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This annual report provides an overview of research and development (R&D) activities at
Naka Fusion Research Establishment, including those performed in collaboration with other
research establishments of JAERI, research institutes, and universities, during the period from 1
April, 2002 to 31 March, 2003. The activities in the Naka Fusion Research Establishment are
highlighted by high performance plasma researches in JT-60 and JFT-2M, research and
development of fusion reactor technologies towards ITER and fusion power demonstration

plants, and activities in support of ITER design and construction.

JT-60 program has continued to produce fruitful knowledge and understanding necessary
to achieve reactor relevant performances of tokamak fusion devices. JFT-2M has made
contributions in more basic areas of tokamak plasma research and development in pursuit of

high performance plasma.

The objectives of JT-60 research have been more shifted to physics R&Ds in support of
the International Thermonuclear Experimental Reactor (ITER) and establishment of physics
basis for a steady state tokamak fusion reactor like SSTR as a fusion power demonstration plant.
Major achievements of JT-60 research program in this fiscal year can be summarized as follows;
1) A real-time control of neoclassical tearing mode by electron cyclotron wave was

successfully demonstrated and the improvement in normalized beta was achieved as a
result.

2) Start up of plasma current by lower hybrid current drive without using a central solenoid
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has been demonstrated. The plasma current was further ramped up with the assistance of



3)

4)

5)

6)

7)

8)

the vertical field coils and bootstrap current resulting in a very high performance plasma.
Transport property of various type of H-mode plasma has been investigated. Property of
Internal Transport Barrier (ITB) has also been investigated mainly from the view point of a
radial electric field.

Mechanism of the current hole formation has been investigated and significant
understanding has been gained.
A new type of Alfvén eigenmode was theoretically proposed to explain the observed
behavior of the mode in JT-60.

New understanding on divertor and scrape-off-Layer plasmas has been gained from probe
measurements and analyses.

Detritiation of the vacuum vessel has successfully been simulated by three kinds of
discharge cleaning methods using H,, He and Ar.

Steady improvements towards long pulse operation have been made in both Neutral Beam

injection and Radio Frequency heating systems.

In JFT-2M, the advanced material tokamak experiment program has been carried out to

test the low activation ferritic steel for development of the structural material for a fusion reactor.

Major achievements in this fiscal year are summarized as follows;

1)

2)

3)

4)

The inside wall of JFT-2M except the port openings was fully covered by ferritic steel
plates to investigate the compatibility of the ferritic steel as a first wall with the high
performance plasmas.

As a new attractive operation regime, high recycling steady H-mode with ITB was
explored.

A basic study on the edge transport barrier in the H-mode was pursued by utilizing the
heavy ion beam probe.

Operation of the Compact Toroid (CT) was drastically improved by the modification of the

injector and a fast density increase due to the CT injection has been measured.

In the area of theories and analyses, significant progress has been made in understanding of

the ITB, energy confinement scaling in ITB plasmas, MHD equilibrium in the current hole

region, asymmetric feature of divertor plasmas and the divertor detachment. In addition,

through the project of numerical experiment on tokamak, the mechanism of the ion temperature

gradient mode was clarified by particle simulations. The physics of divertor plasma was also

studied by particle simulations.



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 power demonstration plants, which include the development of
Blanket Test Modules to be tested by ITER, reduced activation structural materials, and their
neutron irradiation facility, now called the International Fusion Materials Irradiation Facility
(IFMIF). Major achievements in the area of fusion reactor technologies in this fiscal year are as
follows;

1) Superconducting Magnet: The world’s first large coil using the Nb3Al conductor was
successfully operated at 46 kA, 13 T. The NbsAl conductor was demonstrated to be a
promising technology for fusion power demonstration plants that require toroidal field higher
than 13 T. A 60-kA High Tc Superconductor current lead was successfully developed.

2) Neutral Beam Injection; The voltage holding in the 1-MeV Vacuum Insulated Beam Source
(VIBS) was improved by a new stress ring to decrease electric field at the triple junction
(interface of metal flange, FRP insulator, and vacuum). The VIBS sustained 1 MV stably for
8500 s and a 100mA-class negative ion beam was accelerated at 900 keV.

3) Radio Frequency Heating; In the development of the advanced launcher (remote steering
launcher), the transmission efficiency of > 95% at a steering angle of —12° to +12° was
obtained by improving the waveguide corrugation.

4) Blanket; Development of the breeding Test Blanket Module for ITER with water cooled
solid breeder and reduced activation ferritic steel is underway. Fabrication method of
Li,TiO; pebbles was improved and the thermo-mechanical properties of the pebble bed were
studied. Efforts to develop an advanced neutron multiplier brought us a bright prospect that

Bei,Ti containing aBe phase can be applied to pebble fabrication.

5) Plasma Facing Components; Thermal fatigue experiments of a divertor mock-up with Cu
screw cooling tube were conducted to investigate lifetime of the divertor structure as a
reduced cost option of the ITER divertor.

6) Structural Materials; Neutron irradiation hardening of a low activation material F§2H was
examined up to 20dpa. This effect was saturated with an increase of radiation dose.
Development of post irradiation fracture toughness test equipment has been conducted
successfully. The three-year Key Element Technology Phase of the IFMIF activity under the
IEA collaboration has been completed in 2002 successfully.

7) Trittum Technology; As tritium removal technique from plasma facing components,
effectiveness of excimer laser irradiation was verified.

8) Fusion Neutronics; The D-T neutron skyshine experiment was carried out. An analysis



using the Monte Carlo Neutron Particle transport code agreed well with measured neutron
and gamma-ray dose rate distributions within £ 20% uncertainty.
9) Vacuum Technology; A new scroll type roughing vacuum pump with transfer coating

technique was developed in order to improve the lubrication characteristics.

In the ITER Program, Canada made the first site proposal to host ITER in June 2001 and
three additional site offers including Japanese Rokkasho proposal were submitted in June 2002.
Fourteen years after the inception of ITER, construction of ITER has come close to a reality.
JAERI as the main implementation institute of the ITER program in Japan, has made major
technical contributions in preparing the Japanese site proposal and licensing procedures.
JAERI has also coordinated scientific and technical activities in support of ITER collaborating

with universities and other research institutions in Japan.

Finally, in the area of fusion reactor design studies, major achievements can be
summarized as follows;
1) A concept of advanced tokamak without central solenoid coils was proposed.
2) A prospect of the current hole plasma as a reactor core was computationally assessed.
Good confinement of alpha particles in the core and enhanced fusion output are expected.
3) A new mechanism governing the vertical displacement event at the thermal quench was
conceptually revealed by axisymmetric MHD simulations.
4) An innovative liquid wall divertor utilizing the latent heat of solid grains floating on the

surface of the liquid flow was proposed.
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I. JT-60 PROGRAM

of the

contributions to the
Experimental Reactor (ITER) through physics R&D and
to establish the physics basis for a steady state tokamak
fusion reactor like SSTR. In the fiscal year of 2002, the

strenuous campaign has been performed, intended to

Objectives JT-60 project are to make

International Thermonuclear

extend the achieved reactor-relevant performance
further with emphasis on the sustainment of an
improved confinement, and deepen the knowledge in
plasma science under the collaborative program mainly
with Japanese universities.

A real-time technique has been intensively
developed for the efficient Neoclassical Tearing Mode
(NTM) control, where the location of the island center
is  evaluated electron

using  the temperature

perturbations measured with Electron Cyclotron
Emission (ECE) diagnostic and the injection angle of
Electron Cyclotron (EC) wave is determined so that the
EC power is deposited right at the island center. As a
consequence, NTM suppression was accomplished and
improvement in normalized bate (fn) was obtained.

The start up of plasma current without using the
central solenoid has been undertaken, and the plasma
current initially raised by Lower Hybrid Current Drive
(LHCD) was increased with the help of flux input by
the increased current in vertical field coils and the
bootstrap current. At a plasma current of 0.6 MA with
the above operation, a very high performance plasma
(confinement enhancement factor over the ITER98(y,2)
scaling (HHy,) = 1.6, poloidal beta ($,) = 3.6, and
normalized beta (By) = 1.6) was produced with both the
internal and edge transport barriers. In Ar-seeded H-
mode plasmas with the outer strike point located on the
divertor dome-top, high-power Negative-ion-base
Neutral Beam (N-NB) injection extended the electron
density regime to 0.95 Greenwald density with keeping
HHy, 0of 0.9.

Mechanism of the current hole has been
investigated in detail by accurate current profile
measurement and Electron Cyclotron Current Drive
(ECCD). It is found that no current by ECCD was
observed inside the current hole. As for ECCD, the
current drive efficiency has been evaluated in a reactor-
relevant high electron-temperature regime. With respect

to a plasma with Internal Transport Barrier (ITB), the

effects of electron heating have been investigated by
using Electron Cyclotron Heating (ECH). As for the H-
mode plasmas, it is newly found that the enhancement
of pedestal pressure was obtained with an increase of f3,
in a high triangularity configuration. Also newly
proposed is a new type of Alfvén Eigenmode (AE), and
the observed frequency chirp was explained by
considering the properties of Reversed-Shear-induced
AE (RSAE) near g, and their coupling to Toroidal AEs
(TAEs). The understanding of divertor and Scrape-Oftf-
(SOL) plasmas has

observations (the three Mach probes and the fast-

Layer progressed by new
sampling divertor Langmuir probes) and theoretical
analyses (UEDGE). In the later period of the 2002
campaign, the detritiation of the vacuum vessel has
been undertaken by three different discharge cleaning
methods (the glow discharge, electron cyclotron
resonance discharge, and Taylor discharge) by using H,,
He or Ar.

Design study of the JT-60 Superconducting
Tokamak (JT-60SC) has been progressed for high Py
and non-inductive current drive steady-state plasmas
with high Opr® condition. A conceptual design of the
JT-60SC is presented in nation-wide collaborations with

universities, research institutes and industries.



1. Experimental Results and Analysis

1.1 High Performance and Non-Inductive Current
Drive

1.1.1 Steady-State Sustainment of High-3 Plasmas [1.1-1]

Demonstration of the steady-state sustainment of high-§

plasmas is important. The purpose is to investigate

possibilities of sustaining high-f for the time scale of

current diffusion. The current diffusion time in a high (3,
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Fig. 1.1.1-1  Typical waveform of a long-pulse high-Bp

H-mode discharge. (a) plasma current and NB injection
power, (b) normalized beta, (c) line-averaged electron
density, (d) intensity of D, signal, (¢) amplitude of
magnetic perturbation with n=2.

H-mode discharge is an order of 10 s in JT-60U due to
its large size and high temperature. Such a long-pulse
and high-f discharge has been realized by the
improvement in the poloidal coil system: a high
triangularity plasma with 0,~0.45 can be sustained for
10 s. The duration also corresponds to the maximum
pulse width of the neutral beams in JT-60U.

Typical waveforms of a long-pulse high-f, ELMy
H-mode discharge are shown in Fig. I.1.1-1. Plasma
parameters are as follows: /,=1.0 MA, B=1.8 T, g9s=3.3,
0,~0.45. NB power was gradually increased by the
stored energy feedback in order to avoid the 2/1 mode
and large-amplitude m/n=3/2 mode, which cause serious
confinement degradation. Deuterium pellets were
injected from the high-field side at 120 m/s, 10 Hz from
=3 s, which contribute to obtaining a high density
plasma without significant confinement degradation.
The pellet injection also contributes to maintaining the
core density to reduce the NB shine-through loss power,
which is small (~10%) but becomes important in the
long-pulse operation. Although a 3/2 mode started to

grow at =4.3 s, normalized beta, fn, of 2.9 was kept
almost stationary and no continuous degradation was
observed, and an ELMy H-mode plasma with Bn~2.7
and B,~1.5 was sustained for 7.4 s, which corresponds
to ~60tg. Here, the duration is determined by the facility
constraint. In E39706, total NB injection power reached
180 MJ, but no significant increase in the D, signal and
the impurity content was observed.

Figure 1.1.1-2 shows the value of Py against
duration Tguaion Normalized by Ty in typical high f,
ELMy H-mode discharges in JT-60U. In shot E39511
(p=1 MA, B=2 T, q95=3.6), a high-performance plasma
with Bn=2.7, B,=1.6, Hgop=1.8, HH»=0.89, n./nz=0.67
was sustained for 6.5s. It is obvious that the operational
region has been significantly extended by these
discharges: High value of Py, which is comparable to

that in ITER, was obtained in larger Tayragon/Te region.
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Fig. 1.1.1-2 Plot of normalized beta versus discharge

duration normalized by energy confinement time. Open
and closed circles correspond to the results before and
after the improvement of the poloidal coil system,
respectively.

1.1.2 Plasma current ramp-up without the use of center
solenoid and formation of high confinement
plasma

An integrated scenario consisting of (1) plasma start-up

using the vertical field and shaping coils, (2) an

intermediate non-inductive ramp-up stage, and (3)

controlled transition to a high-density, bootstrap-

been
demonstrated for the first time on the JT-60U tokamak

[1.1-2,3]. The plasma had both internal and edge

transport barriers, and had HHogy = 1.6 and f3s>90%

at Ip=0.6 MA.

dominated, high-confinement plasma has

(1) Plasma current start-up and ramp-up
In the example shown in Fig. I.1.1-3 (BtR = 13.45 Tm),



a plasma with /p = 0.2 MA was formed by a
combination of pre-ionization by EC (110 GHz) and LH
(2 GHz) waves and induction by VR and VT coils. VR
and VT coils, where VR and VT are poloidal field coils
to control plasma position and shaping (triangularity),
respectively.

Further ramp-up to 0.4 MA was achieved by 6 s, by
a combination of electron heating and current drive by
EC and LH waves. This intermediate phase is similar to
regular non-inductive ramp-up, but a current hole is
already formed during this phase. The conversion
efficiency from the total external non-inductive input
energy to the total poloidal magnetic field energy is
3.6%, averaged over from 2.6 to 5.0 s. The VR and VT
coil currents were ramped linearly, therefore contribute

to increase Ip by supplying poloidal flux.
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Fig. 1.1.1-3 Integrated scenario from plasma start-up to
achievement of advanced tokamak plasma without the use
of OH solenoid. Typical waveforms.

(2) Formation of high performance plasmas
A transition from a low-density non-inductively current
driven phase to a high density, nearly self-sustained
(bootstrap dominated) phase begins at 6 s when the
current becomes high enough to confine the injected
beam ions. Density was increased, and 85 kV NB
injection was started from 6 s. As shown in Fig. 1.1.1-4,
the plasma generated by this scenario had an ITB and an
edge transport barrier (H mode). The current density in
the plasma core is nearly zero (“current hole”), and the
q profile is deeply reversed with g, = 5.6 at v/a = 0.7
and ggs = 12.8. At t = 8.5 s (time of maximum stored
energy), B, = 3.6 (¢f, = 1.0), Bx = 1.6, and HHog(y2) =
1.6 were achieved at n, = 0.5agw. A preliminary
evaluation of fgs = 90% was obtained.

These results open up the possibility of OH-less

operation, which is a requirement for ST reactors, and
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Fig. 1.1.1-4 Profiles of electron density, electron
temperature, ion temperature, and safety factor at time
of maximum stored energy (8.5s in Fig. 1.1.1.2-1).
Both enternal and edge transport barriers are evident.

can also make a substantial improvement in the
economic competitiveness of conventional aspect ratio

tokamak reactors.

1.1.3  Current Clamp in the Current Hole

It has been investigated if there exists some mechanism
to clamp the current density at zero level in the current
hole. A stable tokamak plasma with nearly zero toroidal
current in the central region (a “current hole”) has been
sustained for several seconds in the JT-60U tokamak
[1.1-4]. However, it has not been clear whether the
current drive source such as inductive toroidal electric
field and non-inductive current drive remains at zero
level or some mechanism works to clamp the current
density at zero level against the current drive source
during the sustainment of current hole. Two kinds of
experiments were performed to investigate effects of
inductive toroidal electric field and those of non-
inductive current drive separately. In the first
experiment, the inductive toroidal electric field was
changed transiently keeping the non-inductive current
drive inside the current hole as small as possible. An
electric field in the opposite direction to the plasma
current was generated in the current hole by injecting
EC waves outside the current hole to drive the current in
the same direction to the plasma current and to increase
the bootstrap current through the heating, both in the
region outside the current hole. An electric field in the

same direction to the plasma current was generated in



the current hole by decreasing the heating power
suddenly to decrease the bootstrap current outside the
current hole. In both cases, the current hole was
maintained. In the second experiment, EC current drive
inside the current hole was attempted in the same and
opposite directions to the plasma current during the
quasi stationary period where the inductive electric field
was sufficiently small. In both directions, the EC
current drive did not change the current inside the
current hole and the current hole was maintained. From
these experimental results, it has been shown for the
first time that the current hole is not maintained by the
fact that the current drive source remains zero in the
current hole but by some mechanism to clamp the
current density at zero level, which is activated when

the current density in the central region reaches zero.

1.1.4 Experimental Study on Physics of Electron
Cyclotron Current Drive [1.1-5]

Electron cyclotron current drive (ECCD) can drive
spatially localized current [1.1-6]. The CD location can
be easily controlled by injection angle of waves on the
electron cyclotron resonance layer, so that ECCD has
been considered as a tool to control plasma current
profile. An important application of ECCD is
suppression of instabilities, such as neoclassical tearing
mode (NTM) [1.1-7]. To stabilize the NTM, it is
essential to drive current locally in the magnetic islands
to compensate missing bootstrap current inside the
islands. Although NTM suppression by ECCD has
recently been demonstrated, physics of ECCD is not
understood well. One of concerns for the application is
that trapped particles are considered to reduce EC
driven current because of the off-axis location of NTM
islands. Therefore, the trapped particle effect on ECCD
has been investigated. Recent progress of EC systems to
increase the driven current by increasing its power and
to prolong the duration has made it possible to measure
the off-axis EC driven current clearly. Experimental
measurement of EC driven current is based on the loop-
voltage-profile analysis, which evaluates the transient
inductive electric field in the plasma [1.1-6].

