion temperature rapidly
increases as the electron density decreases below 0.5x10"
m®. We observed the decreasing of the beam emission
intensity due to the strong beam attenuation by Ar particles
as shown Fig. 2. Characteristic of the beam emission of
the argon discharge is different from the characteristic of
the hydrogen discharge. On the other hand, the beam
emission intensity gradually increases as the electron
density increases after the maximum ion temperature. The
characteristic of the beam emission changes around the
electron density of 0.3-0.4x10”m”. Figure 3 shows the
measured beam emission intensities and the reproduced
beam emissions from the density dependence for the argon
and the hydrogen discharge. It is indicated that the
cross-section of the beam attenuation decreases due to the
increase of the hydrogen component with the beam
injection. We have observed the change of the hydrogen
concentration during the high-Z discharge by the beam
emisgg(i)on spectroscopy.
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Fig. 3. Solid and dashed lines are the reproduced beam
emission intensity of the argon and the hydrogen discharge,
respectively.

1) O. Kaneko, et al. Nucl. Fusion 43 692 (2003)

2)Y. Takeiri, et al., 20" TAEA Vilamoura, 2004, EX/P4-11
3) W. Mandl, et al., Plasma Phys. Cont. Fusion 35 1373
(1993)

4)Y. Takeiri, et al., 30" EPS St. Petersburg, 2003, P-2.171



869. Doppler Shift Spectra of Ho Lines from
Negative lon Based Neutral Beams

Oka, Y., Grisham, L. (PPPL), Umeda, N. (JAERI),
Ikeda, K., Takeiri, Y., Tsumori, K., Honda, A. (JAERI),
Ikeda, Y. (JAERI), Kaneko, O., Nagaoka, K.,
Osakabe, M., Yamamoto, T. (JAERI), Asano, E.,
Kondo, T., Sato, M., Shibuya, M.

The velocity spectra of the negative ion based neutral
beams with doppler-shifted Ha spectroscopy. as well as the
effectiveness of the spectroscopy ' has been studied /
In the 8" experimental cycle. the spectra
from beam-line-1, BL-1 in addition to BL-2 and BL-3 have

collaborated.

been newly measured to study the differences probably
reflected by the ion source design and the operation
conditions.

An internal mirror (Fig.l) was mounted inside the
vacuum vessel of BL-I to keep the same angle of line of
sight as those in BL-2 and BL-3. We conducted
systematic observations of the velocity distribution profiles
in standard LHD-NBI injection (Fig.2), the spectra over the
course of 70 ~ 128s long-pulsed beams with reduced power,
and the behavior of negative ion beam stripping in the
accelerator. Almost all of the transmitted beam power
(Fig.2) was found to be at approximately the full
acceleration energy (170keV). A very low energy peak
due to beam particles stripped in the extractor gap (at
~8keV) is observed.

spectrum profiles were repeatedly reproduced throughout

It was observed that the similar

the day, while the operating condition for the neutral beam
was kept constant with a high power level of ~4.5MW/2.

H- ion uniformity (Fig.3) in an LHD-ion source along
the long direction of ~125cm was deduced by the full
energy component coming from five vertically arrayed grid

sectors .

It was found that the H- ion current is fairly
uniform, and that there is still the prospect of increasing the
H- current throughput by about 15% at the optimum

perveance, if the uniformity is improved.

For long beam pulses, the magnitude of the full energy
peak gradually declined as the beam pulse duration
increased.  When conductively cooled plasma grid was
used. the spectra did not change for a longer time compared
to those with a standard (i.e., a thermally isolated-) plasma

erid.

Fig. 1  Mirror system in-side the vaccum vessel.
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Fig.2  Spectrum in beam line-1 from negative ion based

neutral beam.
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Fig.3 H- ion distribution along long direction in LHD

H- ion source.

Reference
1) Y. Okaetal., Rev. Sci. Instrum. 75. (2004)1803.
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870. Study of the Loss Cone Feature Using Neutral
Particle Analyzer in Large Helical Device

Ozaki, T.

It is very important to control the trapped
particle by the helical ripple to realize the helical
type plasma fusion device. High-energy particles
generated by the ion cyclotron resonance heating
and the neutral beam injection (NBI) heating have a
wide pitch angle distribution by the initial heating
mechanism and the atomic process in plasma. The
particle with large pitch angle has a complicated
orbit, sometimes the loss orbit at certain energy and
pitch angle, although the particle with large parallel
component against magnetic field line is well
confined along the magnetic surface. The loss
region in the phase space, so call a loss cone, can be
clarified by measuring the pitch angle distribution of
the high-energy particle. To this purpose, the lost
ion has been directly measured near the plasma.
Here the charge exchange neutral particle between
the high-energy ion and the background neutral is
measured to obtain the piteh angle of the
high-energy ion in the plasma. In the large helical
device (LHD), we have used two different neutral
particle analyzers, the time-of-flight (TOF-NPA)V
and the silicon detector (SD-NPA) 2  neutral
particle analyzer. NBI heating in long discharge is
suitable for this purpose in LHD. Three NBIs are
tangentially injected to minimize the particle
number toward the loss cone region in LHD. The
energy of the high-energy ion supplied from NBI
decreases by the plasma electron. The pitch angle
scattering is occurred by the plasma ion at the
energy of the several times of the electron
temperature. Therefore we can easily compare the
experimental pitch angle distribution with the
simulation result, which is obtained by considering
the initial pitch angle distribution and the atomic
process. The pitch angle distribution from 40 to
100 degrees can be obtained by horizontal scanning
the TOF-NPA during the long discharge over 100
seconds sustained by the NBI#2 (co-injection) at the
magnetic axis (Rax) of 3.6 m. The trapped particle
by the helical ripple can be clearly observed around
the pitch angle of 90 degrees as shown in Fig.1.
The loss cone feature is agreed with the result. It
is interesting to investigate the dependence of Rax of
the loss cone feature. However it 1s not suitable to
use the scanning of TOF-NPA during NBI plasma
discharge although it can provide the precise
structure of the loss cone because it is very difficult
to sustain the long discharge at different magnetic
axis. We use SD-NPA, which has ability of 6
different pitch angle measurement at Rax =3.5, 3.6
and 3.75 m. The much trapped particle can be
observed at Rax=3.5 m because the large helical
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ripple can be expected at inner magnetic axis as
shown in Fig.2.. The electric field is often utilized
to minimize the loss cone in the helical system.
The electric field can be obtained by the charge
exchange recombination spectroscopy in LHD. The
effect of the electric field against the loss cone
feature will be described.

Fie.1 Pitch anele distribution

Fig.2 Pitch angle

magnetic axis
(a)Rax=3.5m,
B=2.951T

(b)Rax=3.6m.
B=2.75T

| ll |||_| i

(c)Rax=3.75m,
B=2.64T

| ||.I[|.l Ll il

eV

1) T.Ozaki, S.Murakami et al., Rev. of Sci.

Instrum., Vol.74, No.3 (2003) 1878-1882.

2) J.F.Lyon, P.R.Goncharov et al., Rev. of Sci.
Instrum.. Vol. 74, No.3 (2003) 1873-1877.
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871. Local Measurements of Neutral Particle
Spectra on LHD by PCX Method

Goncharov, P.R., Ozaki, T.

Production, confinement and thermalization of
high-energy particles are the fundamental issues in fusion
plasma ion kinetics. The ion distribution function fi(E, ¢/t)
and its evolution under the ion cyclotron heating and
neutral beam injection are studied by energy resolved
charge exchange neutral flux measurements. For helical
systems, such as LHD, local diagnostics are required due to
the complex 3D magnetic field. To achieve the locality of
measurements an active diagnostic method referred to as
pellet charge exchange (PCX) [1, 2] has been applied
successfully on LHD in the 8" experimental cycle.

To interpret these measurements quantitatively,
consider the experiment schematically shown in Fig. 1. The
atomic energy analyzer looking along the pellet trajectory
observes the toroidally elongated ablation cloud while it
crosses the plasma column. Suppose that the distance
between the working aperture and the cloud is L, the
working aperture area is S, and the area of the cloud visible
to the analyzer is S. The area S depends on the viewing
cone opening d<¢2, the transverse size and the length of the
ablation cloud. The local flux of ions with energies in the
range (E, E+dE) equals nyvf(E, r)dE [s'cm™], where v, is
the ion velocity corresponding to the kinetic energy E. The
proportion of the incident ions neutralized by the pellet
ablation cloud is determined by the factor F(E). The
emission rate of atoms with energies in the same range
from the unit area of the cloud is F(E)nvfi(E, r)dE. If
slowing down and scattering of ions in the cloud are
insignificant and the cloud is small compared to the linear
scale of f;(E, r) spatial variation, then the total emission rate
of atoms with energy E from the area S is given by

AE, dE = SF(E) nyvf(E, r(t))dE.

The experimentally measured quantity that reflects the
local ion distribution function at () is
; " dg

dAN/dEdt = M(E,1) S/(47L) exp| — J’— .
0 ﬁ“mf‘b (E9 g)
The factor S,/(47L°) appears due to the measurement
geometry; the exponential factor describes the attenuation
of the atomic flux in the plasma between the pellet cloud
and the neutral particle analyzer; A, is the mean free path
with respect to ionization.

Pneumatically accelerated polystyrene (-CgHsg-),
balls are injected transversally; typical D,,; = 500-900 pm,
Vper = 300-400 m/s. The angle between the compact neutral
particle analyzer (CNPA) [3] sight line and the pellet
injection axis is 2° horizontally and [°vertically. The
values of the local vll/v for the observable particles are in
the range -0.25 to +0.25 along the average pellet flight.

The neutral fraction F(E) can be calculated from the
ionization-recombination balance in the cloud. The cloud

density information is required. The difficulties with
polystyrene pellets are the lack of experimental
cross-section data and the information about the
dominating ion charge states in the cloud during the pellet
flight. CNPA can be used in a combination with the
upgraded cryogenic pellet injection system. Hydrogen ice
pellets are preferable compared to polymer ones because
the charge exchange (CX) cross-sections and the pellet
ablation cloud composition are well-known. On the other
hand, the energy range will be limited in that case due to
the CX cross-section drop at high energies. From this
viewpoint, Li pellets are preferable since the cross-section
data and a more reliable ablation cloud model are available.

pellet cloud

neutral flux o= F, (E)v,n, () f(E.r) B %
neutral fecal ion
fraction distribution

Adjustable
aperture \

TaQ | e
Particle /
Detector

Fig. 1. Local active neutral particle flux measurements by
charge exchange on a pellet ablation cloud (PCX)
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Fig. 2. Time-resolved neutral particle flux in 16 energy

channels and resulting radially resolved spectra from ICRF
heated plasma 5, =0.4- 10%cm™, Reyx=3.6m, f = 0.1%.
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872. Observation of Clump and Hole Pair
Creations with TAE-bursts on LHD

Osakabe, M., Yamamoto, S. (Osaka Univ.),
Takeiri, Y., Toi, K.

Observation of clump-formation with toroidal Alfven
Eigen(TAE) mode is recently reported in the energetic
particle spectra on LHD[1]. The clumps are observed in
tangential energetic neutral spectra and their energy
ranges are located between 100keV and 170keV. The
energy of the clump decays in time after the TAE-burst
disappeared. The clump formation in the spectra is
considered as the results of the enhanced radial transport
of energetic particles which resonate with TAE-bursts
and the decay is the results of the energy slowing-down
of these radially transported energetic particles.

In addition to a clump formation, the formation of a
hole with the burst is experimentally observed on LHD.
Figure 1 shows an typical example of the clump and hole
pair creation with a TAE-burst. In Fig.1(c), the
tangential NPA-spectra are shown and the flux intensity
is expressed by the brightness of the figure. At
t=0.576(s]. an creation of clump. which correspond to an
increase of the NPA flux, is observed with a TAE-burst
and the energy of the clump decays in time as is indicated
by a solid lines in the figure. Simultaneously, a creation
of a hole, which corresponds to a decrease of the flux. is
also observed. The energy of the hole also decays in
time as is indicated by the dashed lines in the figure.
The decay times of the clump and hole are 6[ms] and
8.3[ms], respectively. The location where the hole and
the clump are created can be evaluate by comparing the
decay time with the energy slowing down time of
hydrogen particles. Figure 2 shows the slowing down
time distribution on the NPA sight line. From this figure

the location of the clump is identified to <r/a>g =1,
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while that of hole is to <r/a>,;=0.9. This result clearly
shows the radial transport of energetic particles by

TAE-activities.
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Fig.1 Typical examples of tangential NPA spectra
where clump and hole pair creation with TAE-burst
were observed. (a)NB signal, (b)Mirnov-coil signal ,
and (c)tangential NPA spectra are shown.
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§73. Excitation of High Frequency
Fluctuations and Their Effects on High
Energy lons in LHD

Higaki, H., Ichimura, M. (Univ. Tsukuba)

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

When a magnetized plasma has a temperature
anisotropy, various fluctuations (or waves) can be excited
spontaneously. For examples, Alfven ion cyclotron
(AIC) waves are observed when high energy ions are
confined in a mirror plasma and ion cyclotron emissions
(ICE) can be observed in Tokamaks associated with the

injection of high energy neutral beams (NB). Alfven
eigen modes (AEs) are also observed with NB injection in
many fusion oriented devices including LHD". The

production of high energy ions with ICH can also excite
these fluctuations. Investigating these fluctuations is
important because they affect the fusion reaction rate and as
a result the neutron yield degrades.

Here, magnetic probes (MP) are employed to
observe these high frequency fluctuations excited with NB
injection or high power ICH injection in LHD. Signals
from MPs were recorded by an oscilloscope (250Ms/s) with
long memories in a sequence mode. So far,
fluctuations were observed in NB sustained plasmas with
various magnetic field strength ranging from 1.0 to 2.8 T.
An example is shown in Fig.1 when B=2.75T. Shown
in Fig.1 (a) is the plasma density as a function of time.
A feature of the observed fluctuations is that they are
observed at relatively low density (< 10 ' m™). In
Fig.1 (b), the time evolution of FFT power spectrum
obtained from a MP signal is plotted. The darker tone
has the higher power. An example of FFT power
spectrum is plotted in Fig.1 (c) at t = 0.92 sec. It is
clearly seen that fluctuations are excited much stronger than
the noise level.

Accumulating these fluctuation signals at various
field strengths B and plasma densities n,, it was found that
the frequencies of observed fluctuations are proportional to
B and n."? as shown in Fig.1 (d). Since the Alfven
velocity V, is given by

Vy=2nf, /k=B/(un.m)" (1)

and the observed fluctuations are discretely excited, it is
suggested that these fluctuations are the AEs. Here, k is
the unknown wave number, @ is the permeability and m
denotes the ion mass. As far as the AEs in LHD are
concerned, it was found that the AEs can be excited at much
higher frequency and higher magnetic field than reported
before.

Since AEs are related with the behavior of high
energy ions in plasmas, the details should be investigated
more in conjunction with other high frequency fluctuations.
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Fig. 1. (a) A plasma density as a function of time. (b) A
time evolution of FFT power spectrum. (¢) An example of
FFT power spectrum at t = 0.92 sec. (d) Frequencies of the
fluctuations normalized by the field strength are plotted as a
function of plasma density.

Reference
1) S.Yamamoto, K.Toi, N.Nakajima, et.al., Phys. Rev.
Lett. 91 (2003) 245001
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874. 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.

PSI (Plasma Surface Interaction) is one of the

serious problems related to not only control of plasma but
also deterioration of materials. Authors have reported that
the surface modifications of PEM (Plasma Facing Material)
in plasma confinement devices such as TRIAM-IM and
LHD has large impacts on plasma density controlling().
On the other hand, charge exchange (CX) neutrals create
radiation damages in the subsurface region of vessel walls
and greatly contribute to the surface modification. In the
present work, therefore, microscopic damage in metals
exposed to hydrogen plasma in LHD was examined and the
impact of CX neutrals on surface modification was
quantitatively evaluated.

To examine the surface modification caused by
CX-neutrals, a materials probe experiment was carried out.
Pre-thinned vacuum-annealed disks of 3 mm¢ made of
SUS316L, 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 low port (4.5L), and exposed to long
discharges for about 50 sec. (Shot No. 50834~50853,
hydrogen plasma). Typical plasma parameters were: T ~ 1.5
keV, n_~ 3x10" m”. The temperature of the specimen
holder during the discharges stayed almost constant at room
temperature.  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 2 keV.

Fig. 1 shows dark field images of the
microstructure in the W specimen and the SUS316L
specimen, The radiation-induced dislocation loops with
white contrast were formed in these specimens. In general,
radiation induced secondary defects are formed as
aggregates of point defects produced by knock-on processes.
Since the threshold energies of hydrogen for displacement
damage in Mo and SUS316 are about 2.0 keV and 0.36 keV,
respectively, these defects indicate the existence of high
energy incident particles. By comparison with material
damages of the 2 keV hydrogen ion irradiation experiments,
the fluence of energetic CX neutrals was roughly estimated
to be of order 10° atoms/m’. On the other hand, any defect
was not observed in the specimens placed in deep holes
directing to several directions. This means that the fluence
of energetic CX neutrals was less than 107 atoms/m’
because the solid angle open to the plasma is rather small.
From these results, the mean flux of CX-neutrals with
energy high enough to cause radiation damage was
estimated to be about 2x 10" atoms/m’s.

The depth distribution of the dislocation loops
formed in SUS3I6L is plotted in Fig. 2. As shown in this
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figure, damages are distributed to rather a deep range, which
also indicates the existence of high energy incident particles.
Fig. 3 shows the damage distribution calculated by
TRIMY1-code for H' of several energy (a) and the energy
with Maxwellian distribution at 1.5 keV (b). Since the
calculated depth distribution give close agreement with the
damage distribution in SUS316L, this widespread depth
distribution would be attributed to the high energy
components of CX-neutrals with 6-8 keV.

In this materials probe experiment, the incident
direction dependence of CX-neutrals was not estimated
because any defect was not observed in the specimens
placed in deep holes directing to several directions. The
detail evaluation of the effects of CX-neutrals on
modifications of PFM would be done by increasing the
exposure time.

SUS316L

Dark field imags of the microstructures in W
and SUS316L.

Fig. 1.
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Fig. 2. Depth distribution of dislocation loops in
SUS316L.
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Fig. 3. Calculated depth distribution of damage in
SUS316L  with TRIM-code. (a)Energy
dependence and (b)damage by particles of
incident energy with Maxwellian distribution
at T=1.5keV.
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875. Study on Erosion Mechanism of Materials
by High Flux Divertor Leg Plasma

Yoshida, N., Tokunaga, T., Iwakiri, H., Tokitani, M.
(RIAM, Kyushu Univ.)
Masuzaki, S., Ashikawa, N., Komori, A.

i) Background and Objectives

It has been understood that hydrogen atoms injected in
metals are not trapped deeply and thus blisters caused by
hydrogen bubbles are scarcely formed. However. it was
found in the preliminary experiment performed last year that
very dense fine cavities and small blisters were formed in W
specimens exposed to hydrogen divertor plasma of LHD.
This unexpected result indicates that erosion by blistering
and resulting plasma contamination is a new concern of the
W divertor. This year, therefore, irradiation experiments
with divertor plasma have been carried out to understand the
mechanism of blistering under the exposure to high flux
hydrogen plasma.

ii) Experimental Procedures

A W specimen (35x8xImm) fixed on the probe head of
the material transfer system equipped to the 4.5L port of
LHD was moved to the divertor-leg position and was
exposed to a long pulse hydrogen plasma (shot No.52730)
for 30 seconds. Retention of hydrogen and deposition of
impurities were measured by elastic recoil detection (ERD)
and Rutherford backscattering spectroscopy (RBS),
respectively.

iii) Results and Discussion

Very clear foot-print (local melting) due to high flux heat
load at the divertor-leg was formed on the W specimens
(See Fig.1). In addition, the probe head made of SS316L
was also melted along the foot print and its droplets
deposited on the W specimen nearby. Thickness of the
deposit (mainly Fe) measured along line A in Fig.1 is plotted
in Fig.2. In the areas beside the foot-print (10-30mm and
35-45mm), deposited Fe and substrate (W) are alloyed. It is
clear that the surface temperature of this area exceeds
1500°C significantly. Beyond the alloyed areas (<10mm,
>45mm), thickness of the deposit decreases drastically.
Hydrogen retention in the W specimen is also plotted in
Fig.2. It increases with increasing distance from the
foot-print and the areal density of hydrogen exceeds
3x10*"H/m? at 70mm. The flux of hydrogen particles is
highest at the foot-print (about 1x10*?H/m’s) but at the same
time temperature increase is highest there. Difference of
temperature change during the plasma discharge must be the
main reason why the hydrogen retention is lower at and near
the foot-print but higher at the periphery where the heat flux
is lower.

Fig.3 shows an atomic force microscopic (AFM) image
showing highly magnified surface morphology at 60mm.
where the hydrogen retention is about 2x10""H/m’® and
almost no impurity deposition. It is clear that a large number

of fine blisters (200nm in diameter, 20nm in height) are
formed homogeneously and many of them have been
exfoliated. High retention of hydrogen indicates that the
cavities are not voids but highly pressurized hydrogen
bubbles which result in blistering. The energy of hydrogen
particles is only about 100eV, which is much lower than the
threshold energy for the displacement damage in W. Details
of the mechanism of bubble formation under such low
energy hydrogen irradiation is still an open question.
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Fig.2 Hydrogen retention and thickness of deposits
measured along line A in Fig.1.

Fig.3 AFM image at around 60mm.
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876. Study on Generation Mechanism of
Particles in LHD

Shiratani, M., Watanabe, Y., Koga, K., Kitaura, Y.
(Dept. Electronics, Kyushu Univ.)
Ashikawa, N., Nishimura, K.

Formation of dust particles due to interaction
between hydrogen plasma and carbon wall has attracted a
great deal of attention in the fusion research field. 1)
Carbon dust particles pose two potential problems: those
remained in a fusion device are dangerous, as they can
contain a large amount of tritium; their existence in the
device may also lead to deterioration of plasma
confinement.

At present, the following three candidates have
been proposed as the erosion mechanism of carbon wall
due to the plasma interaction: [1] physical sputtering by
incident hydrogen ions, [2] chemical-etching due to H
atoms and, [3] embrittlement of the carbon wall surface
and/or layer redeposited on it. While these processes have
been believed to lead to formation of carbon dust particles,
little is known about their formation mechanism.

Kyushu University group of us have already
reported on the experimental results of dust particles
formation due to the interaction between ECR hydrogen
plasma and carbon wall. 2, 3) Here, we will describe the
results regarding characterization of dust particles collected
from LHD.

Size and shape of dust particles trapped were
observed with TEM and SEM. Figures 1 (a) and (b) show
the size distributions at the sampling location near the NBI
injection port (1-O) and the location between the ports 1-O
and 10-O. The particles are classified into two size groups:
one is the small particle of size below 1 pm, the other is the
large particles of size above 1 ym.The small particles exist
in all locations, whereas the large ones do only in 6
locations out of 16 ones. The shape of small particles is
nearly spherical suggesting their formation in gas phase,
while that of the large ones is irregular. The size
distribution of small ones is quite similar tothose of
particles formed due to interaction between hydrogen
plasma and carbon wall. 2, 3) The large particles have a
rather flat size distribution, which is significantly different
form the log normal one in ref. 1). Such flat distribution
may be explained by that the large particles are mainly
flakes originated from peeling off deposits on the reactor
wall.

The dust particles collected in LHD have been
analyzed with SEM, TEM, and EDX. They have been
found to be composed of small and large size groups. The
particles in small size group are of spherical shape in the
size range of 5 nm-1 pm, and their major composition is C.
Those in large size group are of irregular shape in the size
range above 1 pm, and their major compositions are Fe,
Mo and Cr. The features suggest that the small dust
particles are formed in gas phase, whereas the large ones
are caused by peeling off from deposits on the reactor wall.
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Fig. 1. Size distributions at two locations: (a) near NBI
injection port (1-O); (b) between port 1-O and
10-O.
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§77. Initial Wall Conditioning in LHD

Nishimura, K., Ashikawa, N., Masuzaki, S.

To reduce impurity release from the chamber wall,
wall conditioning is essential. Baking at 95°C, electron
cyclotron resonance discharge cleaning, glow discharge
cleaning (GDC), titanium gettering and boronization have
been attempted for wall conditioning. Using these
conditioning techniques, the partial pressures of the
oxidized gases, such as H,O, CO and CO,, were reduced
gradually and the plasma operational regime enlarged.
Especially, boronization (boron coating) using diborane
(B2Hs), which was started in FY2001 (5th experimental
campaign), is effective to reduce the oxidized gases.1,2)
At the beginning of the boronization, one nozzle was used
to supply diborane, two more nozzles were added in
FY2002 (6th experimental campaign), and flow-control
valves were installed to adjust the flow rate of the
diborane in FY2004 (8th experimental campaign). The
thickness of 30 — 50 nm and the coated area of 60 % of
the vacuum vessel were estimated. After boronization,
the oxygen concentration was reduced to less than 1 % of
the level found in pre-boronization discharges of similar
density and input power. The carbon levels were
reduced to 50 — 70 % of the pre-boronization levels. As
a result, radiation loss decreased about 30 — 50 % and the
operational density limit increased.2)
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Fig. 1 Evolutions of wall conditioning in the 8th
campaign.

Although He-GDC was a popular wall conditioning
method, the formation of bubbles on material surfaces by
He discharges was reported. To avoid the formation of
bubbles and to remove oxidized surface materials quickly,
we tried GDC with heavier gases such as neon and argon
as an initial wall conditioning at the startup phase of
experiments.2) Figure 1 shows the evolutions of wall
conditioning in the 8th campaign. Bars in top figure
shows operations of GDC with various working gas
(ordinate). The second and third figures show operating
time of baking, Titanium gettering and boronization.
Fourth figure shows the maximum plasma stored energy
obtained in a day. Bottom figure shows evolution of
impurities related to the oxygen (H,0, O, and CO,)
measure with Q-mass analyzer. These data was
obtained at 8:30am, before the start of plasma
experiments. O, decreased soon to the lower level than
the detection level and CO, kept low level through the
campaign. H,O decrease gradually through the
campaign. Effect of the boronization to the plasmas was
well observed in the oxygen light intensity. Figure 2
shows the normalized oxygen light intensity (OV) with
the line averaged electron density (<n.>) during the
plasma experiments in the 7" and 8" campaigns.
Intensity of OV in the gt campaign is lower than 50% of
that in the 7" campaign. This effect lasted at the end of
the campaign. So boronization at the startup phase as
the initial wall conditioning method is effective to reduce
impurities related oxygen and its effect lasts during the
campaign.
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878. The Study of Hydrogen Retention and
Existence States in Boron Thin Film
Exposed to Hydrogen Glow Discharge

Okuno, K., Yoshikawa, A., Miyauchi, H., Oyaidzu, M.

(Fac. of Sci., Shizuoka Univ.)
Oya, Y. (Radioisotope Center, Univ. of Tokyo)
Ashikawa, N., Nishimura, K., Sagara, A.

1) Introduction

Boronization as wall conditioning has been performed
on a lot of fusion test devices and remarkable improvement
on the plasma performance has been achieved. By gettering
oxygen remained in vacuum vessel into boron thin film
deposited on plasma facing wall, high plasma performance
can be achieved. On the other hand, it is anticipated that
energetic tritium, deuterium, helium and neutron are
implanted from D-T plasma into the boron coating film.
Therefore, hydrogen isotope behavior including tritium in
the boron thin film should be elucidated from a viewpoint
of fusion safety. To simulate actual hydrogen isotope
behavior on the first wall in fusion reactors, the boron thin
film boronized in LHD was prepared and compared to that
prepared by PCVD at Shizuoka University. The chemical
composition and depth profile of hydrogen isotopes were
studied by X-ray Photoelectron Spectroscopy (XPS) and
Secondary Ion Mass Spectroscopy (SIMS).

2) Experiment

Two kinds of boron thin films were prepared as follows.
One was deposited on a Si substrate by a glow discharge
using B,Hs and thereafter this sample was exposed on
hydrogen glow discharge in LHD at NIFS, which named
NIFS sample. The other was done in PCVD device using
BioHy4 at Shizuoka University, named Shizuoka Sample.
The chemical composition of these samples was analyzed
by XPS (ULVAC-PHI ESCA 1600 System) at Shizuoka
University and depth profile was evaluated by SIMS
(ULVAC-PHI ADEPT 1010 Dynamic SIMS System) at
Japan Atomic Energy Research Institute (JAERI). AlKa
(1486.6 eV) was used as a X-ray source for XPS analysis.
For SIMS measurement, 5 keV Cs" ion was used as a
primary beam and the sputtered ions were observed by
quadrupole mass spectrometer. The beam current was set to
be 100 nA. The beam size was about 32 pum and the
rastering area was set to be 400 x 400 um?. The sputtered
depth was estimated by a Dektak profilometer.

3) Results and Discussion

From XPS analysis, it was found that the boron
concentration was reached up to 75% for the NIFS sample
and 96% for the Shizuoka sample. Around 9% of carbon
and 12% of oxygen and small amount of nitrogen was also
contained for the NIFS samples. Figs. 1 and 2 show the
depth profiles for the NIFS and Shizuoka samples. It was
found that the thickness of boron for NIFS sample was
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about 200 nm and that for the Shizuoka sample, 250 nm.
For the NIFS sample, large amount of oxygen was trapped
by boron and the profile of oxygen was almost coincident
with that of boron. It was also noted that the more
impurities were contained for the NIFS sample compared
to the Shizuoka sample, indicating that the some impurities,
which will come from the first wall materials and residual
impurities in vacuum vessel, would be contained into the
boron thin film. These facts indicate that the impurities
effects will make a large influence on the hydrogen isotope
retention in the boron thin film.

4) Conclusion

To evaluate hydrogen isotope behaviors in the boron thin
film, two kinds of samples, the NIFS sample and the
Shizuoka sample, were prepared and chemical
compositions and depth profiles were studied by means of
XPS and SIMS. The experimental results show oxygen was
trapped by boron for the NIFS sample and the more
impurities were contained for the NIFS sample compared
to the Shizuoka sample. These facts indicate that these
impurities make a large fluence on the hydrogen isotope
retention in the boron thin film. Further study will be
required for understanding detailed mechanism.



879. The Effect of Helium Glow Discharge on
Boronized Surface in LHD

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

The purpose of this study is acquiring basic data
for designing effective surface conditioning system for next
nuclear fusion experimental devices [1]. It is generally
difficult for a nuclear fusion experimental device with
superconducting coils to rise wall temperature during coil
operation larger than 200 °C indicating that the thermal
desorption of hydrogen isotopes after boronization is not
expected. Therefore, the glow discharge cleaning using the
noble gas like helium (He), neon and argon plays an
important role. On the other hand, glow discharge leads
surface sputtering which is the source of impurity migration
in a vacuum vessel. For these reasons, investigation of an
effect of He glow discharge (He-GDC) on the boronized
sample was performed in LHD during the 8™ campaign.

Two kinds of samples were prepared for this
work. One is samples boronized in LHD during the 7"
campaign, and the other is samples boronized in
Radiochemistry ~Research Laboratory in  Shizuoka
University. Sample materials were VPS-W on CFC and
F82H which is low activation ferritic steel. These samples
were exposed to He-GDC in 8" campaign for three hours or
six hours. Then, deposited and sputtered impurities element
and change of quantity of accumulated hydrogen by
exposed He-GDC duration were investigated.

Chemical composition of samples boronized in
Shizuoka University was analyzed by X-ray photoelectron
spectroscopy (XPS) and secondary ion mass spectrometry
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Fig. 1. Depth profile of H, B, C, O and Fe in sample
which was boronized in Shizuoka Univ. and was exposed
6hr He-GDC in LHD.

(SIMS). The thickness of boron coating was about 300 nm.
Figure 1 shows the analysis result of the F82H sample
which was exposed for He-GDC of LHD for six hours. The
boron membrane before He-GDC contained oxygen (O) of
12% in constant through the membrane. Carbon (C) was
accumulated on the surface. Hydrogen (H) was retained
uniformly in a thickness direction of the boron membrane
indicating that H deposited on the sample surface with
boron (B) during boronization process by decaborane
(BioH14). The wear of a boron membrane by He-GDC for
six hours was not clear.

In order to clarify the effect of He-GDC, average
atomic ratio of C and O against matrix atoms (iron (Fe) and
B) near surface (depth 0-40nm) were derived. The relation
between the average atomic ratio and He-GDC duration for
samples boronized in Shizuoka University is shown in Fig.
2. The decreasing of C and the increasing of O by He-GDC
were observed. Increase of O suggests that O atoms
sputtered within He-GDC from the wall which was not
coated by boron in a LHD vacuum vessel was deposited to
the boron coated surface. In addition, decreasing of C
indicates that the quantity of C sputtered from sample by
He-GDC was larger than that quantity of deposited on the
sample that was sputtered at another surface (ex. divertor
region). A tendency of increase of oxygen and decrease of
carbon was also confirmed by the SIMS analysis of
samples boronized during the 7th campaign in LHD. These
results indicate that the wall conditioning advances by
He-GDC not only during boronization process but also
after boronization as long term effect.

The change of retained H was also investigated
by SIMS. The H/B signal intensity ratios of SIMS
decreased to about 80% of non-irradiation sample with
overall B layer after He-GDC of six hours. However,
because injection range of He with several hundred eV is
around several nm, desorption of H from the depth of
several hundred nm cannot be simply explained by
sputtering. More examination is necessary as future work.
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880. Surface Analysis for Boronized Wall
During 7" 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. 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. In the 7"
experimental campaign, the boron deposition was similarly
investigated. The boronization during the 7" 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 gas was driven from the 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. Figure 1 (a), (b) and (c) show the
depth profiles of atomic composition in the probes placed
at the toroidal sectors 1, 2 and 3. In the positions close to
the anodes (toroidal sectors: 1, 2, 4 and 10), the boron
deposition was clearly observed. In opposition, the boron
deposition was very small in the positions far from the
anode (toroidal sectors 3, 6, 7, 8 and 9). Thickness of the
boron film was as high as approximately 300 nm. These
results suggest that the diborane gas has to be dissociated
and/or ionized for the boron to deposit on the wall.

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 40 %, which was
higher than the ratio in the 6" experimental campaign,
20-30 %. The amount of oxygen retained in the boron film
was measured based upon the depth profile of atomic
composition. This amount is also plotted in Fig. 2. The
amount of oxygen was large at the positions with a high
boron concentration. The oxygen might have been trapped
during the boronization, and main and glow discharges.
The oxygen impurity concentration in the LHD plasma was
significantly reduced after the boronization. This reduction
is clearly owing to the oxygen getter action of the boron
film.

In the boron films at the toroidal sectors 1 and 10,
the pealing of boron film and the blister formation were
partly observed. The energetic particle bombardment
and/or increase of heat flux during the NBI heating might
have caused these erosions.
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§81. ICRF Wall Conditioning

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

ICRF discharge cleaning is a method to remove retained
tritium or re-deposition layer in wall. In ITER, a magnetic
field is produced by superconducting coils and typical case
this magnetic field keep during experimental term (only
sometimes magnetic field will be down to zero). Therefore,
a wall conditioning method in the strong magnetic field is
importance. In LHD, a deuterium operation can not be
used, therefore experiments of hydrogen removal from
walls were started in 2004.

Characteristics of ICRF conditioning (ICC) are

e Superconducting coil (maximum 2.9 T), steady state
B-fields

e Flexibility of plus phase for input ICRF power.
Long term operation ( 31 min, 1.3 MJ in 2004)
Surface are in vacuum vessel is quite large due to
superconducting coil area. (PFM area 210m’ , PFM +
coil area 700 m”)

As an experimental setup of ICRF antenna, a
magnetic field is 2.75 T, a magnetic axis is 3.6 m and
frequency is 38.47MHz as second harmonics of helium
were used. An input power from 8 to 149 kW and a working
gas pressure from 107 to 10" Pa were scanning during
discharge. A total operation time is 115 minutes with a
duration time of 3 second (on) and an interval time of 2
second (off) to fix data acquisition system.

Figure 1 shows experimental results of partial
pressures, an input power (8-149kW) by ICRF and an
electron density. Electron density was depending on the gas
pressure and partial pressure did not changed by ICRF input
power. At total duration time of operation between before
input power and after, hydrogen partial pressure was
decreased. To notice after experimental phase with same
pumping system, hydrogen partial pressure was increased
and this phenomenon was different of helium partial
pressure. Therefore, in this experiment, time duration of off
phase was not sufficient and an optimization with RF phase
is important as future works.

As a reference discharge, helium glow discharge
cleaning was operated with ~5 Pa and ~ 40 kW as shown in
Fig.2 In LHD, hydrogen removal rate by GDC is larger than
ICC. From this data, hydrogen removal rate by GDC is
larger than ICC.

A sufficient power was observed data of electron
density and FNA with accelerated hydrogen as
characteristics of ICC.

In other tokamaks of AUG, TEXTOR and JET, a
problem by an antenna breakdown has happened in pressure
resign from 107 to 10"'Pa as He pressure and this is one of
big subject. But it was not observed during operation region
in LHD. Therefore as characteristics of ICC in LHD, no
breakdown operation with long working time as important
issue is explained.
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882. Development of Integrated Simulation
Code for LHD Plasma Experiments

Nakamura, Y., Suzuki, Y. (Grad. School of Energy
Sci., Kyoto Univ.)

Fukuyama, A., Murakami, S. (Grad. School of Eng.,
Kyoto Univ.)

Nakajima, N., Yokoyama, M., Yamada, H.,
Watanabe, K.Y., Sakakibara, S., Funaba, H.

Recent progress of computers (parallel/
vector-parallel computers, PC clusters, for example) and
numerical codes for helical plasmas like three-dimensional
MHD equilibrium codes, combined with the development
of the plasma diagnostics technique, enable us to do the
detailed theoretical analyses of the individual experimental
observations. There are a lot of experimental data analyses
using an individual numerical analysis code and many
excellent results have been obtained for the LHD
experiments. Now, it is pointed out that the experimental
data analysis from the viewpoints of integrated physics,
such as transport, heating, MHD equilibrium/stability, is an
important issue to understand the confinement physics
globally. To do that, the development of the integrated
simulation system which has a modular structure and
user-friendly interfaces is necessary. The integrated
numerical simulation will also be a good help to draw up
new experimental plans. In this study, we have started the
development of such a system.

The integrated simulation system to be
developed has a modular structure which consists of
modules for calculating MHD equilibrium/stability,
transport and heating. Each module can be selected in
accordance with a user’s request and can be combined with
other modules. In order to maintain the independence of
each module, which is an independent and complete
program, sequences of the integrated simulation are
controlled by a shell or script (perl or ruby, for example).
Since some modules are suitable for running on the vector
machine and others are on the PC cluster, we are going to
develop a module-by-module distributed computing system
through the network.

When we want to perform the integrated
simulation during the entire plasma duration, a transport
module is to be a core module. An integrated tokamak
transport code, TASK][1], which is a core code for BPSI
(Burning  Plasma  Simulation Initiative;  research
collaboration among universities, NIFS and JAERI in
Japan) activity, will be extended for the helical
configuration and used as a transport module. Figure 1
shows the schematic of a module structure of the integrated
simulation system presently considered.

This fiscal year, we have reviewed the modeling
and the specifications of interfaces between modules, and
developed MHD equilibrium code HINT2 and bootstrap
current calculation code BSC. The HINT2 is a revised code
of the HINT and coded using Fortran 90. It is used for
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calculating accurate MHD equilibrium of LHD including
peripheral ergodic region.

Though almost all transport simulations done for
LHD plasmas have neglected the net toroidal current, finite
net plasma current has been observed in actual LHD
experiments. It is considered that the bootstrap current and
the beam driven current are included in it, but it is difficult
to estimate fraction of these components accurately
because plasmas are not stationary in many cases. So, as
the first step of the extension of the TASK, time evolution
of the plasma net current, which is consistent with the
three-dimensional MHD equilibrium (by VMEC), will be
solved for LHD plasmas by using time evolution of density
and temperature profiles obtained by the experiment and
taking into account of the bootstrap current and the
beam-driven current. In order to calculate the bootstrap
current, we have developed the BSC code, which is
suitable for the usage as a module, by improving SPBSC
code. The BSC code has been applied to the analysis of the
bootstrap current observed in Heliotron J plasmas. It is
shown that the neoclassical transport theory can explain the
experimental observation that the bumpy field component
can change the direction of the bootstrap current.

KFITT convert

G | EMEE WEEE GEND MR W

stability sgg’:ﬂKE
DKES g

Fig.1 Schematic of the module structure of the
integrated simulation system
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(3) LHD Device Engineering Experiments

1. Introduction

The LHD is the world-largest superconducting device
that consists of a pair of pool-cooled helical coils (H1 and
H2 coil), three pairs of forced-flow-cooled poloidal coils
IV, IS, and OV coils). The coils are connected to six
power supplies by nine superconducting bus-lines. These
superconducting coils and structures, total weight of which
is 822 ton, are cooled by a helium liquefier and refrigerator
of 10 KW class. The first cool-down was performed in
February to March 1998, and it was the eighth cool-down
last time. The results of device engineering experiments
and the operations in the eighth cycle are summarized.

2. Eighth Cycle Operation of LHD

The history of the eighth cycle operation of the LHD is
summarized in Table 1. The compressor of the cryogenic
system started on July 30, 2004 and stopped on February
18, 2005. The total operating time is 4,869 hrs. The main
compressors were stopped twice during the cool-down.
The first reason was malfunction of the control program of
the cryogenic system after the control system had been
partial reset to cancel a communication error among the
VME memory boards. They had been replaced from the
type 5550 to the newest type 5565 several months before.
Since the communication error occurred again, we decided
to change the VME memory boards to the previous ones.
It took three days to restart the cool-down with the
previous system setup.

A quench detection was acted by a failure of a quench
detector of the helical coils. Since it was occurred at the
beginning of excitation, the cryogenic system maintained
the stationary state fortunately. The malfunction was
caused by the loose connection of solder at the BNC
connector. Failure diagnosis and preventive maintenance
are necessary to attain the stable operation.

Table 1 The history of the eighth cycle operation.

