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This annual report provides an overview of major results and progress on research and development (R&D)
activities at Naka Fusion Research Establishment of Japan Atomic Energy Research Institute (JAERI) during the
period from April 1 to September 30, 2005 and at Fusion Research and Development Directorate of Japan
Atomic Energy Agency (JAEA) from October 1, 2005 to March 31, 2006, including those performed in
collaboration with other research establishments of JAERI, research institutes, and universities.

In JT-60, ferritic steel tiles (FSTs) were installed inside the vacuum vessel of JT-60U to reduce the toroidal
field ripple. After the installation of FSTs, a high normalized beta plasma at S n~2.3 was sustained for 28.6s
with ELMy H-mode confinement as required for an ITER hybrid operation scenario. National Centralized
Tokamak was placed as the ITER satellite tokamak in collaboration with the EU fusion community, and the
facility design was modified strongly in support of ITER.

In theoretical and analytical researches, studies on H-mode confinement, ITB in reversed shear plasmas,
aspect ratio effects on external MHD modes and magnetic island evolution in a rotating plasma were progressed.
Progress was also made in the NEXT project in which the behaviors of collisionless MHD modes and the
dynamics of zonal flows were simulated.

In fusion reactor technologies, R&Ds for ITER and fusion DEMO plants have been carried out. For ITER, a
steady state operation of the 170GHz gyrotoron up to 1000 s with 0.2MW was demonstrated. Also current
density of the neutral beam injector has been extended to 134A/m” at 0.75MeV. In the ITER Test Blanket
Module (TBM), designs of Water and Helium Cooled Solid Breeder TBMs and R&Ds of tritium
breeder/multiplier materials were progressed. Tritium processing technology for breeding blankets was also
progressed. For the DEMO reactors, high temperature superconductor such as Bi2212 has been examined. In
plasma facing components, critical heat flux of a screw tube has been examined. Neutronics integral experiments
with a blanket mockup were also progressed. For ITER TBMs and DEMO blankets, irradiation effects on F82H
characteristics were progressed using HFIR, JIMTR and so on. In the IFMIF program, transitional activities were
also progressed. Vacuum technology and its application to industries have been examined.

In the ITER Program, under the framework of the ITER Transitional Arrangements, the Design and R&D
Tasks have been carried out by the Participant Teams along the work plan approved on September 2005. In FY
2005, JAERI/JJAEA has performed sixty-six Design Tasks and has completed thirty-four Tasks that make the
implementation of preparing the procurement documents for facilities and equipments that are scheduled to be
ordered at an early stage of ITER construction. The work plan for the “Broader Approach” Program has been
continuously discussed through the bilateral negotiation meetings between Japan and the EU, and JAERI/JJAEA
provided the technical support for the meetings.

Finally, in fusion reactor design studies, a reactor concept of SIimCS was proposed to demonstrate an electric
power generation of IGW level, self-sufficiency of tritium fuel and year-long continuous operation.

Keywords; JAERI, JAEA, Fusion Research, Fusion Technology, JT-60, ITER, Broader Approach, IFMIF,
Fusion Power, DEMO Plant, Fusion Reactor

Editors: Yoshida, H., Oasa, K., Hayashi, T., Nakamura, H., Ogawa, H.
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FOREWORD

In October 1, 2005, the Japan Atomic Energy Agency (JAEA) has made its first steps as an independent
administrative institution, integrating the Japan Atomic Energy Research Institute (JAERI) and the Japan Nuclear Cycle
Development Institute (JNC). Before the integration, in June 28, 2005, the decision to site ITER at Cadarache in
France was reached by six-Party agreement with the joint declaration. At the same occasion, a bilateral agreement
between EURATOM and Japan has been reached over the roles of the Host and the non-Host for the ITER project
including ITER construction, Broader Approach and DEMO Reactor. This report presents the major results and
progress on research and development activities for fusion energy at JAERI and continuously at JAEA in the progressive
FY2005.

The research on JT-60 has made remarkable progress in expanding the plasma discharge regime into the ITER
hybrid operation regime, where a reactor-relevant plasma with both high confinement and stability was sustained up to
28.6 s. Installation of ferritic steel tiles inside the vacuum vessel in 2005 to reduce the toroidal field ripple played a key
role to accomplish the result. A lot of progress was made in plasma physics researches on confinement, transport and
stability from the viewpoint of both experiment and theory. The design research of "JT-60 Super Advanced (JT-60SA),"
which is the modification of JT-60 for a superconducting tokamak, has progressed to play a role as the ITER satellite
tokamak closely in collaboration with EU fusion community. Steady progress was also made in the NEXT (Numerical
Experiment of Tokamak) project.

The research and development on fusion reactor technologies have been carried out to further improve technologies
necessary for ITER construction. For the ITER radio frequency heating system, a steady state operation of the 170 GHz
gyrotoron up to 1000 s with 0.2 MW was demonstrated. As the Japanese implementing institute of ITER Transitional
Arrangements, JAERI/JJAEA has performed sixty-six Design Tasks and completed thirty-four Tasks in FY 2005 that
contribute to the preparation of the procurement documents for facilities and equipments, and has supported an activity
of the International Team at the Naka site.

With the expectation of starting the Engineering Validation and Engineering Design Activities (EVEDA) under
Broader Approach (BA), JAERI/JAEA has been participating in the transition activities of the International Fusion
Materials Irradiation Facilities (IFMIF). Paralleling the bilateral negotiations on BA agreement between EURATOM and
Japan, the technological studies have been made for BA projects including the facilities for the computer simulation, the
remote access to ITER experiments and so on as well as JT-60SA and IFMIF-EVEDA.

The research and development on fusion reactor technologies have been implemented to accumulate technological
database to assure the design of fusion DEMO plants. With respect to ITER Test Blanket Module (TBM), designs of
Water and Helium Cooled Solid Breeder TBMs and R&Ds of tritium breeder/multiplier materials were progressed.
Neutron irradiation on F82H, one of the most promising structural materials for the ITER TBM and DEMO blankets,
has been continued using HFIR and JMTR. As to the design study for DEMO plant, a new concept with compact-sized
reactor was proposed from an economical point of view.

FY2005 was the year for the start of new period in the fusion research in the world. In accordance with the
world-wide strategy, the fusion development at JAEA has been in progress and will be continued.

/é/ﬂﬂ\;iy‘%

Toshihide Tsunematsu
Director General
Fusion Research and Development Directorate, JAEA
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I. JT-60 PROGRAM
1. Experimental Results and Analyses
1.1 Insertion of the Ferritic Steel Tile and Extended
Plasma Regimes
Modification of the control systems for the operation,
heating and diagnostics has brought a new regime in the
advanced tokamak plasma research with longer time
scales than the current relaxation time (zz) on JT-60U.
However, fur ther pursuit of long sustainment of high
performance plasmas has been prevented by the loss of
fast ions due to the toroidal field ripple, since the loss
decreases the net heating power, increases heat load to
the wall and lower hybrid (LH) wave launcher located
at a horizontal port, and limits controllability of the
toroidal rotation (V1) profile due to formation of an
inward electric field. In order to reduce the toroidal field
ripple, ferritic steel tiles (FSTs), which cover ~10% of
the vacuum vessel surface, have been installed inside
the JT-60U vacuum vessel on the low field side [1.1-1].
After the installation of FSTs, high normalized beta (f8x)
of 2.3 is successfully maintained for 28.6 s with good
confinement close to ITER hybrid operation scenario
[1.1-2].

1.1.1 Ferritic Tile Insertion
of the FST 1is described in the

section 2.1.2. Installation of the FSTs was optimized

Specifications

based on a typical large bore discharge (/,=1.1MA,
B=1.86T) in which the fast ion loss is larger using fully
three Dimensional magnetic field orbit-following
Monte-Carlo code (F3D OFMC) [1.1-1]. The final

2006-023

Fig.1.1.1-1 Bird’s eye view of ferritic insertion. Thickness
of the FST is 23mm
design is shown in Fig..1.1-1. With this design, the
evaluation results show that total absorbed NB power
can be increased by about 13%, and the increase in the
absorbed power of the perpendicular beams can be 15%.
Moreover, the heat load to the LH launcher can be
reduced by a factor of ~3.

After the installation, the heat load to the outer wall
was evaluated by the infrared camera, and found to be

consistent with the calculation.

1.1.2 Sustainment of High By with High Confinement
The reduction of toroidal field ripple increases absorbed
heating power at the same injection power. The increase
in absorbed power can reduce the required NB units to
sustain a given By and then increase flexibility of
combination of tangential NB units to vary torque input.
The reduction of fast ion losses can also reduce
formation of an inward electric field, which may induce
a counter toroidal rotation. All these factors can be

expected to contribute in extending the sustainable

BN=2.3 for 28.6s
1 — : - 15
s o5 10 PNl
(MA) 5 (MW)
o o
3
BN 2
Hp 1
o
3 4
Nng/1019 2 D,
2
(m=3) 1 (a.u.)
o 0
o 5 10 15 20 25 30 35

time (s)

Fig. I.1.1-2 Waveforms of a typical high S long-pulse plasma (E45436), (a) plasma current and heating power, (b) normalized
beta, By, and confinement factor, H,g, and (c) line-averaged density and divertor D, intensity.

ili
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duration of high By plasma. Therefore, optimization had
been carried out, and high Sy of 2.3 was successfully
sustained for 28.6s. The typical waveforms of the
discharge (/,=0.9MA, B1=1.58T, g9s~3.3) are shown in
Fig. I.1.1-2. Increase in the absorbed power and plasma
confinement has enabled to sustain high By with smaller
injection power. As the result, enough power to keep fx
is maintained until the end of the pulse. Smaller
injection power also prevented increase in the
temperature of the divertor tiles, which causes increase
in the particle recycling. The increase in the particle
recycling would degrade plasma confinement. In this
discharge, the particle recycling is increasing
(Fig. I-1.1-2 (c¢)), but limited low. It should be noted that
in this discharge, a high bulk energy confinement
(Hos(y,2y) of about 1.1 is maintained up to t~22s with By
=2.4 as shown in Fig.I-1.1-2. Also in this discharge
high value of the product By Hos(y,2), Which is a measure
of the fusion performance, is maintained above 2.2 for
23.1s (>~121R). It is noted that this value of Sy Hogyy)

can satisfy the ITER Hybrid scenario.

References

1.1-1 Shinohara, K., and the JT-60 Team,
Recent Steady-State Advanced Tokamak Research,
and Its Further Pursuit by Reduction of TF Ripple on
JT-60U,” to be published in J. Korean Phys. Soc..
Oyama, N., et al, “Enhanced ELMy H-mode
Performance with Reduced Toroidal Field Ripple in
JT-60U,” Proc. 33rd EPS Conf. on Plasma Phys..

“Review of

1.2 Heat, particle and rotation transport
1.2.1 Temporal Variation of Density Fluctuation and
Transport in Reversed Shear Plasmas [1.2-1]

In reversed shear (RS) plasmas, an internal transport
barrier (ITB) is formed due to suppression of anomalous
turbulent transport. Many types of fluctuation with
various spatial scales exist in plasmas. The anomalous
turbulent heat transport for ion and electron channels
and also the anomalous turbulent particle transport
could be dominated by different types of fluctuation
with different spatial scale such as ion temperature
gradient (ITG) mode, trapped electron mode (TEM) and
electron temperature gradient (ETG) mode. In a JT-60U
RS plasma, further reduction of the transport was
induced by a pellet injection after the ITB formation.
The temporal variation of the density fluctuation and its

relation to the electron and ion heat transport and the

urgury

Pra (MW)
ne
(1 01? m-3)

e
(1 o019 m-3)

¢ d [ »
WL s UUow s TONRORON
T LAy
_
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N H»
T
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o
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o

1
E=Y

6.0 62 6.4 66 6.8 7.0
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Fig. 1.1.2-1 Wave-forms in a RS plasma with pellet
injections. (a) The solid line shows edge line-averaged
electron density. The dashed line shows NB heating power.
(b) Center line-averaged electron density, (c) stored energy
and (d) spectrogram of the O-mode reflectometer signal.

particle transport were investigated for the further
reduction of the transport.

Figure 1.1.2-1 shows wave-forms in a RS plasma
with further reduction of the transport after the pellet
injection. Pellets were injected into the RS plasma from
the high-field-side at the top after the ITB formation.
The plasma current (I,) was 2.2MA, the toroidal
magnetic field (Br) was 4.3T, and the safety factor at
95% flux surface (qos) was 3.8. The first pellet was
injected at t=6.32s, as shown by the edge density jump,
during the I, flat-top phase with constant heating power
of neutral beam (NB). After the first pellet injection, the
central density and the stored energy started to increase.
A high frequency component (|f>200kHz) of the
O-mode reflectometer signal was drastically reduced, as
well as a low frequency component (50kHz>|f|>20 kHz),
~5ms after the pellet injection. In this case, the cut-off
layer was located in the ITB region (r/a=0.45-0.5). The
central density and the stored energy seemed to start to
increase simultaneously with the reduction of the high
and low frequency components. The reduction of the
high and low frequency components of the O-mode
reflectometer signal indicated change of density
fluctuation level. The density fluctuation level was
estimated to be 1-2% before and 0.4-0.5% after the first
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Fig. [.1.2-2 (a) lon thermal diffusivity, (b) electron thermal diffusivity and (c) effective particle diffusivity. The dashed lines
show the data before the first pellet injection at t=6.3s and the solid lines show the data after the pellet injection at t=7.0s. The

dotted line in (a) shows the neoclassical ion thermal diffusivity.

pellet injection, respectively, [1.2-2] based on the
analytical solution of time-dependent 2D full-wave
equation [1.2-3]. The wave number of the measured
density fluctuation was estimated to be of the order of
lem™, which was consistent with the spatial scale of
ITG and/or TEM. After another pellet injection at
t=6.51s, the spectrum of the O-mode reflectometer
signal was unchanged, and the central density and the
stored energy continued to increase. The energy
confinement time (tg) and the confinement enhanced
factor over ITER-89P L-mode scaling (Hggpr) increased
from tg=0.5s and Hgop;=1.6 at t=6.3s to tz=1.0s and
Hgop1=2.6 at t=7s.

The density substantially increased inside the ITB
foot, while the edge density slightly increased. The ion
and electron temperature profiles did not changed
significantly. The profiles of the ion and electron
thermal diffusivities (; and ) and the effective particle
diffusivity (Deg) estimated by the particle and power
balance analysis without consideration of the pinch term
(considering only the diffusion term) are shown in Fig.
1.1.2-2. The values of y; and D¢ decreased by one order
of magnitude after the pellet injection. However, no
reduction of . was observed. The equi-partition heat
transfer from ions to electrons increased due to the
substantial increase in the central density, but no change
of difference between ion and electron temperature was
observed. The ion temperature gradient in the ITB
region was maintained with the decreased ion heat flux
after the pellet injections due to %; reduced to a
neoclassical level. The increase in the electron stored
energy (density increase with a constant electron
temperature) was attributed to the increase in the
equi-partition heat transfer from ions. The particle and

power balance analysis indicated that the particle and

ion heat transport are coupled with the measured density
fluctuation with spatial scale of the order of lem™,

while the electron heat transport was decoupled.

1.2.2 Degradation of Internal Transport Barrier by
ELM Crashes [1.2-4]
In order to sustain burning plasmas in ITER and the
steady-state tokamak power plants, we need to achieve
high values of the energy confinement improvement
factor (HH,;), normalized beta (By), bootstrap and
non-inductively driven current fractions, plasma density,
fuel purity and radiation power simultaneously. It is
widely recognized that the high H-mode pedestal
pressure and the ITB formation are important for
the highly

performance. However, high pedestal pressure may

achieving above integrated plasma
induce large ELMs. The compatibility of large ELMs
with the ITB is important issue to develop the highly
integrated plasma. In JT-60U, the compatibility of type I
ELMs and the ITB has been good enough to sustain a
HHy,, factor value of 1-2 in long pulse discharges of the
high B, H-mode (weak positive magnetic shear) and the
RS H-mode [1.2-5]. Up to I,=1.5MA, the sustainable
maximum plasma stored energy and Py have been
limited by the appearance of neoclassical tearing modes
(NTM) for the positive shear cases (qos=3.2-9 at I,=1
MA, qos=4-5 at I,=1.5MA) [1.2-5]. However, at higher
I,=1.8MA (qys=4.1), we found some cases where the
plasma stored energy was degraded by type I ELMs.
Figure 1.1.2-3 shows the time evolution of the high
B, ELMy H-mode discharge E39713 (I,=1.8MA,
B1=4.05T, q95=4.1), where a full non-inductive current
drive was achieved [1.2-6]. The total plasma stored
energy (Wgi,) reached 7.6MJ, which was the highest
value achieved so far at I,=1.8MA in JT-60U. In the flat
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Fig. 1.1.2-3 Time evolutions of total stored energy, heating
powers for EC wave injection and for positive and negative
ion based NBs, line averaged electron density and Da
emission intensity from the divertor area in the high §, ELMy
H-mode discharge at I,=1.8MA.

top phase of Wy, the ITB-foot location was around
65% of the minor radius and the location of the top of
the pedestal was around 90% of the minor radius. The
central safety factor (measured by MSE) was 1.4 and
thus there was no sawtooth activity. In Fig. 1.1.2-3, a
drop of Wy, was seen at t~6.5s to coincide with a drop
in the line averaged density and an increase in the Do
emission from the divertor area. In this phase, no
signature of an NTM was observed.

In order to evaluate the penetration of an ELM
crash, we performed ECE measurement using the
heterodyne radiometer system with a radial resolution of
2cm. The minor radius of this discharge was 79cm.

Figure 1.1.2-4 shows the measured profiles of the
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electron temperature (T.) and the relative change in T,
at the ELM crashes (=AT./T.) at t=5.35s and t=6.49s in
the discharge shown in Fig. 1.1.2-3. In order to evaluate
the ELM crash itself (the eigenfunction of the
instability), AT./T. was calculated within 600us. We
defined the ELM penetration radius by the deepest
radial location with AT./Te> 1%. At t=5.35s, the ELM
crash depth was away from the ITB-foot, while at
t=6.49s, it reached the ITB-foot.

In the early phase (t<5.8s) the ITB-foot radius
expanded and the ELM penetration radius deepened
gradually. This deepening of the ELM penetration
seemed to coincide with an increase in pedestal stored
energy (while the pedestal electron collisionality was
almost constant). Then the ELM penetration radius and
the ITB-foot met each other at t~5.8s. After that, the
‘balanced phase’ lasted for ~0.7s. Interestingly, the
ITB-foot seemed to behave as a barrier against ELM
crash penetration, and after around ten ELM attacks the
ITB-foot shrank. Then the ELM penetration followed
the shrinking ITB-foot. This behavior was shown in
greater detail in T. at various radial locations. Before
t=6.492s, a sudden drop in T. was seen up to r/a=0.615
(~ITB-foot), while no change in T. at each ELM occurs
inside the ITB. At t=6.492s, the ITB was broken at the
Then degradation of T,

penetrated gradually into the inner region and, at the

original ITB-foot radius.

same time, T, in the outer region increased and the ELM
period shortend due to a release of the stored energy. As
the result of this degradation of the ITB from t=6.492s
to t=6.56s, the stored energy decreased by about 10%
(0.8M1J). ELM control for small amplitude such as type

E39713, 6.49s
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Fig. 1.1.2-4 Profiles of electron temperature (T.) and relative change of T, within 600 us at an ELM crash (=AT./T.) appeared at
(a) t=5.35s and (b) t=6.59s in the high B, ELMy H-mode discharge shown in Fig. .1.2-3.
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II ELM is important not only to reduce transient heat
load to the divertor plates but also to achieve highly

integrated plasma performance.

1.2.3 Response of Toroidal Rotation Velocity to
Electron Cyclotron Wave Injection [1.2-7]

In tokamak plasmas, toroidal rotation velocity and its
shear (or radial electric field (E;) shear) play an
important role in stability and transport. In present
tokamak devices, the toroidal rotation velocity profile
can be easily controlled by toroidal momentum input
from NBs. In contrast, the control of toroidal rotation
velocity profile by NBs will be difficult in a burning
plasma. Therefore, the development of other actuators
to control the toroidal rotation velocity profile is
important for the control of a burning plasma. Recently,
the change in toroidal rotation velocity profile induced
by ICRF heating has been reported [1.2-8]. In JT-60U,
the spontaneous toroidal rotation velocity under the
no/low direct toroidal momentum input was investigated
using electron cyclotron (EC) wave injection.

In order to investigate the response of the toroidal
rotation velocity to on-axis EC wave injection, EC
power of 2.7MW was injected into L-mode plasma
(I,=IMA, B1=1.9T for the second harmonic EC central
injection, q¢s=3.4 and ne~1.0x1019m'3 at the centre). In
this plasma, low power NBs were applied, which
consisted of counter-NB (0.9MW) for the motional
Stark effect (MSE) diagnostic and perpendicular-NB
2.3MW) for the CXRS diagnostic.

fundamental O-mode (or the second harmonic X-mode)

Since the

with an oblique toroidal injection angle was launched
from the low-field-side for the current drive in JT-60U,
EC injection was not for the electron heating only but
also for the current drive. Figure 1.1.2-5 shows the
profiles of the toroidal rotation velocity and electron
temperature just before and during the EC wave
injection. As EC wave was injected, the central electron
temperature increased from 2 to 6keV. The ion
temperature just outside the EC wave deposition
(r/a~0.25) and the electron density at r/a~0.13 were kept
almost constant during EC wave injection. The toroidal
rotation velocity at r/a~0.25 was changed from ~100 to
~60km/s in the counter-direction during the EC wave
injection as shown in Fig. 1.1.2-5. The region of change
in toroidal rotation velocity was up to r/a~0.6 from the

centre, which was wider than the EC wave power
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Fig. 1.1.2-5 Profiles of (a) toroidal rotation velocity and (b)
electron temperature just before (squares) and during
(circles) EC wave injection. The solid line in (a) shows
profile of the EC wave power deposition.

deposition profile. Although the change in toroidal
rotation velocity at the core region coincided with the
increase in electron temperature, the timescale of
change in the toroidal rotation velocity was slower than
that in the electron temperature. It should be mentioned
that the change in toroidal rotation velocity at r/a~0.37
was delayed from that at r/a~0.25. This indicated that
the change in the toroidal rotation velocity propagated
from the centre to the peripheral.

In order to investigate the propagating response of
the toroidal rotation velocity to EC wave injection
(2MW), the short pulse (0.1s) off-axis EC wave
injection into the L-mode plasma heated by diagnostics
NBs (counter-NB: 0.76MW, perpendicular-NB: 2MW)
was performed, as shown in Fig. 1.1.2-6. Here, I,, Br
and qos were 0.8MA, 2.1T and 5.1 for the second
harmonic EC injection, the line averaged electron
~0.8x10"”m>. Figure 1.1.2-6

response of the toroidal rotation velocity in the core

density was shows
region to the short pulse of the off-axis EC wave
injection. The peak of the absorbed EC wave power
deposition was located at r/a~0.7, and there was no EC
wave power source in the region of 1/a<0.5. The
perturbation of the toroidal rotation velocity towards

co-direction (or reduced counter-rotation) was observed
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Fig. 1.1.2-6 Propagating perturbations in toroidal rotation
velocity at several radii, induced by the short pulse off-axis
EC wave injection (t=7.02-7.12s).

clearly in the region of r/a<0.5 and it propagated from
the half of the minor radius to the centre, as shown in
Fig. 1.1.2-6. On the other hand, the propagation of the
perturbation of the toroidal rotation velocity in the
opposite direction was not obvious in this discharge.
The propagation of the heat pulse was also observed in
the electron temperature. The propagation speed for the
perturbation of the toroidal rotation velocity was much
slower than that of electron temperature. This suggests
that the toroidal rotation velocity was not simply
determined by the local electron pressure gradient. The
perturbation amplitude of the toroidal rotation velocity
increased when the perturbation propagated, suggesting
existence of an inward pinch in momentum transport.
The turbulence driven theory predicted that the density
and/or temperature gradient, as well as the velocity
gradient, generate the momentum flux [1.2-9]. The
investigation of the response of the toroidal rotation
velocity to the EC wave injection is necessary with
various plasma parameters to clarify the mechanisms

determining the momentum transport.
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1.3 MHD Instabilities and Control
1.3.1

In a fusion reactor such as ITER, stationary sustainment

Stabilization of the Neoclassical Tearing Mode

of a high-beta and high confinement plasma is essential.
From the viewpoint of MHD stability, suppression of
neoclassical tearing modes (NTMs) is the most critical
issue in optimizing the discharge scenario of the
high-performance plasmas. In JT-60U, in addition to the
demonstration of NTM
progress has been made in simulation of NTM evolution
by extending the transport code TOPICS [1.3-1, 1.3-2].

experimental suppression,

(1) Simulation of Evolution of Magnetic Island
Evolution of magnetic island associated with an NTM is
described by the modified Rutherford equation. The
equation is composed of the effects of the equilibrium
current profile, the bootstrap current, the toroidal
geometry (Glasser-Greene-Johnson effect), the ion
polarization current, and the EC-driven current. Since
each term contains a coefficient which cannot be
determined with high accuracy by theory alone, in
JT-60U, the coefficients have been determined by
comparing between TOPICS simulation and NTM
experiments.

Temporal evolution of magnetic island width of an
m/n=3/2 NTM evaluated with the TOPICS code is
shown in Fig. I.1.3-1 (a). Here, m and n are the poloidal
and toroidal mode numbers, respectively. In this
simulation, equilibrium and pressure profile in an NTM
experiment are used, and EC wave power Pgc of
2.6MW, which corresponds to 4-unit injection in
JT-60U, is Other typical
parameters are as follows: plasma current /[,=1.5MA,
toroidal field B= 3.6T, safety factor at 95% flux surface
q95=3.9, island width before EC wave
W(7.58)=0.125, full-width at half-maximum (FWHM)
of ECCD profile 6gc=0.12, mode rational surface p,=0.4
in the volume-averaged normalized minor radius p. If
EC wave is deposited at the island center, the 3/2 NTM

injected from =7.6s.

injection
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is completely stabilized in 1.3s at =8.8s (case A in Fig.
1.1.3-1(a)). If the deposition location is misaligned by
0.01 in p, time for stabilization is prolonged (case B in
Fig. 1.1.3-1(a)). Figure 1.1.3-1 (b) shows the island
width at =10s, W(10s),

locations. As shown in this figure, stabilization effect by

for different deposition

ECCD is significantly decreased with increasing the
distance between p; and ECCD location pgc. Complete
stabilization can be achieved within the misalignment of
|Pec — Ps/W(7.55) 0.5, that is, about a half of the island
width. This suggests that precise adjustment of ECCD
location is essential, as recognized in experiments in
JT-60U. It is notable that island width increases when
the deposition location is misaligned by about W. The
simulation also shows that it is mainly attributed to a
destabilization effect of the ECCD term due to the

misaligned injection.

(a) 0.15

0.1
=
0.05

2 A 0 1 2

[PecPs(7.58)] / W(7.5s)
Fig. 1.1.3-1 (a) Temporal evolution of magnetic island width for
different ECCD locations and (b) island width at = 10s. ECCD
location is fixed at p=0.40 (A), 0.39 (B), 0.43 (C), 0.46 (D) and
0.55 (E).

(2) Effect of ECCD Profile on Stabilization

In NTM stabilization, ECCD profile is important as well
as injection power. The effect has been numerically
evaluated by TOPICS simulation. Figure 1.1.3-2 (a)
shows the dependence of magnetic island width during
ECCD on Pgc for different ECCD width. Here, W* and
Ogc™* are the island width and FWHM of ECCD profile
normalized by the island width before ECCD,
respectively. It can be seen that the stabilization effect
strongly depends on the width of ECCD profile. Since

the maximum value of the ECCD profile decreases with
increasing Jgc* at fixed EC power, both dgc* and Pgc
must be considered in evaluating the stabilization effect.
In Fig. 1.1.3-2 (b), W* is plotted as a function of Ogc*
and Pgc. In general, magnetic island associated with an
NTM is spontaneously decays due to the polarization
current effect when its width is decreased to a certain
value. In JT-60U, complete stabilization can be
achieved for W*50.3. The TOPICS code simulation
shows that the threshold for complete stabilization
increases with PEC0'6, which indicates that EC wave
power required for complete stabilization can be
significantly reduced by narrowing the ECCD width. In
NTM experiments in JT-60U, EC-driven current density
Jic 1s comparable to the bootstrap current density Jgg at
the mode rational surface. Since the ECCD profile is
close to the Gaussian distribution function, the
maximum current density linearly with
decreasing the FWHM under a fixed injection power.
This suggests that complete stabilization can be
achieved even with Jgc/Jps<1 if narrow ECCD profile is
obtained.

increases

(a 1 - -
3 Wider ECCD profile
08 [
, 06F o
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w ” < NTM exp.
= in JT-60U
05 Complete
stabilization
0 JecJps=1 .
0 1 2 3 4 5
Pec [MW]

Fig. 1.1.3-2 (a) Dependence of magnetic island width on EC
wave power, and (b) contour plot of island width during ECCD
as a function of ECCD width and EC wave power.

1.3.2 Stability of Resistive Wall Mode

Steady-state high-f plasma is required for future fusion
reactors. In ideal MHD stability, achievable § is mostly
limited by pressure-driven instabilities such as the
kink-ballooning modes. Although these instabilities can
be stabilized by placing a perfectly conducting wall

(ideal wall), the actual wall has a finite resistivity and
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then generates an other branch as a resistive wall mode
(RWM). Therefore, the stabilization of the RWM is
required for a high performance plasma. To stabilize the
RWM, mainly two methods are proposed; active
feedback control and plasma rotation effect. As for the
RWM experiment, an advantage of JT-60U is various
tangential NBs; therefore, the plasma rotation can be
controlled. We have performed the RWM experiments
focused on the stabilization effects due to the wall and

the plasma rotation.

(1) Current-Driven RWM Experiment

1) Wall Stabilization Effect

To investigate the basic features of the RWM, we have
performed current-driven RWM experiments. When g
was below 3, a instability grew with about 10 ms
without oscillation and a plasma collapse was observed.
Note that this mode has m/n = 3/1 mode structure. Since
the wall skin time of JT-60U is about 10ms, this mode
can be identified as the RWM. To confirm the wall
stabilization effect on RWM, plasma is systematically
shifted away from the outer wall. Figurel.1.3-3 shows
experimental growth rates y versus the normalized wall
radius. In Fig. 1.1.3-3, solid line shows the dispersion
relation without plasma rotation and dissipation in
cylindrical geometry. When the plasma is moved away
from the wall, the growth rates of RWM become larger,

as is consistent with the dispersion relation.

106 1 1 r 1
F No Plasma 1 1
105 1 Rotation Ideal T
- i 1 m/n=3/1
W 10* ] : Unstable -
~ i re< ;|
10°F ! 1
E 1 E
2 i ! ]
107E : 3
101 i PR I P R ! Lo 1 .
1.0 1.2 14 1.6
(d/a)e, (d/a)ew

Fig. 1.1.3-3 Experimental growth rates versus normalized
wall radii. Solid lines show a dispersion relation without
plasma rotation and dissipation.

2) Plasma Rotation Effect
To investigate the stabilization effect of the plasma

rotation, we performed experiments with different

plasma rotation which was controlled by tangential NBs.

Figure 1.1.3-4 (a) shows two profiles of the toroidal

plasma rotation Vi, at SL = 10cm, where 6L denotes the
clearance between the plasma surface and the first wall
at low field side. The experimental growth rates at oL =
10, 20, 30 and 40cm with different plasma rotation are
shown in Fig. 1.1.3-4 (b). Note that the experimental
data at zero rotation are in ohmic discharges. For the L
= 10 and 20cm case, the growth rates with a slow
plasma rotation become twice smaller than that with a
fast plasma rotation. However, for L = 30cm case, the
growth rates become larger. In the case 6L < 30, the
instabilities were occurred with g < 3, while in the L
= 40cm case, the instabilities were observed with g.g <
4. Although the resistive wall can stabilize m/n = 4/1
mode with wall positions 6L < 30, the wall can no
longer stabilize this mode in the 6L = 40cm case.
These data shows that the plasma rotation tends to
stabilize RWM. However, in this experiment, NBs,
which were injected to control plasma rotation,
increased a plasma pressure. Therefore, not only a
current but also pressure must be considered as driving
force of instabilities. Further analysis taking into

account both driving force is required.
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Fig. 1.1.3-4 (a) Profiles of toroidal plasma rotation for
current-driven RWM experiment. (b) Growth rates versus
toroidal plasma rotation at the edge (r/a = 0.9).
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(2) Pressure-Driven RWM Experiment

To induce RWM near the wall, a lot of NBs were
injected to a negative shear plasma (/; ~ 0.7), which has
a lower critical fy. At By reached 2.4, plasma disrupted
with an instability (Fig. 1.1.3-5). According to ideal
MHD stability calculation, B, wan ~n 1S about 2.2. The
decomposed magnetic fluctuations show that n = 1 was
dominant and the growth rate is 10ms which is similar
to the wall penetration time. Consequently, we have
identified that this mode is the n = 1 pressure-driven

RWM.

Disrup
1 2}1‘044323/8. =2.45T/5;, =20cm

0 25E
z. o . 1 =
KX I
0 Jo&
3.0 4.0 5.0
time[s
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Fig. 1.1.3-5 Waveforms
experiment. (a) Plasma current, (b) Sy and NB heating powers.

of the pressure-driven RWM

(c) Normal magnetic fields fluctuation decomposed as n = 1.