The trapped particle effect has been investigated by
comparing the normalized CD efficiency ‘(;=e3 TecRone /
eozPabskT < at various CD locations (see Fig. 1.1.1-5), where /g,
Ry, e, Pas, and T, are the EC driven current, the plasma major
radius, the electron density, the absorbed power, and the
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Fig. 1.1.1-5: Comparison of the normalized ECCD efficiency
z between the experiment (circles) and the calculation (lines)
as a function of a measure of trapped particle fraction at the

outward mid-plane.  Conventional effective  charge

dependence is included for comparison. Inset in the figure
shows the CD locations in the poloidal cross-section of the
plasma.

electron temperature at the CD location, respectively. It is
expected that the trapped particle effect reduces T more
strongly in lower field side (LFS) deposition than in higher
field side (HFS) deposition. We adjusted the electron density
and the effective charge to the fixed values as much as
possible in this experiment, although we assume primary
dependencies on plasma parameters have been removed by
the normalization. The measured T for the LFS deposition
(open circles) was about a half of that for the HFS deposition
(closed circles), when we compared them at the same €™ (e:
inverse aspect ratio), which is a measure of the trapped
particle fraction at the outward mid-plane of a tokamak. The
measured C agreed with the calculated one (lines). The
calculation was made by a linearized Fokker-Planck code
with added quasi-linear diffusion term. The code includes the
trapped particle effect and the relativistic effect, whereas it
does not consider the parallel electric field effect nor the non-
linear effect. The parallel electric field effect and the non-
linear effect can be negligible under this experimental
condition. The reduction of T can be an evidence of the
trapped particle effect. An expected reduction of T with the &
at LFS was not clearly observed, since the variation of &
(e%°~0.22-0.32 for r=0.17-0.35) was not large enough to
significantly vary T beyond the experimental error bars.
Further off-axis ECCD will show the trapped particle effect

more clearly.



This study suggests that the HFS deposition is
preferable to drive larger EC driven current, if the
controllability of deposition location by EC antenna

direction can be secured.
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1.2 Transport in Core Plasmas
1.2.1

On JT-60U, the influence of dominant electron heating

Impact of electron heating on ITB plasmas

on ITBs was investigated [1.2-1,2]. It was found that in
Reversed magnetic Shear (RS) plasmas the confinement
improvement by the ITBs could be maintained in a
dominant electron heating regime. Energy confinement
in excess of two times the ELMy H-mode scaling has
been obtained in a dominant electron heating regime.
On the other hand, it was found in Positive magnetic
Shear (PS) plasmas that the 7; ITB could be degraded
by a dominant electron heating.

(1) Dominant electron heating in RS plasmas

The HHogy,) factor obtained in the RS plasmas in these
electron heating experiments is compared to that
obtained in usual P-NB heated RS plasmas and plotted
against a ratio 7./7; in Fig. 1.1.2-1. As shown in the
figure, the HHogy, factor obtained in the electron
heating experiments (shown by open circles) is
comparable to that obtained in P-NB heated RS plasmas
(shown by open squares). It is found that the HHogy,
factor is almost independent on 7./7; within this
extended range from P-NB heating to ECRF heating
domain and can be as high as 2 or more.

(2) Dominant electron heating in PS plasmas
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Fig. 1.1.2-1 Electron heating in RS plasmas. The HHogy, )
factor against 7./T;, with NB heating only (open squares)
and with NB and ECRF heating (open circles).

The effects of electron heating on ITBs were studied in
the PS plasmas. As ECRF power was applied, Tt
increased and approached to 7;. After the ECRF
injection, the 7; profile becomes smooth at the location
(p ~ 0.4 - 0.5) where clear ITB was observed earlier.
The scale length of the T7; profile (Ly; = 7y/dT/dr)
changes from about 15cm at 7.7s to 29cm at 7.8s
(Fig.1.1.2-2 (b)). These results indicate that the 7; ITB is
lost between 7.7 and 7.8s. The profile of the radial
electric field (E;) at 7.4 and 7.7 s are shown in Fig.I.1.2-
2 (a). They have a notched structure which is more
steeply notched when the ITB becomes clearer (7.4 s).
A measure of shearing of the E, profile [1.2-3],
(dE/Ar)esr = (J(AE/AF)max/H(AE/AP)min|)/2  which s
evaluated at the ITB, is plotted in Fig.l.1.2-2 (b). As
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Fig. 1.1.2-2 Electron heating in a PS plasmas. (a) The E,

profile at a clear 7; ITB is formed (7.4 s) and just before it

is degraded (7.7 s). (b) Temporal evolution of (dE/dr)es

(open squares) and Lt; (open circles).

shown in the figure, (dE./dr).s continues to decrease



during ECRF injection and reached to the same level as
that without the ITB, while Ly; stays small until 7.7~s.
The results indicate that the ECRF injection influences
the structure of £, and then ITB is influenced.

The results obtained in RS plasmas indicate that
ITBs can be maintained in an electron heating dominant
fusion plasma and sufficient confinement can be
obtained. It should be noted that in the RS plasmas, £,
shear is found to be maintained as long as ITB is
maintained.

On the other hand, the results in PS plasmas are
quite pessimistic. However, before adopting the results
toward fusion plasmas, it should be clarified if the
results are due to the physics of electron heating in
general or the physics intrinsic to ECRF heating. Also
influence should be investigated on much stronger PS
ITBs, the ITBs shown were rather weak.

1.2.2  Property of ITB Formation

The ITBs observed in JT-60U can be categorized into
two groups, i.e., weak or strong ITBs. The weak ITB
has lower diffusivity in the wide core region, compared
to L-mode, whereas the strong ITB exhibits a large
reduction in thermal diffusivity in a narrow layer. To
clarify the property of these ITBs, it is important to
investigate the dependence of diffusivity (c) on the heat
flux at the ITB. Furthermore, in order to maintain high
stability and high confinement, ITBs have to be actively
controlled. Since the radial electric field (£;) shear is
one of the key factors, the dependence of  on E, shear
has to be investigated to be able to control the ITB.

(1) Dependence of diffusivity on heat flux

In order to investigate the properties of the ITB
formation, including those of weak ITBs, the power of
perpendicularly injected neutral beams was scanned in a
detailed manner for the PS plasmas at fixed plasma
parameters (Br=3.7T, Ip=1.3MA, target line averaged
density of 1.0x10"m>, triangularity of about 0.2, and
balanced toroidal momentum input).

The relation between ion heat flux (Q;) divided by
ion density (n;) and ion temperature gradient (-V7j) is
shown in Fig. 1.1.2-3. In the range of small Qi/n;, the
increment of -V7; at r/a~0.46 is very small with
increasing Qi/n;. This indicates the L-mode transport
without an ITB. Indeed, the confinement enhancement
factor over the L-mode scaling in this case was around
unity. In the range of Qi/n;~0.02-0.03x10""MWm™?/m™,

the increasing rate of Qi/n; against -VT; is slightly
reduced, which is indicative of the weak ITB formation.
In the range of Qi/ni~0.04x1O'IQMWm'Z/m'3, the
increasing rate of Qy/n; is remarkably reduced, which is
indicative of the strong ITB formation. The relation
between Qy/n; and -VT; at the strong ITB formation is
interpreted as a bifurcation in transport. On the other
hand, the increasing rate of Qi/n; in the outer region
(r/a~0.7) stays large in the L-mode state. It should be
noted that the dependence of . on heat flux is similar to
that of y;, suggesting a strong correlation between

electron and ion transport.

(2) Dependence of diffusivity on the E, shear
We consider that the non-locality of the E, shear is

important for the ITB formation and sustainment [1.2-3],
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we define the effective E; shear near the ITB as
(dE/dr)es=(|(dEY/dr)mad H(AE/dr)min])/2.

The dependences of x; on (dE./dr).s are shown in Fig.
1.1.2-4. The value of ; increased with (dE,/dr)s for the
cases with no ITB, whereas ; decreased for the data
with weak and strong ITBs. There exists a critical value
of (dE,/dr).s to change the state from a weak to a strong
ITB. The possible physical processes involved in the
formation of weak and strong ITBs are considered as
follows. The E. shear increased with an increase in
heating power due to the increase in the pressure
gradient. The core confinement was improved, which
corresponded to the formation of a weak ITB. Once the
plasma state changes by acquiring the weak ITB, the E,
shear is further enhanced by an increase in the heating
power, and v; is gradually decreased. The growth of a
weak ITB due to the gradual reduction in y; leads to an
increase in the E, shear. The transport properties change
according to the transition from a weak to a strong ITB

when the E, shear exceeded the critical value.

1.2.3 Relationship between Particle and Heat Transport
in ITB Plasmas
A reversed or weak positive magnetic shear plasma with
ITBs is a most promising operational mode for
advanced steady-state tokamak operation due to its high
bootstrap current fraction and high confinement. In JT-
60U, the RS plasma and the high 3, mode plasma with
weak positive shear have been optimized to provide a
physics basis for ITER and SSTR. In these plasmas,
further optimization for high density, high radiation loss
fraction and high fuel purity is necessary, as well as
high f while keeping high confinement. Since these
issues are closely related to the particle (bulk plasma
and impurities) transport, the relationship between
particle and heat transport has been systematically
investigated in RS and high 3, mode plasmas [1.2-4, 5]
In order to understand the bulk plasma transport,
the relationship between electron diffusivity and
thermal diffusivity was investigated in the ITB region.
The electron effective diffusivity (D:ff), defined
considering only the diffusive term as Fe=-De*’fane,
where I’ is the electron flux, was well correlated with
the ion thermal diffusivity ();) in both high 8, mode and
RS plasmas. The ratio (D.""y;) was estimated to be 0.2-
0.3 in the high B, mode plasma, 0.1-0.2 in the RS
plasma with parabolic-type profiles and 0.04-0.1 in the

RS plasma with box-type profiles.

The profiles of the impurity density (npe, nc and
na;) were compared with that of the electron density (7.)
in the RS plasma (/p=1.3 MA, Br=3.7 T and HHy,~1.6)
and the high 8, ELMy H-mode plasma (/p=1.0 MA,
B1=2-3.8 T and HH,»~1.0). The puffed He and intrinsic
C densities were measured with CXRS. The profile of
the total Ar density summed over all ionization states
was estimated using an impurity transport code, where
the transport coefficient was determined by fitting the
calculated soft x-ray profile to the measurement [1.2-6].
The Ar radiation coefficient was taken from the ADAS
database considering the JT-60U diagnostic setup. In the
RS plasma, where a box-type profile with a strong ITB
was observed in the n., T, and T; profiles, an ITB was
also observed in the ny. profile. However, the ny
profile was flatter than the n. profile, which is favorable
for helium ash exhaust. The nc profile was similar to
that for the n. profile, suggesting no carbon
accumulation inside the ITB. In the RS plasma with a
small amount of Ar puffing, the soft x-ray profile
became a peaked one. In order to fit the calculated soft

x-ray profile to the measurement, a more peaked
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Fig. 1.1.2-5 Relationship between Dy, /D¢ and Xi /XiNC.
Open circles show the data in high f§, mode plasma.
Closed circles and squares show the data in parabolic- and
box-type RS plasmas, respectively. D¢ /DN (diamonds
and reversed triangles) and Dy, /DN (triangles) are also
plotted, which were estimated by assuming neoclassical
inward pinch velocity.



(by a factor of 2.6) na, profile inside the ITB than the 7,
profile was necessary. This result indicated the Ar
accumulation inside the ITB. In the high B, mode
plasma, profiles of n., 7. and T; had a parabolic-type
profile. Both profiles of ny. and nc were flat, also
suggesting no helium and carbon accumulation. On the
other hand, the na, profile was more peaked by a factor
of 1.6 than the n, profile, which was, however, a smaller
factor than that in the RS plasma. The relationship
between the impurity diffusivity (D/D"°) and the
thermal diffusivity (i/x~) normalized by the
neoclassical value in the ITB region is shown in Fig.
1.1.2-5. The values of D and the convection velocity (v)
of He were estimated separately based on the He gas-
puffing modulation experiment [1.2-7]. Since it is
difficult to separate D and v for C and Ar experimentally,
D¢ and Dy, were estimated by assuming the neoclassical
v (V") and a steady-state condition. In the RS plasma, a
similar ratio of v to the neoclassical value has been
obtained for C and Ne [1.2-8, 9]. The impurity
neoclassical transport coefficient was calculated using
NCLASS. The value of Dy, was estimated to be 0.5-1.0
m’/s in the high B, mode plasma and 0.1-0.5 m®/s in the
RS plasma. The ratio Dyc/y; was in the range of 0.2-1.0
for both RS and high 8, mode plasmas. The value of
Dy, was reduced to the value only higher than the
neoclassical value by a factor of less than 2 in the box-
type RS plasma, where yx; was also close to the
neoclassical level. In the parabolic-type RS plasma and
high B, mode plasma, Dy, and x; were higher than
D¢ and XiNC by a factor of 5-10.

The values of DNC and DANC were estimated to be
in the range 0.01-0.04 m*/s at the ITB. The value of V¢
at the ITB for Ar (-0.2 to -0.8 m/s in the high 8, mode
plasma and -2 to -5 m/s in the RS plasma) was larger
than the value for C (~0 to -0.2 m/s in the high §, mode
In the
box-type RS plasma, where x; was close to the
and Da/Da™C

estimated to be ~4 and ~9, respectively. The values of

plasma and ~0 to -1.3 m/s in the RS plasma).

neoclassical level, D¢/DcN¢ were
D¢ and Dy, were estimated to be 0.1 and 0.2 m?%s,
respectively. These values were within the range of Dy,
(0.1-0.3 mz/s). In the high B, mode plasma, D¢ and Dy,
were estimated to be about 0.1 m?s. The values of
De/DNC and Da/Da¢ were about 4, which was similar
to yi/xi" =5. In some high /%« cases in the parabolic-
type RS plasma, Dc/DcC was estimated to be more

than 10. However, in other high yi/xi cases, the nc
profile could not be reproduced with v, because a zero
or negative gradient of nc profile was observed,
although v"“ was inward. The anomalous convection
velocity might be dominant in this region. In these Ar
transport analyses, the effect of impurities other than
carbon which is the main intrinsic impurity was not
considered for the estimation of the neoclassical
transport coefficient,. This effect should be investigated

in future work.
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1.3 Improved Confinement at High Density and H-
Mode Pedestal

1.3.1 Influence of Ar Puff on High Density ELMy H-
mode Plasmas

Energy confinement and divertor power handling of

high-density ELMy

improved by injecting Ar in JT-60U.

H-mode plasmas have been

Characteristics of the core and edge plasmas and
behavior of impurity ions are summarized in [1.3-1].
High triangularity plasma (8 ~0.5) with Ar injection was
attempted to improve plasma performance. As shown in
Fig.1.1.3-1 HHog(y) ~1 and Prug/Pheat ~0.8 were obtained
at ne = 0.66 n°, and they were comparable to the
previous shots with 8 ~0.35. However, the ELMs
became grassy, i.e. maybe Type-II: the frequency
increased and the amplitude was reduced. As another
approach, we attempted to shift the outer divertor strike-
point from the divertor tile to dome-side/top tiles, where
with & ~0.35 was

improvement, electron density, and

plasma shape maintained.

Confinement
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Fig. 1.1.3-1. HHogy, as a function of normalized density
in ELMy H-mode. Shot 39530 (open squares) with P-NB,
and Shot 41536 with N-NB (closed square) [1.3.1-1].

radiation-loss-power fraction reached the ITER relevant
regime; HHog(y2) ~1, ne ~0.8 nGW, and Prg/Pheat ~0.8. A
few trials using NBI with negative ion source (N-NB)
were also performed to extend the high-density
ELMy H-mode

“Greenwald density limit” in “dome-top” configuration

operation of the plasma near
[1.3-2]. The n. was increased up to ne/nGW~1, but
HHogy2) became ~0.9. Electron density profile was
slightly peaked by injecting Ar, and the improvement
was mainly attributed to an improvement of ion energy
confinement. At the same time, the maximum divertor
heat load due to ELMs has been reduced by a factor of 3
- 5 with keeping the good energy confinement. These
experiments suggest that the plasma confinement is
influenced by the divertor plasma configuration.

In order to investigate the mechanism of the
improved energy confinement, transport calculations
using the TRANSP code, and ITG/ETG micro-
instability calculations using the GS2 and FULL codes
have been done [1.3-3]. GS2 code calculations were
compared for an Ar injected and a reference plasma
without argon with plasma current I, = 1.2 MA, toroidal
magnetic field Br = 2.5 — 2.6 T, injection power of
positive NB Pyg; = 18 MW, elongation ¥ = 1.4, and d =
0.3. For the reference discharge, the maximum growth
rates for both the lon Temperature Gradient (ITG)
modes /Trapped Electron Modes (TEM) (3 — 6 x 10* 5™
at kg ps ~ 0.5) and Electron Temperature Gradient (ETG)
modes (1 — 4 x 10° s'at k, p, ~ 40) were significant
throughout the range p = 0.25 — 0.85. In Ar-injected
discharges, GS2 code calculations showed that the

ITG/TEM maximum growth rate, yig, was greatly
reduced in the region p = 0.6 — 0.7. The ETG growth
rate was significantly reduced everywhere and vanished
in the range p = 0.53 — 0.7. The ExB shearing rates were
much smaller than the ITG growth rates over the profile.
The effect of rotation on yirg calculated by the FULL
code was small. The effect of adding or removing Ar to
or from the discharges was also simulated by GS2. The
result showed that the small 7; gradient in this region,
rather than the effects of the Ar injection, was the
dominant factor in reducing yirg to the low levels
observed in the Ar injected discharge. The effect on the
growth rates of adding Ar was not sufficient to
level of confinement

quantitatively explain the

improvement. Further investigation is necessary.