Operation mode Date

<Vacuum pumping system>
Pumping of cryostat 7/26/2004-2/10/2005
Pumping of plasma vacuum vessel 7/28/2004-1/25/2005
<Cryogenic system>

Purification 7/30/2004-8/10/2004
Cool-down 8/11/2004-9/9/2004

Steady state operation 9/10/2004-1/20/2005
Warm-up 1/21/2005-2/18/2005

3. Device Engineering Experiments
The excitation tests before the plasma experiments were
conducted from September 10 to 16. 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)

(3) #1-d-R3.5m, B=2.901 T @ 3.5 m
(H-O/M/I=11.5/11.45/10.9 kA)
(4)#1-0, B=1.236 T @ 3.53 m, y=1.156
(H-O/M/1 = 0.45/3.0/12.0 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 same as the previous cycle except
for the low y mode (4) in which the plasma radius was
relatively shorter. Any normal zones were not observed in
this cycle.
The device engineering experiments were conducted on
the following schedule.
November 22, 2004
(1) Investigation of misalignment of the coils from the
imbalance voltage of the coils
(2) Measurement of the magnetization by excitation of
only the IV coils
November 24, 2004
(1) Slow charge and discharge for strain measurements
(2) Measurement of the magnetization by excitation of
only the IS coils
November 25, 2004
(1) Measurement of the magnetization by excitation of
only the IS coils and #1-d-a mode
November 26, 2004
(1) Experiments of coil current control by Heo scheme
(2) Measurement of the magnetization by the standard
excitation (#1-d mode)
December 28, 2004
(1) Investigation of temperature instability in 80 parallel
paths of cooling pipes for the supporting structure by
decreasing its mass flow to the half of the normal value
January 15, 2005
(1) Reproducibility test of temperature instability in 80
parallel paths of cooling pipes for the supporting structure

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) The vertical distribution of residual magnetic field was
measured at the inner cryostat. It is in good accordance
with the calculation of magnetization of the coils.

(Imagawa, S.)

87



81. Observation of Coupling Currents with

Very-Long Time Constants in LHD
Poloidal Coils Using Hall Sensors

Takahata, K., Imagawa, S.
Hamajima, T., Tsuda, M. (Tohoku University)

Previous studies have reported evidence of magnetic field
trapping/shielding with very-long time constants in large-
scale superconducting coils which consist of cable-in-conduit
conductors”. The magnetic field trapping/shielding is
probably caused by coupling current loops in the conductors.
The coupling current will result in an increase in AC
losses” ? and instability due to non-uniform current
distribution. However, it is difficult to estimate the path and
amount of the coupling current. In this study, Hall sensors
were mounted in LHD poloidal coils and the coupling
currents with long time constants have been examined.

Fig. 1 shows the locations of the Hall sensors. The
sensors (model BHT921, Bell) are located 78 mm and 52
mm away from the inside surface of the Inner Shaping (IS)
and the Outer Vertical (OV) coils, respectively. Two sensors
were mounted for each IS coil (IS-U and IS-L) at toroidal
angles of 23 and 203 degrees clockwise from the north. The
vertical component of the field was then measured. The
observations were carried out during the 7th and 8th plasma
experimental campaigns. In the device engineering
experiments, extended operations in which only IS and OV
coils were energized were performed.

Fig. 2 shows the typical results observed in the device
engineering experiments of the 8th campaign. The data
indicate the residual field near the IS coil. The IS coils were
energized up to 14 kA twice. On the day before this
experiment, the IS coils were energized up to 14 kA with
reversing the polarity. The observations showed the steady
residual field of 0.5 mT. The polarity of the steady residual
field changed with changing the polarity of the coil current.
The steady residual field is probably caused by the
magnetization of superconducting filaments. In addition, the
changing residual filed of 0.2 ~ 0.4 mT was confirmed just
after discharging the coils.

Fig. 3 shows the comparison between the residual fields
just after the excitations. Although two excitations have the
same maximum current, they have different hold times of a
flat top. The first excitation has no flat top. The second has
the hold time of 2 h. The decay of the residual fields was
fitted approximately with an exponential function. The
comparison between the residual fields indicates the
difference not only in the amount of change but also in a
decay time constant. The time constant is 600 s for no hold
time and 1200 s for the hold time of 2 h. The steady residual
field of 0.5 mT was not affected by the hold time. The
change in the decay time constant can be explained by a
circuit model for induced coupling currents if the coupling
current has a broad distribution of time constants. The
results then indicate the existence of the coupling currents
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with very-long time constants of more than 1000 s.

Helical coils

Fig. 1. Cross-sectional drawing of LHD and locations of Hall
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§2. Evaluation of Residual Magnetic Field by
Superconducting Coils of the LHD

Imagawa, S., Takahata, K.

After only the poloidal coils had been excited in the
Large Helical Device (LHD), the phenomenon of the glow
discharge's for the wall conditioning of the plasma vacuum
vessel becoming not uniform was observed. The change in
the residual magnetic field was measured at five periodic
positions on the mid-plane of the inner cylinder of the
cryostat in the seventh cooling cycle. As the result, it was
clarified that the residual magnetic field was changed by
magnetization of the superconducting magnets.1) For the
comparison with the calculation value of the magnetization
of NbTi filaments, the measurement positions were
changed to five places of a perpendicular direction at the
eighth cooling cycle.

In the eighth cooling cycle, the Hall elements were put
on the inner cylinder of the cryostat in the height of 0, 0.5,
and =1.0 m, as shown in Fig. 1. The Hall elements were of
high sensitive type of InSb. They were calibrated before
installation within +3 mT by a coil. The fixed voltage drive
was selected to reduce the temperature coefficient, and the
voltage was set to DC 1 V. The measurement sensitivity is
about 8 V/T in the field less than 60 mT. Outputs from the
probes were acquired by a multi-channel data acquisition
unit with low pass filter of 3 Hz at a sampling interval of
30s.

The shift of the residual magnetic field of about 0.1
mT was observed at all the five positions after the first
excitation of the superconducting magnet at the seventh
cooling cycle. The shift disappeared synchronizing with the
transition to the normal state of the inner vertical field coil
(IV coil) when warm-up. It shows that the residual field at
the inner cryostat after excitation was induced by the
magnetization of the superconducting magnets.

Figure 2 shows a typical measurement result in the
eighth cooling cycle when the ratio of the coil currents was
widely changed. The zero points of the Hall probes are
adjusted so that the sum of the residual magnetic field after
-14 kA and +14 kA of the IS coils becomes 0. The
comparison with the calculated value is shown in Fig. 3. It
is assumed that all the superconducting filaments in each
conductor are fully magnetized in the direction of the
external magnetic field in the last excitation before
discharging. The rates of magnetization are proportional to
a critical current density, radii of the filaments, and volume
densities of the filaments. The critical current density was
assumed to be same in all the magnets, and the fitting value
is 1.2x1010 A/m2 that is appropriate as multi-filamentary
strands of NbTi. The difference is large after the #1-d
(standard mode) and the excitation of only IV coils, in
which cases the contribution of the IS coils is large. The
cause is not clear. Further research is needed.

The residual field was slightly decreased with a long
time-constant of a few hours as shown Fig. 2. It may be
induced by loop currents flowing across strands in the
cable-in-conduit conductors. In order to clarify the loop,
the measurement of the field near the IS coils and OV coils
have been carried out.
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Fig. 1. Position of Hall probes for measurement of residual
magnetic field at the Large Helical Device.
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83. Acoustic Emission (AE) Measurement of
the LHD Helical Coils

Yanagi, N., Seo, K., Sekiguchi, H., Imagawa, S.
Ishigohka, T., Adachi, Y. (Seikei Univ.)

It has been observed in the helical coils (HC) of the
Large Helical Device (LHD) that the balance voltage
signals between the corresponding pairs of the coil blocks
contain a number of spike signals during excitation. Pulse
height analysis (PHA) has been successfully applied to
analyze these signals in order to clarify the mechanical
properties of the coil windings [1]. In addition, four
acoustic emission (AE) sensors are attached to the HC-
cans and comparison between the balance voltage and AE
signals is conducted, which is useful to investigate the
mechanical disturbances in the coil windings and to
determine the area where a normal-zone is initiated.

Figure 1 shows a schematic illustration of the toroidal
distribution of the AE sensors along the HC-cans. The
signal cables of the AE sensors are lead from the LHD
cryostat through feed-through connectors and fed into
preamplifiers located near the cryostat. Envelopes of the
AE signals are output by the AE analyzers and they are
digitized with a sampling rate of 10 kHz. The AE data can
be observed and stored by computers in the control room
via LAN with optical fibers. A number of AE pulses are
observed during ramp-up and ramp-down of excitation. It
has been confirmed that many of the AE pulses are
correlated with the spike signals of the balance voltage of
the helical coils as well as those of the poloidal coils. The
total intensity of AE signals decreases from the second
excitation with the same operation condition.

Fig. 1 Distribution of AE sensors along the helical coils.

We have been considering that the normal-transitions in
the helical coils are initiated by mechanical disturbances in
the windings (conductor motions). In this respect, the AE
measurement is supposed to be effective to confirm this
scenario. Figure 2 shows the waveforms of the AE signals
and balance voltage when the 17th normal-transition was
observed. The balance voltage was measured with two
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different frequency ranges at 10 Hz and 10 kHz. The 10
Hz signal observes a normal-transition as the resistive
component is extracted from the waveform, whereas the
10 kHz one detects a spike signal just before the transition.
This indicates that a mechanical disturbance actually
initiates a normal-transition.

Expansion of the waveforms (Fig. 3) shows that the AE
sensor attached to No.10 sector of the HC-can responds
first among the four sensors and its signal amplitude is the
largest. This suggests that the mechanical disturbance that
caused this normal-transition was generated near this
section. Other three sensors also detected signals, and their
time delays correspond to the traveling time of the sound
waves through stainless-steel plates in the HC-cans and
supporting structures. On the other hand, it was confirmed
by the measurement with 120 pick-up coils attached along
the HC-cans that the normal-zone actually started from
No.10 sector in this case, which shows good agreement
with the AE measurement.

BN
Voltage (mV)

Balance Voltage (V) AE Signals (V)

04 10 Hz (Resistive Ccmponent)- 0
0.8 1 i 1 I 4
4.8 5 5.2 5.4 56 5.8
Time (s)

Fig. 2 Waveforms of AE signals and balance voltage
signals (at two frequency resolutions).
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Fig. 3 Expansion of waveforms of Fig. 2 for the AE
signals and balance voltage signal (at 10 kHz)

References
1) Yanagi, N. etal.: IEEE Trans. Appl. Supercond. 12
(2002) pp.662-665.



84. Monitoring of the Superconducting Coil
System Using Fuzzy Theorem for the
Large Helical Device

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

We have analyzed the state of the
superconducting coil system of LHD at NIFS (National
Institute of Fusion Science) using fuzzy theorem to detect a
quench at an early stage. In this method, the “warning
coefficient” of the coil system is calculated. As for the
fuzzy variables, the “effective stored heat” in the coil is
introduced in addition to the voltage signal in order to
improve the quench detection and the state estimation.
Through the experiment on the LHD coils, it was
confirmed that quench alarming signals can be issued with
enough leading time before a quench. On the other hand, in
case of small local disturbances, the system shows only
small increase of dangerous level.

The authors introduced a new variable
“equivalent stored heat” in order to express the supposed
temperature rise in the magnet induced by heat generation
of normal conducting point. That is, the equivalent stored
heat W is given by;

eff
T—t

T —
W = _[)e T ovidt

(D

where v is the balance voltage of the coil, i is the coil

current, 7 is the present time, and t is the heat

dissipation time constant.

The adopted fuzzy variables are (1)the coil
current, (2)the balance voltage, (3)the header pressure in
the liquid He container, and 4)the equivalent stored heat.

The changes of the balance voltage, the effective
stored heat, and the calculated warning coefficient during
the normal propagation case are shown in Fig. 1, 2, and 3,
respectively.

As shown in Fig. 1, after the balance voltage
once increases up to about 0.15 V, it decreases lower than
0.05 V, and after that it increases sharply over 0.6 V. On
the other hand, as shown in Fig. 2, the effective stored heat
shows steady increase of the internal temperature. By
introducing the equivalent stored heat, the calculated
warning coefficient shows a clear stepwise increase. From
these result, we can consider that the introduction of
effective stored heat works considerably for the
improvement of the state estimation.

From experimental resulst, we can conclude that;
(1) Introduction of fuzzy theorem is effective for the

monitoring of the superconducting magnet system of
the LHD,

(2) Introduction of a new fuzzy variable of ‘“equivalent
stored heat” is effective to estimate the internal
temperature rise in a large superconducting magnet
system typically as LHD.
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85. Strain Measurement of Cryogenic
Support Structure of LHD

Nishimura, A.

Large Helical Device (LHD) was constructed seven
years ago and has been operated during eight campaigns.
The LHD consists of one pair of helical coils and three pairs
of poloidal field coils. All coils are superconducting ones
and supported by a cryogenic support structure. The
cryogenic structure sustains large electro-magnetic force
generated by the superconducting coils, and it was
constructed with ten sectors made of 100 mm thick stainless
steel. (SUS316) Each sector is a EB-welded structure and
ten sectors were welded to make a shape of half structure.
After installation of helical coils and some plasma vacuum
structures, the top and bottom halves were welded at inner
and outer equators to make one shell structure.

The weld grooves were originally designed taking
account of welding deformation and residual stress. The
welding process was also discussed to reduce the welding
defects and non-destructive inspection was performed
severely. Since the welding joint is discontinuous in shape,
stress concentration occurs and a crack initiates on occasion.
Therefore, the strain monitoring system was installed to
evaluate the soundness of the cryogenic support structure
and periodic measurement has been conducted as a part of
device engineering study in the LHD experiments in the
same manner as established in the fourth operation cycle.
This report presents the measured results in 2004 and the
soundness of the structure is discussed.

The details of the strain gages and the location of the
gages are described in Reference 1, 2, 3 and 4.

The strain measurements were carried out on October
4, 2000, January 19 and September 29, 2001, January 11 and
November 27, 2002, September 4 and November 18, 2003
and November 24, 2004. The maximum magnetic field at
the magnetic axis was 2.85 T under #1-d mode (R = 3.6 m).
Ramp up and down rate was 0.02 T/min. The temperatures
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Fig. 1 Comparison of hysteresis curves measured on
October 4, 2000 and November 24, 2004.
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on the inner and outer equators changes within +/- 0.03 K by
the eddy current during ramp up and down processes. The
results are shown in Fig. 1. HSNE 3111 and 3114 are the
strains at inner and outer equators of the first sector, and
both are in poloidal direction. It shows hysteresis curves as
the same manner as before. The strain was plotted against
another set of data at the same magnetic field as shown in
Fig. 2. The dotted lines in the figure show +/- 3 digits (1
digit is 2.5 x 10-6 strain). It is clear that all data are plotted
in the scatter. The measured strains at 10 sectors are
summarized in Fig. 3. The measured values are different
depending on the location of the gage. However, the
measured strain at each point changes within +/- 3 digits and
does not show significant difference.

From the above discussion, it would be concluded that
the cryogenic support structure in the LHD is working well.
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86. Advanced Current Control Scheme
Using H-infinity Design for LHD
Superconducting Coils

Ise, T. (Osaka Univ.), Chikaraishi, H.

In these years, some basic control schemes for the
LHD power supplies have been designed and operated.
For some plasma operations, the experimental group
requires more precise control and robust schemes, and
some advanced control schemes were designed, installed
and tested. In the controller design, the information of
plasma current I, was used directly but the signal of
plasma current becomes too large when the plasma cur-
rent shut down suddenly. This over scaled signal dis-
turbs the control system. Therefore the non-linear LPF
(Low Pass Filter) to clip the signal has been installed
and tested.

Figure 1 and Figure 2 show the control diagram
of Hoo(1) and (2) controllers with the non-linear LPF,
which keep coil current or magnetic flux constant while
the plasma experiment, respectively.
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Figure 1: Block diagram of Hoo (1) controller, which
keeps coil current constant while plasma experiment.
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Figure 2: Block diagram of Hoo (2) controller, which
keeps interlinked magnetic flux constant while plasma
experiment.

Figure 3 shows the reaction caused by a plasma cur-
rent with the Hoo(1) which uses non-liner LPF. The non-
liner LPF clips the peak of sIp, which means % signal
and limits the signal in the operation range. Therefore
the coil currents and terminal voltages are not disturbed
so largely when plasma discharge is finished. In Figure 4,
the HI coil current drifts while plasma discharges because

the Hoo(2) control scheme has an integrator to observe
the plasma current. The offset voltage of the non-linear
LPF causes a drift. Therefore, the long-term operation
using this control scheme is difficult with above reason.
However, as the control system has ability to swap the
current control scheme and usual plasma experiments are
shorter than 30 s, this scheme can be applied to plasma
experiments.
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Figure 3: Reaction caused by plasma current, when
Hoo(1) control is applied.
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1-2. Device Engineering and Cooperative Development Research
(1) Physics and Engineering of LHD Torus System

High density tungsten is coated by vacuum

plasma spraying technique on a rhenium interface of tiles.

The tiles are carbon / carbon composite (CX-2002U),
isotropic fine grained graphite (IG-430U). Thickness of the
tungsten coating layer is 0.5 mm. The tungsten coated tiles
are jointed on OFHC surface with a cooling tube. Thermal
response and thermal fatigue lifetime tests using an electron
beam facility have been carried out on the mock-ups under
the actively cooling condition. The heat flux experiments
have been carried out under the condition that the water
flow velocity, pressure and temperature are 15.0 m/s, 0.5
MPa and 293 K, respectively. Use of the high density
VPS-W improves the performance of mock-ups under
steady state heat flux condition. In the case of W-coated
CX-2002U on OFHC, it is demonstrated that the mock-up
successfully withstood 100 cycles of heat loads at 10
MW/m? and the rhenium interface has good thermal
and adhesion properties at steady state.

When the pellet is traveling in the curved drift
tube, the pellet undergoes mass attrition due to melting
/evaporation caused by radiation from the tube wall and
friction heat with the wall and the erosion by collision with
the wall. We estimate numerically the effects of behavior
when the pellet attacks/leaves on the wall, especially contact
angles of the pellet, on the mass attrition by means of
Material Point Method incorporated with Smoothed Particle
Hydrodynamics method..

A pumping panel made of a Group Va metal (V,
Nb or Ta) is one of promising means for particle flux control
in the divertor region. For Nb panels, it was found that the
absorption rate remarkably decreased in the low temperature
range (80 ~ 200 C). Therefore, The temperature dependence
of H atom absorption by V panel was investigated in the
range of 30 ~ 500 C. Three panel temperature (T,) ranges
can be distinguished: T,=(30-200) C, T,=(200-400) C and
T,>400 C. the absorption rate (S,,) increases with T, very
gently in the range (30-200) C; the most probable cause of
such a behavior appears to be saturation of panel surface by
adsorbed H atoms. The increase of S, with T, becomes
stronger in the range of (200-400) C. The causes of S,
change in this temperature interval remain unclear at the
moment. S,, reaches its maximum at T;~400 C and remains
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constant at T,>400 C where V is covered by an O monolayer
segregated from the metal bulk. Besides, one can find that
there is a significant hysteresis for the absorption rate in the
cycle of increasing and decreasing of panel temperature. The
cause of this hysteresis remains unclear and further
investigation would be required.

We developed a novel technique for high energy
secondary electron measurements. This technique enables
one to obtain ion-induced secondary electron current even
under a plasma-existing condition. We investigated the
secondary electron emission coefficient (SEEC) derived
from a comparison between overall target current and the
measured secondary electron current. Furthermore, time
variations of the SEEC during the plasma-exposed period
were examined. Measuring the overall target current and the
secondary electron current, the SEEC of the target exposed
to the plasma was obtained successfully. Repetition of the
measurements revealed time variations of the SEEC; the
SEEC gradually increases and reaches a steady state, and
this will be caused by impurities contained in the plasma
such as oxygen.

(Ohyabu, N.)



81. Studies on Behavior of Solid Hydrogen
Pellets in a Drift Tube

Yokomine, T. (Kyushu Univ.)

When the pellet is traveling in the curved drift
tube, it is expected that the pellet undergoes mass attrition
due to melting/evaporation caused by radiation from the
tube wall and friction heat with the wall and the erosion by
collision with the wall. Present study aims to estimate the
effects of behavior when the pellet attacks/leaves on the
wall, especially contact angles of the pellet, on the mass
attrition numerically.

Material Point Method is applied for
calculation of pellet’s motion. For prediction of
temperature inside the pellet and the impingement wall,
Smoothed Particle Hydrodynamics (SPH) method is used.
That is, in present scheme, both pellet and tube wall are
regarded as assembly of material particles. For SPH
method, the resultant reproduction of heat conduction at the
interface of contact between pellet and tube wall strongly
depends on the distance between each material particle.
Therefore, contact heat transfer is approximated by the
analytical solution of contact heat transfer rate of two
semi-infinite bodies. Sliding friction is described by means
of Amonton and Coulomb’s law and frictional heat is
assumed that the decrease in total energy of pellet is
converted to the heat. After calculation of input energy of
pellet as frictional heat, the temperature of material
particles of pellet located in vicinity of contact surface is
calculated. If above obtained temperature exceeds the
melting point of hydrogen, the exceeded energy is assumed
to be spent for sublimation of pellet. Then mass attrition for
the sublimation is calculated from the latent heat of
sublimation.

The pellet is assumed to be a cube moving at
100m/s as initial velocity. The initial temperatures of pellet
and tube wall are 4K and 300K, respectively. Before
impingement, the flight attitude of pellet is inclined: 0, 10,
20, 30 and 40 degrees. When the pellet impinges the wall,
the impact angle is varied from 4 to 8 degree as a
calculation parameter. The friction coefficient is assumed
to be constant value of 0.15.

Fig.1 shows the snapshots of pellet’s behavior in
the case that flight attitude angle is 10 degree. The pellet
impinges on the wall twice. When first contact is occurred,
the edge of pellet is deformed and additional rotational
force is added to the pellet. Then the pellet leaves from the
wall after second contact is succeeded. Fig.2 shows the
effect of flight attitude angle of pellet on the mass attrition
rate. For all impact angles, the mass attrition rate becomes
minimum when the flight attitude angle of pellet is 30
degree. When the flight attitude angle of pellet is below 30
degree, the pellet is rotated by the additional force due to
first contact and the contact period is elongated. In the case
of 30 degree, the second contact is not occurred. So that,
the mass attrition rate is decreased in the case of 30 degree
compared to cases of the shallow angles. Though the pellet
also impinges the wall once in the case of 40 degree, the

amount of eroded mass at the contact is larger than that of
30 degree case. That makes the contact area of pellet broad,
so that the mass attrition rate is increased.

As next step, actual pellet configuration, the
effect of gasified hydrogen near the heat transfer interface,
plastic deformation of pellet and meso-scale modeling of
friction should be taken into account.

(a) before impingement on the wall

(b) first contact

(c) second contact

(d) after leaving from the wall

Fig. 1. Snapshot of behavior of pellet impingement
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Fig. 2. The effect of flight attitude of pellet on the mass
attrition rate.

95



82. Characteristics of Hydrogen Absorption
in Vanadium Pumping Panel

Nakamura, Y., Livshits, A.l. (Bonch-Bruyevich Uni.),
Hatano, Y. (Toyama Uni.), Ohyabu, N.

A pumping panel made of a Group Va metal (V, Nb or
Ta) is one of promising means for particle flux control in
the divertor region. In the case of steady-state regime, a
superpermeable membrane should be used for particle
control, while a periodically regenerated absorption panel
(simpler and cheaper) can be acceptable for an intermittent
operation in non-tritium devices.

The capability of a niobium panel to absorb atomic
hydrogen so far has been investigated for particle control
application in divertors [1]. For Nb panels, we found that
the absorption rate remarkably decreased in the low
temperature range (80 ~ 200 °C). In order to investigate the
absorption rate in the vicinity of room temperature (< 80
°C), the experimental setup was rearranged so as to control
the panel temperature independently of atomizer heating.
At first, H absorption properties of V panel were
investigated. The panel was degassed at 600 °C and then
kept in vacuum for cooling to room temperature during a
night. The basic vacuum was ~ 5x107 Pa. Then hydrogen
was admitted to required pressure and the atomizer was
switched on (Fig. 1) for relatively short time (typically a
few tens of seconds). The pressure drops due to absorption
in the panel but this decrease is not very large due to high
pumping speed of Turbo Molecular Pump during the
experiment. Thus the absorption rate is measured by the
change of H partial pressure of QMS at any panel
temperatures. The panel temperature increases during the
atomizer operation and the procedure is repeated at next
higher temperature. At reaching a definite panel
temperature due to heating by atomizer radiation (~200 C)
the temperature is increased further by electric current
through the panel. At a definite temperature (~450 C) a
noticeable desorption of H, begins. Then the hydrogen
influx is stopped and the panel is degassed at 600 C. Then
the same influx of gas is admitted again and the absorption
is observed by the same way but at step-by-step decrease
of panel temperature.

Figure 2 shows the results of experiments at two initial
hydrogen pressures: 0.01 and 0.21 Pa. In this case, the
maximum (at 7,~400 C) densities of H atom absorption
flux corresponding to 0.01 Pa and 0.21 Pa are 1.1x10" and
1.1x10'® H/cm?/s, respectively. In order to simplify the
comparison of temperature effects at different pressures,
the absorption rate for each pressure are normalized to the
absorption rate being maximum for the given pressure (i.e.
to 650 I/s and 340 I/s for 0.001 and 0.21Pa, respectively).
The temperature dependence of H atom absorption by V
panel, Su(T,), was investigated in the range of T, of
(30-500) C at different flux densities of H atoms. S,, was
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found to change with T, but not very much: the ratio
Sabmax/Sabmin< 3 over the whole temperature interval
investigated. ~Three temperature ranges can be
distinguished: T,=(30-200) C, T,=(200-400) C and T;,>400
C. Sy, increases with T, very gently in the range (30-200)
C; the most probable cause of such a behavior appears to
be saturation of panel surface by adsorbed H atoms. The
increase of Sy, with T, becomes stronger in the range of
(200-400) C. The causes of S, change in this temperature
interval remain unclear at the moment. S,, reaches its
maximum at T,~400 C and remains constant at T,>400 C
where V is covered by an O monolayer segregated from
the metal bulk. Besides, one can see that there is a
significant hysteresis for the absorption rate in the cycle of
increasing and decreasing of panel temperature. The cause
of this hysteresis remains unclear and further investigation
would be required.

6 "
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Fig. 1. Typical picture of H atom absorption observed by
a Quadra Mass Spectroscopy
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Fig. 2. Temperature dependence of normalized hydrogen
absorption rate for different gas pressures
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83. In-situ Measurements of Secondary
Electron Emission Coefficient in
Plasma-Surface Interaction

Nakamura, K., Moriguchi, M. (Chubu University)
Kubota, Y.

High energy particles such as neutrals, ions and
photons produced in a fusion reactor are exhausted through
diverter area, then a large heat load is applied to the diverter
plate. In this meaning, there are strong plasma-surface
interaction on a surface of the diverter. As one of the
interactions, there is secondary electron emission, and its
secondary electron emission coefficient (SEEC) has been
measured for various target materials and incident ions.
However, in most cases, such a measurement has been
carried out with beam experiments in a ultra high vacuum
environment for a pressure lower than 10° Torr which is
much different from actual plasma environment. Therefore,
new measurement technique is necessary to obtain the actual
secondary electron emission coefficient in the plasma
environment. Recently, a scintillation-based novel technique
for high energy secondary electron measurements in PIII has
been developed [1]. In the previous study, we extend the
technique by replacing the scintillation detectior with a
diode
enabling one to

semiconductor detector for more precise

measurements, obtain ion-induced
secondary electron current. In this report, we investigate the
secondary electron emission coefficient (SEEC) derived
from the measured secondary electron current, and time
variations of the SEEC during the process.

In the present experiment, one turn loop antenna
is set in a 35-cm-diam. and 50-cm-long cylindrical stainless
steel chamber, and a 13.56 MHz inductively-coupled plasma
is generated at argon pressures of 1.3 Pa by supplying the
antenna with RF powers up to 600 W. Under typical
conditions, the electron density is 1.1x10"7 m™ and the
electron temperature is 2.3 eV. 10 us-long high voltage
pulses up to 6 kV are applied to a spherical copper target
inserted into the plasma with a repetition rate of 10 pps. In
order to measure the high-energy secondary electrons, a
thermoelectrically-cooled Si-PIN diode are used. As showin
in Fig. 2, when the high-energy electrons are incident on the
diode detector, hole-electron pairs are created. Since an
inverse bias is applied to the detector, the resultant charges
are extracted to a charge amplifier whose output voltage is
proportional to the total amount of the created charges. The
secondary electron current Ise obtained by differentiating the
integrated output voltage enables one to discriminate high

energy electrons (>2 keV) from background low-energy
electrons in the plasma. The absolute calibration revealed
that the detector has a sensitivity of ~0.2 mA/mm2 with a
fast response time shorter than ~0.1ps.

As shown in Fig. 1, immediately after applying
the target pulse voltage V, of -6 kV at t=0, the target current
I; flows with a peak component for 0<t<2 us followed by a
constant component (t>3 us). The secondary electron current
I, measured by the diode detector also has a waveform
similar to I. However the peak of I is significantly lower
than that of It because I obtained by the high energy
electron measurement essentially does not include
displacement current. Therefore the present technique is
available for the selective measurement of the secondary
electron current. Taking account of the detector sensitivity,
the solid angle of the detector, and the spatial profile of the
plasma density around the target, a current ratio of I/l
gives the SEEC y during the ion implantation as ~5 by I/
I= 1+ v"'. Repeating such a measurement, time variation of
the SEEC are examined during the PIII process. The SEEC
is approximately ~2 just after starting the process. However
the SEEC gradually increases and reaches a steady state of
~5. This will be caused by impurities contained in the
plasma such as oxygen.

References
[1] K. Nakamura et al: Plasma Sources Sci. & Tech. 6, 86
(1997).
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84. Behavior of Rhenium Interface on
Tungsten Coated Carbon by Heat Load

Tokunaga, K., Miyamoto, Y., Fujiwara, T., Yoshida,
N. (Res. Inst. Appl. Mech. Kyushu Univ.)

Sogabe, T. (Toyo Tanso Co., Ltd.)

Kato, T. (Nippon Plansee K.K.)

Schedler, B. (Plansee Aktiengesellschaft)

Kubota, Y., Noda, N.

Thick tungsten coatings on CFC and isotropic fine
grain graphite have been successfully produced by vacuum
plasma splay (VPS) technique and their good thermal and
adhesion properties have been confirmed by high heat flux
tests. For the near term application for LHD, tungsten
coated tiles could be convenient because the tiles could be
easily replaced without big change in heat transfer
properties to cooling channels.

In recent, higher density VPS-W(Vacuum plasma
spraying tungsten) coated CFC and isotropic fine grained
graphite comparing with the previous ones have been
developed. In the present work, to investigate behavior
of rhenium interface under steady state heat flux condition,
thermal response and thermal fatigue lifetime tests using an
electron beam facility have been carried out on the VPS-W
coated CFC and isotropic fine grained graphite brazed on
the OFHC with a cooling tube under the actively cooling
condition. In addition, FEM analyses have been
performed to evaluate the thermo-mechanical behavior.

Tiles (20mm x 20mm x 10mm) of
carbon/carbon composite CX-2002U and isotropic fine
grained graphite 1G-430U made by Toyo Tanso Co. were
coated with tungsten by the vacuum plasma spraying
technique(VPS). The thickness of the VPS-W layer was 0.5
mm and its density was 98% of the theoretical value.
Mock-ups were made by brazing the VPS-W/CX-2002U,
VPS-W/IG-430U on OFHC block with a cooling tube by
inserting a Ti foil of 0.0Smm-thick in between.

Heat load tests were performed on the Active
Cooling Teststand (ACT) of National Institute for Fusion
Science (NIFS).

irradiated on the tungsten surface through a beam limiter

Uniform electron beam at 30keV was

with an aperture of 20mm x 20mm. Beam duration
during ramp-up, plateau and ramp-down were 20s, 22s and
0Os, respectively. Heat flux was changed from 1 to 10
MW/m?. Thermal fatigue tests were also carried out for
up to 100 cycles at a heat flux of 10 MW/m”. Surface
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temperature of the tile was measured with an optical
pyrometer. Temperatures of upper side(T1) and down
side(T2) of interface of brazed area were also measured
with thermocouples. The heat flux tests have been carried
out under the condition that the water flow velocity,
pressure and temperature were 15.0 m/s, 0.5 MPa and 293
K, respectively. After the heat flux experiments, the
mock-ups were observed with a scanning electron
microscope to investigate modification such as crack and
exfoliation formation.

Figure 1 shows typical time evolutions of the electric
current(a) through W/CX-2002U/OFHC mock-up and
temperatures(b) at its surface, upper (T1) and lower (T2)
parts of the brazing interface under heat loading of 7 - 10
MW/m®. The temperatures closely follow the changing
electric current. The thermal fatigue tests indicate that
temperature change is not observed. In addition, no failure
occurred at the braze interface or in the W coating during
cyclic heat load. Therefore, it is demonstrated that the the
mock-up successfully withstood of heat load 10 MW/m?
and the rhenium interface shows good thermal and

adhesion properties at steady state codition.
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Fig.1  Time evolutions of the electric current(a)
through ~ W/CX-2002U/OFHC mock-up and
temperatures(b) at its surface, upper (T1) and
lower (T2) parts of the brazing interface under
heat loading of 7. 8.9 and 10 MW/m’.



(2) Applied Superconductivity and Cryogenics

1. Introduction

Research  activities  concerning  with  applied
superconductivity and cryogenics are summarized in this
section. The research items concerning on the
superconducting system for LHD are summarized in 1-1-(3)
LHD Device Engineering Experiments. The related
activities for applied superconductivity are also included in
1-4 LHD joint researches, 7 Bidirectional joint researches
and 13 Interactive Coordinated Researches.

2. Research activities of collaboration

A variety of collaboration has been carried out such as
fundamental researches about cryogenic characteristics,
electromagnetic phenomena and mechanical properties, a
development study of an advanced superconductor,
superconducting coil and cryogenic system, applied
researches of systems development, etc. The titles of
researches are list in the following.

(1) Study on Long Loops with Long time constants in
cable-in-conduit superconductors. (Hamajima, T.,
Tohoku Univ.)

(2) Optimization of Stress Distribution in Helical Coils.
(Shimada, R., Tokyo Inst. of Tech.)

(3) Study on Electrical Insulation Characteristics of
Superfluid Helium. (Hara, M., Kyushu Univ.)

(4) Database  Development  for He  IlI-cooled
Superconducting Magnet System Design. (Haruyama,
T., KEK)

(5) Study on the Strength and Fracture Mechanisms of
Rare Earth HTC Bulk Single Crystal. (Katagiri, K.,
Iwate Univ.)

(6) Development of a Current-Feed System with Low
Heat Load using a Pulse Tube Cooler. (Maehata, K.,
Kyushu Univ.)

(7) Fundamental Study on Application of Magnetic
Levitation using YBCO Bulk Superconductor to
Fusion Research. (Tsuda, S., Yamaguchi Univ.)

(8) Fundamental Study on Cryogenic Characteristics of
SiC Power Device and Its Application to AC/DC
Converter. (Matsukawa, T., Mie Univ.)

(9) A Development of a General-Purpose Pressure Sensor
for In-Situ  Measurement under  Cryogenic
Environment (Kimura, N., KEK)

(10) Development of Observation and Diagnosis Systems
for Superconducting-Coil Operations using the
Poynting Vector Method (Sumiyoshi, F., Kagoshima
Univ.)

(11) Basic Research on the Oxide Superconductors for a
Nuclear Fusion Reactor. (Iwakuma, M., Kyushu
Univ.)

(12) Effect of the Phase Transition on Heat Transfer in He
I1. (Kobayashi, H., Nihon Univ.)

(13) Ensuring Composite Electrical Insulation Reliability
for LHD. (Nagao, M., Toyohashi Univ. of Tech.)

(14) Design and Optimization of High Tc Superconductor
for Current Lead. (Yamada, Y., Tokai Univ.)

3. Research activities of the Applied Superconductivity &
Cryogenic Group of NIFS

The Applied Superconductivity & Cryogenic Group,
belonged to the Device Engineering Division of the
Department of Large Helical Device, had been demonstrated
their abilities for the intensive research & development of
Large Helical Device (LHD) since the establishment of
NIFS 1989. 1In 2003, as Natural Institutes for Natural
Science has been established, the restructuring of NIFS was
taken place and the Group is now belonging to the Fusion &
Advanced Technology Systems Division. We are pursuing
not only the safe operation of LHD superconducting system
but also the rigorous research to improve the performance of
LHD. Furthermore, our focus is on the design work of a
helical type fusion reactor (which can be realized as a power
plant) and the development of its key technologies.

To accomplish these tasks, the Group is being highly
motivated to collaborate with universities, national
laboratories and industries to encourage their research
activities to fulfill their goal. Recent activities of the Device
Engineering Division including the industrial application by
downsizing of Fusion Technology are listed below.

(19) Development of Conduction-Cooled LTS Pulse Coil.
(Mito, T., NIFS)

(16) Cryogenic Stability of the Model Coil of the LHD
Helical Coil in Saturated Helium. (Imagawa, S., NIFS)

(17) Elimination of Variable Harmonics on Motor
Generator Circuit. (Yamada, S., NIFS)

(18) Thermal Contact Conductance between the Bundle
and the Conduit in Cable-in-Conduit Conductors.
(Takahata, K., NIFS)

(19) Effective Resistivity of HTS Tapes with Shielding
Currents. (Yanagi, N., NIFS)

(20) SMES System Designed to Protect from Momentary
Voltage Drop. (Chikaraishi, H., NIFS)

(21) Development of a Pulse Tube
(Maekawa, R., NIFS)

(22) HTS Conical Bulk for Current Lead Use. (Tamura, H.,
NIFS)

(23) Cooldown Performance of the Cryogenic System
Applied for the Cryogenic Target of the FIREX
Project. (Iwamoto, A., NIFS)

(24) Performance of Cold Compressors in the Cooling
System for the R&D Coil Cooled by Subcooled He I.
(Hamaguchi, S, NIFS)

(25) Simulation of Electromagnetic Behaviors of Lap
Joints for Fusion Magnet Systems (Seo, K., NIFS)

(26) Interaction between the Transport Current and
Shielding Currents in Bi-2223/Ag HTS Tapes. (Henmi,
T., Graduate Univ. of Advanced Studies)

Current Lead.

(Mito, T.)
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81. Study on Long Loops with Long Time
Constants in Cable-in-Conduit
Superconductor

Hamajima, T., Yagai, T. (Tohoku University),
Tsuda, M., Nakamura, S. (Yamaguchi Univ.),
Takahata, K.

In recent years there has been a growing interest in
irregular AC losses that cannot be measured from short
conductor sample tests. The irregular AC losses with long
time constants were typically observed in a Japanese SMES
model coil, and the similar long time constants were
estimated in poloidal superconducting coil conductors of
Large Helical Device in National Institute for Fusion
Science in Japan. Current loops. which must be irregularly
formed in the cable, decay with the long time constants, and
hence enhance the AC losses. The loops can induce an
imbalanced current distribution in a conductor, and lead to
RRL (ramp rate limitation), which was observed in DPC
coils at Japan Atomic Energy Research Institute.

In this research, we propose a mechanism forming the
long loops. The CIC conductor is composed of several
staged sub-cables. If one strand on the surface of a
sub-cable contacts with the other strand on the surface of
the adjacent sub-cable, the two strands should encounter
each other again at LCM (Least Common Multiplier)
distance of all staged cable pitches, and thereby result in
forming a pair of a long loop. There are a number of such
long loops in the CIC conductor. The time constants of these
loops are fundamentally described as ratios of their
inductances to their contact resistances.

In order to estimate the time constants T = L/R of the
long LCM loops, we measured the cross contact resistance
between the two strands of the SMES and LHD in LHe. The
test results showed that the cross contacting resistances
were about 50 p€ for both conductors. The results suggest
that the time constants are around 0.1 s for SMES and 0.3 s
for LHD, which are shorter than the measured time
constants of 5 to 100 s. This stems from the fact that the
cross contact area, which is estimated about 10 pm in the
elastic limit, is very small compared with the line contact
area, which is the order of ecm."

It is important to investigate the contact conditions in
more detail. We used pressure-sensitive papers, which are
comprised of two types of papers; the one paper has dye
capsules and the other has color developer. The paper color
changes according to experienced pressure due to a
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chemical reaction between the two papers. We wound the
pressure-sensitive papers on the strand surfaces of all
sub-cable stages, as shown in Fig.l. and fabricated a
third-order cable (3x3x3) with 2 m in length, then squeezed
the cable through a die to form 38 % void fraction in the
cable.”

It is found that the averaged contact lengths between
strands in |-st, 2-nd and 3-rd sub-cable stages before the
squeezing process are 13.0, 28.2 and 3.9 mm, respectively.
This result comes from that the tension acting on the strand
is not enough large in fabrication of the cable.

It is also found the averaged contact lengths between
strands in 1-st. 2-nd and 3-rd sub-cable stages after the
squeezing process are 79.0, 58.9 and 16.4 mm, respectively.
The squeeze process elongates the contact lengths between
strands 2 to 5 times larger than those before the squeeze.

This allows us to conclude the squeeze process plays an
important role to form the long contact length between
strands and suggests a mechanism of generating the long
time constants of more than 100s.

the third order sub-cable
line between
the second order sub-cables
Pressure-sensitive paper for
the second order £mk

Fig. 1. Locations of pressure-sensitive papers on strand
surfaces of all sub-cable stages.

Pressure-sensitive paper

displacement

(b) after compression (a) before compression

Fig. 2. Relative position between strands before and after
compression.
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§2. Experimental Plan of a 7-T
Force-Balanced Helical Coil

Nomura, S., Ohta, Y., Hagita, T., Tsutsui, H., Tsuji-lio,
S., Shimada, R.

Force-Balanced Coil (FBC) is a helically wound
toroidal coil that can minimize the required mass of
its structure by selecting an optimal number of poloidal
turns per toroidal turn. A 7-T Force-Balanced Coil (7-T
FBC) was designed in order to demonstrate the feasibil-
ity of the FBC concept for high field superconducting
magnets. Fig. 1 shows a schematic illustration of the
7-T Force-Balanced Coil (7-T FBC) using NbTi super-
conductor. The 7-T FBC with an outer diameter of 0.53
m will have 270-kJ stored magnetic energy at maximum
magnetic field of 7.0 T. Based on the virial theorem. the
maximum working stress of the 7-T FBC is estimated to
be 52 MPa[l]. This stress is lower than the elastic limit
of the Cu matrix so that the 7-T FBC can be excited
up to the rated magnetic field of 7.0 T without reinfore-
ing materials for the NbTi strand. Then the winding
of the 7-T FBC will be carried out without reinforcing
materials for the NbTi strand.

The winding form made of aluminum alloy is con-
structed by using a numerically controlled (NC) lathe as
shown in Fig. 2. The NC lathe has 5 driving axes: a
horizontal movement of the table (X axis), up and down
movements of the spindle head (Y axis), forward and
backward movements of the column (Z axis), tilting the
table (A axis). and rotating the table (B axis). These
axes are controlled by the NC data of the helical wind-
ing pitch.