1.3.3 Confinement Degradation of Energetic Ions due
to Alfvén Eigenmodes

MHD instabilities driven by energetic ions, such as

TAE, has

instabilities can enhance the transport of a-particles

been widely studied, because these
from core region of the plasma, and then degrade the
Recently, AEs,

whose frequency rapidly sweeps and then saturate as the

performance of burning plasmas.

minimum value of the safety factor, quu., decreases,
which are mainly observed in reversed-shear plasmas,
have been extensively studied. These frequency
behavior can be explained by reversed-shear induced
AEs (RSAEs) [1.3-3] or Alfvén Cascades (ACs) [1.3-4]
and its transition to TAEs. In the previous studies in
JT-60U, it has been reported that the transition phase
was most unstable. However, the effect of these AEs on
confinement of energetic ions has not been understood

yet. In this work, the effect due to these AEs has been

investigated. Figure 1.1.3-6 shows time trace of (a)
Jmin and (b) frequency spectrum of n = 1 instabilities
measured by Mirnov coils in the NNB injected weak
reversed shear plasma (E43978, Br = 1.7T, Ip = 1.0MA,
Pxng = 4.0MW, Exng = 370keV). Frequency of these
instabilities swept up rapidly and saturated as Qqumn
decreased from 4.6 to 5.5s. After that, these instabilities
were almost stabilized. Thick broken lines in Fig.
1.1.3-6 (b) denote estimated frequency of n = 1 AEs
with RSAE model described in Ref. 1.3-3. As shown in
Fig. 1.1.3-6 (b), observed frequency behavior can be
explained by RSAEs and its transition to TAEs. Solid
line in Fig. 1.1.3-6 (c) shows time trace of total neutron
emission rate (Sn). Increase of Sn was suppressed with
RSAEs and TAEs. After these AEs were stabilized at t ~
5.5s, the increasing rate of Sn was enhanced rapidly.
This suggests confinement degradation of energetic ions
due to these AEs. Then, in order to evaluate how
confinement of energetic ions was degraded, Sn was
calculated with OFMC code, taking into account the
changes in the bulk plasma. The calculation was
performed assuming that the confinement was classical
and beam-thermal neutron was dominant. Actually,
beam-thermal neutron emission rate accounted for ~

90% of total neutron emission rate according to the
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calculation with a transport code TOPICS. Shown in
circles of Fig. 1.1.3-6 (c) is calculated Sn by classical
theory. It is found that measured Sn is smaller than
calculated one in the presence of these AEs. Whereas,
after AEs were stabilized, measured one became close
to calculated one, then was consistent with that at t ~
5.9s. This evaluation indicates confinement degradation
of energetic ions due to AEs was confirmed. Fig. 1.1.3-6
(d) shows time trace of reduction rate of Sn, which was
estimated from the ratio of measured Sn to calculated
one. One can see that the rate is largest in the transition
phase from RSAEs to TAEs. The previous studies that
the transition phase from RSAEs to TAEs was most
unstable [1.3-3] support this result. Here, the maximum
reduction rate is estimated as (ASn/Sn)p.x ~ 45% at t
~5.0s. Confinement degradation of energetic ions in the
presence of RSAEs and TAEs is
evaluated for the first time [1.3-5].

quantitatively
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1.4 H-mode and Pedestal Research
1.4.1 Roles of Plasma Rotation and Toroidal Field
Ripple on H-mode Confinement in JT-60U
[1.4-1]
The edge pedestal structure characterized by the
formation of the H-mode edge transport barrier (ETB) is
known to determine the boundary condition of the heat
transport in the plasma core. It has prevalently been
believed that the E x B flow shear in the peripheral
region plays an important role in suppressing the level
of turbulence and in reducing correlation length of the
turbulence that helps the formation of the ETB structure.
In ITER, the toroidal field ripple is estimated as 0.5-1%.
However, the influence of the toroidal field ripple on the
pedestal structure and plasma confinement quality is not
known. It is presumed that the toroidal field ripple
induces the toroidal rotation towards the counter
direction. It is likely that in the peripheral region the
ripple loss of fast ions produces an inward electric field,
which drives the counter-directed toroidal rotation. In
this study, conducting the power scans for a variation of
the toroidal momentum sources, the characteristics of
the H-mode confinement have been investigated.
Although it is hard to modify the arrangement of the
field coils

technological constraint, the effect of the toroidal field

toroidal from the viewpoint of the
ripple can be examined by changing the plasma
configuration.

The experiments were carried out at three cases of
geometrical configurations. With increasing the plasma

volume V, from 'small' (Vp~52m3), 'medium’ (Vp~65m3)
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and 'large' size (Vp~75m3) in turn, the toroidal field
ripple increases from 0.4, 1.0 and 2.0%, respectively.
Figure I.1.4-1(a) shows the dependence of the " on
the ratio of the loss power of the fast ions to the NB
injection power or P.™"P;,. It is found that the Bpolped
tends to increase when the fast ions' loss power fraction
decreases. The observed increase of Bpolped at fixed
toroidal field ripple and momentum source comes from
the increased absorbed power. When 3, in the plasma
core is raised by high power heating, it has been known
that the MHD stability boundary at the plasma edge is
improved. Figure 1.1.4-1(b) shows the dependence of
the Hy-factor on P ™/P;,. It is shown that operating at
smaller loss power fraction of fast ions does not always
produce high energy confinement while the achievable
confinement performance tends to decrease with
increasing P, ™YP;,. The H-mode plasmas with the
toroidal momentum source heading for the co-direction
are sensitive to the ripple loss of fast ions.

The H-mode plasmas with small ripple loss at the
momentum source for co-direction clearly show the
highest performance. However, the energy confinement
with the toroidal momentum source heading for the
ctr-direction does not vary when the ripple loss of fast
ions is changed.

One can find that the toroidal plasma rotation for
co-direction displays its potential on the improvement
of the energy confinement through the enhanced
pedestal pressure. The temperature profiles in the
H-mode plasmas are in many cases characterized by the
minimum critical scale length of the temperature
gradient Lt. Thus, it will be investigated whether the
high confinement with the momentum source in the
co-direction is due to the change of the critical Lt or the

increase of the pedestal temperature.

1.4.2 Characterization of Type-I ELMs in Tangential
Co-, Balanced-, and Counter- Plus Perpendicular
NBI Heated Plasmas on JT-60U [1.4-2]
Effects of plasma rotation on the Type-I ELM
characteristics have been systematically studied in the
JT-60U tokamak, scanning combinations of NBI
(tangential co-, balanced-, and counter-NBI plus
perpendicular NBI) in the three different plasma
volume to change the toroidal field ripple at the plasma
edge,

corresponding ripple amplitude for small,

medium and large volume plasma were §,~0.4, 1.0 and

2.0%, respectively. We performed the following
experiment under the condition of the plasma current,
Ip=1-1.2MA and toroidal magnetic field, B1=2.6T at
the ne/ngw~0.4-0.5 with qos~4.1.

Figure 1.1.4-2 shows the ELM characteristics in the
small volume plasma case. As can be seen in
Fig.1.1.4-2(a), ELM frequency, fgry, increased with the
heating power crossing the separatrix, Pgsgp, as

dfg m/dPsgp>0. This power dependence in the fgpy was
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Fig. 1.1.4-2 Plots of (a) ELM frequency versus heating
power crossing the separatrix, (b) ELM energy loss versus
pedestal stored energy, and (c) power loss due to ELM,
Perm (= AWELym x ferwm), normalized by Pggp. These data are
taken in the small volume configuration. Circles, squares
and inverse-triangles indicate the tangential co-, balanced-,
and counter-, plus perpendicular-NBI heated plasmas,
respectively.
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confirmed in all plasma configurations and so that
observed ELM in these scan could be classified into
type-1 ELM.

The ELM energy loss normalized by pedestal
stored energy, AWgim/Wped, appears to be smaller
when the external momentum input is in the counter
direction, especially in small volume configuration case
as shown in Fig.I.1.4-2(b). Although each data point
has somewhat large statistic error, the averaged value,
<AWgm/Wpee>, in the  co-NBI
significantly higher than that in the counter-NBI. In this

discharge is

analysis, it is noted that each AWgpy is the averaged
value during ELM cycles over an interval of AT~
100ms, and the corresponding error bar is its statistical
error of this averaging process.

The most interesting point is the dependences of
the power loss due to ELM, Pgy (= AWELm x fewm),
normalized by Pgsgp, which is constant among co-,
balanced, and counter-NBI, suggesting that the power
loss due to inter-ELM transport, Piyerpim, 1S almost
unchanged among co-, balanced, and ctr-NBI plasmas
(i.e. PinterrLm/Psep~1- Pem/Psep). As a result, we have
demonstrated that ELM energy loss can be controlled
by means of counter-NBI in a clear Type-I ELM
regime, while keeping confinement quality fixed. On
the other hand, when the plasma configuration changed
from small to middle and large, the Pgp\/Psgp decreases
with increasing the plasma volume, suggesting an

increase in the inter-ELM transport.

1.4.3 Pedestal Conditions for Small ELM Regimes in
Tokamaks [1.4-3]
Several small/no ELM regimes such as EDA, grassy
ELM, HRS, QH-mode, type Il and V ELMs with good
confinement properties have been obtained in Alcator
C-Mod, ASDEX-Upgrade (AUG), DIII-D, JET,
JFT-2M, JT-60U and NSTX. All these regimes show
considerable reduction of instantaneous ELM heat load
onto divertor target plates in contrast to conventional
type I ELM, and ELM energy losses are evaluated as
less than 5% of the pedestal stored energy. In order to
compare the pedestal conditions in these many regimes,
they have been categorized into four main groups
(grassy ELM regime, type II ELM regime, QH-mode
regime and enhanced recycling with high v, regime) in
terms of ELM energy loss and pedestal electron

collisionality v., which plays a significant role in

pedestal stability through modification of the edge
bootstrap current. Moreover, ITER will have a low
collisionality pedestal.

Achieved pedestal pressure in the type II ELM
regime is comparable to the usual type [ ELM regime in
spite of the existence of edge fluctuations. Moreover,
higher pedestal pressure can be obtained in JET.
Because of a requirement of high density, the edge
collisionality remained at moderate values (v. > 0.8). It
should be noted that a narrow operational window in
density (0.85 <zr<! /p . <0.95) is observed in AUG.

On the other hand, the grassy ELM regime was
found in JT-60U as another small ELM regime at lower
Ve in high B, plasmas with simultaneously high qos and
high 8. In recent experiments on JET and AUG,
grassy-like ELMs were also observed following the
grassy ELM prescription with high B, plasmas ($,> 1.7)
at high qos (qos~7) and high triangularity (8 > 0.4).

Figure 1.1.4-3

operational

shows the comparison of the
non-dimensional regime

between high n. type II ELM and grassy ELM regimes.
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It suggests that there is not a large requirement of
poloidal beta B, for type II ELM in contrast to the
grassy ELM regime. On the other hand, a quasi-double
null (QDN) configuration is required in AUG, where the
typical operational value is 6 > 0.4.

As can be seen in Fig. 1.1.4-3, grassy ELMs can be
obtained at low collisionality of ~ 0.3 in JT-60U.
Nevertheless, achieved ve in grassy ELM plasmas was
comparable to type Il ELM plasmas in JET. It is noted
that no significant edge fluctuations related to enhanced
losses were observed in any devices with grassy ELMs.

The required condition to enter the small/no ELM
regimes in terms of the plasma shape is also important
to investigate further, because ITER cannot operate
using a double null configuration and A, (the distance
between the separatrix and the flux surface through the
upper X-point at the outer midplane) should be kept
larger than 4cm. So far, a QDN configuration is
required both for type Il ELMs and for grassy ELMs in
AUG. In JET, type II ELM does not require QDN
configuration, while grassy ELM has been observed in
QDN configuration so far. Grassy ELMs in JT-60U
have often been observed for lower single null (LSN)
operation without a second separatrix and type V ELM
in NSTX also requires LSN configuration. On the other
hand, higher 0 is an important condition for small ELM
regimes. Since it is difficult to separate between effects
of 0 and Ay, in some devices due to the hardware
limitations, we should consider these issues in further

experiments.
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1.4-3

1.5 Divertor/SOL Plasmas and Plasma-Wall
Interaction

1.5.1 Fluctuations in High- and Low-Field-Side SOL
Study of the ELM radial propagation to the first wall
was presented in the 32" EPS [1.5-1] with improving
sampling rate of 500kHz for the Mach probes (at outer
midplane and X-point) and magnetic pick-up coils. In
2005, measurement of the plasma fluctuations both at
HFS and LFS SOLs has been, for the first time,
performed in JT-60U since electrodes of the HFS
reciprocating Mach probe was repaired. Statistical
analysis such as a probability distribution function
(p.d.f.) described intermittent (non-diffusion) transport
in SOL plasma fluctuations as shown in Fig.I.1.5-1
[1.5-2]. Fluctuation level of the ion saturation current
(9j/<j>) at HFS was 1/3-1/10 smaller than that at LFS.
It was found that the positive bursty events appeared
most frequently at LFS midplane distance from
separatrix (Ar) ~ Scm, and flat far SOL was formed in
outer flux surfaces (Ar > Scm). Positive bursty events
were seen in wide SOL radii (Ar < 7cm) only at LFS
midplane, where the “flow reversal” of the SOL plasma
was observed. Influences of the radial transport of the
convective blobby plasma on the SOL formation and the

flow reversal were investigated.
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1.5.2 Modeling of Divertor Pumping Using SOLDOR/
NEUT2D Code
To characterize the divertor pumping for particle and
heat control in the SOL/divertor, simulations using the
SOLDOR/ NEUT2D code developed originally [1.5-3]
were performed to the JT-60U long pulse discharge
[1.5-4]. The simulation reproduces the neutral pressure
and pumping flux in the exhaust chamber at the
experiment by treating the desorbed flux from the wall
similar as the gas puff flux (Fig. 1.1.5-2). Heat loads on
the divertor targets satisfy the heat balance consistently.
Parametric survey shows the pumping efficiency (ratio
of pumping flux to generated flux around the divertor
targets) [1.5-5] increasing with the pumping speed. It is
found that the pumping speed higher than the present
capability (26m’/s) is necessary for the active particle
control under the wall saturation condition. On the other
hand, shortening the strike-point distance (distance from
extension point of the private dome wing on the divertor
target to the strike point ) from 10cm to 2cm, the
pumping efficiency is enlarged by a factor of 1.5 with
increase of the viewing angle from strike point to

pumping slot and the incident flux into exhaust chamber.
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Fig. 1.1.5-2 (a); Time evolutions of neutral pressure in front of
penning gage, when the pumping speed Syum, is increased
from 10m’/s to 26m’/s at ¢+ = 20s in JT-60U long pulse
discharge under the wall saturation condition. (b) and (c);
Simulated contour plots of neutral pressure (molecular
pressure in the exhaust chamber and atom pressure in the
divertor region) for (b) Spump=10m"/s and (c) Spump=26m"/s.

A virtual tilt of the divertor targets to 15° vertically
enhances the pumping efficiency by a factor of 1.2 with
a low target heat load.
1.5.3 Two-Dimensional  Structure  of  Volume
Recombination of Hydrogen and Impurity lons

In order to investigate two-dimensional structure of
divertor plasmas, a spectrometer with 92 viewing chords
(vertically 60ch and horizontally 32ch) has been
prepared, and a computer tomography technique using a
maximum entropy method has been developed. Figure
1.1.5-3 shows reconstructed emission profiles of D I
(n=2-5) and C IV (n=6-7) during an X-point MARFE.
The emission peaks of D I (rn=2-5) are found above the
outer and the inner strike point. In contrast, the emission
peak of C IV (n=6-7) is found in the main plasma just
above the X-point. Because these two lines are emitted
predominantly, resulting from volume recombination of
D" and C*, respectively, these emission profiles are
interpreted as the two-dimensional structures of volume
recombination.

Because the ratio of D I (n=2-6) to D I (n=2-5)
gives electron temperature of recombining plasma, the

two-dimensional structure of electron temperature can
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Fig. 1.1.5-3 Emissivity of (a) DI (n =2-5) and (b) C IV
(n=6-7) during an X-point MARFE, reconstructed by a
computer tomography technique (tentative version for
demonstration).
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be obtained from the ratio of the reconstructed emission

profiles of these lines. This method is in progress.

1.5.4 Emission Rates of CH/CD and C, Spectral Bands
for Loss-Events of CD,4 and C,Hg

To evaluate hydrocarbon sputtering flux from emission

intensities of CH/CD and C, spectral bands, the

of CH/CD and C,

hydrocarbon molecule is

numbers photons until one

ionized in plasma, are
required. The reciprocals of these numbers, hereafter
called loss-events / photon, have been measured.

To measure the CDy-loss-evnets / CD photon, CDy
was injected at a known rate into the outer divertor
plasma. The CD emission was measured along two
similar viewing chords: one views the plasma in front of
the gas-puff nozzle and the other does not. The
difference of the CD emission measured with the two
viewing chords is originated from the injected CDj.
Hence, the CDy-loss-events/CD photon was determined
as the ratio of injected CD, flux to the difference of the
CD emission. Similar measurements for C,Hg to
determine the C,Hg-loss-events/CH photon and the
C,Hg-loss-events/C, photon were done [1.5.6].
1.1.5-4

loss-events/photon. The loss-events/photon is

Figure shows the measured
positive
dependence on the electron temperature, which is
similar to those measured in PISCES [1.5.7]. It was
found that that dependence of C,Hg-loss-events/C,
photon is stronger than that of C,Hg-loss-events/CH
photon. In addition, at 20eV, the absolute values agree
within a factor of 2. The data obtained in the present
work will be used to measure the CH,/CD,; and

C,H,/C,Dy sputtering yields.
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Fig. 1.1.5-4 Loss-events as a function of electron temperature.

100

Open circles indicate the ratio of CDy-loss-events to a
CD-spectral-band photon, closed circles and diamonds the
ratios of C,Hg-loss-events to a CD- and to a C,-spectral-band
photon, respectively.

1.5.5 Carbon Deposition and Hydrogen Isotope

Retention in the JT-60U Plasma Facing Wall
Erosion/deposition analyses for the plasma facing wall
showed that deposition was dominant at the inner
divertor (A) and the outer dome wing (C), whereas
erosion dominant at the outer divertor (D) and the inner
dome wing (B) (Fig. 1.1.5-5). The upper area of the first
wall was mainly eroded, while the bottom area of the
inboard wall was deposition dominated [1.5-8]. In
deposition analyses for the plasma shadowed area, thick
deposition (~several 10um) was observed on the bottom
side of the outer dome wing tile, and no deposition was
found on the bottom edge of the inner divertor tile.
These results indicated that local transport of eroded
carbon to inboard direction plays an important role on
the carbon redeposition process.

Distribution of deuterium and hydrogen retained in
graphite tiles placed in the divertor region of JT-60U
with the both side pumping geometry was investigated
by thermal desorption spectroscopy. The retention of
hydrogen isotopes is nearly proportional to the thickness
of carbon redeposited layers, though their concentration
changes with the location of the tiles. The least
concentration of ~ 0.02 in (H+D)/C is found in the
redeposited layers on the inner divertor tile. This value
agrees well with H/C of ~0.030 observed for the
redeposited layers on the divertor tiles exposed to HH
discharges in the JT-60 open divertor, and H+D/C of
~0.032 in the inner divertor tiles exposed to the DD
discharges in the JT-60U with the inner side pumping
system. Rather high hydrogen concentration is found

in the redeposited layers on plasma-shadowed area.

Erosion

Inner

4

Deposition

Fig. 1.1.5-5 Location of the erosion and deposition dominated
area in the JT-60U W-shaped divertor. The results showed the
eroded carbon was transported to the inboard direction. The
highest hydrogen isotope retention was found at the bottom side
of the outer dome wing tile (E).
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In particular, the redeposited layers on the bottom side
of the outer wing tile (see Fig. 1.1.5-5,E) shadowed from
plasma and facing to the pumping slot shows the highest
concentration of 0.13 in (H+D)/C [1.5-9]. In JT-60U,
however, the deposition at the shadowed area is very
small, which is a candidate to explane the smallest total
retention in the divertor area compared with other large

tokamaks.

1.5.6

To clarify the transport and deposition places of carbon

13C Tracing and Deposition

impurities, the "CH, gas puffing experiment was
carried out in JT-60U [1.5-10]. Figure 1.1.5-6 shows the
location of the gas puffing port and a plasma
configuration for the experiment. The total of ~2 x 10*
BCH, molecules was puffed into 13 L-mode plasma
discharges. Deposition layers of thicker than 200um
were observed on the outer divertor tile adjacent to the
gas puffing port. The poloidal distribution of the *C
deposition adjacent to the "*CH, gas puffing port agrees
well with that of the positioning frequency on the outer
divertor tiles. Therefore it is considered that a large
amount of carbon impurity generated at the outer
divertor re-deposited near eroded place and was
transported by repetition of erosion and redeposition.
Although the first wall located in the inner side was
thought to be exposed to SOL plasma during the
discharges, deposited °C on the first wall was the
lowest among the analyzed tiles. This suggests that
carbon impurities transport from the inner to the outer

divertor region through SOL takes a long term. The "*C

Gap~4cm

Fig. 1.1.5-6 Location of the gas puffing port and a plasma
configuration for the experiment. Thirteen L-mode discharges
were performed at almost same plasma configuration. Totally,
2.0 x 10% C were puffed during the discharges.

surface density peaked at the lower side of the inner
striking point on the inner divertor tile as shown in Fig.
I.1.5-7. It is suggested that a large part of >C puffed
from the outer divertor is transported through the drift
flux toward the inner divertor. This result indicates the
existence of another transport path of carbon impurities
generated in the outer divertor region in addition to the
SOL flow.
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Fig. 1.1.5-7 *C surface density of the inner divertor tile and

frequency distribution of inner divertor leg. The peak position
of the *C surface density was found at the lower side (i.e. near
pumping slot) of the strike point.
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2. Operation and Machine Improvements
Two cycles of the JT-60 operation were implemented
in FY 2005, which included 945 shots of plasma pulse
discharge, 104 shots of commissioning pulse sequence,
30 hours of Taylor-type discharge cleaning and 323
hours of glow discharge cleaning.

In order to reduce a large ripple of toroidal field,
which had been considered to limit operational
performance of large-volume plasmas in JT-60U,
ferritic steel tiles were newly installed as a part of the
first wall in place of carbon tiles during the
maintenance period in 2005. To compensate the
magnetic influence of the ferritic tile insertion on
plasma equilibrium, a new real-time program was
developed to correct the magnetic sensor signals
including poloidal magnetic field and flux from the
ferritic steel magnetized by the toroidal magnetic field.
The plasma magnetic surface calculated in
consideration of the ferritic tiles agrees to the separatrix
line reproduced by CXRS measurement results near the
upper port within a few centimeters in the largest
Bt=2T. After

confirmation of position and shape reconstruction

magnetization case at careful

accuracy, JT-60 experiments were successfully

performed on schedule.

2.1 Tokamak Machine
2.1.1 Improvement of Pellet Injector for Long Pulse
Operation

In order to extend the JT-60 operation to high density
regime and to investigate the impact of particle fuelling
on confinement and pedestal parameters, the pellet
injector has been under modification to have long
injection duration (~60 s) and high repetitive injection
frequency (<20 Hz). The pellet extruder was changed
from the piston type to the screw type (Fig. 1.2.1-1).
This screw type pellet extruder can produce a 2.1 mm x
2.1 mm ice rod with an extrusion speed of 46 mm/s for
60 s or with a extrusion speed of 38 mm/s for 360 s.
The new screw type pellet extruder was assembled into
the present centrifugal pellet injector used for JT-60U.
The production of a transparent ice rod has been
confirmed in some operation conditions. The liquefier

and nozzle temperatures are being optimized.

2.1.2 Installation of Supersonic Molecular Beam

Supersonic molecular beam injectors (SMBI) were
installed both at the high-field-side and low-field-side
of the JT-60U Vacuum Vessel in collaboration with
CEA Cadarache. The injector head is the same as that
installed in Tore Supra (Fig. 1.2.1-2). The SMBI can be
operated with a frequency of 8-10 Hz and 2 ms
duration per pulse. Theoretical gas flow was evaluated
to be 510 Pam®/s with a Mach number of 4.1 (speed of
2.2 km/s) at operation temperature of 150°C and
fueling pressure of 0.5 MPa. The particle fueling to a
plasma with the SMBI is expected to be deeper than
gas puffing, but shallower than pellet injection. The gas
injection test into the JT-60U vacuum vessel was
carried out using helium gas at operation temperature
of 150°C and fueling pressure of 0.2 MPa. The amount
of injected gas from the low-field-side injector was

estimated to be 0.14 Pam® per pulse.

Fig. 1.2.1-1 The screw type pellet extruder installed into the
centrifugal pellet injector of JT-60 (A: Liquefier, B: Nozzle).

Fig. 1.2.1-2 An injector head of the Supersonic molecular
beam injector (SMBI) installed both on the inboard and
outboard side in the vacuum vessel.
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2.1.3 Installation of Ferritic Steel Tiles as the Outboard
First Wall [2.1-1]
In order to reduce the toroidal magnetic field (TF)
ripple, 8Cr-2W-0.2V ferritic steel tiles were installed at
the out board wall inside the vacuum vessel (Fig. 1.2.1-
3). 8Cr-2W-0.2V ferritic steel was selected among
candidate ones such as F82H developed as a low
saturated
magnetization of 8Cr-2W-0.2V ferritic steel was high

activation ferritic steel, because the
enough for the experiments planned with the toroidal
magnetic field, and the low activation was not critical
at the present level of neutron production in JT-60. By
August 2005, 1122 carbon tiles near the inside of the
TF coils were replaced to ferritic steel tiles with
reinforcement of stud nuts. The dimensions of the most
tiles are 130 mm(length) x 185 mm(width) x 23
mm(thickness), which is 2 mm thinner than the
carbon tiles. The surfaces position of the ferritic tiles
were arranged at more than 1.5mm below those of the
carbon tiles. Slits were made in each tile to reduce the
electromagnetic force due to eddy current.

Fifty-five plates of 8Cr-2W-0.2V ferritic steel were
manufactured from the 2.6 ton ingots made by 20 ton
vacuum induction melting in January 2006. Magnetic
properties of the ferritic steel plates fabricated in large
scale melting were investigated. It was shown that the
average saturated magnetization was 1.838 Tesla, and
the confidence interval of 95% was between 1.833 and
1.843 Tesla at ambient temperature. The variation

among the plates fabricated was confirmed to be

Material :
8Cr2W steel
Magnetization :
~1.8T
Thickness : 23mm

Fig. 1.2.1-3 Ferritic steel tiles installed at the out board wall
inside the JT-60U vacuum vessel.

sufficiently small. The saturated magnetization was
1.66 Tesla at 573 K, the maximum baking temperature
of the relaxation of the activation-element. Although it
was lower than the expected value, it was confirmed by
a numerical calculation that the saturated magnetization
of 1.7 Tesla was still sufficient for the JT-60

experiment.

2.1.4 Study of the Plasma-Surface Interaction
The cooperative research program between JAEA and
universities using the JT-60 first wall tile was initiated
in 2001. Under the program, various studies on the
plasma facing materials have progressed. Major
research activities conducted in FY 2005 except for the
results mentioned in Section 1.1.5 [1.5-8, 1.5-9, 1.5-10]
are as follows:
(1) Measurement of Tritium Distribution at the Tile
Gap [2.1-2]
Tritium retention on the side surfaces which locate at
gaps between the W-shaped divertor tiles was analyzed
by the imaging plate technique and a combustion
method. The samples measured were exposed in the
plasma discharges from June 1997 to March 2003.
Total amount of tritium generated was ~ 5.7 x 10"
(~102 GBq) during this period.

Tritium retention was essentially correlated with
the carbon deposition profile at the gap. On the both
toroidal sides (i.e. toroidal gaps), the tritium
concentration exponentially decreased with the
distance from the front end to the bottom end with the
e-folding length of around 3 mm.

Tritium retention profiles on the poloidal sides (i.e.
poloidal gaps) varied with their location. Relatively
high tritium retention was found at (i) the gaps between
the inner target tiles and (ii) the bottom side of the
outer divertor tile facing to the outer pumping slot.
According to SEM observation, those side surfaces
were covered by the redeposited layers with the
maximum thickness of ~80 pum (i) and ~90 um (ii),
indicating that trittum was incorporated in the
redeposited layers.

The amount of the tritium retention in the divertor
tile gaps determined by the combustion method was
approximately 67 MBq (assuming full toroidal
symmetry in the tritium retention profiles), which

corresponds to ~ 0.07 % of the total generated tritium.
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(2) Exhaust Gas Analysis
Operation [2.1-3,2.1-4]
The exhaust gas from JT-60U during the experimental

during Experimental

operation has been investigated to understand behavior
of hydrogen as fuel and to obtain basic data of impurity.
Exhaust gas was measured with Mass Spectrometer,
Micro Gas Chromatography and Ion Chamber. Because
we didn’t individually measure hydrogen isotopes (H,
D, T) in the experiment, all three hydrogen isotopes are
described as H. On the other hand, some impurity
species could be individually measured during plasma
discharges. The ratio of CH,, CO,, C,H,+C,H,; and
C,Hg were 44%, 42%, 12% and 2%, respectively.
These ratios of impurity species were independent on
the wall temperature, even though the amounts of
exhausted H and impurities increased with the wall
temperature due to high recycling. Concentration of
carbon compounds varied in each shot and the
maximum amount of exhausted carbon was several mg
in a shot. There was a tendency between the exhaust
gas and the plasma parameter, indicating that the
amounts of exhausted H and impurities increased with

the maximum electron density of the plasma.
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2.1-3
2.1-4

2.2 Control System

2.2.1 Innovative Integrator Resistant to Plasma
Instabilities

In the development of a precise integrator for magnetic
measurements aiming at long pulse operation,
saturation of an amplifier caused by exposure of
excessive voltage input from the sensor is the only
remaining issue [2.2-1, 2.2-2].

Figure 1.2.2-1

integration result for the output of a magnetic probe in

(a) shows a good, accurate

a discharge with a disruption; no baseline change was

observed before and after plasma discharge.
Unexpectedly, soon after a few disruption shots, clear
baseline gap was again observed, as shown in Fig.
1.2.2-1 (b). This was caused by the damage of the FET-
Zener diode elements in the signal input circuit.

To find out a proper method to provide the required
durability under the repeated disruptive instabilities, we
made and tested three trial signal input circuits; board
#1 with high voltage (£2kV) resistant diode, board #II
with power Mos FET (+1kV/-0.6kV) and board #III
with a precise attenuator insertion with an FB
compensator. The linearity errors of the board #I and
#II exceeded the
operational amplifier (£0.001%) for three ranges 10V,
100V, and 1000V. The cause was considered to be a

large leakage current of the signal input protection

specification of the employed

elements. The linearity error of the board #III was
smaller than 0.001%. Therefore, the board #III has
been applied to the input circuit. Furthermore, to
correctly integrate fast varying input signals during
disruptions, the time resolution has been improved by
increasing the integration cycle from 1.0kHz to 10kHz.
Figure 1.2.2-2 shows an example of good result. The
integration error caused by over-range input had been
successfully corrected. This development has been
carried out as ITA (ITER Transitional Arrangements)
task for ITER.

(;i,) (@) E042053 | 20T o) E042997
Integration (m) Integration
result result Disruption
No gap B
Disruption 0 -

Gap 30mVs
Case of experienced
semiconductor device

200(s)

Case of new semiconductor

device

95(s) 0

Fig. 1.2.2-1 A gap of integral results occurred after several

exposures to high voltage at a disruption.

Shot No.E046012

1m\[..'1 Regular range (10 V) (}) Corrected result
mV —
* No jump was T Ju mp
0— observed 0-

e

- -

Gap: 9.0 mVs No gap

0 200(s) 200(s)

Fig. 1.2.2-2 Corrected integration result.
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2.2.2 Plasma Movie Database System

A plasma movie is generally expected as one of the
most efficient methods to know how plasma discharge
has been conducted in the experiment. On this

motivation, a real-time plasma shape visualization

system has been developed and operated over ten years.

The current plasma movie is composed of (1) video
camera picture of cross-sectional view of a plasma, (2)
computer graphic (CG) picture, and (3) magnetic probe
signal as a sound channel.

In order to use this movie efficiently, a new system
having the following functions has been developed; (a)
to store a plasma movie in the movie database system
automatically after a discharge sequence, and (b) to
make a plasma movie be available (downloadable) for
experiment data analyses at the Web-site, as shown in
Fig.1.2.2-3.
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Fig.1.2.2-3 Configuration of the Plasma Movie Database

System.

The plasma movie capture system stores the movie
file in a format of MPEG2 first. Secondly, it transfers a
movie file in a MPEG4 format to the plasma movie
web-server. In response to the user’s request, the
plasma movie web-server transfers a stored movie data.
The movie data amount for the MPEG2 format is about
50Mbyte/shot (65s discharge), and that for the MPEG4
format is about 7 Mbyte/shot. It has been confirmed
that the transfer of plasma movie takes a few seconds
through a local area network. After one plasma
discharge sequence is finished, the plasma movie file
for the 15s to 65s pulse discharge comes to be available

for the web-users in about 6 to 16 minutes.
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2.3 Power Supply System

Annual inspections and regular maintenances for the
power supply systems have been conducted to maintain
availability of high power operations as shown in Table
1.2.3-1.

operation of the power supplies.

These activities contributed to achieve safe

Table 1.2.3-1 Inspections and overhaul of the power supply

systems.

Item Term
Overhaul of the Oil-cooled Transformer April
Detail Inspection of the Motor Generator and | August~
the Poloidal Field Coil Power Supply October
Regular Inspection of the Grounding and | September
Lightning systems
Regular Inspection of the Toroidal Field Coil | September
Power Supply ~October
Regular Inspection of the Power Supply for | September
Additional Heating Facilities ~October
Regular Inspection of the Power Distribution | October

Systems

2.3.1 Overhaul of the Oil-Cooled Transformer

The regular gas chromatograph analysis of insulating
oil in the oil-cooled transformers for TFC power
supply detected abnormal quantities of flammable gas,
C,Hy, C,H,, etc., in January, 2005.

for the thyristor drive device of the motor generator has

This transformer
a zero-voltage tap changer. The specifications and
outer appearance are shown in Table [.2.3-2 and
Fig.1.2.3-1. The pattern of the gas contents showed
flammable gas was produced by overheats of the oil.
A spring-forced metal contact could produce “creep”
on a contact surface. This would result in a
temperature rise at the contact surface, and generate
carbide layers for a certain period. This scenario seems
to be supported by observation of the tap contact as
shown in Fig.1.2.3-2. To avoid this phenomenon, the

changeable tap contact was replaced by the fixed one.
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Table 1.2.3-2 Specifications of the oil-cooled transformer.

Capacitor (kVA) 28,000
Primary voltage (V) 10,500~11,500
Secondary voltage (V) 17,000
Oil quantity (L) 10,700
Weight (kg) 40,200
e

R Y e P e S A A
Fig.1.2.3-1 The oil-cooled transformer for the thyristor drive
device of the TF-PS motor generator.

Overheated
contact

contact

Fig.1.2.3-2 The overheated tap contact.

2.3.2 New AC Power System for Satellite Tokamak

The satellite tokamak, the modification of JT-60 to a
super-conducting tokamak, is planned to have a
41MW-100s heating operation through the Japan-
Europe negotiation in 2005. The planned powers for
the heating facilities are summarized in Table 1.2.3-3.
AC power of 130MW-100s (13GJ) is necessary for the
operation with all the heating facilities, but cannot be
supplied by the present motor generator for additional
heating facilities (H-MG: 400M VA, 2.65GJ). The reuse
of the present power supply is a basic policy of the
satellite tokamak project to save the cost. Therefore, we

have studied possible AC power systems that are

reconstructed with the present JT-60 power supply

system.

(1) Configuration of a New AC Power System

The new AC power system would be constituted of the
275kV commercial line (Tr-1) and the motor generator
for the current TFC-PS (T-MG). The configuration of
the new AC system is shown in Fig. 1.2.3-3. The AC
powers of 88MW for P-NBI and ECRF and 40MW for
NNBI are supplied from the Tr-1 line and from T-MG,

respectively.