1.3.2 Enhanced Pedestal Pressure in High Density
Region of High B, ELMy H-mode Plasma
Achieved with Pellet Injection

The H-mode edge pedestal condition determines the

plasma performances since it determines the core

confinement as the boundary condition and affects the
stable f limit through the global current and pressure
profiles. When the density is increased by gas-puffing,
the pedestal ion temperature decreases with the increase
of the pedestal density and the confinement degrades
with the decrease of the pedestal ion temperature in the

ELMy H-mode plasma [1.3-4, 5]. In the high 8, mode

plasma, confinement also degrades, when the density is

increased by gas-puffing. On the other hand, in the high

B, ELMy H-mode discharges with multiple pellet

injection, the high confinement regime was extended

from ne/ngy ~0.6 to ~0.7 [1.3-6]. The pedestal structure
and its effects on the confinement were investigated.

In the high B, ELMy H-mode plasma with multiple
pellet injection, the pellets penetrated just inside the
pedestal width A,,q and the electron density n. was
increased gradually (~20tg) so as not to decrease the
pedestal temperature (since A, increases with the
thermal ion poloidal gyro radius py; as described below).
In addition, we increased 3, above 2 with an optimum
heating profile consisting of the positive and negative
ion source NBs to keep MHD stability. Consequently,
we have enhanced W4 by factors of 2-2.5 for the type I
ELMy edge at the same plasma current and plasma
shape ([p=IMA and 0=0.44-0.5), and
Hgopr=2.1 (HHy,=1.1) at n.=0.7ngw. At the same density,

achieved



Hgoprwas 1.3 in the gas-fueled reference cases. The ion
temperature profiles are shown in Fig.l.1.3-1 (a) for
pellet injection case and gas-fueled case. This figure
shows that the pedestal ion temperature was high (by a
factor of 2.5) and A, was wide in the pellet injection
case compared with gas fueling at the same pedestal
density. Figure 1.1.3-2 (b) (discharges at 1MA and
8=0.44-0.50) shows that the pedestal pressure (p.,*°=
nPEPx T PEP) stayed roughly constant for the standard
ELMy H-mode with type I ELMs (open circles).
Whereas in the high $, ELMy H-mode (closed circles),
plP can be higher. In the pellet injection cases, p.’™>
increased gradually, and reached high values. On the
other hand, in the gas-fueled case, T,"*® decreased with
increasing n."*°. The pedestal temperature in the pellet
injection case was higher than that in the gas-fueled
case by a factor of 2.3. We have also achieved high
pedestal pressure with the type II ELMs (crosses in Fig.
[.1.3-2 (b)). Such type II ELMs were obtained without
pellet injection and in the relatively high 7. regime.
The pedestal B, (B,-ped) increased with the total f,
values (B,-tot) at high 6~0.44-0.50. This relationship
appeared independent of existence of the ITB, which
means that this relation does not come from the profile
stiffness. On the other hand, ,-ped was almost constant
at low 8. The width of the pedestal, A,eq, and the
pressure gradient, Vp, determine the pedestal pressure.

Ayeq Was independent of f,-tot (and also B,-ped, since

Bp-tot « P,-ped). The pedestal width followed the
scaling Aped~5ppiq95'0‘3 [1.3-7]. Previously, B,-ped and
Ppi experimentally showed strong mutual correlation.
However, recently, the pellet injection and the NNB
injection enabled these two parameters to be decoupled.
At high 9, the normalized pressure gradient, the o-
parameter, increased with f,-tot. On the other hand, at
low 9, it was almost constant at a low value. This f3,-
dependence may be due to increasing Shafranov shift
with {3, or radially increasing filed line pitch at the low
field side.

Possible correlations among pedestal and core
parameters based on the observations in JT-60U was as
follows. In order to achieve a steep pedestal pressure
gradient, high 6, high P, and edge magnetic shear
control are required. Effects of the edge magnetic shear
on the edge turbulence suppression (thus on the pedestal
width) have not been clarified in JT-60U. The steep Vp
enhances the pedestal pressure. The high pedestal
pressure allows a high pedestal temperature at a given
pedestal density. The high pedestal temperature widens
the pedestal width (p,; dependence). The wide pedestal
width enhances the pedestal pressure and the pedestal
temperature. High pedestal temperature improves the
core confinement for the standard ELMy H-mode. It has
not been clarified whether the high edge temperature
helps the ITB formation or not. However, at least for the

high B, mode, high-6 plasmas seem to have relatively
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lower threshold heating power for ITB formation with a
clear electron temperature internal barrier. And then, if
the core confinement (or ;) is improved, the pedestal
stability is improved. The time constant required for this
positive feedback cycle seems to be ~2sec (10tg) at /p=1
MA. Therefore, when we increase density, we need to
fit the rise time to this time scale. In practice, in the
pellet injected discharge, the slow density rise over 3sec
was successful. On the other hand, a strong gas puff
decreased the pedestal temperature which may force the
plasma to follow the negative feedback loop. The
penetration depth smaller than the pedestal width and/or
the density rise time not adjusted to the time scale of the
positive feedback cycle might cause the negative
feedback loop. These effects should be investigated in

future work.
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1.4 MHD Instability and High-Energy Ions
1.4.1 Real-time NTM Stabilization
Stabilization of neoclassical tearing modes (NTMs) is
important to sustain high beta plasmas. If EC wave will
be used as a tool for the NTM stabilization in a future
device such as ITER, it is necessary to detect NTMs
accurately and to stabilize the modes by controlling the
position of EC current drive in a real-time manner.

In JT-60U, extensive development has been made in
a real-time control system. At first, the real-time plasma
shape reconstruction by a magnetic probe measurement
is done by the Cauchy condition surface method, and
the mode location can be coarsely estimated.
Subsequently, fine tuning is performed by evaluating
the electron temperature perturbation profile. In
obtaining the perturbation profile, standard deviation of

the ECE heterodyne radiometer signal is evaluated. The

calculation time for the identification of the island
center is less than 10 ms, which is much shorter than the
typical growth time of the NTM (~several hundred
milliseconds).

Typical waveforms of the NTM stabilization
experiment are shown in Fig.I.1.4-1. Plasma parameters
of this discharge are as follows: Ip=1.5 MA, B=3.7 T,
R=33 m, a=0.78 m, g¢¢s=3.8. A 3/2 NTM was
destabilized at fx~1.5 by the NB injection power of ~20
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Fig. 1.1.4-1
experiment. (a) Injection power of EC wave and NB,

Typical waveform of an NTM stabilization

(b) amplitude of magnetic perturbation with n=2, (c)
normalized beta, (d) target reference and actual angle of
the steering mirror of EC wave injection system.
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MW. The mode amplitude gradually decreased after 3
MW EC wave injection at =7.56 s (Hgopr=1.8,
HHy,=1.0), and the 3/2 mode was completely stabilized
at 8.8 s. Even after the turn-off of the EC injection at 9.5
s, the 3/2 mode did not appear and Py continued to
increase to 1.67. Since NB injection power was fixed,
this shows confinement improvement. In fact, Hgopy, and
HH,, increased to 1.9 and 1.1, respectively. At =10.8s,
the 3/2 mode reappeared, and By decreased. It can be
seen that during this phase EC wave injection angle was
changed according to the change in the location of the
center of the magnetic island. Deposition location of the
injected EC wave can be experimentally estimated from
the increment of electron temperature after the EC wave
injection, and the mode location can be identified from
an electron temperature perturbation profile. Profiles of
the incremental electron temperature after the EC wave
injection are shown in Fig.I.1.4-2(a). It can be seen that
the peak position is located at R~3.67 m. Profiles of the
amplitude and phase of the 3/2 mode are shown in
Figs.I.1.4-2 (b) and (c), respectively. The M-shaped
structure in the amplitude profile and the jump in the
phase profile are clearly observed, which shows that the
center of the magnetic island is located at R~3.65 m.
Result from the Fokker-Planck code shows that the full-
width half-maximum of the EC driven current profile is
about 0.1 m in volume-averaged minor radius. Thus,
most of the EC power is deposited in the island region.

1.4.2 Alfven Eigenmodes in Reversed Shear Plasmas
in JT-60U NNBI Discharges

RS plasma is potentially an efficient operational mode

tokamak reactors
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Fig. 1.1.4-2 (a) Temporal evolution of g, (b) line averaged
electron density, (c¢) a typical behavior of frequency spectrum
ofthen=1AE.
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Fig. 1.1.4-3 Dependence of AE magnetic fluctuation
amplitude on gpy.

confinement and a large bootstrap current fraction.
MHD instabilities driven by energetic particles such as
Toroidal Alfven Eigenmode (TAE) and fishbone have
been extensively studied especially in positive shear
plasmas. However, characteristics of Alfven Eigenmode
(AE) in RS plasmas is not well-known, e.g., puzzling
AEs have been observed with large and rapid upward
chirping in frequency, which cannot be explained by
TAE type modes. We performed NNB-AE experiment
in JT-60U RS plasmas with
measurement to investigate the property of AEs in RS

accurate g-profile

plasmas [1.4-3]. We provide a theory of the Reversed-
Shear-induced Alfven Eigenmode (RSAE) model to
interpret the observed fast frequency chirping AEs [1.4-
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Fig. 1.1.4-4 (a) Rapid frequency change AE observed in a
JT-60U ICRF heated RS plasma [3]. (b) The frequencies
of n=1-9 LRSAEs and TAEs calculated by RSAE model.



4]. To compare between the theoretical consideration
and experimental result, the accurate reconstruction of
g-profile is a key and very important. The experiments
were carried out with a relatively high toroidal field of
3.73 T and plasma current of 1.3 MA, because the g¢-
profile measurement is more accurate with a higher
field.

experimental results with the RSAE model, ¢, was

magnetic Furthermore, to compare the
placed at the outer-most region of plasma as much as
possible and the value of g, was reduced below 3.
Magnetic fluctuations with large frequency sweeping in
the AE frequency range were observed (shown in Fig.
1.1.4-2 (¢)). Thus, AEs have changed from RSAEs to
TAEs in this ¢n,;, range. The model of RSAE and its
transition to TAE can explain the observed upward and
downward frequency sweeping and subsequent
frequency saturation shown in Fig. I.1.4-2 (c), where the
broken lines denote the estimated model frequency
normalized by the observed frequency at r = 6.8 s (¢ =
2.5).

The observed AE amplitude are enhanced during ¢
= 6.65-6.85 s when the AE frequency is saturated as
shown in Fig. 1.1.4-2 (c). To investigate the dependence
of mode amplitude on the g-profile change, we show the
mode amplitude versus ¢, for three shots in Fig. 1.1.4-
3. For all these cases the n = 1 mode amplitude is largest
in the range 2.4 < gy, < 2.7, which is independent of
the time length after NNB injection.

It has been reported [1.4-5] that the n~2-7 AEs with

upward sweeping frequency were destabilized by ICRF

in the JT-60U RS plasma (Fig. 1.1.4-4 (a)). The large
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and rapid change in the mode frequency cannot be
explained by the temporal change in plasma density and
The frequencies of n=1-9 LRSAE and

TAE as a function of the q,;, decrement are calculated

toroidal flow.

with above equations and are shown in Fig. 1.1.4-4  (b).
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1.5 Plasma Equilibrium and Disruption

1.5.1 Characteristics of Current Quench [1.5-1]
Parameter regimes of fast current quenches observed
during Reversed Shear (RS) mode discharges have been
investigated using a disruption database. The quench
time discussed here is the peak current quench rate
evaluated from the experimental data.  Since the
averaged quench times is important for design of ITER

[1.5-2], averaged current quench time is also evaluated.

(1) Current Quench Database

The disruption database most

covers of high

performance discharges in JT-60U such as RS mode and
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the High-g, /High-f, H (HBP) modes. About 440
disruption data in ‘96, ‘98, 01, and ’02 are selected for
diverted auxiliary heated discharges with parameters up
to I, ~3 MA, B, ~4 T, Pxgi ~ 39 MW, and with Wg;, from
1~ to 10.9 MJ.
30 ms prior to the start of current quench are collected.
Current quench time 7" defined by Io/(—dl,/df™™) is

applied to evaluate

Pre-disruption parameters at the time

the quench time, where I is the
is the

max

pre-disruption plasma current and -d/y/df
maximum instantaneous current quench rate in an event.
For RS mode, the shortest 7" of ~3.1 ms is seen
around [,y ~2.6 MA (E40417) instead of at the
maximum [, of ~3 MA. For HBP modes, the shorter
boundary of 7" data points are similar to that
previously reported for JT-60U, i.e. ~5 ms [1.5-3].

The normalized value 7"*/S is introduced in the
analysis, which shall be approximately proportional to
i, where S is the area of plasma poloidal cross-section,
nis the resistivity of plasma [1.5-4]. Figure I.1.5-1
shows 7"/S against j, where j is defined by I,/S.
Here, 7" ~3.1 ms corresponds to 7°*/S ~1.1 ms/m’.

(2) Regimes of Fast Current Quench

Considering that low /; is a feature of RS mode with
hollow current profile, and the lower boundary of 7"*/S
tends to become smaller with decrease in surface safety
factor gguf, a diagram is made for /; — gy,r Space with
denotation of different level of 7"/S as shown in
Fig.I.1.5-2. Rather fast current quenches with 7""/S
<1.4 ms/m? are seen in the regime of gg,r just above 4
and /; less than ~0.7. The fastest current quenches with
7"%/S of 1.1-1.2 ms/m? are observed at further low ; of
0.4~0.5. Hence, gz, and /; have strong correlation to
the occurrence of fast current quench.

(3) Averaged Current Quench Time

Averaged quench time 7" is compared with 7, where
7" is evaluated using the period between times when
Iy is 80% of Iy and 20% of I,. The shortest 7 is
~6.3 ms with the minimum ratio of 7" to 7" of ~1.4
("™ ~4.5 ms).

where 7" is shorter than ~4.5 ms by appearance of the

This ratio becomes larger than 1.4

current tail due to runaway electrons.
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1.6 Impurity and Divertor/SOL Plasmas

1.6.1 Impurity Transport in ITB Plasmas during
Injection of EC Wave

It is important to develop a control method for
suppressing heavy impurity accumulation inside the
ITB. Since the neoclassical inward pinch velocity
increases with density gradient, a flat density profile is
favorable for suppressing the heavy impurity
accumulation. The injection of EC wave is one of the
candidates of the control method, because the density
clamp by injecting EC wave is commonly observed not
only in tokamaks but also in helical devices. In addition,
a decrease of ion temperature inside the ITB is observed
in JT-60U, when EC wave is injected into the high (3,
plasma, suggesting that the EC wave injection can affect
the ITB transport. The effects of EC wave injection on
impurity transport in the ITB region were investigated
in the high 3, mode and RS plasmas [1.6-1, 2].

In the high B, plasma (/p=1.0 MA and B1=3.7 T)
with a small amount of Ar puffing, the EC wave was
injected after the formation of ITB. The central electron
temperature was increased to the same value as the
central ion temperature by injecting EC wave into the
plasma center (r/a~0.15). The density was substantially
decreased by injecting EC wave while maintaining the
high central ion temperature. In a similar discharge
without Ar puffing, a decrease of ion temperature inside
the ITB was observed during EC wave injection with
small change of the density [1.6-3, 4]. Ar could affect
the large reduction of the density during EC wave
Although the thermal

decreased from HHy,=1.0 to 0.9, the central soft x-ray

injection. confinement was
signal was drastically reduced by a factor of more than
2. This observation indicated the Ar exhaust from the
inside of the ITB.

Figure 1.1.6-1 (a) and (b) show profiles of the
electron density and the ion temperature, respectively,
before and during EC wave injection. The density ITB
was almost lost, while the ion temperature ITB was kept,
although the ITB position moved inward. The decrease
of the density gradient led to the reduction of W€ as
shown in Fig. I.1.6-1 (c). The value of D" during EC

injection was almost the same as that before EC wave



injection. Figure 1.1.6-1 (d) shows Ar density profile
reproduced using a different V¢ (see Fig. 1.1.6-1 (c))
and the diffusivity of D=4xDx."" (0.05-0.1 m?/s) in the
ITB and D=0.5-1 m%/s in the other region. A value of
the central Ar density was substantially reduced
compared with the central electron density. These

were with the soft

consistent
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Fig. 1.1.6-1 Profiles of (a) n,, (b) T, (c) W\, (d)
calculated n,, and (e) calculated (lines) and measured
(symbols) soft x-ray profile before (open symbols and
solid line) and during (closed symbols and dashed line)
EC wave injection in a high 8, plasma.

measurements both before and during EC wave
injection as shown in Fig. 1.1.6-1 (e). These results
indicate the importance of the density gradient control
to suppress the argon accumulation.