The experiments will be conducted with pool boil-
ing liquid helium cooling in order to measure the quench
properties of the 7-T FBC and evaluate the working
stresses in the helical windings. Fig. 3 illustrates a
schematic diagram of the crvostat for the 7-T FBC. The
7-T FBC is set on the board made of fiberglass reinforced
plastic (FRP). The liquid helium level is monitored with
a level meter. If the 270-kJ stored energy of the 7-T FBC
is discharged into the coil windings due to a quench, the
evaporation of liquid helium is estimated to be 104 liters
from the latent heat of helium (2.59 kJ/liter). In this
case, the liquid helium level of the Dewar vessel is low-
ered by 280 mm because of 690-mm inner diameter of the
vessel. Then, since the coil height of the 7-T FBC is 130
mu, the liquid helium level should be higher than 410
mm from the FRP board during quench tests in order to
keep the pool boiling liquid helium cooling.

References
[1] S. Nomura et al.: Construction of a 7-T Force-

Balanced Helical Coil, IEEE Trans. Appl. Super-
conduct. 15(2) (2005) 1911-1914.

Winding form Force-balanced coil
(Aluminum alloy) (NbTI)

Figure 1: Schematic illustration of the 7-T force-
balanced coil (7-T FBC).

Figure 2: Construction of the winding form for the 7-T
FBC by using a numerically controlled (NC) lathe.
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§3. Study on Electrical Insulation
Characteristics of Superfluid Helium

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. The LHD coil should be stably operated even under
these stresses. In this project, the authors studied electrical
insulation under practical coil operation conditions. One of
the most severe causes of insulation degradation in the pool
cooling SC devices is a foreign particle intruding into its
insulation space during fabrication and operation. This year,
special efforts were made to clarify behavior of
contaminant metallic particle under high electric field in
superfluid liquid helium as well as normal liquid helium.
Effects of the particle shape were investigated in detail
using spherical and cylindrical particles as model
contaminants. Data obtained in this project would be useful
for electrical insulation design of LHD coils. Main results
are summarized as follows.

1) The metallic particle repeatedly moved between the
upper and the lower electrodes before the electrical
breakdown took place under high electric filed. This
suggested that the electrical breakdown could be
considerably influenced by the particle.

2) The particle generated gaseous bubbles and micro
discharge when it collided with the electrodes. Detail
observation revealed that the bubble formation was due
to kinetic energy of moving particle rather than
electrical discharge energy.

3) The breakdown voltage of liquid helium contaminated
with cylindrical particles was lower than that with
spherical ones over the whole pressure range (Fig. 1).
This seemed to be attributed to higher field
enhancement effect of cylindrical particles with sharp
edges.

4) The breakdown voltage of normal liquid helium was
mainly determined by the discharge onset electric field
strength E, when the particle diameter was large and by
the discharge propagation electric field strength Ep
when the particle diameter was small (Fig. 2). On the
other hand, the breakdown voltage of superfluid liquid
helium did not show clear dependency on Ep and E,,
and seemed to be influenced by the other factor such as
preceding corona discharge.

Reference

1) Hara, M., Maeda, Y., Nakagawa, N., Suchiro, J.,
Yamada S.:”DC Breakdown Voltage Characteristics in the
Presence of Metallic Particles in Saturated Liquid Helium”,
Proc. of 2005 IEEE ICDL, pp.373-376 (2005)

2) Nakagawa, N. Maeda Y., Suehiro, J., Hara, M.,
Yamada, S.: “Breakdown Voltage Characteristics in the
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Presence of Metallic Needle-Particles in Saturated Liquid
Helium”, Annual meeting record of IEEJ (2005)
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84. Database Development for He Il-cooled
Superconducting Magnet System Design

Haruyama, T., Kimura, N., Nakai, H. (KEK)
Shintomi, T. (Nihon Univ.)

Shiotsu, M., Shirai, Y., Hata, K. (Kyoto Univ.)
Sato, A., Yuyama, M., Maeda, M. (NIMS)

Mito, T., Yanagi, N., Maekawa, R., lwamoto, A.,
Hamaguchi, S.

i) Introduction
R&D and
superconducting magnet

Recently, constructions of large

systems cooled with
superfluid helium (He II) have been conducted.
However, the database for the design of He Il system
has not been arranged systematically and is
insufficient to be utilized. Therefore, it is important
to integrate the required information to design large
superconducting systems with the He II cooling.

We have arranged the database for He II, which
researchers can use and apply for system design, from
a large number of papers and from our complimentary
experiments of He II. These works were performed
with a Grant-in-Aid for scientific research of the
MEXT for three years from year 2000 to 2003. Its
continuous maintenance have been followed by the
collaborative program of NIFS from 2003.

This group consists of four institutions of
various fields: high-energy physics, applications of
high magnetic field, power application, fusion
science, and so on. Therefore, data from various field

can have been integrated for the database.

ii) Arrangement of the database

In FY 2004, we integrated the database by
searching and collecting data from literatures
published after year 2000. New data of the number of
155 have been collected from accessible papers.
Those data have been checked in the effectiveness
and reliability, and the graphs, figures and required
information have been selected for the database. The
collected data are categorized as shown in Table I.

The utility of the database was also upgraded.
User can search and access requiring data by key
words. Moreover, the content of literature is
completed for easy understanding of users requiring

the data.

iii) Experimental studies for the He I database
We have performed the following supplementary
experiments:

1. experimental and analytical studies on heat
transfer in He 11 to apply to large super-conducting
magnet systems,

2. pressure dependence of heat transfer function of
He 11,

3. heat transfer and boiling-off properties in He II.

By studies 1 and 2, we could make it clear that
some phenomena  are peculiar  to large

superconducting magnet systems cooled by He II.

The pressure dependence of the heat transfer function

could be revised to the more precise data by our

experiments. Moreover, we could confirm reliability

of some data in the database.

iv) Published papers
The following abstract was published.

1. T. Haruyama, et al., “Database development for
He Il-cooled superconducting magnet system
design (2) - and DB
publication-", Abstracts of CSJ Conference,
Vol.70(2004), p. 35.

research results

Table I Technical items for document
Head items Items Sub items
Heat transfer |He Il pressurized |plate

channel
He II saturated plate
channel
System Cryostat
Heta exchanger |IT
Hellp-Hells
Pumping vacuum pump
cold compressor
Materials
Cooling Measurement temperature
technology pressure
flow rate
level
miscellaneous

Special technique |seal
miscellaneous

Operated cases |Refrigeration
Magnet

Magnet stability
Conductor
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85. Studies on the Mechanical Properties and
Fracture Mechanisms of Single Crystal RE
High T_ Bulk Superconductors

Katagiri, K., Kasaba, K., Shoji, Y. (Fac. Eng., lwate
Univ.)
lwamoto, A., Mito, T.

Mechanical properties of high T, RE123 (RE: rare
earth elements) single-grain bulk superconductors, which
have low thermal conductivity as well as high transport
current and trapped field are important for their practical
applications such as current leads for large scale devices.
We have been studying the tensile and 3-point bending
characteristics of RE123 bulks at room and cryogenic
temperatures”. In this study, compressive mechanical
properties and the fracture mechanisms of the bulk were
investigated so as to obtain the directions of development
of the bulk.

Specimens with the dimensions of 3 x 3 x 8 mm’ were
cut from a SmBa,Cu;0, (Sm211 mol. fraction 16.7%.
10wt% Ag addition), Sm123, with the dimensions of 45
mm in diameter and 15 mm in thickness samples such that
the longitudinal (loading) directions of them corresponded
to the direction of c-axis or perpendicular to the c-axis of
the bulk samples. The compressive tests were carried out
under the stroke control mode with the crosshead speed of
0.15 mm/min by using the 5 kN Shimadzu Autograph
testing machine. By measurements through the wire strain
gages adhered in the longitudinal and transverse directions
adhered on the specimens, the elastic constants were also
evaluated.

Elastic constants: As shown in Fig. 1, the initial part of
stress-strain curves obtained from the compressive tests at
room and 77 K were basically straight, and then some of
them clearly deviated into concave to upward or jumped
toward the strain axis beyond certain stress levels. They are
thought to be resulted from the propagation of pre-existing
cracks induced during the processing of the bulk. Due to
the closure of the pre-existing cracks perpendicular to the
c-axis in the specimens, the Young’s modulus at 77K in the
¢ axis direction, 93 GPa, was significantly lower as
compared with that perpendicular to it, 150 GPa. Although
the former was higher than that at room temperature, 75
GPa, the latter was lower than that at room temperature,
165 GPa. The Poisson’s ratio obtained using the
measurements on the strains transverse to the specimen are
shown in Fig. 2. The anisotropy originated from the
closure/opening  behaviors of latent  micro-crack
perpendicular to the c-axis superposed on that intrinsic to
crystal structural was clearly observed. This has to be taken
into account in the thermal stress analysis.

Compressive strength: The fracture strength at 77K in
the c-axis direction, 466 MPa, was higher than that, 368
MPa, in the direction perpendicular to it. This anisotropy
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can also be comprehended by the existence of the
micro-cracks; the reduction of the strength is associated
with buckling to be described in the following. These are
higher than those at room temperature, 350 and 335 MPa,
respectively. These values are utilized as a database for
designing current lead made of the bulk. Many of the test
pieces loaded in the direction perpendicular to the c-axis
fractured into 2 or 3 pieces separating along the cleavage
plane. This means the buckling load controls the
compressive strength. On the other hand, in the case of
loading in the c-axis, they fractured into many small
fragments.
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Fig.1  Compressive stress-strain curves of
Sm123 bulk. (Open symbols and solid ones
denote the fracture points at RTV and 77K,
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Fig.2  Anisotropy of Poisson’s ratio of Smi23
bulk in compression tests (77K)
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86. Development of a Current-Feed System
with Low Heat Load Using a Pulse Tube
Cooler

Maehata, K., Ishibashi, K. (Kyushu Univ. Eng.)
Matsubara, Y., Maekawa, R., Hamasaki, S., Mito, T.

In operating usual large superconducting magnets such
as LHD coils, the high current of 10 kA class is supplied
through current leads into the cryogenic region from a
power supply located at room temperature. The heat leak
from the current leads causes a large load of the
refrigeration system. Therefore it is necessary to reduce the
heat leak from the current leads with a minimum
refrigeration load for a low cost and stable operation of the
superconducting magnet system. Optimization methods
have been studied for designing gas cooled current leads
with copper conductor, and the heat leak into the liquid
helium region is evaluated to be 1 W/kKA for the optimum
gas cooled current leads. Several types of high temperature
superconducting (HTS) current leads were developed for
further reduction of the heat leak. The HTS conductor is
employed in the HTS current leads in the temperature
region below ~ 50 K , while the copper conductor feeds the
current from a room temperature to the HTS conductor.
Although a large reduction in the heat leak has been
demonstrated in the operation of the HTS current leads,
large heat load to the refrigeration system is still generated
in the conventional copper conductor part.

In this work, we apply advantageous characteristics of a
pulse tube refrigerator to the copper conductor region of the
3kA HTS lead system for a reduction of the refrigeration

load caused by with a compact structure.

Since the thermoacoustic effect is utilized for operation,
the pulse tube refrigerator consists of a pulse tube, a
regenerator and warm-and cold heat exchangers without
moving element in the cryogenic region. Fig. 1 shows a
schematic drawing of a pulse tube current lead. The copper-
rod conductor is concentrically inserted into the pulse tube.
In Fig. 1, geometrical dimension of the copper conductor
was optimized for supplying current of 3 kA to a
temperature of 80 K in the adiabatic condition. The heat
leak through the copper rod is estimated to be 200 W at the
cold end of 80 K. The heat leak of 200 W from the copper
rod is removed by the cold heat exchanger in the pulse tube
fridge. An advancing pressure wave is induced in the pulse
tube by open-close operation of 4-valves. The refrigeration
power is generated by the expansion-work in the cold region
caused by the pressure wave. The high performance of the
pulse tube refrigerator is obtained by modulating the phase
of the pressure wave in the optimum inner volume of the
tube. In this work, the inner volume of the pulse tube is
optimized to be 650 cm’ by employing numerical analysis
of the dynamics of a virtual gas piston in the pulse tube. The

cooling power is estimated to be 196 W at 80 K.

Copper Conductor

Warm !
Heat Exchanger

Pule Tube;
1

Low Pressure

High Pressure

.~
4-valve

Regenerator

Cold Heat Exchanger

Fig. 1  Concept of the pulse tube current lead.
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87. Fundamental Study on Application of
Magnetic Levitation Using YBCO Bulk
Superconductor to Fusion Research

Tsuda, M. (Yamaguchi Univ.)
Hamajima, T. (Tohoku Univ.)
Ishiyama, A. (Waseda Univ.)
Noguchi, S. (Hokkaido Univ.)
Mito, T., Yanagi, N., Iwamoto, A.

For the application of HTS bulk to a spherical
cryogenic target in a laser fusion system, stable levitation
and large levitation force should be realized by a concentric
spherical thin layer of HTS bulk. The stability of levitation
has been already investigated in many kinds of HTS bulks
both experimentally and theoretically. The most of
investigations, however, are about disk-shaped bulks and
the characteristics of levitation in a concentric spherical
thin-shaped HTS bulk have not been investigated yet. The
thickness of HTS layer in a spherical cryogenic target
should be less than 100 um and levitation force, larger than
the weight of cryogenic target, should be produced in such
the thin HTS layer. Since levitation force is closely related
to supercurrent distribution, we prepared four types of
cylindrical HTS bulk samples with the same outer diameter
and height but different inner diameter to investigate
influence of HTS layer thickness on levitation force. A
spherical HTS bulk sample was also prepared to compare
supercurrent distribution in the spherical bulk with that of
disk-shaped one.

For high efficiency levitation of a cryogenic
target with a thin HTS layer, supercurrent should be flowed
in the whole HTS layer. When the supercurrent flows in the
whole HTS layer, levitation force depends on the thickness
and critical current density of the HTS layer. The critical
current density can be estimated by both measurements and
numerical simulations of levitation force and trapped flux
density. Therefore, we measured the levitation force and
trapped flux density as a function of coil current in
field-cooling process in four types of cylindrical DyBCO
bulks. The trapped flux density on a top surface of the bulk
was measured by a hall probe at the coil current of 0 A.
Then the levitation force was measured by a load cell as a
function of the coil current. The height and outer diameter
are 10 mm in the four DyBCO bulks, while the inner
diameters are 5 mm, 6 mm, 7 mm and 8 mm. The inner and
outer diameters and height of electromagnets were 200 mm,
500 mm and 55 mm, respectively.

An experimental result of trapped flux density as
a function of coil current in field-cooling process is shown
in Fig.1. The trapped flux density was almost proportional
to the coil current in field-cooling process less than 6 A.
The difference between applied magnetic flux density and
trapped flux density gradually increased with the coil
current in field-cooling process. Finally, the trapped flux
density became almost constant as seen in Fig.1. The
magnitude of the constant trapped flux density decreased
with the inner diameter of DyBCO bulk. Independent of the
magnitude of coil current in field-cooling process, the
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levitation force was increased with the coil current after the
field-cooling process. As observed in Fig.1, however, the
increase of levitation force became smaller with the coil
current, and finally the levitation force became constant.
The magnitude of the constant levitation force decreased
with the inner diameter of DyBCO bulk. The constant
trapped flux density and levitation force mean that the
DyBCO bulk was finally saturated by supercurrent; the
maximum supercurrent flowed within the bulk when the
trapped flux density and levitation force became constant.
The maximum supercurrent depends on the thickness and
critical current density of DyBCO bulk.

We also investigated stability, levitation force
and trapped flux density in a spherical DyBCO bulk sample,
10mm in diameter. Anisotropy of critical current density
may affect the stability, levitation force and trapped flux
density. Therefore, trapped flux density and levitation force
were measured in the following two cases: 1) the magnetic
field was parallel to the c-axis of the bulk; and 2) the
magnetic field was perpendicular to the c-axis. An
experimental result of trapped flux density as a function of
coil current in field-cooling process is shown in Fig.2. The
trapped flux density as well as levitation force in the
parallel magnetic field to the c-axis was much larger than
that of perpendicular magnetic field. Stable levitation,
however, was achieved in both cases; this means a
spherical HTS bulk could be levitated stably independent
of the directions of c-axis.
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Fig. 1. Dependence of trapped flux density on coil
current in field-cooling process in four types of
cylindrical bulk samples.
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88. Fundamental Study on Cryogenic
Characteristics of SiC Power Device and
Its Application to 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.

Fundamental Study on Improvement and
Stabilization of Electric Power Quality by
Flywheel Energy Storage System

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

For application to flywheel energy storage
system or magnetic field coil system of nuclear fusion
experimental machine, its power supply has been
constructed with the power electronics device as switching
element of AC/DC converter, for example IGBT, GTO etc.
As the large capacity power supply is required for such
application in future, high efficiency and low operational
loss of power supply are important issues. Especially, for
high current operation of large capacity power supply,
more efficient power electronics device than conventional
one should be used. Recently, some advanced power
electronics devices have been developed, which are based
on crystallized SiC material or super junction type
modified one based on crystallized Si material.

In our previous study, the Schottky Barrier
Diode (SBD) based on crystallized SiC material was
investigated in comparison with conventional Si-based
SBD. In this study, the super junction type
power-MOSFET is investigated, which is one of unipolar
power electronics devices and an advanced device based on
crystallized Si material. Power-MOSFET is well known
device to be applied to high efficient power supply, not so
large capacity one. To use power-MOSFET for large
capacity power supply, it is required that its on-state
resistance is lowered with high withstand voltage
specification.

The super junction type power-MOSFET is one
of advanced power electronics devices to achieve lower
on-state resistance value in higher voltage region. The
static voltage-current characteristics and the on-resistance
value are investigated with SPA20N60C3 (650V, 20.7A)
and the temperature dependence of the 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. Main results are
summarized as follows.

(i) The on-state resistance value in room temperature is
about 0.16 ohm. (See Fig. 1)

(ii) The on-state resistance value in liquid nitrogen
temperature is about 0.035 ohm, which is 20 % of that in
room temperature approximately. (See Fig. 2)

(iii) The built-in voltage of body diode of power-MOSFET
is about 0.7 (V) in room temperature and about 1.0 (V) in
liquid nitrogen temperature respectively.

As the measured result of voltage-current
characteristics of super junction type power-MOSFET, the
reduced on-state resistance in liquid nitrogen temperature
can promise to conduct high current without increasing the
operational loss of AC/DC converter. Furthermore,
SiC-based power-MOSFET would be expected to show the
same trend of static voltage-current characteristics as that
of Si-based power-MOSFET and to contribute to high
efficiency operation of large capacity power supply.
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Fig. 1. The static voltage-current characteristics of super
junction type power-MOSFET(SPA20N60C3) in
room temperature
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Fig. 2. The static voltage-current characteristics of super
junction type power-MOSFET(SPA20N60C3) in
liquid nitrogen temperature
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89. Research and Development of Small
General-purpose Pressure Sensor in
Cryogenic Environment

Kimura, N. (High Energy Acc. Research Orga.)

1. Introduction

In the LHD secondary project, it is planned that
subcooled helium below 4K is utilized for cooling the helical
coil that should generate the stable high magnetic field. If
the small pressure sensor, that can use in-sifu, is located at
the cooling channel of the helical coil and the pressure
variation can be measured directly, it is thought that the
characteristic of the coolant can be evaluated from the aspect
of the pressure. And the behavior of the coolant in case of
pre-cooling or warming up of the helical coil can be
measured in more detail. Furthermore, in the case of
quench, it is expected to detect the detailed appearance of the
local pressure variation of the coolant and the generation of
quench.

Recently, however, the manufacturing of the small
general-purpose pressure sensor usable in cryogenicl) was
discontinued. Now, such a pressure sensor can not be
obtained. The purpose of the present study is the research
and development of the new pressure sensor that is small,
high sensitive and usable in-sifu and cryogenic environment.
This study is developed based on the result of the
characteristic test on the current pressure sensor.

2. Pressure sensor

The picture of the pressure sensors is shown in Fig. I.
In this picture. shown in the right is a pressure sensor
(KH18) manufactured by NAGANO KEIKI and used in the
present study, and shown in the left is a pressure sensor
(KPY18) manufactured by SIEMENS for reference. The
pressure sensor was selected on the following condition.

(a) It must be an absolute pressure type sensor.
(b) It must be an all-metal chassis.

Left: SIEMENS
KPY18. Right: NAGANO KEIKI KH18.

Fig. 1 Picture of the pressure sensors.

108

Table 1 Specification of the pressure sensor.

Items Specification
Sensor type absolute pressure
Diaphragm Stainless steel 630
Pressure Range 0~0.5 MPa
Output 60mV+L25mVDC
Power Source 5vDC
Weight 5g

(c) Taking out the lead line must be a hermetic seal structure.
(d) It must be small size and lightweight.

The specification of the pressure sensor is shown in
Table I.

3. Experimental procedure and results

First, the resistance-temperature characteristic of the
semiconductor strain gauge that is the pressure-sensitive
devise of the sensor was examined. The measurements
were conducted at the room temperature (300 K), liquid
nitrogen (77 K) and liquid helium (4.2 K). From this result,
the characteristic in cryogenic can be estimated. 1)

Next, in the cryogenic temperature region, the variation
of the sensor output with the pressure was measured. The
measurement was conducted in saturated liquid helium.
The result is shown in Fig. 2. It is seen that the variation of
the pressure sensor output is proportional to the variation of
the liquid helium pressure.

4. Summary

The product that could be used under the low
temperature was selected about a pressure sensor on the
market. And the characteristic test under the cryogenic
temperature including the superfluid helium temperature
field was conducted. It was confirmed that the variation of
the sensor output was proportional to variation of the
pressure even in the cryogenic temperature region from 4.2
K down to 2.17 K. In future, the characteristic of the
pressure sensor will measured in more detail, and small size
and high sensitive pressure sensor will be developed.
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Fig. 2 Relation between pressure in cryostat and the voltage
output of the pressure sensor.
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810. Development of Observation and
Diagnosis Systems for Superconducting-
coil Operations Using the Poynting
Vector Method

Sumiyoshi, F., Kawabata, S., Kawagoe, A.
(Kagoshima Univ.)

Kawashima, T. (Fukuoka Jo Gakuin Univ.)
Mito, T.

For the operation of devices composed of several
superconducting coils, a system which can detect the abnormal
conditions produced at one part of the coils and diagnose the
conditions of the coils after maintenance is of considerable
importance. The purpose of this study is to develop a system which
can observe and diagnose coils in devices composed of several
coils and electrically measure the losses in the coil by measuring
the Poynting vectors around the coil. We have already clarified that
our proposed system can measure the losses in both a normal
conducting coil and in the individual coils of a device where two
coils are combined. In order to investigate whether the system can
measure ac losses in superconducting coils, measurement of the
distributions of Poynting vectors and ac losses in the Bi-2223
sample, which were wound loosely into a single layer solenoidal
coil shape with a Bi-2223 multifilamentary tape, were carried out.

As shown in Fig. 1, the sample was wound into a
solenoidal coil shape with long length necessary for
measurements. We measured Poynting vectors on the inner and
the outer surfaces near the center of the sample coil for a few
turns. The measurements were carried out by using the pairs of
pick up coils and potential leads which were set as shown in the
figure. And the Poynting vectors were locally measured along the
coil axis by moving these pairs between 1 pitch length of the
sample coil, and then losses were calculated from the summation
of all Poynting vectors. The Bi-2223 multifilamentary tape of Im
in length, 3.8mm in width, 0.2 Imm in thickness, was wound on a
bobbin of 80mm in outer diameter into a solenoidal coil, with
10mm pitch, and 4 turns. Furthermore, the current leads of the Cu
wires were wound in series at both ends of Bi-2223 tape into a
solenoidal coil shape with the same pitch as Bi-2223 tape. In
order to discuss the measured distributions of the Poynting
vectors, we also measured two dummy samples wound with Cu
tape of 4mm width, 1.5mm thickness, and stainless steel tape of
4mm width, 0.2mm in thickness.

Figure 2-a shows the measured results of Bi-2223 tape
in the external magnetic fields of 20mT in amplitude, 20Hz in
frequency. The measured Poynting vectors around the Bi-2223
sample are shown by circle symbols. From 4mm to 8mm, the
range of width of the Bi-2223 tape, the observed Poynting vectors
are large. This indicates the possibility of identifying the points at
which large energy flows exist. Calculated ac losses from these

Poynting vectors agreed with theoretical values.

The profile of Poynting vectors is sloped. In order to
discuss the slope, measurements were carried out on dummy
samples. The square symbols in Fig. 2-a represent the measured
data on the Cu sample. As the resulting slope of the profiles of
Poynting vectors is the same as the Bi-2223 sample, it is found that
the slope is not a characteristic of the Bi-2223 tape. Fig. 2-b shows
the results on the stainless-steel sample. The measured data is
considered not to be the signals of the sample itself, because the
losses in the stainless steel sample are smaller by five orders of
magnitude than that of the Bi-2223 sample and Cu sample. We
found that a slope similar to the Bi-2223 sample and the Cu sample
exists on the stainless-steel sample. In addition, for the results at
room temperature, which are shown by circle symbols in the figure,
the slope of Poynting vectors become small compared with the
results at 77K. From the above mentioned it is clear that the slopes
of the profiles of Poynting vectors are signals which are produced
by the measuring system, in particular the Cu magnet to apply the
external magnetic fields to the sample. Accordingly, measurements
of Poynting vectors can give us not only ac losses but also some
information on the location of existing energy flow. It was found
that our system has the potential to be applied to an observation
and diagnostic system for large-scale coils.

References
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§11. Basic Research on the Oxide
Superconductors for Fusion Reactors

Iwakuma, M. (Kyushu University)
Mito, T.

1. Introduction

To develop oxide superconducting magnets for fusion
reactors, it is necessary to grasp the basic electromagnetic
properties of oxide superconducting wires in detail. Oxide
superconducting wires are usually deformed into thin tapes
and have the anisotropy in ac loss property. This year we
investigated the field angular dependence of the ac loss in
YBCO superconducting thin tapes theoretically and
experimentally. We report the results.

2. Theoretical expression of the field angular dependence of

the ac loss

We studied the field angular dependence of the ac loss in
YBCO superconducting tapes on the basis of their
electromagnetic properties and derived the following
theoretical expression by which we can estimate the ac loss
for any field angle & by using the observed ac loss in a
perpendicular magnetic field to the wide surface,

W(B,sind, 90° n) for
W(By, 90°,n) sind for

1
By, <Bpe

W(By, 6,n) =
( m n) { Bm ZBpe,
where B, is the field amplitude and B, is the effective
penetration field and n is the number of stacked tapes.

3. Ac loss measurement

We measured the ac loss by using a saddle-shaped pickup
coil as shown in Fig.1. We prepared a 6-tape stack. Sample
YBCO tapes with a length of 60mm were inserted into the
center of a pickup coil. Kapton sheets with a thickness of
S0um were inserted between the tapes for insulation.
Magnetic field angle was changed by rotating the sample
around its axis. The characteristics of sample YBCO tapes are
listed in Table 1. They were fabricated by a IBAD-PLD
technique. Ac loss measurement was carried out at 77K in
LN..

Observed field amplitude dependencies of the ac losses are
shown in Fig. 2 with a parameter of field angle 6. We can see
that the ac loss decreases with decreasing field angle
monotonically for any amplitude. The lines represent the
theoretically estimated ac losses by using the observed ac
losses in a perpendicular field, that is =90 deg.. You can see
that the estimated ac losses agree with the experimental ones
for the whole-range of field amplitude. The validity of the
derived theoretical expression was verified.
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Table 1 Characteristics of a YBCO sample wire

Width 10mm
Substrate Hastelloy
Thickness of
Silver layer 10 um
YBCO layer 0.5 um
Buffer layer I um
Substrate 100 um
Ic(77K, 0T) 48A

6mm 30mm 6mm
42mm

Fig.1 Dimensions of a saddle-shaped pickup coil.
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812. Effect of the Phase Transition on Heat
Transfer in He |l

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

If a good conductor such as stabilizer for a
superconductor is cooled in a narrow two-dimensional
channel filled with the pressurized He II (He IIp) the
hottest place on the heated surface is covered with He |
above the critical heat Q, at which He II changes into
He I locally”. By the localized insulation of He I
induces the intermediate state in which the gradual

transition appears in steady heat transfer characteristics.

During the area of He I grows with the increase in heat
Q, He II keeps on cooling the rest of the surface, since
some heat in the good conductor would bypass the
thermally insulated area behind the He I layer.

The intermediate state comes out similarly in He II
(He IIs) below the A-point pressure P, where no
subcooled He I exists in the phase diagram in
equilibrium. The superheated He I followed by the
superheating in He I1” covers the hottest spot. Thus the
superheating brings about an equivalent critical heat Q;,
obtained in He IlIp. The narrow two-dimensional
channel used in this experiment is schematically shown
in Fig.1. The copper disk of 17 mm in diameter and 13
mm long is heated from the bottom. The channel gap is
changed from 0.15 mm to 0.1 mm. Figure 2 shows an
example of heat transfer characteristics indicating the
temperatures T, of the cupper near the center and AT,
(=T,;-Ty) of He at the centers. Since the superheating
reaches the extended A -temperature (T,) below the
A -point pressure, thus Q, is also equivalent to that
obtained in He Il as seen in the bath temperature T,
dependence of Q, (Fig.3).

The bypass effect due to the large heat conduction of
the copper as well as that of He Il seems to stabilize
apparently the metastable superheating so that the
non-boiling Kapitza state is sustained up to Q. Not the
saturation temperature but T, determines Q; alsoin He
IIs. In addition to the enlargement of Q,, the localized
pseudo periodic film boiling® ignited at another critical
heat flux Q, restricts the temperature rise of the copper
disk after onset of vaporization. The vapors destructs
the superheating distributed over the heated surface in
the channel. Above Q; to Qu. the temperature of the
copper disk is restricted below 3 K level without the
transition to the entire film boiling. This is different
from the fact that the transition to the film boiling at Q,
in He IIp is unavoidable.
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insulator disk

in vacuum

Fig.1. Schematics of the circular parallel channel

The top view of the channel, D: 17 mm, 13 mm thick.
The side view, d: 0.15~03 mm channel gap. The points
indicate the positions of the thermometers along the
diameter of the circular parallel channel.
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813. Composite Electrical Insulation and its
Reliability at Cryogenic Temperature 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. (Matsue College of Technology)
Yamada, S. (National Institute of Fusion Science)
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Fig.1 Electrode system arrangement

The world’s largest class superconducting coil
is used for the “Large-scale Helical Device”. Its electri-
cal 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. If a superconductor
quenches from superconducting state to normal state, the
liquid coolant vaporizes very easily and turns into
high-density gas at cryogenic temperature, which may
reduce its withstanding voltage. Furthermore, it is very
difficult to completely remove minute gaps from the in-
sulated space. So it is required to clarify the influence of
minute gaps and electrification on the insulation per-
formances.
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Influence on breakdown voltage by dif-
ference between gap position and angle of gradient

1. Influence of Micro-bubble on Breakdown Voltage of
Electrode System Imitated Minute Gap in LNz

This research was conducted using electrode sys-
tem that simulated the insulation system included minute
gaps to investigate the behavior of micro-bubble with the
breakdown characteristics of insulation in LNz. Fig.1

shows electrode system arrangement.

2. Effect of surface electrification on flashover voltage of
polymeric rod immersed in liquid nitrogen

Flashover voltage of acrylic rod (20mm in di-
ameter and Smm in length) between disk electrodes of
30mm in diameter was measured in liquid nitrogen by
increasing applied ac voltage till flashover occurred.

Two kinds of pre-treatments were made for the
rod. One is cleaning of a rod surface with alcohol in

The breakdown voltage of insulation system that
has a minute gap is shown in Fig.2. The breakdown
voltage was measured by changing the angle of electrode
to buoyant force with minute gaps and without minute
gaps.
of the cooling time in all cases. When an angle is

The breakdown voltage increased with increase

0-degree that buoyant force direction and electric filed
direction are the horizontal, the breakdown voltage with
minute gaps is smaller than it without minute gaps. The
tendency is also same with an angle of 90-degree that
buoyant force direction and electric filed direction are
the perpendicular. It is consider that micro-bubble ag-
glomerates in minute gap and the agglomeration of the

order to remove surface charge, which was confirmed

with surface potential meter.

witha cloth in order to produce surface charge artificially.

Flashover voltages of alcohol-cleaned samples

The other is rubbing a rod

were higher than those of rubbed ones.

be attributed to enhancement of local electric field

caused by surface charge of the sample.
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micro-bubble encourage the electric breakdown.
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§14. Design and Optimization of High Tc
Superconductors for Current Lead
Application

Yamada, Y., Watanabe, M., Ohkubo, J., Tachikawa, K.

(Tokai University)
Tamura, H., Mito, T.

High temperature superconductors HTS can be
synthesized through the two components diffusion process
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 thick and homogeneous HTS
layer of Bi,Sr,CaCu,Og.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,
scaling-up of the specimen dimension and the transport
current performance of Bi2212 HTS conical tubular bulk
specimen will be reported. Referring to the transport
performance and heat load due to the Joule heating at the
joint and heat leakage through the bulk specimen, the
Bi2212 HTS cylinders synthesized by the diffusion process
seem to be promising for a current lead in both cryocooler-
cooled superconducting magnets ¥ with small allowable
heat load and conventional superconducting magnets with
large transport current N,

Fig. 1 schematically shows the preparation
procedure of Bi2212 HTS conical tubular specimen
through the diffusion process . The substrate is composed
of Bi-free Sr-Ca-Cu oxide with the composition ratio of
Sr:Ca:Cu  =2:1:2. The calcined Sr-Ca-Cu oxide powder
was formed into conical tubes 37/29 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 by cold
isostatic pressing. It was then sintered at 1020°C in open
air. The coating is composed of Bi-Cu oxide with the
composition ratio of Bi:Cu=2:1. The calcined Bi-Cu oxide
powder with 30wt%Ag,0 addition was mixed with wax to
form slurry, and was coated around the conical substrate.
The diffusion reaction was performed at 850°C for 20h in
open air to produce the Bi2212 HTS layer about 150 um in
thickness around both outside and inside of the conical
tubes. Ag added to the coating accumulates on the surface
of the specimen after the reaction. Then, the Ag paste was
coated around both ends of the diffusion specimen, and was
heat-treated at 800°C in air to form the Ag contacts.

The transport performance for the Bi2212 HTS
specimen at 4.2K and self-field is shown in Fig. 2. No
voltage on the HTS part(between V2 and V4) was
generated at a transport current of 6,500A. The HTS
voltage appeared at near 6,800A, and a voltage of 40uV on
HTS part was generated at 7,000A which corresponds to
the current density of 32,000A/cm’. The voltages of both
joints increased with increasing transport current, and were
450pV at lower joint(V4-5) and 90uV at upper joint(V1-2)

Voltage (1 V)

after reaching 7,000A.

The temperature dependence of transport
current of the conical specimen at upper end warmed up by
the attached resistive heaters was measured. The transport
current decreases with increasing temperature, and is about
6,300A at 20K or 3,200A at 40K.

The total heat loads composed of heat leakage
conducted through the tube and joule heating at the joint
are estimated to be about 320 mW at 3,000 A between the
warm end of 42 K and the cold end of 4.2 K, and is 400
mW at 2,000 A between 50 K and 4.2 K, respectively.
Present Pb-free Bi2212 conical tubes seem to be promising
as large transport current leads with small heat loads for
superconducting magnets.

Substrate Coating
Bi-free Oxide | = Bi-Cu Oxide+Ag0

Sr:Ca :Cu Bi :Cu

(2:1:2) (2:1)

T
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| Bi-2212 Diffusion Laver |

v
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Heat Treatment
Ag contact
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Fig. 1. Preparation procedure of the Bi2212 HTS
conical specimen by the diffusion process.
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Fig. 2. Transport current performance of the Bi2212
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815. Development of Conduction-Cooled LTS
Pulse Coil

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.),

Henmi, T. (Graduate Univ. for Advanced Study),
Okumura, K. (Technova), Abe, R. (Shibuya Kogyo Co.)

We have been developing a 1 MW, 1 sec
UPS-SMES for a protection from a momentary voltage
drop and an instant power failure. A conduction-cooled low
temperature superconducting (LTS) pulse coil has excellent
characteristics, which is adequate for a short-time
uninterruptible power supply (UPS). The LTS coil has
better cost performance over the HTS coil and the
conduction cooling has higher reliability and easier
operation than the conventional cooling schemes. To
demonstrate the high performances of the LTS pulse coil is
a key technology of the UPS-SMES, we have fabricated a
prototype LTS pulse coil with stored energy of 100 kJ and
have conducted cooling and excitation tests.

The coil was wound with a circular cross
sectional high specific heat conductor, consisting of an
NbTi compacted strand cable extruded with low purity
aluminum.  The conductor was wound while twisted
along with the direction of the coil’s magnetic field,
reducing the AC loss. The prototype 100 kJ class
conduction-cooled LTS pulse coil retained the structure of
a GFRP frame and used a coiling wire of NbTi/Cu formed
strands. They had an outer diameter of 5.9 mm, coated in
a circular cross sectional aluminum through Kapton tape
acting as electrical insulation. The coil has a total of 67
turns x 14 layers while twisting the conductor, thus forming
a coil section 303 mm in the inner diameter, 516 mm in the
outer diameter, and 409 m in length. Figure 1 shows the
inner structure of the coil. Once the initial winding layer
is complete, a spacer made of Dyneema FRP (DFRP) and a
Litz wire are alternately inserted between layers in the
circumferential direction. The heat flow through the
longitudinal direction of the coil is secured by Litz wires.
Figure 2 shows the structure of the cooling and excitation
test apparatus. Two GM cryocoolers are applied to
generate 3 W of cooling capacity at 4K and 120 W at 50K,
respectively. Through the Litz wire withdrawn from the
coil edge, the coil is conductively cooled to 4K, while the
low and high temperature ends of the high temperature
superconducting current lead, accepting a rated current of
1000 A, are also cooled by conduction.

The coil was cooled from 300 K to 4 K within 3
days, which indicated the excellent thermal characteristics
of this coil. Steady-state operation at the rated current of
1000 A was verified and over current test of 1230 A was
also confirmed. Current shut-off test from 1230 A with a
time constant of 1.37 s was successfully performed without
normal transition. The temperature rise in the coil was
limited to 0.8 K, which indicated a sufficient safety margin
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for the rated pulse discharge from 1000 A to 707 A in 1 sec.
Repeated excitation of a triangular waveform with the peak
current of 1000 A and ramp rate of 50 A/s was also tested.
The temperature rise in the coil was limited to 1.1 K, which
shows availability of continuous pulse operation because of
the outstanding heat removal characteristics of this coil.

The developed conduction cooling LTS pulse
coil is applicable not only to the SMES for compensating
for instantaneous voltage drops but also to various uses of
the superconducting coil which require pulse excitation.
Accordingly, the extended applications are likely to open
up for the previously limited usage of the superconducting
coil.
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Fig. 1. Structure of conduction-cooled LTS pulse coil.
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Fig. 2 . Cooling and excitation test apparatus for
conduction-cooled LTS pulse coil.

References

1) T. Mito, et al., “Development of UPS-SMES as a
Protection from Momentary Voltage Drop”, IEEE
Trans. Appl. Supercond, Vol. 14, No. 2, (2004), pp.
721-726.

2) T. Mito, et al., “Prototype Development of a
Conduction-Cooled LTS Pulse Coil for UPS-SMES”,
IEEE Trans. Appl. Supercond, Vol. 15, No. 2, (2005),
pp. 1935 -1938.



§16. Cryogenic Stability of the Model Coil of
the LHD Helical Coil in Saturated Helium

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

The LHD helical coils have been operated below 90%
of the design current because normal-zones have seldom
propagated at almost the same current. It is planned to
improve the cryogenic stability by lowering the inlet
temperature. In order to estimate the effect, a model coil
was made of the same conductor as the helical coil.1) The
first cool-down and stability tests were carried out without
a thermal shield on the coil. In the second cool-down, a
thermal shield with multi-layer insulators was added to
reduce the heat load to a coil. Furthermore, the third cool-
down and stability tests were carried out to examine
uncertainty of stability in saturated helium and to confirm
the reproducibility in subcooled helium.

The magnetic field becomes the highest at the middle
turn of the first layer, which is the testing region for the
cryogenic stability. The value is 6.9 T at 13 kA, same as
the LHD helical coil. The wetting surface fraction of the
first layer is 67%, same as the highest field turns of the
LHD helical coil. Liquid helium is supplied from the
bottom of the coil and exhausted through the coil-leads
pipe to a current-leads tank, the pressure in which is 0.12
MPa. The inlet helium is subcooled by a pre-cooler. Tape
heaters are inserted between the conductor and the layer-
to-layer spacer for initiating a normal zone. The heater at
the bottom of the middle turn of the first layer was used.
The propagation was detected by voltage taps.

At first in the third cool-down, the stability test in
saturated helium was executed after the model coil had
been immersed with liquid helium and 24 hours or more
passed. The next day, the stability test in saturated helium
was executed again after the stability in subcooled helium
of 3.5 K had been examined. The result is shown in Fig.
1(a). It is understood that the stability of the model coil in
saturated helium was greatly improved after once being
cooled down to the lower temperature. The result in the
second cool-down is shown in Fig. 1(b) for the comparison.
In that case, the stability test in subcooled helium of 3.5 K
was executed at first. The temperature was raised up
gradually, and the stability in saturated helium was
examined at the end. In saturated helium, the propagation
of a normal-zone started at 10.8 kA. A normal zone
initiated at the bottom propagated in only downstream side
and stopped within a half turn. The minimum current to
propagate over a half turn was 11.2 kA. This means that
the quality of helium had became worse at the bottom
where helium bubbles gather in the first layer by the
natural convection. In the case of just after the third cool-
down, the quality of saturated helium must be not good at
the whole area by the heat input from the thick coil case.

In subcooled helium, in which the quality is zero, the
increment of the minimum currents to begin propagation is
almost proportional to the degree of subcooling with good
reproducibility, as shown in Fig. 2. In saturated helium it

decreases with the larger value of quality. Thus, the value
and uniformity of the quality must be considered in a large-
scale pool-cooled coil. The evaluation of the quality is
indispensable to compare the LHD helical coil with the
model coil. The propagation velocity will be useful for
evaluating the quality.
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817. Elimination of Variable Harmonics on
Motor Generator Circuit

Yamada, S.