Table 1.2.3-3 Nominal power for Additional Heating

Facilities.
Unit Heating Active Power Reactive
Power (MW) MW) Power (M Var)
P-NBI 24.0 60.3 80.1
N-NBI 10.0 40.5 54.0
ECRF 7.0 28.0 21.0
275kV Power Grid
1
Trt o cemva (38s) i
s Tr-2 S275kVi66kV 110MVA
275kV/I18kV
SVC, %
Filter
T annaa FvR MG
. ; OO0IVIVY |_| : /
L1t ' Ji 4oMw 21;::‘3?46.5

130MW—100s(13GJ)

Neutral Beam Injection device
P-NBI(24MW), N-NBI(10MW)

Radio Frequency device
ECRF(7TMW)

Fig. 1.2.3-3 A possible configuration of the new AC power
system for additional heating facilities.

(2) Design Study of a New Reactive Power
Compensator

Power consumption of 88 MW through Tr-1 would
induce voltage variation and higher harmonic currents
at 275 kV power grid exceeding the values restricted
by the contract with the commercial power company,
TEPCO. To reduce such influence on the commercial
line, a reactive power compensator consisting of a
harmonic filter set and a power-factor improvement
capacitor set to be installed in the circuit were designed.
In the design, the existing harmonic filters and power-
factor improvement capacitors were assumed to be

reused as a part of the reactive power compensator.
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We made the model of additional heating facilities
for the simulation codes PSCAD/EMTDC. First, the
response of the circuit without the reactive power

compensator was simulated. The results are shown in

Table 1.2.3-4, and the harmonic current is shown in Fig.

1.2.3-4. The equivalent disturbing current calculated
with the harmonic current is 4.94A. This value does
not satisfy the contract condition with TEPCO,

allowable equivalent disturbing current of 1.9A.

Table 1.2.3-4 Simulation result from the case without a
reactive power compensator.

Active Power (MW) 84.4
Reactive Power (M Var) 105.0
Power Factor 0.63
275kV line Voltage regulation (%) 0.8
18kV line Voltage regulation (%) 10.0
5
4
Harmonic 3
Current
(A)

5 7111317 19232529 31353741 434749
order

Fig. 1.2.3-4 Harmonic current of 275kV power grid without
reactive power compensator.

Table 1.2.3-5 Simulation result from the case with a reactive
ower compensator.

Active Power (MW) 87.4
Reactive Power (M Var) 59.2
Power Factor 0.82
275kV line Voltage regulation (%) 0.4
18kV line Voltage regulation (%) 5.5
5
4
Harmonic 3
Current
(A)

2

(s |

0 s i
5 71113171923 25293135 37414347 49
order

Fig. 1.2.3-5 Harmonic current of 275kV power grid with
reactive power compensator.

To explore the resolution, the simulation for the
case with the reactive power compensator was
conducted, and the results are shown in Table 1.2.3-5.
The harmonic current is shown in Fig. 1.2.3-5. In the
simulation, it was assumed that 11, 13 order harmonic
filters were substituted by the new ones, while 18 and
higher order harmonic filters and the power-factor
improvement capacitors of 40M Var were reused. The
equivalent disturbing current improved to 1.54A, and
satisfied the contract condition. It was, therefore,
concluded that a new AC power system for the satellite

tokamak additional heating facilities was feasible.

2.4 Neutral Beam Injection System

The main objectives of the NBI system is to extend its
pulse duration up to 30s so as to study long pulse
plasmas whose duration is much longer than the current
diffusion time. Four tangential positive ion-based NBI
(P-NBI) units have been routinely operated up to 30s
with 2MW/unit at 85keV. Also, seven perpendicular P-
NBI units have been operated in series for the total
pulse duration of 30s. As for the negative ion-based
NBI (N-NBI) system, the long pulse operation of 10 s
with two ion sources has been achieved. The high
performance of NBI system at the injection power of
~10 MW for 30s has been contributed to achieve high
Bn.~2.3 for 28s. Moreover, the critical issues for long
pulse operation are specified, such as stable source
plasma control, high voltage holding and reduction of
heat load of the accelerator and beamline components.
Design of the upgrade of the NBI system has been
started, where the total injection power of 34 MW for
100 s is planned for the satellite tokamak.

2.4.1 Renewal of Control System for Cryogenic
Facility

The NBI system needs deuterium gas fueling of 3-

5Pam’/s  for

neutralization. A large cryopumping system with

source plasma production and
pumping speed of 20000m?/s is used to quickly exhaust
the residual gas so as to avoid re-ionization of the
neutral beam. The cryopumping system is cooled down
by a liquid He cryogenic facility with a cooling
capacity of 2.4kW. The control system of the cryogenic
facility was constructed with Distributed Control
System (DCS) computer about 20 years ago. Recently,

the frequency of troubles in the control system has
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increased due to its ageing. Therefore, the control
system has been renewed using functional and
inexpensive  commercial ~ Programmable  Logic
Controllers (PLC). Figure 1.2.4-1 shows the block
diagram of the new control system. The new control
system is composed of four PC computers and PLCs,
each of which is connected with Ethernet. The PLCs
are connected with double control loops to keep a high
reliability. The control program in the original DCS,
consisting of about 400 feedback control loop with
~400 digital and ~800 analog data, was transferred to
the program in the PLC. A distributed processing
cryopumps
independently. About 200 control views were created

method was wused to control the
to obtain a high man-machine interface. The new
control system was completed in September 2005 and
has shown its high reliability without troubles to date.
This is a new approach of the commercial PLC to the

dynamic control system in the large plant [2.4-1].

ig i Liquid He level
(#1 #7) (#s #14)

%Q‘

<Control room>

Ethernet

<He cooling room>
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Refrigerator|

‘ Liquid He Controller }

Original

Fig. 1.2.4-1 Block diagram of the new control system for a
cryogenic facility.

2.4.2 Progress in N-NBI System
The long pulse more than 10 sec was carried out with
one ion source only in 2004. In 2005, the optimization
of 10 sec operation with two ion sources has been
intended. Figure 1.2.4-2 shows the progress of the
injection power with two ion sources. A long pulse
injection at ~3.3MW for 10sec, where the acceleration
beam energy and current are 340keV, ~33A, has been
achieved.

Some critical issues for long pulse operation have

been specified through the optimization study [2.4-2].

The first issue is to keep the negative ion production
constant for long pulse operation. Once the arc discharge
starts, the discharge current flows into the filament,
changing its temperature distribution. Feedback control
of the arc current is effective in keeping the source
plasma parameters. It is also confirmed that the cesium
effect depends on the temperature of the plasma grid in
the large ion source. This result indicates that active
temperature control of the plasma grid is essential for
long pulse operation.

The second issue is to improve the high voltage
holding capability of the accelerator. It was found that
outgass increased in the range of 10”Pa during voltage
holding even when there was no-breakdown in the ion
source (base pressure: 1-2x10™*Pa). When the outgassing
was well suppressed after sufficient conditioning,
breakdowns were well suppressed. The main
component of the outgass was m/e=28. There was no
component of m/e=14. Therefore, the outgass was
supposed to be hydro-carbon species. This result
indicates that the improvement of FRP (fiberglass-
reinforced plastic) insulator, which is composed of
hydro-carbons, may be a key to achieve high voltage
holding in the accelerator.

The third issue is to reduce the heat load of the
acceleration grids and beam line components. The
investigation of the negative ion beam deflection,
which was measured by the infrared camera on the
target plate set 3.5m away from the grid, indicates that
the spread of beamlet-bundle is in proportion to the
current density. Field-shaping plates attached on the
extraction grid were effective in modifying the local
electric field and reducing the heat load of the

acceleration grid [2.4-3]. It was also found that some

8 two ion sources
T T

_ 2006,3
4 X Do
2 2001
e (H)
0 1 1 1 1

0 2 4 6 8 10
Pulse duration (s)

Fig. 1.2.4-2 Progress of the injection power and pulse
duration with two ion sources.
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Fig. 1.2.4-3 Electron beam trajectory in the three stage
accelerator. Some electron produced at the first stage is
deflected by the PG magnetic field and is accelerated,.
passing through the next accelerator grids (A2G, GRG).

part of the stripped electrons produced at the first stage
accelerator were accelerated and passed through the
down pitch of the multi-apertures in the next
acceleration grid and then collided the beam line as
shown in Fig.[.2.4-3. It is important to investigate in
detail the negative ion-beam and electron-beam
trajectory not only inside of the ion source, but also
downstream from the ion source for further long pulse

operation [2.4-4].

2.4.3 Design Study of NBI System for the Satellite
Tokamak

Modification of JT-60U to the satellite tokamak has
been planned to contribute to ITER and DEMO. The
NBI system is required to inject 34MW for 100s. The
upgraded NBI system consists of P-NBI units and one
N-NBI unit. The injection power of each P-NBI unit is
2MW at 85keV, and that of one N-NBI unit will be
10MW at 500ke V. There are three types of P-NBI units
(perpendicular: 8 units, co-tangential: 2 units, counter-
tangential: 2 units) to control deposition profile and
plasma rotation. The beam line of the co-tangential N-
NBI unit will be shifted downward from the equatorial
plane by ~0.6m to drive off-axis plasma current that is
necessary for producing reversed shear with a high
bootstrap current fraction. Figure 1.2.4-4 shows the side
view of the NBI system for the satellite tokamak.

The critical issue of the modified NBI system is to
extend the pulse duration up to 100s. In long pulse
operation of P-NBI unit at 2MW for 30s, the
temperature rise of the cooling water in the ion source
has been found to get almost saturated at less than
10°C at ~15 s after the start of injection, indicating that
the present ion source of P-NBI may operate for 100 s
Under the KBSI-JAERI

without modification.

collaborative program, a long pulse operation of P-NBI
ion source has been demonstrated up to 200s at
KSTAR NBI test facility though the beam current is
~20A at 60kV due to the power supply capability. In
the preliminary study, the present high voltage DC
power supply for P-NBI unit can drive the ion source
for 100s by modifying some resistances and employing
active cooling of the inner conductor in the high
voltage feeder duct. The available beam voltage of the
present N-NBI is less than 400keV. Thus, the main
issue of N-NBI unit is to improve the voltage holding
of the ion source up to 500kV. A modification of the
accelerator such as the insulator structure is under
consideration. The present acceleration power supply
of 500kV, 64A with an inverter switching system will
also be modified to extend its pulse duration from 10s
to 100s by adding more converter-inverter components.
The last item is shielding of the leakage magnetic field
of the satellite tokamak. The leakage field will be about
five times larger from the JT-60U, so attachment of
high permeability metal on the ion tank is required, in
addition to strengthening the canceling coils. The

detailed design study is under development [2.4-5].

Perpendicular P -NBI
Tangential P -NBI (8 units)

(4 units)

Fig. 1.2.4-4 Side view of NBI systems for satellite tokamak.
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2.5 Radio-Frequency Heating System

2.5.1 Long-Pulse Operation of the ECH System

Trail of Pulse extension of the ECH system is being
carried out to enhance the plasma performance in the
recent experiment campaign in JT-60U focusing on
long sustainment of high performance plasmas.
Improvements of the gyrotron and development of
advanced operation techniques are keys to extend the
ECH pulse. A difficulty in the pulse extension was to
keep the oscillation condition against decreasing
collector current because of cathode cooling due to
continuous electron emission. The techniques of
controlling heater current and anode voltage during the
pulse developed by FY2004 [2.5-1] were refined and
pulse duration of 17 s at 0.4 MW (at gyrotron) has been
achieved.

The mechanism of this control is regarded as
follows; the increase in heater current is a direct
method to compensate the cathode temperature drop,
and the change in anode voltage changes the oscillation
condition by modifying the electron pitch angle. As an
advanced feature of the real time heater current and
anode voltage control, automatic recovery from the
oscillation termination was also achieved. The
termination was detected from the voltage signal from
the directional coupler and the diode detector, then the

anode voltage was increased by 2.2 kV and the
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Fig. 1.2.5-1 Oscillation recovery by anode voltage control.

oscillation successfully recovered as shown in Fig.
1.2.5-1.

It is important to estimate the power of injected
millimeter waves for the ECH system. However, power
measurement by a dummy load, used as a basic and
method,
reproducibility and stability of the gyrotron oscillation.

common power measurement assumes
A model calculation showed that the disk edge
temperature of the diamond vacuum window (diameter:
60 mm, thickness: 1.72 mm) in the waveguide (inner
diameter: 31.75 mm) gap was sufficient to estimate the
transmission power at 1 MW and 110 GHz with a
response time of ~0.2 s, because of the high thermal
conductivity of diamond. This suggests that quasi-real-
time power measurement can be achieved using a high
response thermometer such as a very thin thermocouple
or an infrared radiation thermometer. The initial high
power test with a thermocouple (¢ = 0.5 mm)
demonstrated successful power measurement for ~1
MW, 4 s pulses with response time of < 1 s as shown in

Fig. 1.2.5-2.

2.5.2 Operation and R&D of the LH System

The performance of the modified launcher with the
developed carbon grills showed sufficient abilities as a
high power LH launcher, for instance, moderate current
drive efficiency [2.5-2]. For the modified LH launcher,
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Fig. 1.2.5-2 Power measurement by the diamond disk set in
the waveguide gap.
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the technical key issue was to obtain sufficient
electrical contact along the carbon grills, even though
for this purpose a thin RF contactor made of copper
was inserted between the base frame and the carbon
grill mouth. After large energy injection such as ~16
MJ, the carbon grills seemed to be of integrity,
however, severe damages were observed around a few
base frames by RF breakdown due to insufficient
electrical contact and low responses of the arc monitor
system to protect them against RF breakdown in the
LH launcher. Therefore, at first the arc monitor system
was improved such as re-installation of the checking
lamps that clearly check whether the protection system
works well or not. Next, the eight carbon grills were
removed from the base frames welded with the LH
launcher, and these base frames were repaired
smoothly. Unfortunately, two base frames were so
injured that high RF power could not be injected.
Conditioning of the LH launcher through the six base
frames was performed with plasma by using the power-
modulated injection method like as discontinued
injection of 50ms-on/10ms-off. The conditioning has
progressed up to ~1.5 MW and/or ~9.3 MIJ, as shown
in Fig. 1.2.5-3. Moreover, the real time current profile
control by LH injection was successfully demonstrated
via real-time adjustment of input power and phase
difference with monitoring current profile estimated
with MSE measurement.

In order to improve insufficient electrical contact

along the carbon grill, a new carbon grill has been
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Fig. 1.2.5-3 Progress of conditioning using the LH launcher
with 6 base frames. A power modulation method is used for
efficient conditioning. In the latter phase, power is injected
continuously.

developed as shown in Fig. 1.2.5-4. The four-divided
(4-div.) grill made of graphite is joined with the 4-div.
pedestal by a “diffusion bonding method”. In this new
carbon grill, the position of electrical contact is
between the 4-div. pedestal made of stainless steel and
the base frame. Enough electrical contact is expected
because pressing is stronger than the former type. This
new carbon grill shows enough power capability of
~500 kW even in short time. Up to now, high power of
300 kW - 10 s can be transmitted without heavy RF

breakdown.

joining surface : diffusion bonding
4-div. grill : graphite

129.5 mm

4-div. pedestal : stainless steel

Fig. 1.2.5-4 Overview of the new carbon grill.
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2.6  Diagnostics Systems
2.6.1 High-Repetition CO, Laser for Collective
Thomson Scattering Diagnostic [2.6-1]

A diagnostic of fusion-generated alpha particles is
important for understanding of their contribution to
plasma heating and plasma instabilities. However, the
effective and reliable measurement method has not yet
been established.

To establish a diagnostic method of confined a-
particles in burning plasmas, a high-repetition and
high-energy Transversely Excited Atmospheric (TEA)
carbon dioxide (CO,) laser (Fig. 1.2.6-1) for a
collective Thomson scattering (CTS) diagnostic has

been developed. To excite a single-transverse and
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Fig. 1.2.6-1 Schematic view of newly developed TEA CO,
laser. The dimensions of the laser casing are 5.3m long,
1.9m high, 1.1m wide.

single longitudinal mode, the laser has an unstable
resonator with a cavity length of ~4.4m and continuous
wave seed laser is injected. Pulse energy of 10J with a
repetition rate of 10Hz has been achieved in the single-
mode operation. The beam size is 40mm in diameter.
Pulse energy of 18] with a repetition rate of 10 Hz and
36J with single shot operation has also been achieved
in the multimode operation. These results give an
outlook for the CTS diagnostic on ITER, which
requires single-mode energy of 20J with a repetition
rate of 40Hz. A proof-of-principle test will be
performed with the improved laser system on JT-60U.

2.6.2 Density Fluctuation Measurement Using

Motional Stark Effect Optics [2.6-2]

The motional Stark effect (MSE) diagnostic system has
been modified to work as a beam emission
spectroscopic (BES) diagnostic. By fast sampling (0.5-
1MHz) of the photo-multiplier signals, the system can
simultaneously measure density fluctuation in addition

to the pitch angle of the magnetic field. In the core
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Fig. 1.2.6-2 Time evolution of a discharge in which density
fluctuation induced by rotating tearing mode islands was
observed. Diamagnetic stored energy (Wyi), NB heating
power (Pyg), spectrogram of magnetic fluctuation measured
with a magnetic probe, and spectrogram of fluctuation in a
photo-multiplier signal of the MSE diagnostic system.

plasmas, density fluctuation induced by rotating tearing
mode islands has been observed. In the scrape-off layer
of an ELMy H-mode plasma, outward propagation of
strong intermittent emission coinciding with ELM
crashes has been observed.

Figure 1.2.6-2 shows time evolution of a discharge
in which density fluctuation induced by rotating tearing
mode islands was observed. An MHD fluctuation is
observed from t=7s at a frequency of ~2.2kHz, using
magnetic probes. The poloidal and toroidal mode
numbers are 2 and 1, respectively. Several channels of
the MSE BES diagnostic near q=2 surface detected the
MHD fluctuation having the same temporal evolution
of frequency. The phase of the fluctuations measured
by the MSE BES diagnostic is inverted at the q=2
surface measured by the MSE diagnostic, where the
phase of the electron temperature fluctuations measured
by an electron cyclotron emission diagnostic is also
inverted. The phase inversion of the temperature and
density fluctuations indicates a rotating island structure

of the magnetic field.

2.6.3 Neutron Detector with Fast Digital Signal
Processor [2.6-3]

Neutron emission profiles are routinely measured and
used for transport studies of energetic ions. In order to
measure neutrons effectively in the mixed neutron and
gamma-ray filed, Stilbene neutron detectors (SNDs)
have been used. The SND combines a Stilbene crystal
scintillation detector (SD) with an analog neutron-
gamma pulse shape discrimination (PSD) circuit to
select only neutron events. Although the SND has
many advantages as a neutron detector, the maximum
count rate is limited up to ~ 1x10°counts/s due to pile
up effect in the analog PSD circuit. Under this situation,
it is difficult to investigate transport of energetic ions
due to MHD instabilities such as Alfvén Eigenmodes
with frequency of ~ MHz range.

To overcome this issue, a digital signal processing
system (DSPS) using a Flash ADC (Acqiris DC252, 8
GHz, 10bit) has been developed at Cyclotron and
Radioisotope Center in Tohoku University. In this
system anode signals from the photomultiplier of the
SD are directory stored and digitized sequentially. Then,
neutron-gamma PSD is performed using software. This
system allows neutron measurements with a high

counting rate of > 1x10°counts/s. Good neutron-gamma
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Fig.l. 2.6-3 The configuration of the new data processing system.

discrimination of this system was verified by
performance tests using neutron-gamma sources. Then,
it has been installed in the center channel of the vertical
neutron collimator system in JT-60U and applied to
deuterium experiments. As a result, it is confirmed that
the PSD is sufficiently performed and collimated
neutron flux are successfully measured with a count
rate up to ~ 5x10°counts/s without pile up of detected
pulses. Thus, the performance of the DSPS as a neutron

detector, which supersedes the SND, is demonstrated.

2.6.4 Data Processing System [2.6-4]

In order to meet demands for the advanced diagnostics,
the JT-60 data processing system (DPS) has been
modified from a three-level hierarchy system to a two-
level hierarchy system. The old DPS had a mainframe
computer at the top level of the hierarchy. The
mainframe computer communicated with the JT-60
supervisory control system and supervised internal
communication inside the DPS. The middle level of the
hierarchy had minicomputers, and the bottom level had
individual diagnostic subsystems. The mainframe
computer at the top level limited the total performance
of the DPS. The new DPS is a decentralized data
processing system using UNIX-based workstations and
network technology. The configuration of the new DPS
is shown in Fig. 1.2.6-3. The mainframe computer was
replaced with a UNIX-based workstation. All the
computers in the middle level of the hierarchy are now
UNIX-based workstations. The new DPS started

operation in October 2005.
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3. Design Progress of the National Centralized
Tokamak Facility
The project has been positioned as an ITER satellite
tokamak based on the close collaboration with EU
fusion community. The facility design and the research
strategy have been discussed in the JA-EU Satellite
Tokamak Working Group. According to the discussion,
the facility design is modified to strongly support the
ITER.
Corresponding to the joint Japan-EU framework,
the nickname of the facility is changed to 'JT-60 Super
Advanced (JT-60SA)', with the emphasis on the

succeeding of achievement in present J T-60U research.

3.1 Physics Estimation

The nominal power of heating and current drive
systems is increased as shown in Table 1.3.1-1. With
the optimized combination of those systems, capability
to conduct the ITER and DEMO oriented research is
evaluated on the view points of operation scenario,
MHD stability and control, power and particle control
[3.1-1,3.1-2,3.1-3].

Table. [.3.1-1 Heating and current drive systems.

injection | source power
co 2MW AMW

2units

P-NB 2MW
8skev) | ounits | MW

2MW
perp. Runits 16MW

N-NB 10MW
(500kev) | ° tunit_ | [OMW
110GHz O.75MW 3IMW

EC 4units
140GHz O.SMW 4AMW

Sunits
total 41MW

3.1.1 Operation Scenario
Capability for exploration of ELMy H-mode and hybrid
scenarios is analyzed. The operation with [,=3.5MA,
Br=2.42T and with ITER similar plasma shape is
available for 100s by the heating power of 41MW,
which contributes to physics assessment and databases
for ITER operation scenario. High performance
H-mode in higher plasma current and higher density
region also becomes in the scope by the increased
heating power.

Full non-inductive steady-state operation scenario is
also analyzed. The operations at 1,=3MA, B1=2.44T,

qos=5.3 £,5=0.56, fGw=0.55, HHogy,=1.3, Bn=3.6, and at
[,=24MA, B=1.79T, q¢s=5.5 f£,=0.7, few=0.88,
HHogy,=1.32, Pn=4.4 are available with the proper
control of MHD stability. Current diffusion time in
those scenarios is estimated less than 20s, so that the
steady state condition in the current profile is expected.
As shown in Fig. 1.3.1-1, the parameter window of full
non-inductive current drive operation is extended into
higher plasma current, higher bootstrap current fraction,
and higher density region by the increased heating
power of 41MW.
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Fig. 1.3.1-1 Parameter window for full non-inductive current
drive operation.

3.1.2 MHD Control

In order to cover the wide range in stabilization of
neoclassical tearing mode (NTM), two frequency EC
systems with 110GHz, and 140GHz are designed. With
such two EC systems, the simultaneous stabilization of
m/n=3/2 and 2/1 mode on the different magnetic
surfaces can be expected. Moreover, the amplitude
modulation with 5kHz for 140GHz system enhances
the controllability.

Valen code analysis of resistive wall mode (RWM)
stabilization shows that the critical normalized beta
value will rise to Pn~5.6 if the sector coil is located
[3.1-4].

Remarkable improvement in critical By compared to

between plasma and stabilization plate
that in the location of sector coil behind the
stabilization plate suggests that the stabilization wall
disturbs the effective radial magnetic flux made by
sector coils coupled with the plasma. Therefore, actual
sector coils are designed to be located around the port

hole in the vacuum vessel.
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3.1.3 Heat and Particle Control
The maximum heat flux in the steady state is 15MW/m?
and 10MW/m’ at outside, and inside divertor target,
respectively, while that for short pulse length of about
10s is 20MW/m’ and 15MW/m’,

Carbon-composite material is expected as the plasma

respectively.

facing component at the first experimental stage,
however, the replace to the metal (mainly tungsten),
which is the dominant candidate in DEMO, should be
in the scope at the later phase.

In order to control the divertor plasma detachment,
pumping speed of about 100m?/s is required [3.1-5]. On
the other hand, the private dome top should be lower to
ensure the flexible plasma shape, which in turn reduces
the effective space for cryopanel beneath the private
dome. Therefore, the location of cryopanel is changed
beneath the outer baffle plate for inside as well as
outside divertor pumping keeping with the in/out
separation. The pellet injection with high throughput
and repetition rate (~50Pam’/s) will play a significant

role for core particle fuelling and ELM control.
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3.2 Engineering Design

Facility designs are modified to be tolerable for the
increased heating power and neutron yields. Design
concept is also changed on the viewpoint of the cost
and the manufacturing [3.2-1, 3.2-2].

3.2.1 TF and PF Coils

NbTi can be used in the TF coils because of the low
operating field of 6.4T. The substantial saving in cost
and minimizing of manufacture risk will be expected
[3.2-3].

Operational region of the NbTi strand adopted for
the TF coil conductor is shown in Fig.I.3.2-1. The turn
number in the coil is determined to 86 turns in order to
supply a sufficient flux of BtR=8.2Tm. On the other

hand, the radial build of the TF coils becomes larger
which leads the decrease in the CS diameter. Therefore,
the magnetic field of the CS coils is increased to 10 T
in order to provide a sufficient CS flux.
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Fig. 1.3.2-1 Specification of the strand of NbTi for TF coil

conductor.

3.2.2 Power Supplies

In order to realize the maximum plasma heating power
of 41MW for 100s, AC supplied power for the heating
facility of about 130MW at 18kV is required. Two
power source systems are considered for this power
request; one is by present flywheel generator (T-MG)
of about 40MW, and the other is the commercial AC
line of about 90MW. Delicate adjustment between two

power sources with different frequency is required.

3.2.3 Vacuum Vessel (VV)

In order to reinforce the shielding characteristics for
increased neutron yield, boronised water with 95% B'°
is filled between the double wall VV each of which
consists of low-cobalt containing stainless steel
(C0:<0.05wt%) with 24mm in thickness. The boronized
water is heated 200°C at 2MPa for the baking of V'V.
80K thermal shield consists of silver coating at the VV
side for the suppression of thermal radiation and of
super insulation at the superconducting coil side.
Support leg of VV is located every 40° (every 2 sectors)
in the toroidal direction, which is connected to the
support ring at the bottom of cryostat. At another
sectors, vertical ports for diagnostic equipments are

installed.

3.2.4 In-Vessel Components
In order to ensure the heat removal characteristic, the

divertor target plate is changed to monoblock-type in
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which the CFC armor-block is directly welded on the
cooling pipe of copper alloy, the same as that in ITER
(allowable heat flux: 15-20MW/m?). Both of lower and
upper divertor target plates have the same heat
allowance to correspond the flexible plasma shape from
ITER like single null to double null with high
triangularity. The structures of divertor tile and first
wall tile are available to handle with the remote
handling system for the maintenance.

For the requirement of flow velocity in coolant water
of 10-12m/s, supplement of buffer tank and water pump
is considered.

3.2.5 Cryostat

Basic concept is spherical double wall with inner
diameter of 13.4m which is divided into top, bottom
and seven middle parts. Spherical part has inner skin of
34mm in thickness with low-cobalt containing stainless
steel. In the gap between outer skin of 6mm in
thickness, boron-doped reduced activation concrete is
filled (>160mm in thickness) [3.2-4]. Support structure
consists of the support ring, nine support legs, and the
base plate.

3.2.6 Remote Handling System

Considering the expected high activation level with
extended heating power, a remote handling (RH)
system will be required. Considering the shape and
weight of in-vessel components handled by RH system,
vehicle type tested in ITER R&D of blanket
maintenance is hopeful. Four large horizontal ports are
to be used for the rail extension, hold and transport of
components and mechanical tools. Compatible design
of vacuum vessel, cryostat and in-vessel components
with RH should be considered.
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4. Domestic and International Collaborations

4.1 Domestic Collaboration

JT-60U was assigned as a core national device for joint
research by the Nuclear Fusion Working Group of the
Special Committee on Basic Issues of the Subdivision
on Science in the Science Council of MEXT in January
2003. Using the JT-60 tokamak and other facilities,
JAEA has been striving for research collaboration with
the universities and NIFS.  Accordingly, the joint
experiments on JT-60 between JAEA and the
universities by assigning university professionals as
leaders of some research task forces has been
successfully performed. The number of collaborators
increased significantly from FY 2003, and then
gradually increased year by year, reaching 176 persons
in FY 2005, as shown in Fig. 1.4-1. They came from 24
research organs in Japan. The number of leaders from
universities and NIFS also increased significantly from
FY 2003, and reached 6 persons in FY 2005.

The number of research subjects of the joint
research was in total 31 in FY 2005, categories of
which are shown in Table 1.4-1. 18 journal papers
were published as a result of the joint research in FY
2005.

Table 1.4-1 Number of research subjects of the JT-60 joint
research according to category in FY 2005.

Cateco No. of research
Bory subjects
Core plasma 11
SOL/Divertor, heat & particles 4
Plasma-surface interaction 4
Modeling/simulation 4
Diagnostics/heating system 8
Total 31
No. of research subjects
" 2 6 9 12 23 26 31+
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Fig. I.4-1 Evolution of the JT-60 joint research.
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4.2 International Collaboration

Status of collaborative research based on the IEA
Implementing Agreement on co-operation on the Large
Tokamak Facilities is described, following the annual
progress report 2005 of the executive committee, which
was presented at the 35th Meeting of the Fusion Power
Coordinating Committee on Feb 28 — March 1, 2006.
This report covers from June 2004 to June 2005. In this
period, there were personnel exchanges among the
three Parties. The number of personnel exchanges, to
which JAEA relates, is 15 in total. 3 personnel
exchanges are from JAEA to EU, 7 from US to JAEA,
5 from EU to JAEA.

The exchanges from EU relate to the pedestal study
titled “Participation in ITPA Coordinated Experiments
and Analysis on Pedestal Characteristics on JT-60U
and JET”. The aim of the experiments was to
understand the mechanism for the improvement of
pedestal  performance and change of ELM
characteristics, when perpendicular NBI was replaced
by tangential Negative-NBI, in particular regarding the
role of rotation and ripple loss on the pedestal and
ELMs. During the stay, approximately 15 discharges
with the JET similarity shape were run over several
days on JT-60U. The overall results of the previous
experiments were confirmed, but the aim of producing
data to distinguish the effect of rotation and ripple
losses on pedestal parameters was not achieved. The
analysis and the discussion are continuing.

Three exchanges from US relates to the NNB study
titled “Long Pulse Neutral Beam Physics”, one relates
to the Alfvén eigenmodes study titled “TAE
Experiments involving N-NBI”, and one relates to the
Resistive Wall Mode (RWM) study titled “Resistive
Wall Mode studies”. For the Alfvén eigenmodes study,
the discussion about the reverse shear Alfvén
eigenmode was carried out for a publication of
experimental studies in JT-60U. For RWM study, a
visitor from US participated in the experiment for
RWM and discussed the results.
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II. THEORY AND ANALYSIS

Much progress was made in confinement, transport and
MHD researches, such as beta dependence of ELMy
H-mode confinement, ITB in reversed shear plasma,
aspect ratio effect on external MHD modes and
magnetic island evolution in rotating plasma. Integrated
simulation code for burning plasma analysis is being
developed and validated by fundamental researches of
JT-60U experiments. Progress has been made in the
NEXT project to

processes in MHD and transport phenomena. The

investigate complex physical
behaviors of the collisionless MHD modes in high
temperature plasmas, and the effect of MHD modes on
current hole formation were shown. The dynamics of
the zonal flows and geodesic acoustic modes (GAMs)
were understood in reversed shear configuration and a
new gyrokinetic Vlasov code was developed. Cross
section data for atomic and molecular collisions and
spectral data relevant to fusion research have been

compiled and produced.

1. Confinement and Transport
1.1 Origin of the Various Beta Dependence of
ELMy H-mode Confinement

Dependence of the energy confinement in ELMy
H-mode tokamak on the beta has been investigated for a
long time, but a common conclusion has not been
obtained so far. Recent non-dimensional transport
experiments in JT-60U demonstrated clearly the beta
degradation. A database for JT-60U ELMy H-mode
confinement was assembled. Analysis of this database is
carried out, and the strong beta degradation consistent
with above experiments is confirmed. Two subsets of
ASDEX Upgrade and JET data in the ITPA H-mode
confinement database are analyzed to find the origin of
the various beta dependences. The shaping of the
plasma cross section, as well as the fuelling condition,
affects the confinement performance. The beta
dependence is not identical for different devices and
conditions. The shaping effect, as well as the fuelling
effect, is a possible candidate to cause the variation of

beta dependence. [1.1-1]

Reference
1.1-1 Takizuka, T., et al., Plasma Phys. Control. Fusion, 48,
799 (2006).

1.2 Internal Transport Barriers in JT-60U

Reversed-Shear Plasmas
Physics of strong internal transport barriers (ITBs) in
JT-60U reversed-shear (RS) plasmas has been studied
through the modeling on the 1.5 dimensional transport
simulation. Key physics to produce two scalings on the
basis of the JT-60U box-type ITB database are
identified. Figure I1.1.2-1 shows the ITB width, Airg, as
a function of the ion poloidal gyroradius at the ITB
centre, Ppire. The standard model reproduces the
JT-60U scaling (Arrg~1.5ppim8), While other models
does not. As a result, as for the scaling for the narrow
ITB width proportional to the ion poloidal gyroradius,
the following three physics are important: (1) the sharp
reduction of the anomalous transport below the
neoclassical level in the RS region, (2) the autonomous
formation of pressure and current profiles through the
neoclassical transport and the bootstrap current, and (3)
the large difference between the neoclassical transport
and the anomalous transport in the normal-shear region.
As for the scaling for the energy confinement inside
ITB (ef3p core~0.25 where ¢; is the inverse aspect ratio at
the ITB foot and B, cor is the core poloidal beta value),
the value of 0.25 is found to be a saturation value due to
the MHD equilibrium. The value of e, core reaches the
saturation value, when the box-type ITB is formed in
the strong RS plasma with the large asymmetry of the
poloidal magnetic field, regardless of details of the

transport and the non-inductively driven current [1.2-1].
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Fig. I1.1.2-1 shows Airg versus ppirrg for several types of
models. Standard model (@) is modified so that neoclassical
transport is replaced by gyro-Bohm type (A), anomalous
transport is reduced even in normal-shear region (M), and
current profile with weakly-reversed-shear is fixed (). Solid
line denotes JT-60 scaling.