In the RS plasma, EC was also injected inside the
ITB around 7/a=0.2 after the strong ITB formation with
Ar puffing. The NB heating power was reduced from 6
MW to 3 MW 0.2 s after the EC wave injection to keep
the total heating power almost constant. The
confinement was improved by injecting EC until the NB
power was decreased. After the NB power was stepped
down, the particle fueling became small, but the density
did not substantially decrease. The stored energy
gradually decreased and HHy, was estimated to be 1.6.
The strong ITBs observed in the density and ion
temperature profiles remained and the soft x-ray signal
did not decrease even after the NB power was stepped
down, suggesting no Ar exhaust from the inside of the
ITB. The density gradient was not decreased and Ar
was not exhausted in the RS plasma. Although physical
mechanism responsible for the density clamp has not
been understood well, the density clamp has been
explained by the extra outward flux induced by EC
wave injection at the deposition layer in JFT-2M. In the
RS discharge analyzed here, the diffusive transport in
the central region was extremely large due to existence
of a current hole, and the flat density profile was
observed. Therefore, the extra outward flux induced by
EC wave injection might be cancelled by the large
diffusive transport. EC wave injection in the RS plasma
without the current hole and EC wave injection at the
ITB shoulder might be effective for the Ar exhaust.
Development of the density gradient control method in
the RS plasma is crucial for suppression of the Ar

accumulation.

1.6.2 Boronization  Effects Using Deuterated-

Decaborane ( B1gD14 ) in JT-60U
Wall conditioning is one of the key methods to obtain
high performance plasmas in experimental nuclear
fusion devices. Boronization is one of the most
effective methods in suppression of the oxygen release
from the walls. In this work, about 100 discharges with
identical conditions were repeated and a database was
built up for the systematic study of the boronization
effects on the reduction of core plasma impurities and

the durability of the effects.



Figure 1.1.6-2 shows boron, carbon and oxygen
content in the core plasma of L-mode discharges with
plasma current of 1.5 MA, toroidal magnetic field of 3.0
T, neutral beam heating power of 4.3 MW, line-
averaged electron density of 1.5 x 10" m™ and plasma
volume of 69 m’. Although the boron content became
relatively high after the boronization, it decreased to
about 0.5% after 50 shots, and it seemed to decrease
gradually to ~ 0%. The carbon content was almost
constant ( ~ 2.5% ) except for the first 50 shots after the
boronization. During the first 50 shots after the
boronization, the carbon content was low while the
boron content was high. This difference is considered to
be due to sputtering of the boron film instead of the
carbon tiles. The chemical sputtering yield at the
diverter plates during those shots was lower than that of
other shots by a factor of ~ 5. The C II brightness from
the diverter plasma, which indicates the ionization flux
from C" to C"', was also lower during the 50 shots.
From these results, it is concluded that the low carbon
source resulted in the low carbon content in the core
plasma.

In contrast to the carbon content, the oxygen
content gradually increased from ~ 0.7% to ~ 1.3% in ~
500 shots after it was reduced by the boronization as
shown in Fig. 1.1.6-2 (c). The oxygen content less than
1% was kept for ~ 400 shots. This result suggests that

the durability of the boronization to suppress oxygen

(a)? 1.0 T I |
z
o
=~
3 ® o
0.0 .ol e-o—oee-
(b)_ 80— T To ¢ o®
o0l o0l 0 8 oo
r 20 __*l ..... o .~
°
~, 1.0
c - _
0.0 ! L L
(C)A 2.0 .| T T T
\0 H
215 -
> % °
c1.0 “ . ‘§ ......... ) @9 |
~
00.5 '
c
0.0 | 1 |
36000 36200 36400 36600

Shot number
Fig. 1.1.6-2 The impurity content of (a) boron (b) carbon
and (c) oxygen as a function of shot number around 12th
boronization. [1.6-5]

release is determined by the amount of consumed
B¢Dy4 during the boronization session. This hypothesis
is supported by comparison between 12th boronization
(Fig. 1.1.6-2) using 70 g of B;;D;4 and 18th
boronization ( not shown here ) using 20 g of Bj¢D4.
Before each boronization, similar amount of
maintenance work was done during vacuum vessel
ventilation. The reduction of the oxygen content by each
boronization was similar ( from 1.5 - 1.7% to 0.7 -
0.8% ). However, the oxygen content increased rapidly
in the case of 18th boronization, and it reached 1.2% in
~ 30 shots after the boronization. Comparison between
the 12th and the 18th boronization indicates that 20 g of
B¢Dy4 was insufficient to obtain long lasting durability
for the surface area of JT-60U ( ~200 m?).

Although the durability of the boronization effects in
terms of the number of shots depends on the
boronization conditions, the content of both carbon and
oxygen during the initial 50 shots after boronization was
always low except for some cases such as 18th
boronization. In those 50 shots, the boron content was
relatively high but did not contribute to Z significantly
due to its low atomic number and the low content ( <
0.8% ). As a result, Z in those 50 shots was in the

lowest range of the database.

1.6.3 SOL Plasma Flow and Divertor Plasma

The Scrape-Off Layer (SOL) flow plays an important
role in the plasma transport along the field lines.
Progress has been made in determining the SOL flow
pattern in JT-60U experiments, using three reciprocating
Mach probes installed at the High-Field-Side (HFS)
baffle, Low-Field-Side (LFS) midplane and just below
the X-point. Results of the SOL flow measurements and

analysis were presented [1.6-6, 7].

(1) SOL flow at HFS and LFS

Profiles of the SOL flow velocity (Mach number, M),
floating potential (V}), electron temperature (7,) and
density (n.) were measured with the CW and CCW
directions of B;. Only for CW B; (the ion VB drift
direction towards the divertor), the SOL flow away
from the divertor (“flow reversal”) was observed near
the separatrix both at HFS and LFS of the main plasma.
Just below the X-point, however, SOL flow direction
(towards the divertor) was independent of B;. These
results with the different B, directions showed that the
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Fig.I.1.6-3 Calculated Mach numbers along the field line
(Argg=0.4cm) with and without drift effects. Mach numbers
measured with three probes are plotted by squares.

SOL flow near the main plasma separatrix was
produced against the ion VB drift.

HFS SOL flow profile was different from that at
LFS midplane. The SOL flow away from the HFS
divertor was at and just outside the separatrix, where M),
of the flow reversal was small (0.1-0.2) and width (Aryg
~0.4 cm) was narrower than that observed at the LFS
midplane (maximum M, = 0.3-0.4 and Ar,iq ~5Scm).

Plasma flow pattern was
UEDGE-code[1.6-8], and effects such as ExB, BxVB

and diamagnetic drifts were included. Figure I1.1.6-3

investigated using

shows that flow reversal appeared near the separatrix of
the main plasma both at HFS and LFS SOLs for the
case of the drift effects included, which increases ion
pressure downward for the ion VB drift towards the
divertor. Then, parallel SOL flow can be produced
upward. At LFS midplane, calculated SOL flow near the
separatrix (M, ~0.2) was smaller than measurement
(0.3-0.4), and the region (Arpg ~2 cm) was narrow. At
HFS SOL, the flow reversal was localized near the
separatrix. Simulations

qualitatively —agreed with

measurements.

(2) Particle fluxes towards HFS and LFS divertors, and
the effect of drift on in-out asymmetry

Net particle fluxes towards the HFS and LFS divertors
were investigated. Components of parallel SOL flow
(niV;;= mM,C;) and E,xB drift flow (n;V4in) towards the
divertor were evaluated at the HFS and LFS probe
locations. 7;Vyir was dominant near the separatrix (#m;q
<0.5cm), and the direction was from the HFS divertor to
the LFS one for the ion VB drift towards the divertor.
On the other hand, large E,xB drift flow was produced
from the LFS to HFS in the private flux region under
the attached divertor condition.

Influence of the SOL drift flow on the total particle

fluxes towards the HFS and LFS divertors, G, and
GPLFS, were evaluated from the profiles of »;/), and
nVair, and were written as Gp,//HFS/ LFS+Gp,d,iﬁHFS/ LS At
low 7, Gp,drjftHFS and Gp,driftLFS were relatively large in
total particle flux (30-50% of |G,"|, and 50-80% of
G,"®). G, = (1.5-3)x10*'s" (towards the HFS
divertor) and G,"** = (5-6)x10*'s™: G,"** was larger
than |GPHFS|. On the other hand, total E,xB drift flux at
the private region was large, G,"~ -4x10%'s”,
contributing largely to HFS-enhanced asymmetry.

The total particle fluxes towards the HFS and LFS
divertors were estimated as |G," [+/G,™"| and G,"*°
—|G,™™|, respectively. Then, |G,""*|+|G,™| was 2-3 times

Prv

larger than G,"° —|G,"™|. Large contribution of G," to
the HFS-enhanced in-out asymmetry was expected. On
the other hand, when the detachment occurred at the
divertor at high 77, G, disappeared and the
asymmetry in GpLFS and |GPHFS| becomes small or
reversed. Similar HFS-enhanced asymmetries in particle
recycling and neutral pressure have been generally
observed [1.6-9]. These characteristics in the divertor
were determined by changes in G,"**, G,"*® and G,™.

In summary, the SOL flow measurements (at HFS,
LFS and private region) and UEDGE simulation
revealed the SOL flow pattern and effects of the plasma
drifts. Design work including the drift effects will
optimize the divertor geometry in a tokamak reactor.
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1.7 Tritium Degassing Operation using Wall

Conditioning Discharges
Trittum removal from the vacuum vessel is a crucial
issue in a tokamak reactor such as ITER, because
tritium is tightly contained in the carbon deposits on the
first wall and tritium inventory should be kept under the
operational limit from the safety management. Although
some ideas of tritium removal have been explored, the
simple method is removal using conventional wall
conditioning discharges. Knowledge of tritium chemical
form in the exhausted gas is necessary for the design of
the trittum recycling plant. In JT-60U, in order to
establish an efficient technique for tritium removal, we
have carried out tritium degassing operation using wall
conditioning discharges and investigated tritium amount
and its chemical form.

Trittum degassing operation was executed for six
operational weeks from October to December, 2002.
Taylor discharge, Electron Cyclotron Resonance (ECR)
discharge and glow discharge were carried out using

working gas of helium, argon and hydrogen at the wall
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temperature up to 300 °C. Working gases were basically
used in order of He, Ar and H, in a week. Taylor
discharge, ECR discharge and glow discharge were
applied in this order. The temperature of the vacuum
vessel was Room Temperature (RT) in the 1st, 2nd
(RTT) and 6th week (RT2), and 150 °C in the 3rd week,
250 °C in the 4th week and 300 °C in the 5th week.
Discharge condition of ECR was as follows: toroidal
magnetic field (B;) of ~0.071 T, resonance frequency of
1.74, 2.0, 2.23 GHz, injection power of ~20 kW, gas
pressure (P) of 3x10? Pa (He) - 1x10" Pa (H,),
discharge duration of 1 - 45 minutes, line-averaged
electron density (n,"™) of ~1x10' m?, and predicted ion
10 eV.
Condition of Taylor discharge was as follows: plasma
current of ~50 kA, B; of ~0.73 T, discharge duration of
~20 ms, repetition time of discharge of 1 -7 s, P of ~107
Pa, 7" of ~3x10"® m>, and Ei, of several 10 eV.

Finally,

injection energy (Ej,,) to wall of several

glow discharge was executed under the
following conditions: four anodes, P of 3x107 Pa (Ar) ~
3x10" Pa (He, H,), discharge duration of 1.5 - 6 hours,
n™ <~2x10" m>, applied voltage of 250 V - 600 V,
and total current of 30 A. At that time, current density
<15 pA/ecm® and mean ion flux became <~10"* m™s’.
Eion was expected to be several 100 eV.

Flow diagram of a Gas Chromatograph (GC) and
tritium measurement system is shown in Fig.I.1.7-1. At
the point A, a Residual Gas Analyzer (RGA) was
connected to a vacuum manifold of the vacuum vessel.
At the point B, GC was used to measure gas species,
and an ionization chamber and a water bubbler system
with oxidation catalyst for hydrogen and hydrocarbons
were also used for tritium measurement.

Total amount of removed tritium was ~73 MBq.
However, it was much smaller than the predicted
hundreds GBq)
retained in the first wall. Most of the tritium exists deep

amount of tritum (about several

(~um) in the carbon tiles, and wall conditioning
discharges can only remove the tritium on the surface of
the first wall. Here, removal rate is defined as total
amount of removed tritium over the discharge duration.
In the case of Taylor discharge, the execution time (10
minutes) was used as a discharge duration, because
pressure fluctuation of 0.14 - 1 Hz was not measured
due to a long time constant of JT-60U pumping system
at the point B in Fig.I.1.7-1 (about 2 minutes). Figure

1.1.7-2 shows total amount of removed tritium and
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removal rate in a wall conditioning discharge. In the
case of H, gas, removal rate was large compared with
the case of noble gas (He or Ar), and the effectiveness
of tritium removal in glow, ECR and Taylor discharges
was equivalent at the wall temperature between RT and
250 °C. One candidate answer for this result is tritium
removal by the isotope exchange reaction. In the case of
noble gas (He, Ar), removal rate was smaller than that
in the case of H, gas, and effectiveness of tritium
removal was larger in glow discharge than in ECR and
Taylor discharges. It may be explained that ion
bombardment is effective in tritium removal because
ion incident energy is higher in glow discharge than in
ECR and Taylor discharges. Consequently, hydrogen
was most effective in trittum removal among H,, He
and Ar gases, and this can be attributed to chemical
reactions such as isotope exchange. The effect of wall
removal was

conditioning discharges on tritium

Z06
= b 3rdl - Sth waek
= 5k (150°C ~300°C)
¥

3 0.4b & "
& : *

*G—D.E--

2ONCED D
%I:l}!
b

F&} FTOHT

E
= 0.0
Bubirler only .F.:::.i::i':i':i' i Bubbiarwith
OO calalvet  SOOPC catalvs)
Fig L1773, Tediom soeaist eoellected Iy bsldhler A~C
disiiig conmdtioning Sschaipe ot 13000 300

&

AT

Trit

confirmed by comparing the removal rate of glow
discharge in the 6th week (RT2) with the one in the 2nd
week (RT1). The rate was clearly reduced to ~1/4 in H,
gas case, and ~1/2 in noble gas case.

Figure 1.1.7-3 shows the amount of tritium collected
by three water bubblers (A, B, C) at the wall
temperature from 150 °C to 300 °C. Vapor tritium was
collected by the bubbler A. Vapor and elemental
tritium were collected by the bubbler B. All kinds of
tritium including hydrocarbon were collected by the
bubbler C. The amount of tritium in vapor form is quite
small (< 1%), and the amount collected by the bubbler
B and C are almost the same within an experimental
error (~10%). Therefore, the removed tritium was
mainly elemental form (HT and DT).

In the tritium degassing operation of JT-60U, the
wall conditioning discharges were carried out to
establish an efficient technique for tritium removal. We
confirmed wall conditioning discharges can only
remove the tritium on the surface of the first wall.
Hydrogen was the efficient gas, and glow discharge was
effective in the tritium removal. Chemical species of

removed tritium was mainly elemental form.
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2. Operation and Machine Improvements

2.1 Tokamak Machine

2.1.1 Operation Status

The operation and maintenance of JT-60 was carried out
on schedule in this fiscal year. In every maintenance
period in JT-60 facility, solid radioactive combustible
wastes are put out continuously and stored in metal drums
in the radioactive waste storage building. To reduce the
volume of the wastes by incineration, forty metal drums
were transported from Naka Research Establishment to
the facility of Department of Decommissioning and
Waste Management in Tokai Research Establishment,
because there is no radioactive waste treatment facility at
Naka site. The transportation to Tokai site was initiated in
1999 and a total of 160 drums have been removed. Metal
cables of 250/30/3 tons cranes of the JT-60 torus hall
were replaced in the maintenance period because some
signs of deterioration due to long time use for ~20 years
have been recognized in recent wire inspections.

To improve the capacity of analyzing surfaces of
plasma facing materials used in JT-60, a new analysis
room (analysis room II) was built in the basement of the
radioactive waste storage building. The room became
available on the first day of March 2003, after clearing the
licensing process based on the law of radiation protection
regulations for a radioactive material use. Fabrication of
the thermal desorption mass spectrometry (TDS) for
studying the release behavior of hydrogen isotopes has
been completed. Various tests, such as a vacuum
pumping speeds test, a correction test for residual gas
analyzer and a temperature elevation test up to 1270K, etc,
began in March 2003 in the testing room located outside
of the radioactive control area. After completion of the
tests, the TDS will be moved to the analysis room II. A
new study of the first wall tiles removed from the vacuum
vessel after JT-60 DD experiments by using TDS will be
initiated in the next fiscal year.

2.1.2 High Performance Plasma Facing Components

(I) Tungsten Coated CFC Tiles

In the JT-60U experimental campaign from December
2003, it is planned to use high Z materials, especially
tungsten-coated CFC, for divertor target tiles. Three
types of tungsten-coated CFC tiles were manufactured:
(1) 3um-thick Physical Vapor Deposition (PVD), (2)
50um-thick Vacuum Plasma Splay (VPS) coating, and (3)
500um-thick VPS coating. Types (2) and (3) have

16um W/Re multilayer between each CFC substrate and
tungsten coating layer to prevent the formation of
carbides in the main tungsten layer. To confirm integrity
of the tungsten layer against a high heat load condition on
the divertor plats, heat-resisting tests are planed at the
facility of JAERI Electron Beam Irradiation stand
(JEBIS) in the next fiscal year.