The LHD experiment will require more than 20 MW
heating power to achieve high temperature plasmas in a
high-density regime. The pulsed power for heating
experiments requested by the NBI must be drawn from a
250 MVA FW-MG. It should be considered that higher
order harmonic currents with variable frequency are
observed in the output line of the FW-MG Frequency
spectrum of the harmonics is estimated to be f, (6n£1), when
the power supply of the heating device is composed of the
full-wave SCR rectification. In the case of the LHD
frequency f, changes from 93.5 Hz to 58 Hz.

A block diagram of an active filter is shown in Fig. 1.
It has the following major functions: 1) detection of the
variable frequency of the power line, 2) elimination of
current component of fundamental frequency, 3) extraction
of current components of higher harmonics, and 4)
compensation of harmonic current by generating the
counter-flow current. The frequency of the active filter
varies and is synchronized with that of the FW-MG. We
have considered an active filter with variable frequency.
The transfer function of the band pass filter is given by:

[s/o,]

H(S)=G—5—
[S*/ay+2ZS]w,+1]

Where, G and Z are the gain and the selectivity of the filter.
The o, is the resonant angular frequency of the band pass
filter. Bode diagrams of this band-pass filter are shown in
Fig. 2. If a parameter Z is made small, the selectivity is
sharper, but the phase margin for higher harmonic will go
down. Here, Z and G were determined as 0.5 and 1, taking
into consideration the following analysis result.

Dynamic simulations of the active filter, FW-MG and
power supplies of heating devices for the experimental
fusion device of LHD have been carried out. The frequency
of the FW-MG was changed from 95 Hz o 55 Hz in 10
seconds. The power supply component is modeled as a
constant current power supply model including the 5th and
7th harmonic currents with optional amplitude.

Figure 3 gives a typical example of the simulation
results: (a) =95 Hz at initial top speed phase, (b) f=75 Hz
at intermediate phase, and (c¢) 55 Hz at running-down phase.
Upper waveforms show input current of the power supply
component including seventh harmonic current of 20% and
fifth harmonic current of 10 %. Middle waveforms
indicate the compensation current generated by the active
filter. The lower waveforms show the line current from the
FW-MG after elimination of the harmonics. It was
confirmed that the harmonic currents were suppressed one
tenth in the whole frequency range of the FW-MG from 95
Hz to 55 Hz.

Reference:
S. Yamada et al, presented at 23rd SOFT, 20-24 Sept. 2004,
Venice, Italy.
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818. Thermal Contact Conductance between
the Bundle and the Conduit in Cable-in-
Conduit Conductors

Takahata, K., Tamura, H.

Temperature rise in a quenching cable-in-conduit
conductor is strongly affected by thermal contact
conductance between the bundle and conduit. To evaluate
this temperature rise, the conductance has been measured
under surface pressure at room temperature by using a
simple technique".

The cable-in-conduit conductor used in the measurement
of thermal contact conductance is the same conductor used
for the inner vertical coil of the LHD. The experimental
arrangement is schematically presented in Fig. 1. The lower
half of the conduit was cut from the conductor, and the
lower surface of the bundle, wrapped with tape, was attached
to a copper block equipped with two heaters. The copper
block and lower half of the bundle were then covered with a
fiber-reinforced plastic (FRP) block on a load cell. A
compressive load of up to 3 kN was applied vertically by
using a mechanical testing instrument. The resulting
maximum surface pressure at the upper surface of the block
was 3.4 MPa.

To measure conductance, a transient technique was
applied. First. the copper block was heated to 340 K. After
shutting off the heat, we observed the decay of temperatures
in the copper block and the strands touching the block using
thermocouples (TC #1 and #2 in Fig. 1). The conductance
was evaluated with the following equations:

Cb!ork (dThfar.'k ’!{k) = ‘hS(Tmm - ?T\'rnmr." ) e Qh'nk ( ”

where C,,, is the heat capacity, / is the conductance, and §
is the area of the upper surface of the block. Symbols 7,
and T, represent the temperatures of the block and strands,
respectively. Heat leakage to the surroundings, Q,,. was
measured by replacing the conductor with cotton as a
thermal insulating material.

All measured data are presented as a function of surface
pressure in Fig. 2. The first and second loading was made in
the atmosphere of air. The results confirm that the contact
conductance is strongly affected by the surface pressure.
Therefore, to evaluate temperature rise in a quenching
conductor, it is necessary to measure conductance under a
surface pressure equivalent to an electromagnetic force. To
examine the effect of ambient gas, conductance in an
atmosphere of helium was also measured. Helium has
higher thermal conductivity than air by a factor of six. The
results are also shown in Fig. 2. The conductance increases
by about 500 W/(m*-K) over the entire range of loaded
surface pressure.

The subject of contact conductance is generally discussed
in the field of electronics. In the calculation of conductance
for solid-to-solid contacts, the following relationship has

been proposed:
h=h.+h,. 2

Contact conductance, h,, is related to conduction across the
true contact points. It depends on the properties of the
materials in contact and the surface pressure. On the other
hand. gap conductance, h,, expresses conduction across an
interstitial gas. The experimental results evidently show the
effects of both h_and h,.

(a) Compressive
Load
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|— Copper Block

|_—— FRP Block

=
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- 50 mm ——»

Fig. 1 Experimental arrangement for measring thermal
contactconductance undersurface pressure; (a)cross-sectional
and (b) side view.,
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Fig. 2. Thermal contact conductance as a function of surfac
pressure.
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§19. Effective Resistivity of HTS Tapes with
Shielding Currents

Yanagi, N., Mito, T., Takahata, K., Seo, K.
Hemmi, T. (Graduate Univ. of Advanced Studies)

In some high-temperature superconducting (HTS) coils
operated in persistent current mode, the current decay rate
is found to be shorter than the expected value. Figure |
shows the electric field along the coil cable observed in a
persistent current operation of the magnetically levitated
floating coil of the Mini-RT device[l]. The electric field
increases by triple power of the coil current, which is far
from the expected curve based on the n-value model.
Mechanical damage during the winding process should be
accountable for this degradation. however, we consider
that there might also be some electromagnetic effects,
since large shielding current is supposed to be induced
among non-twisted filaments in the present silver-sheathed
Bi-2223 tape. Thus, interaction between the transport
current and shielding current is being examined by
experiments and numerical calculations.

A sample coil was wound with an Ag-sheathed
Bi-2223 tape (width/thickness: 4.1/0.305 mm, critical
current at 77 K, self-field: 126 A). The outer diameter of
the single pancake coil is 150 mm and the tape length is
14.7 m. A photograph and a cross-sectional view are
shown in Fig. 2. A uniform magnetic field was applied in
the perpendicular direction of the tape surface and the
magnetic field was measured with two Hall probes|[2].
Figure 3 (a) shows the waveforms of the measured
magnetic field when the coil temperature was kept at 40 K.
It is seen that the magnetic field just above the cable
continues to increase even after the external magnetic field
reaches to a flat-top. This might be due to the decay of the
shielding currents which are supposed to be induced by the
application of the external magnetic field. The amplitude
of the shielding current can be evaluated by the magnetic
field and it is confirmed to be as large as the critical
current. The field change can be well simulated by a
simple calculation using the n-value of the cable. critical
current and inductance of the shielding current path.

It has also been found that the temporal change of the
magnetization is mitigated by reducing the coil
temperature (Fig. 3 (b)) or by externally reducing the
magnetic field. This suggests that the amount of shielding
currents can be controlled by choosing an appropriate
excitation procedure. On the other hand, the field change
was found to become more rapid by applying a transport
current. We consider that loss generation is also increased
by adding transport current to shielding currents.
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820. SMES System Designed to Protect from
Momentary Voltage Drop

Chikaraishi, H., Mito, T., Abe, R. (Shibuya),
Hayashi, K. (IDX), Okumura, K. (Technova)

For short time SMES, the cost of the power convert-
ers becomes important. To reduce the cost of converters,
some special designed are done.

In this SMES system, the inverter and dc-de chop-
per works only 1 seconds. Therefore the cooling device
can be simplified compared with the usual inverters. We
estimate the IGBT losses and the junction temperature
when any additional heat sink is not used. As a result,
the generated heat flows to the cupper plate of the IGBT
modules and the maximum temperate of junction stays
around 80 degree. With this estimation, the additional
heat sink is not necessary for this inverter and the cont
and size of it can be reduced.

While the SMES is in standby state, the power con-
verter requires only small output voltage to keeps coil
current constant. For this purpose, we use another dc
power supply of small capacity to reduce the switching
loss of main converter with stopping its switching. Fig
shows the diagram of the main circuit of the converter.
The current charger and main chopper are connected via
diode shown as in Figure 1 and the current pass changes
auntomatic when charger stopped.

To confirm the SMES concept, we built a demo coil
and converters. The specifications of the demo system is
shown in Table 1.

After the excitation test was complited sucessfully,
the experiment using demo coil and power converter was
carried. In the experiment, the inverter is stopped and
a dummy load is connected to dc lin in the converter to
discharge the stored energy.
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Figure 1: Main Circuit of Power Converter for the SMES.

Figure 2 shows the test result with load. In the
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Figure 2: Experimental result for demo SEMS.

Table 1: Specifications of demo SMES
Specification Line voltage: 400V,
of the system Rated power: 100 kW,
Compensation time: 1 second.

Specification Current: 1 kA,
of the coil Voltage: 140 V,
Inductance 0.2H,
Stored energy: 100kJ
Inverter Ac side volt. : 400 V,

and Dec link volt : 300V
DC chopper Dec link curr. 330A
Capacity: 100 kVA 10 s

experiments, we limit the coil current to 250 A because
of the line capacity. At beginning, the coil current is set
to 200A. After that, the charge power supply stopped
and the chopper start operation. The dc voltage reached
to 300V and the energy dumps in the regisyer quickly. In
this experiment, the pulsated voltage of 300 V is induced
to the coil terminal but it doesn’t affect to coil operation.
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821. Development of a Pulse Tube Current Lead

Maekawa, R., Matsubara, Y.

1. Introduction

Development of a prototype pulse-tube current lead has
been conducted as a part of the Power-Stabilization
Superconducting Magnetic Energy Storage (SMES)
project. The hybrid-type current lead consists of a
co-axial pulse tube cryocooler with a current lead, a
copper rod, penetrating its axis. The configuration was
chosen to assure the compactness and a high voltage
tolerance (1). The design work has been performed,
using a numerical program. The program had been
written based upon an Equivalent Pressure-Volume
(EPV) method, developed by Matsubara et al (2). Since
the target for the current carrying capacity is
approximately a few kA with a high voltage tolerance of
5kV. the refrigeration power required for the
hybrid-current lead is estimated to be about 150 W at
65K.

2. Pulse-Tube Current-Lead Design

The EPV is a powerful tool to design a pulse-tube
refrigerator, according to the design parameters such as,
volumes of a pulse-tube and a regenerator., operation
schemes and flow coefficients through valves. A
fundamental idea of the program is to determine the
position of a gas-piston within the pulse tube as a
function of time. Fig. | shows one of examples with a
4-valve operation mode. The model consists of a
pulse-tube connected with a regenerator via a heat
exchanger. The gas piston, which can be compressed
and/or be expanded as a function of pressure, is
presented by a sky-blue rectangle. The refrigerator is
divided by red-dot lines, which indicate the control
volumes for mass-balance calculations,  Four-valve
connected at the ends of refrigerator is adjusted to
produce optimized phase-shift within the pulse-tube.
As aresult, the cold-end volume Ve would be changed as
a function of time and pressure. this result in the
refrigeration power obtained by the numerical
calculation. Fig. 2 shows the calculated P-V diagram as
a function of the lowest temperature.
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Fig. 1 A schematic of pulse-tube model to calculate the
refrigeration capacity of 4-Valve Pulse tube, using the
equivalent PV method. dm/dr; massflow rate, M: mass of
gas, P: pressure, C'v: valve coefficient, V: volume and T:
temperature.
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Fig. 2 A P-V diagram of the pulse tube as a function of
refrigeration capacities.

3. Fabrication of a Prototype

Prototype of a pulse-tube current-lead has been
fabricated reflecting the numerical calculation as well as
operating experience of the first prototype (1). Two
major modifications were taken place for the prototype:
one is having an isolation vacuum between the
regenerator and the pulse tube, the other is shortening the
length of the regenerator. These modifications improve
the operation stability and reduction of pressure drop
through the regenerator. Fig. 3 shows the schematic of
the prototype, while Fig. 4 shows its picture.
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solation Pulse Tube
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Fig. 3 A schematic of prototype co-axial type pulse-tube
current lead.

Fig. 4 A picture of a prototype pulse-tube current-lead.
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8§22. HTS Conical Bulk for Current Lead Use

Tamura, H., Mito, T.
Yamada, Y., Tachikawa, K. (Tokai Univ.)
Heller, R. (FZK)

Bi-Sr-Ca-Cu-O HTS system has been expected as a
current lead for a superconducting apparatus. We have
developed Bi-2212 bulk prepared by using a diffusion
reaction. The substrate of the Bi-2212 HTS could be made
in any shape because it is made by using a cold isothermal
pressing method. In this point, the Bi-2212 bulk has a
potential for flexible design.

We have made some cylindrical bulk to investigate
properties of this kind of HTS bulk and the maximum
transport current of 8 kA was achieved at 4.2K. A current
lead usually has a temperature distribution for a warm end
to a 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.

From this point of view, if a conical shaped HTS bulk was
made, it could be an advantage for heat leakage. To
confirm this effect, we calculated heat leakage of the
prototype current lead. Fig. 1 shows a design example of a
current lead using HTS superconductor and a heat leakage
was estimated by this example. The heat leakage of the
conical shaped HTS was estimated almost half of that of
the cylindrical one.

We made the first prototype conical HTS bulk with
the size of 37/29 mm in outer/inner diameter at the warm
end, 27/19 mm in outer/inner diameter at the cold end, and
200 mm in length. Fig. 2 shows a photograph of the
samples we have made. The bottom one was reinforced by
using Alumina fiber and epoxy resin. The current transport
test was done without any reinforcement on the surface of
the sample at first. The sample was immersed into liquid
helium up to the warm end section to know the maximum
transport performance. When the whole HTS section was
immersed in the liquid helium, the maximum transport
current of 7 kA was achieved. After the flow level of the
liquid helium was decreased under the cold end of the
sample, the warm end was warmed up by using electrical
resistive heater. As the temperature of the warm end
section increased. the quench current decreased. The
quench current of 2 kA was observed at 50 K. Fig. 3 shows
the transport current against the warm end temperature.
The reinforced sample and a steeper conical sample have
been made and performance tests are being planned.

295K
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Fig. 1. Current lead model using conical shaped Bi-2212
HTS.

Fig. 2. Bi2212 cylindrical and conical specimens.
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Fig. 3. Transport current performance of the conical
Bi-2212 HTS against the temperature of the cold end.
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823. Cooldown Performance of the Cryogenic
System Applied for the Cryogenic Target
of the FIREX Project

lwamoto, A., Maekawa, R., Mito, T.
Nakai, M., Norimatsu, T., Nagai, K. (ILE, Osaka Univ.)

Introduction

The program of the fast ignition realization experiment
(FIREX) project is underway at Institute of Laser Engineering
(ILE), Osaka University. The project is divided into two phases:
FIREX-l and FIREX-Il corresponded with powers of the
compression and the heating lasers. To accomplish the project. two
important technologies must be developed. One is higher power
lasers than the present lasers. For FIREX-I, the PW laser is being
upgraded up to the maximum power of 10 kJ/10 ps until the end of
2007. In FIREX-II, both the compression and the heating lasers
will be upgraded. Another is a solid fuel target, what is called a
cryogenic target. D, or DT is used as the fuel for the project. The
target appearance has been modified for the fast ignition
experiment.

The foam shell method has been proposed to realize the target
design for the fast ignition experiment. To develop the method, the
collaboration research between [LE and National Institute for
Fusion Science (NIFS) was started in 2003. The experimental
apparatus has been fabricated at NIFS, and the foam shell method
will be demonstrated. In this report, the development at NIFS is
focused on, and the detail of the apparatus and the result of first
cooldown test are described.

Specification of the target

Fig. | shows the schematic illustration of the target applied for
FIREX-I. 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 foam is low density and porous plastic.
The foam shell is expected to be impregnated with solid fuel and
results in being an ideal target. The shell is a sphere shape with
uniform and thin foam layer and has a diameter of 500 pm with a
thin layer of <20 um for FIREX-I, whereas has a diameter of 2 mm
with a thin layer of ~100 um for FIREX-II.

Cryogenic system to demonstrate the fuel layering process

A schematic of cryogenic system is shown in Fig. 2. For the
facility of cooling operation, a cryocooler was utilized. Gaseous H,
(GH,) and He (GHe) were prepared as fuel and coolant,
respectively. For the FIREX project, the fuel is not H> but D, or DT
which cannot use on self-imposed control of NIFS. However, we
assumed H, to be a surrogate for the demonstration of the layering
process. A GH, cylinder was connected to the target via a pressure
controller. The target was encased in double vacuum cans made of
stainless steel. The outer can was connected to a turbo molecular
pump for vacuum insulation. The coolant of GHe can be supplied
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in the inner can which was thermally linked with the second stage
of the cryocooler.

Countermeasures for the throb of the cryocooler were prepared.
The cryocooler was structurally isolated from other components,
mounted on an individual support. Flexible thermal conductive
links (FTCLs) were utilized to thermally connect the cryocooler
with either the inner can or the 50 K shield.

First cooldown of the crvogenic system

Fig. 3 shows the trend graph of the first cooldown. It took
approximately 30 hours to reach the steady state operation. The
achieved temperature at the target can was 10.9+0.5 K. At this
point. the heat leaks to the 50 K shield and to the inner can were
estimated to be 27.3 W and 2.2 W, respectively. The throb of the
target was investigated utilizing visual images of a digital camera,
preliminarily. It can be estimated less than 10 pm.
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Fig.1 Cryogenic target for FIREX project
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824. Performance of Cold Compressors in the
Cooling System for the R&D Coil Cooled
by Subcooled He |

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

Superconducting magnets of the helical coils for
the Large Helical Device (LHD) have been operated by
saturated helium at the temperature of 4.4 K and the
pressure of 120 kPa. So far, plasma experiments have
been carried out at the magnetic field lower than 3 T
successfully. However, the operating field has not
reached the nominal field of 3 T. So, it is considered that
the superconducting magnets of the helical coils will be
cooled with subcooled He I to achieve the field of 3 T. To
use subcooled He I as the coolant for the superconducting
magnets of the helical coils, an R&D superconducting coil,
wound with superconductors of the helical coils, was
tested in subcooled He 1.1-3) Two cold compressors were
used to generate subcooled He I in the cooling system of
the R&D coil. In the present study, the performance of
cold compressors has been studied in order to apply the
cooling system of the R&D coil to the cooling system of
the helical coils.

Fig. 1 shows the flow diagram of the cooling
system of the R&D coil. The saturated He I bath was
pumped by the cold compressors up to 3.0 K. Subcooled
He I was generated at the heat exchanger in the
saturated He I bath. Subcooled He I was supplied from
the bottom of the R&D coil. The mass flow rate of
subcooled He I was 5-10 g/s throughout the present
experiments.

First, the area which the cold compressors
could be operated stably and safely was examined. The
area is called the stable operation area in the following
sentence. Fig. 2 shows the performance curve of the cold
compressors under the various conditions. Open marks
express the performance of the cold compressors. The
solid line is the surge line from the present experiments,
while the dashed line is the surge line estimated by the
air test at the room temperature. It was found that the
surge line from the present experiments was larger than
the estimated surge line. Therefore, the stable operation
area was expanded.

Second, the automatic operations were
performed to operate the cooling system within the stable
operation area. In the present automatic operations, the
pressure of the saturated He I bath, which was decided by
the number of rotation of the cold compressors, was
controlled by the bypass valve. Fig. 3 shows the history
of the performance of the cold compressors in an
automatic operation. The automatic operation could be
completed within the stable operation area. The stable
operation of the cooling system for the helical coils will be
expected in this way.

Fig. 1. Flow diagram of the cooling system for the R&D
coil.
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Fig. 3. History of performance of the cold compressors in
an automatic operation.
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825. Simulation of Electromagnetic Behaviors
of Lap Joints for Fusion Magnet Systems

Seo, K., Mito, T,
Kawabata, S. (Dept. Elec. Eng. Kagoshima Univ.)

The joint between superconducting
cable-in-conduit-conductors (CICC) is the key technology
in magnetic confinement fusion apparatus and several
hundreds of joints are involved in generally. In the Large
Helical Device (LHD), there are 104 joints (44 joints in the
helical coils and 60 in the poloidal coils). For the
International Thermonuclear fusion Experimental Reactor
(ITER), the number of joints are assumed be more than two
hundred. DC resistance of the lap joint is typically designed
less than several n-ohms and allowable joule loss is several
watts. AC loss due to external field is also limited less than
several watts. Reduction of AC loss and lower joint
resistance are required simultaneously and those are
conflicting trade-off. The lap joint had been examined
under both self-field and external transverse field
experimentally at Kagoshima Univ. "7, In this study, we
established the numerical model for the joint and analyzed
numerically. In the simulation, modeling of contact
resistances between parallel strands is important. Circuit
constants were determined to reproduce the experimental
results; those are the magnetic diffusion time constants and
the DC joint resistance. The relation between the joint
resistance and the AC loss were discussed. Constitution of
the joint doesn't only influence on the joint resistance and
the AC loss but also current distribution in the cable.
Non-uniform current distribution (NUCD) among the
strands is reported to result in the degradation of the
stability. We also discussed about the current distribution
with our numerical code and models and showed
representative numerical results for NUCD in this report.

Figure 1 represents the numerical model of
lap-joint. Experimental joint sample is made with two legs
of Nb3sn CICCs. The cable is multiply twisted by (2+1Cu)
x 3 x 3 x 3 x 4, however we reduced it into the cable with 3
x 3 x4 superstrands (SSTs) as the numerical model. Here,
the final twist pitch is 190 mm and copper sleeve and/or
joint length is 250 mm in the experiment. We selected joint
length as a parameter and three models are prepared;
model-a) L;=250 mm, b)125 mm and ¢) 62.5 mm. Figure 2
illustrates the XY plane projections of SST-tracks. In this
figure, encounters of SSTs and the lap-joint-interface are
not fair and joint resistances between individual SSTs in
different leg must not be equal. Figure 3 shows the
simulated results of the DC current distributions among 36
SS8Ts. Currents thorough individual SSTs are not even and
remarkable NUCD occurs in the shorter joint case c).

Our conclusions are as follows., DC joint
resistance is merely determined by the size, e.g. length of
the lap-joint-interface. NUCD in the steady state depends
on the distribution of contact points to the
lap-joint-interface among the superstrands. NUCD is found
enhanced for short joints, as at given twist pitch, the
probability for single superstrands to reach the lap joint
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interface is lower. In contrast, The AC-losses from
self-field and external magnetic field increases with the
joint length. Both effects compete with each other and
magnet operating condition will be decisive for
optimizations. The model presented above may be found
useful in joint design to find a good compromise.

Transpo
current (1)

Saddle shaped cppper block

Contact resista

Contact resistance
to the lap-joint-
interface

Fig. 1 Numerical model of lap-joint. The saddle-shaped
copper block is modeled into a single line. Identical
voltages are applied to parallel SSTs. Tracks of SSTs
have close relations to both mutual inductances and contact
resistances. Contact resistances are described as transverse
connections between SSTs,

SST-20 S8T-35

Fig. 2 XY plane projections of SST-tracks. The SST in
the area surrounded by two dashed arcs is expected to
encounter the lap-joint-interface. The thick lines are
extracted from Model-b. Both thick and thin lines are from
Model-a. The tracks are determined by the
twist-pattern.
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Fig. 3. DC current distributions among 36 SSTs.
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826. Interaction between the Transport
Current and Shielding Currents in
Bi-2223/Ag HTS Tapes

Hemmi, T. (Graduate Univ. of Advanced Studies)
Yanagi, N., Mito, T., Takahata, K., Seo, K.

Electromagnetic properties and loss generation in high
temperature superconducting (HTS) cable is an important
issue to be clarified so that HTS cables and coils can be

applied for many applications including fusion research[1].

As there is no twist among filaments in the present
Ag-sheathed Bi-2223 cable, a relatively large amount of
shielding current is supposed to be generated by applying
external magnetic field especially in the perpendicular
direction to the tape surface. In this respect, we investigate
the magnetization characteristics and loss generation of a
single pancake HTS coil using a special apparatus with
which a uniform perpendicular magnetic field can be
applied to a coil sample also with a temperature control[2].
Figure 1 shows an example of the measured waveforms of
the electric field and magnetic field when the transport
current is applied under the external magnetic field. As is
shown in Fig. 1, the magnetic field just above the cable
surface keeps increasing after the external magnetic field
becomes constant (at ~770 s), which is due to the decay of
the shielding currents. When the transport current is
applied, the field increases even more rapidly, and at the
same time, the terminal voltage of the sample coil shows a
relatively high value than that expected from the n-value
model. Thus, we observe that there is an increase of loss
generation due to the interaction between the transport
current and shielding currents.

Numerical calculations have also been performed in
order to examine the experimentally observed results. A
new finite element analysis (FEM) code has been
developed by assuming the cross-section of the HTS
filaments as a single oval-shaped core (Fig. 2). A pancake
coil structure is dealt with a three-dimensional
axisymmetrical configuration and fundamental equations

are derived from Maxwell’s equations and Kirchhoff’s law.

The magnetic vector potential and electrical potential are
solved using the nonlinear properties of the HTS cable,
such as the E-J characteristics given by the n-value model.
The magnetic field change observed with a sample coil
can be well simulated by the present calculation and the
interaction between the transport current and shielding
currents has been confirmed as the current distribution in
Fig. 3 indicates. The current decay rate in the case of
persistent current operation is also being examined.
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(3) RF Heating Technologies

In the experimental campaign of 2004FY, ECH and
ICRF heating teams successfully achieved long duration
plasma operation in LHD. Steady state operation is one
of the most important subjects in LHD project. For these
trials, whole hardware systems have been developed and
improved through several previous experimental
campaigns. As described on LHD experiment section of
this report, 30 minutes plasma sustainment was achieved
by using the ICRF, ECH and NBI heating methods. The
total plasma input energy reached up to 1.3 GJ which is
the highest record including the tokamaks in the world.
There are several reasons of this successful result. One
is the finding of new operation technique which could
mitigate the local heat load on the carbon plates along
the divertor traces near the ICRF antenna by small swing
of magnetic axis radius. This operation scenario was
described at LHD experiment pages. Other reason is the
innovative improvements on ECH and ICRF heating
technologies especially for long pulse operation. During
the 30 minutes operation, ICRF power of 580 kW and
ECH power of 100 kW were stably injected into the
LHD plasma.

The ECH heats the electrons, therefore it has a large
advantage to sustain the plasma easily in helical
confinement system as LHD. At the last experimental
campaign, ECH sustained long duration plasma of 65
minutes at the injection power of 110 kW. These steady
state operations with RF heating in LHD had gave us a
lot of valuable information for the future high power
long pulse operations in fusion devices.

ECH In LHD, ECH system has nine equipped
gyrotrons and could deliver over 2 MW microwave
power in LHD. This high power system allowed us to
achieve many LHD physics subjects including high
electron temperature operation, achieving internal
transport barrier, current drive, EBW heating and high
ion temperature trails during the 2004FY experimental
campaign. Among the system, one
gyrotron/transmission line could deliver CW power for
long pulse experiment. In 2004FY, we improved
gyrotron system and evacuated transmission line to
operate stably. In 2003FY operation, waveguide
pressure rise limited the pulse length less than 13
minutes. To suppress the pressure rise, pump-out-tees
were newly designed and installed at 9 sections to
evacuate efficiently. The enforced cooling systems for
transmission line and MOU were also effective to
suppress the temperature and pressure rise within safely
level. During the 65 minutes operation, gyrotron worked
very stably with the output power of 160 kW and the
temperatures of all parts were saturated. The plasma
operation was switched-off manually due to data
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acquisition limit. This shows the high potential of ECH
for the maintain tool of long duration plasma.

ICRF  During the 2003FY, ICRF experiment was
stopped to prepare the stable and reliable operation for
the experiment in 2004FY. Antenna, transmission line,
tuners and transmitters were improved totally. Antennas
were modified to avoid severe arcing problem in
vacuum section, which caused vacuum leak at previous
experiment. The coronal rings were installed at the
bellows section of the inner conductors of coaxial
vacuum section. And Faraday shield pipes in which the
cooling water circulated were modified to the rod type to
prevent vacuum leak problem.

The impedance matching tuners were also improved
to keep the matched condition automatically by
controlling the liquid levels. The transmission line were
thermally expanded during the long operation time,
therefore manual frequency change could partially
suppress the reflection power in 2002FY experiment.
The feedback control of impedance matching by liquid
levels during the long operation time helped us to inject
the ICRF power stably.

The cooling capability of transmission lines and
ceramic feedthrough section was also upgraded. The
co-axial transmission line of 240 mm¢ and feedthrough
are water cooled at both inner and outer conductors by
circulated water which have been developed in LHD.

The transmitters were newly reassembled to reliable
operations for long operation time. The interlock system
for safety operation was newly designed and installed.
Four transmitters have a capability of over 2 MW CW
operations.

For the optimization of LHD experimental condition, the
monitoring IR camera for ICRF antenna was newly
installed at the horizontal port in LHD. This allowed us
to control the plasma and the antenna positions at proper
relations. In the 2002FY experiment, the antenna
temperature rise was one candidate of the uncontrollable
plasma density rise which caused plasma termination
within several minutes. The antenna temperature and the
antenna coupling resistance are competing parameters
for the optimizing the long operation conditions. The
antenna position is usually around 6-7 cm from the last
closed flux surface (LCFS) of plasma. However in case
of long operation experiment, we set the antenna
position at 10-11 ¢m from the LCFS.

(Mutoh, T.)



§1. CW Gyrotron Operation

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

The stable and higher power operation regime of the
CW gyrotron was explored after 7th LHD experimental cam-
paign. This gyrotorn had achieved 140 kW, 1000 s for test
injection or 120 kW, 756 s for plasma experiment during the
last experimental campaign. The phenomena that the output
power measured at the dummy load set just after MOU de-
creased during CW operation were found. This decrease in
power attributed to the small part of the reflected power from
dummy load or transmission line back to the gyrotron. Even
with small power, this reflected power can affect the oscil-
lation mode in the gyrotron cavity and can cause decrease
in the efficiency. After the last experimental campaign, a
mode filter which absorbs 95 % of the higher mode power,
but transmits HE;; mode with negligible loss is introduced.
By insertion of this mode filer, the gyrotron operation regime
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Fig. 1. CW Gyrotron attains full steady state conditions at
the output power of 160 kW at MOU. The heater power is
manually controlled so as to keep the beam current at near
9 A. Time traces of body and cathode voltage (top), beam
current and body current (bottom).

is extended and 160 kW more 1 hour operation became pos-
sible. Gyrotron is stably operated for 3900 sec. As shown
in Fig. 1, power supply for the beam, body voltages is well
regulated and the beam current is maintained at 9 to 10 A by
manually controlling the heater power. Almost all parame-
ters of the gyrotron attained at saturation level as shown in
Fig. 2, here, are shown the temperature differences in each
cooling channel of the CW gyrotron components, saturation
power level for each is also shown. The calibrated power at
the output of MOU was 163 kW. The saturated temperature
differences of the cooling water indicated that the power lost
at the body, MOU, filter, and window is 8, 16, 8 and 0.6 kW
for this operation. These are close to the designed level for
the normal operation. The change in the temperature differ-
ence in the filter cooling water might indicate some change in
the reflection power from load ( transmission line or plasma
). The waveform of the power monitor set at second and last
second miter bend is shown in Fig. 3. Similar tendency of
the two monitor indicates that the transmission mode did not
drastically change during such long pulse operation and gy-
rotron oscillation is stabilized after 1500 sec.

Body 8 kW
12 . i . :

MOU 16 kW

Filter 8 kW

Window 0.6 kW
0 1000 2000 3000 4000
time (s)

Fig. 2. Temperature differences and estimated power loss at
each component of gyrotrons during 3900 s operation.
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Fig. 3. Waveform of the power monitor set at gyrotron side
(FW1) and LHD side (FW2)
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82. Improvement of ECH Transmission Line
for CW Experiments

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

In the 7th experimental campaign, 84GHz power at the
MOU output of 120 kW was injected up to 756 s. Several
transmission components had been overheated and damaged
during this operation. The temperature rise of the transmis-
sion components also made the excess out gassing from the
waveguide wall that had limited the pulse duration of the in-
jection.

In order to reduce the temperature rise in the waveguide
system, almost all the straight waveguides are covered with
copper plates with a water cooling pipe. The comparison of
the temperature rise in several parts of the waveguide trans-
mission line before and after the enforcement of the cooling
are shown in Fig. 1. Temperature rises of several compo-
nents in the transmission line before enforcement the cooling
at the MOU output power of 120 kW, 756 s are shown by dot-
ted lines and those after the enforcement at higher power of
160 kW, 1910 s are shown by solid lines. After the enforce-
ment of the cooling, temperature rise rates become small
even though the increased power and furthermore, these rise
shows saturation.

In the last 756 s operation, out gassing from the waveg-
uide wall due to the temperature rise caused the pressure in-
crease over the critical pressure level that is set to prevent
arcing inside waveguide. To control the out gassing from
waveguide wall, enforcement of the cooling system should
be the main solution, but due to the huge surface area of the
waveguide wall, it is also necessary to increase the pump-
ing rate through the waveguide. Up to the last experimental
campaign, the pumping section of the waveguide had been
set near the both end of the transmission line. Since the gas
conductance of the 1.25 inch waveguide is very low, the evac-
uation from both end of the transmission line is not enough
even if one set high performance evacuation port. It is essen-
tial to set many but not so much high performance pumping
ports along the transmission line in such circumstance. We
have developed new evacuation port for the 1.25 inch waveg-
uide. The principle of the evacuation section utilizes a small
gap in the corrugated waveguide. In order to minimize the
loss and leakage power at the gap but to keep enough evacu-
ation efficiency, the gap length is designed to be 1 mm which
causes microwave leakage less than 0.1 %. Estimated molec-
ular flow conductivity at this gap is 0.0022 m?/s while that
of smooth 1.25 inch waveguide of 1 meter is 0.00387 m?/s.
Nine of this type of new pumping section are distributed
along the 62 m waveguide system. The comparison of the
pressure rise in several parts of the transmission line before
and after these improvements are shown in Fig. 2. Although
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the power level increased by 30 %, the equilibrium pressure
reduced to 1.0 X 1072 Pa and this pressure level attained after
1000 s. These are result of both enforcements of cooling and
evacuation. It is also noted that equilibrium pressure level
after long pulse operation decreased shot by shot. This indi-
cates that the waveguide wall conditioning proceeded by the
long pulse operation and the out gassing rate decreased shot
by shot.

Another component damaged in the last experimental
campaign is the DC break. This DC break with a small gap in
the waveguide and vacuum sealed by a ceramic disk had been
used. The leakage microwave have heated this disk locally
and finally made a crack which lead the break in the vacuum.
This ceramic is replaced by an aluminum disk with the same
size but alumite coated for electric insulation.

These improvements had been the key to succeed more
than one hour injection of the ECH power into LHD at the
power level of 110 kW.
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83. Workshop on Generation, Application
and Measurement of High Power
Millimeter Waves

Maekawa, T. (Graduate School of Energy Science,
Kyoto Univ), Shimozuma, T.

1. Objectives

In National Institute for Fusion Science, there are
a lot of high power millimeter wave sources such as gy-
rotrons for plasma production and heating. The mil-
limeter wave power is transmitted over long distance
by using corrugated waveguides for transmisstion. On
the other hand, the electron cyclotron emission from
the LHD plasmas is utilized as a diagnositic method of
plasma temperature. Since the millimeter wave technol-
ogy, 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 improvement
of ECH and ECE system. The objectives of this work-
shop are the information change between the researcher
of millimeter wave and microwave technologies, the im-
provement of each millimeter wave systems through the
workshop and development of combined research fields.

2. Activities

The activities of this fiscal year consist of three lec-
ture talks and discussions. These lectures are related to
high resolution millimeter and sub-millimeter wave di-
agnostics, millimenter wave scattering diagnostics and
development of millimeter wave components for ECH.

Program and contents of the lectures are as follows.

(1) ”Atacama Large Millimenter/Sub-millimeter
Array: Challenge to THz Region” by Ryohei Kawabe
(National Astronomical Observatory of Japan)

Dr. Kawabe belongs to the group of millimeter
wave interferometer in Nobeyama and LMSA (Large
Millimeter /Sub-millimeter Array). He presented the de-
tails of the ALMA (Atacama Large Millimeter Array)
project, which is proceeded in Chilean Andes and also
explained required high resolution millimente and sub-
millimenter wave diagnostics. The ALMA project con-
sists of the construction of 64 radio telescopes with 12m
diameter. As for the millimeter wave technology, super
conducting detectors upto THz and submillimeter wave
photonic local oscillators are being developed.

(2) "History of application of scattering diagnostics
in gyrotron heating group of GPI” by N. K. Kharchev
(General Physics Institute).

Dr. Kharchev was a guest professor in NIFS from
General Physics Institute in Moscow. He made a review

of millimeter wave scattering experiments by using gy-
rotrons. He introduced the experimental method and
results made in L2-M in Moscow, TJ-I, TJ-II in Spain
and LHD in NIFS. The methods of signal analysis are
FFT spectrum, wavelet spectrum and coherency.

(3) ”My odyssey of RF plasma heating technology”
by Dr. K. Ohkubo (NIFS).

He surveyed his research history of the interaction
between microwaves and plasma waves in Kyoto uni-
versity, Institute of Plasma Physics in Nagoya Univer-
sity and NIFS. For example, transverse propagation of
whistler waves (KU), lower hybrid wave heating / cur-
rent derive and electron cyclotron heating (IPP) and
electron cyclotron heating and remote steering antenna
for ITER (NIFS). He placed emphasis upon the R&D,
technical know-how and experimental results during the
construction of the systems, RF components and so on.

The attendances distributed over wide area related
to the millimeter wave technology. About 30 members
joined the workshop.

e Millimeter diagnostics: Dr. R. Kawabe (NAOJ)

e High power millimeter wave application to plasma
heating: NIFS, Tsukuba Univ. Kyushu Univ. Ky-
oto Univ.

e Generators of high power micro and millimeter
waves: Fukui Univ. Niigata Univ. Kanazawa Univ.
Tohoku Univ.

e Millimeter wave technology: JAERI, Ibaragi Univ.

This work shop is useful and should be continued
to keep in close touch between researchers in this area.
The future plan of this work shop is to promote techno-
logical information exchange through lectures, presen-
tations and discussions.
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84. Temperature Measurement of ICRF
Antennas in LHD

Saito, K.

Hot spots were observed by CCD cameras
during long pulse operation on two ICRF antennas (3.5U
antenna and 7.5U antenna) in the same positions at the top
of the left side protectors attached to the upper antennas.
For the 7.5U antenna, an infrared (IR) camera was installed
to measure the temperature of the antenna. Figure 1 shows
the temperature distribution on the antenna measured by
the IR camera. Without plasma (vacuum), this position was
not heated. Additionally, in the case of discharge by NNBI
only, this position was also not heated. The position of the
hot spot was not shifted by changing magnetic field
strengths of B,=1375 T, 1.5 T, 2.5 T and 2.75 T.
Therefore the position was independent of the position of
the ion cyclotron resonance layer. The temperature
increment of the hot spot was proportional to the RF input
power from the antenna, as shown in Fig. 2a. In this
experiment, the distance between the antenna and the
LCFS A was 8 cm and the pulse width was 5 seconds. The
line-averaged electron density was 0.7-1.0x10"°m~. The
major radius and magnetic field strength on the axis were
set at R;=3.55 m and B,,=2.789 T, respectively. The input
power from the other antennas was kept almost constant at
approximately 500 kW. Therefore, the hot spot was heated
by the antenna itself. Loading resistance indicates the
strength of power coupling between antenna and plasma.
The definition of the loading resistance R is

1.V,

P 2R(Z )
where P is the net injected ICRF power, V is the maximum
voltage in the coaxial transmission line, and Z, is the
characteristic impedance of the line. The temperature of the
hot spot and the loading resistance decreased with
increasing distance A, as shown in Fig. 2b. In the long
pulse discharges, a long distance was selected to decrease
the temperature, though the loading resistance decreased.
Figure 3 shows the time evolution of the temperature of the
hot spot. The conditions of the two discharges were
identical except for distance A. The line-averaged electron
density was 0.7x10""m>, and the major radius and
magnetic field strength on the axis were set at R,,=3.55m

0

Fig. 1. Hot spot on
7.5U ICRF antenna

Hot Spot
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and B,,=2.789 T, respectively. The input power of the 7.5U
antenna was 250 kW. By changing the distance from 8 ¢cm
to 10 cm, the temperature rise was drastically mitigated.
The longest plasma duration time with ICRF heating of 31
minutes and 45seconds was achieved by employing
maximum As (13 c¢cm for 3.5U, L antennas and 14 c¢cm for
7.5U antenna).
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85. Impedance Matching during Long Pulse
Discharge in LHD

Saito, K.

Impedance of an ICRF antenna changes
depending on the frequency, plasma density, and distance
between the loop antennas and the plasma, etc. Therefore a
tunable impedance matching system is necessary to reduce
the reflected power from antenna to oscillator for
high-power injection and protection of the tetrode tube. For
high-power and steady-state operation in LHD, we used a
liquid impedance matching system [1,2] consisting of two
or three liquid stub tuners and a U-shaped link. Impedance
matching was conducted by shifting the liquid heights,
making use of the difference in RF wavelength between
gas and liquid due to the difference of the relative dielectric
constants.