Reference
1.2-1 Hayashi, H., et al., Plasma Phys. Control. Fusion, 48,
A55(2006).
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2. MHD Stability
2.1 Aspect Ratio Effect on the Stability of the
External MHD Mode in Tokamaks

The formulation for solving numerically the
two-dimensional Newcomb equation is extended to
calculate the vacuum energy integral. This extension
realizes the stability analysis of ideal external MHD
modes from low to high toroidal mode numbers.
According to this extension, an effect of the aspect ratio
on the achievable normalized plasma pressure (PBn),
restricted by ideal external MHD modes whose toroidal
mode number is from 1 to 10, is studied. Figure I1.2.1-1
shows the decrease of the aspect ratio improves the

achievable Py value, and increases the toroidal mode
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(a) —-m—- N=2 n=5 n=_8
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Fig. I1.2.1-1 Dependence of the normalized pressure (By) limit
on the wall position b/a when (a) A=6.00 and (b) A=2.44,
where A is the aspect ratio. The edge safety factor is fixed as
4.44. The Py limit improves and the toroidal mode number of
the mode restricting the Py limit increases as A decreases
when the conducting wall is close to the plasma surface.

number of the external mode restricting the achievable
Pn when the conducting wall is placed close to the
plasma surface. This aspect ratio effect is confirmed
when the safety factor at the plasma surface is between
4 and 5. These represent the importance of the stability
of external MHD modes whose toroidal mode number is

larger than 3 to determine the achievable P.

Reference

2.1-1 Aiba, N., et al., “Analysis of an Aspect Ratio Effect on
the Stability of External MHD Modes in Tokamaks
with Newcomb Equation,” to be published in J.Plasma
Phys..

2.2 Role of Anomalous Transport in Neoclassical

Tearing Modes
Role of anomalous transport in onset and evolution of
neoclassical tearing modes (NTMs) is investigated. A
key role in the evolution NTMs belongs to the radial
profiles of the perturbed plasma flow, temperature and
density which are determined by the conjunction of the
longitudinal and cross-field transport. The influence of
anomalous perpendicular heat transport and anomalous
ion perpendicular viscosity on early stages of NTM
evolution are studied.

Several parallel transport mechanisms competitive
with anomalous cross-island heat transport in the
formation of the perturbed electron and ion temperature
profiles within the island are considered. The partial
contributions from the plasma electron and ion
temperature perturbations in the bootstrap drive of the
mode and magnetic curvature effect were taken into
account in construction of a generalized transport
threshold model of NTMs. This model gives more
NTM  stability and
qualitatively modifies the scaling law for Bonse. The

favourable predictions for
anomalous perpendicular ion viscosity is shown to
modify the collisionality dependence of the polarization
current effect, reducing it to the low collisionality limit.
In its turn a viscous contribution to the bootstrap drive
of NTMs is found to be of the same order as a
conventional bootstrap drive for the islands of width
close to the characteristic one of the transport threshold
model. A viscous contribution to the perturbed
bootstrap current is destabilizing for the island rotating

in the ion diamagnetic drift direction [2.2-1].

Reference
2.2-1 Konovalov, S.V., et al., Plasma Phys. Control. Fusion,
47,B223 (2005).
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2.3  Magnetic Island Evolution in Rotating Plasma
It has been well understood that, in tokamak plasmas,
magnetic islands resonant with the low q rational
surface deteriorate the plasma confinement. Hence, the
suppression and control of the magnetic islands is an
urgent subject in a tokamak fusion research. Thus, the
time evolution of the magnetic island formed at the
tearing stable rational surface by the external magnetic
flux perturbation in the plasma with poloidal flow is
investigated numerically by using the resistive MHD
model. It was found that the magnetic island growth
phase is divided into four phases, 1) flow-suppressed
phase, 2) rapid growth phase, 3) transient phase, and 4)
Rutherford type phase. It was also found that the onset
condition of this rapid growth depends on the resistivity,
but does not much depend on the viscosity. On the other
hand, the time constant of the rapid growth phase is
almost independent on both the plasma resistivity and
the viscosity. After the rapid growth phase, the island
enters a transient phase, which becomes clear in the low
resistivity regime. Then, the magnetic island grows
slowly. This phase seems to be the Rutherford type
phase [2.3-1].

Reference
2.3-1 Ishii, Y., et al., "Magnetic Island Evolution in Rotating
Plasmas," to be published in J. Plasma Phys..

2.4 Mechanism of Rotational Stabilization of
High-n Ballooning Modes

It has been clarified that ballooning modes in a shear
toroidal rotating tokamak are stabilized by a countably
infinite number of crossings among eigenvalues
associated with ballooning modes in a static plasma. It
was also found that the crossings cause energy transfer
from an unstable mode to the infinite number of stable
modes; such transfer works as the stabilization
mechanism of the ballooning mode [2.4-1]. The method
used in this research has been further explored from the
view point of regularization of singular eigenfunctions
of operators encountered often in plasma physics [2.4-2].
It has been confirmed that the set of regularized
eigenfunctions does capture the transient behavior of
the original equations of motion with singular operator
for a finite time. Thus, this method will resolves the
difficulties MHD

phenomena with continuous tokamak

practical in analyzing various

spectra  in

plasmas.

References

2.4-1 Furukawa, M., et al., Phys. Rev. Lett., 94, 175001
(2005).

2.4-2 Furukawa, M., et al., Phys. Plasmas, 12, 072517
(2005).
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3. Integrated Simulation
3.1 Integrated Simulation Code for Burning
Plasma Analysis
Strategy of integrated modeling for burning plasmas in
Japan Atomic Energy Agency is as follows: In order to
simulate the burning plasma which has a complex
feature with wide time and spatial scales, a simulation
code cluster based on the transport code TOPICS is
being developed by the integration with heating and
current drive, the impurity transport, edge pedestal
model, divertor model, MHD and high energy behavior
model. Developed integration models are validated by
fundamental researches of JT-60U experiments and the
simulation based on the first principle in our strategy.
The integration of MHD stability and the transport
is progressed for three phenomena with different time
scale of NTMs (%NTM~10-2‘ER ), beta limits (~Taifen) and
ELMs (intermittent of T and Taipen). Here, TR ,Taifven
and Ty are the resistive skin time, the Alfven transit time
and the energy confinement time, respectively.
Integrated model of the NTM is produced by coupling
the modified Rutherford equation with the transport
equation. Integrated model of beta limits is developed
by the low-n stability analysis of down streaming data
from the TOPICS code. Integrated model of ELM is
developed by the iterative calculation of the ideal MHD
stability code MARG2D and the TOPICS code. These
models are being validated by the data of JT-60
experiments and estimate the plasma performance for

burning plasmas.

3.2 Development of Integrated SOL/Divertor code
and Simulation Study
An integrated SOL/divertor code is being developed by
the JAEA for interpretation and prediction studies of the
behavior of plasmas, neutrals, and impurities in the
SOL/divertor region [3.2-1]. A code system consists of
the 2D fluid code for plasma (SOLDOR), the neutral
Monte-Carlo (NEUT2D), the
Monte-Carlo (IMPMC), and the particle
simulation code (PARASOL) as shown in Fig. 11.3.2-1.
The physical processes of neutrals and impurities are
studied using the Monte Carlo (MC) code to accomplish
highly accurate simulations. The so-called divertor code,
SOLDOR/NEUT2D, has the following features: 1) a

high-resolution oscillation-free scheme for solving fluid

code impurity

code

equations, 2) neutral transport calculation under the

condition of fine meshes, 3) successful reduction of MC
noise, and 4) optimization of the massive parallel
computer. As a result, our code can obtain a steady state
solution within 3 ~ 4 hours even in the first run of a
series of simulations, allowing the performance of an
effective parameter survey. The simulation reproduces
the X-point MARFE in the JT-60U. It is found that the
chemically sputtered carbon at the dome causes
radiation peaking near the X-point. The performance of
divertor pumping in the JT-60U is evaluated based on
particle balances. In regard to the design of NCT
(National Centralized Tokamak, renaming to the
JT-60SA Satellite Tokamak at present) divertor [3.2-1,
3.2-2], the simulation indicates that pumping efficiency
is determined by the balance between the incident and
back-flow fluxes into and from the exhaust chamber,
which depends on the divertor geometry and operational

conditions.

PIC+Monte Carlo
PARASOL

Fluid
SOLDOR

Monte Carlo
IMPMC

Monte Carlo
NEUT2D

Fig. 11.3.2-1
integration in the JAEA [3.2-1].

Development of SOL/divertor codes and

References

3.2-1 Kawashima, H., et al., Plasma and Fusion Res., 1, 031
(2006).

3.2-2 Kawashima, H., et al., Fusion Eng. Des., 81, 1613
(2006).

3.3 Transient Behaviour of SOL-Divertor Plasmas
after an ELM Crash
Enhanced heat flux to the divertor plates after an ELM
crash in H-mode plasmas is a crucial issue for the
tokamak reactor. Characteristic time of this heat flux is
one of key factors of the influence on the plate. We
investigate the transient behavior of SOL-divertor
plasmas after an ELM crash with the use of a

one-dimensional particle simulation code, PARASOL.
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Influence of the collisionality and the recycling rate on
characteristic times of the fast-time-scale response and
of the slow-time-scale response are examined. The fast
further

time scale is classified into the

supra-thermal-electron transit time scale and the

thermal-electron-transit  time scale. Supra-thermal
electrons supplied by an ELM crash induce the large
electron heat flux Q. and the high sheath potential ¢ at
the plate soon after the crash, while the time scale of
electron temperature 7, is governed by the thermal
electrons. Extremely large heat transmission factor and
higher ¢ are observed in the low collisionality regime.
In the higher -collisionality regime, supra-thermal
electrons are thermalized and the value of ¢ becomes
proportional to 7, as usual. On the other hand, the
slow-time-scale characteristic time is governed by the
sound speed in the central SOL region, and is
insensitive to the collisionality compared with the
fast-time-scale one. The slow-time-scale phenomena are
affected by the recycling condition in contrast to
fast-time-scale behaviors being independent of the
recycling. Peaks of particle and heat fluxes, I" and Q,
are delayed by the increase of recycling rate, though the
arrival times of I' and Q are not changed. Large
recycling after the arrival of the enhanced I makes the
flow speed small in the central SOL region, and the

peaks are forced to be delayed. [3.3-1]

Reference

3.3-1 Takizuka, T., et al., “Origin of the Various Beta
of ELMy H-mode
Properties,” to be published in Contrib. Plasma Phys..

Dependence Confinement

4. Numerical Experiment of Tokamak (NEXT)
4.1 Nonlinear Behaviors of Collisionless Double
Tearing and Kink Modes
In high temperature plasmas, the collisionless effects
such as the electron inertia and the electron parallel
compressibility become important for the magnetic
reconnection in MHD modes. Thus, the behaviors of
MHD modes
gyrokinetic particle

collisionless were investigated by

simulations. The collisionless
double tearing mode (DTM) grows at the Alfven time
scale due to the electron inertia, and nonlinearly induces
the internal collapse when the helical flux at the
magnetic axis is less than that at the outer resonant
surface. It was found that, after the internal collapse, the
secondary reconnection is induced by the current
concentration due to the convective flow, and a new
reversed shear configuration with resonant surfaces can
be generated [4.1-1]. The collisionless internal kink
mode was also studied in the parameter region where
the effects of electron inertia and electron parallel
compressibility are competitive for  magnetic
reconnection. Although the linear growth of the mode is
dominated by the electron inertia, it was found that the
growth rate can be nonlinearly accelerated due to the
electron parallel compressibility proportional to the ion
sound Larmor radius. The acceleration of growth is also

observed in the nonlinear phase of the DTM [4.1-2].

References

4.1-1 Matsumoto, T., et al., Nucl. Fusion, 45, 1264 (2005).

4.1-2 Matsumoto, T., et al., Phys. Plasmas, 12, 092505-1-7
(2005).

4.2 Stability of Double Tearing Mode and its
Effects on Current Hole Formation

In tokamak plasmas with negative central current
density, so called the current hole formation can be
explained by the destabilization of m=1/n=0 resistive
kink MHD mode. Here, a strong reversed magnetic
shear configuration has two resonant surfaces for low
mode numbers, thus DTM could become unstable
before the hole formation. However, it was found that
the stability of the resistive kink mode, so that the
current density gradient to drive the mode, does not
change much after a crash by DTM, although the
current profile is flatten near the minimum safety factor

region [4.2-1].
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After a formation of the hole, no MHD activity
identified to DTM was observed in experiments, and a
resultant profile with two resonant surfaces could have a
good stability for DTM. It was also found that the
current profile with a strong peak around an inner
resonant surface, as shown in Fig.I1.4.2-1, is stable for
DTM [4.2-2].
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Fig. 11.4.2-1 An example of stabilized current density j and
safety factor ¢ profiles. When a position of a current peak is
shifted to an inner resonant surface for m/n=5/1 DTM, DTM
becomes to be stable, where m and n are a poloidal and
toroidal mode number, respectively.

References

4.2-1 Tuda, T., et al., "Roles of Double Tearing Mode on the
Formation of Current Hole," to be published in J.
Plasma Phys..

4.2-2 Tuda, T., et al., "Stability of Double Tearing Mode in
Current Hole Configuration," to be published in J.
Korean Phys. Soc..

4.3 ZF/GAM Dynamics and Ion Turbulent
Transport in Reversed Shear Tokamaks

Zonal flow behavior and its effect on turbulent transport
in reversed magnetic shear tokamaks were investigated
by global simulations of electrostatic ion temperature
gradient driven turbulence. In a high safety factor case
(qo=2.2), Fig.I1.4.3-1 shows that turbulent heat transport
is high in a broad radial region because oscillatory zonal
flows or GAMs are dominant. When qq is reduced from
2.2 to 1.8 with keeping the other parameters unchanged,
zonal flows change from the GAMs to stationary flows
in the region around the minimum q surface. As a result
of the change in zonal flow behavior, the ion thermal
diffusivity is reduced, as shown in Fig.I1.4.3-1. This
result indicates that the change of zonal flow behavior
may trigger the formation of ion transport barriers in the

minimum q region.
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Fig. 11.4.3-1 Radial profiles of the safety factor
q=qo-3(r/a)*+4(r/a)* for (a) qo=2.2, (b) qv=2.0, and (c) q¢=1.8
(top), and the normalized ion thermal diffusivity ¥ (bottom).

Reference

4.3-1 Miyato, N., et al., "Zonal Flow and GAM Dynamics
and Associated Transport Characteristics in Reversed
Shear Tokamaks," to be published in J. Plasma Phys..

4.4 Development of Gyrokinetic Vlasov CIP Code

A gyrokinetic simulation is an essential tool to study
anomalous turbulent transport in tokamak plasmas.
Although the ¢f Particle-In-Cell (PIC) method enabled
an accurate gyrokinetic simulation of small amplitude
turbulent fluctuations with ~1%, the method has a
difficulty in implementing non-conservative effects
such as heat and particle sources and collisions are
important, which are essential in realistic long time
turbulence simulations. To overcome the difficulty, a
new gyrokinetic Vlasov code has been developed using
the Constrained-Interpolation-Profile (CIP) method.
The code is stable

oscillations, which have been a critical issue in the

numerically and numerical

previous Vlasov simulations, are quite small. In the

benchmark tests of ion temperature gradient driven
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(ITG) turbulence simulations, the linear growth rates,
the nonlinear saturation levels, the zonal flow structures,
and the conservation properties are almost the same
between the PIC and CIP codes.

computational costs are almost comparable between two

In addition,

codes. A possibility of a long time turbulence
simulation was demonstrated from the viewpoints of

numerical properties and a computational cost.
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Fig. 11.4.4-1 The radial-poloidal contour plots of f observed in
the nonlinear quasi-steady phase of the ITG turbulence
simulations with CIP (left) and PIC (right) codes. Both results
show similar zonal flow patterns.

Reference

4.4-1 Idomura, Y., et al., "Comparisons of Gyrokinetic PIC
and CIP Codes," Proc. 32nd EPS Plasma Physics Conf.,
p1.044 (2005), to be published in J. Plasma Phys..

5. Atomic and Molecular Data

We have been compiling and producing cross section
data for atomic and molecular collisions and spectral
data relevant to fusion research [5-1].

Cross sections for 74 processes in collisions of
electrons with N, and N, have been compiled [5-2]. In
tokamak fusion research, N, gas has been injected for
heat control. The cross sections are plotted as a function
of the electron collision energy, and recommended cross
sections are expressed by analytic expressions to
facilitate practical use of the data. Figure I1.5-1 shows
an example of the complied cross section data. The data
have been included in Japanese Evaluated Atomic and
Molecular Data Library (JEAMDL), which is available
through the Web at the URL  http://www-jt60.naka.
jaea.go.jp/english/ JEAMDL/index.html. As to the data
production, cross sections for various carbon containing
molecules, which are produced from carbon-based
plasma-facing materials, have been measured [5-3,4].
Charge transfer cross sections of impurity ions
produced from the plasma-facing materials: Be, B, C,
Cr, Fe and Ni ions, with gaseous atoms and molecules
have also been measured [5-5]. Cross sections of
state-selective electron capture in collisions of C™ jons
with H* (n=2) atoms have been calculated using a

molecular-bases close-coupling method [5-6].
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Fig. I1.5-1 Cross sections of excitation to A 35,7 for N,
molecule. The data points indicate the measured cross
sections, and the curve indicates an analytical fitting.
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Regarding spectral data, wavelengths, energy levels,
oscillator ~ strengths, transition probabilities and
ionization energies have been critically compiled for
tungsten [5-7, 5-8] and gallium [5-9]. Tungsten is one
of the candidate plasma-facing materials for future
fusion devises, and gallium is a candidate material for

liquid divertors.

References

5-1 Kubo, H,, et al., "Atomic and Molecular Data Activities
for Fusion Research at JAERL" to be published in J.
Plasma Fusion Res..

5-2 Tabata, T., et al., Atomic Data and Nuclear Data Tables,
92,375 (2006).

5-3 Makochekanwa, C., et al., J. Phys. Chem., 124, 024323
(2006).

5-4 Kusakabe, T., et al., "Cross Sections of Charge Transfer
by Slow Doubly-Charged Carbon Ions from Various
Carbon Containing Molecules," to be published in J.
Plasma Fusion Res..

5-5 Imai, M., et al., "Production and Compilation of Charge
Changing Cross Sections of lon-Atom and lon-Molecule
Collisions," to be published in J. Plasma Fusion Res..

5-6 Shimakura, N., et al., "Electron Capture Processes in
Low-Energy Collisions of C*" lons with Excited H
Atoms  Using  Molecular-Bases  Close-Coupling
Method," to be published in J. Plasma Fusion Res..

5-7 Kramida, A.E., et al.,, "Compilation of Wavelengths,
Energy Levels, and Transition Probabilities for W I and
W IL," to be published in J. Phys. Chem. Ref- Data.

5-8 Kramida, A.E., et al., "Compilation of Wavelengths and
Energy Levels of Tungsten, W III through W LXXIV,"
to be published in J. Plasma Fusion Res..

5-9 Shirai, T., et al, "Spectral Data for Gallium: Ga I
through Ga XXXI," to be published in J. Phys. Chem.
Ref. Data.



JAEA-Review 2006-023

III. TECHNOLOGY DEVELOPMENT

R&Ds of fusion reactor technologies have been carried
out both to further improve technologies necessary for
ITER construction, and to accumulate technological
database to assure the design of fusion DEMO plants.
In the International Fusion Materials Irradiation Facility
(IFMIF) program, transitional activities have been
continued.

This part is divided into the ten chapters; Super
Conducting Magnet, Neutral Beam Injection Heating,
Radio Frequency Heating, Blanket, Plasma Facing
Components, Structural Material, Trititum Technology,
Neutronics, Vacuum

Fusion Technology  and

Technology Transfer. Progresses in FY2005 are

described in the following chapters.

1. Superconducting Magnet

Superconducting magnet that can generate a high
magnetic field of 16 to 20 T is required to a fusion
DEMO plant, following ITER. JAEA is therefore
developing high temperature superconductor (HTS)
such as Bi,Sr,CaCu,O (Bi-2212) strand to realize a
magnetic field of around 20 T.

To produce Bi-2212 superconductor, oxygen has to
be supplied to the strand from its surface during heat
treatment at around 900°C. Silver is the only material
that can avoid melting and oxidation and allow oxygen
penetration during heat treatment, and silver is
commonly used in Bi-2212. However, for fusion
application, the amount of silver in a strand has to be
reduced because it is easily activated to produce a long
half-life element and is expensive. A Bi-2212 strand
having low silver-to-superconductor ratio of 1.3 has

therefore been developed [1-1]. The cross-sectional

Bi-2212

Silver

3

7=

!

iy

S

Fig. III.1-1 Cross-sectional view of Bi-2212 strand having
low silver ratio. Diameter of the strand is 0.81 mm.

view of the strand is shown in Fig. III.1-1. Critical
current density (J;) was measured to be 3,000 A/mm?, at
42 K in a self-field condition. J. dependence on
magnetic field and temperature was also investigated
using a high magnetic field facility in National Institute
for Materials Science (NIMS).

Fig. II1.1-2 shows measured J. at a temperature of
4.2 K and at fields up to 16T, and at temperatures of 8 K
to 20 K and at fields from 12 T to 30 T. Although the
measured J. values correspond to around 70% of those
of a conventional Bi-2212 strand (silver ratio is 2.8), the
strand still shows high J. values and there is no major

problem for a practical use.
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Fig. II1.1-2 Critical current density (J.) of Bi-2212 strand
having low silver ratio.
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2. Neutral Beam Injection Heating

2.1 Acceleration of 1 MeV Class and High Current
Density H Ion Beam

The ITER NB system requires a high energy and high

current beam source, which can produce 40 A (current

density: 200 A/m”) D" ion beams at the energy of 1 MeV.

To demonstrate the high power negative ion beam
acceleration at the energy up to 1 MeV with ampere
class, a five stage electrostatic accelerator (the MeV
accelerator) has been developed at the MeV test facility
of JAEA. After years of R&D, the voltage holding
capability was drastically improved. One of the
objectives of the present R&D is to accelerate the high
current density beam up to the MeV class energy.

Figure II1.2.1-1 shows a cross-sectional illustration
of the MeV accelerator [2.1-1, 2.1-2]. The insulation gas
such as SF4 cannot be utilized for the beam source under
the ITER radiation environment. And hence, whole the
beam source structure is to be mounted in vacuum. To
the main structure of the MeV

accelerator is installed in the vacuum inside an FRP

test this concept,

(fiber reinforced plastic) insulator stack. The negative
ions are generated in the KAMABOKO ion source
mounted on the top of the accelerator and are extracted
from 9 apertures of the plasma grid by potential
difference of several kilo volts applied between the
plasma grid and the extraction grid. The extracted
negative ions are accelerated by the MeV accelerator,
which is composed of 4 intermediate grids and a
grounded grid. Between each grid, 200 kV dc voltages
are applied to accelerate the H ions up to 1 MeV.

After installation of the accelerator and pumping
down to vacuum, dc voltage is applied continuously to
the accelerator. After 30 hours of conditionings without
beam acceleration to sustain 1 MV, beam acceleration

tests were started. To enhance the H™ production, Cs was
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Fig. 1II.2.1-1 Hlustration of JAEA MeV accelerator.

seeded in the KAMABOKO ion source. Figure I11.2.1-2
summarizes the highest H™ ion current (Iy") measured by
the calorimeter at various acceleration voltages [2.1-3].
The highest H current at each acceleration voltages
were obtained at the optimum extraction/acceleration
voltage ratio of Vext/Vacc=1/140. The current density
increased according to the Child - Langmuir’s law. The
perveance (P = I;;/Vacc®?) almost corresponds to those
of the ITER design value (200 A/m” at 1 MeV). Up to
now, the H ion beam of 146 A/m* was successfully
accelerated up to 836 keV, as the world record of the
current density at the MeV level energy beams. The
accelerated H ion current does not show clear saturation
even in high voltage regime, which suggests production
of enough amounts of H ions in the KAMABOKO
source. In fact, the KAMABOKO source has already
achieved 300 A/m*> H
acceleration voltage (30 kV). Therefore, further increase

ion production at low

of current density is expected towards the ITER
requirement.

As for the beam quality, Fig. I11.2.1-3 shows a
profile of the H™ ion beam of 134 A/m” at 750 keV. The
beam profile was estimated by light emission of residual
H, gas molecule excited by the H ion beam at 2 m
downstream of the MeV accelerator exit (grounded
grid). The rows of 3 beamlets extracted from the 3 x 3
apertures can be clearly distinguished. By assuming a
Gaussian profile for each beamlet, the beam divergence
angle (e-folding half width) was estimated to be 5 mrad.
Thus it was confirmed that the beams has the good
quality even carrying the ITER relevant high power.
Since the perveance of the H™ ion beam (750 keV, 134
A/m?) is almost the same as that of ITER requirement (1
MeV, 200 A/m?), this optics result supports the ITER
design (< 7 mrad).
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Fig. I11.2.1-2 The H" current density at various acceleration
voltages.
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Fig. 111.2.1-3 Beam profile of the 700 keV, 134 A/m* H™ ion
beam measured by the CCD camera.
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2.2 Improvement of Beam Uniformity in a Large

Negative Ion Source
In the negative ion source for JT-60U, high current
negative ion beam is produced from the large extraction
area of 45 x 110 cm®. However, the current density of
extracted negative ions over the wide area is not
uniform, which causes poor optics of the beams. Due to
this poor beam optics, beam pulse length of JT-60
N-NBI has been limited to avoid high heat loadings on
the acceleration grids and the beam line components.

To overcome this problem, experimental studies
have been performed using the JAEA 10 A negative ion
source whose magnetic configuration is similar to that
of the large negative ion source for JT-60 N-NBI. As
the results, following new findings were obtained [2.1-1,
2.1-2].

/ Magnet
Arc chamber

Filament

(a) “original” configuration

(b) “tent filter” configuration

Fig. I11.2.2-1 Magnetic configuration of the 10 A negative ion
source. (a) “External filter” configuration, (b) “Tent filter”

configuration.

* The residual magnetic filter field around the
filaments causes a drift of fast electrons emitted
from the filaments. Due to this electron drift, the
source plasma is localized followed by the
non-uniformity of the ion beam.

* The plasma uniformity was improved by reducing
the magnetic filter strength. Under the Cs seeded
operation, the H ion beam current was not degraded
by the reduction of filter strength although electron
temperature was increased to about 4 eV.

According to these results, the magnetic
configuration of the JAEA 10 A negative ion source
was modified in order to improve the beam uniformity
(Fig. II1.2.2-1). The transverse magnetic filter field over
the plasma grid (external filter), which was used in the
original configuration, was removed. Instead of the
external filter field, a tent-shaped filter field was formed
between the cusp magnet on the source back plate and
the large magnets placed outside of the aperture area of
the plasma grid. This “tent filter” is effective to suppress
co-extracted electrons. In order to enhance the uniform
production of atoms or protons, which are considered as
primary species of negative ions, the cusp magnets on
the source wall were also modified to form a large
volume of field free region in the center of the ion
source. Figure III.2.2-2 shows the longitudinal beam
profile before and after the above modifications [2.2-3].
The beam profile with the external filter configuration
showed the non-uniform profile with the deviation of
16%. In the tent filter configuration, the uniformity of
the extracted beam was drastically improved, and the
deviation of the beam profile was reduced to 8%. The
co-extracted electron current was suppressed to a level
equivalent to that of the H™ ion current. These results

indicate that the tent filter configuration is effective to
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Fig. 1I1.2.2-2 Beam profile for the tent filter

configuration compared with the original.
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improve the beam uniformity in the Cs seeded negative

ion source.
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2.3 Transport Process of Surface Produced H ions
in a Negative Ion Source
In order to obtain high current density negative ion
beam, it is essential to realize H™ ion extraction at high
efficiency. In a Cesium seeded operation as designed in
ITER NBI, negative ions are considered to be produced
on a surface of the plasma grid (PG) which has low
work function by the Cs deposition. However,
production mechanism and transport and extraction
process have not been clarified enough. The objective of
the present study is to clarify transport process of
surface produced H ions near the PG using a
conventional Langmuir probe.

The Langmuir probe is a simple diagnostic tool and
gives local information with a spatial resolution, but its
results must be applied with some assumptions due to a
lack of the theory of sheath formation in plasmas
containing negative ions. When the plasma contains
negative ions, a decrease of the negative saturation
current at the positive bias appears, because a mobility
of negative ion is much smaller than that of electron.
This fact means flux of negative particles (H and
electron) into the probe decreases with an increase of
negative ions. Thus, negative probe current is sensitive
to the existence of negative ions. In the present
experiment, distribution of negative ions near the PG,
where the production of H™ occurs, was estimated by
using a cylindrical probe.

Experiments were carried out using the JAEA 10 A
negative ion source. In the present experiment, the tent
filter configuration was employed [2.3-1]. The H ions
were extracted from the extraction area of 140 mm x
340 mm. In the Cs-seeded operation, negative ion
production depends on the work function of PG that can
be controlled by the grid temperature. When the
temperature of PG increased from 60 degree to 300
degree at a constant arc power, the negative ion beam
current Iy increased by a factor of four and current ratio
R (=T /J") near the PG is strongly correlated with the
beam current, while the electron temperature and the ion
saturation current remained almost constant. This result

indicates negative ion fraction can be estimated and the
contribution of the surface produced H ions can be also
evaluated through a comparison between the current
ratio R obtained with and without Cs seeding operation.

Figure I11.2.3-1(a) shows the current ratio R with
and without Cs seeding obtained by sweeping the
Langmuir probe in a direction perpendicular to the PG
surface (Z-direction). It was observed that R decreases
steeply near the PG in Cs seeded operation. It is
estimated that the negative ion fraction near the PG is
up to 40% on a typical operation condition as shown in
Fig. 111.2.3-1(b).
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Fig. 1I1.2.3-1 Comparison of current ratio distribution
between with and without Cs-seeding.

A survival length of the surface produced H™ ions is
also estimated from the Langmuir probe data. A
decrement of R form without to with Cs seeding,
defined as AJ, can be regarded as the effect of surface
produced H™ ions. From these data, AJ is observed to
decrease exponentially in Z-direction and its distribution
is expressed approximately as exp(-Z / A). A coefficient
A represents a survival length of the surface produced H
ions and it has a value of 12 mm. This indicates that the
surface produced H™ ions exist in a region of about
10mm from the PG surface effectively where an electric
field configuration for efficient H™ ions acceleration
must be optimized.
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3. Radio Frequency Heating

3.1 Development of 170GHz Gyrotron

Intensive development of a 170 GHz gyrotron (1 MW,
continuous wave (CW) operation and 50% efficiency)
has been proceeded for the ITER. Up to 2004, the
(0.5MW-100s) was

demonstrated. To improve the gyrotron performance

quasi-steady state operation

such as higher power and longer pulse by

pre-programming control of beam current

significantly studied in 2005.

to study the oscillation of higher order volume mode

weEre

In addition, we initiated

TE3) 1> for the advanced high power gyrotron, which can
reduce the heat load to 1/3 at the cavity wall compared

with conventional TE3; s mode.

3.1.1 Demonstration of Steady State Operation of the
170 GHz Gyrotron [3.1-1].

During the 0.5SMW/100s operation, the beam current of

the gyrotron decreased from 35A to 25A as the pulse

duration and consequently, the output power decreased

from ~0.6 MW to ~0.46 MW (average power during

100 s).

change of the oscillation mode from TEs; g to TE;3g3, so

It also causes the oscillation instability due to
called mode jump. The current decrease is mainly
caused by cathode cooling due to electron emission. In
order to prevent the decrease of the beam current just
after turning on, it is necessary to increase the emitter
temperature rapidly. By the control of the cathode
heater voltage during the shot, temperature of the
electron emitter could be stabilized and the beam
current drop-off was suppressed. As the countermeasure
of the drop-off, pre-programming control of the cathode
heater power was applied. Since the cathode heater
has a large heat capacity and the temperature response
on the electron emitter is slow for the feedback control
of the heater voltage, the pre-programming is
appropriate for the control. As a result, the stable and
steady state operation of 1000 s with 0.2 MW and 600 s
with 0.3 MW were demonstrated. The progress of the
170GHz gyrotron development is shown in Fig.
II1.3.1-1. During the oscillation, no arcing in the
gyrotron observed, the vacuum pressure was at a low
level of 10™ Pa and the average output power measured
by the dummy load was very stable. Temperatures of
the inner components of the gyrotron and cooling water
were constant for 1000 sec, which gives a prospect for

CW operation at the higher power.
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Fig. 1I1.3.1-1 Progress of the 170GHz gyrotron

development.

3.1.2 Higher Order Volume Mode Oscillation of
TE;;1» for an Advanced High Power Gyrotron
[3.1-2].

The performance of the high-power operation with

oscillation mode of TE3; g3 for CW, which is the present

design for ITER gyrotron, is limited up to 1 MW by a

peak heat load at the cavity wall due to ohmic loss. A

direct method for heat load reduction is expansion of the

cavity radius by applying a higher mode as an
oscillation mode. For a 170 GHz advanced gyrotron
with 1.5 — 2.0 MW output, higher order volume mode
such as TE3; ;> must be used to keep the ohmic loss on
the cavity wall at an acceptable level. On the other
hand, as the mode number increases, the problem of
In 2005, a short

pulse 170 GHz gyrotron with a conventional cylindrical

mode competition becomes important.

cavity was fabricated and oscillation test without
depressed collector was carried out.  As an initial result,
the stable single mode oscillation was demonstrated at
higher order volume mode TE;;;;. The maximum
output power of 1.56 MW with the beam parameter of
84 kV, 70 A and maximum efficiency of 30% at 1 MW
output were performed as shown in Fig. I11.3.1-2.

No tendency of power saturation was observed up
to [,=70 A.

adjustment of the axis between the gyrotron and the

It was also obtained that the accurate

magnetic field was necessary for the stable and single

mode oscillation of TEj; ;. In addition, it was
confirmed that the control of the pitch factor of the
electron beam just after turn-on was very important for
the strong excitation of the target mode, TEj3; 1,. The
results give the prospect of the advanced high power
gyrotron with the stable oscillation of 1.5 MW level at

170 GHz using the standard cylindrical cavity. The
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total efficiency of the gyrotron more than 50% would

also be possible by applying the depressed collector.

Beam Voltage: 84kV, Pulse Duration <1ms
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Fig. I111.3.1-2 Dependence of output power and efficiency
without depressed collector on beam current.
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3.2 Development of Millimeter Wave Launcher

Advantage of a millimeter (mm) wave launcher is the
steering capability of mm-wave beams in order to
control plasma heating and non-inductive current drive
and suppress magneto-hydro-dynamic instabilities such
as neoclassical tearing modes (NTMs) and sawteeth. It
is simply achievable by a steering mirror, which is
usually placed at the outlet of the waveguide. In a

fusion reactor like International Thermonuclear
Experimental Reactor (ITER) or DEMO, however, the
robust structure against high heat and electromagnetic

load are required.