(2) The First Wall Tile with High Conductive Graphite
Sheet

To improve a thermal property of the mechanically
jointed first wall (CFC) used for the NBI armor plate, a
mock-up of the first wall with a high thermal conductive
graphite sheet, Panasonic Graphite Sheet (PGS), was
fabricated and tested on JEBIS. The PGS was inserted
between the first wall tile and copper heat sink to improve
a contact thermal transfer rate.  According to the
experimental results, the contact thermal transfer rate of
the mock-up with PGSs was estimated to be the
maximum of 8000 W/m’K, which is 3-4 times higher
than that with conventional graphite sheets. The steady-
states surface temperature of the tile was kept at 770K
under the heat flux of IMW/n’.

2.13 Study of the Plasma-Surface Interaction

The cooperative research program between JAERI and
universities using the JT-60 first wall tile was initiated in
2001. In FY 2002 research activities described below

were carried out.

(I) Erosion and Re-Deposition Profiles in Divertor
Region

Erosion / re-deposition distributions in the W-shaped
divertor region of JT-60U were investigated by using a
scanning electron microscope and a dial gauge. It was
revealed that poloidal profiles of erosion and re-
deposition on the inner and the outer divertor plates
correlate well with the integrated hitting frequency
profiles of the separatrix on the inner and the outer
divertor plates, respectively. Re-deposition was
predominantly found on the inner divertor plate, which
was ascribed to the higher particle fluxes with lower
energies at the inner hitting point, while the erosion
mainly found on the outer divertor plate was ascribed to
the higher heat fluxes around the outer hitting points [2.1-
1].

Analyses of divertor armor tiles used in the lower-X



@

point, hydrogen discharge experiments in JT-60 (1988-
1990) have been conducted. As has been found in the
studies on the tiles used in the W-shaped divertor, re-
deposition to a maximum thickness around 100 um was
found on the inner divertor armor tiles. Sectional
specimens of dimensions, 5 um x 5 wm x nearly 100 nm
thickness, were sampled from the re-deposition layers in
the most inboard-side zone of the inner divertor tile by
using the focused ion beam technique. Transmission
Electron Microscopy studies revealed that the re-
deposition layers are mainly of multi-layer structures,
among which co-deposition layers of Ni-Cr-Fe-Ti-Mo nm
particles with nm graphite crystallites were found. In
the top surface layers of the re-deposition layers, globular
amorphous-carbon depositions of nearly 1um diameters
were found, which are likely caused by the relatively
lower operation temperatures at around 770K in the most

inboard-side zone of the inner divertor plate.

Trittum Deposition Profiles Based on Observation and
Simulation

Detailed analyses of the tritium retention property in the
carbon-based plasma-facing wall of JT-60U were

performed using Imaging Plate (IP) technique [2.1-2, 2.1-

4.05E+00 5

4.05E-01

Intensity (a.u.)

3] and a full combustion method. A high tritium level
was observed at the dome top tiles in the divertor private
region and the outer baffle (Fig. 1.2.1-1). The trittum
level in the divertor target tiles was lowest in the divertor
region.

In JT-60U, the tritons with the initial energy of 1MeV
were produced by the DD nuclear reaction. It is
considered that an important mechanism of energetic ion
losses is the ripple transport, which is caused by the ripple
of the troidal magnetic field. To assess the energetic
triton loss taking into account the ripple transport, a
simulation was performed using an Orbit Following
Monte-Calro Code (OFMC).
showed that the triton deposition distribution was
consistent with the results obtained by IP and full
(Fig. 12.1-1) [2.14]
According to the simulation, ~30% of the tritium

The simulation result

combustion measurements
produced by DD nuclear reactions was lost and implanted
into the first wall with high energy up to 1MeV.
Compared to the results mentioned in Section 2.1.3(1),
these observation and simulation results showed no
correlation between the ftritium retention and re-
deposition layers in the JT-60U.

Tritium 1image obtained by IP
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Fig. 12.1-1

A result of the triton orbit following simulation (left) and a comparison between the results of IP and the simulation

in the poloidal direction (right). The triton particle fluxes obtained by the simulation are the values averaged in the toroidal



(3) Other Results

Hydrogen and Deuterium analysis of divertor tiles by
SIMS and XPS: The depth profiles of distribution of
hydrogen isotopes and the chemical shifts of carbon,
boron and oxygen in the divertor region were evaluated.
It was found that the signal intensity ratios of H/"°C and
D/"*C by a secondary ion mass spectrometry varied with
the position on the tile ie., erosion vs. deposition
dominant area. By a X-ray photo-electron spectroscopy
the binding energies of C-1s on the tile surfaces were up-
shifted compared with that for the standard CFC sample,
indicating that hydrogenated carbon layers were formed
on the surface region of the tiles [2.1-5, 2.1-6].

Depth profiling of injected T in divertor tiles: Trititum
releasing behavior of the graphite tiles was observed
using the thermal desorption mass spectroscopy.
Temperature was elevated stepwise from room
temperature to 1473K. It was found that most of the
tritium existed in the range of a few microns from the
surface. It was also confirmed that a significant amount
of trittum was trapped on the grain surface and that
isotope exchange reaction is required to release all the
tritium from the surface.

Trittum  removal by  discharges:  Tritium
concentration in tokamak exhaust and cleaning discharges
was investigated to establish an efficient technique for
tritium removal from the vacuum vessel. About 8% of
trittum generated could be removed in a deuterium
discharge. In the cleaning discharges, hydrogen was an
efficient working gas, and glow discharge was effective in

removing tritium.
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2.2 Control System

2.2.1 System Improvements for Advanced Plasma
Control

(1)  NTM Suppression by Real-Time ECH Power
Deposition Control with the Real-Time Plasma
Shape Reproduction System (RPRS)

The feedback control of a steerable injection mirror of the

ECRF system has been developed last year. The heating

and particle supply control computer (IbR) finds a
channel number X, corresponding to the location of the
minimum electron temperature fluctuation measured by
the 12-channel heterodyne radiometer, and calculates the
EC mirror angle Y (Y=ap + 3, X, + asz2 + a3Xm3) using
the channel number X,,,.

However, above control algorithm did not take into
consideration of the magnetic field and plasma shape
during the feedback control.

The new algorithm had been developed by adding
magnetic field signal and plasma shape contour, which is
calculated at the RPRS by using Cauchy Condition
Surface (CCS) method, as shown in Fig. 1.2.2-1.

RPRS calculates the plasma parameters (plasma
horizontal position corresponding to the horizontal
location of the tip-top of the separatrix surface: Ry,
outermost horizontal position of the magnetic separatrix
surface: Ry, plasma minor radius: Ry(=RouRiop),
horizontal position of plasma magnetic axis: Ry, plasma
ellipticity; k, vertical position of the plasma center: Z,,
and send these parameters to IbR by using Reflective
Memory (RM) network every 1 msec.

IbR receives above plasma parameters and calculates

following values such as 1,,: normalized minor radius, R
Command
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Illustration of burning plasma simulation



horizontal position of the center of the unstable magnetic
surface, Xgcpmin: channel number corresponding to the
location of the minimum electron temperature fluctuation,
Rgc, & Zgc: horizontal and vertical position of the
minimum electron temperature fluctuation, h=(Zgc-
Zir)/(Rec-Rinr): poloidal injection angle and Zy,y & R
discharge condition. And finally EC mirror angle
(Y=a+a;h +a,h*+ash’, ag~as:
computed. The feedback control of the mirror angle is

discharge condition) is

executed at every 10ms together with the preprogrammed
ECREF power.

The NTM
demonstrated in June, 2002.

suppression ~ was  successfully

(2) A New Scheme of Neutron Yield Control by NBI

A new scheme of neutron yield control system had been
developed to simulate a-heating in the burning plasma. In
order to simulate a-heating power, which is proportional
to the neutron yield rate, NB power is injected to the
plasma. Fig. 1.2.2-2 illustrates the burning plasma
simulation scheme.

For the simulation, two groups of NBs (A and B) are
used. The NB input power of group A (Pxg") is controlled
in proportion to the neutron yield rate (Sn) using IbR to
simulate self-heating by o particles. The value of Pyg” is
determined as Pyg* = Sn x a, where a is a proportional
gain (corresponding to the discharge condition). The NB
input power of group B (Pxg") is a preprogrammed value
to simulate auxiliary heating. The fusion gain (Q) is
defined as Q=5 x Py / Pxg® in the burning power
plasma simulation.

This new control algorithm has been successfully
demonstrated in May, 2002.

2.2.2 Development of a Digital Integrator for Magnetic
Measurements in the Ultra Long Pulse Discharge

(1) A New Intelligent Integrator with Super-Wide Input
Range for High Voltage during Plasma

A new intelligent integrator with high input voltage and

a long-time low drift speed has been developed in JT-

60 [2.2-1, 2.2-2]. Three VFC-UDC units with different

input ranges integrate an identical input signal respectively,

and the Digital Signal Processor (DSP) selects a suitable

integrated signal among three integrated outputs at a

sampling frequency of 10 kHz and makes a chain of

integrated signals.

intelligent integrator system configuration. = However,

Figure 1.2.2-3 shows the schematic of

there were two problems.

In the case of input voltage above 12 V was induced,
chl and ch2 were short circuited by the Zener diode (Zp) to
protect the amplifier. As a result, the input signal voltage
of the ch3 decreases to about 50% of the induced voltage
(Fig. 1.2.2-4).
To solve above problem, the following compensation

This may causes a “stepped change” error.
formula was added to the data processing program:

(Integ™")=LC/R1 {(Vin')-(Vin'")}+
{(RI7R1)C+1}(Integ®)+R1{I’-(C/R1)V 0} Ts.

L(mH): sensor inductance, R1(ohm): sensor

resistance(design value), R1"(ohm): measured sensor

resistance, IO(mA): circuit current, VOO(V)I input
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voltage, C: (1-k2)/k2, k2: inclination input voltage,
Ts(1ms): integration interval, Integ"" (Vsec): integration
result after compensation, Integ® (Vsec): integration
result before compensation, Vin(V): input voltage.

Input signal voltage to the ch3 was restricted to 33V
by the surge protector, which protects high input
voltage to the amplifier of chl and ch2 (Fig. 1.2.2-5).
The Zener diode (Zp) also protects high input voltage to
the amplifier of chl and ch2. Thus, the surge protector
was removed from the circuits.

Fig. 1.2.2-6 shows the improved stepped change of the
baseline phenomena at the JT-60 disruptive plasma
discharge.

No stepped change of the base line was observed in the
above discharge.

Magnetic pro

E041808
(#13-PBTC12)

/

No stepped change

Fig. 122-6 Obtained waveform

discharge.

at JT-60 disruptive

(2) The First Precise Measurement of Bootstrap Current
in Long-Pulse Plasma Discharge in LHD
Magnetic field measurements are indispeA  digital
integrator based on the method using a Voltage-to-
Frequency Converter (VFC) and an Up-Down Counter
(UDC) has been developed for a precise long-time
integration of magnetic signals in the JT-60 tokamak. The
developed digital integrator had a feature of low-drift for

integration over 200 seconds under the JT-60 operation

Output(Vs/A) I
:5.2572X 107"
Twisle pair cable

VF Converter

condition [2.2-3].
discharges longer than 1000 seconds in future devices such
as ITER.

The digital integrator, which is currently used for JT-

This integrator will be applicable to

60, has been tested in long pulse integral operation of LHD
in the collaboration between NIFS and JAERI. In this
joint test, the operation of long pulse integrator was
successfully demonstrated at LHD under the NIFS and
JAERI collaboration program on test of digital integrator
for long pulse experiments. In the test, the in-vessel
Rogowsky coil of the LHD and the digital integrator set
currently used for the JT-60 experiment were installed as
shown in Fig. [.2.2-7.

Figure 1.2.2-8 shows the photo of the measurement
system. The dynamic range of the digital integrator with
gain=1 covers 250kHz to 1250kHz for the input of +10
Volts.

was reduced to +1 Volts (gain=10).

The minimum input range of the digital integrator
As a result, the
measurement accuracy was improved even in the case of

low voltage induced by the bootstrap current.

A = B B ES B B S R RS S P e |

Fig. 1.2.2-8 System Configuration

Figure..2.2-9 shows the integrated signal in long-
pulse discharge in LHD (shot'41306). The NBI2 in the
co- direction maintained plasma. The beam was switched
to NBI#3 in the counter direction in the middle of

discharge, and discharge was kept for about 60-second. A

Rogowskii coil
$=0.04184(m>/m) I

t

LHD Room , Data Processing Room

v Yinput — VFC — F output
+1.0V : 1250kHz
0.0V : 750kHz
-1.0V : 250kHz

to counter board|

PC for data processing

Fig.1.2.2-7 Schematic Configuration of Plasma Current Measurement at



Line averaged electron density ne was about 1x10'’m™ and
central electron temperature approached about 1 keV.
Plasma current was mainly driven by neutral beam

injection and reached about 30 kA in co- direction at t =

Plasma current, 30kA
drift(after 300sec), -0.158mV s
t=0s =60s &
) 20s
[ntegration result

Fig. 1.2.2-9 Obtained waveform at LHD Plasma Discharge.

30s. The integration was started at 40s before the
discharge and continued for 300s. During about 60-
second of the pulse duration, there were little drift
The drift is 0.158 mVs during 300s and

corresponds to Ip ~ 3 kA.

observed.

The reason for such small drift is considered that the
fluctuation of the ground voltage level is rather small in
the LHD compared with the level in JT-60.

This result implies that operations with longer pulses
will show good accuracy even in low plasma current
condition. This digital integrator is planned to be
applied to real-time plasma current feedback control at

LHD in the 2003 experimental program.

223 A Prototypical Timing System Based on
Reflective Memory Network

The CAMAC based timing system has been used for
synchronizing sequential events of the discharge and data
collection of the interesting plasma phenomenon of the
JT-60U experiments. However, more flexible and
intelligent timing system featuring more state-of-the-art
system is required to realize advanced plasma control
with minimizing maintenance cost. In this context,
combinations of the VME-bus system with high-speed
data communication network by the Reflective Memory
(RM) module and user-friendly application software
based on MATLAB™ tools were selected for the new
prototype timing system.

The timing supervisor provides the 50usec master
clock. Various timing signal preparation logic is built into
the Digital Signal Processing (DSP) module, which will
be activated in accordance with discharge sequence event
signals and commands sent by RM module through the
6.2 MB/sec high-speed communication data link. The

timing signal, which is prepared by software logic is
transferred to subsystem through the RM module
synchronized to the 50usec clock pulse. The subsystem
timing system also consists of hardware structure similar
to the supervisory timing system.

Figure 12.2-10
configuration of the prototype timing system. The timing
signal is transmitted through RM network between
supervisory system and each subsystem controller. The

shows the hardware system

principal functions of each VME-module are the follows:

(a) DSP: Creation of timing signal by software program
execution using events signal and pre-set timer of the
plasma discharge sequence.

(b) CPG: Generation of timing system master clock.

(c) RM: Transmission of timing signal.

(d) DI/DO: Input of event signal from subsystem
hardware component and output of timing signal.

(e) CPU: Communication of the message between

ZENKEI computer system and the timing system.

By using above VME hardware modules, the
modification of timing signal creation logic and
adoption/deletion of timing signals are possible within
short period of time without any change of the timing
system hardware.

To realize above modification, the MATLAB™ tools
were introduced to the prototype timing system. The
major software components of the MATLAB- family are
as follows:

(a) MATLAB; language of technical computing and
bases of the whole software application development.

(b) Simulink; application to design, and to simulate
continuous and discrete-time system. Simulink is
mainly used to build a control block diagram of
timing signal creation as an interactive tool.

(c) Real-Time Work Shop; application to generate
optimized, portable, and customizable ANSI C-code
from Simulink models. It automatically builds

programs that execute in real time on the DSP

|_]‘3" Frototype timing system
Communication | ——a host computer Interface
between DSP and | Ethemet
host computer Timing System Subsystem
; Supervisor Crate Timing System Crate
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Component
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Fig. 1.2.2-10 Prototype timing system hardware configuration



module.
Figure 1.2.2-11 shows the obtained test results of the
time chart for timing signal creation with elapsed time.
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Fig. 1.2.2-11
for the timing signal transmission.

Test results of time chart and elapsed time

The time chart shows the timing signal creation sequence,
which start from clock pulse generation, execution of the
logical operation at DSP module followed by signal
transmission between RM modules and finish at timing
signal output to the subsystem component synchronized
with 50usec clock pulse. Obtained elapsed time was
about 150usec as a whole. However, it is necessary to
improve faster timing signal communication with faster
the

and

clock less than 20usec and to reconsider

synchronization between supervisory system

subsystem.

2.2.4 Renewal of the plant monitoring system
The HIDIC-80E 16-bit mini-computers and CAMAC

systems have been used in JT-60 for plant monitoring and

investment protection interlock since the start of JT-60
experiment. The HIDIC-80E was no longer adequate to
perform necessary services. In addition, he supply of
spare parts became scarce and the maintenance of these
old computers became very difficult. As a result, the
replacement of the HIDIC-80E to a VME-bus system
with UNIX environment was planned in 2001.

The design investigation of a new Plant Monitoring
System (PMS) was done to fulfill the following
requirements: (a) easy reconfiguration and upgrade of
hardware, (b) easy modification/adoption of the software
program with C-languages and UNIX environment, and
(c) selection of standard network communicator (i.e. NFS,
RPC, etc.) between the PMS computer and JT-60
subsystems.

The new plant monitoring system is composed of a
UNIX workstation and a VME-bus system. Functionally,
the plant monitoring workstation (PM-WS) performs
plant data acquisition by the Network File System (NFS),
JT-60 operation mode management and alarm check.