For a long pulse discharge, two methods of
impedance matching were employed. One was the
manual-frequency control method, which can adjust the
electric length between the antenna and the tuning system
without changing the liquid heights of the stub tuners. The
frequency control method is useful for rapid changes of
plasma condition. Figure la shows temporal increases in a
reflected RF power fraction. Without frequency control, the
reflected power fraction increased to 20%, and RF
operation was stopped by the interlock system. The
frequency was initially 38.47 MHz, and then was decreased
manually to 38.44 MHz by increments of 0.01MHz. The
final power amplifier could not function at frequencies
under 38.44 MHz with the same output tuning conditions,
therefore frequency control was stopped at 55 seconds and
the reflected power fraction gradually increased. The
frequency decrement of 0.03 MHz provides effective
expansion of the transmission line from the tuning system
to the antenna by 3 cm, because the distance from the stub
tuners to the antenna was approximately 40 m. The
effective expansion of 3 cm could not be explained by the
real expansion since the maximum temperature rise in the
coaxial line was only several °C. The other was an
automatic feedback control method using the liquid stub
tuners (trial and error method). The procedure of this
control method was as follows. Two of three stub tuners
were used. First, the liquid height in one stub tuner was
shifted up or down. After an interval, usually 7 seconds for
settlement of the liquid, the liquid height in the other stub
tuner was shifted up or down. These two shifts of liquid
heights may be incorrect. After the interval, the liquid
height of the first stub tuner was shifted toward the first
direction if the reflected power fraction decreased in the
first trial and shifted toward the other direction if the
reflected power fraction increased. The second stub tuner
was then controlled in the same manner. This operation
was repeated until the reflected power fraction was smaller
than 4%. Figure 1b shows the temporal evolution of the
reflected power fraction with this method. The liquid
height of one stub tuner was shifted at 70 seconds because

the reflected power fraction became larger than 4%. This
direction was unfortunately not correct and the reflected
power fraction increased, then the liquid height of the other
stub tuner was shifted 7 seconds later and this direction was
also incorrect. The reflected power fraction reached 10%,
at which point the correct directions were determined and
the reflection fraction decreased gradually to under 4%.
This method is useful only for very slow variation of
loading resistance or effective length between stub tuners
and the antenna because the direction is determined based
on changes in the reflected power fractions with an interval.
If a change in loading resistance or effective length is too
large during the interval, the chosen direction may be
incorrect. Furthermore, it takes a long time to reduce the
reflection ratio to under 4% because stub tuners must be
controlled one by one and many steps are needed to obtain
impedance matching. However, an automatic impedance
matching with liquid stub tuners was conducted first, and
the reflected power fraction was sufficiently reduced until
the end of the discharge.
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86. Liquid Stub Multi-computer Control
System for ICH on LHD

Takahashi, C., Yokota, M., Saito, K.

We developed a many-variable number feedback
control system which could control 10 liquid stub tuners at
the same time for the long-pulse plasma discharge on LHD.
This control system is the multi-computer feedback system
to maintain the reflected RF power fraction at the allowable
level. There are many causes to increase the reflected RF
power, such as plasma condition and expansion of the
coaxial transmission line due to the temperature increase
during the long-pulse plasma discharge. It is very important
to reduce the reflected RF power because of effective ICRF
heating and protecting a tetrode vacuum tube for an excess
heat load on the anode plate. It is possible by employing the
frequency control to keep the RF reflected power in the
allowable level during the long-pulse plasma discharge.
However a large shifted value of the frequency usually
affects the high RF power output from the final amplifier.
Therefore the method to control the liquid surface level was
employed in the fixed frequency. This control system is
composed by multi-computer, local LAN and UNIX server
and does the compensation of liquid of the position of ten
stub tuners using CW/CCW and Stop/Start of the pulse
motor. Usually the liquid surface position control has a dead
time and the measurement of the liquid surface level
contains a noise, which results from the bubble on the liquid
surface. The LAN system is usually employed at the
fundamental control, but it can be used in the system, in
which a waste time is abundant. If the LAN is available, the
powerful control system is constructed by connecting the
computer with LAN. This control system is the CINOS of
the signal-processing unit, which has the multiple functions
of multi-computer/multi-OS/no OS, and it is done with the
computer group connected with LAN. The CINOS utilizes
the Linear Time-Invariant Method (LTIM), which is the
feature. Then, the CINOS can maintain LTIM when
multiple interrupt from the /O machine happens.
Fundamental composition is shown in Fig.l. Two of
Loder 1 3.5U/L and Loder 1 7.5U/L are used to control
the 10 liquid stub tuners in two ICRF heating antenna
systems (3.5U Antenna /7.5U Antenna): These two Loders
are connected as a control device of the actuator of liquid
stub tuners. That is, Loader reads the liquid surface position
and drives the liquid cylinder using a pulse motor, and has
the duty that makes a liquid surface keep a proper position.
This Loader 1 and Loader 2 are connected in the LAN that
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is a special network. This LAN is connected to Loader 3.
Loader 3 analyzes pre-process value of the feedback and
acquires the data of the forward and the reflect RF power
from the antennas. The UNIX servers of Unix 3.5U/L and
Unix_7.5U/L are the main control devices, which are
connected with special LAN. LAN uses the electric
standard of IEEE802.3 and TCP/IP socket communication.
LAN receives or sends the control information data from
the computer and liquid stub tuners. The pre-process value,
which has been sent by Loader 3, is changed into the speed
value of liquid cylinder and the liquid cylinder shifted value
to do PI control by the quadratic transformation with the
Unix 3.5U/L  and  Unix 7.5U/L.  The
transformation value is sent back to Loder 1 3.5U/L and
Loder 1 7.5U/L, which control an actuator to keep REF,
reflected fraction less than 4%.
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Figure.1. Liquid stub tuner control

system by

multi-computer control system with LAN.

Reference:

[1] Takahashi, C. et al., Annual report of NIFS, April
2002-March 2003 285(2003)

[2] GNomura, et al., 14th Topical Conference on Radio
Frequency Power in Plasmas, AIP Conference
Proceedings 595(2001), pp.502-505.



§7. Power Circulation System on LHD
Combline Antenna

Takeuchi, N. (Nagoya Univ.), Seki, T., Takase, Y.
(Univ. of Tokyo), Watari, T.

A power circulator should be used in order to
draw full performance from the LHD combline
antenna. A “ring power coupler” is employed as
illustrated in Fig. 1.

Let o’ (=1-p?) be the power transmission
coefficient defined as the power transmitted to the
other end of the antenna normalized to the input power.
Since the combline antenna has a wide area, it is
expected that o is smaller than that of a conventional
antenna. Yet, it is not expected to be too small, being in
the range between 0.5 and 0.9. In the present analysis,
o’ =0.7 is assumed 1?1, A small value of o® is desirable
in principle from the point of view of power handling
capability. It is noted that a well-defined wave
spectrum will not be obtained with a too small value of
o’

The antenna system will have a phase shifter and
two impedance matching circuits. The No-3 port of the
ring power coupler is terminated with 50-ohm dummy
load. The RF power out of the No-2 port is circulated
to the No-4 port. The RF generator is connected to the
No-1 port. Z, and Z, are characteristic impedance of
the coaxial lines composing the ring power coupler.
For o = 0.7, Z, = 27.6 ohm and Z, = 33.1 ohm are
chosen so that power is re-circulated appropriately. The
characteristic impedance of other coaxial lines Z, is 50
ohm.

Electrical properties of the whole system were
studied . In Fig. 2(a), Pre/Pin, Paummy/Pin and Pe/Pi,
are plotted versus frequency. We find an improvement
of factor 3 in P, at the central frequency of 65MHz
over the case without the circulator. The optimal
frequency band 5SMHz is not enough to cover the entire

frequency range of the combline antenna. Therefore, it

will be needed to develop a frequency tunable
circulator. The parameter B? depends on plasma
parameters. Therefore, it is important to examine the
sensitivity of the circuit to B% In Fig. 2 (b), Prei/Pin,
Pgummy/Pin and Pg,¢/P;, are plotted versus B2 It is find
that the power circulation circuit works well over wide

range of 0.1 <B?<0.5,i.e., 0.5 <a?<0.9.
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Reference

[1] H. Ikezi, GA-C23396 (2000).

[2] Takeuchi, N., et al., to be published in Fusion
Science and Technology (2005) .
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88. Study on High Energy Particles Escaped
from LHD Using Lost lon Probe

Nishiura, M., Isobe, M.

Kubo, N., Sasao, M. (Tohoku Univ.)
Murakami, S. (Kyoto Univ.)
Darrow, D.S. (PPPL)

For lost ion measurements, a scintillator type lost
ion probe is installed into the 5-O port of the LHD. The
lost ion probe has measured the loss signals of fast ions
out side the last closed flux surface (LCFS) throughout the
8 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 1 shows that the gyro
radius estimated from the peaks of striking points on the
scintillator plate becomes small as the toroidal magnetic
field increases. As a reference, both energies for
negative ion based neutral particles (N-NB) and thermal
ions are plotted in the same figure. The observed signals
do not exceed the gyro radius estimated from the energies
of N-NB, and thus the signals consider to be valid. The
small difference would come from the slowing down of
fast ions and the error of the probe position.
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Fig. 1. Gyro radii are plotted with the magnetic field at the
probe position. Gyro radii are calculated from the N-NB
energy and thermal ion temperature.

The spatial distribution of lost fast ions is
measured in the vicinity of the LHD plasmas, shown in
Fig. 2. The intensities of the lost fast ions are plotted in
Fig. 3. At 5100 mm, the decrease of the intensities of
lost fast ions is observed. These data are important, and
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can use the estimation of deposition profile of NB with the
combination of HFREYA code.
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Fig. 2. Spatial distribution of lost fast ions is measured in
the region of bold line on the probe shaft axis in the
figure.
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Fig. 3. The intensities of spatial distribution of lost fast
ions. The electron density and temperature are
Ne(FIR)=0.6-0.8x10" m™, and Te=2keV, respectively.

In the high density plasma experiments, the
fluctuation signals are detected with the frequency of 5
kHz before the detached plasmas phase. Under the
detached plasmas, the fluctuation and intensity of lost fast
ions are disappeared immediately. This phenomena
would mean the changes of the deposition of NBs.

The degradation of emission light is not
appeared clearly throughout this cycle, although the
scintillator plate increased the temperature of up to about
190°C. Further endurance test of scintillator would be
performed for severe conditions.

References
1) Nishiura, M., Isobe, M., Saida, T., Sasao, M., and
Darrow, D. S., Rev. Sci. Instrum. 75(2004)3646.



(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 lon 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 measuring 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
all of them are negative-ion based injection systems. Using
negative ion is 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 injector using a conventional positive ion
because the neutralization efficiency is so small.

Although the negative-ion-based NBI has been in
operation in LHD and JT-60U for several years, 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. The most important component is a high
current (~30A) and high power (~2MW) negative ion
source, which is big for uniform plasma production, and is
small for dealing with high power.

The report-1 by Takeiri et al. is a summary of all the
injected beam power of three NBI beamlines in LHD
through the 8" experimental campaign in FY 2004.
Although total input power had increased year by year by
successive improvement of negative ion sources, the results

of the last campaign could not exceed that of 2003 (13MW).

This is because the water leak occurred in the ion source
due to the thermal fatigue of cooling channel bellows. In
BL-2, the cooling of plasma grid was strengthened for long
pulse operation. However, it was hard to optimize its
condition for short pulse high power operation at the same

time.

The report-2 by Tsumori et al. is on the improvement
of negative ion source of BL-1. The ground grid of this ion
source was converted from multi-aperture type to multi-slot
type, which was a big success to reduce conditioning time.
However there is a problem that the optimum conditions of
beam convergence are different between vertical and
horizontal directions. It is demonstrated that the problem
can be solved by changing the shape of holes of screen grid
from circle to race track. Modified grid will be available
after 2006.

The report-3 by Oka et al. is on the measurement of
energy spectra of injected negative ion beam. It was
confirmed that almost all the beam has fully accelerated
energy as expected. A spatial uniformity of the beam is also
discussed.

The report-4 by Wada et al. is on a study of transport
of negative hydrogen ions in the ion source. They propose
the probability for H- to be extracted from the aperture of
the grid as a function of size of hole, distance, ion energy
and electrostatic potential.

The report-5 by Oka et al. is on development of
alternative cathode other than direct-heated tungsten wire,
which is a small cesiated hollow cathode (CHC). Followed
from the test of single CHS in the previous year, arc
discharge using four CHCs was tested. The cathode can be
operated without cesium but assisted by Ar or Xe.

The report-6 by Shoji et al. is on the development of
multi-antenna RF ion source which has advantage as a
cathode-less log-life ion source and is easily scaled up. In
this year, new parallel arrangement was tested, and the
result was much better than the old loop arrangement.

The report-7 by Shinohara et al. is on the study of
dense plasma source produced by helicon wave, which can
also be used as a unit source for constructing a large ion
source. Using Ar gas, high density plasma of 10" m™ can
be obtained with input RF power of 1kW in the quartz tube
of 10 ¢cm in diameter, 90 cm in length, and magnetic field
strength of 640 G.

(Kaneko, O.)
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81. Operational Status of Negative-lon-Based
Neutral Beam Injection System in LHD

Takeiri, Y., Kaneko, O., Oka, Y., Tsumori, K.,
Osakabe, M., Ikeda, K., Nagaoka, K., Asano, E.,
Kondo, T., Sato, M., Shibuya, M., Komada, S.

The negative-ion-based neutral beam injection (NBI)
system in LHD has progressed in its performance year by
year. In the present LHD plasma experiments, the NBI is
the most reliable and the most powerful heating method.
The NBI system consists of three tangential injectors, BL1,
BL2 and BL3, and various modifications and their tests of
ion sources are carried out every year to improve the
performance. These modifications and tests in the 8th LHD
experimental campaign are reported, including the injection
summary in the plasma experiments. Figures 1 and 2 show
an injection history in the 8th LHD experimental campaign
for the total port-through injection power and the individual
injection powers of three injectors, respectively.

BL1 achieved a high power injection of 5. 7MW in the
previous campaign. The modified ion sources equipped
with multi-slotted grounded grid enabled this high-power
injection. However, there is a problem of large vertical
beam divergence and different operational conditions for
the vertical and horizontal beam steering, which cause
excess heat load on the injection port. To solve this
problem, a round aperture shape of the steering grid, which
is used for the beamlet steering by the aperture
displacement technique, was modified to a race-track shape,
and the operational test was carried out. The results show
mitigation of anisotropical properties of the vertical and the
horizontal steering conditions. This modification will be
applied to the BL1 ion sources in the next campaign.

In BL3, the outputs of the arc and filament power
supplies are divided into twelve circuits, and the individual
arc and filament voltages were simultaneously controlled
so as the arc power distribution was made uniform. As a
result, the beam uniformity was improved, leading to
enhancement of the injection efficiency. The injection
power was also increased to 4MW, as shown in Fig. 2.

The injection duration has been extended over several
tens seconds in the long-pulse experiments. However, the
further extension is restricted by an excessive rise of the
plasma grid (PG) temperature, which should be maintained
at 200-300°C for efficient negative ion production in the
cesium operation. To suppress the PG temperature rise in
the long-pulse injection, stainless-steel cooling tubes have
been mechanically attached on the PG in BL2. As a result,
the injection duration was extended to above 120sec with
an injection power of 0.2-0.3MW using one ion source. On
the other hand, the pri-arc duration must be extended to
above 15sec to maintain the appropriate PG temperature in
the short pulse injection. This nearly doubled arc discharge
duration led to reduction of the filament lifetime and
enhancement of the Cs consumption. Since the operational
conditions were not optimized in the short pulse injection,
the injection efficiency was lowered and the injection
power was no more than 3MW in BL2.
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The total injection power was 11.3MW at maximum in
the 8th campaign, which was a little less than that of
13.1MW in the previous campaign. In BL1, there happened
water leak at the flexible tube for cooling the grounded grid
due to mechanical fatigue. The injection power of BL2 was
reduced with the cooled PG in the short pulse operation.
These caused the reduction of the total injection power.

The new grid system in BL1 is expected to increase
the injection power, and by using the uncooled PG for the
short pulse injection the injection power will be recovered
in BL2. Therefore, the total injection power is expected to
be increased in the next campaign.
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Fig. 1. History of the total injection power in the 8th
experimental campaign.
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82. Correction of Beam Profile by Modifying
Aperture Shape of Steering Grid Il

Tsumori, K., Nagaoka, K., Osakabe, M., Ikeda, K.,
Takeiri, Y., Kaneko, O., Oka, Y., Shibuya, M.,
Asano, E., Sato, M., Kondo, T. (NIFS)

Asano, S., Watanabe, J., Suzuki, Y., Ichihashi, K.,
Okuyama, T. (TOSHIBA Co.)

Heat load carried by accelerated beams onto grounded
grids (GG) is one of the essential points to increase the
beam power and the pulse duration in large scaled hydrogen
negative ion (H’) sources for the neutral beam injection
(NBI). In the acceleration of the H™ ions, some part of H’
beam separates to hydrogen atoms and electrons via the
collision of H ion and H, gas diffused from the ion source.
The electrons are accelerated after the collision and their
trajectories are bent by the magnetic field leaked form the
ion source. The electron beams collide onto the GG, and
the spatial concentrations of the electron beams are high
enough to melt the GG surface. It is, therefore, effective to
reduce the H2 gas load inside accelerator and to design the
GG with smaller beam accepting area. To realize those
two conditions, the beam accelerator consisting of steering
grid (SG) and multi-slot grounded grid (MSGG) has been

applied to one of the beam line for LHD-NBI since 2002 [1].

A cut view of the accelerator is indicated in Fig. 1. As
shown in the figure the MSGG has a high transparency,
which is twice higher than the conventional multi-circular
aperture grid, and gas conductance between SG and MSGG
is expected to be lower. In 2003, the maximum injection
energy and power of 189 keV and 5.7 MW have been
achieved using the ion sources with the accelerator [2].

plasma grid (PG)

H beam

extraction grid
(EG)

multi-slot grounded grio
(MSGG)

Fig. 1. A cut view of beam accelerators with the steering grid, SG,
and multi-slot grounded grid, MSGG.

steering grid (SG)

Although the accelerator with the MSGG has an
advantage to increase the injection power, the system
involves a large demerit caused by the different symmetry
of electric field near the SG and MSGG [3]. The influence
is observed as the separation of focal condition in the
direction of the slot long and short sides; the feature is not
observed in accelerators consisting of multi-circular
aperture grids. Figure 2 shows the beam widths in the both
directions as the functions of voltage ratio (Rv) of accelera-
tion voltage (Vacc) to extraction voltage (Vext). In the
practical operation of the ion source, Rv is chosen in the
gray area in Fig. 2, and the beam profile elongates in the one
direction.  The profile distortion induces the irregular

concentration of the beam inside the beam line, and the
beam injection port and beam dump had been melted.
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Fig. 2. e-folding half width of beam profile as a function of
voltage ratio (Rv) of acceleration voltage (Vacc) to extraction
voltage (Vext). The solid circles and solid diamonds indicate the
widths parallel and perpendicular to the slot-long-side of the
MSGQG, respectively. The shape of the SG aperture is circular on
with the diameter of 13 mm.

The investigation has been done to decrease the separating
focal condition using a small-scaled ion source consisting of
the SG with multi-racetrack apertures [3]. There are some
differences in small-scaled source and LHD ion source, for
instance the grid gaps, applied voltages and so on. The SG
with racetrack apertures is investigated to confirm the
validity for the reduction to focal separating characteristics
in LHD-NBI.

Racetrack Vext : 7.5 kV

400 ¢ 400
=350 % Pp—1350
E ' min. V-width : 184 mm S || ()
= 800 * at Ry=14. ‘e; - 300
£ * 13
Sas0 & ~¥-1250
® vertical @\ N3
L 200 o ? 200
B 2 horiZontal
w 1 . 1
= 150 L5 1o 50
= a.e. 0 0®

100 ®-® 100

¢ min. H-width : 108 mm
at Rv{azs
50 50

8 10 12 14 16 18 20 22 24
Rv (= Vacc / Vext)

Fig. 3. e-folding half width of beam profile as a function of
voltage ratio (Rv). The data was obtained with use of the
accelerator with MSGG and racetrack SG apertures (¢10x13 mm).

The focal characteristic on a combination of the SG race-
track apertures and MSGG is indicated in Fig. 3. The long
and short sides of the racetrack are 13 and %0 mm, and the
long side corresponds to the slot long side of the MSGG.
The voltage ratios obtaining the minimum widths in the long
and short direction of M%GG slot become closer in the
system with racetrack-SG apertures comparing to that with
circular apertures. By modifying the shape of SG aperture,
the damages inside the beam line is considered to decrease,
but also the beam port-though efficiency is expected to
increase.

[1] K. Tsumori et al, Rev. Sci. Instrum, 75 5 pp.1726-1728 (2004)

[2] K. Tsumori et al, proceedings of 20" IAEA conf, FT/1-2b, Vilamoura
(2004).

[3] K. Tsumori et al, proceedings of 10" International Symposium on the
Production and Neutralization of Negative lons and Beams, Kiev, (2004).
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83. Doppler Shift Spectra of Ho Lines from
Negative lon Based Neutral Beams

Oka, Y., Grisham, L. (PPPL), Umeda, N. (JAERI),
Ikeda, K., Takeiri, Y., Tsumori, K., Honda, A.
(JAERI), Ikeda, Y. (JAERI), Kaneko, O.,

Nagaoka, K., Osakabe, M., Yamamoto, T. (JAERI),
Asano, E., Kondo, T., Sato, M., Shibuya, M.

The velocity spectra of the negative ion based neutral
beams with doppler-shifted Ha spectroscopy. as well as the
effectiveness of the spectroscopy " has been studied /
In the 8" experimental cycle, the spectra
from beam-line-1, BL-1 in addition to BL-2 and BL-3 have

been newly measured to study the differences probably

collaborated.

reflected by the ion source design and the operation
conditions.

An internal mirror (Fig.l) was mounted inside the
vacuum vessel of BL-1 to keep the same angle of line of
sight as those in BL-2 and BL-3.

systematic observations of the velocity distribution profiles

We conducted

in standard LHD-NBI injection (Fig.2). the spectra over the
course of 70 ~ 128s long-pulsed beams with reduced power,
and the behavior of negative ion beam stripping in the
accelerator. Almost all of the transmitted beam power
(Fig.2) was found to be at approximately the full
acceleration energy (170keV). A very low energy peak
due to beam particles stripped in the extractor gap (at
~8keV) is observed.

spectrum profiles were repeatedly reproduced throughout

It was observed that the similar

the day. while the operating condition for the neutral beam
was kept constant with a high power level of ~4.5MW/2.

H- ion uniformity (Fig.3) in an LHD-ion source along
the long direction of ~125cm was deduced by the full
energy component coming from five vertically arrayed grid

sectors .

It was found that the H- ion current is fairly
uniform, and that there is still the prospect of increasing the
H- current throughput by about 15% at the optimum

perveance, if the uniformity is improved.

138

For long beam pulses, the magnitude of the full energy
peak gradually declined as the beam pulse duration
increased.  When conductively cooled plasma grid was
used, the spectra did not change for a longer time compared
to those with a standard (i.e., a thermally isolated-) plasma

arid.

Fig. | Mirror system in-side the vaccum vessel.
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Fig.2  Spectrum in beam line-1 from negative ion based
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84. Fundamental Processes in H- lon Source
Plasma

Wada, M. (Doshisha Univ.)

Matsumoto, Y. (Grad. School Adv. Studies)
Yamaoka, H. (RIKEN)

Sasao, M. (Tohoku Univ.)

Tsumori, K.

Nishiura, M.,

Neutral beam heating based on electrostatic
acceleration of negative hydrogen ions (H") is one of the
most promising candidates to heat magnetically confined
plasmas up to temperatures necessary to realize
thermonuclear fusion conditions. The optimization study
of the H™ ion source and that of the acceleration system are
being carried out at the National Institute for Fusion
Science, and a reliable plasma heating system for Large
Helical Device has already been achieved. However, a
further development to improve reliability of the heating
system is desirable for extending the operation time of a
plasma confinement device. = Fundamental processes
influential upon the H™ ion extraction is being studied by
measuring the perturbation in the extracted H” beam caused
by destroying local H™ by pulse laser photodetachment."

The experimental setup is schematically illustrated in
Fig. 1. The spacing between the plasma electrode and the
laser beam, z, is changed to investigate the relative
importance of the local H density on the laser path to the
extracted laser beam. A 9-cm diameter, 11-cm long
magnetic multicusp ion source is equipped with a magnetic
filter to realize an efficient extraction of H™ ions. Local
plasma parameters and an H™ density are measured with a
movable Langmuir probe. A beam of H is formed with a
single gap extraction system. The beam current is
measured by a Faraday cup after separating electrons with
a permanent magnet electron suppressor unit.

Typical oscilloscope traces of the H current signals
at the time of photodetachment of H™ in the near plasma
electrode region of the ion source are shown in Fig. 2. As
shown in the figure, the signal amplitude is smaller and the
delay time for the signal to reach its maximum is larger for
larger z.  Through conducting a series of precise
experiments, the probability for an H™ ion to be extracted
from an aperture of radius R is found to be expressed by the
following equation.

P(z) = l(l - a exp(i AQD(Z)J )
] VIS 2 K(2)

Where Ad(z) and K(z) are the local potential and the H
kinetic energy, respectively.

Necessary conditions for equation (1) to be valid are
negligible effects of collisions and a weak intensity of the
magnetic filter field. These effects upon the H transport
toward the extraction aperture have been investigated with
the present device. The filter field effect is qualitatively

understandable, while the effect due to collision is not
straight forward to interpret. A particle trajectory based
numerical simulation model was developed to clarify the
effects of ion-neutral collisions near the plasma electrode.
Results of the model reasonably agree with ones obtained
from experiments for near collision free conditions.
Modification of the model is being made to properly
simulate plasmas of high collision frequencies.

Other factors affecting the extractable H™ current are
studied with various methods.  These include VUV
spectroscopy,” and the dc laser photodetachment
diagnostics, which has revealed the transport velocity of
negative ion containing plasma is substantially slower than
the ion acoustic speed of H.> The enhanced H™ cooling
effect due to neutral collisions will be further studied so as
to realize better extraction geometry for H™ ion sources.
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85. Plasma Injection from Several Cesiated-
Hollow Cathodes into the Large H- lon
Source?

Oka, Y., Belchenko, Yu. (BINP, Russia), Davydenko,
V. (BINP, Russia), Ikeda, K., Kaneko, O.,

Nagaoka, K., Osakabe, M., Takeiri, Y., Tsumori, K.,
Asano, E., Kawamoto, T., Kondo, T., Sato, M.

To develop the long lifetime plasma source, we started to
establish the system of compact cesiated-hollow cathode which
will be available for the multi-cusp plasma source of LHD-NBI
% Hollow cathode is considered to be a reliable cathode and
can produce plasma injection for long time. Seeded cesium for
CHC in H- ion source would potentialize H- ion production
efficiently. In contrast to previous experiments with a single
high current hollow cathode, we have suggested to use the set of
compact Cesiated Hollow Cathode (CHC) for production of
uniform plasma in the large area multi-cusp source. CHCs
which was investigated and fabricated in BINP * was newly
fitted to large multi-cusp H- ion sources on the LHD-NBI test
stand. Advanced hollow cathode operation without Cs was
tested in the discharge voltage-current characteristics.

Four CHCs were attached on side wall in large 1/3 scale H-
ion source with external magnetic filter.  Dimension of plasma
source was 38 x 62 x ~20cm’. Plasma-, extraction-, and
acceleration grids had multi-holes over the area of 25 x 25cm™.
Specially designed power supply system for CHC operation was
prepared on the test stand.

We ignited the CHC numbers in due order and succeeded to
operate simultaneously three CHCs (Fig.1). Waveforms of
discharge voltage and the current had quiet waveforms for ~5sec
pulse. Discharge voltage in range 2050V, and discharge
current in range 50~70A were independently controlled for each
cathode.
measured with baratron gauge ranged 0.5-4mT.

Gas pressure in multi-cusp plasma chamber,

Cold-hollow cathode was operated without Cs introduction
in 1/3"scale source  (Fig2) ". There was no wiring to CHC
heater and Cs-pellet oven heater, although the pellet oven was
filled with new pellets (without activation for Cs). 100% Ar,
100% Xe, or mixture of 30% Xe + 70% H, gases, instead of H,
gas were introduced into cold-HC. Xe pressure was 0.6 — 1.1
mTand Ar 0.6 —0.9 mT. Stably. discharge current up to ~70A
were obtained for 5s every 120sec.  Discharge ignition strongly
depended on kind of gases, and the discharge impedance with
Xe is lower than that with Ar.

We established the new system of simultaneous operation of
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several hot CHCs in LHD-NBI 1/3" scale plasma source.
Technical issue of the system and operation were studied and in
part solved via the R&D on the test stand.

Fig.1 Photo of four CHCs on filament feedthrough port in 1/3™
scale H- ion source
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Fig.2 Discharge voltage vs discharge current with one cathode
in cold-HC. This is the case without Cs and without
heating the hollow cathode.

The authors would like to acknowledge NIFS and BINP for
supporting continuously the collaboration.
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86. Rf Power Performances for Ring Shaped
and New Parallel Rod Multi-antenna
Systems of Rf lon Source

Shoji, T. (Dept. Energy Eng. And Sci., Nagoya Univ.)
Oka, Y.

As a filament less system, rf ion sources have several
advantages, such as easy maintenance, long operation time,
less contamination from the filament metals etc. However,
high beam current and large diameter beam are necessary to
be developed for the practical NBI source for the fusion
research. We have been developing the multi-antenna rf ion
source for these purposes '*. The ring shaped rf antennas
were exchanged to the new rod shaped one designed for the
higher power operation.

The old ring shaped antenna elements (Fig.1 (b)) are made
of copper rods and placed in ceramic pipes to avoid taking the
net electron current from the plasma, which raise the plasma
potential. The new antenna (Fig.1 (c¢)) is designed to reduce
the antenna inductance, increase a breakdown voltage and
improve density uniformity. The antenna consists of four
parallel copper pipes (6¢,200mm long) inserted into
20¢ quartz tubes. The antennas are installed in 35 cm x 35 cm
x 18 cm rectangular multicusp plasma chamber and are
connected electrically outside the chamber as shown in
Fig.1(a).

The maximum rf power is 50kW and frequency is 9MHz.

The ion saturation current I, is measured by Langmuir probe.

Preliminary result of rf power dependence on I, for old and
new parallel antenna system is shown in Fig. 2. The number
of parallel antenna segments is four in both cases. [, for the
old antenna jumps around 10kW and rf breakdown occurs at
~15kW. The new antenna does not show any break down
below 40kW and creates high ion current. Further
investigation of the plasma characteristics produced by the

new antenna is now underway.

Multi-antenna

@_ matching

Fig. 1 (a) Multi-antenna RF ion source and segmented
antennas, (b) old segmented loop antenna system and (¢) new
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Fig. 2 Ton saturation current at the center of bucket chamber
as a function of rf input power for old ring shaped and new
parallel antenna systems. rf frequency is 9MHz. Hydrogen

pressure is 0.5mtorr.

Reference

1) Shoji, T, Sakawa, Y, Hamabe, M and Oka, Y., Ann. Rev,
NIFS, (2001) 141

2) Y. Oka, T. Shoji, in 5" JA-EU Workshop on NBIs (Super
JDCO), Sept. 18, 2000, CIEMAT Madrid.

3) Y. Oka, T. Shoji, et al, 10" ICIS2003, Sep.2003, Dubna,

Russia

141



87. Development of RF Plasma Source for
Negative lon NBI

Shinohara, S., Mizokoshi, H. (Interdis. Grad. Sch.
Eng. Sci., Kyushu Univ.)
Kaneko, O., Tsumori, K.

The high power neutral beam injection (NBI)
heating utilizing negative ions have been actively
executing in NIFS. Concerning the future plasma
source in NBI, key issues to be studied are easier
plasma production with a good stability, higher plasma
density and higher ionization, and developments of
large or compact sources. In addition, developing a
neutral beam source with the high particle flux is
important in the charge-exchange recombination
spectroscopy. The present objective is, first,
characterizing a high-density, compact plasma source,
using a helicon wave scheme [1] in the range of radio
frequency. Then, developing a negative ion source with,
e.g., hydrogen gas, will be carried out to apply to the
advanced NBI in NIFS.

The construction of the compact helicon plasma
source with the strong magnetic field has been
completed. The main device parameters are as follows:
the discharge chamber uses a quartz tube, which has an
outer (inner) diameter of 10 (9.5) cm and 90 cm axial
length. The magnetic field B can be applied up to 10 kG,
whose main strong field region extends to ~ 30 cm in
the axial direction. Here, iron yokes are added to
increase the field.

Two parallel plates with 3 cm in the axial
direction each used as the rf antenna, are wound around
the quartz tube at the midplane. Here, the spacing
between two copper plates is 6 cm. By changing the
electrical connection between two plates (parallel and
anti-parallel current directions), the excitation of the
axial wavenumber spectrum can be changed [2,3]. The
rf frequency can be varied in the range of 3 - 15 MHz,
145 MHz and 435 MHz (with pulsed as well as
continuous operation modes). In order to estimate the
antenna loading, a directional coupler monitoring the
incident and reflected power is used in addition to
measure the antenna voltage and current. A Langmuir
probe is scanned radially at the midplane, and two
probes inserted from the top and the bottom flanges
move axially. For the electron density calibration, 70
GHz microwave interferometer system has also been
installed.

We will present the results on the plasma
performance using an argon gas [4]. Figure 2 shows an
example of the plasma density #n., changing input rf
power P (rf frequency is 7 MHz) with argon pressure
P, of 10 mTorr. A so-called density jump to the range
of 10" c¢m™ was observed with less than 1 kW of P,.
Here, due to the better radial confinement with the
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increase of the magnetic field, n, was higher in the high
field region before the density jump. This jump became
weaker with the increase of this field (see, e.g., B =
3,040 G case). Figure 2 shows the relationship between
the electron density and the magnetic field with P, =
1.6 kW. In both cases of Po, = 4 and 10 mTorr, n. was
higher near B = 640 G, which corresponds to the
condition that the excitation frequency is close to the
lower hybrid frequency.

In conclusion, the experiments on the plasma
production in the electron density range of 10" cm™ were
successfully carried out using a compact, high magnetic
field device. The more detailed characterization in a wide
range of operating parameters will be done. The optimized
condition obtained will be expected to contribute to the
advanced NBI system in NIFS.
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(5) Diagnostic Systems

For the precise measurement of plasma parameters in
the three dimensional helical plasma, an extensive set of
diagnostics have been routinely operated. The present
status is that the total number of diagnostics is over 45
owing to the continuous efforts for the development of new
diagnostic instruments by researchers.

The YAG laser Thomson scattering system and the
ECE system have proven as reliable diagnostics for the
temporal evolution of the electron temperature profile. The
YAG laser TS system works routinely to provide the
electron temperature profile with a flexible repetition rate
(from ps to hundreds of ms). On the other hand, the data
quality of the electron density is far from satisfactory due to
incomplete absolute calibration of each polychromator. So
far, we have tried absolute calibration using hydrogen
Raman scattering and nitrogen Raman scattering several
times, but the results were not reproducible. For the sake of
more efficient calibration work a conventional method
using a diffusive light reflected from a BaSO4-coated plate
has been developed.

A 13-channel far infrared laser interferometer has been
routinely operated for the precise measurement of the
electron density profile in the Large Helical Device. The
spatial and time resolutions are 90 mm and 1 us,
respectively. A CO2 laser imaging interferometer has been
developed for detailed profile measurements of density and
density fluctuations. The imaging system is employed by
using three slab-like beams and multi-channel detector
arrays to measure the fine structure of the density profile
with a spatial resolution of 15 mm. In addition to these
density diagnostics, a new type of reflectometer using an
ultra-short sub-cycle pulse has been developed in order to
get a fine structure of a density profile. An ultra-short pulse
has broad band frequency components in a Fourier space.
This means one ultra-short pulse can take the place of a
broad band microwave source. A new two color FIR laser
interferometer system using short wavelength laser sources
(A =57.2 um and 47.6 um) is under development for future
high—performance LHD plasmas. By introducing Ge:Ga
photoconductive detectors two color beat signals were
successfully detected.

The plasma potential profile is an important quantity in
a helical system since the radial electric field plays an
important role in particle orbits and their losses. A heavy ion
beam probe (HIBP) is being developed to measure potential
and density fluctuation in high temperature plasmas. The
LHD-HIBP system is composed of a negative ion source, a
tandem accelerator of 6 MeV, beam lines, and an energy
analyzer. In the last experimental campaign, the secondary

beam was successfully detected, but the signal beam is
extremely low so that the signal to noise ratio corresponds
to the change in plasma potential of 400 eV. In order to
improve the S/N, further improvement of the ion source and
the beam line is necessary.

A tracer-encapsulated solid pellet (TESPEL) has been
developed for impurity particle and heat transport studies. A
TESPEL ball consists of polystyrene polymer as an outer
shell in diameter of 300 — 900 wm and tracer particles as an
inner core. The TESPEL injection has been implemented for
various important studies as well as for impurity transport
studies. In order to reduce extra impurities due to capsule
evaporation and ionization a new injector for making solid
hydrogen pellets around cores has been developed. When
such a pellet enters the plasma, the outer solid hydrogen
layer is ablated first, keeping the impurity core from
ablation up to the plasma axis. This results in an intensive
ablation of the core providing the small localization of the
deposited tracer ions.

For  multi-dimensional =~ measurements of  the
non-axisymmetric LHD plasma 2-D or 3-D imaging
diagnostics are under intensive development with national
and international collaborators: tangential cameras (Fast SX,
photon counting CCD, Ha CCD), tomography (tangential
SX CCD, AXUV) and mm wave imaging (ECE,
reflectometer). A 3-D ECE imaging system has been
developed in collaboration with Kyushu University. The
imaging system is composed of a detector array,
quasi-optical system, and IF system. By using microwave
integrated circuit (MIC) technology, the IF system including
broadband amplifiers, power dividers and band-pass filters
has been realized on a dielectric substrate.

A data acquisition system with parallel processing
technology has been developed for diagnostics with a 3
minute cycle during LHD operation. Data of most
diagnostics are taken by the CAMAC system. The total
number of CAMAC modules and channels are about 300
and 2000, respectively. The raw data size is up to 2GB/shot
with 150 shots/day. In the 8" campain wide-band real-time
data acquisitions using Yokogawa WE7000 digitizer and NI
PXI/CpmpactPCI are introduced in addition to conventioal
CAMAC systems. The longest discharge duration of LHD
was over than one hour. The LHD data acquisition system
had established a new world record for the acqusition data
amount ~84 GB in a single plasma dischrge. For effective
remote participation with domestic universities, LHD has a
powerful network realizing 1 Gbps streaming by
introducing the super science information network.

(Kawahata, K.)
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81. A Convenient Method of Calibrating
Relative Sensitivity of Multi-Channel
Thomson Scattering Diagnostic System

Narihara, K., Yamada, I., Hayashi, H.

The Large Helical Device (LHD) is equipped
with a 200-channel Thomson scattering diagnostic (TS) [1],
which can yield space-resolved electron temperature (7¢)
and density (ne) profiles along the major radius passing the
magnetic axis at a horizontally elongated poloidal section.
Through repeated spectrum calibrations of the
polychromators, the data quality of the electron
temperature profile has reached a satisfactory level, though
not yet perfect. On the contrary, the data quality of ne is far
from satisfactory due to incomplete absolute sensitivity
calibration of each polychromator. Initially we planed to do
absolute-calibration using hydrogen-Raman scattering, but
abandoned this for the safety reason. Instead, we tried
several times nitrogen-Raman scattering calibration, but, to
date, the results are not reproducible and far from
satisfactory. The deduced ne profile with the calibration
has much larger channel-to-channel variations than the
un-calibrated ne profile. The reason for this was speculated
that the nitrogen-Raman spectra lie at the very steep wing
of the first filter in the polychromator, which makes the
measurement to be very sensitive to change of the
filter-characteristics caused, for example, by changes in
room temperature or in the light-collection-geometry. We
must repeat many trials further. In order to pursue this
tedious calibration work efficiently, we developed a
convenient method to measure relative sensitivities among
the polychromators as described below.

To simulate light coming from the scattering
volumes in a plasma and passing the view window, we
used light diffusively reflected from a BaSO4-coated plate
(33 cm x 60 cm) set on the surface of the viewing window
in the airside. The thickly coated BaSO4 was checked to
reflect with little spectrum distortion. The BaSO4-plate was
illuminated by 10 ns pulse light guided by an optical fiber
from an optical parametric oscillator (OPO). A
light-expander with a rectangular aperture similar to the
window shape was attached at the exit of the optical fiber.
The wavelength of the OPO was swept between 1020-1060
nm to measure the sensitivity of the first filter-detector
combination. Trial and errors and careful checks were
necessary to eliminate stray optical paths linking the OPO
to the input of the polychromators. The OPO output, which
fluctuates appreciably, was monitored by an ultra-fast
thermopile detector to normalize the spectrum-responsivity.
With this experimental setup, we measured the sensitivities
of the first spectral-channel of the polychromators. The
wavelength-responsivity relations (filter functions) of the
color channel proximate to the laser wavelength (1064.3
nm) are over-plotted for 114 polychromators in Fig.1. We
can see that the height and width of the filter-function
varies appreciably polychromator-to-polychromator. The
repeated measurements over weeks showed a good
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reproducibility. Combining the calculated data on the
scattering length and the solid angle for each
spatial-channel with the filter-function thus measured, we
can obtain the coefficients necessary for deducing ne
profile. The ne profile thus obtained (OPO channel#4 data)
are shown in Fig.2 together with the uncalibrated profile
(DC all channel data). There still remains large
channel-to-channel variations, though much larger one are
removed. In addition to these channel-to-channel variations,
the right-left asymmetry in the profile is a problem yet to
be solved. We must make continued great efforts.
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82. An Estimation of Uncertainties in
Electron Density Measurements due to
the Beam Spatial Variations in the LHD
YAG Thomson Scattering

Yamada, I., Narihara, K., Hayashi, H., Funaba, H.,
LHD Experimental Group

The LHD YAG Thomson scattering [1][2] has been
applied successfully to the measurements of electron
temperature profiles of LHD plasmas, however it gives not
always satisfactory, reliable electron density profiles [3].
Laser beam pointing instability and misalignment are
candidates for ones of the major sources of experimental
errors in the absolute density measurements. As shown in
Fig.1(b), when the laser beam image slips off the center of
optical fibers on which Thomson scattered photons are
collected, photon collection efficiency decreases. In addition,
the image is unfocussed, and then the image becomes wider,
the collection efficiency decreases also as shown in Fig.1(c).
In order to estimate the influence of such laser beam path
variations and/or misalignment on the electron densities
measured, we carried out laser beam modulation
experiments by moving two beam steering mirrors actively
in LHD steady-state discharges.

N NN
N N

(a) When the laser image is focused onto the fiber center,
the collection efficiency becomes maximum.

OO OD

(b) If the laser image is displaced from the fiber center,
the collection efficiency decreases.

(c) When the laser image is out of focus on the fibers,
the collection efficiency decreases also.

Fig.1, Decrease in collection efficiency due to
misalignment and unfocussed image.

An example of raw data detected with a five-channel
polychrometor is shown in Fig. 2. The signal intensities are
proportional to plasma density. In this laser modulation
experiment, modulated and fixed laser beams were used. As
expected, the signal intensity from the modulated beam is
modulated (upper curve) and that from the other fixed laser
is free from modulation. We estimated experimental errors
due to laser path variations from the amplitude of the
modulated component in the signal intensity.