3.2.1 Development of a Steering Mirror

The drawing of the steering mirror design for the ITER
equatorial mm-wave launcher is shown in Fig.
11.3.2-1[3.2-1].

of Cu alloy and stainless steel tubes, a rotational shaft,

It consists of a reflecting mirror made

bearings and spiral tubes to feed cooling water to the
mirror. A HIP technique is assumed for the fabrication
of the mirror. In the thermal and electromagnetic
analysis, IMW/CW per a beam line and the major
disruption where plasma current linearly decreased

within 40ms were assumed, respectively. It was verified

that temperature and induced stress on the mirror did

not exceed the allowable level.

millimeter wave launcher.

High heat load experiment of the mirror mock-up
was carried out to investigate the heat resistance and the
structure reliability and to demonstrate the cooling
capability[3.2-2].

mirror design shown in Fig. I11.3.2-1. The experiment

The mock-up is a quarter size of the

was carried out in JAEA Electron Beam Irradiation
Stand (JEBIS) facility.
mock-up was 3.2-3.5MW/m” with Gaussian distribution
This is the
expected condition in the ITER. The pulse length was

Maximum heat load on the

where the waist radius was 25mm.

30s comparable to steady state condition. Time
variation of temperature in the mirror is shown in Fig.

II1.3.2-2.
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Fig. 111.3.2-2 Time variation of temperature in the mirror.
Circles and triangles are the experiment and the solid lines
are the calculation.

Temperature was measured by thermocouples
installed in 4mm-depth from the mirror surface.
Circles and triangles are the measurement and the
The number 6 and 8

indicate the different locations of thermocouples.

curves are the calculation.
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Their locations correspond to the X-Y coordinate of
(0,45) and (0,15), respectively. “(0,0)” is the mirror
center. It was obtained that the measurement agreed
In addition, temperature increase
The total

This result suggests the

with the calculation.
rate was unchanged during the experiment.
shot number was 3000.
structure reliability of the bonding layer between Cu
alloy and stainless steel tubes. It was concluded that
the structure of the steering mirror was reliable and

applicable for the ITER.

3.2.2 Development of an Actuator for Steering Mirrors
The development of an actuator for the steering mirror
has been proceeded. The design concept of the

actuator is a push-pull mechanism applying an
ultrasonic (US) motor, a linear motion (LM) actuator
that converts the rotation to the linear motion and a
straight drive shaft. The advantage of this concept is
“simple” and “non-magnetic”. Moreover, it can drive
electronically in a magnetic field and therefore, the
precise and quick control of the steering angle can be
achieved. The drawing and the photograph of the
mock-up are shown in Fig. I11.3.2-3. The actuator can
hold the torque of 3N-m, which would be induced by

electromagnetic force at the ITER plasma disruption

Ultrasonic motor

Closure plate

[ W —
= ar=—r0d,

Bellow Linear guide

(a) N

(b)

Fig. 111.3.2-3 Drawing and the photograph of the actuator
mock-up for the steering mirror. (a) Drawing and (b)
photograph.

References

3.2-1 Takahashi, K., et al., J. Phys. Conf. Series, 25, 75
(2005).

3.2-2 Takahashi, K., et al., “Recent Progress on Design and

Development of the ITER Equatorial EC Launcher,” to
be published in Proc. 14™ Joint Workshop on ECE &
ECRH.

3.3 Application of High Power RF

Studies of a microwave beaming propulsion were
proceeded as the application of high power RF
generated by a 170GHz gyrotron
collaboration between JAEA and University of Tokyo.
When high power electromagnetic waves are injected

under the

into a thruster, an instantaneous breakdown occurs and
atmospheric plasma is formed in the thruster. The
plasma absorbs the following beam energy and
propagates toward a beam source generating shock
waves. The shock waves forms high pressure in the
thruster. High pressure is exhausted and impulsive
force is produced. Since the input energy to the
vehicle is supposed to provide from the ground and
atmospheric air is utilized as a propellant, no fuel needs
to be loaded onto a vehicle, in principle. Consequently,
aremarkably low launching cost is expected.

In 2005, the pressure change inside of the thruster
composed only of a cylindrical tube was measured.
The thrust generation model of a pulse detonation
engine (PDE) was applied and the thrust was estimated
from the measured pressure change. Millimeter wave
pulses were injected repetitively at the frequency from
40Hz to 15Hz.

repetition frequency was shown in Fig. I11.3.3-1.
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Fig. 11.3.3-1 Dependence of impulse on repetition
frequency.

Although impulsive thrust was decreased with pulse
repetition frequency, the decrease in the thrust at the
frequency lower than 20Hz was acceptably small.
This result indicates that the maximum repetition
frequency, which is necessary for the exhaust and an
air-refill process in the thruster, is lower than 20Hz.
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4. Blanket

4.1 Fabrication of Partial First Wall Mockup

The structural material for the Test Blanket Module
(TBM), Reduced Activation Ferritic/Martensitic steel
(RAF/Ms) is a kind of 8%-Cr heat resisting steel. This
kind of steel is used for high temperature solution as
well-established commercial material. This kind of steel
is generally used as thick plate or thick tubes and the
joint is performed by welding process. On the other
hands, the breeding blanket components involve thin
square cooling tubes in the thin first wall components to
remove the high heat flux from the plasma. Hot Isostatic
Pressing (HIP) is considered to be the most promising
joining method for such a complex structure. Therefore,
the development of thin components and HIP joining
are peculiar to the fusion application. The recent status

of these technologies is presented in this section.

4.1.1
Recent TBM design requires cylinder and square tubes
A RAF/Ms, F82H is
cold-rolled to 15.9 mm in diameter x 1.5 mm thick
cylindrical tube (Fig. I11.4.1-1). And the cylindrical tube
is cold-rolled to 11 mm in square x 1.5 mm thick square
tubes (Fig. 1I1.4.1-2). Cold rolling followed by stress

relief heat treatment enables to fabricate this thin wall

Fabrication of Square Tubes by Cold Milling

with 1.5mm wall thickness.

tubes without any break or twisting. The final length of
the square tube is longer than 3500mm and it is long
enough to fabricate the first wall without any joint in the
cooling channels. The surface roughness (Rz) is less

than 1pm and it is smooth enough to HIP joint.

$30x57 $28x4.47 $26x3.97 $24x3.47
$22x2.87 $20x2.27 $18x1.87 $15.9x1.57

il
_ e len
| |

. 111.4.1-1 Cross section of F82H cylmdrlcal tubes.

Fig. I11.4.1-2 F82H square tube.

4.1.2 Manufacturing of First Wall Mock-Up

To validate the HIP processing for the first wall
manufacture, the partial mockup has been fabricated by
HIP process. The sixteen square tubes and thin
outer/inner plates were bent to simulate a corner region.
The radius of curvature was 50mm at the center of
square tube. And the peripheral of assemble components
were TIG welded to be HIPed. The HIP condition
applied to this component was 1373K, 150MPa and 2h
holding time. Normalizing at 1233K for 0.5h and
tempering at 1023K were performed as post-HIP heat
treatment [4.1-1, 4.1-2]. The HIPed first wall mockup
is shown in Fig. II1.4.1-3. This mockup is planned to
be used for non destructive inspection of inner defects

and for mechanical tests.
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Fig. I11.4.1-3 Partial first wall mockup.

4.2 Corrosion Performance of Cooling Channels in
Supercritical Water
Japanese primary blanket option is the water cooled
solid breeder (WCSB) blanket with the structural
material, reduced activation ferritic/martensitic steel,
F82H [4.2-1]. In the recent fusion DEMO concepts,
supercritical water is attractive coolant options due to its
higher thermal efficiency. In the WSCB concept, the
corrosion property is one of the most important
requirements for fusion structural material. Previous
research has shown that F82H does not demonstrate
stress corrosion susceptibility in SCW environment
[4.2-2]. In this work, corrosion property of F§82H was
evaluated by weight measurement after ~1000 hour

exposure to SCW environment. The exposure test was
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conducted at 563-823 K in the high purity water at 23.5
MPa using SCW autoclave.

4.2.1 Weight Change of F82H in SCW Environment
The weight change as a function of test duration for
F82H in SCPW is presented in Fig. I11.4.2-1. The time
dependence of weight change has been described
through the plot of some parabolic curves. The weight
gain of F82H was 5-6 times larger than that of SUS316
and was almost same as commercial 9%-Cr steel such
as T91 and NF616 [4.2-3, 4.2-4].

823K

Corrosion properties
of F82H in 23.5MPa SCPW

Weight gain (mg/cm?)
w
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', ﬂ,é‘fé/-é—/-:- .

BT
0¥ 1 |

° 200 1000
Duration (hr)

Fig. I11.4.2-1 Weight change as a function of test duration for
F82H in SCW.
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Fig. 111.4.2-2 Surface morphologies of F82H after exposure
to SCPW.

4.2.2 Morphology of Corrosion Products

The surface morphology of corrosion products is
presented in Fig. I11.4.2-2. The grain size of corrosion
product is increased with test temperature and it is
consistent with the weight change behavior. The
corroded surface demonstrated neither cracking nor
exfoliation, therefore the weight gain is considered to be
simply caused by oxidation. The cross sectional

observation and elemental analysis revealed that the
corrosion product is a typical duplex oxide structure, in
which the scale consists of an outer blocky iron-rich
oxide and an inner dense chromium-rich oxide (Fig.
[11.4.2-3). In the chromium image of elemental mapping,
bright contrast which represents the precipitates along
with grain boundaries was observed. It means the
original F82H surface was the boundary between
iron-rich layer and chromium-rich layer. And this means
the chromium layer was formed by iron transfer to
SCW/F82H boundary. According to the relationship
between the thickness of chromium-rich oxide layer and
the weight gain behavior, the thickness reduction rate of
F82H in 823K SCPW could be roughly estimated to be
0.04 mm/year. This means F82H has good compatibility

with SCW under appropriate water chemistry control.
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Fig. 1I1.4.2-3 Cross sectional morphology and elemental

analysis on F82H tested at 823K SCW.
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4.3 Thermo-mechanical Performance of Breeder
Pebble Bed

In the current design of the blanket with ceramic
breeders, small pebbles of breeding materials are packed
into a container and used as a pebble bed. In order to
establish a reliable design of the blanket system, it is
necessary to analyze heat transfer in the pebble bed. The
pebble bed cannot exist without external conditions.

Thermal and mechanical conditions on the bed affect
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thermal and mechanical properties of the bed. Therefore,
it is important to study combined phenomena of thermal
and mechanical properties of the bed. However, these
properties were investigated independently in the
previous works. During the past several years, the group
of authors has developed the apparatus that can measure
of the bed

simultaneously. In this year, thermal expansion of a

thermal and mechanical properties
Li,TiO; pebble bed was analyzed.
Figure I11.4.3-1 shows schematic diagram of the
apparatus.
INSTRON, and a measurement chamber. Pebbles of

Li,TiO; with 2mm diameter were used. They were

It consists of a tensile test-apparatus,

packed into a container made of alumina. The container
was located in the measurement chamber. At first,
thermal expansion of the apparatus was calibrated
because the measured deformation included thermal
expansions of the load rods and the container. Instead of
the pebble bed, a column made of pure copper was
installed and thermal expansion of the system was
measured at different temperatures. Taking into account
the estimated thermal expansion of the column of
copper, thermal expansion of the rods and the container
could be analyzed. Based on the correction, thermal
expansion of the pebble bed was measured under
compression of 0.1MPa. Temperature of the bed was
regulated from room temperature to 973K. From the
measured expansion of the bed, average thermal
expansion coefficient was estimated. The atmosphere
was kept at 0.1 MPa of He gas.

Figure 111.4.3-2 shows estimated average thermal
expansion coefficient of the beds. For the beds with
different packing factors ranging from 65.5 to 68.5%,
thermal expansion coefficients were from 1.2 to
1.6x10°K™". In the present conditions, there was not
correlation of the thermal expansion coefficient with the
packing factor. In the first measurement of the beds
without pre-loading, expansion coefficients were larger
for the cooling process than heating. When the beds
were successively heated and cooled, the difference
decreased. This means that relocation of the pebbles
arises in the first heat treatment and progress of
compaction is larger in the cooling process than heating.
After a few heat treatments, packing states of the beds
reach stable and expansion coefficients for both heat
and cooling processes are close. In the case of the beds

that were loaded before the measurements, expansion

coefficients were largest in the first heating process. Fig.
II1.4.3-3 shows thermal expansion behavior of the
pre-loaded bed. When the pre-loaded beds were heated,
deformation caused by the pre-loading was relaxed and
degree of compaction decreased. Hence, apparent
expansion coefficient increased. The result suggests that
residual stress in the bed cased by a compressive load

can be annealed when the bed is heated without load.
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Fig. 1I1.4.3-1 Developed apparatus for simultaneous

measurement of thermal and mechanical properties of pebble
bed.
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Fig. 111.4.3-2 Average thermal expansion coefficient of
Li2TiO3 pebble bed.

Using  the effective

thermo-mechanical properties of the bed, expansion

developed  apparatus,
coefficient, stress-strain curves and thermal conductivity,
have been obtained in a series of the works. It will be
possible to analyze combined phenomena of thermal
and mechanical properties for the pebble bed with the
assumption that the bed was treated as a continuum
model. In the next stage, it is important to confirm and
refine the current design by the new calculation based

on the present study.
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Fig. 111.4.3-3 Thermal expansion and relaxation of residual
deformation of pre-loaded Li,TiO; pebble bed. (1. pre-loading
up to 10MPa, 2. relaxation due to thermal treatment)
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4.4 Design of Test Blanket Module

Test Blanket Module (TBM) test in ITER is one of the
most important milestone in the development of the
breeding blanket in Japan. This year, detailed structure
designs of Water Cooled Solid Breeder (WCSB) TBM
and Helium Cooled Solid Breeder (HCSB) TBM were
performed, based on the estimation of coolant hydraulic
performance [4.4-1].

Structure design of WCSB TBM has
performed, based on the design of the blanket design for
the DEMO plant. The design of the WCSB TBM has
the following features [4.4-2].

(a) First wall and side walls are fabricated by Hot
Isostatic Pressing (HIP) using RAFM to form built-in
cooling channel structure.

(b) Vertical slits were adopted to split the blanket

module into smaller sub-modules, in less than 50 cm

been

intervals, for the purpose of reducing the
electro-magnetic force in plasma disruption events and
increasing the endurance to internal over-pressure in the
case of coolant ingress in the module. Sub-modules
are integrated at rear wall by welding.

(c) Breeder and multiplier are packed in layered pebble
beds whose partition walls are integrated with cooling
pipes.
the same concept as the breeding blanket for the DEMO

plant.

The internal structure is designed according to

In the structure design, the coolant flow passage and
hydraulic performance were considered as one of the
key design issues, as well as the fabricability. TBM
design conditions are listed in Table I11.4.4-1 [4.4-1].
Figure 111.4.4-1 shows the schematic 3 dimensional
structure of WCSB TBM  [4.4-2]. The structure design
showed sound progress to establish detailed drawings
with consideration of coolant route, fabrication and
assembly procedures of modules including pebble
packing. Thermo-mechanical integrity was evaluated by
FEM analysis.

Table 111.4.4-1 Major Specification of the WCSB and HCSB

TBMs [4.4-1].
WCSB | HCSB
Structural Material F82H
Coolant Water | He gas
Neutron Multiplier Be, or Be;Ti

Tritium Breeder Li,TiO;3, or other Li ceramics

Surface Heat Flux 0.3(aver.), 0.5(max.) MW/m’

Neutr.on Wall 0.78(aver.) MW/m?
Loading

First Wall Area 0.68x1.94m” | 1.49x0.91 m’
Coolant Pressure 15.5 MPa 8 MPa
Inlet/Outlet 280/325 °C 300/500 °C
Heat Deposition 1.55 MW 1.61 MW
Tritium

Production Rate 0.156g/FPD 0.18g/FPD
Coolant Flow Rate 5.18kg/s 1.8kg/s

Helium Cooled Solid Breeder TBM is designed
with the same concept as the WCSB TBM, since the
helium cooling is the backup cooling system option to
the water cooled solid breeder blanket for the DEMO
Figure 111.4.4-2 shows the typical drawing of
sections of HCSB TBM [4.4-1].

Detailed dimensions of cooling tube sizes and pitch

plant.

horizontal cross

sizes, the first wall configuration and thickness of
internal breeder and multiplier layers were decided
taking into account the thermal-hydraulic characteristics
and nuclear characteristics of He gas coolant. In the
case of HCSB TBM, three sub-modules are integrated at
the rear wall of the TBM.

sub-module has

Internal structure of the
same box structure and
multi-layer internal structure as that of the WCSB TBM.

It is noted that there is a space of 96mm thickness in

almost

front of the back plate where neutron multiplier pebbles

are not packed to lay coolant connecting pipes, helium
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purge gas connecting pipes and cable conduits for
instrumentations. The similar important analyses on
neutronics, thermo-mechanical and tritium generation of
the HCSB TBM have been also performed to show the
integrity and functional performance.

With respect to the coolant flow route and hydraulic
design of the WCSB TBM, the coolant is fed to the
lower manifold of the back plate from the TBM cooling
sub-modules.

system which is common for two

Coolant inlet condition is 15.5MPa, 280°C and 5.18 kg/s.

The coolant flows in parallel for two sub-modules. First,
the coolant flows upwards through the first wall
rectangular channels (8mm by 8mm) with a pitch of
11mm and then down through the side wall rectangular
channels (10mm by 10mm) with a pitch of 46mm.
The superficial velocity of water coolant is set to 2.24
and 2.17 m/s for the first wall and side wall coolant
channels [4.4-1].

collected in a circular manifold below the breeding

The coolant from side walls is
region per each sub-module. At the breeding region,
the coolant flows upwards through the cooling panel
nearest the first wall and then down through other
cooling panels via the immediate manifold above the
cooling region. Cooling channels of cooling panels
consist of same tubes of 9mm ID with different pitches
per each cooling panel according to the removal heat.

Finally, the coolant flows upwards through circular
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Fig. [11.4.4-1 Three dimensional view of the structure of the
WCSB TBM. [4.4-2]
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Fig. 1I1.4.4-2 Structure of Typical Cross Sections of the
HCSB TBM. [4.4-2]

channels of 28mm ID in the back plate and two cooling
lines are integrated in the upper manifold of the back
plate. The coolant heated up to 325°C returns to the
TBM water cooling system.

With respect to the coolant flow route and hydraulic
design of the HCSB TBM, coolant is fed to three
sub-modules in parallel. Inlet flow rate is 1.8 kg/s.
The coolant inlet temperature of 300°C is the maximum
allowable temperature condition to keep the maximum
temperature of F82H lower than the allowable
temperature of 550°C at the first wall surface. As for
the HCSB TBM sub-module proposed by Japan, coolant
flow route is as follows. The coolant fed to the lower
manifold of the back plate first flows upwards through
the first wall rectangular channels (8mm by 8mm) with
a pitch of 11mm and then down through the side wall
rectangular channels (10mm by 10mm) with a pitch of
22.5mm same as the water-cooled TBM sub-modules.
The superficial velocity of helium coolant is set to 35.1
and 25.9 m/s for the first wall and side wall coolant
channels [4.4-1].

is split into two lines, the main cooling line and the

After cooling side walls, the coolant

bypass line, at the manifold below the breeding region
to achieve the breeder and neutron multiplier material
temperature as high as possible. At the main cooling
line of which the flow rate is 0.43kg/s, the coolant flows
upwards through all cooling panels in parallel and then
flows out from the sub-module via to the upper
manifold of the back plate.
temperature is up to 500°C. The bypass flow with 401

The coolant outlet

°C is extracted and mixed with the breeding zone outlet

and finally the coolant conditions is made to 472.2°C
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and 1.8 kg/s [4.4-1].

By the detailed structure designs of TBMs, detailed
R&D issues for prototype TBM were clarified and
incorporated in the R&D plan. Also, by using the
detailed structure design, safety evaluation including the
Failure Mode and Effect Analysis and preliminary
safety analysis are foreseen as the preparation of the

design description documents of the TBMs.
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4.5 Development of Tritium Breeder and Neutron
Multiplier Materials

4.5.1 Development of Tritium Breeder

Lithium titanate (Li,TiO3;) pebbles of 0.3-2 mm in

diameter have been fabricated by a wet process, and

evaluation of their mechanical and chemical properties

has been performed for design of fusion blanket packing

using small Li, TiO3 pebbles.

Collapse loads of Li,TiO; pebbles with different
diameters were measured by an unconfined compression
tester, and contact strengths of these pebbles were
evaluated by Hertzian contact theory. Figure I11.4.5-1
[4.5-1] shows the relationship between the radius of the
Li,TiO; pebbles and the maximum contact strength of
these pebbles. The maximum contact strength evaluated
from the measured collapse loads of Li,TiO; pebbles
decreased with increasing the radius. The evaluated
contact strength was in the range of about +30% of the
average value (about 7.08x10°MPa) of the contact
strength in this test. The average radial strength of
Li,TiO; pebbles was about 1.7 times large as the
evaluated compression strength. The deviation of the
strength was large because of the low density of
81-85%T.D. and poor sphericity of the Li, TiO5 pebbles.
It is also noted in Fig. I11.4.5-1 that the contact strength
of Li,TiO; pebbles was independent of °Li enrichment.
Volatile species released from Li,TiO; were evaluated
under individual conditions of vacuum, D,, D,O and O,
atmospheres by means of an atmosphere-controlled
high-temperature mass spectrometry [4.5-2].

Vapor species of Li(g), LiOD(g), D,(g) and D,0(g)
were observed in the mass spectra when adding D, and
D,0 gas, while in vacuum and O, atmosphere observed
species were Li(g), Li,0(g), LiO(g) and O,(g). The sum
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Fig. 111.4.5-1 Relationship between radius of Li,TiO; pebbles
and maximum contact strength. Reprinted from Tsuchiya, K.,
et al., Fusion Eng. Des., 81, 1065 (2006), with permission
from Elsevier Ltd.

of the partial pressures of Li-containing species was
calculated (see Fig. 111.4.5-2).
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Fig. 111.4.5-2 Pressures of Li-containing species (PLt,-MI) over
Li,TiO; under the conditions of vacuum, D,, D,O and O,
atmospheres. Reprinted from Hoshino, T. et al., Fusion Eng.
Des., 81, 555 (2006), with permission from Elsevier Ltd.

Its order in these atmospheres was as follows:

B (D,0)= B (D) > B (Vacuum > B (05)

After the vapor pressure measurement in the D,
atmosphere, the color of the sample was found to be
changed from white to dark blue. This behavior implies

the formation of oxygen deficient defects in the
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reduction atmosphere. In the blanket design of fusion

reactors, the calculation of the pressures of
Li-containing species (Pﬁ”“l) is important in order to
estimate the amount of Li loss from Li, TiOs.

In a related work, irradiation behavior of Li,TiO;
under a fusion reactor environment was simulated by
simultaneous irradiation of Li,TiO; with 1) single ion
beams and 1ii) triple ion beams simultaneously or
sequentially of O*', He' and H' [4.5-3]. Results of
Fourier transform-infrared photoacoustic spectroscopy
(FT-IR PAS) suggest that the amount of TiO, formed is
proportional to the displacements per atom (dpa) and
that the method of irradiation, that is, the single, the
simultaneous triple or the sequential triple irradiation,
does not affect the formation of TiO,. On the other hand,
dependence of the 3450cm™ peak area, which is due to
the O-H bond, on dpa suggests that the amount of lattice
defects generated by irradiation, which is considered to
trap hydrogen near the surface, is affected by the

method of irradiation, as shown in Fig.I11.4.5-3.
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Fig. 111.4.5-3 Dependence of the 3450 cm™ peak area on dpa.
Notation for the sequential irradiation as “A—B” means that
irradiation of beam B was performed after closing of
irradiation of beam A [4.5-3].

These results may suggest that H' implantation
degrades the generation of hydroxyl (-OH) group near
the surface by trapping hydrogen in the irradiation
defects. This effect of the H' implantation is larger in
the case where the implantation is performed after
defects than that

introducing  the performed

simultaneously.

4.5.2 Development of Neutron Multiplier
Beryllium alloys such as Be-Ti alloys have been

expected as promising candidates for advanced neutron
multipliers. Recently, characteristics of Be;Ti and
Be-Ti alloys with aBe phase have been evaluated for
the pebble fabrication development [4.5-4].

As a part of the research, compatibility was
evaluated between Be-Ti alloys (Be-3at%Ti, Be-5at%Ti
and Be-7at%Ti) and F82H steel [4.5-5].

Reaction products such as Be,Fe and Fe-Cr, as well
as Be, were detected by X-ray diffraction analyses on
the surface of F82H after annealing of the specimens.

The thickness of the reaction layer between Be-Ti
alloys and F82H after annealing at 600°C for 1000 h
was less than 3mm, whereas the reaction layer on
beryllium metal was about 15 mm thick. At 800°C for
1000 h, the thickness of the reaction layer of Be-5at%Ti
and Be-7at%Ti was less than 50 mm, whereas that of
beryllium metal was about 200 mm. It is obvious that
the compatibility between Be-Ti alloy and F82H was
much better than that between Be and F82H.
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4.6 Irradiation Technology Development for In-pile
Functional Tests

Envisaging the irradiation tests of the Test Blanket
Module (TBM) using ITER, development of irradiation
technology has been progressed with the aim of
performing reactor irradiation tests simulating the
structure and environment of the TBM. For these
purposes, research activities were made in 1) tests of
ceramic coating for reduction of tritium permeation, and
2) analyses of irradiation data of a Li,TiO; pebble bed.
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4.6.1 Ceramic Coating for Reduction of Tritium
Permeation

An irradiation test of ferritic steel (F82H) with a coating
of Cr,03-Si0, including CrPO, has been started in the
Japan Materials Testing Reactor (JMTR). The specimen
will be irradiated up to a fast neutron fluence (E>1MeV)
of 2x10% n/m” at a temperature range from 300°C to
400°C. Post-irradiation examinations (PIEs) will be
carried out on observation of the coating by optical
microscopy and scanning electron microscopy (SEM),
and on other items.

In-pile experiments on tritium permeation were
conducted for F82H steel with and without the coating
of Cr,0;-Si0, including CrPOy, using a research reactor,
IGV.1M,

cooperation of the

in Kazakhstan through an international

International Science and
Technology Center (ISTC). The tritium source used was
liquid lithium-lead eutectics, Pby;Li, which was poured
into a space around a tubular diffusion cell as a
specimen of F82H with or without the coating on the
inner surface of the cell. The irradiation time at a full
reactor power of 6MW was about 4 h, which
corresponds to a fast neuron fluence of about
2x10*'n/m? (E>1.1MeV). Data on tritium fluxes and
kinetics of tritium flux increase from the start point of
the reactor irradiation have been obtained. Evaluation of

these in-pile results has been started in detail.

4.6.2 Analyses of Irradiation Data of Li,TiO; Pebble
Bed
An irradiation test of a Li,TiO; pebble bed was
continued using JMTR [4.6-1]. The irradiation period
was 15,250 hrs, and the fast (E>1MeV) and thermal
(<0.683¢V) neutron fluences were about 2x10* and
2x10%**n/m?, respectively. It was clarified that the tritium
hardly changed by the
irradiation so far. Besides, it was found that the thermal
diffusivity of the Li,TiO; pebble bed was also hardly

changed by the irradiation up to the neutron fluence.

release properties were
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5. Plasma Facing Components
5.1 Critical Heat Flux of a Copper Screw Tube
under High Temperature Pressurized Coolant
Condition
In the R&Ds on Plasma Facing Components (PFCs),
JAERI/JAEA has developed a screw tube that has as
high heat removal performance as a swirl tube. In
FYO05, its Incident Critical Heat Flux (ICHF) testing
using a hydrogen ion beam facility was carried out to
investigate the effect of subcooling of ICHF at the
cooling conditions relevant to DEMO divertor. The
test sample was the screw tube made of pure copper
with the thread of M10 and its pitch of 1.5 mm. Figure
II1.5.1-1 shows experimental values of ICHF of the
screw tube at the cooling tube wall with respect to the
subcooling, Tsub, ranging from 60K to 200K at 4MPa,
in which the saturated temperature of water is 250°C.
ICHF depends strongly on Tsub and flow velocity of
cooling water, and its dependency on Tsub is expressed
by linear function within the present experimental
At the mass velocity of 0.56 kg/s, which
corresponds to the axial flow velocity of 10 m/s at room
temperature, the ICHF values of 48 MW/m? at Tsub of
200K (bulk temperature, Tbulk, is 50°C) was reduced to
ICHF of 26 MW/m? at Tsub of 60 K (Tbulk =190°C).
Although the increasing of temperature of cooling water
of 140 K causes 50% reduction of ICHF, ICHF of

26MW/m? in the screw tube remains twice higher than

condition.

that in smooth tube at the same cooling condition.
This result encourages us to examine the applicability of
screw tube to DEMO divertor.

5.2 High Heat Flux Test of a Tungsten Armored
Divertor

As one of the R&D activities on the DEMO divertor, a

tungsten armored divertor mockup has successfully

been developed in JAERI/JAEA.

DEMO divertor design, the primary candidate structural

material is a RAFM steel, F82H, and the primary

In our present

candidate armor material is tungsten. From the view
point of heavy neutron irradiation in the DEMO
environment, direct bonding trial of these materials was
made by using HIP bonding method. The bonding
temperature was 970°C for 2 hours at 150 MPa, which
combined with normalizing for F82H, followed by
These conditions

A high

tempering at 750°C for 1.5 hours.

are based on our previous test result [5.2-1].
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Fig. II1.5.1-1 Dependency of ICHF of screw tube on
subcooling, Tsub. Velocities in parentheses in the figure are
axial flow velocity of cooling water in the screw reduced at
the room temperature.

heat flux test of the divertor mockup with a screw
cooling tube was performed at an electron beam test
facility, JEBIS. Heat flux deposited on the tungsten
armor was 10 MW/m? to simulate the DEMO divertor
condition. The heat flux was cyclically loaded to the
mockup. After 270 thermal cycles, the central armor
tile showed debonding from the cooling tube, as shown
in Fig. 111.5.2-1.

direct

It was found that modification of the
bonding method wusing HIP technique is
necessary; insertion of a compliant material, such as
copper alloys, will be one solution for F82H/tungsten

joint.

F82H
Screw tube

Debonded
ungsten armor

Fig. 1I1.5.2-1 Tungsten divertor mockup after 270 thermal
cycles at 10 MW/m®.
showed surface cracking.

The debonded tungsten armor also

Reference

6. Structural Material

6.1 Development of Structural Materials for

Blanket
The neutron irradiation effects of F82H, Reduced
Activation Ferritic/Martensitic (RAFM) steel developed
in JAEA, have been investigated as one of the most
promising structural materials for the ITER breeding
blanket modules and DEMO blankets. In 2005, neutron
and ion irradiation experiments using HFIR, JMTR, and
so on have been continued.
6.1.1 Irradiation Effects on Fracture Toughness

Properties

Under the Japan-US collaboration of fusion materials
research, neutron irradiation experiments using High
Flux Isotope Reactor (HFIR) in ORNL are in progress.
In 2005, the disassembly of a target capsule of JP26 and
four rabbit capsules were completed. The JP26 mainly
includes samples for the research of fracture toughness
of F82H. Neutron irradiation was continued for the
target capsules of JP27, JP28 and JP29, aiming at
neutron irradiation damage level of 20, 50 and 50dpa,
respectively.

It is well known that the mechanical properties of
the steels like F82H shows strong dependence on the
heat The

ductile-brittle temperature

treatment  conditions. dependence of

(DBTT) on
tempering time and temperature was examined for
F82H irradiated at 523K to a neutron dose of 1.9 dpa in
the JMTR[6.1-1]. The heat treatment was performed at
1023K and 1053K for 0.5 h to 10 h after the
normalizing at 1313K for 0.5 h. 1/3CVN specimens

were used in this study, and the absorbed energies in the

transition

impact tests were measured as a function of temperature.
As shown in Fig. I11.6.1-1 DBTT of F82H steels
irradiated at 523K to 1.9 dpa was ranged from 250K to

200
'§150 1023K/1h
- 1023k, 1023K/2h
= ,/ @o5h ’41023Kl10h
100 7 —
< // /’/ /”r””’ -
50 S T e 1053K
R e 705h
éz::i‘—’— - (Tempering conditions)
0 i . . . . . .

0 50 100 150 200 250 300 350 400
AYield Stress, o/MPa

Fig. [11.6.1-1 Relation of ADBTT and AYS due to irradiation
at 523K to 1.9 dpa in F82H steels tempered with different
conditions.

5.2-1 Hirose, T., et al, J Nucl. Mater., 329-333, 324
(2004).
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298K, and shows strong dependence on temperature and
time of tempering, and it tended to decrease with
increasing yield The increment of DBTT
(ADBTT) due to irradiation in the F82H steels irradiated

at 523K tended to decrease with increasing time and

stress.

temperature of tempering.

6.1.2 Irradiation Effects on Creep Properties

Irradiation creep has been recognized as one of the most
important properties for engineering blanket structural
design. Several researchers have reported irradiation
creep and void swelling behavior of austenitic stainless
steels (316SS, PCA) and ferritic steels (HT9, 9Cr-1Mo)
irradiated above 673 K in FFTF, HFIR, etc. However,
irradiation creep behavior of RAFs irradiated below 673
K has not yet been reported.

In this study, irradiation creep behavior of the F82H
and several JLF-1 steels at 573 K has been measured up
to 5 dpa, using pressurized creep tubes irradiated in
HFIR.[6.1-2]  These tubes were pressurized with
high-purity helium to hoop stress levels of 0 to 400 MPa
at the irradiation temperature. The results of F82H and
JLF-1 with hoop stress of 400 MPa showed small creep
(<0.25%) after 111.6.1-2).

Irradiation creep rate linearly

strains irradiation (Fig.

in these steels is
dependent on the applied stress below 200 MPa.
However, at a higher hoop stress level, their creep rates
are nonlinear. The creep compliance coefficient for
F82H and JLF-1 is consistent with the values obtained
for the same steels irradiated in FFTF. These data

contribute to a part of materials database for ITER test

blanket design work.
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Fig. I11.6.1-2 Hoop stress dependence of irradiation creep at
573 K/ 5dpa.

6.1.3 Irradiation Effects on Precipitates’ Stability

The stability of precipitate of RAFs under neutron
irradiation at 573K has been studied [6.1-3], and
reported that F82H, ORNLO9Cr-2WVTa, and JLF-1
shows the size distribution change of precipitates after
neutron irradiation up to 5 dpa at 573K. To investigate
this phenomenon with higher accuracy, F82H was
irradiated with 6.4MeV Fe’" ion beam at 573K and
773K up to 10 dpa. [6.1-4] It was found that the
precipitates distribution and its morphology in irradiated
region are different from those in un-irradiated region in
F82H, and the lath structure becomes ambiguous in
irradiated regions. The dark filed images shown in Fig.
II1.6.1-3 revealed that the precipitates, Mp;Cs, in
irradiated region of F82H were tuned to amorphous
phase at 573K, but not at 773K. This suggested that the
radiation induced amorphization of My;Cq
observed in Fe ion irradiated F82H at 573K, but not at
773K, and the glass transition temperature T, of M,3Cs
in F82H could be estimated between 573K and 773K.
This phase instability of precipitates could be the

were

driving force of the size distribution change of
precipitates and affects its mechanical properties, and
further analyses will be performed to investigate this

possibility.