The investment protection Interlock VME-bus
system (IL-VME) receives interlock event signals from
hardwired interlock system and notifies to PM-WS.
Figure 1.2.2-12 shows the new JT-60 PMS configuration.

The environment and performance of the JT-60 PMS
are significantly improved by new UNIX workstation and
VME-bus systems.

of hardware system and (b) productivity of software

They are as follows: (a) flexibility
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Fig. 1.2.2-12 The new JT-60 PMS configuration.



program. As for (a), VME-bus modules are used for
input signal and output signal interface of the IL-VME.
These modules are inexpensive, and programmable. IL-
VME is quite flexible in adding or eliminating 1/O signals
in case of system modification. As to (b), C-language is
used for all application programs of the new PMS. Also
access subroutines to the shared memory, which avoid
interference by multiple accesses, were developed. The
application programs productivity of the PMS is
remarkably improved compare to the old system.

The replacement of the PMS was completed at the
end of March in 2002, and it has been successfully
operated. Even thought, HIDIC-80E systems are still
used for partially remaining CAMAC subsystems.
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2.3 Power Supply System
23.1 A New Digital Signal Processor (DSP)-Based
Digital Phase Controller for Thyristor Converters

A DSP-based digital phase controller has been newly
developed for control of coil current and voltage. This
phase controller is expected to be used in a power supply
system of JT-60SC which is a superconducting tokamak
under planning. A basic set of the power supply is
composed of two thyristor converters which could be
flexibly configured in consistent with the operation
modes. There are five operation modes as shown in Fig.
1.2.3-1, and switch over to each mode could be done at
anytime.

changed by switching between these operation modes.

The direction of the current can be easily

a—a Mode change

R e .
b, 3{ivz Nz R N[> Z&SEh Za 0t 263D 221

(1)} (2) (3) 4 (3)
Double Single Current Single Dhotible

Forward Forward Circuration Reversed Reversed

Crperation Orperution Operation Operution Operation

Fig.12.3-1 Operation modes for a set of thyristor converters.

(1)Algorithm for Digital Phase Controller and
Evaluation of Its Performance
The control algorithm for the new digital phase controller
is shown in Fig. 1.2.3-2. In Phase Locked Loop (PLL)
routine, AC voltage phase is detected with continuous
vector operations. In Coil Current Control Routine, coil
current is controlled using the method of deadbeat control
and decoupling control. In Phase Control Routine, a fire
pulse for a thyristor converter is generated by comparing
the detected phase with the phase of a fire angle
command calculated in Coil Current Control Routine.
In Protective Operation Routine, stop operations of Gate
Shift (GS), By-Pass Pair (BPP), and Gate Block (GB) are
executed. In the GS mode, the fire angle is shifted to
120 degrees to generate negative voltage and to decrease
the coil current. In the BPP mode, thyristor converters
are switched on to make a closed circuit, and then the coil
current decreases with a time constant of the coil. In the
GB mode, fire pulses are stopped. In Protective
Interlock Routine, the converters are forced to stop safely
employing GS/BPP/GB in accordance with the mode of
At the

beginning of the development, the computation time of

termination triggered by the interlock.

this phase controller for one control loop was 500E s; the
pulse accuracy was 5°, which is worse than the original
for JT-60U, £1°. To improve this, the program execution
time was minimized and a newly fabricated board using
D-flip-flop and Programmable Logic Device (PLD) was
employed for outputting fire pulses. As a result, the
computation time for one control loop was reduced to
200ms, and the pulse accuracy was improved to 1.5°.

The control frequency of this phase controller was 5 kHz.
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Fig.1.2.3-2  Algorithm chart for digital phase controller.

(2) Coil Current Operation
Operational feasibility of this phase controller was

evaluated in a small-scale experimental device. A



current range and the operation mode of this test are
shown in Tablel.2.3-1. A test result is shown in Fig.
1.2.3-3 for reference current, coil current, forward
thyristor converter current and reversed thyristor
converter current from top to bottom, respectively. The
coil current is well controlled to track the reference

Table 1.2.3-1  Operation mode for current

Current Range Operaﬂon mode
+4[A]l~+5[A] |{1) Double Forward Operation
+3[A]~+4[A] |(2) Single Forward Operation
-3[Al~+3[A] |(3) Current Circulation Operation
-4[A]~-3[A] |(4) Single Reversed Operation
-5[Al~-4[A] J(5) Double Reversed Operation
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Fig. 1.2.3-3  Current wave for experiment.

current.

232 Rejuvenation of the Discharge Sequence
Controller for AVR
Discharge sequence controller of the Toroidal Field (TF)
coil power supply had to be rejuvenated due to 20-years
of operation. New requirements of long-pulse operation
also necessitated remodeling of the old system. The
programs for the old CAMAC modules are not
compatible with recent computer systems. The
discharge sequence controller has two major roles; (a) to
supervise the discharge sequence of JT-60 experiment and
(b) to control TF-coil current by the Automatic Voltage
Regulator (AVR) of the TF-coil Power supply Motor
Generator (T-MG). Therefore, the new system should
provide new functions of coil failure detection, coil
current control by limiter and pre-programmed control, in

addition to the original functions.

(1) Configuration of the New Toroidal Discharge
Sequence Controller

New toroidal discharge sequence controller is

schematically shown in Fig. 1.2.3-4. This system is

composed of Workstations (WS) for program

development and communication, and Versa Module

Europa (VME) for real time processing, which
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Fig.12.3-4 Configuration and data flow of Toroidal discharge sequence controller.



communicate with TF-coil network. VxWorks was

calculated in real-time is kept less than the warning value

chosen for the real time Operation System of VME. or not.
Ve (Coil Voltage)
Limit Control Mode
Ve > Vemax &
c max) <. Ec(Vt max

V> Vimax &

Vt (MG Voltage) t max) <. Ec(Ifd max)/ Ifd (Field Current)

Limit Control Mode

S T & Limit Control Mode

Ve > Vemax &
(Ve mex) < Eoflc)

(@:(Ifdmax) < Ec{Vt max

Ic (Coli Current)
Contro] Mode

Ifd > Ifd max & D
Ec{Ifd max) < Ec(lc

Fig.1.2.3-5 Limit control of operation scheme for TF-coil.

This system is controlled by an operation command from
ZENKEI, which is at the top level of the control system
hierarchy in JT-60. A command message from ZENKEI
is received and decoded by Toroidal Host WS.  Toroidal
Host WS activates an appropriate task of the discharge
sequence controller corresponding to the command
message. When an interrupted signal is received by the
discharge sequence controller, a task begins to work.
This task deals with discharge sequence of TF-coil power
supply.

The VME-based system in the AVR performs based
on the control logics corresponding to a command from
the VME to the discharge sequence controller. Output
voltage of T-MG and TF-coil current is controlled by the
VME for AVR. A Control method for AVR can be
chosen from coil current control, coil voltage control,
field current control and MG output voltage control.

(2) Coil Failure Detection and Coil Current Control in
AVR

The original AVR did not have a function to detect a coil

failure trouble. A new AVR system can detect the

failure by measuring coil current and coil voltage in rea-

ltime. For example, it can check if the quantity of I’t

Current control of TF-coil in AVR is performed by
limiting the coil voltage, field current and MG output
voltage. If one of these values exceeds the rated values,
the control mode is properly switched to the other one.
This method provides safe operation of TF-coil power
supply. The limit control operation is shown in Fig.
1.2.3-5.

(3) Pre-programmed control of TF-coil current
In the original system, only the value of flattop current
was used as a reference for control of the coil current.
During the long-pulse discharge up to 65s, various
experiments will be executed in sequence. Toroidal
field may need to be changed during a pulse discharge.
The most important point is that this system has to
judge whether pre-programmed current waveform is
technically obtainable with the TF-coil power supply. A
function of consistency check on the pre-programmed
coil currents has been developed. The system has to
check: the maximum coil current, the maximum coil
voltage, MG voltage, I’t for TF-coil, the MG storage
energy, MG rotation, and the timing of disconnecting the
commercial line. With each check item, the VME-bus

system for discharge sequence control sends result



messages to Toroidal Host WS in the case of abnormal
states.

2.4 Neutral Beam Injection System

2.4.1 Development of Negative-lon Based NBI

(1) Improved Beamlet Deflection by Adjusting

Electrostatic Field Profile

Until 2000 the temperature rise of the NBI port limiter
had limited the performance of neutral beam injection to
the JT-60U plasma.
sufficient that a fraction of the beam power directly

Beam focusing was not so

heated the NBI port limiter. The injection port size is 46
cm in height and 50 cm in width. Therefore, it is
important to operate with optimum beam optics and good
beam focusing, which lead to a low divergent beam.

To evaluate the beam divergence, the beam profile
was measured on the beam path at 3.5m away from the
ion source by using an IR camera. In the longitudinally
measured beam deposition profile, two peaks appeared at
the both edges of each segment. It was suggested that
the beamlets of the segment edge were deflected outward
The deflected
angle is estimated to be 14mrad. There were small

and overlapped with other beamlets.

grooves of 5 mm in depth and 40 mm in width at the
down streamside of the segment boundary of the
extractor.
electric field, which deflect the beamlet by 14mrad. To

These grooves generated enough distorted

correct the distortion of the electric field, copper bars
were embedded along the grooves. As a result, the
peaks in the beam profile moved from the both edges of
the segment boundaries to the center between two
segment boundaries.

In the design, peaks do not appear between segment
boundaries in the beam profile at the point 3.5 m away
from the ion source. It seemed that the beam deflection
was caused by the space charge effect of the beamlet-
beamlet interaction, which was not taken into account in
the design. The angle of the remaining outward
deflection was estimated to be 6mrad. To further correct
this deflection, the thickness of the copper bar was
increased for generating the electric field to steer the
beamlets inward. The suitable height of the bar was
estimated to be 1.5 mm by using a three-dimensional
beam trajectory code. The beam profile was modified to
match the design profile and the beamlet deflection by the
beamlet-beamlet interaction was completely corrected.

Figure 1.2.4-1 shows temperature rise of the beam

limiter at the NBI port. The heat loads on the limiter

with the flat bar and 1.5 mm extruded bar were decreased
to less than 60% and 70% of the original one, respectively.
The injection port of N-NBI for JT-60U is so narrow that
even a slight beam deflection can largely affects the heat
loads. This improvement made long pulse injection
possible at high beam power. As a result, the injection
of 2.6 MW at 355 keV has been achieved for 10 sec [2.4-
1] that is the nominal pulse duration time for JT-60U and
has provided a prospect of continuous operation.
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Fig. 12.4-1 Temperature rise of beam limiter at NBI port at
22m far from ion source.

(2) Beam Extraction Uniformity Controlled by Arc
Power Distribution
Uniformity of the beam extraction is a critical issue to
achieve in large-scaled negative ion source to suppress
the heat load on the grids and breakdown. The beam
profile at 3.5 m and the heat loads on the Grounded Grid
(GRG) segment were measured for low and high
extraction voltage with an uniform arc power profile.
The longitudinal beam profile at the bottom segment,
corresponding to beam extraction of a 4 line-array, was
measured. In the case of 5kV, it seemed that beam was
almost uniformly extracted from full 4 lines, whereas in
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Fig. 1242 Longitudinal beam profile at 3.5m. Gray line
is with uniform arc power and black line is with
enhancement of the arc power at the bottom.



the case of 7kV, the beam intensity from the two lines
near bottom was about 70 % of the peak intensity.

The dependency of the heat load ratio of each GRG
segment on the arc power was also obtained for two
extraction voltages of 6 kV and 6.5 kV. The tendency of
the bottom segment was different between two cases. In
the case of 6 kV, acceleration current and heat load of
four segments except the bottom segment were saturated
over 140 kW of the arc power. The heat load on the
bottom segment reached the same level of 8 % as those
on other segments at 190 kW. In the case of 6.5 kV, heat
load on the bottom segment did not reach those on other
segments at the highest arc power. It is indicated that
more arc power at the bottom region is necessary to
extract uniform beam density at 6.5 kV.

In order to enhance negative ion production at the
bottom segment, the arc power at the bottom area was
increased by adjusting each filament voltage. Figure
1.2.4-2 shows longitudinal beam profiles of uniform arc
power and enhanced arc power at the bottom. The beam
profile for the enhanced arc power at the bottom is more
uniform than that with the uniform arc power.
Moreover, the width of the beam at the bottom segment
was broader than that of the uniform arc power, as shown
in the Fig. 1.2.4-2 highlighted by a circle.

The ratio of the heat load on the center segment to
the heat load on the bottom segment was obtained for the
uniform arc power and the enhanced arc power at the
bottom area. The ratio decreased for both cases with
increasing arc power. With a uniform arc power, the
ratio changed from 1.6 to 1.4, whereas with the enhanced
arc power at the bottom area, it decreases from 1.4 to 1.0.
The ratio of one means the heat loads at the center and the
bottom segments are the same. From this result, it can
be seen that the adjustment of arc power distribution is
effective to correct non-uniformity of beam extraction.
These results indicated that higher arc power around
bottom area is needed for improving plasma non-
uniformity at the high extraction voltage [2.4-1].

(3) Temperature Rise Suppression in Beam Limiter of
Positive-Ion Based NBI
To investigate the behavior of high performance plasma
for continuous discharge, it is necessary to make the pulse
duration of plasma heating system longer. In the NBI
system, which is main heating and current drive system
for JT-60U, one of causes which limit the pulse duration
of the beam injection is the temperature rise of the beam
limiter installed at the NBI port. The limiter prevents
damage of the NBI port from the beam bombardment,

and has no forced cooling.

At present, the temperature rise of the limiter was
observed to be 192 degrees with 2 MW of NBI power per
a unit for 7.6 sec. The limiter is made of molybdenum.
It was measured by a thermo-couple located 3mm in
depth from the surface of the limiter. To evaluate the
temperature of the beam limiter, a three-dimensional solid
model was constructed for a thermal Finite Element
Model (FEM) analysis. The three-dimensional model
was meshed using solid hexagonal element in order to be
able to the temperature distribution over the solid model.
The FEM analysis indicated that the input heat flux on the
limiter in parallel of the neutral ion beam was around
3.4M W/m’ for d=0~9mm, 1.9MW/m’ for d=9~17mm,
and 0.6MW/m* for d=17~25mm to reproduce the
temperature rise mentioned above, where d is the distance
from the most-extruded beam facing surface of the limiter.
Furthermore, the temperature rise reached the maximum
allowable one of 400 degrees for the pulse duration of 18
sec, provided that the base temperature is 150 degrees.

In order to make the pulse duration longer than 18
sec, it is mnecessary to suppress the increase in the
temperature of the limiter. Therefore, the area of the
limiter surface exposed to the beam was expanded by
increasing the obliqueness of the limiter surface with
respect to the beam angle. The volume of the limiter
was also enlarged. Figure 1.2.4-3 shows the temperature
distribution of the improved limiter with the pulse
duration of 30 sec. The temperature rise is below the
allowable limit over the entire limiter surface. As a
result, the improved limiter would make it possible to
inject the neutral beam to the JT-60U plasma for the pulse
duration more than 30 sec.

temp Contour

450

Fig. 12.4-3 Temperature distribution of the improved limiter
for the pulse duration of 30 sec with 2MW of NBI power per

one unit.
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2.5 Radio-Frequency Heating System
Performance and reliability of the JT-60 Radio-
Frequency (RF) heating system have been constantly

improved through numerous minor upgrades and

improvements of the system to open up new
experimental  regions. In  particular, major
achievements of the JT-60 RF heating system

development in FY 2002 were successful fabrication of
an anode voltage modulator and successful long-pulse

operation of a high power klystron.

2.5.1 A New Anode Voltage Modulator of All Solid
State Type
RF Power modulation is required in Electron Cyclotron
Heating (ECH) for heat pulse propagation experiment
and Neoclassical Tearing Mode (NTM) stabilization.
Required specifications for the JT-60U ECH system
are: (1) modulation frequency: 10 — 10 kHz, (2)
modulated power: 1 — 3 MW. 1t is quite difficult to
fulfill these specifications because the high voltage
impressed on a high power oscillator, namely gyrotron,
There
are several methods to control the main voltage of the

must be modulated, especially at high currents.

gyrotron with power electronics such as Insulated Gate
Bipolar Transistors (IGBT) or a regulator tube. But
these are quite large-scale circuits.
the JT-60 ECH heating system has an anode electrode
[2.5-1].
by changing only about 10% of the anode voltage.

The gyrotron for

Then the power modulation can be performed

This can be achieved easily with a small-scale circuit
and the cost is cheaper than other methods.

An anode voltage modulator mainly composed of
solid state components has been developed [2.5-2].
Figure 1.2.5-1 is the photograph of the modulator. The
anode voltage is controlled by changing the ratio of
resistances between the cathode-anode and anode-body.
Then, 400 stages of solid state circuits are used as a
variable resistance. In the circuit, a 50-kW resistor
and a transistor are in parallel, and there is a photo
coupler which turns on the transistor.

Figure 1.2.5-2 shows the performance of the power
modulation by this new anode voltage modulator. The
cathode, anode and body voltages are normally -60 kV,
-20 kV and 22 kV, respectively. 0.1 s after the onset
of RF power, the anode voltage (= body voltage - anode
modulated with modulation
Then

cont. voltage) was
amplitude of 3 kV and the frequency of 50 Hz.

the power is changed with the modulation factor 80%.

Fig. 1.2.5-1 Developed anode voltage modulator consisting
0f 400 stages of solid state circuits.
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Fig. 1.2.5-2 Performance of the power modulation by the
anode voltage modulator.