Fig. 3 shows the estimated errors due to laser beam
variation and misalignment. In the figure, results for ten
polychrometors are plotted. We believe that realistic beam
pointing variation is smaller than 125 prad. Then, possible
errors originated from beam spatial variation have been
estimated to be less than 10-15 %. It is noted that beam

pointing stabilities in the laser systems themselves have been
measured actually to be less than 25-30 prad.

Shot #052823 : Poly#100
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Fig.2, Raw signals from a five-channel
polychrometor. Upper modulated signals
from the modulated laser and lower one
from the fixed laser.
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Fig.3, Estimated experimental error due to laser
beam path variation and misalignment.

The beam modulation experiments have provided
useful information on the reliability of electron density
profiles measured with the LHD YAG Thomson scattering.
However, complete understandings have not yet obtained.
We are planning further experimental checks, careful
calibrations and sophisticated simulations.
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83. Development of Ka-band Ultrashort
Pulsed Radar Reflectometer for Electron
Density Profile Measurement

Tokuzawa, T., Kawahata, K.

Recently we have been developing a new type of
reflectometer which is used an ultrashort sub cycle pulse.
It is called as an ultrashort pulsed radar reflectometer. An
ultrashort pulse has broad band frequency components in a
Fourier space. It means one ultrashort pulse can take the
place of a broad band microwave source.

The ultrashort pulsed radar reflectometer system
was shown in the previous annual report. An impulse of
-2.2'V, 23 ps full-width half-maximum is used as a source.
To extract the desired probing range of the frequency, we
utilize a Ka-band rectangular waveguide.  When the
impulse is launched into the waveguide, it is transformed to
the chirped wave including broad frequency components.
It is caused by the dispersion effect of the electromagnetic
wave in the waveguide. The output chirped wave from
the waveguide is amplified by a power amplifier and then
is launched into the plasma. The incident wave reflects
back from the cut-off layers corresponding to each
frequency component. The reflected wave is mixed with
42 GHz continuous wave of the local oscillator. The
output from the mixer is amplified by the intermediate
frequency (IF) amplifier (2 — 18 GHz) and then divided to
ten. Each IF signal is filtered by band pass filters which
the centre frequencies are 3, 5, 6, 7, 9, 10, 11, 12, 13, 14
GHz and they correspond to 39, 37, 36, 35, 33, 32, 31, 30,
29, 28 GHz, respectively, in the incident frequency
components. The ten signals are detected by the Schottky
barrier diode detectors to obtain the reflected signal pulses.
The reflected pulses are amplified by pulse amplifiers and
leaded to constant fraction discriminators (CFD). A part
of the incident wave is extracted with a directional coupler
and is detected to obtain the reference pulse. Both the
reference pulse as the start signal and the reflected pulse as
the stop signal are leaded to the time-to-amplitude
converter (TAC).  The output voltage of TAC is
proportional to the time difference between the start and
the stop signal. The spatial ambiguity estimated from the
TAC output has been tested and defined lower than 6 mm.

By using the ordinary wave the measured flight
time of each frequency pulse reflected from the plasma has
been described by

r.(oy) 2 -2
o) (He)) 2 ;[l__wm»gﬂ] & O

o c Ion

with r, the edge of the plasma, c the velocity of the light,
@, the probing frequency, w),, the plasma frequency, and
rd,) the position where the plasma frequency equals the
probing frequency, respectively. The result of the time
evolution of TOF measurement is shown in Fig. 2. The
delay time is defined by the travelling time from the
assumed plasma edge to each cut off layer. When the
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corresponding cut-off layer is generated in the plasma, each
reflected wave is observed in order. By using Abel
inversion the position of the reflecting layer is given by

rc(a)o) = %a]‘r(a))/da)g -0’ do . )
0

Figure 3 shows the time evolution of the reconstructed
density profile.  In this inversion the cubic spline
interpolation is used for connecting the data points between
the lowest frequency cut-off layer and the assumed plasma
edge.
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84. The First Detection of the Secondary
Beam of the 6 MeV Heavy lon Beam
Probe on LHD

Ido, T., Shimizu, A., Nishiura, M., Katoh, S.,
Nishizawa, A., Tsukada, K., Yokota, M., Ogawa, H.,
Inoue, T., Hamada, Y.

A heavy ion beam probe (HIBP) is being developed to
measure potential and density fluctuation in high
temperature plasmas. We achieved to inject the primary
beam in the LHD vacuum vessel and to detect it in the
previous experimental campaign in 2003 - 2004. So, we
tried to detect the secondary beam produced in the plasma in
this campaign.

The secondary beam current is predicted to be attenuated
to 107 or less of the injected beam when the line averaged
density of the LHD plasma is 1.0 x 10" (m™), and to
decrease corresponding to the increase of the plasma
density". At present, the injected beam current is 1 uA at the
maximum, thus the secondary beam current 10~ pA or less.
On the other hand, 10" pA of the secondary beam was
necessary for the potential measurement with the sufficient
accuracy in the previous HIBPs. Therefore, the secondary
beam current must be increased. We are developing the ion
source to increase the source beam”, the beam line to
improve the beam transport efficiency, and the detector with
high detection efficiency to detect the lower beam current.

One of the noteworthy improvements is the installation
of the new detector with micro channel plates (MCPs).
MCPs are available to detect charged particles through the
multiplication of the secondary electron current, and
actually they are used as the detectors of the HIBP on
GAMMA-10 in Tsukuba university. However, they have not
been used for heavy ions with MeV range of the energy, yet.
Moreover, the MCPs also respond to the light emitted by the
plasma and it causes a noise possibly. So, it is necessary to
check the performance of the MCPs in the real experimental
situation. The MCPs were tested by use of doubly charged
gold ions (Au") with the energy of a few MeV® ¥, and we
confirmed the MCP could detect the high energy heavy ions.

As the results of the improvement, the secondary beam
produced in the plasma was detected successfully for the
first time. The experimental conditions are the magnetic
field strength of 2.75 T, the major radius of the magnetic
axis of 3.6 m, and the plasma is produced with electron
cyclotron heating (ECH). The energy of the probe beam of
the HIBP is 5.04 MeV and the primary beam current is
about 0.1 pA. Figure 1(a) shows the temporal behavior of
the line averaged electron density. Figure 1(b) shows the
voltage of the injection sweeper which is used to control the
injection direction of the primary beam, and the beam is
injected toward the center of the plasma during the voltage
of 0 kV and it is not injected into the plasma during the
voltage of 14 kV. The secondary beam signal is shown in
Fig. 1(c), where the nominal current gain of the MCP is 10°

and the signal is averaged for 10 ms. The signal appears
only while the primary beam is injected into the plasma, and
that means the signal is not noise, such as the emission from
the plasma, but the secondary beam. The secondary beam is
detected before the start of the discharge, and it is produced
through the collisional ionization by the neutral gas in the
vacuum vessel. The secondary beam current increase at the
start of the discharge, and it changes corresponding to the
change in the plasma density. Unfortunately, the potential of
the plasma can not be calculated with the data because the
beam alignment was not complete, yet. However, the
signal to noise ratio corresponds to the change in the plasma
potential of 400 V, therefore the change in the potential
profile will be measured during the formation of the internal
transport barrier.

In this campaign, the secondary beam could be detected
successfully, but the signal is extremely low so that it must
be integrated for several ms. The high temporal resolution,
that is one of the advantages of HIBPs, is lost consequently.
Although the ratio of the secondary beam current to the
primary beam current is predicted to be 107 or more, the
ratio is 10 in this experiment and it is rather low. The
detection efficiency to the high energy heavy ions of the
MCP may be lower than the nominal value. The calibration
of the MCP is necessary. The ion source and the beam line
must be also improved further in order to increase the
injected beam current on the other hand.
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Figure 1: (a) Line averaged electron density. (b) Sweep
voltage of the HIBP. (c) Secondary beam current signal
measured with MCPs.
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85. Confirmation of Beam Orbit of the
Heavy lon Beam Probe on LHD

Shimizu, A., Ido, T., Nishiura, M., Katoh, S.,
Nishizawa, A., Tsukada, K., Yokota, M., Ogawa,
H., Inoue, T., Hamada, Y.

The installation of 6 MeV heavy ion beam probe
(HIBP) system to LHD was completed in previous
year, and the secondary beam was tried to be detected
for checking beam orbit and calibrating energy
analyzer in this year. The secondary beam was
successively detected by using micro channel plates
(MCP) that are high gain current detector and that
provide us with the capability to measure a very
small amount of current. In this report, an
experimental result to check the beam orbit by using
the signal from MCP is shown.

The beam orbit of HIBP in LHD is deflected by
sweepers, which are 8-pole type electric deflector.
Sweepers are installed at the beam injection point to
plasma and at the front of the energy analyzer. In
the experiment shown in this report, only the first
sweeper was used. The electric field produced by
this sweeper is characterized by two parameters, V1
and V2, which are the voltage supplied to plates in
two perpendicular directions. Both VI and V2 were
swept as sine wave, and the signal from MCP located
at the front of the entrance slit of analyzer was
investigated.

In Fig.1, the time traces of sweeper voltage, VI,
V2, and the detected signal with MCP are shown.
The condition of magnetic field was, Bt=2.75T,
Rax=3.6m. The secondary beam arose from collision
with neutral gas in this experiment. Since the MCP
detects electron, the signal appears as minus value.
The detected signal is The gain of this MCP is about
10°, therefore the total current of secondary beam
was about 0.1 nA. In Fig.2, the shading map of
signal intensity in V1-V2 space is shown. Shading
level of map means the intensity of detected signal.
In V1-V2 space, the region where signal intensity is
large is localized. The secondary beam is the sheet
beam, because the secondary beam ions arise from
the primary beam path anywhere. This secondary
sheet beam orbit was numerically calculated, and the
minimum distance between this sheet beam and the
position of MCP detector was estimated. In this
calculation, V1, V2 were swept and the map of the
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minimum distance in VI-V2 space was produced.
The contour lines shown in Fig.2 are drawn by using
this calculation result. As shown in Fig.2, the
detected current intensity by MCP coincides with
these counter lines, therefore the beam was controlled
well by sweeper as we intend to do.

The calibration of energy analyzer is not complete
yet, since the ratio of signal to noise is small at the
detector in the energy analyzer. By optimizing
beam line and improving ion source, the current
intensity will be increased in the next experiments
and the calibration will be done.
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Fig.1 a) Voltages supplied to plates of sweeper.
Solid line and dotted line correspond to V1 and V2
respectively. b) Detected signal with MCP located
at the front of energy analyzer.
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Fig.2 Shading map of detected signal intensity in

V1-V2 space. Counter lines are made from
calculation result, and which mean the minimum
distance between secondary beam and MCP
detector.



86. Performance and Development of Au-
Beam Source for a Heavy lon Beam
Probe of the LHD

Nishiura, M., Matsumoto, Y., Shimizu, A., Ido, T.,
Tsukada, K., Kato, S., Nishizawa, A., Hamada, Y.,
Mendenilla, A. (Doshisha Univ.), Wada, M. (Doshisha
Univ.)

Heavy-ion-beam-probe (HIBP) system is being
developed for understanding of plasma behavior,
especially the potential profile and density fluctuation in
the Large Helical Device (LHD). A sputter type negative
ion source is adopted for the HIBP system of the LHD.
During the fiscal year 2002, the gold negative ion (Au”)
beam with the current of a few micro amperes has been
achieved at the exit of the ion source. However in the
HIBP system of the LHD, we need to inject stable gold
negative ion beams of at least a hundred micro amperes at
the entrance of the 6 MV tandem accelerator. For higher
Au~ beam current operation, we have investigated the
basic characteristics of the ion source and have started to
optimize the ion source at a test stand facility.

Ion sources were operated at the test stand facility
in the diagnostic building and the actual facility in the
LHD main building. Figure 1 shows the former Au™ ion
source and the first extraction system. The size of the
cylindrical ion source is 8 cm in diameter and 9 cm in
length. The gold target for sputtering is inserted into the
ion source. The electrostatic extraction system consists
of an electrode with the 5-mm-diam. hole. By adding
cesium vapor into the ion source, ion beams are extracted
from the ion source.

Tungsten filament

Current
feedthroughs

Water cooling

Cs oven L
0 20mm

Fig. 1. Sputter type negative ion source and extraction
system.

At the test stand facility, the Au™ ion source yielded
the Au™ beam current of 39 pA at the target voltage Vt =
-500 V and the beam energy of 10.5 keV. However we
could not keep the discharge stable under the operation of
the beam current lager than 10 pA. Performance of the
beam output at the LHD-HIBP beam line is shown in Fig.

2. The Au~ beam current of about 5 ~ 10 pA was
extracted stably, and thus doubly charge stripped Au’
beam current of around 0.1 pA was injected into the LHD
vacuum vessel successfully. The conversion efficiency
from Au~ to Au” was more than 0.1. For high current
and stable dc-operation, a new ion source, shown in Fig. 3,
has been built.  The characteristics are compared
between the two ion sources of Figs. 1 and 3. Further
optimizations will be made to achieve higher beam
current.
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Fig. 2. Au” beam current(uA) and operating hours
corresponding to the operating dates using the LHD-HIBP
system. The characters in the figure denote T: change of
gold target, Cl: cleaning of ion source, and C: change of
cathode, respectively.
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Fig. 3. Schematic of new ion source and the graph of
regions of Au~ beam current.(open ellipse: new ion source,
closed one: present ion source)

149



87. Measurements of Rotational Transform
Due to Non-inductive Toroidal Current
Using Motional Stark Effect Spectroscopy
in Large Helical Device

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

The change of rotational transform due to the
non-inductive plasma current driven by negative neutral
beam, which is typically less than 10 % of rotational
transform determined by the external current in the helical
coils, are measured in the Large Helical Device with
Motional Stark Effect (MSE) spectroscopy. Radial profiles
of rotational transform are derived from the radial profiles
of the polarization angle of the ¢ component in the H, line
emitted from the high energy hydrogen atom of the beam
with four sets of linear polarizers, spectrometers and CCD
detectors. The radial profile of the change in rotational
transform due to the non-inductive toroidal current driven
by the neutral beam is measured|[1].

Figure | shows the CCD image for the H,
emission emitted from the neutral beam measured with
different polarization angle. Each group has four spectra
with 0, 45, 90 and 135 degree linear polarizers starting
from the top. Clear peaks corresponding to the o
components (which is parallel to the magnetic field) are
observed for the spectra with a 0 degree linear polarizer at
the top of each group. Two peaks with a separation of 40
—50 pixel are observed for the spectra with the 90 degree
linear polarizer at the second line from the top of each
group, which correspond to the = component
(perpendicular to the magnetic field). The third line and
forth line correspond to the spectra with 45 and 135 degree,
respectively, These spectra are contributed by both o©
components and « component and the contribution depends
on the direction of the magnetic field. The spectra with a 45
degree linear polarizer (third line) has a larger
contribution from o components for groups 7 - 13, which
indicates that the magnetic field is tilted upward. On the
other hand, the spectra with a 135 degree ( = -45 degree)
linear polarizer (fourth line) has a larger contribution from
o components for groups 17 - 20, which indicates that the
magnetic field is tilted to downward.

In order to derive the rotational transform. the
equilibrium code VMEC is used. The radial profile of the
polarization angle measured is compared with that
calculated with a VMEC database with various pressure
profile and current profiles. The VMEC data consists of a
few hundred equilibria with various total pressure, total
toroidal current, and current density profile. Figure 2(a)(b)
show the radial profile of the rotational transform in the
equilibrium magnetic field which gives the best fit to the
polarization angle measured. The total toroidal current
measured with a coil is used in this best fit process. Then
the central rotational transform depends on the current
profile for a given total toroidal current. When the current
profile is peaked at the plasma center, the central rotational
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transform becomes large (small) for the positive (negative)
toroidal current.
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Fig. 1. CCD image for the spectra of Doppler shifted H,,
emission from beam hydrogen atom.
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Fig. 2. The radial profile of the shift of polarization angle
due to plasma and rotational transform for the best fit to the
measured polarization angle and vacuum rotational
transform in the plasma with (b) a positive toroidal current
of 61kA (co-injection) and (b) a negative totoidal current of
-81kA (counter-injection.
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88. Argon Transport Obtained with an
Assembly of Pulse Height Analyzer in LHD

Muto, S., Morita, S.

Spatial- and time-resolved spectroscopy in the
x-ray region is required to obtain significant information
about impurity transport as well as the time evolution of
electron temperature-profile. In the present article the
experimental result of argon transport in Large Helical
Device (LHD) is preliminary reported.

An assembly of Pulse Height Analyzers (PHA) has
been designed and constructed to investigate the profiles
of the x-ray spectra in LHD.[1] The assembly is
equipped with a spatially scanning system which makes
it possible to measure the radial profile of x-ray
spectrum. With the system, the sight line of the PHA can
be scanned in the radial direction of LHD. The most
specific feature of the assembly is that the inversion of a
line integrated spectrum is available. The range of x-rays
measured with the assembly is regularly from 1 to 13
keV. In this region, both continuous radiation and the K,
lines emitted from argon have been observed.

In the present research a diffusion coefficient and a
convective velocity of argon particles in LHD plasma
have been successfully estimated. The continuity
equation for an impurity ion is described by

—%n(f,t):Vof(?), (1)

where n(r,t) and /{r) are an impurity density and an
impurity flux, respectively. It is assumed that the
impurity flux is expressed by the summation of a
diffusion term and a convective term as follows;

- -
I'(7)=-D(F)ValF)+V (7 )n(7), )
where D(r) and V(r) are the diffusion coefficient and the
convective velocity, respectively. In an assumption of
following equation

n(p.t)= A(p)f (t — #(p)) - 3)

it is possible to solve Eq.(1) approximately as follows;

a¢<p)J

D(p)=-a [pA(p) Jazea)

where a, p, A(p), f(t), and ¢(p) denote an averaged
plasma radius, a normalized plasma radius which is a
non-dimensional parameter, the amplitude of the
impurity profile, the time evolution of the impurity, and
the profile of a phase shift which is a time necessary for
the impurity particles to penetrate to a position of p in
the plasma. In addition the convective velocity is
approximately solved as follows;

V(p) zéD(p)%lnA(p). )

Fig.1 shows a measured phase shift-profile of the
argon particles in LHD. In the present experiment
several identical discharges have been performed, while
the position of the sight line has been changed shot by
shot. In Eq.(4) and (5) it is qualitatively demonstrated
that the profile of the diffusion coefficient and the
convective velocity are depending on the derivative of
the phase shift-profile.

The diffusion coefficient and the convective
velocity of the argon particles have been estimated from
the experimental result as shown in Fig.2. As is shown
in the figure, it is especially suggested in Eq.(4) and (5)
that the local structures of the diffusion coefficient- and
the convective velocity-profiles can be evaluated in
LHD.
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Fig.1.  The measured phase shift-profile ¢(p) of the
argon particles in LHD. The time when argon was
puffed is corresponding to 0 sec in the vertical axes. The
time necessary to penetrate into the plasma center is
estimated to be approximately 0.2 sec.
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Fig.2.  The diffusion coefficient (filled circles) and
the convective velocity (filled squares) of the argon
particles estimated from the experimental result obtained
with the assembly of PHA.
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89. Microwave Imaging Reflectometry for the
LHD Edge Plasma

Pavlichenko, R., Nagayama, Y., Kawahata, K., Mase,
A., Ignatenko, M., Kogi, Y. (Adv. Sci. & Tech. C.
Coop. Res., Kyushu Univ.)

A reflectometer part of a new diagnostic tool for
simultaneous measurements of the temperature and density
fluctuations was installed at LHD during last campaign.
The main aim of this diagnostic is to extend the range and
detail of turbulence measurement capability in fusion
plasmas. Both the Microwave Imaging Reflectometry
(MIR) and ECE Imaging techniques take advantage of
large aperture optics to form an image of the reflecting
layer onto an array of detectors located at the image plane,
enabling localized sampling of small plasma areas.
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Fig.1. Schematic layout of the combined MIR and ECEI systems
(top): microwave layout of the 3-channel reflectometer
(bottom).

Based on LHD edge plasma densities the
reflectometer utilized frequencies of 66, 69 GHz (V-band)
for the probing the plasma with X-mode polarized radiation.
The basic schematic of system is depicted in the Fig.1. The
focusing elements of the microwave imaging system are
consisting of main focusing elliptical mirror and one plane
reflector. Both mirrors are located inside the LHD vacuum
chamber. For the test run the MIR system was exclusively
occupied the LHD 40-CCO1 diagnostic port. In spite of not
optimal plasma conditions (low electron plasma density)
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the system shows the strong reflected signal from the LHD
plasmas. Because of using the heterodyne receiving
technique (Fig.1) for signal detection with combination of
high powered launching oscillators the test run shows the
capability of the receiving system to acquire the plasma
reflected signals in the range of -45 to -50 dB. For
2004-2005 LHD campaign MIR was operated as 3-channel
system. The channels were focusing at three different
plasma locations, which are separated in radial, azimuthal
and toroidal directions. This allows performing the auto-

and crossing correlation analysis of the obtained data.
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Fig.2. Time evolutions of the reflected RF signal; shot #55552
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Fig.3. Spectrograms of the reflected signals at 66 GHz for the
central (left) and radial for 69 GHz (right) of the MIR for
the LHD plasma: shot #55552
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The Fourier spectrums for the data windows of
100 ps are plotted in the Fig.3. Based on current data the
cross-correlation for the center and poloidal channel was
calculated. From the Fourier analysis the time of

7. = 1.5 sec the partial correlation of 2.5 ms is obtained.

Crr
We can estimate the poloidal rotation velocity from the
values of poloidal correlation length and poloidal
correlation time 1, «c [, [z =0.11/25x107 =44m/s -

Those low frequencies and rotation velocities
could not be considered as the evidence of the any drift
waves. One of the possible origins is General Acoustic
Modes (GAM). but it must be confirmed by future
measurements.

It is become clear that a new elliptical focusing
mirror has to be installed. This mirror has to be able to
change the focusing point in both toroidal and poloidal
directions. Thus. it will expand the ability of present
system operate under a wider range of plasma parameters.
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810. Application of Ultrashort-Pulse
Reflectometer to LHD

Mase, A., Kogi, Y., Uchida, K. (KASTEC, Kyushu Univ.)
Ejiri, A. (Frontier Sci., Univ. Tokyo)
Kawahata, K., Tokuzawa, T.

Ultrashort-pulse reflectometry (USRM) is one of the
methods to measure density profiles of plasmas. The
frequency source of the reflectometer is replaced by an
ultrashort pulse which pulse width is less than 100ps. The
density profiles can be reconstructed by collecting time-of-
flight (TOF) signal of each frequency component of an
impulse reflected from each cutoff layer.

The detail of the USRM system was shown in else-
where." Remote control system using super science
information network (super-SINET) has been introduced to
the USRM system since 2003. Bandwidth of the main
backbone and branch line is 10 Gbps and 1 Gbps,
respectively. The control client can operate the control
server by using this network. The general purpose interface
bus (GPIB) card is installed in the control server. The
remote console, which has graphical user interface (GUI) is
prepared to control the instruments of USRM via GPIB. The
operations such as the adjustment of supply voltage fed to
amplifiers and the frequency doubler, timing control of the
impulse, data acquisition and monitoring can be performed
from the remote site. The monitor can display the current
view of a sampling scope for various times and their

analyzed data as well as the machine parameters. In FY2004,

the position of the transmitter and receiver antennas can be
controlled remotely as sown in Fig. I. The two antennas can
be rotated in order to observe the cutt-off layer depending
on the various plasma conditions even between the plasma
shots. In Fig. | the solid line from the antenna corresponds
to the radiation angle, and the dotted line correspond to the
maximum radiation angle when the antenna is rotated.

The directly recorded signal by the sampling scope is
analyzed and reconstructed by means of the signal record
analysis (SRA) method.” In Fig. 2 are shown the examples
of reconstructed density profiles for the high density and
low density plasma experiments of LHD. We assumed here
the initial position where the electron density equals to 0
corresponds to the one of the separatrix. It is noted that for
the high density operation the incident wave is reflected at
the position close to the vacuum wall comparing with the
low density operation, which means that the plasma is filled
in wide region of the vacuum chamber for the high density
operation..

In the LHD experiment, a multi-channel far-infrared
(FIR) laser interferometer is utilized for measurement of
density profiles. However, in the edge plasma region (n.<
2.0%10" m?), the FIR laser interferometer can measure
only two chords or less. The behavior of the edge plasma
and the plasma position is quite important for the control of
the plasma. This USRM system seems to be useful for this
purpose

In summary, we have completed a remote operation

system of an USRM., and succeeded to reconstruct electron
density profiles using SRA method. As an upgrade of the
present system, it is planned to widen the frequency regime
of an incident pulse from 26-40 GHz to 12-40 GHz.
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Fig. 2 Profile reconstruction by signal record analysis.
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811. Study of High-performance Array Antennas
for Millimeter-wave Imaging Array

Kogi, Y., Kudo, K., Mase, A., Ignatenko, M. (ASTEC
Kyushu Univ.)
Nagayama, Y., Kawahata, K.

It is considered to be one of the major issues to clarify the
behavior of various instabilities and relations between
instabilities and plasma confinement. ECE imaging (ECEI)
is a promising method to measure electron-temperature
profile and its fluctuations precisely. An ECEI system is
composed of a detector array, quasi-optical system, and IF
system. Each subsystem plays following roles. The optical
system is composed of optical mirrors and dielectric lens.
These optics are utilized to focus ECE from plasma on the
detector array within the specific bandwidth. In the present
plan of the beginning experiment, we will collect the 2nd
harmonic of ECE with frequency range from 70 to 80 GHz.
The ECE is then received by the detector array, and is
frequency-converted to IF signal by means of LO. In the IF
system, signal is then fed to power dividers and bandpass
filters to resolve radial temperature distribution, since the
frequency of ECE is proportional to magnetic field strength.
While poloidal and toroidal temperature distribution is
obtained by 2D array of the detector. We have studied and
improved design of the detector to be suitable for ECEI
measurement. In this report, we will describe prototype
design of newly developed detector for ECEI.

In the last year, we have developed the detector called
DBMA' which works in X-band range. and confirmed that
properties such as conversion loss, antenna directivity and
antenna pettern show good performances. We have
proceeded to develop this detector which works in E-band
range in this year. Figure 1 shows a sample of the detector
fabricated on a Teflon substrate by Electro Fine Forming
(EF2) technology.
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Fig. 1 Picture of E-band DBMA

This detector consists of two dipole antennas, four diodes,
and four low-pass filters connected to end of the antenna
legs. One dipole antenna is arranged perpendicular to
another dipole antenna. One is used for detecting RF (LO),
and another is used for detecting LO (RF).
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We have performed this detector sensitivity measurement
by injecting LO and RF power from the back and forth of
the substrate. and we have confirmed IF output by a
spectrum analyzer as shown in Fig. 2.

HER 2.334 GHz
=33.269 dbnV

REF -25.3 dBnV
5di/ AWrite MHega B_Blank Norm

= 1
Fig. 2 Confirmation of IF output and detector sensitivity

In addition to development of the ECE detectctor, we have
proceeded to develop the microwave components utilized in
the IF system. Components indicated inside the broken line
box in figure 3 show a block diagram of the IF system. Each
component such as broadband amplifiers, power dividers.
and band-pass filters have been realized on a dielectric
substrate by microwave integrated circuit (MIC) technology.

Detector Array (25-100ch)

b V-”
A/D Converters (100-400ch)
Fig. 3 Block diagram of the IF system

When we apply ECEI measurement, number of microwave
component in the IF system attains over several hundreds. If
we employed the microwave components on the market,
huge cost and installation space become a important
problem. By using MIC technology, we have succeeded to
develop the microwave components of low-cost and small
space installation,

[11 S. Maas, "The RF and Microwave Circuit
Design Cookbook", Artech House, 1998.



812. A New Tracer-encapsulated Pellet
Injector for Plasma Diagnostics

Sudo, S., Viniar, I. (St. Petersburg Univ.), Tamura, N.

A new injector for making solid hydrogen pellets
around impurity cores has been developed for plasma
transport study in Large Helical Device. A new technique
has been employed for automatic loading carbon or
polysterene cores of 0.2 mm diameter from a gun magazine
to a light-gas gun barrel. The injector is equipped with a
cryorefrigerator and is able to form a 3.2 mm long and 3
mm diameter cylindrical solid hydrogen pellet at 7-8 K
with an impurity core in its center within 6 minutes and to
inject it in the light-gas gun up to | km/s.

The sequence of tracer-encapsulated pellet formation
is represented in Fig. 1. In a gun magazine, every impurity
core is placed in a separate cell. A small amount of
hydrogen gas is slowly admitted into the barrel and
condensed on the walls of a pellet former creating a solid
hydrogen shell, which is cooled to 8-9 K. The needle
comes down and is preset under the cell with the next core
to be loaded. The gas flow blows through the magazine cell
and pushes the core out of it. Because the whole gas flow is
sucked off through the needle and the formed shell closed a
channel through which the needle can enter the barrel, the
core fallen out of the magazine cell hits the top of the
needle, trying to get inside of it together with the gas flow
Fig.1(b). However. the needle diameter is so chosen, that
the core could not get through it, but close the hole in the
needle like a gag. The temperature of the pellet former is
increased to 30 K and the hydrogen shell is evaporated
being opened the channel into the barrel. A weak gas flow
leaks through untight sealing of the needle hole to hold the
core on the needle top during its upward movement
Fig.1(c). The pellet former is cooled to 9K once more; at
the time of hydrogen inflow, it condenses on the pellet
former walls, gradually filling up the whole of its
cross-section Fig.1(d) and even getting inside the needle.
The needle is pulled out of the pellet back to the relatively
warm magazine, leaving the core and an empty channel
inside Fig.1(e), and hydrogen, condensed in the top of the
needle, sublimates from the needle and recondenses again
in the channel formed by the extracted needle, filling it and
completing the pellet formation as shown in Fig.1(f). Thus,
the needle is used as a vacuum tweezers to capture and
hold up a core and as a source of hydrogen to complete the
pellet formation. The pellet, formed around the impurity
core, is located exactly in the injector barrel. It can be

observed through the barrel duct subject to suitable
illumination and availability of an optical system with
long-focus lens. Photos of the needle positioning and its
movement according the above process are shown in Fig.2.

Fig. 1. The sequence of operations for pellet formation

around an impurity core.

Fig. 2. Photosof the needle positioning and its
movement control into the solid hydrogen watched
through the quartz window.
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813. Ultra-Wideband Data Acquisition and
Real-Time Data Streaming in LHD
Steady-State Experiments

Nakanishi, H., Ohsuna, M., Kojima, M., Nonomura,
M., Imazu, S. (Pretech Corp.)
LABCOM Group

In the 8" campaign of LHD experiment in
2004-2005, the steady-state plasma discharges had been
practically held, and their longest duration went over one
hour. The LHD data acquisition system, namely LABCOM
system, had established a new world record of the
acquisition data amount 84.0 GB in a single plasma
discharge, which broke by far the previous record of 3.16
GB/shot in LHD’s 7" c.

Drastic Growth of LHD Plasma Diagnostics

Most of this data amount has been produced by
the new real-time digitizers, therefore, the world record has
also proved their practical usefulness very well. In recent
few years, we has been preparing for the brand-new
digitizer systems that can continuously run in steady-state
operations. (See Fig. 1).
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Fig. 1 Growth of shot-by-shot acquisition data amount in
LABCOM system: At the end of 8" campaign,
normal, i.e. short-pulse discharges produced about
2.5 GB/shot constantly.

Simultaneously with the growth of total data
amount, we also have to deal with the increasing number of
plasma waveforms with longer time duration. In LHD case,
the real steady-state plasma experiments have much
accelerated the technological shift from conventional batch
processing digitizers to real-time capable ones. At the end
of 8th campaign, LHD has 15 real-time diagnostics in
addition with the present 30 CAMAC ones. In normal,
short-pulse experiments, therefore, total 45 diagnostics
were operated even though we had 30 in 7c.

Wide-band real-time data acquisitions using
Yokogawa WE7000 and NI PXI/CompactPCI are now 15,
compared to 30 conventional CAMAC. In the last two
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campaigns, drastic increase of total number of diagnostics
and made by those real-time DAQ (See Fig. 2). They also
gave some prominent peaks of acquired data amount during
the steady-state plasma challenges of LHD.
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Fig. 2. Growth of number of LHD diagnostics by digitizer
kind: In the last 7™ and 8™ campaigns, a drastic
increase occurred by WE7000 and C-PCI
digitizers.

Real-Time Data Streaming System

For the ultra-wideband data acquisition, such as
high-resolution cameras and multi-channel fluctuation
measurements, we have continued R&D for so-called “fast
data streaming” systems in recent few years'. In the 8"
campaign, some parts of their functions, such as real-time
acquisition and saving, have started their operations. For
example, laser imaging interferometer” successfully
acquired continuous 80 MB/s raw data from PXI digitizer
front-end and stored them into host PC.

The remaining function to be implemented was
the data streaming server programs with the real-time data
monitoring (displaying) clients. Before the beginning of the
9™ campaign, we have finished the implementation of this
function, as shown in left-hand part of Fig. 3.

Real | maciLinux Clients | | Windows Clients |
Time
Display Network {internet)
Linux Server

DODB Application Server (Windows)
HD
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Fig. 3 Schematic view of real-time data acquisition systems
(left) and conventional batch ones (right): All the
data are equivalently retrieved from data storage.
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814. Enhancement of the Experimental
Database

Emoto, M., Yoshida, M., Komada, S., Nagayama, Y.

The Kaiseki Server System serves the researchers the unified
retrieving methods for various kinds of the experimental data,
and it have helped the researchers get data easier than before.
Since the system began to work, more than 1,000,000 physical
data (Kaiseki Data) have been registered. However, because
more than 50,000 discharge experiments have been done since
the LHD experiment began. it is difficult for the look for the
interest experiment. In order to look for the experiment easier.
the authors have developed the experimental database.

The database provides two kinds of information for ecach
discharge experiment. One of them is basic information of the
experimental condition, such as. magnetic axis. coil current.

injected gas. ete. Another one is summarized physical quantity of

each discharge experiment. such as, stored energy, pulse width.
electron density. and the like.

The experimental condition is maintained mainly by the LMS
database that stores the status of devices attached to the LHD. A
daemon' program checks the LMS database every one minutes.
and if it is updated. the program copies updated records into the
Kaiseki Database. There are other information that aren’t
maintained by the LMS database. for example. gas puff timing.
LID current. pellet timing, and so on. These data are managed by
different groups. The information is recorded into text files, and
another daemon program copies the contents into the database in
every three minutes.

The summarized physical quantities are calculated from the
Kaiseki Data. When a new Kaiseki Data is registered into the
database, its information is added to a queue. At every night. a
batch program sees the queue. and checks if the summarized
quantities should be updated. 1f it is necessary to update the
quantities. it recalculates the values.

The users can use the database directly from their programs.
However, in order to use the database. they have to use SQL
language. To make it easier. the authors developed the GUI

interface 1o use the database. Fig.2 shows the WEB interface of

the system. The program itself is written by PHP. but from the
client side, it looks just like a normal web page, and the standard
web browser can use the program. The user can enter the search
condition on the upper part of the page. for example. pulse width
== 1.0 sec. magnetic axis = 3.6. etc. Therefore. they can look for
the information without using SQL. The results are shown on the
down part of the page. From this region. the user can get the PDF
files. These PDF files are shot summary graph of each discharge
experiment. As this figure. the default result output is shown as a
webpage. but the results can be obtained as a CSV file. This
format is convenient to use from other programs.

'"The daemon is a program that runs at background and usually
doesn’t have an interface to users. A typical daemon is a WEB
SErver.

This service is available from the public server. This public
server can be used basically by any person. but it needs
registrations. The public server is located on DMS (De Military
Zone). This is the subnet where the user cannot access to the
computers in other LANs except for connecting to the Kaiseki
Database.
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815. Development of a New Two Color FIR
Laser Interferometer (II)

Kawahata, K., Akiyama, T., Tanaka, K., Tokuzawa, T.,
Okajima, S., Nakayama, K. (Chubu Univ.)

Measurements of the refractive index of the plasma by
using electromagnetic waves are a well-established tool for
measuring electron density profiles in high temperature
plasmas. In the Large Helical Device, a 13-channel far
infrared laser interferometer has been routinely operated for
the precise measurements of the electron density profile[1].
The optical configuration of the interferometer is of the
Michelson interferometer type with a heterodyne detection
system. The light source is a highly stable twin 118.8-um
CH30H laser pumped by a cw CO2 laser. The overall
accuracy of the system is about 1/100 of a fringe,
corresponding to a line averaged density of 5.6 x 10'® m™ at
the central chord. The interferometer routinely provide
density profiles almost every shot except in the case of a
high-density plasma produced by an ice pellet injection.
When a large sized pellet is injected into the plasma steep
density gradient is formed in the peripheral region of the
plasma, which sometimes causes the fringe jumps on the
density traces measured by fringe counters. In order to
overcome this difficulty we have been developing new
laser sources in the wave length region of 40 to 70 um,
which is optimum value from view points of the plasma
refraction and mechanical vibration effects, since the beam
bending effect can be reduced by a factor of ~ 4 compared
with that of 119 um. On the way to search short wavelength
laser oscillation lines, the most powerful line was found to
be a 57.2-um CH30D laser line [2] and be able to oscillate
simultaneously at a 47.6 pm every 5 x 57.2 um (~ 6 x
47.6 um) by tuning the FIR laser cavity length. These new
laser oscillation lines enables us to develop a new two color
FIR laser interferometer [3].

One of the key issues to construct the two color
interferometer system is to develop a high quality detector
operating at the wavelength of ~50 pum. This fiscal year we
have newly introduced Ge:Ga photoconductive detectors
operating at liq. He temperature. which have a signal
bandwidth of 1200 GHz centered at 3000 GHz. The
responsivity of the detector is 0.4 amps/watt around 50 pm,
which is about 30 % of the peak value. Figure | shows the
experimental set-up for the detection of two color beat
signals. Figure 2 shows the two color beat signals detected,
1.5 MHz for 57.2 pm and 900 kHz for 47.6 pm. The beat
frequency of each oscillation line can be adjusted at a
suitable value for phase measurement by tuning the length
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of the FIR laser cavity and changing the operating pressure
of the lasing molecule. The achieved signal to noise ratio is
about 30 dB when the input power to the detector is
reduced by 30 dB. These beat signals will be fed to a phase
comparator for phase measurement after passing through a
band-pass filter.

Detector [
Cryostat  [ESEE

Fig.1. Experimental set-up for the detection of two color
beat signals.

500 kHz/div.
10 dB/div.

Fig.2. Two color beat signals at 1.5 MHz for 57.2um
and 900 kHz for 47.6 um.
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816. Two Dimensional lon Temperature and
Velocity Measurements by Use of Visible
Light Tomography Technique

Ono, Y., Balandin, A.L., Imazawa, R., Kawamori,
E., Murata, Y., Itagaki, T., Yamanoue, T., Sato, K.,
Arimoto, K., Timura, T., Tawara, T. (Univ. Tokyo,
High Temperature Plasma Cent./Dept. Electr. Eng.),
Narushima, Y., Nagayama, Y., Yamazaki, K.

For the past four years, we have been developing a new
visible-light tomography system for two dimensional (2-D)
measurements of ion temperature and velocity. It is now
installed in TS-4 device, and will be in LHD together with a
well-controlled compact toroid (CT) injection system. The
coaxial plasma gun will deposit impurity plasma at an
arbitrary spatial position of the Large Helical Device (LHD)
plasma at an arbitrary time. Its injection time is much
shorter than the conventional pellet injection, leading us to a
new fast particle diffusion measurement in MHD time scale.
The 2-D visible light tomography system was designed to
measure directly 2-D profiles of its ion diffusion,
temperature and velocity.

In 2004, the visible tomography system was installed
for LHD and TS-4 devices, using 120 channel optical fibers
and three polychromators with three ICCD cameras. Its
major problem is that the measured Doppler shift and width
for ion wvelocity and temperature measurements are
integrated along the viewing line. The conventional
reconstruction for the local data is to solve the inverse
problem at each wave length and to fit a Gausian profile to
the obtained local spectrum.. However, the reconstructed
local data have no relation with each other, though their
spectra are close to the Gausian profile, so that we observed
a significant increase in S/N ratio especially around the tail
(short and long wavelength) regime of line spectrum.

We demonstrated for the first time, a new spectrum
reconstruction method based on assumptions of Gausian
profile of line spectrum. Unlike the conventional MEM
(Maximum Entropy Method) tomography only for the
spatial profile, the MEM was applied not only to the spatial
profile but also to wavelength profiles. This double

assumption, causes a significant reduction of reconstruction

error, especially around the edge regions whose S/N are low.

The measured spectrums are obtained by integrating the
local line spectrum with the Gausian profiles over the

viewing lines, as shown in the following equations:
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1
where M and N are number of radial positions for
reconstruction, an number of measurement channels,
respectively. We determined the parameters A, ay, ap, a,
(i=1+++M) by minimizing the L parameter mentioned above.
The Akaike parameter was used for optimization of those
parameters that strongly depend on y parameter. Figures 1
(a) and (b) show the radial profiles of light emmisivity and
ion temperature: the assumed profiles, profiles
reconstructed by the conventional Abel inversion and
profiles reconstructed by the new method mentioned above.
The 10% and 20% noise components were added to the
signals in cases (a) and (b), respectively. These data
indicates that the new method is more robust against the

noise component, especially in case (b).
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method ([). The 10% and 20% noise components were added

to the signals in cases (a), and (b), respectively.
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817. Image Reconstruction by Hopfield
Neural Network for Bolometer
Tomography of LHD Plasma

Iwama, N. (School of Informatics, Daido Institute of
Tech.)

Hosoda, Y. (Dept. of Information Science, Fukui Univ.)
Peterson, B.J.

Hopfield neural network is a tool of regularizing
the ill-behaved least-squares solutions of linear equations.
With mutually interconnected neurons, the Hopfield system
has such a dynamical behavior as an energy function tends
to decrease with time when the system has a monotone
increasing input-output function of neuron with symmetry
of the interconnection weights. This dynamics can be used
for the tomographic image reconstruction from projections
when the Lagrangian function of Tikhonov-Phillips type
[1] to be minimized is analogously regarded as the energy
function.

In the formulation of image reconstruction Hf =g,
where an unknown K-dimensional image vector f is
operated by a projection matrix H to produce the
M-dimensional data vector g, the analogy leads to the
following design of a Hopfield model having neurons as
many as the number of pixels K:

the weight matrix ~ W=—2(H'H+M»C'C) ;

the bias vector 6=/M)H'g .