Irradiated Region
s WA (b)

Fig. 111.6.1-3 TEM images of Fe-ion irradiated F82H at 573K
up to 10 dpa; (a) bright field image, (b) dark field image with
diffraction pattern from amorphous M,;Cs : and of Fe ion
irradiated at 773K up to 10dpa; (c) bright field image, (d) dark
field image.
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6.2 Transition Phase Activities in IFMIF

IFMIF is an accelerator-based D-Li neutron source
designed to produce an intense neutron field that will
simulate the neutron environment of a D-T fusion
reactor. IFMIF will provide a neutron flux equivalent
to 2 MW/m’ in a volume of 500 cm® and will be used in
the development and qualification of materials for
fusion systems. Prior to Engineering Validation and
Engineering Design Activity (EVEDA), transition phase
activities have been under way. Major achievements

during 2005 are summarized as follows.

6.2.1 Accelerator

The RFQ linac of the IFMIF accelerates a 125mA
deuteron beam from 0.1 to 5MeV. In order to accelerate
such a large current beam, an operation frequency of
175MHz is selected. The length of RFQ linac becomes
12 m to obtain the output energy of 5MeV, with the
required RF-input power of 2.3MW. For the RF-input
coupler, a multi-loop antenna system using co-axial
transmission line has been developed from the point
view of withstand voltage. It is possible to define a
better power balance by using a configuration with a
four-loop antenna in comparison with the other
configurations, like single-loop or two-loop antenna
systems [6.2-1]. The resonant frequencies of operation
mode (TE,;o) and higher modes (TE;o, TE;; and TE;;)
in a longitudinal RFQ length were analyzed for the
configuration with four-loop antenna system, using a
3-dimensional electromagnetic code (MW-Studio). The
calculated result is shown in Fig. I111.6.2-1. In the case of
4m-length, the obtained frequency difference between
operation mode (TE,;o) and the most closely higher
mode (TE ;) was 2.126 MHz, greater than a criterion of
2MHz where operation mode would not be affected by
the higher mode [6.2-2]. As a result, the 12m-long RFQ
can be realized by connecting three 4m-long RFQ
modules with the four-loop antenna system using two
coupling plates. As the total number of RF-Input
couplers is twelve (3x4), the withstand voltage required
for each loop antenna is around 200kW-CW, which is

possible by using co-axial waveguide size of more than

4 1/16 inch. In conclusion, a feasibility of the RF-Input

coupler system using four-loop antenna was revealed.
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Fig. I11.6.2-1 Trends of calculated resonant frequencies of an
operation mode (TE,¢) and higher modes (TE 9, TE;;; and
TE,1) for the various longitudinal lengths of IFMIF-RFQ.

6.2.2 Target Facility

The Li target system consists of two main components:
the target assembly and the Li loop. A
three-dimensional view of the target assembly is shown
in Fig. I11.6.2-2. The target assembly is a stainless steel
alloy except for the back wall made of 316L stainless
steel or a Reduced-Activation Ferritic/Martensitic

(RAFM) steel such as F82H.

Lip seal

Back wall

1m

Fig. I11.6.2-2 Three Dimensional View of Target Assembly
and Backwall.

Since the backwall is operating under a severe
neutron irradiation of 50 dpa/y and a maximum nuclear
heating rate of 25 W/em®, thermo-structural design is

one of critical issues in a target design.
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A thermal-stress analysis of a back-wall part of the
IFMIF target assembly suffering nuclear heating up to
25 W/cc by the neutrons was performed using an FEM
code ABAQUS. To reduce thermal-stress in a back-wall
made of 316L stainless steel in the previous study,
reduced-activation ferritic martensitic (RAFM) steel
F82H was chosen in the present analysis. Temperature,
thermal-stress and displacement distributions in the
back-wall were calculated. Figure I11.6.2-3 shows the
von Mises stress of the back-wall made of F82H under
conditions of back-wall thickness 1.8 mm and heat
transfer coefficient between the backwall and the
assembly 15.8 W/m’K corresponding to the minimum
contact pressure of 0.1 MPa.

The maximum stress was 320 MPa enough lower
than the permissible level of F82H, 450 MPa at 300 °C,
while the stress in cases of 316L even with the
back-wall thickness 1.8-5.0 mm and the heat transfer
coefficient 15.8-158 W/m’K was larger than the
permissible level, 160 MPa at 300 °C. Therefore, F82H
is preferable as the back-wall material [6.2-3].

289 MPa
at Center

317 MPa
at Channel Edge

Flow Channel
(wetted by Li)

Confstraint
at Rim (¢715mm)

Fig. 111.6.2-3 Contour of von Mises stress on quadrant model
of back-wall. (3-D view from accelerator side)

Dose estimation was performed using a code
QAD-CGGP2R, considering effect of a radioactive
nuclide beryllium-7 ("Be). This nuclide is generated at a
rate of 5 x 10'° Be/s through the deuteron-lithium (D-Li)
reactions and emits a 0.478 MeV y-ray with a half-life
of 53 days, and thus is the most significant radioactive
source in the IFMIF Li loop. Under an assumed
condition of uniform deposition of 'Be on inner surfaces
of the loop components, dose equivalent rate around the
components without radiation shields was several orders

higher than a guideline, 10 uSv/h equivalent to an ICRP

recommendation. In the loop components the maximum
rate of ~10” uSv/h was obtained at the outer-surface of
the main heat exchanger having the largest inner-surface
area wetted by Li. The thicknesses of iron or lead
necessary for radiation shielding were respectively 22.0
or 6.5 cm. By assuming that only 10 % of 'Be was
deposited by removing the rest using a cold trap, the
shielding thicknesses were reduced to be 18.4 cm (iron)
and 5.3 cm (lead). The efficient removal of 'Be using a

cold trap is highly recommended [6.2-4].

6.2.3 Test Cell Facilities
Type N thermocouples will be used for the temperature
measurement of the irradiation samples in the IFMIF. It
is known that their thermo-electric characteristics are
varied under neutron irradiation, called as decalibration
due to the composition change in the materials of the
two legs of thermocouple (Type N: Ni-14.2%Cr-1.4%Si
/ Ni-4.4%Si-0.1%Mg). The decalibration was evaluated
from the calculated result of the transmutation of
elements in type N thermocouple and the electromotive
data of Ni-Fe

transmutation element is iron and the composition

force binary alloys. The main
change is 0.35/0.39 % (in +/- legs) during one year
irradiation. As it is expected that the effects of Fe in the
both legs compensate each other, the decalibration may
be less than the case that only one side leg includes
0.1% Fe. The decalibration of indicated temperature for
such case is shown in Figure II1.6.2-4. Based on the
result, less than 10 degrees between 250 and 650 °C,

type N thermocouple may be used in the IFMIF.
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Fig. 111.6.2-4 Evaluated decalibration of type N thermocouple
due to neutron irradiation during one year.
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6.2.4 Design Integration

An analysis of dose rate around the shielding wall of the
test cell in the IFMIF was calculated by using a Monte
Carlo transport code MCNPX and cross section data
library LA-150. The material of shielding wall was
assumed to be heavy weight concrete and normal
concrete. A comparative study was carried out to
investigate the effects of iron or stainless steel SS316
lining covering the shielding wall and cooling water
pipes installed between the lining and the concrete.
Heavy weight concrete is a good shielding material.
However it is more effective to cover with the stainless
steel lining. The amount of cooling water pipes installed
into stainless lining is small and no prominent effect is

found in the shielding performance.

6.2.5 EVEDA Consideration under Broader Approach
The technical issues of EVEDA were reconsidered for
implementing under the framework of Japan-EU
Broader Approach activities, and the accelerator tasks
were modified to construct and test the prototype of low
energy part up to 10 MeV. A preliminary design of the
accelerator test facility capable of full beam power
operation was conducted.

On the target facility, preparation of EVEDA task
description was started to clarify contents of the
EVEDA task activities. Major tasks are Li test loop, Li
purification system, Erosion/Corrosion, Diagnostics,
Remote handling, Li safety handling and engineering

design tasks.
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7.  Tritium Technology
7.1 Tritium Processing Technology Development

for Breeding Blanket
A series of simulation studies has been carried out to
evaluate the applicability of a palladium membrane
diffuser for the Blanket Tritium Recovery (BTR) system
[1]. Tt was concluded that the palladium membrane
diffuser was not practical for the primary loop of the
blanket sweep gas, since the hydrogen partial pressure
in the sweep gas was significantly low for the
membrane.

The hydrogen transportation properties of a ceramic
proton conductor, which is a candidate for advanced
BTR system, have been studied.

attention was focused on the effect of the electrode on

In this year, our
the hydrogen transportation. If the areas of the triple
phase boundary (the contact point of gas, electrolyte and
electrode) increase, the hydrogen transportation rate
should be enhanced. To decrease the grain size of the
metal electrode by sputtering may be a solution for the
increase of the areas of the triple phase. However, the
triple phase boundary is often covered by the metal of
the electrode. The hydrogen atoms can easily permeate
in a palladium (Pd) electrode, so that the Pd electrode
results

in high performance for the hydrogen

transportation. Figure I11.7.1-1 shows the comparison
of overall conductivity between the conventional Pt
pasted electrode and the Pd sputtering electrode. The
Pd sputtering electrode increased the conductivity
slightly at lower hydrogen partial pressure.

The pressure swing adsorption (PSA) method has

been studied as a new water detritiation technique for
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Fig. II1.7.1-1 Comparison of the overall conductivity

between the conventional Pt pasted electrode and the Pd
sputtering electrode.
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processing a large amount of tritiated water generated in
a future DEMO plant. The research focused on the
adsorption and desorption properties of faujasite-type
zeolites of varying cations and SiO,/Al,0; ratio. The
HTO/H,0

dehydration energy of the zeolites were evaluated. As

experimental separation  factor and
an example, the separation factor and the dehydration
energy of NaY5.0 zeolite (SiO,/AL,O;5 ratio: 5.0) are

1.19 and 47.7 kJ/mol, respectively.

Reference
7.1-1 Kawamura, K., et al., Fusion Eng. Des., 81, 809 (2006).

7.2 Tritium Accounting Technology Development

The micro GC having cryogenic column only can
measure hydrogen isotopes within a few minutes with a
reasonable cost. One of its unfavorable points is that
the column must be used at cryogenic temperature.
The study of hydrogen adsorption property of various
kinds of zeolite has been carried out to develop a new
column that is used around 200 K without liquid
nitrogen (cooled by mechanical method). In this year,
hydrogen adsorption property of mordenite and Y type
zeolite were tested. Figure II1.7.2-1 shows adsorption
isotherm of hydrogen on the mordenite. The
mordenite should have good separation capability at

around 200 K as a column material.

7.3 Basic Study on Tritium Behavior

Deuterium retention and blistering on tungsten exposed
to high fluences (up to 10%” D/m?) of high flux (10*
D'/m%/s) and low energy (38 eV) deuterium plasma
were examined with scanning electron microscopy
(SEM) and thermal desorption spectroscopy (TDS) As
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Fig. I11.7.2-1  Adsorption isotherms of H, on mordenite at

various temperature.

shown in Fig. I11.7.3-1, peculiar phenomenon of blister
bursting with a tail, or a small hole or a vanished cap
was found on some grains after plasma exposure or
TDS experiment. In addition, bursting release of
deuterium with sudden peaks was also found in the TDS
spectra below 700 K at the heating rate of 0.5 K/s (Fig.
I11.7.3-2). A new model named “step-cascade model”
was proposed to explain the phenomenon of blister
bursting [7.3-1].

Case studies on tritium inventory and permeation in
a DEMO plant have been carried out as a part of demo

fusion reactor design activity at JAERI/JJAEA. The

Fig. I11.7.3-1  Blister bursting with a tail (a) and a small
hole (b) of the recrystallized W exposed at 520 K to a fluence
of 10* D/m? as well as a vanished cap (c) of the
recrystallized W exposed at 630 K and then 980 K to a
fluence of 10*” D/m?.
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Fig. I11.7.3-2  TDS spectra of the recrystallized W samples
exposed to varying fluence at room temperature in
comparison with the recrystallized W exposed to 10%® D/m?
at 520 K denoted with H1E-26 and the single W exposed to
10%° D/m? at room temperature denoted with S1E-26.

results revealed that tritium concentration and inventory
in the coolant attributed to permeation from the blanket
(plasma facing first wall and breeding region) is
expected to be much higher both of these guidelines
unless designated permeation barriers are
used. Therefore, permeation must be reduced by a
factor of 100 in

guidelines.

order to  satisfy the
Tungsten coating on the first wall and
glassy coating on the blanket cooling tubes may be good
countermeasures for permeation reduction in the DEMO
reactor [7.3-2].

A series of tritium sorption and desorption
experiments for various materials used in ITER has been
carried out to develop an effective decontamination
method. The desorption rates of tritium from the
various materials were measured with practical N, purge
gas operation. The materials tested were epoxy paint,
acrylic resin, and butyl rubber. In the case where water
vapor concentration in the purge gas is less than 10 ppm,
the desorption rates were much smaller in compared
with the data for the N, gas purge with a high water
vapor concentration. The desorption rate depends on
the water vapor concentration largely. Figure I11.7.3-3
shows a typical desorption behavior of tritium by N, gas
purge with moisture. By the N, gas purge without
moisture, only a little of tritium could be desorbed, and
the desorption rate promptly decreased. = However, the
N, purge gas with moisture could desorb 2-3 times
larger amount of tritium in comparison with N, purge

gas without moisture. This would be due to the isotope

exchange reaction. Another important result was that
the amount of tritium removed by N, purge gas with 700
ppm moisture was almost equal to that of 7000 ppm
moisture. The effect of moisture was clearly observed,
but the excessive amount of moisture was not required.
The tritium released into the facility is oxidized to
water by the noble metal catalyst at high temperature,
and is then removed by an adsorption bed as water.
The tritium in a facility is thus controlled to prevent
On the other hand, it has been

found that bacteria common in soil of forest oxidized

environmental release.

hydrogen into water at atmosphere temperature by a
team of Ibaraki University. We pay attention to this
remarkable result, and started studies to develop an
original tritium removal method using the bacteria under
the collaboration with Ibaraki University. We fabricated
bio-reactors using the above bacteria and connected to
the Caisson Assembly for Tritium Safety study (12 m?)
in TPL, where tritium could be released intentionally up
to 37 GBq, and its detritiation factor (DF) was measured.
The result showed that the bio-reactor could oxidize
trittum gas in reasonable speed compared with the
catalytic reactor and that the DF corresponded to the
level required for ITER. Other cooperative researches
have been performed with Kyushu University, Shizuoka
University and Toyama University.

Characteristics of high level tritiated water up to 1
EBq/m’ has been investigated for more than 5
The pH & ORP level (acid and corrosive)

changed with the tritium concentration [7-3-3].
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7.4 Successful Operation Results of Tritium Safety
Systems in TPL

The safety system of Tritium Process Laboratory (TPL)
consists of Glove Box Gas Purification System (GPS),
Air Cleanup System (ACS), Effluent Tritium Removal
System (ERS) and Dryer Regeneration System (DRS).
The GPS was operated for about 8,100 hours by
controlling tritium concentration in the glove boxes.
The ACS was operated for cleaning 97,900 m® of air
during the experiments of Caisson Assembly and
maintenance of the glove boxes, experimental apparatus
The ERS removed about
4.5 TBq of tritium mainly out of the exhaust gas from
the experimental apparatus. The DRS removed 281
liters of tritiated water (160 GBq) from the GPS and
ACS dryers.

The tritium safety system of TPL has been in
service to support operations with use of tritium since
1988.
inspection or replacement of a superannuated glove box
Figure I11.7.4-1

shows monthly environmental tritium release from the

and other tritium operations.

Some maintenance work such as periodical

has been carried out in this fiscal year.

stack of TPL during this fiscal year. Total amount of
released tritium was 72 GB, which is sufficiently lower

than the target value at TPL.

Tritium Released from Stack (GBq)

10 11 12 1 2 3

4 5 6 7 8 9

Month

Fig. II1.7.4-1 Monthly environmental tritium release.

8. Fusion Neutronics

8.1 Blanket Neutronics Experiments [8.1-5]

8.1.1 Experiment of the Assembly with Water Layers

In fusion DEMO reactors, the blanket is required to
provide a tritium breeding ratio (TBR) more than unity.
The water cooled pebble bed blanket being developed
by JAEA consists of Li,TiO; or Li,O pebbles with
enriched °Li, beryllium pebbles, ferritic steel F82H and
water. Prediction uncertainties are more than 10% for
the TBR based on the previous study [8.1-1], and
studies have been performed for enhancement of the
accuracy. Neutronics experiments were conducted on
simple mockup by using DT neutrons in the previous
studies [8.1-1 — 8.1-4]. In the present study, neutronics
experiments have been extended to introduce water so
that the experimental mockup can better simulate the
blanket structure and more detailed tritium production
rate (TPR) can be obtained [8.1-5].

Figure II1.8.1-1 shows a schematic view of the
experimental assembly. The mockup is constructed by a
set of layers of the first wall panel, partition panel,
Li,TiO3 and beryllium with the dimensions of 16, 7.8,
12 and 101.6 mm in thickness, respectively. The first
wall and partition panels are mainly composed of F82H
and water. The first wall panel is composed of the 3 mm
thick front wall, 6 mm thick water and 7 mm thick back
wall. The partition panel is composed of the 1.8 mm
thick front wall, 4.2 mm thick water and 1.8 mm thick
back wall.

Partition panel (7.8)

Unit: mm

DT neutron source

\

23

Li,TiO, block (12)

First wall panel (16)  Beryllium block (101.6)

Fig. I11.8.1-1 Schematic view of the experimental assembly
[8.1-5].

Numerical calculations have been conducted using
the Monte Carlo neutral particle transport code
MCNP-4C with the Japanese Evaluated Nuclear Data
Library JENDL-3.3. Figure II1.8.1-2 shows distributions
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of the ratio of the calculation value to experimental one
(C/E) for the local TPRs. The C/Es in the first and
second Li,TiO; layers are 0.99 and 1.04 for the
integrated tritium productions. The C/E is 1.02 for sum
of the integrated tritium productions in the first and
second Li,TiO; layers. It can be concluded that sum of

the integrated tritium productions are much accurately

predicted.
1.2 T | o 1stlayer ]
[ e 2nd layer ]
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Fig. 111.8.1-2 Distributions of the ratio of the calculation value
to experimental one (C/E) for the local TPRs on the
JENDL-3.3 [8.1-5].

8.1.2 Experiment of the Assembly with Breeder
Pebble Bed Layer

No experimental studies have been reported so far about
the pebble bed layer. For the first time, nuclear
properties are experimentally examined on the pebble
bed layer by using DT neutrons in the present study
[8.1-5]. Calculation methods are discussed on the
evaluation for TPR of the pebble bed layer, and the
precise modeling method is proposed using the
hexagonal close-packed heterogeneous geometry.

Figure I11.8.1-3 shows the experimental assembly.
The mockup is composed of Li,O pebble bed layer,
beryllium block and F82H. The pebble diameter is 1
mm, and the packing fraction is 57.8 %. The Li,O
pebbles were also applied as the detectors for TPR.
Tritium activities produced in the pebbles were
measured with a liquid scintillation counter.

The experiment was analyzed by Monte Carlo
calculations for the pebble bed layer using the homo-
geneous and heterogeneous geometries. The homo-
geneous geometries have been applied in the blanket

design calculation. A calculation method for the

heterogeneous geometry is proposed in this study, and
the differences between TPRs for the heterogeneous and
homogeneous geometries are discussed. The hexagonal
close-packed model was assumed in the heterogeneous
geometry, and all pebbles and void among the pebbles
were simulated using the repeated-structures modeling
method. The pebble packing fraction is 74 % in the
hexagonal close-packed model, while it is 57.8 % in the
experiment. Uniform annular gaps are assumed at the
boundaries between adjacent pebbles in the calculation
to adjust the packing fraction in the experiment in this
study.

Li,O pebble bed layer (15)

F82H(1.8)

DT neutron source

=)

Unit: mm

Beryllium block (101.6)

Fig. I11.8.1-3 Schematic view of the experimental assembly
[8.1-5].

Figures I11.8.1-4 and II1.8.1-5 show distributions of
the TPRs and C/Es on TPRs, respectively. The average
C/Es are 097 and 0.99 in the homogeneous and
heterogeneous geometries, respectively. Total TPR
obtained by the homogeneous geometry is smaller than
that by the heterogeneous one. The calculation accuracy
could be improved by applying the proposed method.
With increasing °Li enrichment, the results by
homogeneous geometries still much decrease. Impacts
of these reductions on blanket designs are very large,
and it can be concluded that evaluations are required on
a TBR by the Monte Carlo

heterogeneous geometries.

calculation using

References

8.1-1 Sato, S., et al., Nucl. Fusion, 43,527 (2003).

8.1-2 Sato, S., et al., Fusion Sci. Technol., 47, 1046 (2005).

8.1-3 Sato, S., et al., Nucl. Fusion, 45, 656 (2005).

8.1-4 Sato, S., et al., Fusion Eng. Des., 81, 1183 (2006).

8.1-5 Sato, S., et al., J. Plasma and Fusion Res., 82, 306
(2006).



JAEA-Review 2006-023

x 102
= 2 e Experiment
< I I S R Heterogeneous
5 { Homogeneous
2
(O]
e
=
o
Q
()
i
)
3
£
s 1r 7
o
=09 . .
0 5 10 15

Distance from Li 20 pebble bed layer surface (mm)

Fig. I111.8.1-4 Distributions of TPRs as a function of the
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Fig. 1I1.8.1-5 Distributions of C/Es on TPRs as a function of
the distance from the Li,O pebble bed layer surface [8.1-5].

8.2 Cross of Fusion
Materials
8.2.1 Charged-Particle Emission DDX Measurement

It is important to measure double-differential cross

Section Measurements

sections of emitted charged-particles (DDXc) induced
with DT neutron for evaluation of kinetic energy
released in materials and primary knock-on atom
spectra in fusion reactor materials.

The measurement of DDXc for fluorine has been
carried out by using a DT neutron beam at FNS and a
counter telescope with a Si surface barrier detector.
Figure 111.8.2.1 plots the obtained DDXc for '’F(n,xp)
data in JENDL-3.3. From the
comparison, a remarkable difference was pointed out
between the obtained result and JENDL. A further

analysis and a verification of evaluated nuclear data

reactions and the

based on our experiment are in progress.
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Fig. 111.8.2-1 DDXc measured for '’F(n,xp) reactions at 30
degrees of emission angle and the data in JENDL-3.3.

8.2.2 Activation Cross Sections of IFMIF Accelerator
Structural Materials

In the design of IFMIF (International Fusion Materials

Irradiation Facility), long-term operation with more than

70 % total facility availability is required. However, the

deuteron-induced activation of structural materials

IFMIF

maintenance time, which makes the long-term operation

composing  the accelerator  limits  the
difficult. Therefore, the accurate estimation of deuteron-

induced radioactivity is important to select low
activation structural materials. As a part of systematical
study for the selection of candidate materials, we
performed deuteron-induced activation cross section
measurements for iron, nickel, chromium, manganese
and gold by the stacked-foil technique at the TIARA
(Takasaki Ion Accelerators for Advanced Radiation
Application) facility. These results were compared with
other experimental values and computed data using
ACSELAM and TALYS. In addition, SS316 and F82H
samples were irradiated with 41MeV-deuteron beam to
measure each activity.

Figure II1.8.2-2 shows the cross section for the
"'Ee(d,x)**Mn reaction. The present results agreed with
the previous and computed ones within a factor of 1.5.
We have also obtained the activation cross sections for
the reactions "'Cr(d,x)*V or **Mn, **Mn(d,x)**Mn,
"iEe(d,x)>*Mn or **’Co, "Ni(d,x)***"Co or ***'Cu and
7 Au(d,x)"**Au in 26-47 MeV range.

The activities for SS316 and F82H on each nuclide
were compared with the calculated values which were
derived from the cross section data measured in our
work and the number of incident deuteron. For 48V,
*Mn and '®'Re, the calculated values were 50% larger
than the measured ones. For 52Mn, %Co and *'Co, the

calculated values were in agreement with the measured
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ones within 11%.
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Fig. I11.8.2-2 Cross section for the "'Fe(d,x)**Mn reaction.

8.3 Beam Analyses of the Armor Tiles

Hydrogen isotopes retention on plasma facing
components (PFCs) is an important issue for the fuel
recycling, plasma control, etc. In the case of
carbon-based materials as PFC, co-deposited layers of
carbon compounds with hydrogen isotopes are formed
on PFC surfaces due to plasma-wall interactions.
Therefore, it is necessary to measure hydrogen isotope
depth profiles in these layers with the thickness of
several tens of micrometers. A powerful and unique
method using a monochromatic neutron beam instead of
an ion beam, namely, Neutron Elastic Recoil Detection
Analysis (NERDA) has been developed.

A proof-of-principle experiment was performed
with some standard polyethylene or deuterated
polyethylene samples. Hydrogen and deuterium depth
profiles were estimated using energy spectra of recoil
particles and a response function which corrects the
detection energy spread caused by the geometrical
configuration of an experimental condition. All profiles
indicated homogeneous distributions of the nominal
density [8.3-1].

The application of NERDA was also demonstrated
using two PFC samples of JT-60U. Hydrogen profiles in
the inner and outer baffle plates are shown in Fig.
I1.8.3-1. It is found that hydrogen existed in two
regions of (I) at the surface, (II) around the depth of 600
pum. Retentions of the region (I) and (II) were estimated
to be 2.9 x 10* and 4.5 x 10* /m?, respectively. The
NERDA method is applicable to measuring absolute

depth profiles in fusion reactor materials.

T T T T T T T
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Fig. 111.8.3-1 Hydrogen profiles in the inner and outer baffle
plates of JT-60U.
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8.4 Gamma-Ray Measurement for Alpha Particle
Diagnostics in Plasma

As a new method of the diagnosis for confined 3.5-MeV

a particle in D-T plasmas, we proposed the detection of

2.186-MeV gamma-ray induced by D(o.,y)°Li reaction

and carried out the verification of the gamma-ray

diagnostics technique with an ion beam.

Helium ions accelerated up to 4 MeV were
bombarded into a thick deuterated polyethylene. The
emitted gamma-ray was measured with a Ge-detector
surrounded with lead blocks and boron carbide plates.
Figure 111.8.4-1 shows the emission rate of 2.186 MeV
gamma-ray for the helium ion energy. The emission rate
shows a tendency to enhance above 3.0 MeV. From our
experiment, D(o.,y)°’Li reaction rate is estimated to be
10" m™ s™ in the ITER typical plasma condition. So we
obtained a prospect of the gamma-ray measurement as
the confined o diagnostics by using a high efficiency

detector.
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Fig. 111.8.4-1 Energy dependency of 2.186-MeV gamma-ray
emission rate induced by D(a.,y)°Li reaction.
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8.5 Operation of the FNS Facility

Operation of Fusion Neutronics Source (FNS) has been
carried out to execute a variety of experiments under
collaboration with JAEA and domestic universities,
according to various requests for operation pattern. The
total operation time was 707 hours in this fiscal year. In
these experiments, six fixed targets with 370 GBq were
used for the experiments at 80° beam line. Also one
rotating target with 33 TBq was used for the
experiments at 0° beam line. A total amount of 7.23
TBq tritium in vacuum exhaust gas was processed by
Tritium Adsorption Processor (TAP) system.

Following maintenance activities has been
performed in the year. As a periodic check-up, the
oil-free vacuum pumps have been overhauled. The
control circuit of the accelerator was inspected every six
months.

Following renewal activities has been carried out.
Ton beam collimator was replaced with improved one to
enhance the neutron generation area. Isolation flange for
measurement of a target electric current has been

substituted because it has been damaged by radiation.

9. Vacuum Technology

For R&Ds on fuel supplying/pumping system,
performance tests have started with the newly
developed gas separation device (Fig.II1.9-1).  This

new device has been developed to demonstrate a large
amount of H2/He gas separation, which will be design
database of a large gas separation system for fusion
reactors. The new device has 8 gas-separation columns,
which are arranged radially from a main gas-supplying
port. Each gas-separation column is connected to the
main gas-supplying port with a connecting pipe, which
has the same length to each column to minimize a
passing-gas time-lag among 8 columns. In 2005, major
efforts have been concentrated to perform a system
check of the new device, because the device consists of
more than 60 electro-magnetic valves, which are
controlled by a sequence program of more than 50,000
After baking at 350 °C, the

successfully evacuated up to 1 Pa, which is the nominal

lines. device was
operation pressure of the device.

As one of the applications of gas separation
technology, results of separation/recovery tests on gas
mixture of 4-fluoro carbon and 6-fluoro ethane, which
was performed under collaboration between JAEA and

a Japanese industry [9-1].

Reference
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Fig. 1I1.9-1 New gas separation device with radially
arranged columns.
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10. Technology Transfer

JAEA has

instrumentation technology to industrial entities, by

successfully transferred a vacuum

which a high quality control of automotive products can
[10-1].

aluminum alloy casting products are deteriorated by

be expected Mechanical properties of
some gas pores formed in the casting, so automotive
manufactures are processing to reduce the inferior
castings caused by the porosity and routinely inspecting
the quality of the products by some suitable methods.
However, a reliable method for evaluating the gas
concentrations and species in the castings by easy
operation is highly required. On the other hand, the
vacuum thermo-microbalance was developed and
improved to measure an absolute ug order of the
outgassing from fusion related materials [10-2].

Based on the background, the outgassing
measurement device applicable to the aluminum
castings has been developed, and its brand name was
registered to Japan Patent Office as “Gravi-Mass” (see
Fig. II1.10-1), which consists of a vacuum chamber, an
electric furnace, a quadrupole mass spectrometer and a

precise weight sensor as.

Fig. I11.10-1 Photo of the Gravi-Mass.

A sample weight of the aluminum alloy casting
products was in advance, measured by the weight sensor,
then the sample was introduced into the furnace and
heated up to 740 °C. The time integrated outgassing
values of each gas species were measured by the mass
spectrometer.

After the sample heating, an overall weight loss due
to the outgassing was measured by the weight sensor.

The weight loss value was proportionally distributed to

the outgassing values of each gas, so that the gas
concentration of the aluminum casting could be
evaluated by the weight loss of each gas (H,, H,O,
Hydro-carbons, etc). The converted weight loss of the
outgassing is an absolute value with high reliability
regardless of the environmental temperature and
pressure.

JAEA has granted Nikkin-Flux Co., Ltd. that is
involved in manufacturing, sales, test and analysis of
nonferrous metals, a commercializing license on the
Gravi-Mass through JAEA’s holding patents. As for
applying the Gravi-Mass to the manufacturing line,
Enkei Corporation that is an aluminum wheel maker,
examines the effect on the quality control due to
introduction of the Gravi-Mass to the production

process.

References

10-1 JAEA News Release, Nov. 10, 2005.
(http://www.jaea.go.jp/english/02/press2005/p06012301
/index.html)

10-2 Abe, T., et al., J. Vac. Soc. Jpn., 36,263 (1993).



JAEA-Review 2006-023

IV. INTERNATIONAL THERMONUCLEAR
EXPERIMENTAL REACTOR (ITER) AND
BROADER APPROACH (BA)

1. Overview of the ITER Program and Activities

1.1 ITER Transitional Arrangements (ITA)

In January 2003 the ITER Transitional Arrangements

(ITA) started under the auspices of the IAEA, following

the successful completion of the Coordinated Technical

Activities (CTA). The purpose of the ITA is to prepare

for an efficient start of the Agreement, if and when so

decided, and to maintain the integrity of the ITER

Project. Along the work plan approved by the ITER

Preparatory Committee, the Design and R&D Tasks

have been carried out among the Participant Teams

(PTs). Based on the task agreement between the

International Team (IT) and each PT, these shared

Tasks make the implementation of preparing the

procurement documents for facilities and equipments

that are scheduled to be ordered at an early stage of

ITER construction such as superconducting magnets

and vacuum vessel sectors. In FY2005 JAERI and its

successor, JAEA, were in charge of sixty-six Design

Tasks that are described in section II.

1.2 Progress of Negotiations and Prospective
Schedules
The process ITER

construction took over two years, and was finally

of selecting a location for
concluded in 2005. After bilateral negotiations between
Japan and the European Union (EU), the decision to site
ITER in Cadarache was reached by six-Party agreement
on the occasion of the Ministerial Meeting for ITER on
28 June 2005, based on a bilateral agreement between
EU and Japan over the roles of the Host and the
non-Host for the ITER Project.

The negotiations returned to finalizing the ITER

Fig. IV.1.2-1 The 2" Ministerial Meeting for ITER.

Tore Supra

Ty

Fig. IV.1.2-2 Cadarache site.

Joint Implementation Agreement (JIA), which will
establish the ITER International

Organization,

Fusion Energy
and the choice of Director-General
Nominee for the Organization. Three meetings of the
held between September and

In accordance with the bilateral

Negotiators
December 2005.
agreement between EU and Japan, Japan proposed Mr.

wEre

Kaname Ikeda as a candidate for the Director General
Nominee. On the 5™ Preparatory Meeting for ITER
Decision Making held in Vienna on 7 November 2005,
this proposal was agreed and Mr. Ikeda was nominated
as Director General for the prospective ITER
Organization.

At the 12™ Negotiations meeting held on 6
December 2005 in Jeju (Korea), India joined the ITER
negotiation as a full Party.

The 6™ Preparatory Meeting for ITER Decision
Making was held at the Tokyo International Exchange
Center in Tokyo on 1 April 2006 to finalize the ITER
negotiations and to take key decisions on the future of
the project. Following interviews with all Parties, the
Delegations unanimously agreed on the EU proposal to
designate Dr. Norbert Holtkamp as ITER Principal

Deputy Director-General Nominee.

Fig. IV.1.2-3 The 6 Preparatory Meeting for ITER.
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participants to the project are the European Union,

L=
A 2 padardotl :I Republic of Korea, the Russian Federation and the

USA.

Fig. IV.1.2-4 The ITER joint work site in Cadarache.

The ITER Joint Work Site in Cadarache was
inaugurated on 15 December 2005. On 30 January 2006
the first ITER International Project Team staff began
working at the Cadarache Joint Work Site. The current

Table IV.1.2-1 Schedule for ITER construction.

Japan, the People’s Republic of China, India, the

The schedule for ITER construction is shown in

Table I'V.1.2-1 with recent progress as of March 2006.