The achieved performances are: (1) the modulation
frequency: 12 - 500 Hz, (2) the modulation factor: 80 %,
and the modulated power ~0.55 MW. The modulation



power can be increased to 2.5 MW with 4 gyrotrons.
However, the modulation frequency is probably limited
at ~1 kHz, which is limited by the operation frequency

of the solid state components used in the circuit.

2.5.2 Long-Pulse Operation of Klystron at Low Power
for 45 Minutes
Electron (ECR)

cleaning is attractive for cleaning first walls in next

Cyclotron Resonance discharge

generation tokamaks which use super-conducting
magnet coils. Long-pulse (about an hour) operation of a
klystron for the JT-60U LHRF heating system [2.5-3]
has been tried to demonstrate effectiveness of the ECR
discharge cleaning in JT-60U.

The operational conditions of the klystron had to
be tuned for IMW and 10 s operation, with the beam
voltage; 72 kV, the beam current; 26 A and the
frequency; 2 GHz. At first, available beam currents
had to be estimated from the maximum rating of its
power supply.

could be operated continuously at 4.4 A for 72 kV. If

It was confirmed that the power supply

the klystron had normal efficiencies of about 50 %, the
output power of 150 kW would have been expected.
But at low beam currents such high efficiencies could
not be obtained because the resonant cavities of the
klystron were tuned for the beam currents higher than
20 A.

the efficiency was only 0.6 % when the beam current

In deed, the output power was only 1.8 kW and

was decreased to 4.4 A without tuning the cavities, as
shown in Fig. 1.2.5-3. There are five cavities in the
klystron. The position of the cavity walls must be
adjusted in order to obtain higher power at low beam
currents. Figure 1.2.5-3 shows the output power as a
function of the beam current before and after
adjustment of the cavity wall position. The output
power of 40 kW was obtained at 4.4 A for short pluses
of several seconds. The efficiency was about 15 %
and still low

The second key point is the improvement of
klystron collector cooling for long-pulse operation.
The long-pulse operation for 60 s at 40 kW was tested
with a dummy load. The klystron collector is cooled
with water vapor cooling. The rate of vaporized water
is 8.4 I/min during the operation. The cooling water
was added by 20 I/min if the water level became lower

than the warning level. The temperature of the

collector was saturated at about 120 °C after 20 s from
the onset time of the operation. Therefore, feasibility
of the continuous operation at this power level was
confirmed.

After these processes, long-pulse operation has
been conducted in the ECR discharge cleaning
experiment on JT-60U. The duration of the pulse was
successfully extended to 45 min, while the output
power gradually decreased to 30 kW. This decrease
seems to be due to the change in the cavity wall
position as the cavities are heated by RF power
dissipation on their walls. This operation has
contributed to the demonstration of effective ECR

discharge cleaning in JT-60U.
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Fig. 1.2.5-3 Output power of the klystron as a function of
the beam current at lower beam currents before and after the

adjustment of the cavity wall position.
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2.6 Diagnostic system

2.6.1 Application of Stimulated Brillouin Scattering
Phase
Scattering Diagnostics

Conjugation Mirror for Thomson
Laser Thomson scattering diagnostics is one of the
standard diagnostics for electron temperature and

density in magnetic fusion devices. Since the efficiency



of the Thomson scattering is very weak, increase of the
scattered light is important to improve the measurement
accuracy. Increasing the incident laser energy is one of
the most effective way in order to increase the scattered
light without degrading the measurement accuracy. To
increase the laser energy, Osaka University and JAERI
are collaborating to apply a high performance phase
conjugation mirror by Stimulated Brillouin Scattering
Phase Conjugation Mirror (SBS-PCM) to YAG laser
system.

The SBS-PCM generates a reflecting wave whose
shape of spatial wave front is the same as that of
incident wave front and its direction of propagation is
perfectly reverse. The SBS-PCM compensates a wave
front distortion that occurs when a laser beam
propagates through optically non-uniform medium due
to thermally induced aberration in high power
amplifying rods of solid-state lasers. A cell behaving as
SBS-PCM is a stainless steel pipe (length=300mm,
bore=30mm) with AR-coated windows at both ends,
and filled by a liquid fluorocarbon. Using the cell as an
SBS-PCM, the incident laser beam was focused with a
plano-convex lens (/~150 mm or 200 mm). Figure
1.2.6-1 shows the reflectivity of SBS-PCM, that has a
high reflectivity of 90% at high laser energy input of 2 J
with a repetition rate of 50 Hz (average power is 100
W).

For the application of SBS-PCM, we newly
proposed a double pass Thomson scattering method
with SBS-PCM. In this new optical design, a laser
beam passing through the plasma is reflected by the
SBS-PCM in place of a beam dumper, and a reflected
beam returned back through exactly the same path as
the incident one by the phase conjugation effect, and
passed through the plasma again. If a conventional
mirror is used for this purpose, very severe beam
alignment is frequently required to reduce a stray light.
However, it is completely unnecessary for such
alignment in the case of SBS-PCM. By this new
method, it is possible to obtain two times larger
scattered light with an alignment-free operation in
contrast with a conventional single pass design. From
the preliminary results using the double pass scattering,
the scattered light became 1.6 times larger and relative
error reduced to 2/3 of that for single pass scattering
[2.6-1]. The amount of scattered light is affected by

laser quality. It seems that the intensity will approach to

twice, if laser quality is optimized.

Second application is the increase of laser output
power with SBS-PCM. The SBS-PCMs were installed
in each of two stage YAG amplifiers in order to change
the amplification arrangement from a single to double
pass amplification. The phase conjugation of the
optically nonlinear SBS process compensated perfectly
a thermal effect of power amplifiers, and an average
power increased from 1.5 J in 30-Hz repetition (average
power was 45W) to 4J at 50-Hz drive (average power
was 200W) as a result of the implementation of SBS-
PCM. The beam quality was also recovered without
wave front aberration with transfer-limited divergence
and a good flattop pattern in a near field.

Both approaches promise us precision Thomson
scattering diagnostics with higher accuracy in JT-60U.
This study utilizing SBS-PCM as non-linear optics
demonstrated the new possibility of the Thomson
scattering diagnostics for the first time.
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Fig.1.2.6-1 Reflectivity of SBS-PCM.

2.6.2 Development of Fast CXRS by Interference
Filter Method [2.6-2]

EXchange
(CXRS) has been developed for the measurement of ion

Charge Recombination  Spectroscopy
temperature (T;), toroidal/poloidal rotation velocity
(V¢/V,) and impurity density. Usual system of CXRS
consists of a combination of a monochromator and a
Charge Coupled Device (CCD) for the time and space
resolved observation. The minimum time resolution of
CCD is 16.7 ms, and it is barely adequate to observe
the evolution of the fast phenomena, for example,
formation of transport barrier, minor collapse and

disruption.



A schematic view of the fast CXRS system is
shown in Fig. 1.2.6-2(a) which consists of fiber-optic
bundle, a collimation lens, beam splitting mirrors and
three Fabry-Perot interference filters mounted in front
of the high-sensitive photomultipliers (HAMAMATSU:
R-1104). The collimation lens is used to make a parallel
light and three mirrors are used to split the light to the
different photomultipliers. The output signal of the
photomultiplier is transferred to an Analog-Digital
Converter (ADC) of 12 bit accuracy through the pre-
amplifier. The bandpass of each filter was selected from
0.2 nm to 1 nm at Full Width at Half Maximum
(FWHM), which depended on the ion temperature and
rotation velocity expected at the measurement position
in the plasma discharge. Moreover, the central
wavelengths of the three filters were chosen to overlap
each filter at FWHM to widen the dynamic range of the
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Fig. 1.2.6-2 (a) Schematic view of the assembly of the
fast CXRS system with three interference filters. (b) An
example of the spectral sensitivity of the interference
filters with photomultiplier, and spectral profile of the
charge exchange recombination of CVI impurity at
T;=1keV and V=-50km/s.

temperature and rotation. An example of the spectral
sensitivity of the three filter assembly is shown in Fig.
1.2.6-2(b). These data were obtained by a calibration
experiment. For a measurement of spectral line of CVI
(n=28 ->7:529.05 nm) in a temperature range around
1 keV, three filters have center wavelengths of 528.85,
529.05 and 529.25 nm and have 0.2 nm bandwidth at
FWHM each other.

The analytic scheme for the determination of the
temperature and rotation velocity is as follows. First,
the relationship between the intensity ratios 11/ and
13/Ip, where 1j denotes the spectral intensity at i-th
channel, and the temperature and rotation is found from
the spectral sensitivity by the calibration experiment,
assuming Gaussian shape of the radiation emission.
These are sorted to matrix data. Second, the measured
intensity ratio is compared with the matrix data using
binary tree algorithm. Then the temperature and
rotation velocity can be determined. For example, as
can be seen in Fig. 1.2.6-2(b), in the case that the
intensity ratios 11/I7 and 13/I» are measured to be 0.76
and 0.44, the ion temperature and rotation velocity are
keV and -50 km/s. Because the
temperature and rotation can be estimated without

determined 1

nonlinear least squares fitting, the fast CXRS system of
three filter assembly has an advantage that can be easily
applied to the real-time measurement or feedback
control of temperature or rotation velocity.

We developed the filter spectroscopy applying to
CXRS for the purpose of estimating ion temperature
and rotation velocity with high time resolution. The
minimum time resolution of 0.8ms was obtained, which
will enable us to measure rapid phenomena as
formation of transport barrier or minor collapse of an
ITB.
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3. Design Progress of the JT-60 Superconducting
Tokamak (JT-60SC)
To demonstrate the feasibility of economically and
environmentally attractive fusion reactors, JT-60
Superconducting Tokamak (JT-60SC) will achieve the
high-beta steady-state operation with the use of the
ferritic steel for the plasma confinement device in the
reactor-relevant collisionless plasma regime. The
program is recognized as a centralized national
tokamak research program under nation-wide
collaborations with universities, research institutions
and industries. Through the discussions at the nation-
wide joint-collaboration meetings on the physics and
technical issues identified at the joint technical meeting
in the previous year, a conceptual design of JT-60SC
has been carried out to achieve high-beta (Bx =3.5-5.5)
and non-inductive current drive steady-state plasmas
(>100s) with sufficient flexibility and controllability of
the poloidal plasma shaping, aspect ratio, and the

feedback control.

3.1 Physics Design

Ferritic steel is used for the stabilizing baffle plates and
the first wall consisting of armors and pedestals so that
the plasma is closely surrounded by the ferritic steel. 18

TF coils generate magnetic fields with ripple rate up to

100000

Fig. 1.3.1-1 3D-analysis fast ion losses (W/m®) on
the first wall taking into account port arrangements
without (top) and with (bottom) ripple compensation
by ferritic steel where arrows show the direction of

nearly perpendicular beam injection.

0.59% in the plasma region. In order to reduce the
ripple rate in the ferritic steel configuration due to port
openings, additional ferritic steel plates will be
appropriately installed inside the vacuum vessel behind
the TF coils. Consequently, the TF ripple rate of the 18
mode will be reduced down to 0.29% in the plasma
region over a wide range of B=2.0-3.8T. The OFMC
(Orbit Followed Monte-Carlo) code analysis to
calculate fast ion losses indicates the effectiveness of
ripple reduction. The fast ion loss of nearly
perpendicular beams with insertion of ferritic steel
plates was evaluated to be 2.0%, which corresponds to
an order of magnitude decrease (Fig. 1.3.1-1) [3.1-1].

Quantitative analysis of the MHD stability for
resistive wall modes has been made for the first time by
the linear MHD code AEOLUS-FT, based on the
original resistive MHD equations. The low-activation
ferritic steel was used for the plasma-facing wall such
as stabilizer and the baffle plates located at the low-
field side. With parabolic current and pressure profiles,
the dependence of the n=1 mode growth rate on the
poloidal beta was estimated. As shown in Fig. 1.3.1-2,
the critical beta above which the magnetic perturbation
at the plasma surface starts to grow is reduced to~10%
with a wall thickness of 0.07a for u/u,=2 at which the
ferritic steel is sufficiently saturated [3.1-2].

Even though the skin time in the wall and the
critical beta increase with the wall thickness, the
ferromagnetism can underscore the improvement in the
critical beta when the wall thickness exceeds a
threshold value. The effect of toroidal plasma flow was

also investigated, and the flow velocity of 0.03w,
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where v, is the toroidal Alfvén velocity, is sufficient
for the resistive wall to have stability effect of ideal
wall. Both the resistive wall and ideal kink modes are
destabilized by the ferromagnetic wall effects.

Steady state operation scenario for the high-fy
with full non-inductive current drive is evaluated by the
1.5D-time  dependent
(TOPICS) on the basis of the transport model of the
reversed shear discharges in JT-60U. The high

transport  simulation code

performance operation with Pn~5, and bootstrap
current fraction of 85% for 100s is shown at [,=1.5 MA,
Br=2 T, and Pxg=11 MW. The ERATO-J code analysis
shows that the profiles with internal transport barrier
could be stable for kink-ballooning modes.

The proportionality of the no-wall limit of the
normalized beta, Py, to the plasma shaping factor S
(=g9sl,/aBr) is suggested from DIII-D experiments. For
the purpose of extending the flexibility of the plasma
shape, equilibrium analysis was performed by TOSCA
to investigate configurations with the aspect ratio (A)
less than 3, which is outside of the ITER operational
regime. In the present design of vacuum vessel with
aspect ratio around 2.6, $=6.3 is available at which
high Bx=3.5-5.5 is expected.
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3.2 Engineering Design

Plasma positions and shape control in the
superconducting coil system were analyzed [3.2-2].
The plasma feedback control system based on Grad-
Shafranov equation is used for the linear numerical
model. Vacuum vessel, stabilizing plates, and large
ports were modeled in 3-dimensions. For a slower
control of the plasma shape, the superconducting
Equilibrium Field (EF) coils are used. Whereas, for a
fast control of the plasma position, In-Vessel normal
conducting (IV) coils are used. Figure 1.3.2-1 shows

the transient response behaviors against a sudden

0.15

Fig. 1.3.2-1 Time evolution of (a) separatrix gaps, (b)
the PF coil voltage, (c) the PF coil currents for
minor disruption simulation. The given condition is
a sudden poloidal beta drop (AP,=-0.5) with its
recovering time constant of 1.0 s. The gap number
corresponds to the reference position allocated in
the poloidal direction.

poloidal drop of AB,=-0.5 due to the minor plasma
disruption. The plasma minor radius instantaneously
shrinks, because all of separatrix gaps, 8,i.6, measured
from the first wall increased. After that, the separatrix
gaps returned to their original positions in ~3 s due to
the effect of the feedback control. It must be pointed
out that the separatrix gaps become rather stationary by
this time, however, PF coil voltages and currents are
still in the transient states due to the eddy current effect.
Since the PF coil voltage are saturated until /~2.8 s, the
gap control is expected to set in around 6 s under the
non-saturated condition.

The nuclear heating in the superconducting TF
coils was analyzed by the 2D-neutron transport code
(DOT3.5) including the shine-through effect from the
port hole at the outboard-side. The maximum nuclear
heating at the outboard conductor by the neutron and
gamma-ray fluxes with the maximum neutron emission
of 4x10'7 n/s was estimated to be around 6.1mW/cm3,
which is larger than the maximum heating at the
inboard conductor by a factor of 2.5. The temperature
increase of the TF conductor by the nuclear heating is
estimated with the super- helium coolant with initial
condition of 4.3K, 0.2m/s. The maximum temperature
is 5.1K at the inboard side conductor.



FEM analysis was made to estimate the maximum
mechanical  stress, Oma, and the maximum
displacement, Ap.x, of the TF coil. Loaded forces
from EF coils and the fixing bolts were included in the
model. For the major plasma disruption of Ip=4MA,
Omax=454MPa, and A,,,,=10.4mm were computed. The
maximum stress is sufficiently lower than the criterion
of 660 MPa for the SS316LN at 4.2K.

The mechanical stress at the Vacuum Vessel (VV)
during the major plasma disruption was analyzed.
Through the FEM analysis including the eddy current
at stabilizing plates, baffle plates, and ports, the
maximum mechanical stress, and the displacement
were estimated. Those are within the technically
acceptable level.

Thermal analysis of the armor plates for the NBI
was analyzed. With the assumption of the shine
through fraction of 10-20%, the temperature at the
armor tile of CFC is 1050 C for Negative ion Neutral
Beam (NNB) with the heat flux of 1.0 MW/m® x 50s,
which is approximately within the acceptable range of
temperature for the CFC.

Support structures for the TF, PF coils and VV
were designed. Laminated spring is adopted for the
buffer of the Equilibrium Field (EF) coils, a part of
which are supported from the TF coils in order to
simplify the structure and to reduce the mechanical
stress. The support legs of VV are redinforced by
toroidal ribs. It is confirmed by the FEM analysis that
the maximum stress at the support legs is within the
tolerable limit.
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II JFT-2M PROGRAM

On JFT-2M, advanced and basic research for the
development of high performance tokamak plasma is
being promoted, making use of the flexibility as a
medium-sized device and the research cooperation with
universities and other institutions.
Advanced Material Tokamak Experiment (AMTEX)

program has been carried out in JFT-2M. The low

Recently, the

activation ferritic steel has been tested for the
development of the structural material for a fusion
reactor. In this fiscal year, the third stage test of
AMTEX was conducted after covering full inside wall,
except for the ports, of the vacuum vessel with ferritic
steel plates (Ferritic Inside Wall; FIW) in order to
investigate compatibility of them with high performance
plasmas. Details of FIW is described in the Section
3.1.1.