Here, C is the K-dimensional Laplacian operator. By this
design, the matrix W is symmetric as required with the (7, /)
element w; (interconnection weight from the j-th neuron to
the i-th neuron) such that w;=w;,.. To fit the neuron outputs
to the projection data, the term H'H leads to negative
weights interconnecting the neurons that are located on
each line of sight. The term M»C'C gives to each neuron a
negative self-connection weight w;; and positive weights w,
from 4 neighboring neurons; these weights increase in
magnitude with the regularization parameter y and assume
a role of statistical stabilization and spatial smoothing of
the neuron outputs f;, that is, the reconstructed image. On
the other hand, the bias @ is the back-projection, which is
well-known in computerized tomography, and involves the
projection data g, which is time-variant as the M-channel
detector signals. When the sigmoid function is used as the
input-output function of neuron, the Tikhonov-Phillips
solution will be nonlinearly modified so that the pixel
values f; are guaranteed to be positive.

This Hopfield model design has been made on
the system of two 20-channel fan-beam cameras (M=40)
with AXUVD silicon photodiodes that has been installed in
a semi-tangential cross section using 3.5-U and 4-O ports
of LHD [1,2]. The temporal change of the neural net was
simulated by computer simply in Euler approximation of
the differential equation system of Hopfield. The square
region of imaging that covers the triangular region of
magnetic surface was divided into K=32x32 pixels. Both
the time interval Az in Euler approximation and a parameter
uy relating to the slope of the sigmoid function were
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appropriately chosen. The amplitude scaling of detector
signal data was made to avoid the stagnation and saturation
of the neuron outputs due to the lower and upper limits of
sigmoid function. On an observation of the asymmetric
radiative collapse of NBI heated plasma (Shot 28961, 2.162
sec), a result is shown in Figs. 1 and 2. With an initial
uniform image nearly zero over the square region of
imaging, the energy function was monotonically decreased
with an evolution of plasma image. The image obtained in
convergence is similar to that of the maximum entropy
method (MEM) [1]. Instead of the preblur technique in
MEM, the nonlinear method of Hopfield has a feature of
simple adoption of the smoothing operator C. Also, using
the Euclid norm in place of the Kullback-Leibler
infor-mation, the model image can be easily adopted by
modifying only the bias vector.
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Fig. 1. Changes of the energy function £ and the plasma
image; y=1.0X 1074, A=0.01, u=1.0.
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Fig.2. Reconstructed plasma image at the iteration
number #=1200 of changing the whole image.
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818. Bench Testing of New Polarimeter with
Use of Photo Elastic Modulator for 57 &
48 Micron Laser

Akiyama, T., Kawahata, K. (NIFS)
Tsuji-lio, S. (TITech)
Okajima, S. (Chubu Uni.)

As the electron density in LHD is getting higher,
reliable electron density measurement is indispensable.
The 57 and 48 micron CH;0D laser has been developed
[1, 2] because the beam bending effect (oc %) in a
plasma, which causes fringe jump errors, is small due to
the short wavelength and is suitable for a laser source of
an interferometer in LHD. On the other hand ¢ profile
can be evaluated from polarimetry and the importance is
becoming larger since the position of a rational surface
considered to be correlated to the confinement
improvement mode. Therefore we are designing an
interferometer combined with polarimeter with the
CH;0D laser conceptually now. This system will be
adapted to poloidal polarimeter plane in ITER.

On the view point of the maintenance and
compatibility with the present interferometer system,
method with use of photo elastic modulators (PEMs) are
appropriate.  The optical system is basically
interferometer and the probe beam is divided just in
front of detector for polarimeter. The feasibility was
demonstrated in JT-60U [3]. The stability for a long
time and the time resolution less than milliseconds are
demonstrated. Although the range of wavelength of
commercial PEM is limited shorter than IR region, we
found that PEM can be fabricated with silicon for the
photo elastic material through a discussion with PEM
maker HINDS. One of the disadvantages of this method
is the expense of a couple of PEMs necessary for each
channel and the total cost becomes significant in the
case of a multi-channel system. The new configuration
shown in Fig. 1 needs only a couple of PEMs even in a
multi-channel system. This system is also based on
interferometry configuration and PEMs are inserted
before a plasma.

We performed the bench testing of the new
configuration at lio laboratory of TITech with a near IR
laser and PEMSs. Figure 2 shows the relationship
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Fig.3: Test of phase shift with sheets of Teflon in the case

that polarization angle is changed.
between real and measured polarization angle. Here a
rotation half wave plate is used instead of a plasma.
Good linearity is obtained and this demonstrates this
configuration works as polarimeter. Figure 3 shows
results of phase shift measurement for interferometer. It
shows also good linearity against the number of Teflon
sheets and independent on polarization angle. The
problem is slight harmonic components of modulation
frequencies of PEMs appear on beat signals and the
amplitude depends on polarization angle. The estimation
of signal to noise ratio in the case of LHD and ITER is
under study.
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819. Research and Development of an
Extremely Compact Fusion Neutron Source
by Spherically Converging lon Beams

Yoshikawa, K., Masuda, K., Yamamoto, Y., Toku, H.
(Inst. Advanced Energy, Kyoto Univ.)
Sudo, S., Tomita, Y.

An inertial electrostatic confinement fusion (IECF)
neutron source is a device injecting ions towards the
spherical center through a transparent hollow cathode (see
Fig. 1). trapping them in the electrostatic self-field and
making fusion reactions in the dense core. An IECF device
can be promising for a portable neutron source. At present.
D-D fusion neutrons of more than 107 sec” are successfully
produced continuously by an IECF device of 340 mm in
diameter shown in Fig. | at our research group, and at
several institutions. as well.

Among current major requirements of compact neutron
sources, anti-personnel landmine detection is one of the
most urgent issues. For this application in the very near
future, further smaller device is required. An extremely
compact IECF device of 200 mm in diameter has been thus
newly developed. A neutron yield of 10" sec’ in DC
operation is required for landmine detection through
back-scattered neutrons and neutron-captured gamma rays.
4x10° sec”' has been achieved so far.

In order to enhance the neutron yield by an IECF
source, it is effective to produce sufficient ions, particularly,
in the vicinity of the vacuum chamber to provide full energy
under a relatively low pressure to prevent accelerating ions
from unnecessary charge-exchange with background gases.
For this objective we have been developing a magnetron
discharge system"? which shows in general an ample ion
current supply with a compact and simple configuration
even under a low gas pressure of several mTorr. Negatively
biased inner electrode in the coaxial configuration” as
shown Fig. 2 is essential, otherwise the produced ions would
be lost onto the facing wall of the grounded spherical
chamber without bouncing motions.

Recently we have refined the magnetron discharge
system with an outer Nd-Fe-B permanent magnet additional
to the original inner one. With an optimal configuration. i.e.
axial lengths and positions of the two magnets, a more than
five times higher magnetron discharge current has been

Fig. 1. The hollow cathode at the center of the spherical
vacuum chamber as the anode, and an IECF plasma
within the hollow cathode.
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achieved (see Fig. 3). The refined magnetron ion source was
then set up on the IECF spherical chamber. lons supplied by
the magnetron ion source were experimentally found
essential and effective for maintaining a glow-magnetron
hybrid discharge under an envisaged low gas pressure
condition. We expected that a higher negative voltage
applied to the central gridded cathode would result in a
higher extraction ion current from the magnetron source,
and accordingly a higher 1IECF cathode current. It is found
however that, as shown in Fig. 4, there is an optimum
voltage in terms of a high gridded cathode current.
Numerical and experimental studies are being carried out for
understanding these phenomena.
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Fig. 2. Schematic configuration of electrodes for magnetron
ion source and discharge plasma.
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8§20. On the Construction of Databases of
Experiment Data

Hochin, T. (Osaka Prefecture Univ.)
Nakanishi, H., Kojima, M.

Experiments of the fusion phenomena produce a lot of
sequences of time-varying values. A sequence of the values
forms a waveform. If the waveforms similar to a desired
one can be obtained by using computer system, the burden
of researchers in searching similar waveforms will be
extremely decreased. Finding the similar waveforms may
bring us new breakthrough. We have addressed to the issue
on this kind of retrieval [1]. The proposed method is based
on the Fourier Transformation [1]. The first several Fourier
coefficients are used to narrow the search space. The
candidates obtained are again evaluated by using high
dimensions’ and distinctive coefficients. This method is
called the two-step method. This method is designed for the
whole matching of waveforms.

Another type of matching of waveforms is the
subsequence matching. In the subsequence matching, the
query sequence is smaller than the evaluated sequences. A
sequence is searched in the large sequence that best
matches the query sequence. The subsequence matching of
waveforms is also strongly required. This paper addresses
to the method of the subsequence matching.

The simplest way of the subsequence matching of
waveforms is that every point of a waveform is compared
with that of a query waveform with shifting the retrieval
start position to the next point. This method is simple, but
retrieval performance will not be tolerable. The method
with good retrieval performance is required.

One of the way of improvement is that a waveform is
divided into segments, and the similarity of a waveform is
evaluated by using those of the component segments. There
may be several methods of evaluating the similarity. We
use the two-step method in evaluating the similarity of each
segment. This method is called the simple two-step method.
From here on, the first segment is first evaluated, and the
following segments are evaluated according to their order
in a waveform for the simplicity.

Following the simple two-step method, the more the
number of segments composing a query waveform is, the
less the number of the candidates obtained is. No
candidates can be obtained when a query waveform is long.
The method is improved to keep the number of the
candidates. That is, when the number of candidates is
smaller than the pre-defined lower bound, the method asks
the multi-dimensional index to return more candidates and
set the lower bound to the smaller one in evaluating each
segment. This method is called the candidate-keep two-step
method.

The methods described above use multi-dimensional
index in evaluating every segment. When one segment that
may be the component of a required waveform can be

obtained, similarity of the waveform can be evaluated by
consulting the segment next and/or prior to that segment.
There are two approaches to this evaluation. One approach
modifies the structure of the multi-dimensional index to be
able to reach directly to the next or prior segment. The
other keeps the information on the neighbor segments out
side of the multi-dimensional index. The next or prior
element is evaluated by using the information out side of
the multi-dimensional index. We adopt the latter approach
because we do not have to change the multi-dimensional
index. Fourier coefficients of the segments that are the
same ones as those used in the two-step method are stored
into a file, which is called a binary file, out side of the
multi-dimensional index. The first segment is evaluated by
using the multi-dimensional index. The following segments
are evaluated by using the binary file. This method is called
the binary file method.

The retrieval performance of three methods (the simple
two-step, the candidate-keep two-step, and the binary file
methods) is evaluated. SX flux waveforms are used for the
evaluation. The number of waveforms is 10000. A
waveform is divided into 450 segments. Each segment has
256 points. The simple two-step method asks the index to
return 1000 segments. The candidate-keep two-step method
uses 1000 as the initial candidate number, and 100 as the
initial lower bound. For the binary file method,
performance is measured under both of the hot and the cold
states of the index. The hot state means that the whole of
the index is on memory. The index is not on memory in the
cold state. The retrieval time is measured by varying the
number of segments of a query waveform. The result is
shown in Fig. 1. This figure clarifies that the binary file
method is the best. This may be caused by the number of
consulting the multi-dimensional index. The binary file
method consults the index only once.
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Fig. 1. Result of performance evaluation.
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1-3. Theoretical Study

Various theoretical investigations on helical
systems and other magnetically confined plasmas
have been carried out during the period from April
2004 to March 2005 . With the aim of contributing
to the comprehension of plasma confinement in a
toroidal magnetic field, theoretical research on
LHD and other fusion plasmas, and pioneering
theories of nonequilibrium plasmas are promoted.
Theories of complex and complicated phenomena
in confined plasmas have stages in which reliable
models are applied and stages in which the
construction of a model is itself at issue. The
researches executed during the year described in
the following includes both stages.

[MHD]

Nonlinear evolution of interchange modes in
the LHD plasma are studied with computer
simulation based on the reduced MHD equations,
focusing on the poloidal uniform flow. Effect of the
resistive wall on the growth rate of weakly unstable
external kink mode in general 3D configuration is
investigated by developing a simplified theoretical
model. Stabilization property of the compressibility
on pressure-driven perturbations in helical plasmas
is studied. Formation of filamentary structure in
edge-localized mode of spherical tokamak is
revealed by computer simulation. New theoretical
approach to 3D equilibrium of LHD is developed.

[Neoclassical transport and Er]

Property of the ripple transport depending on
the configuration of LHD is studied for wide
parameter range by using the GIOTA code. A
systematic theoretical study is executed to clarify
the impact of ion species on ambipolar radial
electric field for LHD. Transport analysis of radial
electric field in helical plasmas is investigated to
find formation of transport barrier and transport
reduction. Non-local neoclassical transport
simulation in LHD is executed by using the
FORTEC-3D. Geodesic acoustic mode (GAM)
oscillation is observed, and its damping rate is
analyzed. Particle drift in static magnetic fields is
analyzed to find analytical expressions for particle
trajectory. Test particle simulation is carried out for
neoclassical effects on strike point patterns on the
Local Island Divertor (LID) head of LHD. A
Monte-Carlo simulation code is developed to study
radial profile of ion temperature and the plasma
flow in magnetic island.

[Turbulence transport]

Self-consistent model for two-dimensional
structures at transport barrier in tokamak H modes
are analyzed to investigate a large poloidal flow
and steep profile of the electrostatic potential and
density. Two-dimensional structures at the edge of
a tokamak are investigated to find the poloidal
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asymmetry of the structure generates inward
particle pinch, and gives explanation for the rapid
establishment of the edge density pedestal. The
growth of the zonal flow in the presence of the
drift-wave turbulence is discussed on the basis of
space and time scale separation. Coherent structure
of zonal flow and nonlinear saturation are obtained.
Excitation of the geodesic acoustic mode (GAM)
in tokamak turbulence is analyzed . The GAMs are
more unstable for high safety factors. The periodic
oscillation of the inhomogeneous rotation of the
sun is studied by use of the MHD dynamo theory.
There exists a turbulent electromotive force which
is driven by the vorticity of the flow, which
corresponds to the gamma dynamo. The nonlinear
evolution of neoclassical tearing mode (NTM) in
the presence of drift wave turbulencies investigated
using the four-field neoclassical MHD equations.
Importance of the turbulent pump on the rapid
growth of the tearing mode is demonstrated.
Collisionless time evolutions of zonal flows in
tokamaks are investigated by the gyrokinetic theory
and simulation. How the collisionless damping of
the geodesic acoustic mode (GAM) oscillations is
enhanced is shown when the ratio of the typical
drifit orbit width of passing ions to the radial wave
length of the zonal flow increases. Collisionless
zonal flow dynamics in helical systems is
investigated. After oscillations of the geodesic
acoustic mode are damped, the zonal flow
amplitude is shown to approaches the predicted
value. The magnitude of axial-flow retardation near
the center of a tutbulent swirling flow is estimated
from the results of the variational analysis with the
aid of the helicity concept. The axial flow reversal
in a swirl is shown to occur if the bulk helicity
exceeds a critical value. Effects of flow shear on
the temperature gradient driven short wavelength
ion (SWITG) modes and electron temperature
gradient (ETG) mode s are investigated in a
sheared slab. A set of integral eigenvalue equation
is employed to study toroidal short wavelength ion
temperature  gradient modes. The electron
temperature gradient driven mode in the very short
wavelength region is identified with a gyrokinetic
integral equation code in toroidal plasmas. The
laser wakefield excitation is studied when a plane
laser pulse propagates at an angle to the density
gradient of an inhomogeneous plasma slab.
Powerful coherent emission around the plasma
oscillation frequency can be produced. An
equilibrium equation of a magnetized rotating
plasma is obtained. Dust plasma experiments and
collisional oscillations are studied to obtain the
parameters on the dust plasma. Dust grains and
inter-particle collision in boundary plasmas are
investigated.

(Hayashi, T.)



81. Effects of Self-Consistent Flow on Island
Generation in Interchange Mode

Ichiguchi, K., Carreras, B.A. (ORNL)

We investigate the time evolution of the magnetic
islands generated by the resistive interchange mode in
the straight LHD configuration). The effect of the self-
consistent poloidal uniform flow is focused. The NORM
code? based on the reduced MHD equations is utilized
for the study. We examine the nonlinear evolution of
the single helicity perturbations with n/m =1/2, where
m and n are the poloidal an the toroidal mode num-
bers, respectively. Fairly large resistivity (S ~ 10%) is
used, and the viscosity and the heat conductivity are
chosen so that the mode with (m,n)=(2,1) should be
dominant. In this case, the magnetic islands are gen-
erated spontaneouly in the linear phase because of the
cylindrical effect as showin in Fig.1 (a). The number of
the island in the poloidal cross section is the same as
the poloidal mode number of the dominant mode.

In the nonlinear phase, the dominant mode saturates
firstly. The radial flow, which is part of the vortex
induced by the interchange mode, pushes the plasma
outward at the positions of the O-point of the linear
magnetic island. Hence, around these points, the ra-
dial curvature of the perturbed flux contour increases
and the direction of the radial magnetic field is reversed.
Then, the O-points of the linear island changes to the
X-points. The number of the newly generated island
becomes twice of the poloidal mode number of the dom-
inant mode as shown in Fig.1 (b).

After the saturation of the dominant mode, the
(m,n)=(0,0) mode grows self-consistently and satu-
rates, which corresponds to the poloidal uniform flow.
The radial flow of the interchange vortex is twisted by
the poloidal uniform flow. Then, the curvature of the
perturbed flux contour becomes weak and asymmetric
with respect to the position of the nonlinearly gener-
ated X-point. As a result, the direction of the radial
magnetic field is reversed again and the X-points are
annihilated. Hence, the number of the resultant island
returns to the poloidal mode number of the dominant
mode. However, the shape is asymetric with respect to
each O-point, as shown in Fig.1 (¢). Thus, the X-points
are generated or annihilated depending on the growth

of the poloidal uniform flow.

(a)

Fig.1 Contour of helical magnetic flux for »r < 0.8 in
(a) linear phase, (b) nonlinear phase just after
dominant mode saturation and (c) nonlinear phase

after uniform flow saturation.
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§2. Effects of the Resistive Wall on the Growth

Rate of Weakly Unstable External Kink
Mode in General 3D Configuration

Chu, M.S. (GA), Ichiguchi, K.

Formulation of a method for the systematic compu-
tation of the growth rate of the weakly unstable resis-
tive wall mode (RWM) in 3D configurations by using
results from ideal stability codes was investigated!). We
obatined that the growth rate of the RWM is approxi-
mately given by

OWp(a) + oWy (a)
Dufa) W

VrTw = —

where a symbolizes the equilibrium quantities. Here,
dWy,(a) and 6W,(«) denote the potential energy in
the plasma regtion and the vacuum region of the ideal
kink mode for the equilibrium parameter o and the
wall located at infinity, respectively. The term D,,(a)
means the energy dissipation due to the resistivity in
the thin wall located at a given position. This for-
mulation means that the growth rate of the RWM is
approximately given by the rate at which the available
free energy for the ideal external kink mode can be dis-
sipated by the resistive wall. The eigenfunction is also
approximated by that of the external kink mode.

We evaluated the growth rate of RWM in low beta
LHD plasma carrying net toroidal current by utilizing
eq.(1) and the KSTEP code?. Figure 1 shows the pro-
files of the rotational transform. The 7 = 1 surface
exists in the plasma column for I < 150kA. First we
examined the ideal kink mode with m=1 and n=1. Fig-
ure 2 shows the dependence of the growth rates on the
net toroidal current. for several positions of the con-
ducting wall shown by b/a. This figure shows that the
RWM is non-trivial in the range of 130kA < I <135kA,
because the ideal kink mode is stable even in the case
of b/a = oo for I <130kA and the internal kind mode
is unstable even in the case of b/a = 1 for I > 135kA.
Thus, we calculated the RWM for the cases of I =130,
133 and 135kA. Figure 3 shows the growth rate. The
growth rates are much less than those of the ideal kink
modes. There is a tendency that the growth rate in-
creases as b/a and I increases. By using a fully 3D
ideal code instead of the KSTEP, we can calculate the

growth rate in any 3D configuration.
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83. Properties of the Compressible
Pressure-driven Perturbations

Nakajima, N.

The ideal MHD stability analyses for compress-
ible perturbations are performed by the cas3d3
code [1], where 300 radial meshes, 20 poloidal and
20 toroidal Fourier modes in the Boozer coordi-
nates are used for the mapping of equilibrium. As
a perturbation, 60 Fourier modes are used to ex-
press each component in 5 1, the component per-
pendicular to the equilibrium magnetic field, and
490 Fourier modes are used for &I, Note that
quite large Fourier space is needed to correctly
express the incompressible properties of the per-
turbations in the compressible calculations [1].

The radial distributions of the potential energy
Wp and kinetic energy Wy are shown in Fig. 1
and Fig. 2, respectively, for the ballooning mode
under free boundary condition. The potential en-
ergy is divided into the shear Alfvén term noted
by 1, the fast magnetosonic term by 2 (quite
small), the slow magnetosonic term by 3 (mag-
nified 5 times), the pressure-driven term by 4,
the current-driven term by 5. Wp itself is indi-
cated by 6. The kinetic energy is divided into
two parts: one is due to &l (W (¢l)) indicated
by 1, and the other is due to & (Wx(€.)) by 2.
Wi itself is indicated by 3. The kinetic energy
Wi of the unstable modes mainly comes from
the component of the displacement vector paral-
lel to the equilibrium magnetic field &/l namely
We(€l) 2 Wi (€L). This is due to the fact that
the incompressibility condition is almost satisfied
except for the mode rational surfaces as shown in
Fig. 1, so that a strong &/l is created around the
mode rational surfaces as shown in Fig. 2. This
tendency becomes stronger for interchange modes
with an almost uniform amplitude of the per-
turbed pressure along the equilibrium magnetic
field line, compared with ballooning modes where
the amplitude of the perturbed pressure is non-
uniform along the equilibrium magnetic field line.

In the present analyses, Wy (€1 /Wi(£L) ~ 4 for
interchange modes, and Wy (€11 /Wi (£1) 2 1 for
ballooning modes. As [ increases or modes be-
come more unstable, the contribution by &/l be-
comes same as that by 5 1. Note that, in usual
incompressible treatments, &l component is elim-
inated in both linear and nonlinear calculations.
In the incompressible perturbations, the counter
parts of the unstable modes are shear Alfvén
modes, since the slow magnetosonic waves are ex-
cluded. In contrast with it, the counter parts of
the unstable modes become slow magnetosonic
waves for the compressible perturbations, since
the shear Alfvén continuum spectrum moves up
from the marginal point. These properties in the
stable side of the ideal MHD spectrum will influ-
ence on the point spectra like Toroidicity-induced
Alfvén Eigenmodes, and Helicity-induced Alfvén
Eigenmodes in LHD configuration.
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FIG. 1: Radial profile of potential energy. Slow
magnetosonic term denoted by 3 is magnified 5
times.
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84. Nonlinear Simulation of Edge-Localized
Mode in Spherical Tokamak

Mizuguchi, N., Hayashi, T.
Khan, R. (Sokendai)

The edge-localized mode(ELLM) is an instability
which is observed near the edge of the torus plasma. Experi-
mentally, ELMs are often observed in some H-mode opera-
tions and are thought to have an important role the for ad-
vanced confinement regime. However, detailed mechanisms
of ELM remain to be solved. In spherical tokamak, such as
the Mega-Amp Spherical Tokamak (MAST) device, the
overall structure of the ELM activity has been observed in
detail by using cameras. The camera image clearly shows a
belt-like structures along the magnetic field. These structures
are called "filaments" or "blobs". Detailed analysis shows
that a plasmoid is separated radially from the main part of
the torus. Such filament structures are also observed in the
National Spherical Torus Experiment(NSTX). We have exe-
cuted a numerical simulation which is based on the nonlin-
ear resistive magnetohydrodynamic(MHD) model to reveal
such mechanisms on an ELM.

The initial condition of the simulation is given by
the reconstructed equilibrium of the NSTX plasma, where
the B,=28%, q,=0.89, and A=1.4. The initial equilibrium is
unstable for some ballooning modes under the resistive
MHD regime. The three-dimensional structure of this insta-
bility is shown in Fig.1. The shape of the plasma surface is
drawn by the light gray iso-pressure contour. One can see
that the plasma surface is wrinkled, and that several numbers
of the ridges which are equivalent to the most dominant tor-
oidal mode number emerge along the surrounding magnetic
field. Since the "balloon" of the plasma pressure rapidly dis-
torts the cross-field component of the magnetic field, current
filaments are partly induced along the magnetic field, as
shown together in Fig.1 by the dark gray iso-pressure con-
tour. These structures well agree with the experimental ob-
servations of MAST. It should be also noted that the num-
ber of the filaments is reduced compared to the ballooning
mode number. This can be explained by the coexistence of
the multiple modes.

In Fig.2, the temporal changes in the pressure pro-
file in a poloidal cross-section are shown. At the beginning
of the nonlinear stage(Fig.2(b)), the plasma surface is wrin-
kled compared to the initial state(Fig.2(a)) due to the growth
of the ballooning mode. Then the balloons grow rapidly. In
particular, one of the balloons, the outermost one in the fig-
ure, changes largely in the shape. The leg of the balloon
gets thin gradually(Fig.2(c)). Finally, the head of the bal-
loon is separated from the bulk(Fig.2(d)) plasma, as indi-
cated by the arrow in Fig.2(d). This separation process is
clearly observed experimentally in MAST. By this simula-
tion, it is revealed that such a formation of the filament
structures and the separation phenomenon on ELMs can oc-
cur as a result of only the nonlinear MHD process.
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The simulation results described above show some
good agreement with the experimental observations. If we
list the agreements, (1)the blobs are formed along the mag-
netic field lines, (2)the amplitude of the blobs appears non-
uniformly in toroidal directions, and (3)a plasmoid is ejected
radially from the ridge of the blobs. Though these compari-
sons with our present simple model may be still rough, they
provide us with valuable information to better understanding
of such a complicated phenomenon.

Fig.1. Three-dimensional structure of the filaments.

Fig.2. Time development of the poloidal pressure profile.

Reference
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85. New Theoretical Approach to 3D
Equilibrium of the LHD

Watanabe, T., Hojo, H. (Plasma Research Center,
Univ. Tsukuba)

LHD has potentiality of the high beta plasma confine-
ment.

The chaotic field line-layer, which surrounds the out-
side of the outermost magnetic surface, plays a key role
for an efficient plasma confinement in LHD. High mag-
netic shear of the LHD lengthens the connection length
of the chaotic field lines. The connection length of the
diverter field line which approaches close to the outer-
most magnetic surface exceeds 10 km. The cold plasma
on surface of diverter plates does not cool down the core
plasma directly therefore. Besides, the chaotic field lines
neutralize the charge separation that cause the plasma
collapse by an interchange mode. The lines of force that
break away the chaotic field line region reach the vacuum
vessel wall soon. Then, it is, also, expected in chaotic
field line region that the plasma pressure can be sus-
tained stably by the line-tying effect of the field lines
fastened to the vacuum vessel wall.

The bootstrap current driven by the plasma pressure
play another important role for the high beta plasma
confinement. The bootstrap current reduce the mag-
netic field in the outside region of helical coils. Then,
the bootstrap current contributes to the high beta sta-
bility of LHD plasma through the reduction of the total
magnetic field energy.

The new approach to 3D equilibrium of the LHD does
not depend on the assumption of the nested flux func-
tions. The new approach is composed of the new expres-
sion scheme for the magnetic field and the introduction
of a rotating helical coordinate system (X,Y, ¢).

The magnetic field B satisfies always the relation
V - B = 0. Consequently, the essential freedom of B
is two, and B can be expressed as follows by the 2 com-

ponent of a vector potential A without loss of generality.

0
B=VxA,A= ) ) (1)
p{¥ — XP}/r

LHD equilibrium, {P(X,Y,(b),q)(X,Y,qb),\IJ(X,Y7 qb)} ,

composed of magnetic surface region and chaotic field
line region can be obtained numerically by the force bal-

ance equation

VP=Jx B, J:iVxB. (2)
Mo

A numerical example of {®(X,Y,¢),U(X,Y, )} for the
vacuum magnetic field of the LHD is shown in Fig.1.

¥ AND @ FOR VACUUM LHD MAGNETIC FIELD
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Rax=36 M. Bpx=275T

Fig.1 Numerical example of ®(X Y, ¢), ¥(X,Y, ) .

The MHD equilibrium (2) can be reduced to a compact
differential equation for the W, if analysis is constrained
to the flux function region and introduced smallness pa-
rameters of 1/p (p is pitch parameter of helical coils

(=5)) and aspect ratio.
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where § = 7% +p*(X*+Y?) and F(¥) = 7By + X By —
Y By is an arbitrary function of ¥. A numerical example
of eq.(3) is shown in Fig.2.
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Fig.2 Numerical example of eq.(3) for the LHD
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86. The Configuration Dependence of Ripple
Transport in LHD

Yokoyama, M., Watanabe, K.Y ., Nakajima, N.

As introduced in Ref.l), GIOTA code is an
appropriate code for evaluating ripple transport properties
in helical systems. The magnetic topography can be
rigorously treated through the magnetic field spectrum and
also the finite rotational transform. To clarify the
configuration dependence of ripple transport in LHD by
utilizing this capability of the GIOTA code. the effective
ripple (&.) has been evaluated in a wide range of equilibria.
The &, has been frequently considered to estimate the level
of ripple transport in helical systems as the comparative
parameter among different configurations 2). It reflects the
effect of the multiple helicity of the magnetic configuration
on ripple transport. The definition of &.; 2) is

2/3
- ={9\/2_;r v D} .

16 v;

where v, vy and D are the collision frequency, drift velocity
and particle diffusion coefficient, respectively.

Figure | shows the contour of log(sur;'m) on the (Ruy. /)
plane for the radial positions of p=0.5. Here, R,, denotes
the magnetic axis position at vacuum configuration, and f
the volume averaged beta value. The MHD equilibria for
these calculations are based on the fixed-boundary VMEC
calculations 3). This condition corresponds to an operation
with a feedback control of the vertical field to keep the
plasma position identical to that used in the vacuum
configuration. The pressure profile employed for these
VMEC calculations is P(p)= P(0)(1-p”) (1-p®). This kind of
parameter scan calculations in a wide range of
configuration space can be relatively easily done with the
GIOTA code. This is a significant advantage of this code.
The designated numbers denote the value of Iog(z-:efym) for
each contour. The minimum of &, appears around Ry, of
approximately 3.53-3.55 m, which has been shown to be
regardless of radial position under the vacuum conditions.

This feature accurately reproduces previous finding of the
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“neoclassical-optimized configuration in LHD” with the
DCOM code 4). The £~ increases as f§ is increased for
configurations with R,>3.53 m. This is not the case,
however, for configurations with a smaller R, value; in
such configurations, o decreases as f is increased in this
f range. It is also recognized that this property appears
regardless of p from plasma core to edge region. This
interesting feature indicates the possibility of improving
ripple transport in finite-f# situations by carefully tailoring
the magnetic field structure. The GIOTA code is
appropriate for this extensive study. since the contribution
of each Fourier component of the magnetic field to ripple
transport can be systematically specified to clarify the

dominant contributor,
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87. Impact of lon Species on Ambipolar

Radial Electric Field in LHD

Yokoyama, M., Beidler, C.D. (Max-Planck,
Greifswald)

High ion temperatures have been achieved in
LHD experiments in high Z plasmas (such as Ne and Ar)
1,2). The radial electric field, E,, deduced from CXRS
measurements 3) and the corresponding neoclassical
calculations for such high-Z experiments have been
reported 2,4). The systematic theoretical study is presented
to clarify the impact of ion species on E; in such discharges.

The GSRAKE 5) code has been employed to calculate
the neoclassical radial particle flux, 7 (j is the particle
species index), to determine E, based on the ambipolarity
condition 25Z;/;=0 where Z.=-1 is taken for electrons. The
results presented below are for the p=0.8 flux surface of the
LHD with R, =3.75m and B,=1.5T, for which GSRAKE
calculations have been thoroughly benchmarked with other
numerical approaches 6). Density and temperature profiles
of n(0)(1- o %) and T(0)(1- o %) are assumed with fixed
1(0)=0.5>% 10" m>. The central temperatures, 7,(0) and
T,(0), are taken to be free parameters.

Figure 1 shows E; diagrams in the T;, 7, plane for pure H
(Zy=1), He (Zy.=2) and Ne (Zy.=10, T>1.36keV for full
ionization) plasmas. For H and He cases, two curves are
indicated which separate the diagram into three regions.
Above the upper curve, only one solution for E,, the
so-called “electron” root, is found. A single solution also
exists below the lower curve, referred to as the “ion” root.
In the region bounded by the two curves multiple solutions
exists. Previous experiments have shown that the electron
root is generally realized in LHD when multiple solutions
exist 7). It will be noted that for a given T;, the upper curve
is shifted to lower 7, in the He case. For Ne plasma, only a
single solution of the ambipolarity condition for E, exists.
The dotted curve in Fig. 1 indicates the temperatures for
which the ambipolarity condition is satisfied by E=0;
above (below) the curve £>0 (£,<0) holds. This contrast to
H, He results is due to the increase in charge; large Z
magnifies the importance of the so-called mobility term in
[ (the term in which E; appears as a thermodynamic force)
for ions, while at the same time shifting them to higher
collisionality where ripple transport plays a reduced role in
determining the transport coefficients.

The effect of a gas mixture is examined below. The
case of ny=0.5n. and nN.=0.05n., (assuming Ty=Ty.) is
considered. The boundary separating the regions with only
the ion root and with multiple solutions is shifted towards
higher T, for a case of a gas-mixture. This can be explained
by plotting the neoclassical particle fluxes as a function of
E. for the two cases, as in Fig. 2. The temperatures are (7,

T.)=(1.48, 0.76)keV, corresponding on the boundary curve
for pure H but below the boundary curve for the H+Ne
mixture. In Fig. 2 it will be noted that the monotonic
increase of the Ne flux with increasing £, enhances the total
ion flux at large positive E;. As a further hindrance to the
appearance of the electron root, the higher Z.¢ of the H+Ne
plasma increases electron collisionality and thereby reduces
electron ripple transport at moderate £, values.
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88. Transport Analysis of Radial Electric Field
in Helical Plasmas

Toda, S., Itoh, K.
Itoh, S.-1., Yagi, M. (RIAM, Kyushu Univ.)

The steep gradient in the radial electric field is obtained
in the inner plasma region and the transport barrier was
confirmed in the Electron Cyclotron Resonance Heating
(ECRH) plasma in the compact helical system (CHS) as
well as in the Large Helical Device (LHD). A pulsating
behavior of electrostatic potential (or the radial electric
field) is also observed in the core region in CHS, illustrating
a new dynamical state in magnetically-steady-state plasmas.
In Wendelstein7-AS (W7-AS), a change in the anomalous
transport in the core region was reported. We have
examined the one-dimensional transport equations which
describe the temporal evolutions of the density, the electron
and ion temperatures, and the radial electric field in a
cylindrical configuration. The radial electric field E, is
assumed to be determined by the ambipolar condition for the
neoclassical particle flux. We have used the transport model
for anomalous diffusivities to describe the turbulent plasma.
This model has been confirmed by the present observations
in CHS experiments so long as the static profile is
concerned. In this study, the stationary structure of the radial
electric field is examined and the hysteresis characteristic is
found to form the shear layer of the radial electric field.
Next, we study the dynamics of the radial electric field in
the core plasmas.

In the simulations, the absorbed power of electrons is
chosen as 100kW, where there is no absorbed power of ions.
The stationary solutions of the radial electric field are
obtained for the line-averaged density: 7=3.4>X10"m?, the

line-averaged electron temperature: T, =310eV and the

line-averaged ion temperature: T =170eV as the results of

the calculation. The temperature profiles of the electrons and
the ions are obtained in Fig. 1 1. In Fig. 1, the dashed curve
represents the case of the ion temperature and the full curve
shows the profile of the electron temperature, respectively.
At the point p=p.(0.38), the transition of the radial electric
field is found, where p=r/a. We can find multiple solutions
of the electric field which satisfy the local ambipolar
condition from the calculated profiles of the density and the
temperatures. The hard transition occurs when the transition
takes place between the multiple solutions for the local
ambipolar condition. The electron root for p<p; is sharply
connected to the ion root for p>p between them. It is found
that there is a clear transport barrier in the electron
temperature profile in Fig. 1. At the transition layer, the
reduction of the anomalous transport diffusivities of
electrons is obtained due to the strong gradient of the
electric field. The value of the anomalous transport
diffusivities of ions is set to be a third of that of electrons.
The total suppression of electron transport can be clearly
seen, because the explicit reduction of the anomalous
transport of electrons is obtained.
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Next, we study the dependence on initial conditions of
the obtained steady calculation results. At first, we obtain
two stationary solutions for different external parameters
and use them as two different initial conditions. They have
the positive E, (electron root) and the negative E, (ion root)
in the entire radial region, respectively. Secondly, we
analyze the coupled equations using these steady states as
two initial conditions. The absorbed power of electrons is
100kW and the absorbed power of ions is 10kW,
respectively. In the first case, the particle source term S,
increases from 5X10”m>s" to 7X10”m?s" at t=0. In the
second case, S,is reduced from 10”m>s" to 7 X 10”m>s" at
t=0. A difference between two kinds of the calculations is
only the initial conditions. In the case that the steady state is
obtained from the initial condition of the electron root, the
positive E, in the core (p<0.5) region is retained and the
solution in the outer region becomes negative. In contrast, if
the steady state is obtained from the initial condition of ion
root in the entire radial region, the radial electric field takes
the negative value in the entire radial region. This difference
only comes from two different kinds of the initial conditions.
In the case when the positive value of E, is shown in the
core region, the change of the gradient for T, and T; can be
seen. Therefore, the formation of the transport barrier
depends on the history of the control parameters.
Furthermore, the influence of the history of the control
parameters on the achieved stationary solutions appears
dominantly in the core (p<0.5), not in the outer region
(p>0.5). Temporal oscillation of E, was already obtained in
the plasma edge region. In the present work, the dependence
on different kinds of initial conditions is shown specially in
the core region. That is, a hysteresis effect is shown to exist
in the core electric field. However, the state of the temporal
oscillation of E, is not yet obtained in the core region.

In summary, the steady state of the radial electric field is
shown and a hard transition between the multiple ambipolar
E,, which induces a steep gradient of E,, is obtained. The
clear transport barrier and the transport reduction are
demonstrated. Next, the sensitivity to the initial conditions
was found. Therefore, the initial condition can determine the
final plasma state and crucial physical quantities such as the
confinement time.

Fig. 1 Radial profiles of electron and ion temperatures

1) Toda S. and Itoh K., 12th International Congress of
Plasma Physics Nice Acropolis, 25-29 Oct.2004 P1-064



89. Non-local Neoclassical Transport
Simulation in LHD

Satake, S., Okamoto, M., Nakajima, N., Sugama, H.,
Yokoyama, M.

Because of the recent progress in super computers, direct
simulation study of neoclassical transport including the
non-local nature appearing from the finite-orbit-width
(FOW) effect is becoming possible. The non-local
treatment of neoclassical transport is important to evaluate
accurately the transport level and the self-consistent radial
electric field profile in a plasma.

As concerns neoclassical transport in LHD, analytical
approaches that is based on the ripple-averaged (or
bounce-averaged) drift kinetic equation has been the most
popular one. However, these analytical studies lack in the
preciseness as follows: 1) approximation in the collision
operator 2) simplified model used in order to describe
magnetic field configuration and particle motion 3) the
FOW effect 4) short time-scale behavior of electric field
evolution such as geodesic acoustic mode (GAM)
oscillation.
In order to simulate the transport phenomena with
considering the points as mentioned above, we have
develop a numerical simulation code FORTEC-3D, which
is applicable to 3-dimensional configurations like LHD
plasma. FORTEC-3D is based on the ¢ f Monte Carlo
method, which directly solves the time evolution of plasma
distribution function according to the drift-kinetic equation.
In FORTEC-3D, the collision operator is implemented by
the random scatterings in the velocity space. It also retains
the basic properties of the Fokker-Planck collision operator.
The FOW effect is essentially included in the 0 f method,
in which the exact guiding center motion is traced.

In adopting the ¢ f method to 3D transport simulation,
the most difficult problem is the large amount of
consumption of both calculation time and resources.
Therefore, FORTEC-3D has been developed with High
Performance Fortran so that the code can be executed on
the vector-parallel supercomputer SX-7 in NIFS with the
good calculation efficiency.

As concerns the FOW effect, it is effective only for ions.
Calculating both ion and electron transport by the 6§ f
method is heavy for the computers available now, therefore
we have invented a hybrid simulation model. In
FORTEC-3D, only the ion transport is solved with the ¢ f
method, while electron transport is obtained from a
numerical solver for a ripple-averaged kinetic equation
(GSRAKE[1]), which is used to make a table of electron
particle flux in a form T (r,E,). Then the time evolution

of radial electric field dE /dr < —(I, -T,) is solved in

FORTEC-3D, which is finally converges into an ambipolar
state. If both T, and T, from are used, the result

corresponds to the conventional SOW limit. Then one can
easily compare the transport between with and without the
FOW eftect.

As far as we know, FORTEC-3D is the first application in
the world of the 0 f neoclassical simulation which can
calculate the time evolution of plasma in the whole plasma
region at once, including the FOW effect. Its primal results
were reported in [AEA conference[2]. Some examples of
the results of simulations in LHD are shown below. In
Fig.1, the ambipolar- £, profile is compared between the

result from FORTEC-3D and the SOW limit. We found
that the difference of the ambipolar field becomes smaller
as the magnetic axis is shifted inward. Therefore, the
difference is considered to be the result of the FOW effect
on ion transport, since the contribution of transit particles,
which has a large orbit width, is suppressed in inwardly
shifted configuration. In Fig. 2, the time evolution of £,

on 3 radial points are shown. The rapid oscillation is GAM,
and the oscillation frequency in the simulation agrees with
the analytical value. On the other hand, the damping rate of
GAM seems much faster than that expected from previous
analysis[3] in the SOW limit. By comparing the recent
simulations of gyrokinetic GAM oscillation[4], we expect
that the rapid damping of GAM found in our simulation is
also because of the FOW effect. We continue to investigate
the details of the GAM damping both by analytical way and
by simulations.

— OF, A
€ Puh,
= + A, -
g &&2‘:‘;22'&23&9.’0#0-o-uo-vo-o.?...
e ’“o»...,mm
_4l o  GSRAKE
| »  FORTEC-30
.......... Initial
0 0.2 0.4 0.6 0.8 !
p

Fig.1 : The ambipolar £ profile from FORTEC-3D and
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810. Particle Drift in Static Magnetic Fields

Oikawa, S. (Hokkaido Univ.)