Year 2000 2001 2002 2003 2004 2005 2006 2007 2008
Final Design
Reiort Final Report
EDA \Engineering Design . .
Activity (EDA) Site deCISIOI’iI
Domestic Site Final Draft of the ITER Joint
Evaluation  Site Evaluation Process (JASS) Implementation Agreement
l
Meeting Exploration Negotiations Domestic
Procedure
Canada | Japan, EU Establishment of
Site proposal ITER Organization
Technical . ]
Activities CTA ITER Transitional Arrangements (ITA) ITER construction
BA Broader Approach
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2.  ITA Design Task

2.1 Superconducting Magnet

Extensive activities are underway to optimize the design
of the ITER superconducting magnet system for cost
reduction and to confirm its manufacturing feasibility.
As part of the activities, full scale trial fabrications of a
cable for a Toroidal Field (TF) coil conductor, jacket
sections for a central solenoid (CS) conductor and TF

structures were performed in 2005 as follows.

2.1.1 Trial Fabrication of a TF Cable

The manufacturing method of a superconducting cable
was successfully established in the CS Model Coil
(CSMS) in the ITER Engineering Design Activities. To
enhance the critical current of the conductor, however, a
different configuration of the cable was proposed for the
TF coil conductor. This includes a reduction in void
fraction at cable space and cross-sectional area of a
central cooling channel from those of the CSMC
conductor, as shown in Table IV.2.1-1. These changes
make the fabrication of the TF cable difficult because
six sub-cables are subjected to a sever deformation from
a circular shape to a triangle to form a cable, which will
then be compacted largely to a specified diameter in
steps. A trial fabrication of full scale TF cable was
therefore performed to demonstrate manufacturing
feasibility.

A cabling machine shown in Fig. 1V.2.1-1 was
prepared. In the first trial using hard copper wires, some
damages were found during the reduction of a cable
diameter. Through several trials, the following measures
were implemented.

1) The shape of the forming rollers was improved so as
to avoid strand crimping.

2) The reduction ratios of cable diameter were
optimized.

3) Pulling force of the hauling-off device was enhanced
up to 20 kN.

Owing to these measures, a full scale TF cabling
using copper wires was manufactured without damage.
The cross sectional view of the TF conductor consisting
of the cable and jacket is shown in Fig. 1V.2.1-2
together with that of the CSMC conductor for
comparison. The manufacturing feasibility of the TF
cable was thus demonstrated. A cable using actual
Nb;Sn strands will be performed in 2006.

Table [V.2.1-1 Major parameters.

TF cable CSMC cable
OD of cable 41.1 mm 38.5mm
OD of central spiral 9 mm 12 mm
Number of strands 1422 1152
(3x3x5x5+12)x6 | (3x4x4x4x6)
Diameter of strand 0.82 mm 0.81 mm
Void fraction 32% 36%

OD: Outer diameter

2nd dle

SStape
wrapping dewce

o 1std|e
Cable i o
- >~)

/ Formlng roll
3rd die

\Caterplllar type
hauling-off device

Take-ub drum
Fig. IV.2.1-1 Cabling machine of TF cable. The sub-cable is
twisted around the central cooling channel and the cable is
wrapped by 0.08-mm thick stainless steel (SS) tape.

CSMC conductor

TF conductor

Fig. 1V.2.1-2 Cross-sectional views of TF conductor and
CSMC conductor.

2.1.2 Jacket Development

A jacket material for the CS conductor requires lower
thermal expansion from room temperature to 4 K than
that of usual stainless steel in order to obtain sufficient
loading to CS winding packs by a preload structure
during cool down. To satisfy this requirement, JK2LB
developed by JAEA was selected as a CS jacket
material.

The jacket material has also to satisfy other
requirements on the mechanical properties, namely
0.2% yield strength of more than 1,000 MPa and
fracture toughness Kic(J) of more than 130 MPaVm
[2.1-1].
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Fig. 1V.2.1-3 Measured 0.2% yield strength and fracture
toughness of JK2LB with cold work of 10 % and aging
treatment.

A trial fabrication of full scale JK2LB jacket
sections was performed to demonstrate fabrication
[2.1-2],

satisfied dimensional requirements could successfully

processes and CS jacket sections which
be fabricated. Tensile and fracture toughness tests were
performed using samples cut from the jacket. Cold work
was imposed to the samples to simulate a compaction
during conductor fabrication and coil winding. Test
results showed that the cold work of the jacket
significantly degraded the fracture toughness while it
enhanced yield strength. Consequently, it was figured
out that chemical component of JK2LB should be
optimized in order to balance between yield strength
and fracture toughness to achieve ITER requirement.
Figure 1V.2.1-3 shows results of 0.2% yield strength
and fracture toughness of JK2LB with the cold work of
10% as a function of nitrogen + carbon content. Since
carbon content can be kept less than 0.025%, nitrogen
content is decided to be 0.09 to 0.15% from the results.
In 2006, CS jacket sections with the optimized
nitrogen content will be manufactured and their
mechanical properties will be confirmed to satisfy the

ITER requirements.

2.1.3 TF Structure Development

Activities to develop rational manufacturing procedure
of the TF structures are in progress at industrial level in
Japan. Significant progress has been obtained in the
qualification of TF structural materials and in the
manufacturing demonstration of radial plates.

Trail productions of JJ1
(0.03C-10Mn-12Cr-12Ni-5Mo-0.24N) and nitrogen
strengthened 316LN (ST316LN, 0.03C-2Mn-18Cr-
11Ni-2Mo0-0.20N), which have the same sizes as actual

TF structures, were successfully completed without

of four materials

Fig. IV.2.1-4 Overview of welded radial plate (test piece)
with 4 kW YAG laser welding machine.

major difficulties [2.1-3]. Characterization of these
materials were then performed and their quality and
mechanical properties were demonstrated to satisfy the
ITER requirements such as 4K yield strength of more
than 1,000 MPa for JJ1 and more than 900 MPa for
ST316LN, and no inclusions and ferrite structure.
Regarding radial plate manufacture, several trails
were performed to establish basic technologies on the
machining and welding procedures to be used in actual
radial plate manufacture [2.1-3, 2.1-4]. In order to
demonstrate a connection of radial plate segments, two
grooved radial plates (test pieces) clamped by restraint
jigs were welded together along the shape of the U
groove by using 4 kW YAG laser welding machine, as
shown in Fig. IV.2.1-4. A manual TIG welding
followed the laser welding to compensate the lack of
laser power for full penetration. Vertical distortion
(normal to the radial plate plane) due to welding was
measured along the length of the radial plate, and the
maximum distortion was found to be 0.3 mm which
occurred only in vicinity of the welds. In addition, the
shrinkage near the welds was about 0.73 mm, which is
very small. Thus, by employing the laser welding,
welding with small distortion has been demonstrated,
which is one of the most critical technologies for radial

plate manufacture.

References
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2.2 Vacuum Vessel
The present reference Vacuum Vessel (VV) provides a
large number of interface structures, such as keys and
housings to support the blanket modules. This increases
the number of weld joints in the V'V, so that the distance
between weld joints becomes much shorter than that in
the previous design, for which fabrication feasibility has
already been demonstrated in the EDA R&D of VV.
The weld joints of housings for blanket support are very
close to the reinforced ribs connected between inner and
outer walls of VV especially in the inboard cylindrical
region. The critical issues in the present VV design are
therefore to confirm feasibilities of welding and weld
inspection even with the expected large welding
distortion and the low accessibility for welding and
weld inspection.

JA-PT is now fabricating a partial VV mock-up
1v.2.2-1),

cylindrical, in order to confirm the fabrication methods

(shown in Fig. simulating an inboard
and weld inspection methods and in order to examine
whether distortions caused by welding are within
tolerances. The basic data necessary for preparing the
technical specifications of the VV procurement, such as
weld distortions, minimum space required for welding
and inspection, welding and inspection accessibilities to
the weld joints in the present design and applicability of
weld be obtained through the

fabrication of the partial mock-up.

inspections, will

Inner Shell

Center Rib

Side Rib

Key

Housing

Fig. IV.2.2-1 VV partial mock-up under fabrication.

2.3 Blanket and Divertor
Preparation works of the procurement of blanket and
divertor have been performed this year.

As for blanket, design and analysis works for
confirmation of the structure integrity related to
electro-magnetic (EM) force, detailed structure design

of blanket module #10, investigation of the attachment

and detachment techniques for the first wall panel in the
Hot Cell and the detailed thermo-mechanical analysis of
the first wall panel for identification of the minimum
acceptable defect size between the dissimilar HIP joints
of Cu alloy / SUS. With respect to the 3-D EM analyses
have been performed for 40 ms linear and 18 ms
exponential decays and 30ms liner current decay of
VDE III/F-DW, based on revised plasma disruption
scenarios. Additionally, EM loads for 35ms linear and
16ms exponential decays were derived using the
calculated results. EM loads of all modules for 35 ms
linear and 16ms exponential decays are within the
allowable range. EM loads of linear and exponential
decays are generally similar and the differences between
them are less than 10% except Mr under VDE (F-UP).
Taking into account that the modified stub key with
stub bore of 132mm can be applicable to outboard
modules from #11 to #17 and #18 module, limit and
plastic analyses have been performed considering gap
between key and key groove, in order to estimate the
allowable loads of the inter-modular and stub keys. The
allowable loads of the inter-modular key for the
combined load are Mr of 1160 [kNm] and Fz of 560
[kN] for VDEII not
amplification factor of 1.5. Those of the stub key are
612 [kNm] and 252 [kN] for VDE III. The allowables
for VDEII are 20% less than those for VDEIII. It was
clarified that the results of EM analysis satisfied these

including the dynamic

acceptable values. Further analysis and evaluation
should be continued to clarify the structure integrity in
the new cases of disruption scenarios.

With respect to the thermo-mechanical analysis of
the first wall, it was identified that the as large as 1mm
diameter defect may not cause crack propagation in the
normal operation condition, based on the experimental
data of non irradiated condition. This result suggests
that the minimum size requirement of the NDE of the
Cu/SUS HIP joints is about Imm which size is enough
detectable by UT. Irradiated data shows the comparable
values, therefore, the effect of irradiation should be
further incorporated in the evaluation.

With respect to the investigation of the FW panel
replacement methods in the Hot Cell, mainly cutting
and re-welding for the First Wall at the maintenance
stage, have been selected and shield block structure
reflecting requirements from the replacement methods

has been investigated based on the concepts developed
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by the IT. For the selection of the replacement methods,
YAG Laser beam method has been selected for both
cases out of a number of candidate methods in
consideration of the usage in the Hot Cell and of the
high applicability through the narrow cavity in the
shield block. Then also key requirements to the design
from the application point of view, namely YAG Laser
and remote handling tools, are listed up.

As one of the provisional activities on the ITER
divertor procurement,
Acceptance Test System (DATS), a high heat flux test

facility with hydrogen ion beam system, has been

coolant system of Divertor

modified to enable flow testing and high heat flux
testing under ITER relevant divertor coolant condition.
This coolant system now has a high pressure boost

pump and a high pressure circulating pump. In addition,

a feed-coolant heater was installed in the vacuum vessel.

Major specification of this coolant system is
summarized in Table 1V.2.3-1. As shown in this table,
DATS can perform not only high heat flux testing of
ITER divertor components but also future breeding
blanket testing using high temperature and pressure

coolant.

Table 1V.2.3-1 Major specification of DATS coolant system.

Boost pump
- Coolant press.

~25 MPa
room temperature
Max. 60 L/min

- Coolant temp.
- Flow rate

Circulating pump
- Coolant press.

~25 MPa
up to 400°C
Max. 250 L/min

- Coolant temp.

- Flow rate

Feed-coolant heater
- Output

Max. 8.4 kW
(1.4kW x 6 lines)

Aux. heater system
- Output

Max. 12.6 kW

2.4 Remote Maintenance
Update of the blanket

maintenance has been studied according to the design

vehicle manipulator for
changes such as blanket segmentation and structure,
taking account of the interference between modules and
remote handling equipment. The stress/structural and
kinematic (CAD) analyses were performed for the

compact design of the vehicle manipulator and rail in

order to avoid the interference between modules and

vehicle manipulator. The results are as follows.

(1) The guide roller mechanisms between rail and
vehicle were newly designed to reduce their space
by adopting supporting pads combined with the
guide rollers and suitable material for satisfying the
allowable Hertz’s stress. This rearrangement
enabled to reduce the size of the rail from 500 mm
to 400 mm in height.

(2) The double helical gear was also adopted instead of
spur gear in the reference design as the sector gear
for the rotation of the vehicle around the rail. This
resulted that the diameter of the sector gear was
reduced from 1460 mm to 996 mm.

According to the above results, the vehicle
manipulator has been modified by about 30 % in
weight, compared with the reference design (shown in
Fig. 1V.2.4-1).

In addition to the design study, the Blanket Test
Platform (BTP) has been updated in order to improve
the sensing technique for module installation and
removal. The mock-up composed of typical inboard and
outboard modules has been also updated considering the
detailed interfaces such as key structure and gap
between modules based on the latest IT design. Bench
tests are now underway to clarify the specifications such
as configuration and surface roughness of the target for
sensing the relative position between target and

manipulator for autonomous module replacement.

(a) Reference Design (b} Modified Design

Fig. IV.2.4-1 Modification of vehicle manipulator.

2.5 EC and NBI Heating System
2.5.1 The Progress on Accelerator R&D for ITER NB
The H™ accelerator for the ITER NB is designed to

produce 1 MeV, 40 A D ion beams for neutral beams
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injection of 165 MW per module.

acceleration of such high current beam with long pulse

However,

(> 1s) has never been achieved in the past. For a
demonstration of such high power negative ion beams at

a current of ampere level and the energy up to 1 MeV, a

five stage MeV accelerator has been developed at JAEA.

One of the unique features of the MeV accelerator is the
vacuum insulation. At the beginning of the R&D, the H’
ion acceleration was limited due to flashover along the
inner surface of the insulator stack made of fiber
reinforced plastic (FRP). The voltage holding capability
of the MeV accelerator was drastically improved by a
large stress ring, which reduces the electric field
concentration at triple junction (interface of the FRP,
metal flange and vacuum). The objective of the present
R&D is a demonstration of high current density H™ ion
beams up to MeV level energy to fulfill the ITER
requirement (1 MeV, 200 A/m?). Figure IV.2.5-1 shows
the progress of the MeV accelerator, by plotting the
achieved beam current density and the beam energy. Up
to now, the H™ ion beam of 146 A/m* was successfully
accelerated up to 836 keV, as the highest record of the
current density at MeV level energy beams. Note that
the power density of the beams obtained in the present
experiment is 122 MW/m? (836 keV x 146 A/m?). This
power density is more than twice higher than those of
the existing negative ion sources in JT-60U and LHD
NB systems. Thus the present beams generated by the
JAEA MeV accelerator have achieved the ITER

relevant power density.
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Fig. IV.2.5-1 Progress of MeV accelerator.

2.5.2 Design Modification of Equatorial EC Launcher
Under the ITA design task, the design study of an
equatorial-port electron cyclotron (EC) heating launcher
was carried out. Main purpose of the study is to increase
the reliability and to find out the way to reduce the
fabrication cost.

The conceptual sketch of the equatorial EC
launcher design is shown in Fig. I1V.2.5-2 (a). It
consists of the front shield and the port plug, which
three steering mirrors, the dog-legged transmission line,
the torus window, the internal shields, several cooling
pipes and small tubes and so on. Since almost all
components should be cooled, the cooling lines are
intricately placed in the port plug, which may decrease
the reliability of the fabrication and the refurbishment
and to increase the their cost. As the countermeasure,
the front part of the waveguides and the miter bends
circled around in Fig. 1V.2.5-2 (b) were removed.
Instead, an additional large mirror was placed at the
location of the miter bends. This concept is called
“quasi-optical transmission”. In addition, the initial
result of millimeter-wave transmission analysis showed
that the peak power density of heat load on the steering
mirror was reduced from 3.2 MW/m® to 1.0 MW/m®.
This result suggests that the design of the mirror could
be more relaxed and the reliability increase.

Internal shieldse—___Front shield

Port plug‘;\? «
11 [T
(a) o

RF beams

Steering mirror
Fig. 1V.2.5-2 ITER equatorial launcher, (a) entire structure
and (b) transmission line.

2.6  Operation Scenario

2.6.1

The ITA task related plasma operation scenario has

Plasma Operation Scenario

been studied to contribute to the detailed design of
ITER through analyses of plasma equilibria for the
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plasma ramp-down and plasma disruption scenarios
taking account of recent development of operation
scenario and disruptions.

Plasma ramp-down scenario of Design Scenarios of
fusion power 400 MW with burn time 400 s has been
revised. To mitigate the heat load on the limiter, the
divertor configuration was kept until low plasma current
of 4.5MA. In this scenario, the waveforms of the coil
currents and voltages produced by this scenario are
within the limitations.

N W R O

Fig. IV.2.6-1 Time evolution of the plasma boundary during
the current ramp-down phase from 4.5MA to 1MA in
Scenario 2.

2.6.2 Disruption Studies

For the disruption simulation studies, sensitivity study
on the location of null point due to changes in the
internal inductance (/) has been performed. The null
point location moves downward and approaches to the
divertor coil when /; is reduced with keeping currents in
CS3L and PF6 coils and the plasma shape in the upper
region is matched. This is because the efficiency to
generate the null point by the divertor coil becomes
higher with flatter current profile of the plasma

(decreasing /;) for the same divertor coil current.

The efficacy of the divertor dome has been
examined from the viewpoints of the electromagnetic

(EM) load during disruptions. In the case of downward

VDE (toward X-point) disruptions, EM loads on the
blanket module (BM) and divertor cassette (DV) has
been compared by both cases. EM loads on #1 and #18
BMs are = 10% larger in the case of without dome than
with dome. EM load on DV will also be 10-15% larger

in the case of without dome than with dome.

2.7 Tritium-Material Interaction

The confinement and removal of tritum are key
subjects for safety of ITER. It is essentially required to
accumulate basic data on these subjects for the ITER
design and operation.

The ITER buildings are final confinement barriers
of tritium. Several concrete samples were exposed to
the tritiated water vapor, whose concentration was from
740 to 1100 Bg/cm® with moisture less than 10000 pm
for a period. The tritiated vapor exists up to about 2 cm
from the surface of the sample only for two months
exposure. It is expected that the tritiated water vapor
would reach the outer surface of the wall of the hot cell
during the ITER operation period, so that a trace
amount of trititum may be released to environment from
the wall of the building not from the stack. The lining
with resins is required in a controlled area, and is
expected to decrease the penetration rate of tritium
vapor.

The tritium released in the buildings is removed by
ADS, where the tritium is oxidized by catalysts and is
removed as water. Special gas of SFg is used in ITER,
and is expected to be released in an accident such as fire.
To study the effect of SFg, the performance tests of
ADS was carried out with air containing ~1% of
hydrogen, ~1% of methane and ~1% of SF¢. The SF¢
gas was decomposed in the case of the catalyst
temperature higher than 673 K. It was observed that
powders were produced with the decomposition of SFs.
In addition, a part of the water was reduced to hydrogen
due to the existence of the powders. Consequently, the
detritiation factor of ADS was decreased to less than 50
from >1000 of its initial value. It is required to monitor
continuously and to reduce the amount of the SF4 gas
released into the trittum handling area for the
minimization of the poison effect by some ideas for the
arrangement of components in the buildings.

Tritiated water is produced in the regeneration
process of ADS, and is subsequently processed by the
ITER WDS. One of the key components of WDS is an
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electrolysis cell made of organic compound, Nafion.
A series of irradiation tests of Nafion has been carried
to examine whether the electrolysis cell satisfies 2-3
years’ operation or not (ITER design), by *Co
gamma-rays of 10 Gy/h at room temperature. The
samples maintain an enough tensile strength and ion
exchange capacity for the irradiation up to 850 kGy
which is equivalent to the dose for the three years’
operation of the electrolysis cell under the ITER
operation condition. The tensile strength measurement
of the electrolyte is unrealistic in the normal operation,
however, the amount of dissolved fluorine ions from
Nafion could be correlated closely with the tensile
strength and the ion exchange -capacity. As an
alternative approach, measuring the concentration of the
fluorine ions can provide us the information about the

damage of the electrolyte.

2.8 Neutronics
We have developed the CAD/MCNP interface program
to easily perform Monte Carlo fusion nuclear design
calculation with high accuracy using the detailed
calculation geometry. Usually only the solid region data
exist in the CAD data. The void region data do not exist
in the CAD data, while the definition of these data is
required for MCNP input data. The prototype of the
CAD/MCNP
developed for

interface program has been newly

creating the void region data
automatically. The void region data have been created
by subtracting the solid region data using the Boolean
operation. The program has also the function on
dividing automatically the overall data to small cubes to
simplify the void region data. It has been applied to 3D
CAD data on the ITER benchmark model. It could be
demonstrated that the void region data were
successfully created on the ITER model using the

developed program.

2.9 Plasma Diagnostics

Under the ITA Design Task on plasma diagnostics,
“Support to the ITER diagnostic design,” design works
on Impurity Influx Monitor (divertor), Microfission
Chambers, Thomson Scattering (edge) System, and
Integrator for magnetic measurement have been carried
out. The conceptial design of the upper port plug has
been performed, which has contributed to the

Diagnostic Port Engineering Taskforce.

2.9.1 Impurity Influx Monitor (Divertor)

The design work of the impurity influx monitor
(divertor) has been carried in order to correspond to the
change in ITER design. To simplify the optics, the
design of the collection optics is changed to a simple
Cassegrain  telescope system. In addition, a
micro-lens-array is inserted just in front of the fiber
bundle in order to increase the light intensity by
extending the image size in the toroidal direction on the
divertor target. The ray-trace analysis has shown that
the spatial resolution of ITER requirement (50 mm) will
be achieved by these optical systems [2.9-1]. Moreover,
optical designs of in-situ sensitivity calibration system,
an adjustment system (Fig. I1V.2.9-1) and a focusing
system, and a conceptual design of the shutter system

for the first mirror have been carried out.

Alignment Optic
<55£g ont PRI
to Plasma Primary Mirror
Field lens

Micro-lens Array

Correction Secondary
lens Mirror

Fig. IV.2.9-1 Collection optics with optical alignment system.

2.9.2 Microfission Chamber
In ITER, neutron monitor has to measure the total
neutron emission rate in the range of fusion power from
1 kW to 1 GW with a temporal resolution of 1ms.

A single microfission chamber with 10 mg of U*
to be installed in a gap between a shielding blanket
module and a vacuum vessel can cover the range of the
fusion power from 100 kW to 1 GW. For the low fusion
including D-D

microfission chamber bundle has been newly proposed

power  operation operation, a
[2.9-2]. The microfission chamber bundle consisting of
13 microfission chamber units with a diameter of 14
mm and a length of 400 mm has been designed. The
estimated dynamic range of the microfission chamber
bundle is 1 kW — 400 kW in fusion power.

The engineering design such as the nuclear heating
and the heat transport analyses have been carried out. It
has been found that the gamma heating is 5-6 times as
large as that of the neutron heating and the total nuclear

heating rate is ~1.5 x 10° W/m? for the chamber housing



JAEA-Review 2006-023

of SS316L at the 500 MW operation. Heat transport
analyses has indicated that the detector temperature
might be kept less than 250°C by the thermal
conduction to the vacuum vessel with the thermal
conduction rate of 100 W/m’K or higher.

2.9.3 Thomson Scattering System (Edge)

A high output energy (5 J) and high repetition rate (100
Hz) laser system is required for the edge Thomson
scattering system in ITER. A YAG laser (Nd:YAG
laser) is a first candidate for the laser system satisfying
the requirements. It is important to develop a high beam

quality and single longitudinal mode (SLM) Ilaser

oscillator in order to realize the high power laser system.

The SLM laser oscillator, which includes the laser head
and the resonator, has been designed based on
estimation of the output power for the SLM laser
oscillator. A feedback control scheme of the resonator
and an interface for the amplification system to achieve
also been

the required laser

investigated [2.9-3].

performance have

2.9.4 Integrator for Magnetic Measurement

The advanced integrator system, which covers a wide
range of the input voltage from stable plasmas to MHD
unstable plasmas, is being developed in JT-60 toward a
long-pulse operation of tokamak [2.9-4]. In order to
improve the integrator durability against the repeated
excessive voltage inputs from disruptive plasmas, we
have newly developed and tested three types of the
signal input circuit; High voltage diode resistant up to
+2 kV (Type 1), Power Mos FET, +1 kV / -0.6 kV
(Type 1I), and Precise attenuator insertion with an FB
compensator (Type III). Through linearity, drift and
integration tests using one of JT-60 magnetic sensors,
we have concluded that the Type III circuit is acceptable
for actual application to the magnetic measurements in
long-pulse tokamak operations (see 1.2.2.2).

It is expected that, during ITER operation, a small
(=1uA) current will be injected in common-mode (that
is, between the coil winding and machine ground) into
the integrator. For the common mode current, it has
been shown that the current is well below the sensitivity
of the integrator and the drift speed (~20 uVes/s). A
proper system design for the magnetic measurements
would be able to reject the common mode current of

concern.

2.9.5 Port Plug

Diagnostic components installed in vacuum vessel ports
are integrated in the “port plug”, which serves both as
the neutron shield and diagnostic container and enables
diagnostics to access to the plasma in the harsh
radiation circumstances of ITER. Only basic concept of
the integration in the port plug has been given so far
since designs of both the port plug and diagnostic
devices are under progress. As one of these integration
activities, the integration design of the upper port plug
No.11 (Up#11) has been performed, and the structure
concept of the port plug has been investigated for
electro-magnetic and neutron load analyses.

Three diagnostics will be installed in Up#l1, i.e.,
the edge Thomson scattering system, the visible-IR TV
divertor viewing system and the neutron activation
system. To integrate theses diagnostic systems in the
port plug, the labyrinth of optical path, the driving and
cooling systems for shutters and mirrors, the
maintenance space and the interaction of each other
were considered. Figure 1V.2.9-2 shows the conceptual
integrated design of Up#11. A change in the design of
the diagnostic/shield module just behind the blanket
shield module (BSM) was considered in order to keep a
space enough for maintenance and installation of
diagnostic mirrors and a shutter mechanism. The
neutron shield in the module is moved in front of the
vacuum flange instead. The structure and the position of
BSM supports, which is a main component inducing the
electro-magnetic load, have been arranged to consider
optical path inside the BSM.

IRTV

Cooling tube

Edge Thomson scattering (incidence)
Edge Thomson scattering (condensing)

Blanket shield module BSM support

Fig. IV.2.9-2 Conceptual design for the upper port plug
No.11.
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3. Domestic Activitie

3.1 Site Preparation

A site-dependent design was studied to prepare for
siting of ITER in Japan until the decision of the site to
France at June.

Site layout plan of major buildings and structures of
ITER in the Rokkasho-Site was constructed to apply the
information of the ground near the site and the results of
site dependent design in Japan. Through this study, the
most appropriate site layout was constructed with
satisfaction of (i) bedrock level at the tokamak complex
building is relatively high and it can be reduced the cost
of excavation and foundation work, (ii) total amount of
excavation soil for site preparation is minimized and the
flexibility of the layout is ensured with flat ground level,
(iii) accessibility of human and equipments, reduction
of noise and vibration to the environment can be
obtained.

The layout in the tokamak complex building, which
is most important building for the installation of
tokamak machine, was planned. To draw up this
arrangement plan, final design report (FDR) was
reviewed systematically. An additional study was
performed for the adaptation of a regulatory framework
including technical safety requirement in Japan. We
proposed the tokamak complex building with seismic
isolation to combine with the hot cell building. Through
the studies, a layout plan was constructed including
maintenance plan for personal access and component
route with in the building from assembly to operation

period.

3.2 Codes and Standards

In the Japan Society of Mechanical Engineering, a
special committee among the Committee of Codes for
Power Generation Facilities initiated examination for
the codes and standards for the ITER superconducting
magnets, which Japanese Domestic Agency (DA) will
procure. The structure of organization in JSME for its
implementation and the roadmap for establishment have
The first draft of the QA codes is now

being reviewed in the subcommittee of QA and

been made.

materials. The first draft of the ITER superconducting
magnet construction codes is now being prepared under

discussion with the ASME advisory group.
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4. Contributions to International Tokamak Physics
Activity (ITPA)

Naka Fusion Research Establishment continued to
contribute to all the aspects of International Tokamak
Physics Activity (ITPA). Its emphasis is inter-machine
experiments of key plasma characteristics, aiming at
development of methodologies of projection and control
of ITER and power reactor plasmas, based on physics
understanding. The following shows main contributions
to ITPA, details of which are described in section I, II
and III.

4.1
Two group meetings were held and six JAEA staff

Transport Physics Topical Group

participated. JFT-2M experiments showed that ambient
turbulence is modulated at GAM frequency. JT-60U, JET,
AUG and DIII-D contributed to the ITPA Profile
Database. Limited ability to reproduce experimental
profiles in hybrid discharges is recognised using transport
modelling.

4.2 Confinement Database and Modeling Topical
Group

Two group meetings were held and four JAEA staff
participated. The shaping of the plasma cross section
appears to affect the confinement performance, and this
may possibly explain the variation of the p dependence
[4.2-1]. AUG plasmas with low dupper<O display strong 3
degradation; on the other hand, JET plasmas with ‘good’
shaping do not display B degradation.

Reference
4.2-1 Takizuka, T., et al., Plasma Phys. Control. Fusion, 48,
799 (2006).

4.3
Two group meetings were held and six JAEA staff

Pedestal and Edge Physics Topical Group

participated. Several small/no ELM regimes such as
EDA, grassy ELM, HRS, QH-mode, type Il and V
ELMs with good confinement properties have been
obtained in Alcator C-Mod, ASDEX-Upgrade, DIII-D,
JET, JFT-2M, JT-60U and NSTX. All these regimes
show considerable reduction of instantaneous ELM heat
load onto divertor target plates in contrast to
conventional type I ELM, and ELM energy losses are

evaluated as less than 5% of the pedestal stored energy.

These small/no ELM regimes are characterized with low
collisionality and high triangularity [4.3-1]. JT-60U
experiments show that counter plasma rotation is
important for the access to the high frequency grassy
ELM regime [4.3-2].

References

4.3-1 Oyama, N., et al., Plasma Phys. Control. Fusion, 48,
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4.4
Two group meetings were held and two JAEA staff
participated. In JT-60U, high fx ~ 2.3 was sustained for
28.6 s at q¢s ~3.2. Benchmarking of NBI/NBCD was
carried out on ASTRA, ACCOME and OFMC.

Steady-State Operation Topical Group

4.5 MHD Topical Group

Two group meetings were held and ten JAEA staff
participated. The recommendation for the lower bound of
the current quench time #¢¢ has been revised in the light
of an updated database: 7¢¢/5> 1.67ms/m2, where S is the
poloidal cross-section area of the plasma before the
disruption (previously 1.8ms/m?). A runaway electron
discharge was maintained without current quench in
JT-60U [4.5-1].

Reference

45-1 Kawano, Y., et al, Proc. 32" EPS Conf, P2.068
(2005).

4.6 Scrape-Off-Layer and Divertor
Topical Group

Physics

Two group meetings were held and three JAEA staff
participated. Both carbon deposition at the tile edge and
D/C ratio in JT-60U were lower than other tokamaks with
carbon wall. Global particle balance under “wall saturated
condition” during a series of the long pulse discharges in
JT-60U was presented. C deposition rates on the target
were similar in many experiments (e.g. JT-60U:2.7E20
C/s, JET:4.3-6.5E20 C/s), while large differences in D/C
were seen (JT-60U: 0.02-0.1, JET:0.3-0.8).

4.7 Diagnostics Topical Group
One group meeting was held and five JAEA staff
participated. A new example of asymmetries in the

neutron emission profile in JT-60U was presented.
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Development of a novel high repetition-rate CO, laser for

the collective Thomson scattering for a-particle

diagnostics was presented. JT-60U has contributed to the

development of integrators for long pulses (1000 s).

5. CODAC Design Activity

The ITER Instrumentation and Control (I&C) system,
which controls ITER facility, consists of four parts;
COntrol, Data Access and Communication (CODAC),
Plant System, Interlock System (SIS) and Safety related
1&C System.

Although CODAC design is responsible for the
international organization (IO), large contributions are
expected from all of the participating teams. In order to
conceptualize CODAC design, preparatory work has
been started. Each plant control system design is
strongly depend on the CODAC system architecture.
Thus, the design study of CODAC is indispensable for
the plant systems in ITER and is important for the
design of the plant systems procured by Japan home
team.

The Final CODAC Design Report of 1998 ITER
document has been reviewed in detail. Definition of
CODAC has been clarified to determine system
boundaries. ITER plant operation scenarios, ITER
global operation states and plant system operation states
were also reviewed and summarized to identify with
CODAC
centrally-positioned Supervisory Control System (SCS),

functional  requirements. consists  of
pulse control system, plant monitoring system, etc. The
SCS controls the transition of the entire ITER plant
from one operation state to another, and provides high
level commands to the plant systems, in order to
achieve integrated control of the entire plant. The SCS
also monitors the operation state of each plant systems
to ensure it is operating within its proper operational

envelope.
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6. Broader Approach Activities

According to the Joint Declaration by the
Representatives of the parties to the ITER negotiations
adopted on the occasion of the ministerial meeting for
ITER in Moscow on 28 June 2005; the project of the
broad approach will be carried out in Japan. Broader
approach activities will be carried out complementally
in parallel with ITER project for realization of fusion
energy generation by cooperation of Japan and Europe
(participation of the others to the activities is also open).

Regarding the candidate projects, which were
proposed at and assessed by the ITER project promotion
committee and a report, "the Broad Approach project to
be carried out in Japan" was summarized.

Assessment and selection of the candidate projects
were done from the following viewpoints;

i) early realization of fusion energy generation, ii)
further improvement of presence and ability of our
country through ITER project and towards fusion
DEMO reactor, by implementation of the Broader
Approach activities, iii) attractiveness for researchers
domestic and overseas, iv) well Dbalanced
implementation of all the project for synergistic effects
brought by cooperation of coordinated projects and
personnel education/training for a long period of time.

As results, the following projects will be carried out
as the Broader Approach activities;

The first, International Fusion Energy Research
DEMO  Design and

Research-and-Development Coordination Center, ITER

Center  (consisting  of
remote experiment center and a fusion computer center)
at Rokkasho, Aomori

The second, Satellite Tokamak (Advanced JT-60) at
Ibaragi Naka

The third, engineering design of The International
Fusion Materials Irradiation Facility (IFMIF-EVEDA)
at Rokkasho Village, Aomori

The joint Broader Approach activities will be
implemented on the basis of the Agreement for the Joint
Implementation of the Broader Approach Activities in
the Field of Fusion Energy Research (hereinafter “the
Broader Approach Agreement”) to be concluded
between the Government of Japan and the European
Atomic Energy Community.

The Broader Approach Agreement is now under

negotiation with proposal of items for research and

development to Europe based on the agreed flame
works and financial situations. EURATOM and Japan
will make contributions in cash and in-kind to the
The joint

Approach activities will be implemented on a time

Broader Approach activities. Broader
frame compatible with the ITER construction phase on
the basis of technical reports adopted by joint working
groups of experts from EURATOM and Japan which
will be updated by the Steering Committee to be

established under the Broader Approach Agreement.
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V. FUSION REACTOR DESIGN STUDY
1. Conceptual Design of DEMO Reactor
Fusion DEMO plant is requested to demonstrate 1) an
electric power generation of IGW level, 2)
self-sufficiency of T fuel, 3) year-long continuous
operation. From the economical aspect, the reactor size
should be as compact as ITER. To meet these
requirements, a DEMO reactor concept named SlimCS
was proposed in 2005 [1-1].