1. Introduction

Analytical expressions for particle trajectory,
and hence the drift velocity, in static magnetic fields are
presented. The magnetic field configurations include: a slab
configuration with a magnetic field gradient length L, , and
a toroidal configuration. These expressions for the particle
drift wvelocity is wvalid irrespective of the ratio,
0<p/Ly <o, where pstands for the gyro-radius. Also
derived are analytical expressions for the guiding center
motion on the drift surface in a toroidal plasma with a
plasma current. In the case of the banana particles, the av-
erage excursion, Ar, from the magnetic surface is found
to be positive. As a result, a banana particle makes the
above radial displacement in a collision time T .

2. Slab Configuration

Let us assume that the magnetic field has only
z-component which varies along x: B(x) = (1 -x/L, )B(O),
where L denotes the length scale of magnetic field. Defin-
ing parameters

L 1+4gsin’ (a/2)

B mOLB

€

we have derived the exact drift velocity V), normalized by
the initial speed v, as follows:
VD(m):l_gK(m)_E(m), (1)
V, m K(m)
where K and E are the complete elliptic functions of the

first and the second kinds, respectively. The average
x-position over the initial velocity direction, a, is

—x 4+ 20
<x>—xO+L 2)

o™ Drlft approx. -
-v,
0 1 2 2 4
m

Fig. 1: Comparison of the exact VBdrift velocity with
drift approximation.

3. Toroidal Configuration
A banana particle moves around on a drift surface
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slightly deviated from the corresponding magnetic surface.
Let us now assume that the circular magnetic surface on the
poloidal plane (r,0), and that two particles of the same
species collide at a point (r*,0)=(r",0)=(7,,0) at a
time ¢=0. Other initial conditions are identical except for
the pitch angle y; =v(0). Let the initial pitch angles are
Yo +Y, =T, i.e., the same parallel kinetic energy. Their
radial positions of guiding centers are 7 (7). The conven-
tional neoclassical theory, in which p’ terms are ignored,
gives the time average of 7 =7 at the turning point, since
r(0)=r £Ar(0) . If the plasma current profile J(r) is
either parabolic or filamentary, the average deviation Ar
over the banana orbit can be shown to be

E:ﬂ(q—pj {m—l+M}, 3)
€ \a K(m)

where m =cos’y, /28,, and € =r/R, is the inverse
aspect ratio with the major radius of R,. The average of
{} (of the above equation) over the initial pitch angle v,
can only be obtained numerically, and is nearly O.2><\/g .

Thus, we have the average radial position and deviation:

(ar)= 0.80%[%)2 4)

In the case of v, =90+25deg considered here, equa-
tion (3) gives Ar=4.0cm, while Ar=8.0 cm numeri-
cally by using the Runge-Kutta method as shown in Fig. 2.
The major radius is R, =3 m. The particle energy is 1
MeV. A simple magnetic field configuration is adopted: the
plasma current is concentrated on the magnetic axis at
r =0 . The toroidal field at the axis is 5 T and the plasma
current is 2 MA. It should again be noted that the neoclas-
sical theory gives Ar=0 even though the collision is
between unlike particles, whereas equations (3) and (4) in

the present study deal with like particle interactions.
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Fig. 2: Particle trajectories of the same species with the
initial pitch angles of 65 deg and 115 deg at the starting
point (7,,6,) = (1,0) on the projected poloidal plane.



811. Strike Point Patterns on the LID Head in
Various LHD Configurations

Kanno, R., Jimbo, S., Satake, S.,
Takamaru, H. (Chubu Univ.),
Nunami, M., Hayashi, T., Okamoto, M.

The test particle simulation is carried out in order to
investigate the neoclassical effect on strike point patterns
of ions on the Local Island Divertor (LID) head in vari-
ous Large Helical Device (LHD) configurations. Control
of the edge plasma by means of the LID is aimed to real-
ize high temperature divertor operation (HT-operation).
It is important to investigate whether or not the particle
flux, in particular the ion flux crossing the island separa-
trix, is successfully guided to the rear side of the island
where the target plates are placed to receive the particle
load.

According to the collisionality and the magnetic field
line structure, the particle orbits mainly contributing the
particle flux from the core region to the LID head vary;
in the present paper we call it the neoclassical effect on
the edge transport phenomena. The pattern on the LID
head is numerically observed by tracing the guiding cen-
ter orbits of the test particles under the effects of the
Coulomb collision.

In the vacuum field for the case with Ry = 3.6 m, al-
most all particles are expected to drift into the island
and to be guided to the rear part of the LID head. be-
cause the island separatrix is not seriously perturbed by
the currents in the island control coils, where Iy is the
major radius of the magnetic axis. On the other hand,
the island in the case with g = 3.75 m is surrounded
with ergodic field lines, and the performance of the is-
land divertor is expected to be deteriorated because a
fraction of the particles can escape to the wall, being
guided along field lines in the ergodic zone.

We find in the test particle simulations that the strike
point patterns on the LID head are varied according to
the collisionality and the field line structure. The pattern
for the case of Ry = 3.6 m sensitively depends on the col-
lisionality. For the case of Apgp/Le & 0.3, the particles
strike the edge of the LID head and the pattern is given
by the trapped particle orbits, see Fig.1(a), where A,
is the mean free path and L. ~ 100 m is the connection
length given as a length along a field line connecting the
core region to the LID head. Of course, for the case of
Amfp/Le > 1, almost all particles are guided to the rear

part of the LID head and the pattern is characterized by
the passing particle orbits along to the field lines of the
island separatrix. On the other hand, for the case of the
configuration with Ry = 3.75 m the pattern is charac-
terized generally by the passing particle orbits along the
field lines of the island separatrix. In particular, for the
case of Afp/Le = 0.3, almost all particles are guided to
the rear part of the LID head, against our forecast, see
Fig.1(b). When the case of Ang/Le < 1 is considered,
the particles strike the edge of the LID head.

We have seen that the neoclassical effect plays the
important role in determining the strike point patterns
on the LID head. Since the mean free path under HT-
operation is very large (Ampp/Le > 1), the passing parti-
cles mainly contribute the particle transport. The pass-
ing particles move along the island separatrix, and the
improvement of the performance of the LID in both the
configurations is expected.

Figure 1: The strike point patterns, indicated by colored
dots, on the LID head for the case of E = 300 eV and
Amip/ Le = 0.3, where (a) Ro = 3.6 m and (b) Ry = 3.75
m.
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812. Development of a Monte-Carlo
Simulation Code for Radial Profiles in
Magnetic Island

Nunami, M., Kanno, R., Jimbo, S.,
Satake, S., Takamaru, H. (Chubu Univ.),
Hayashi, T., Okamoto, M.

Almost magnetized plasmas are confined by magnetic
surface, however, sometimes shape of external perturba-
tion coil, and electric current in plasmas form magnetic
island which is one of magnetic structure. The struc-
ture of magnetic island is observed by various plasma
experiments, and the thermal distribution is flat at the
interior of magnetic island. Recently, however, the Large
Helical Device (LHD) experiments found that if the field
which is made by external perturbation magnetic field is
sufficiently large, and if the the vacuum magnetic island
width exceeds the critical value (15% — 20% of minor ra-
dius), the flow along the magnetic flux surface inside the
magnetic island in the direction to reduce the flow shear
at the boundary of the magnetic island is observed. And
radial profiles of temperature of ion and the plasma flow
are measured in m/n = 1/1 island"®. These results
says that the potential is not flat in magnetic island,
then this is very interesting for us.

We attacked for this results in terms of neoclassical
particle transport. At first, we must specify magnetic
surfaces, so we developed a code to label magnetic sur-
face in island by calculating arbitrarily toroidal lux with
high accuracy. (See Fig.1)

Next, to calculate radial electric field without mag-
netic island, we use § f Monte-Carlo method in terms of
neoclassical transport. In this method, the distribution
function of plasma is separated into

f=Ffm+0f,
where fy; is a local Maxwellian and 4 f is considered as a
small perturbation from fy;. And then, using two weight
scheme, we solve the linearized kinetic equation for d f,

d 3 ‘
(5 + (v +vL) V+kop —CT) 5f

.
—CF‘_kﬂ.fa\f—Ul‘v.fM (1)

where k is kinetic energy (k = mv?/2), and Cr is the
test particle collision operator implemented by random
kicks in the velocity space, and C'p is the field particle

collision term.
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Then we compare the results of our calculation and
the results in 3).

At next step, we calculate radial electrie field in mag-
netic island where MHD equilibrium is generated by
three-dimensional MHD equilibrium code “HINT". Af-
ter this, we have to compare our results and the data of
the LHD experiments.
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Figure 1: Toroidal flux in m/n = 1/1 magnetic island
at a poloidal section. As color darker, the flux becomes
smaller.
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813. Self-consistent Model for
Two-dimensional Structures in Tokamak
H Modes

Kasuya, N., Itoh, K.

The formation of transport barriers in toroidal plasmas
has been the focus of numerous researches, and significant
attention has been devoted to studying the steep radial
electric field structure in the L/H transition physics ”. On
the other hand, poloidal shock has been predicted
theoretically when a large poloidal flow exists 2. In a
tokamak H-mode, a large poloidal flow exists in an edge
transport barrier, and the electrostatic potential and density
profile can be steep both in the radial and poloidal direction.
Therefore, it is necessary  to study the formation
mechanism of the two-dimensional structure at the barrier.

We construct a model describing a two-dimensional
structure of the electrostatic potential, density and flow
velocity near the edge of a tokamak plasma. A set of
equations, which describes the transition to the steep radial
electric field structure as well as poloidal inhomogeneity, is
derived by considering the nonlinearity in bulk-ion viscosity
and (turbulence-driven) shear viscosity. The shear viscosity
couples the radial and poloidal structure, so self-sustained
structures can be obtained by solving the equations.

We consider a large aspect ratio tokamak with a
circular cross-section and the coordinates (r, 6, §) are used
(r: radius, 6: poloidal angle, C: toroidal angle). Poloidal
variations of the density and the electrostatic potential are
considered. Electrons are isothermal, ions are adiabatic, and
n; = n. = n is assumed, where n; and ». are the ion and
electron density, respectively. Derivation of the model
equation follows Ref. 2, but the radial flow and shear
viscosity are taken into account here ¥. By these terms,
radial and poloidal structures are coupled with each other.
The structures are governed by the momentum balance
equation

mn%V B p) -7 ) -G 2 ) )

where V. is the flow velocity, J is the plasma current, p;

and p, are the ion and electron pressure, 7, is the viscosity

tensor of ions, and m; is the ion mass. Pressure p=n T, and
constant temperature 7 is assumed. The viscosity is divided
into two terms: bulk viscosity given by neoclassical process
Y. and shear viscosity given by anomalous process . The
viscosity of electrons is neglected because it is smaller by a

factor of the order of +/m,/m; . The flow velocity is written

o o EXB [ ob KBp KB( 1 od
as V=V, + = :

B\ B0 n ‘B—ﬁ] ; Where

@is the electrostatic potential, K =nV,/B, corresponding

to the poloidal flow, and 7=R?B-V¢ . The toroidal

symmetry is utilized in this description. The parallel
component and averaged poloidal component of the

momentum balance Eq. (1) are given to be
3 1(@}2 Be 1(@}2
KB*rR 06 or| 2\ n r 00|2\ n

IBgacba{ I acb}_KBpBga{ I 6(1)}

B*rR 00 or RB,B, or nr 00| RB,B, or
:_ii <pc>ll‘ll’l+§ <P,> n2/3
mr 06 (n) 2 <n5/3>
A 3v.z) - (BV.# . @)
mln(B \ ”i)bulk mn(B \ T )shcar (

x| 1(KRY| B o|1(KEY
KBrRoO or| 2\ n r o6|2\ n

1 [JBB\ 1[B,-V7 1/B-V 7
:Z n _; n _; n ’ (3)
! ! bulk ! shear

where ( > denotes the flux surface average. The radial flow

is taken into account, so od/0¢ terms are involved in the
left side of Egs. (2) and (3). Using the viscosity
tensor 7, :(p,/—pl)(bb—z”/3) , where (p,-p, ) is the
pressure anisotropy, 5 is the unit vector parallel to the
magnetic field and 7 is the unit tensor, the bulk viscosity
term can be written as

- - 2B, 0 B, 10B

(B.V.ﬂ-l)bulk ZETP%(E/_PL)_(P//_PL)EP;%' 4)

The first term of Eq. (4) is dominant, so only this term

is kept in Eq. (2) hereafter. In contrast, the surface average
is taken in Eq. (3), in which the second of Eq. (4) remains.
The pressure anisotropy was rewritten in terms of B and » in
Ref. 5. The shear viscosity is given by the second derivative
of the flow velocity, and here simply given to be

(B-V-% )0 =—mnu B-V 7, )
where p is a shear viscosity coefficient. The coefficient p
depends on the radial electric field and has spatial variation.

The Boltzmann relation

_ __eAD
n=n expT (6)

is adopted here to determine variables, where f and Af
represent the spatial average and perturbed parts of quantity
/. respectively. The variable that must be determined from
Egs. (2), (3) and (6) are K, @ and n, which have radial and
poloidal variations.
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814. Two-dimensional Structure and Particle
Pinch in Tokamak H Mode

Kasuya, N., Itoh, K.

In tokamak H modes, a large poloidal flow exists in an
edge transport barrier, and the electrostatic potential and
density profiles can be steep both in the radial and poloidal
direction. Two-dimensional structures of the potential,
density and flow velocity near the edge of a tokamak plasma
are investigated. The poloidal asymmetry of the structure
generates inward particle pinch, and gives explanation for
the rapid establishment of the edge density pedestal on the
onset of L/H transition, the small time constant of which has
not been clarified yet.

The analysis is carried out with the momentum
conservation law with the shock ordering “, which is
In(n/7) = O(gl/z), where n and & are the density and the

inverse aspect ratio, respectively. The model includes the
nonlinearity in bulk-ion viscosity and turbulence-driven
shear viscosity 2. The radial and poloidal structures are
coupled with each other by the shear viscosity term, and the
magnitude of the shear viscosity determines steepness and
position of the shock structure. In shock ordering, a
structure of the flux-surface-averaged part is solved first,
and using this poloidal flow profile, a two-dimensional
structure can be obtained iteratively.

For the case with a strong radial electric field (H mode),
a two-dimensional structure in an edge transport barrier is
obtained, giving a poloidal shock with a solitary radial
electric field profile. Figure 1 shows a profile of the poloidal
electric field in the electrode basing H-mode *. The region
where the poloidal Mach number has large value is localized
in the middle of the electrode-biased region, so a localized
large poloidal electric field exists at the points of the shock
in those with large poloidal Mach number. In addition, the
magnitude of the poloidal Mach number varies in the radial
direction, and the poloidal position of the shock varies in the
radial direction accordingly.

The poloidal electric field induces convective transport
in the radial direction, and poloidal asymmetry makes the
flux-surface-averaged particle flux direct inward with a
pinch velocity on the order of 1 [m/s]. Figure 2 represents
the radial profiles of the flux-surface-averaged radial flux in
the strong and weak E; cases. In the strong E; case, which is
relevant to the H-mode or biased electrode experiments, a
larger convective particle flux is induced in the radial
direction. The radial flux has negative value, so it points
inward to the plasma center. A large poloidal flow with
radial shear enhances the inward pinch velocity. Figure 2
shows that the radial flux has maximum in the radial
position where the poloidal flow shear is large. That is
coming from the form of the shear viscosity.

The increase of the inward convective particle flux has
a large impact on the density pedestal formation on the onset
of L/H transition. The H-mode pedestal can be formed in
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shorter time t << 10[ms]. Suppression of turbulence and
reduction of diffusive transport occurs in transport barriers.
The reduction of diffusion coefficient explains steepening of
the H-mode pedestal, but the time constant of the pedestal
formation is difficult to explain. That is, it takes longer time
to form the pedestal with a reduced transport coefficient in
the H mode. In L/H transition, the magnitude of a poloidal
flow changes abruptly, so that the convective transport
changes abruptly in the transport barrier region in the same
time. If the convective velocity increases abruptly, the time
constant of the pedestal formation is represented to be 7=
6/ V: (r= 5 [ms] when barrier width 6= 5 [em] and radial
convective velocity ¥, = 10 [m/s]), so sudden increase of the
inward pinch flux induced by the two-dimensional structure
is candidate for the cause of the rapid establishment of the
density pedestal at the onset of L/H transition.
[V/m]8
0

S04 320
r-ajfcm]

Fig.1: Two-dimensional structure of the poloidal electric
field with strong and inhomogeneous E; (electrode
biasing H-mode case).

0 ... WeakEr
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Fig. 2: Radial profiles of flux-surface-averaged particle flux
in the case of weak homogeneous and strong
inhomogeneous E; (L-mode and electrode biasing
H-mode case, respectively).
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815. Coherent Structure of Zonal Flow and
Nonlinear Saturation

Itoh, K., Toda, S., Sanuki, H.
Hallatschek, K. (IPP, Germany)
Itoh, S.-I., Yagi, M. (RIAM, Kyushu Univ.)

The growth of the zonal flow in the presence of the drift-
wave turbulence has been discussed on the basis of space
and time scale separation. We also consider the space and
time scale separation between zonal flow and ambient
turbulence, and the evolution of the zonal flow and
ambient turbulence are governed by

0 (0 Vo 92 c? | 42, kek v 9
5(5 Vz)—**g d kierQNk_YdampﬁVZ
(1+kJ_ps)

(’)(Dk.(')Nk a(Dk.aNk_O
ok ox  ox ok

h
where Vy is the zonal flow velocity, N is the slow
modulation of drift-wave action N, , which is induced by
V7 ,and Y44, denotes the damping rate of zonal flow by
other processes. The zonal flow has a slow dependence as
expressed by exp(iKr - iQt) .

Calculating up to the third order nonlinear terms,
we have the equation for the zornal flow zorticity as

a9 9> 294 9 3
T U-FDW(()F2 U+K, Py U)—D3 arZU
a2
2\ 9 -

—MH(1+2q )arz U=0
where
b | g R QJkek, o,

rr BZ

(1 +k2lp§)2 %

RK.Q)~(Aw,)"" DyD,, = R(K, Q)*kFa%0k2) .
Vdamp = MH(l +2q 2)K 2 ,where W is the turbulent shear

viscosity for the flow along the field line and ¢ is the
safety factor. With an appropreate normalization, x=7/L |
v=tlt; and u=U/U, , where L~ > =K} (l - M) ,

tZ:D;r1 ng(l—pt)fz and U(%:DWDgl (1 fu) ,

one has

- + = —_— 3+— :0
u u u . u (1)

We investigate the case in which the flow is
generated from the state with a small noise level where no

net flow exists, J dxu =0 . Conservation of the total
momentum holds for the periodic boundary condition and
the flow evolves to satisfy the condition f dxu=0. The
stationary solution of eq. (1) in the domain 0 <x <d , for

the periodic boundary condition, is given by an elliptic
integral as

-12
f(1—2u2+u4—1<2) du::%, )
where K is an integral constant satisfying 0 sk <1 |

The integral constant K is given by the periodicity

>

Ue —172
f (172u2+u471<2) du=d2V2n (u,=vI-x

andn=1,2,3,--+).

The temporal evolution of eq. (1) is solved
numerically. It is shown that the growth is dominated by
the component which has the largest linear growth rate.

That is, the integer 7 is given by the integer which is
closest to d/n =442 . Figure 1 illustrates the stable
stationary state. The peak value of u(x) is given as

u,~0.95 . Compared to a simple sinusoidal function

(eigenfunction of the linear operator), the result in Fig. 1
is closer to a piecewise constant function.

0 2n 4

Fig.1 Stationary state of the normalized solution M(X)

for the case of d = 8w . Radial length X and vorticity
are normalized values.
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816. Excitation of Geodesic Acoustic Mode in

Toroidal Plasmas

Itoh, K.
Hallatschek, K. (IPP, Germany)
Itoh, S.-1. (RIAM, Kyushu Univ.)

The instability of the geodesic acoustic mode (GAM) in
tokamak turbulence is analyzed. It can be caused by
dynamic shearing of the ambient turbulence by GAMs
combined with the poloidal inhomogeneity of the
turbulent flux. The GAMSs are more unstable for high
safety factors.

The new mechanism of GAM excitation results
from the modulation of the flux by the dynamic shearing
of the turbulent waves. This dynamic shearing
mechanism has been found by numerical simulations in
[1]. The analytic theory is derived as follows.

We are interested in the case that the background
drift wave fluctuations are in the strong turbulence regime.
In such a case, the modification of the drift wave
turbulence by the superposed 7 5 can be evaluated by
use of the conservation of wave action. In order to apply
this method, we calculate the change of k,. of the drift
waves. In toroidal plasmas at the outboard midplane, the
phase of the dominant modes varies slowly in the
direction of the major radius but rapidly in vertical
direction, which is a consequence of the ballooning effect.
A superposed sheared poloidal rotation shifts the radial

wavenumber &, of the drift wave fluctuations with time.

(See Fig.1) Let 8 denote the angle between the mid
plane and the wave front. In the absence of GAM, one
has 0| = 0 and the phase front starts to rotate, after the
zonal flow has been superposed, with the angular
frequency d01/dt =0V p/0r . That is, the quantity k %

evolves as dk2/dt =2 k, dk /di = (2k3 s8) 6 /dr up to
the first order in 07 . The perturbation of & 2 ﬁ(k %) ,

t
ensues as 5(k%) =2k} ﬂf dt% Vg . The drift

. 2.2 2 2 . . .
wave action (1 +k lps) ‘ ¢micro‘ is adiabatically

conserved during a change of perpendicular wavenumber.

2
q)micro , can be

The change of the turbulence amplitude, O

computed to be

p2 8(k2)

==2 (1 +k%_0pg) ‘q)%icro

2
6‘ ¢micr0

)

The modulation of the source F' = (S - V'F) Iny is

calculated and the amplitude of the sin 6 component is

calculated by the sin O -weighted flux surface average as
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with Uy =
(1 +hop?

) Fy L . The growth rate of the

GAMs oscillation is given as

_q%  Ruyyk? MHKZ
)=y 52 2 r_2(1+2rqz).

If the condition
2R >
g Ruwy ~ Y

holds, the drive by dynamic shearing exceeds the
stabilization by turbulence viscosity, and the GAM is
expected to be excited. An order estimate of the

divergence of the particle flux results in £y ~ DL 2 ,
where D is the anomalous particle diffusion coefficient.

One has iy =S kiopgDL7 " for kiopg <1 . One has
the condition for GAM instability by this mechanism as
sq2R

2 w
T kJ_Opg>T)u .

Noting that M”/D is close to unity, the GAM is induced
by turbulence for the higher ¢ cases that satisfy
q%> q% ~LR™ lklépg 25~ 1 If one considers the

application to ion-temperature-gradient (ITG) driven
turbulence, the microfluctuations are excited in the range

of kiopg ~0.1 fors~1 . The GAM excitation is
expected to occur when g2 > g2 ~ 10 % holds.

CL (b)

Fig.1 Schematic illustration of dynamic shearing of
ambient fluctuations by GAM. Contours of phases of
toroidal fluctuations are shown by thick lines in (a). In
the presence of poloidally-symmetric shearing motion, the
phase contours are modified with up-down asymmetry.
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817. Periodic Change of Solar Differential
Rotation

Itoh, S.-1. (RIAM, Kyushu Univ.)
Itoh, K., Yoshizawa, A.
Yokoi, N. (Univ. Tokyo)

The periodic oscillation of the inhomogeneous rotation of
the sun is studied by use of the MHD dynamo theory [1].
There exists a turbulent electromotive force which is
driven by the vorticity of the flow (i.e., the ¥ -dynamo).
In addition, its counterpart exists in the vorticity equation,
that is, the rotation is induced by inhomogeneous
magnetic field in turbulent plasma. Based on this dynamo
theory, a periodic change of solar differential rotation with
the period of 11 years is theoretically explained. The
predicted amplitude is compared with observations.

The dynamo theory of turbulent plasma has
provided the mean field equation as

%—‘? =V x (2(u - %B)xwﬁVTVz(” - EB)) (1

Equation (1) describes an interesting effect of the magnetic
field on the generation of global vorticity. The terms
which have the coefficient V1 in the RHS of Eq. (1) are

induced by the microscopic turbulence. The term

2 . . .
V x v V7u is the well-known turbulent viscosity term,

i.e., the localized vorticity decays in time. It tends to
eliminate the inhomogeneity of the vorticity. (For
instance, the tachocline is weakened by this term.) On the

contrary, the term V x VTV2(YB/ [3) generates the velocity

so that the velocity # becomes parallel to B . If the
localized magnetic field exists, then this dynamo term
generates the localized flow profile.

From Eq. (1), we study that the response of the
toroidal velocity appears against the change of the
magnetic field B . When the change is slow in
comparison with the diffusion time, the response of the
relative velocity # in the presence of the temporal

variation of B , du | is given as

du=yp""'B 2)

When we apply this result (2) to the case of sun,
the modulation of the toroidal velocity by the dynamo
magnetic field is deduced. Here we use polar coordinates

(F .G 9) . The dynamo magnetic field is known to have a

strong toroidal magnetic field. This magnetic field is
localized in the mid- and low-latitude regions. Equation
(2) shows that the azimuthal velocity in the rotation frame
is stronger in the mid- and low-latitude regions. This
localized azimuthal flow has an up-down symmetry. The
polarity rule of solar dynamo is well known: the sign of
dynamo magnetic field is opposite between northern and
southern hemispheres. It should be also noticed that the

dynamo coefficient Y is a pseudoscalar while f is a

scalar. That is, the ratio Y/B changes the sign in the
northern and southern hemispheres. From these facts, the
induced modification of the velocity # has an up-down
symmetry. This symmetry property of the induced
velocity du , together with the localization in the latitude,

is common to the profile of the solar rotation velocity.
We next estimate the magnitude of the induced

velocity Ou . The strength of the magnetic field is
evaluated as about 1T or less in the convective zone of the
sun. The location 7/rgn~ 0.8 — 0.9 may be relevant as

the representative value in the study of the
inhomogeneous rotation velocity. As the mass density in
this region [2], we adopt the number density of hydrogen

as 0(1028) m=3 or p~10kgm~3 | which gives that
B~300m/s for B=1T inthe Alfven unit. An estimate
of the ratio of‘ VP ‘ = 0(107 2) ~ 0(107 1) has been given

for the study of the Y -dynamo mechanism for the
generation of solar magnetic field [2]. If one employs the
y/[S’—: 10019 we

mean value of the range this estimate,

have an evaluation of d # as
du|~10ms | 3)

This is a few per cent of the differential rotation velocity
in the solar convective zone.

The solar magnetic field shows a quasi-periodic
change with the period of about 22 years. As a result of

this periodic change of B , the induced velocity O# is also

subject to the (quasi-)periodic change. Two cases can be
considered depending on the changeability of the sign of

¥/B . If the sign of ¥/f is not altered by the change of the

polarity of the magnetic field, then du changes its
direction and magnitude with the period of 22 years. In
the opposite case, i.e., ¥/B changes the sign together with

B | then du changes its magnitude with the period of 11
years. It is therefore plausible that the periodic oscillation
of differential rotation is composed of the component with
the 11-year period and the one with 22-year period.

These theoretical predictions are compared with
observational results. First of all, the resemblance of the
spatio-temporal patterns of the periodic change of rotation
and of the magnetic activity is understood naturally.
Second, the amplitude of the periodic oscillation is in a
range of observation: the amplitude of oscillation of
1 -5 uHz has been observed in the upper convective
zone. The radial profile of the amplitude of oscillation is
reported, and 8 is shown to have larger amplitude near
the surface. The main elements of the observation on the
periodic change can be explained by the ¥ -dynamo theory.
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§18. Life Time of Plasma States Near
Transition Boundary

Itoh, S.-1., Yagi, M. (RIAM, Kyushu Univ.)
Itoh, K.

A stochastic equation for the amplitude of the
neoclassical tearing mode (NTM) has been derived, and the
life time of a state free of the onset of NTM is obtained.
The model and basis are explained in refs.1 and 2. One
has an explicit form of the life time as [3]

tlife = n/{ﬁ eXp (S(Am)) 5 (1)

where the time rates Ay, o are given as
A =24|0N0A| at A=A, and A :A(<AO>) , and the

nonlinear dissipation function was given as
S(4)=T, L (—i INWECEY L )
AN

2
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An explicit value of the transition rate was
examined by specifying a micro mode for typical
experimental parameters. For the L-mode plasmas, when
one employs the current-diffusive ballooning mode

(CDBM) as the micro mode, one has I'y as

_ 2x 10744
ry= 5
K’ (—al/z(l+a)+sA/Bmi/me) s* Ry
652
ergb a-112 %

where 0 is the collisionless skin depth and
a=¢erf /L, isthe normalized pressure gradient.

For a set of typical parameters, 7/p,~ 10,
rdd=10% Ry ~10% Bm;/m,~10 kr;=3 s=1,

—112
o ~B /B pn , one has Ty ~3 (ﬁp/ﬁpn)

time of the state 4 =0 (i.e., free from the NTM) is

. The life
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shown in Fig.1. The unit of the life time is

27/ /A yA |, , which is of the order of Rutherford
growth time. The dependence on plasma beta is shown.
(Other parameters are fixed, Ay’ =0 and hp3r; 2 =1/40 )

The life time strongly decreases as the plasma beta
increases. And if it exceeds the effective phase limit
B+ , the life time becomes of the order of the magnetic

diffusion time. The contour of thee life time is shown in
Fig.2.
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Fig.1 Mean life time before the onset of the NTM as a
function of the plasma beta value. (Ay"=0) Other

parameters are hp 3y 2 =1/40 | wy, = p, and LJL,=2 .
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Fig.2 Contour of life time on the (Ao', Bp) plane.

Cusp for the multiple solution is also shown by the
dotted line. Above the dotted line, multiple solutions are
allowed and stochastic transition takes place. (Other
parameters are /P31y 2 = 1/40 | wo, = pp and

LJL,=2 )
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§19. A Novel Turbulence Trigger for
Neoclassical Tearing Modes in Tokamaks

Yagi, M., Yoshida, S., Itoh, S.-I. (RIAM, Kyushu Univ.)
Naitou, H., Nagahara, H. (Yamaguchi Univ.)

Leboeuf, J.-N. (UCLA),

Matsumoto, T., Tokuda, S., Azumi, M. (JAERI)

Itoh, K.

The nonlinear evolution of neoclassical tearing
mode (NTM) in the presence of drift wave turbulence is
investigated using the four-field neoclassical MHD
equations, where the fluctuating ion parallel flow and ion
neoclassical viscosity are taken into account[1,2]. The
model equations are written as

pe
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where d/ dt=d/0 t+[4,] » V =0/0 z—[ A] and [,] is the

Poisson bracket. The normalization: v/ R—=t r/la—>r
is adapted. Other parameters are explained in [1,2]. The
subscript ‘s’ indicates the value evaluated at the resonance
surface. The energy balance in the system is given by

H ] AVAY LFI2A9 AP B pP v a2 193 AR)

di _ _ [ AV FRm ¢V A2 4udv y2nSIv | pl?

The nonlinear simulation with single helicity
modes is performed using spectral code. The boundary

condition is given by fm L(0)= fm (D=0 and f6’0(0)=0,
fo0o(D)=0 [3]. Figure 1 shows the time evolution of

electromagnetic energy in the cases with different Fourier
mode in the spectral space. For 2 Fourier modes case, the
linear growth and quasi-linear saturation are obtained. It is
newly found that the nonlinear acceleration occurs in the
early growing phase as the number of Fourier modes
increase; However, saturation amplitude is weakly affected
by high n modes. Figure 2 shows the time evolution of
power spectrum of electromagnetic energy. The case with
64 Fourier modes is plotted. It is seen that high- # modes
saturate at lower level and (2,1) mode dominates the
electromagnetic energy in the final phase. The
acceleration of the growth of the tearing mode by the

background microscopic turbulence is clearly
demonstrated.

The effects of fluctuating bootstrap current and of
the collisional drift wave turbulence on the development
of magnetic island for linearly unstable TM were
investigated. The changes in radial structure and temporal
growth rate, which are caused by turbulence, were
demonstrated. The saturation was attained by the quasi-
linear effect. We found that the structure of fluctuating
bootstrap current inside the island, which is not taken into
account in the conventional theory of NTM. This study
demonstrated the importance of the turbulent pump on the
rapid growth of the tearing mode.
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Fig.1 Time evolution of electromagnetic energy with
various Fourier modes.
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Fig.2 Time evolution of power spectrum
of electromagnetic energy.
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820. Collisionless Damping of Geodesic
Acoustic Modes

Sugama, H., Watanabe, T.-H.

The geodesic acoustic mode (GAM) was first pre-
dicted by Winsor et al.[1] based on the fluid model
and it has also been studied by several authors us-
ing the drift kinetic theory. Conventional drift kinetic
calculations of frequencies and damping rates of the
GAM assume the radial widths of ion drift orbits to
be negligibly smaller than the radial wave length of the
fluctuation and their local drift kinetic models do not
include the magnetic drift term of the perturbed dis-
tribution function that the gyrokinetic equation does.
In the present work [2], collisionless time evolutions
of zonal flows in tokamaks are investigated by the gy-
rokinetic theory and simulation. It is shown from the
analytical theory how the collisionless damping of the
GAM oscillations is enhanced when the ratio of the
typical drift orbit width of passing ions to the radial
wave length of the zonal flow increases.

Time evolutions of the zonal-flow potential obtained
by the gyrokinetic Vlasov simulations [6] for ¢ =
r/Ro = 0.1 and T./T; = 1 are plotted by open cir-
cles in Figs. 1 (a)—(c). The normalized radial wave
number and the safety factor are given by (kra;,q) =
(0.0654,1.5), (0.131,1.5), and (0.0654,3) in (a), (b),
and (c), respectively, where a; = (Tj/m;)"/?/€;. The
analytical results are also plotted in Figs. 1 (a)—(c),
where thin solid curves is plotted by using the complex
GAM eigenfrequencies w = w¢ + iy obtained from nu-
merical solutions of the GAM dispersion relation while
the approximate expressions for (wg,~y) are used to
plot thick solid curves. A good agreement between
our analytical predictions and the simulation results
on the GAM frequencies and damping rates is ver-
ified. Especially, the analytical theory well describes
how the collisionless damping of the GAM is enhanced
due to the finite-orbit-width effect when k,a; is in-
creased. Dotted curves plotted in Figs. 1 (a) and (c)
represent conventional analytical results which do not
include the finite-orbit-width effect. We see that, with-
out the finite-orbit-width effect taken into account, the
GAM damping is estimated to be significantly slower
even for k.a; = 0.0654.

The reason of the damping-rate enhancement by the
finite orbit width is explained as follows. When the
ratio of the typical orbit width of passing ions to the
radial wave length of the zonal flow increases, the ra-
dial magnetic drift of the perturbed ion gyrocenter dis-
tribution strengthens the poloidal mode number cou-
pling and grows the oscillation component with the
poloidal wave number doubled. Since the parallel ve-
locity required to resonate with the GAM is lowered,
this higher poloidal wave number component yields a
significant population of resonant ions and increases
the resonance damping of the GAM.
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Fig.1. Time evolutions of the zonal-flow potential for
e = r/Ry = 0.1 and T./T; = 1. The unit of time is
give by Ro/vy where vy = (Ti/m;)'/?. The normalized
radial wave number and the safety factor are given by
(krai,q) = (0.0654,1.5), (0.131,1.5), and (0.0654, 3) in (a),
(b), and (c), respectively. Open circles represent the sim-
ulation results while thin and solid curves are plotted by
using the analytical results. Dotted curves plotted in (a)
and (c) represent conventional analytical results which do
not include the finite-orbit-width effect.

References

1) N. Winsor, J. L. Johnson, and J. J. Dawson, Phys.
Fluids 11, 2248 (1968).

2) H. Sugama and T.-H. Watanabe, in 19th ICNSP
and 7th APPTC, 2005, A6-2.



821. Dynamics of Zonal Flows in Helical
Systems

Sugama, H., Watanabe, T.-H.

Zonal flows are observed in numerous natural sys-
tems such as atmospheric currents while in fusion sci-
ence they are intensively investigated as an attractive
mechanism for realizing a good plasma confinement.
Rosenbluth and Hinton [1] showed that initial E x B
rotation in tokamaks is not fully damped by collision-
less processes but it approaches a finite value. Colli-
sional decay of zonal flows occurs in the long course of
time although the residual zonal flows in a collisionless
time scale still influence the turbulent transport. Since
zonal flows are a key issue for improved confinement
in helical systems as well, it is necessary to examine
how helical geometries affect zonal-flow damping. In
the present work [2], collisionless zonal-flow dynamics
in helical systems is investigated. In the same manner
as in Rosenbluth and Hinton [1], we here treat the ITG
turbulence as a known source and analytically derive
the response kernel which relates the zonal-flow poten-
tial to the source and also represents dependence on an
initially given zonal flow. We also verify the validity
of the derived response kernel by a recently-developed
gyrokinetic-Vlasov-simulation code.

In helical configurations, the radial drift motion of
particles trapped in helical ripples yields neoclassical
ripple transport in the weak collisionality regime. This
radial drift also causes a significant difference between
long-time zonal-flow behavior in helical systems and
that in tokamaks. We define a characteristic transition
time 7, by 7. ~ 1/|k,Ug4,| where Ty is the bounce-
averaged radial drift velocity evaluated by considering
helical-ripple-trapped thermal particles. When t < 7,
effects of the radial drift is weak and the long-time
behavior of the zonal-flow potential is written as

b, () _ 4o | ek, (0) Jo dt' (J d*v FioSuc, ()
T; N no (k1 a7) ’
(1)
where Sy, represents the EE x B nonlinearity source

term. Here, the response kernel K. for ¢t < 7, is given
by

Ke=1/(1+G) (2)

where the geometrical factor G measures the ratio of
the neoclassical polarization due to toroidally trapped
particles to the classical polarization.

Next, when t > 7., the density of nonadiabatic
helical-ripple-trapped particles is strongly damped be-
cause of phase mixing caused by the bounce-averaged
radial drift motion. Then, the long-time behavior of
the zonal-flow potential for ¢t > 7, is given by

edi, (1) edk, (0)
R
Jo dt'{ [ 251 d*v FioSixc, (t'))

T ol a?) {1 — 2/m) (en) %)}

,(3)

where the response kernel K~ for ¢ > 7, is given by
(kK a?) [1 = 2/m)((2em)"?)]
x { (kL)1 = (3/m)((2€r)"/?) + G

+ MO+ T/TY )Y} @)

’C> =

Here, ey represents the helical-ripple parameter. A
term with T;/T, appears in the response kernel K-
for t > 7. because not only ions but also elec-
trons influence the quasineutrality condition through
their helical-ripple-bounce-averaged radial drift mo-
tion. The dependence on electrons and on the radial
wave number shown in Eq. (4) is not seen in the toka-
mak case. In the axisymmetric limit ey — +0 with
er = ¢;cosf, we obtain G — 1.6 qg/e;/Q7 which re-
duces both Egs. (2) and (4) to the Rosenbluth-Hinton
formula Ky =1/(1+ 1.6 q2/6§/2) [1].

Time evolution of the zonal-flow potential obtained
by the simulation is plotted by a solid curve in Fig.
1, where ¢, = 0.1, ¢, = 0.1, ¢ = 1.5, and kra; =
0.131 are used. Here, a dashed horizontal line rep-
resents the response kernel Ks given by Eq. (4) for
t > 7.(= 7.6 Rovy;). It is seen that, after oscillations of
the geodesic acoustic mode (GAM) are damped, the
zonal-flow amplitude approaches the predicted value
K~ = 0.038, which is smaller than . = 0.39 and
Kr—un = 0.081 for the used parameters. Under the
conditions used in our simulation, the GAM oscilla-
tions dominate the zonal-flow evolution for ¢ < 7, so
that we cannot identify KX given by Eq. (1) which de-
scribes the long-time behavior for ¢ < 7. with rapid
phenomena such as the GAM neglected.
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Fig.1. Time evolution of the zonal flow potential obtained
by the gyrokinetic-Vlasov simulation for a helical system
with L =2, M =10, ¢ = 1.5, ¢ = ¢, = 0.1, and k,.a; =
0.131. A dashed horizontal line corresponds to K~ given by
Eq. (4) for t > 7.
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822. A Variational Analysis of Flow-reversal
Condition in a Turbulent Swirling Pipe
Flow Using the Bulk-helicity Concept

Yokoi, N. (Univ. Tokyo)
Yoshizawa, A., Itoh, K.
Itoh, S.-I. (RIAM, Kyushu Univ.)

The magnitude of axial-flow retardation near the center of
a turbulent swirling flow is estimated from the results of
the variational analysis with the aid of the helicity
concept. It is analytically shown that the axial-flow
reversal in a swirl occurs if the bulk helicity imparted to
the mean flow exceeds the critical value, which is
proportional to the square of the flux. It is suggested that
the bulk helicity in the center region plays an important
role in determining the flow-reversal condition. Through
the comparison with the experimental observations in a
turbulent swirling pipe flow, the reliability of the
theoretically-derived reversal condition is confirmed [1].
One of the prominent features of the mean-
velocity distributions in a turbulent swirling pipe flow, as
compared with the counterparts in a usual turbulent (non-
swirling) pipe flow, is a dip or dent of the axial velocity
near the center of pipe. This is a persistent flow structure
accompanied by a finite mean axial-velocity gradient. In
order to investigate this feature of the swirling flow, we
introduce two functionals that characterize the mean-flow
structure in a turbulent swirling flow. Namely, the total

amount of the mean-flow enstrophy ® defined by
D- f w2 av- f (VxU)* av
4 Vv

and the total amount of the mean-flow helicity ¥ defined
by

W= f U-W dV= f U(VxU)dv
14 14

where U is the mean velocity, W(=V>< U ) is the mean

vorticity, and ¥ is the volume of the whole fluid region.

The mean-flow helicity ' characterizes a swirling flow

which is constituted by both the circumferential or
azimuthal velocity and the axial or longitudinal velocity.
This functional serves as a measure for the intensity of
swirl.

We examine what velocity profiles are realized
under a given intensity of swirl in the aggregate. To put it
in terms of an extremalization problem, we seek a

function U  that extremalizes the functional @ subject

to a constraint that the total amount of the mean-flow
helicity is constant: Following the usual procedure for a
variation problem with a constraint, our conditioned
variation problem is transformed into a free variation
problem ®+AW=extremum | where A is the Lagrange
undetermined multiplier. We seek a flow distribution that
satisfies a condition
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