SlimCS produces a fusion output of 2.95GW with
a major radius of 5.5m, aspect ratio (A) of 2.6,
normalized beta (fn) of 4.3 and maximum field of
16.4T. The conceptual view is depicted in Fig.V.1-1. It
is expected that the zero output at the sending end is
obtained at By = 2, n/ngw = 0.4 and fgs = 0.35 and that
a step-by-step power-up eventually attains 1GWe
output at By = 4.3, n/ngw = 1.1 and fgs = 0.77, where
n/ngw and fgs are the line-averaged electron density
against the Greenwald density and the bootstrap
fraction, respectively. SlimCS uses technologies
foreseeable in 2020's such as Nb;Al superconductor,
water-cooled solid breeder blanket, low activation
ferritic steel F82H as the blanket structural material,
and tungsten monoblock divertor plate. Neutron wall
load is designed at 3MW/m?. Divertor heat flux, which
can be a critical issue for such a compact reactor, is
mitigated to I0MW/m? at the peak by small inclination
(15°) of divertor plates and flux expansion in the
divertor region.

permanent blanket / hot shield

replaceable blanket
center solenoid

. T 1 1
cold shield 0 5 10 15
R (m)

Fig. V.1-1 Conceptual view of SlimCS.

SimCS can be as compact as advanced
commercial reactor designs such as ARIES-RS and
CREST (Fig.V.1-2), even with the assumption of
relatively conservative plasma parameters. This is
because such a low-A plasma, being stable for higher
elongation (x), can have higher ngw and Py limits.
Another merit of low-A is that the first wall area on the
low field side, where smaller electromagnetic (EM)
force acts on disruptions, is wide compared with that of
conventional-A. This means that tritium can be
efficiently breeded with large blanket modules on the
low field side. As a result, the demand for tritium
breeding on the high field side is comparatively
reduced so that small blanket modules, being robust to
stronger EM force but less efficient for tritium breeding,

can be arranged on the side.

30,000 I I
m @ A-SSTR2
c @SSTR
i
£ 25000 .
=4 slimcs
3 CREST (o ® ITER
[ [ X
§ 20,000 |- ARIES-RS |
©
[
©

15,000 ' ' '

5 6 7

Major radius (m)
Fig. V.1-2 Comparison of major radius and reactor weight for
various fusion reactors.

Reference
1-1 Tobita, K., et al., Fusion Eng. Des., 81, 1151 (2006).
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2. Non-Inductive Current Ramp Simulation

From the practical control aspect of a compact, CS-free
"VECTOR", a fully
non-inductive, very slow current buildup scenario were

tokamak reactor concept
investigated via a consistent simulation using Tokamak
Simulation Code [2-1, 2-2, 2-3]. The L-mode based,
improved core confinement transport model, e.g.
current diffusive ballooning mode (CDBM), has
clarified detailed dynamics of the stable formation of
the internal transport barrier (ITB) by non-inductive
means of off-axis current sources. First, in accordance
with the strong ITB formation, the bootstrap (BS)
current was confirmed to substantially increase by
more than fis > 50% and to enhance the current buildup
efficiency, saving a great deal of the driving power of
the non-inductive current sources. Second, the
integrated, non-inductive scenario was shown to meet
the following control and physics requirements set by
(a) plasma shaping compatible with recharging of the
coil currents, (b) available NB-heating power, (c)
avoidance of Current Hole formation under over
driving, non-inductive current sources, (d) reasonable
HH factor = #z/tg > < 1.3 and (e) allowable Greenwald
density limit of n < ngw. Third, a safe plasma takeoff
from limiter to diverter configuration, as well as a safe
landing to limiter structures at discharge termination,
was also demonstrated. Furthermore, a new operation
scenario was computationally examined to control the
ITB structure by means of small, but long-duration
perturbation (~ 80sec in reactor plasmas) of negative or
positive inductive current sources. Thus, the g-profile
was first shown to undergo a drastic change over a
wide range from positive to negative magnetic shear
configuration, and vice versa.

References

2-1 Nakamura, Y., et al., "Simulation Modeling of Fully
Non-Inductive Buildup Scenario in High Bootstrap
Current Tokamaks without Center Solenoids," Proc.
32" EPS Conf. on Plasma Phys., P2-051 (2005).

2-2 Nakamura, Y., et al, "Non-Inductive Operation
Scenario of Plasma Current Ramp-Down in CS-Less,
Advanced Tokamak Reactor," Proc. 15™ International
Toki Conf. on "Fusion & Adv. Technol.," PS2-22 (2005).

2-3 Nakamura, Y., et al, "Computational Study of
Non-Inductive Current Buildup in Compact DEMO
Plant with Slim Center Solenoid," I** JAEA TM on First
Generation of Fusion Power Plants -Design and
Technology-, PPCA1-V (2005).

3. Study of Advanced Shield Materials

In general, a hydrogen-rich material has the potential to
be an effective neutron shield because the contained
hydrogen nuclei work as a moderator of fast neutrons,
reducing the fast neutron flux. It is notable that some
hydrides have a considerably higher hydrogen content
than polyethylene, water and solid hydrogen. The
material that we have focused attention on is
borohydrides which has been developed for a fuel cell
[3-1]. The anticipated hydrogen concentration of
Mg(BH,),, which will probably be a new candidate
shielding material, is as high as 1.32x10* H-atoms/cm®,
surpassing those of already known VH, (1.05x10%
H-atoms/cm’) and TiH, (9.1x10* H-atoms/cm?).

In order to assess capability of such hydrides as a
advanced shield material, neutronics calculation was
carried out for the SimCS design [3-2]. In the design,
the shields are located on the inboard and outboard
sides, and originally they were designed to be 30 and
70cm in thickness, respectively, using steel-and-water.
When the steel-andwater is replaced with
steel-and-hydride, it was found that Mg(BHy),, TiH,
and ZrH, could reduce the thickness of the outboard
shield by 23, 20 and 19%, respectively. When
Mg(BH,), is mixed with ferritc steel (F82H) at the ratio
of 1:1, the gamma-ray flux is reduced to 1/300
compared with that for pure Mg(BH,),. These results
indicates that borohydrides in conbination with steel
can work as an attractive shield material for fusion.

References
3-1 Orimo, S., et al., Mater. Sci. Eng., B 108, 51 (2006).
3-2 Hayashi, T., et al., Fusion Eng. Des., 81, 1285 (2006).
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IDA Katsumi
KISHIMOTO Yasuaki
USHIGUSA Kenkichi
ISEI Nobuaki
OOHARA Hiroshi

(Director General)
(Scientific Consultant)
(Invited Researcher)
(Invited Researcher)
(Invited Researcher)
(Invited Researcher)

(Staff for Director General)
(Staff for Director General)
(Staff for Director General)

Department of Fusion Plasma Research

NINOMIYA Hiromasa
KIKUCHI Mitsuru
NAGAMI Masayuki
TANI Keiji
TERAKADO Yuichi

Tokamak Program Division

(Director)
(Deputy Director)

(Prime Scientist)

(Administrative Manager)

MIURA Yukitoshi (General Manager)

ANDO Toshinari (*18)
KURIHARA Ryoichi
MORI Katsuharu (*7)
OIKAWA Akira

SHIINA Tomio
YAMAZAKI Takeshi (*7)

FUJITA Takaaki
KURITA Gen-ichi
MORIOKA Atsuhiko
SAKURAI Shinji
TAMALI Hiroshi

Large Tokamak Collaboration Research Division
MIURA Yukitoshi (General Manager)

KONOSHIMA Shigeru

Plasma Analysis Division

SHINOHARA Kouji

OZEKI Takahisa (General Maneger)

AIBA Nobuyuki (*21)
KIYONO Kimihiro
NAITO Osamu
SAKATA Shinya
TAKIZUKA Tomonori

HAMAMATSU Kiyotaka
KOBAY ASHI Masayuki (¥23)
OHASA Kazumi

SATO Minoru
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HATAE Takaki
MATSUMURA Hiroshi (*2)
OGURI Shigeru (*7)

SATO Fujio (*7)
TSUCHIY A Katsuhiko

HAY ASHI Nobuhiko
KONOVALOV Sergei (*6)
OHSHIMA Takayuki
SUZUKI Mitsuhiro (*30)



JAEA-Review 2006-023

Large Tokamak Experiment and Diagnostics Division
KAMADA Yutaka (General Manager)

ASAKURA Nobuyuki CHIBA Shinichi FUJIMOTO Kayoko (*21)
HAMANO Takashi (*19) HAY ASHI Toshimitsu (*17) HOSHINO Katsumichi
IDE Shunsuke INOUE Akira (*19) ISAYAMA Akihiko
ISHIKAWA Masao (*21) KAMIY A Kensaku KASHIWA Yoshitoshi
KAWASHIMA Hisato KITAMURA Shigeru KOIDE Yoshihiko
KOKUSEN Shigeharu (*18) KUBO Hirotaka MATSUNAGA Go (*21)
MIYAMOTO Atsushi (¥18) NAGAY A Susumu NAKANO Tomohide
OYAMA Naoyuki SAKAMOTO Yoshiteru SAKUMA Takeshi (*19)
SUNAOSHI Hidenori SUZUKI Takahiro TAKECHI Manabu
TAKENAGA Hidenobu TSUBOTA Naoaki (*18) TSUKAHARA Yoshimitsu
TSUZUKI Kazuhiro UEHARA Kazuya URANO Hajime

YOSHIDA Maiko (*21)

Plasma Theory Laboratory
KISHIMOTO Yasuaki (Head)
IDOMURA Yasuhiro ISHII Yasutomo KAGEI Yasuhiro (*21)
MATSUMOTO Taro MIYATO Naoaki SUGAHARA Akihiro (*23)
TOKUDA Shinji TUDA Takashi

Experimental Plasma Physics Laboratory
KUSAMA Yoshinori (Head)
KASAI Satoshi KAWANO Yasunori KONDOH Takashi
OGAWA Hiroaki

Reactor System Laboratory
TOBITA Kenji (Head)
NAKAMURA Yukiharu NISHIO Satoshi SATO Masayasu
SONG Yuntao (*4)

Department of Fusion Facilities

KURIYAMA Masaaki (Director)
HOSOGANE Nobuyuki (Deputy Director)
YAMAMOTO Takumi

JT-60 Administration Division
TERAKADO Yuichi (General Manager)
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JT-60 Facilities Division I

KURIHARA Kenichi
AKASAKA Hiromi
KAWAMATA Youichi
OHMORI Yoshikazu
SHIBATA Kazuyuki (*19)
SUEOKA Michiharu
TERAKADO Tsunechisa
YONEKAWA Izuru

(Head)

JT-60 Facilities Division 11

MIY A Naoyuki
ARALI Takashi
HIRATSUKA Hajime
ISAKA Masayoshi

KIZU Kaname

MIYO Yasuhiko
SHIBAMA Yusuke
UEHARA Toshiaki (*19)
YAGYU Jun-ichi

(Head)

RF Facilities Division

FUJII Tsuneyuki
ANNO Katsuto
IGARASHI Koichi (*18)
MORIYAMA Shinichi
SEKI Masami

SUZUKI Sadaaki
TERAKADO Masayuki

(Head)

NBI Facilities Division

IKEDA Yoshitaka (Head)
AKINO Noboru

HONDA Atsushi
KIKUCHI Katsumi (*19)
NOTO Katsuya (*18)
OSHIMA Katsumi (*18)
UMEDA Naotaka

SEKI Shogo
TAKATSU Hideyuki
KATOGI Takeshi
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FURUKAWA Hiroshi (*19)
MATSUKAW A Makoto
OKANO Jun

SHIBATA Takatoshi
TAKANO Shoji (*30)
TOTSUKA Toshiyuki

HAGA Saburo (*18)
HONDA Masao
ISHIMOTO Yuki (*21)
MASAKI Kei
NISHIYAMA Tomokazu
SUZUKI Yutaka (*16)
YAGISAWA Hiroshi (*2)
YAMAMOTO Masahiro

HIRANAI Shinichi

ISHII Kazuhiro (*19)

SATO Fumiaki (*18)
SHIMONO Mitsugu
TAKAHASHI Masami (*25)
YOKOKURA Kenji

EBISAWA Noboru

KAWALI Mikito

KOMATA Masao

OHGA Tokumichi
TAKENOUCHI Tadashi (*28)
USUI Katsutomi

Department of Fusion Engineering Research

(Director)

HOSOYAMA Hiromi (*8)
OHMORI Shunzo
SEIMIY A Munetaka
SHIMADA Katsuhiro
TERAKADO Hiroyuki (*7)
YAMASHITA Yoshiki (*7)

HAYASHI Takao

ICHIGE Hisashi

KAMINAGA Atsushi
MATSUZAWA Yukihiro (*18)
SASAJIMA Tadayuki
TAKAHASHI Ryukichi (*2)

HASEGAWA Koichi
KIKUCHI Kazuo
SAWAHATA Masayuki
SHINOZAKI Shin-ichi
TANI Takashi

GRISHAM Larry (*22)
KAZAWA Minoru
MOGAKI Kazuhiko
OKANO Fuminori

TANAI Yutaka (*19)
YAMAZAKI Haruyuki (*2)

(Prime Scientist and Deputy Director)

(Administrative Manager)
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SHIHO Makoto

ABE Tetsuya (Team Leader)

Blanket Engineering Laboratory

AKIBA Masato (Head)
ENOEDA Mikio
HOMMA Takashi
SUZUKI Satoshi
YOKOYAMA Kenji

Superconducting Magnet Laboratory

OKUNO Kiyoshi (Head)
ABE Kanako (*5)
KAWANO Katsumi
NAKAJIMA Hideo
SUGIMOTO Makoto

Plasma Heating Laboratory
SAKAMOTO Keishi (Head)

DAIRAKU Masayuki
INOUE Takashi

KOBAYASHI Noriyuki (*29)

ODA Yasuhisa (*31)
TANIGUCHI Masaki

Tritium Engineering Laboratory
YAMANISHI Toshihiko (Head)

HAYASHI Takumi
KOBAY ASHI Kazuhiro
NAKAMURA Hirofumi
UZAW A Masayuki (*16)

ANDO Masami
MATSUHIRO Kenjiro (*¥21)
TANIGAWA Hiroyasu

Fusion Neutron Laboratory

NISHITANI Takeo (Head)
ABE Yuichi
KUBOTA Naoyoshi (*21)
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EZATO Koichiro
NISHI Hiroshi
TANIGAWA Hisashi

HAMADA Kazuya
KOIZUMI Norikiyo
NUNOYA Yoshihiko
TAKANO Katsutoshi (*19)

HANADA Masaya
KASHIWAGI Mieko
KOMORI Shinji (*19)
SEKI Takayoshi (*2)
TOBARI Naoyuki (*21)

ISOBE Kanetsugu
LUO Guang-Nan (*6)
SHU Wataru
YAMADA Masayuki

Office of Fusion Materials Research Promotion
SUGIMOTO Masayoshi (Head)

CHIDA Teruo (*3)
NAKAMURA Hiroo
UMETSU Tomotake (*14)

KAWABE Masaru (*19)
KUTSUKAKE Chuzo
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Development Team for Practical Use of Fusion Related Advanced Technology

HIROSE Takanori
NOMOTO Yasunobu (*12)
TANZAWA Sadamitsu

ISONO Takaaki
NABARA Yoshihiro
OSHIKIRI Masayuki (*19)
TSUTSUMI Fumiaki (*30)

IKEDA Yukiharu
KASUGAI Atsushi
MINAMI Ryutaroh (*21)
TAKAHASHI Koji
WATANABE Kazuhiro

KAWAMURA Yoshinori
MIURA Hidenori (*12)
SUZUKI Takumi

IDA Mizuho (*5)
NAKAMURA Kazuyuki
YUTANI Toshiaki (*29)

KONDO Keitaro (*20)
NAKAO Makoto (*12)



OCHIALI Kentaro
SEKI Masakazu
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OKADA Kouichi (*27)
TANAKA Shigeru

Blanket Irradiation and Analysis Laboratory

HAYASHI Kimio (Head)

HOSHINO Tsuyoshi (*21)
YAMADA Hirokazu (*12)

Department of ITER Project
TSUNEMATSU Toshihide
YOSHINO Ryuji
TADA Eisuke
MATSUMOTO Hiroyuki
KOIZUMI Koichi

Project Management Division

ISHIDA Takuya (*19)

(Director)
(Deputy Director)

(Administrative Manager)

ODAIJIMA Kazuo

MORI Masahiro (General Manager)

ITAMI Kiyoshi
SUGIE Tatsuo

International Coordination Division

ANDO Toshiro (Head)
HONDA Tsutomu (*29)

KATAOKA Yoshiyuki (*2)
NAGAHAMA Tetsushi (*24)

SAKASAI Akira
SUGIHARA Masayoshi
YOSHIDA Kiyoshi

Plant System Division

NEYATANI Yuzuru (Head)
KATAOKA Takahiro (*15)

OOHASHI Hironori (*10)
TAKAHASHI Hideo (*26)
YAMAMOTO Shin

Tokamak Device Division

SHIBANUMA Kiyoshi (Head)

KAKUDATE Satoshi
NAKAHIRA Masataka

SENGOKU Seio
YOSHIDA Hidetoshi

IIDA Hiromasa
MARUYAMA So
OIKAWA Toshihiro
SATO Kouichi (*30)
TAKAHASHI Yoshikazu

NAGAMATSU Nobuhide (*9)
SATO Kazuyoshi
TAMURA Kousaku (*13)

KITAMURA Kazunori (*29)
OBARA Kenjiro
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SATO Satoshi
YAMAUCHI Michinori (*29)

TSUCHIY A Kunihiko

SHOJI Teruaki

SHIMIZU Katsuhiro

IOKI Kimihiro (*16)
MORIMOTO Masaaki (*16)
OKADA Hidetoshi (*2)
SHIMADA Michiya
TERASAWA Atsumi (*15)

OHMORI Junji (*29)
SEKIYA Shigeki (*14)
YAGENII Akira (*1)

MOHRI Kensuke (*11)
TAKEDA Nobukazu
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Safety Design Division
O’HIRA Shigeru (Head)
HIGUCHI Masahisa, MARUO Takeshi TADO Shigeru (*15)
TAKEI Nahoko TAKEMURA Morio (*11) TSURU Daigo

Collaborating Laboratories

Tokai Research Establishment

Department of Material Science

Research Group for Radiation Effects and Analysis
JITSUKAWA Shiro (Leader)

FUJII Kimio NAITO Akira NAKAZAWA Tetsutya
OKUBO Nariaki SAWAI Tomotsugu SHIBA Kiyoyuki
TANIFUJI Takaaki WAKAI Eiichi YAMADA Reiji
YAMAKI Daiju

Department of Nuclear Energy System
Research Group for Reactor Structural Materials
MIWA Yukio

Neutron Science Research Center
Research Group for Neutron Scattering from Functional Materials
IGAW A Naoki

Research Group for Nanostructure
TAGUCHI Tomitsugu

Center for Proton Accelerator Facilities
Accelerator Group

HIROKI Seiji

Office of Planning
Division of Collaborative Activities
NEMOTO Masahiro

*1  Hazama Corporation
*2  Hitachi, Ltd.
*3  Hitachi Engineering & Services Co., Ltd.
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*4  Institute of Plasma Physics, Academia Science (China)

*5  Ishikawajima-Harima Heavy Industries Co., Ltd.

*6  JAERI Fellowship

*7  JPHYTEC Co., Ltd.

*8  Japan EXpert Clone Corp.
*9  Kajima Corporation

*10 Kandenko Co., Ltd.

*11 Kawasaki Heavy Industries, Ltd.
*12 Kawasaki Plant Systems, Ltd.
*13 Konoike Construction Co., Ltd.
*14  Kumagai Gumi Co., Ltd.

*15 Mitsubishi Electric Corporation

*16 Mitsubishi Heavy Industries, Ltd.

*17 NEC Corporation

*18 Nippon Advanced Technology Co., Ltd.
*19  Nuclear Engineering Co., Ltd.

*20 Osaka University

*21 Post-Doctoral Fellow

*22  Princeton Plasma Physics Laboratory (USA)

*23 Research Organization for Information Science & Technology
*24  Shimizu Corporation

*25 Sumitomo Heavy Industries, Ltd.

*26 Taisei Corporation

*27 Tohoku University

*28 Tomoe Shokai Co., Ltd.
*29 Toshiba Corporation
*30 Total Support Systems

*31 University of Tokyo
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A.3.2  Scientific Staff in Fusion Research and Development Directorate of JAEA
(October 2005 - March 2006)

Fusion Research and Development Directorate

SEKI Masahiro (Director General)
SHIMOMURA Yasuo (Scientific Consultant)
MATSUI Hideki (Invited Researcher)
KOHYAMA Akira (Invited Researcher)
IDA Katsumi (Invited Researcher)
KISHIMOTO Yasuaki (Invited Researcher)

Research and Development Co-ordination and Promotion Office

SEKI Shogo (General Manager)

GUNIJI Masato HAGA Junji KATOGI Takeshi
KAWASAKI Minoru KIZAKI Eiko KUROSAWA Hiroshi
MATSUMOTO Hiroyuki OHNAWA Tetsuya SUGIKAWA Yukari
TERAKADO Yuichi TSUDA Kazuko YOSHINARI Shuji

ITER Project Promotion Group
OKUMURA Yoshikazu (Leader)
DOI Kenshin EJIRI Shintaro IWALI Yasunori
MATSUMOTO Hiroshi OGAWA Toshihide

Fusion Research Coordination Group

USHIGUSA Kenkichi (Leader)

ISEI Nobuaki OOHARA Hirochi
Broader Approach Promotion Group

USHIGUSA Kenkichi (Acting Leader)

Division of Advanced Plasma Research

NINOMIYA Hiromasa (Unit Manager)

KIKUCHI Mitsuru (Senior Principal Researcher)
NAGAMI Masayuki (Supreme Researcher)

TANI Keiji (Senior Principal Researcher)

JT-60 Advanced Program Group
MIURA Yukitoshi (Leader)

ANDO Toshinari (*14) FUJITA Takaaki HATAE Takaki
KURIHARA Ryoichi KURITA Gen-ichi MATSUMURA Hiroshi (*2)
MORI Katsuharu (*5) MORIOKA Atsuhiko OGURI Shigeru (*5)
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OIKAWA Akira
SHIINA Tomio
YAMAZAKI Takeshi (*5)

Collaborative Research Group
KIMURA Haruyuki
KONOSHIMA Shigeru

Tokamak Analysis Group
OZEKI Takahisa (Leader)
AIBA Nobuyuki (*17)
KIYONO Kimihiro
OHASA Kazumi
SATO Minoru

Tokamak Experimental Group
KAMADA Yutaka (Leader)
ASAKURA Nobuyuki
HAMANO Takashi (*¥15)
IDE Shunsuke
ISHIKAW A Masao (*17)
KAWASHIMA Hisato

KOKUSEN Shigeharu (*14)

MIYAMOTO Atsushi (*14)
OYAMA Naoyuki
SUNAOSHI Hidenori
TAKENAGA Hidenobu

TSUTSUMI Kazuyoshi (*14)

URANO Hajime

Plasma Theory & Simulation Group
(Leader)

KISHIMOTO Yasuaki
IDOMURA Yasuhiro
MATSUMOTO Taro
TOKUDA Shinji

Tokamak Diagnostics Group
KUSAMA Yoshinori
KASAI Satoshi
OGAWA Hiroaki

Fusion Reactor Design Group
TOBITA Kenji (Leader)
NAKAMURA Yukiharu

(Leader)

(Leader)
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SAKURAI Shinji
TAMALI Hiroshi

SHINOHARA Kouji

HAMAMATSU Kiyotaka
KOBAY ASHI Masayuki (¥19)
OHSHIMA Takayuki
SUZUKI Mitsuhiro (*26)

CHIBA Shinichi
HAYASHI Toshimitsu (*13)
INOUE Akira (*15)
KAMIY A Kensaku
KITAMURA Shigeru
KUBO Hirotaka
NAKANO Tomohide
SAKAMOTO Yoshiteru
SUZUKI Takahiro
TSUBOTA Naoaki (*14)
TSUZUKI Kazuhiro
YOSHIDA Maiko (*17)

ISHII Yasutomo
MIYATO Naoaki
TUDA Takashi

KAWANO Yasunori

NISHIO Satoshi
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SATO Fujio (*5)
TSUCHIY A Katsuhiko

HAY ASHI Nobuhiko
NAITO Osamu
SAKATA Shinya
TAKIZUKA Tomonori

FUJIMOTO Kayoko (*17)
HOSHINO Katsumichi
ISAYAMA Akihiko
KASHIWA Yoshitoshi
KOIDE Yoshihiko
MATSUNAGA Go(*17)
NAGAYA Susumu
SAKUMA Takeshi (*15)
TAKECHI Manabu
TSUKAHARA Yoshimitsu
UEHARA Kazuya

KAGEI Yasuhiro
SUGAHARA Akihiro (*19)

KONDOH Takashi

SATO Masayasu



KURIYAMA Masaaki
HOSOGANE Nobuyuki
YAMAMOTO Takumi

Tokamak Control Group

KURIHARA Kenichi
AKASAKA Hiromi
KAWAMATA Youichi
OKANO Jun
SHIBATA Takatoshi
TAKANO Shoji (¥26)
TOTSUKA Toshiyuki

(Leader)

Tokamak Device Group

MIY A Naoyuki
ARALI Takashi
HIRATSUKA Hajime
ISAKA Masayoshi
MASAKI Kei
NISHIYAMA Tomokazu
SUZUKI Yutaka (*12)
YAGISAWA Hiroshi (*2)

(Leader)

RF Heating Group

FUJII Tsuneyuki
HIRANAI Shinichi
ISHII Kazuhiro (*15)

SATO Fumiaki (*14)
SHIMONO Mitsugu
TAKAHASHI Masami (*21)
YOKOKURA Kenji

(Leader)

NBI Heating Group

IKEDA Yoshitaka (Leader)
AKINO Noboru

HONDA Atsushi

KIKUCHI Katsumi (*15)
NOTO Katsuya (*14)
OSHIMA Katsumi (*14)
UMEDA Naotaka
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Division of Tokamak System Technology

(Unit Manager)
(Senior Principal Researcher)

(Senior Principal Researcher)

FURUKAWA Hiroshi (*15)
MATSUKAW A Makoto
SEIMIY A Munetaka
SHIMADA Katsuhiro
TERAKADO Hiroyuki (*5)

HAGA Saburo (*14)

HONDA Masao

KAMINAGA Atsushi
MATSUZAWA Yukihiro (*14)
SASAJIMA Tadayuki
TAKAHASHI Ryukichi (*2)
YAGYU Jun-ichi

HASEGAWA Koichi
KIKUCHI Kazuo
SAWAHATA Masayuki
SHINOZAKI Shinichi
TANI Takashi

EBISAWA Noboru

KAWAI Mikito

KOMATA Masao

OHGA Tokumichi
TAKENOUCHI Tadashi (*¥24)

USUI Katsutomi
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HOSOYAMA Hiromi (*6)
OHMORI Yoshikazu
SHIBATA Kazuyuki (*15)
SUEOKA Michiharu
TERAKADO Tsunechisa

HAYASHI Takao
ICHIGE Hisashi

KIZU Kaname

MIYO Yasuhiko
SHIBAMA Yusuke
UEHARA Toshiaki (*¥15)
YAMAMOTO Masahiro

IGARASHI Koichi (*14)
MORIYAMA Shinichi
SEKI Masami

SUZUKI Sadaaki
TERAKADO Masayuki

GRISHAM Larry (*18)
KAZAWA Minoru
MOGAKI Kazuhiko
OKANO Fuminori

TANALI Yutaka (*15)
YAMAZAKI Haruyuki (*2)
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Division of Fusion Energy Technology

TAKATSU Hideyuki
SHIHO Makoto

(Unit Manager)

(Senior Principal Researcher)

Group of Fusion Advanced Technology for Practical Use

ABE Tetsuya  (Leader)

Blanket Technology Group

AKIBA Masato  (Leader)
ENOEDA Mikio EZATO Koichiro HIROSE Takanori
HOMMA Takashi NISHI Hiroshi NOMOTO Yasunobu (*8)
SUZUKI Satoshi TANIGAWA Hisashi TANZAWA Sadamitsu
YOKOYAMA Kenji
Superconducting Magnet Technology Group
OKUNO Kiyoshi (Leader)
ABE Kanako (*4) HAMADA Kazuya ISONO Takaaki
KAWANO Katsumi KOIZUMI Norikiyo NABARA Yoshihiro
NAKAIJIMA Hideo NUNOYA Yoshihiko OSHIKIRI Masayuki (*15)
SUGIMOTO Makoto TAKANO Katsutoshi (*15) TSUTSUMI Fumiaki (*26)
Plasma Heating Group
SAKAMOTO Keishi (Leader)
DAIRAKU Masayuki HANADA Masaya IKEDA Yukiharu
INOUE Takashi KASHIWAGI Mieko KASUGAI Atsushi
KOBAY ASHI Noriyuki (*25) KOMORI Shinji (*¥15) MINAMI Ryutaroh (*17)
ODA Yasuhisa (*27) SEKI Takayoshi (*2) TAKAHASHI Koji
TANIGUCHI Masaki TOBARI Naoyuki (*17) WATANABE Kazuhiro
Tritium Technology Group
YAMANISHI Toshihiko (Leader)
HAY ASHI Takumi ISOBE Kanetsugu KAWAMURA Yoshinori
KOBAY ASHI Kazuhiro MIURA Hidenori (*8) NAKAMURA Hirofumi
SHU Wataru SUZUKI Takumi UZAW A Masayuki (*¥12)
YAMADA Masayuki
Fusion Materials Development Group
SUGIMOTO Masayoshi (Leader)
ANDO Masami CHIDA Teruo (*3) IDA Mizuho (*4)
MATSUHIRO Kenjiro (¥17) NAKAMURA Hiroo NAKAMURA Kazuyuki
TANIGAWA Hiroyasu UMETSU Tomotake (*10) YUTANI Toshiaki (*25)
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Fusion Neutronics Group
NISHITANI Takeo (Leader)

ABE Yuichi KAWABE Masaru (*15) KONDO Keitaro (*16)
KUBOTA Naoyoshi (*17) KUTSUKAKE Chuzo NAKAO Makoto (*8)
OCHIAI Kentaro OKADA Kouichi (*23) SATO Satoshi
TANAKA Shigeru YAMAUCHI Michinori (*25)

Blanket Irradiation and Analysis Group
HAYASHI Kimio (Leader)
HOSHINO Tsuyoshi (*17) ISHIDA Takuya (*15) NAKAMICHI Masaru
TSUCHIY A Kunihiko YAMADA Hirokazu (*8)

Division of ITER Project

TSUNEMATSU Toshihide (Unit Manager)

YOSHINO Ryuji (Supreme Researcher)
TADA Eisuke (Senior Principal Researcher)
SUGIHARA Masayoshi (Senior Principal Researcher)
KOIZUMI Koichi ODAIJIMA Kazuo

ITER Project Management Group
MORI Masahiro (Leader)
ITAMI Kiyoshi SENGOKU Seio SHIMIZU Katsuhiro
SHOJI Teruaki SUGIE Tatsuo YOSHIDA Hidetoshi

ITER International Coordination Group
ANDO Toshiro (Leader)

HONDA Tsutomu (*25) IIDA Hiromasa IOKI Kimihiro (*12)
KATAOKA Yoshiyuki (*2) MARUYAMA So MORIMOTO Masaaki (*12)
NAGAHAMA Tetsushi (*20) OIKAWA Toshihiro OKADA Hidetoshi (*2)
SAKASAI Akira SATO Kouichi (*26) SHIMADA Michiya
TAKAHASHI Yoshikazu TERASAWA Atsumi (*11) YOSHIDA Kiyoshi

ITER Plant System Group
NEYATANI Yuzuru (Leader)
OHMORI Junji (*25) SATO Kazuyoshi SEKIYA Shigeki (*10)
TAKAHASHI Hideo (*22) TAMURA Kousaku (*9) YAGENIJI Akira (*1)
YAMAMOTO Shin

ITER Tokamak Device Group
SHIBANUMA Kiyoshi (Leader)
KAKUDATE Satoshi KITAMURA Kazunori (*25) MOHRI Kensuke (*7)
NAKAHIRA Masataka OBARA Kenjiro TAKEDA Nobukazu
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ITER Safety Design Groupe
O’HIRA Shigeru (Leader)
HIGUCHI Masahisa TAKEI Nahoko
TSURU Daigo

Collaborating Laboratories

Tokai Research and Development Center

Nuclear Science and Engineering Directorate

Irradiation Field Materials Research Group
JITSUKAWA Shiro (Leader)
FUJII Kimio OKUBO Nariaki
WAKALI Eiichi YAMAKI Daiju

Research Group for Corrosion Damage Mechanism
MIWA Yukio

Quantum Beam Science Directorate
Nanomaterials Synthesis Group
TAGUCHI Tomitsugu

Accelerator Group
HIROKI Seiiji

Industrial Collaboration Promotion Department
Administration Section
NEMOTO Masahiro

Oarai Research and Development Center

Advanced Nuclear System Research and Development Directorate

Innovative Technology Group,
ARA Kuniaki

Technology Development Department
Advanced Liquid Metal Technology Experiment Section
YOSHIDA Eiichi
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TAKEMURA Morio (*7)

TANIFUIJI Takaaki
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*1  Hazama Corporation

*2  Hitachi, Ltd.

*3  Hitachi Engineering & Services Co., Ltd.

*4  Ishikawajima-Harima Heavy Industries Co., Ltd.
*5  JPHYTEC Co., Ltd.

*6  Japan EXpert Clone Corp.

*7  Kawasaki Heavy Industries, Ltd.
*8  Kawasaki Plant Systems, Ltd.
*9  Konoike Construction Co., Ltd.
*10 Kumagai Gumi Co., Ltd.

*11 Mitsubishi Electric Corporation

*12 Mitsubishi Heavy Industries, Ltd.

*13  NEC Corporation

*14  Nippon Advanced Technology Co., Ltd.
*15 Nuclear Engineering Co., Ltd.

*16  Osaka University

*17 Post-Doctoral Fellow

*18 Princeton Plasma Physics Laboratory (USA)

*19 Research Organization for Information Science & Technology

*20  Shimizu Corporation

*21  Sumitomo Heavy Industries, Ltd.
*22  Taisei Corporation

*23  Tohoku University

*24  Tomoe Shokai Co., Ltd.

*25 Toshiba Corporation

*26 Total Support Systems
*27  University of Tokyo
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