The influence of FIW on the

characteristics was insignificant. The FIW showed the

vacuum

expected magnetic features. The impurity release was
less than the detectable level even in beam-heated
plasmas. The H-mode was obtained in similar
conditions before installation of FIW and the L/H
transition power was almost the same as before. A new
attractive operation regime, High Recycling Steady
(HRS) H-mode, was explored. This mode is compatible
with the Internal Transport Barrier (ITB), which has

increased the normalized beta up to ~3.

Fig. II.1-1 Inside view of the vacuum vessel after
installation of ferritic inside wall (FIW).

In parallel with the AMTEX program, the advanced
and basic study on H-mode plasmas and a Compact
Toroid (CT) injection, etc. have been performed. The
measurement with the Heavy Ion Beam Probe (HIBP)
clarified a decrease in gradient of plasma potential at the
region of Edge Transport Barrier (ETB) in the H’ phase,
which appears after the Edge Localized Mode (ELM)
free phase with the higher recycling than the ELM free
phase, compared to that in the ELM free phase. Density
fluctuation of ~130 kHz was observed at the ETB
region. The electron energy distribution function and the
structure of shear flow and ion temperature during L/H
transition have been evaluated with electrostatic probes.
Reproducibility of the CT injection into the JFT-2M
plasma was drastically improved by the modification of
the electrode of the CT injector. The fast density
increase with a time scale of ~60 us was first measured
and the fuelling efficiency within the rapid phase was
estimated to be 25%.

1. Advanced Material
(AMTEX) Program
The low activation ferritic steel is a leading candidate of
structural for the blanket
demonstration reactor (DEMO).

Tokamak Experiment

material of a fusion
However, it is
Thus

the compatibility of the ferritic steel with plasma has

ferromagnetic material and easily rusts in the air.

been investigated on the JFT-2M tokamak step by step.
We have entered the third stage of the AMTEX program
with FIW (Fig. I1.1-1).
is 1) investigation of the compatibility between high

The main purpose of this stage

performance plasmas and FIW as a simulation of the
blanket wall of DEMO and 2) demonstration of a
significant reduction of the toroidal field ripple by
optimizing the thickness profile of FIW [1-1]

Though the FIW
installation, achieved base pressure was almost the same

slightly rusted during the

as before (6x10° Pa) with conventional procedures:
baking at 120 °C for 3 weeks and Taylor Discharge
Cleaning (TDC) with H, gas for 30 hours. To
investigate the effect of ferritic steel on plasma
production and control, the magnetic field from FIW
was calculated by a newly developed equilibrium code
[1-2]. The results showed that the ferritc effect can be
canceled with increase of 10% in the vertical field coil
current. The tokamak discharges were obtained again
without marked change in the plasma control system,



but with slight increase in the vertical coil current of
feed-back control as predicted.

As for the impurity release during the discharge,
Figure I1.1-2 compares the total radiation loss in limiter
discharges at B, =1.3 T and /,=200 kA for different wall
installation conditions of FIW: no FIW case, partially
covered (20%) one and the FIW one. The total
radiation loss with FIW was decreased by ~20%
compared to the other cases. The reduction was also
observed in both the divertor configuration and the
neutral beam heated plasma. Spectroscopic
measurements showed that main impurity in the JFT-
2M plasma is oxygen and carbon. The metal impurity
was under the detectable level. The reduction of
oxygen line intensity was observed with FIW, which is
consistent with reduction of total radiation.  The
reduction of the oxygen level could be attributed by the
replacement of the graphite tiles. Although detailed
behavior of the impurity release from FIW has not been
clarified, it can be concluded that the impurity release
(O, C, metal) from FIW is not large in the experimental
condition [1-1, 1-2].

The ripple-induced fast ion loss was evaluated from
the measurement of temperature increase in the graphite
tiles using an infrared TV system (IRTV) [1-3]. Fast
hydrogen ions are supplied by the Neutral Beam (NB)
injection with its primary energy of 36 keV (co-
direction on I, tangentially on B;). The NB injection
power is about 500 kW. In the case of typical condition
(B:= 1.3 T, I,=200 kA, ns~2x10" m”, D-shaped limiter
plasma), the maximum heat flux due to the ripple
trapped loss of fast ions has decreased from 0.26
MW/m* (w/o FIW) to less than 0.01 MW/m® (with
FIW).

the FIW installation. Thus; the suppression of fast ion

The banana diffusion loss has also decreased by

loss was clearly demonstrated, and could be
qualitatively explained by the reduction of toroidal
field ripple due to the installation of FIW.

For design activity of a future tokamak reactor,
more quantitative analysis is important. To investigate
the effect of the localized ripple on the fast ion loss
experimentally, the ferritic steel plates were installed
between the vacuum vessel and the adjacent toroidal
field coils to enhance the localized ripple only in one
toroidal section. It has been shown that the ripple loss
depends on the ripple well structure, e.g. the thickness

of the ripple well. The experimental result mentioned
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Fig. II.1-2  Total radiation loss against line averaged
electron density for limiter discharges of 7,=200 kA and
B=1.3 T in cases of no FIW (open circle), partially
covered one (x), and FIW (closed circle).
above is almost interpreted by the newly developed
Fully Three Dimensional Orbit-Following Monte-Carlo
(F3D-OFMC) which

dimensional complex structure of the toroidal field

code, includes the three
ripple and the non-axisymmetric first wall geometry.
The F3D-OFMC calculation has shown that the total
loss of fast ions (ripple trapped loss + banana diffusion
loss) after the installation of FIW is reduced to ~1/3 as
large as that before the installation of FIW [1-1, 1-4].

As a measure of stability of low beta plasma,
operation region was investigated. The tokamak
discharges have been obtained in a wide operation
regime in the Hugill diagram, namely, the density can
be increased near Greenwald density (ngw) and the
surface safety factor, ¢s, can be decreased around 2. It
was reported that the region, where a collapse due to the
tearing mode occurs, exists around g¢~3, ne~1x10" m?
[1-5, 1-6].

not been observed by the installation of FIW, which

The remarkable change of this region has

means that the effect of FIW on tearing mode is
negligible. It should be noted that a ratio of the minor
radius of FIW (d) to that of the resonance surface (7;) is
d/re~1.6. The theoretical analysis was carried out to
investigate the effect of the ferritic wall on the tearing
mode. The analysis has shown that the ferritic wall at
such a remote position form the resonance layer shows
no effect on the tearing mode behavior, which is
consistent with experimental results [1-7].

Growth rate of the vertical instability was evaluated
from the temporal change of the vertical position after
switching-off the feedback control during the discharge.
The ferritic

unstable in qualitative manner, because vertical shift of

steel ~makes vertical instability

the plasma causes unbalance of magnetization of ferritic

steel, which enhances the instability. However,



which enhances the instability. However, calculated
results have showed that the effect is limited by only a
few percentage increase in n-index. On the other
hand, FIW acts as a conductive wall, which makes the
instability stable. As is expected from above
considerations, a significant change in the growth rate
has not been observed experimentally even after the
installation of FIW.

In the single-null divertor configuration with
FIW, H-mode was obtained with similar conditions as
before. The threshold power for the L/H transition is
420kW at B, =1.3 T, I, =200 kA and n, =3x10"" m™. It is
almost the same as the value before the FIW installation
(440 kW) and comparable to the value from scaling law
~ 500kW. The typical H factor (Hgop) is ~1.8 for ELMy
H-mode, which is also comparable to the previous
results [1-1].

Compatibility of FIW with high normalized beta
(Bn) plasma is important because DEMO require fy of
3.5~5.5 with utilizing the MHD stabilization effect of
the conduction wall. In recent researches, a new
attractive operation regime, High Recycling Steady
(HRS) H-mode was discovered (detail will be given in
2.1). The important feature of the HRS H-mode is the
compatibility with the ITB. To show the effect of the
ITB formation on enhancing Py, toroidal beta values are
plotted against normalized current (/,/aBr) in Fig. I1.1-3.
The slope of the figure corresponds to By. In the cases
without ITB, the normalized beta is limited less than 2.5.
This value is same as previous results without ferritic
steel and boronization.
the ITB. This

improvement of the core confinement with keeping the

The By increased up to ~3 with

increase can be attributed to the

steady H-mode edge. This result demonstrated the
compatibility of FIW with high-normalized beta plasma
up to ~3 [1-1, 1-8].

Throughout this work, it is demonstrated that the
effect of the ferritic steel is limited within the
predicted range, and the effect is not large. These are
encouraging results for the use of ferritic steel on
DEMO. For future work, the two issues of importance
still remain: the investigation of the compatibility of
FIW with higher normalized beta with closer wall
condition and the prediction of the effect of ferritic

steel on DEMO.
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2.  High Performance Experiments

2.1 High Recycling Steady H-Mode

After first discovery in ASDEX [2.1-1], the H-mode
operation is nominated as a standard operation on next
step devices such as ITER. The standard view is that the
operation of H-mode having giant ELMs is required for
density and impurity control. However, the ELMs
produce pulsed heat and particle loads that can lead to
rapid erosion of the divertor plate. In addition, it can
affect the beta limit and reduced core transport region
needed for advanced tokamak operation.

A new attractive operation regime, the HRS H-
mode regime, has been discovered in the JFT-2M
tokamak [2.1-2]. It is easily reproduced with the NB
heating of any co-, counter- and balanced-injection
under the wall fueling from the boronized first wall. The
HRS
confinement (Hgop ~1.6) at a high density (n/ngw ~0.7;

regime is characterized by good energy
ngw is the Greenwald density), low radiated power
fraction (Prd™"/Py ~0.2, typically), and the complete
disappearance of large ELMs, which makes it possible

to reduce the pulsed heat and particle load to the



divertor plate. In addition, the HRS H-mode edge
condition is compatible with an improved core
confinement, since the lack of ELMs in the HRS H-
mode regime means no degradation of the reduced core
transport by pulsed edge MHD event. We have
demonstrated that the ITB can be produced under the
HRS H-mode edge condition, achieving PnHgop ~6 at
the n/ngw ~0.7-1.0, transiently. Accompanying the HRS
H-mode transition, the coherent magnetic and floating
potential fluctuations are seen on magnetic probes at the
vacuum vessel wall and Langmuir probe in Scrape-Off
Layer (SOL), respectively. These coherent fluctuations
have a frequency of the order of 10-100 kHz with
significant variation. It is recognized to be important to
enhance the particle transport, whose characteristics are
similar to the Enhanced D, (EDA) H-mode regime
reported from Alcator C-Mod [2.1-3].
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Fig.I1.2.1-1 Time evolution of discharge having ITB under
HRS H-mode edge condition.

To investigate the condition under which either
ELMy or HRS H-modes are obtained, a series of
experiments was performed, scanning Ip, By, (i.€. qos), #e
and triangularity, 8. It has been confirmed that a
formation condition of the HRS regime is similar to that
of the EDA regime,

(n/ngw>0.4) and/or neutral pressure (>5-10 mPa).

especially at high density
However, a detailed comparison of the operational
regimes in the two devices exhibits distinct differences.
The HRS H-modes can be seen even at gos<3 with
nd/ngw>0.4 in the divertor
configuration with 6~0.4. On the other hand, EDA

plasmas are more likely at low plasma current (g¢s>3.5).

standard single-null

Recent experimental results from JFT-2M show that the
plasma shape also seems to play an important role in
determining the type of ELMs. The HRS H-mode
regime has been extended up to 6~0.75 and ¢95~2.6 with
n/ngw>0.4 in the double-null configuration, while
lower & boundary exists at 8~0.3 with moderate gos~4
even at high recycling and/or density condition of

ne/ngw>0.4 in the limiter configuration.
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2.2 Study of H-Mode Physics

In the JFT-2M tokamak, the study of the H-mode
physics has been progressing since its discovery in the
compact open divertor configuration and also in the
limiter configuration with the D-shaped vacuum vessel.

The time scale of a change in the plasma potential
at the H-mode transition, which is caused by a sawtooth
crash in JFT-2M [2.2-1], has been studied minutely by
using a Heavy Ion Beam Probe (HIBP). It has been
found that in the Edge Transport Barrier (ETB), the
plasma potential changes with two different time scales
at the L/H transition: it drops at first with a time scale of
10-100 us, then after a few 100 us, it decreases again
with a time scale of ~200 us [2.2-2].

We have found that there are several grades in ETB
strength, which appears in the potential gradient at the
edge and in the deuterium line radiation (D,,) level [2.2-
3]. Figure I1.2.2-1 shows the profiles of the plasma
potential (¢p) measured by HIBP and the intensity of the
secondary beam of HIBP in the ELM-free phase and H’
phase [2.2-4]. The H’ phase is characterized by the
density fluctuation with frequency of ~100 kHz
measured by a microwave reflectometer and by the
slightly degraded confinement with a increased D,, level.
We have observed that in the ELM-free phase, negative
electric field at ETB (-15 kV/m) is stronger than that in
the H’ phase (-8 kV/m). During the H’ phase, density
fluctuation of frequency ~130 kHz clearly appears in
the ETB region in accordance with the previous



reflectometer measurement. The fluctuation localizes in
ETB as the ELM does. This fluctuation may degrade the
edge potential barrier and ETB. Therefore it is
important to study this fluctuation to control the ETB of

the H-mode.
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Fig. 11.2.2-1 The profiles of plasma potential (¢) and the
secondary beam current of HIBP (/ygp) at ELM-free phase
(upper) and H’ phase (lower). The abscissa is the distance
from separatrix and the negative sign means the inside
of the separatrix. The fluctuation of the beam current
reflects the density fluctuations
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2.3 Study on Scrape-Off Plasma

2.3.1 Electron Energy Distribution Function in Divertor
Plasma

The Electron Energy Distribution Function (EEDF) f(E)

as well as the plasma parameters were measured by the

electrostatic probe for divertor plasmas in the JFT-2M

tokamak. The behaviors of the f{F) estimated from the

first derivative of the probe current were first

investigated for the Ohmic Heated (OH) and the
Electron Cyclotron Resonance Heated (ECRH) plasmas.
The profile of E) in the OH plasma is observed when
electron temperature decreases with increase of core
plasma density. The results are, f(E) shrinks with
increase of the core plasma density, which just reflects
the decrease of the electron temperature. The AFE)
appears to broaden with the ECRH power and the high-
energy component appears when the ECH resonance
layer is located at the center, whereas the variation of
AE) is small when the resonance layer of ECH is off-
center [2.3-1].

2.3.2 Structure of Shear Flow and Ion Temperature
during L/H Transition

In JFT-2M, various electrostatic probes such as a Multi
channel Mach Probe (MMP), an lon Sensitive Probe,
(ISP) and a small ion probe for catching information on
ions are equipped for the study of scrape-off layer
plasma.  Among them, MMP and ISP are unique in
JFT-2M and are not equipped in other tokamaks. The
time and space resolved measurements of the shear flow
and ion temperature have been made for the first time
by MMP and ISP during L/H transition in the boundary
plasma.

Measurement of the shear flow by the MMP
indicates that the flow appears just after the L/H
transition, which is composed of the edge poloidal flow
being responsible to form the radial electric field in the
H-mode plasma. In order to extend the capability of the
ISP for the precise measurement, the dependence of the
ion current on the height of the electron guard has been
evaluated numerically by taking a finite width of the ion
collector and the guard into account. The measurements
using ISP were carried out for OH, L- and H-mode
plasmas and ion temperature T; could be successfully
evaluated using the relation of the ion current to the
barrier height h. The increment of T; was confirmed at
the current ramp up phase in the OH plasma. The
absolute value of T; was obtained in the OH plasma and
in the L-mode plasma as well as in the H-mode plasma
as shown in Fig.IL.2.3-1. The higher energy ions more
than 120 eV in Fig. 11.2.3-1 indicate the collisionless
banana orbit loss being transported at the outer region
of the separatrix for the H-mode plasma [2.3-2].
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Fig. 11.2.3-1 The ion temperature observed by the ISP
during OH, L, and H mode plasma at position of Z=0.44 m
in JFT-2M, where B=1.3 T, [,=225 kA and P\=765 kW
for upper single mull (USN) plasma.

2.4 Compact Toroid Injection
Compact Toroid (CT) injection is an advanced method
of the particle fueling into the plasma, and being
investigated on JFT-2M. Prior to the injection
experiment in 2002, the CT injector was modified in
2001,
Details of the modifications are shown in 11.3.1.3. In CT
into JFT-2M plasma,

increase of electron density within 60 us was clearly

aiming at improving injection efficiency.

injection experiments rapid
observed as shown in Fig. 11.2.4-1. This is the first
demonstration of the density increase in such a time
scale. Figure 11.2.4-1 (b) shows profile of soft X-ray.
The intensity of weak field side initially increased and
is kept for ~100 us. Then it propagated to the plasma
center. The fuelling efficiency within the rapid phasOe
(60 us) was estimated to be 25% by (Ane X Vpiasma)/(Bict
x Ver). In the case of other discharges, the time constant
of the density increase is ~500 us. This time scale is
much shorter than that with only gas puff. The
mechanism of density increase with different time scale
has been unclear so far [2.4-1].

In addition, we have a plan to inject CTs vertically
into the JFT-2M tokamak by using a curved drift tube
for the improvement of CT injection efficiency. Vertical

(a) CT Injection
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Fig.11.2.4-1 Time evolution of (a) line averaged electron
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density and (b) soft X-ray profile. Rapid increase of
electron density just after the CT injection is clearly
demonstrated.

injection eliminates the force due to the gradient in the magnetic
pressure along the path and thus may be more advantageous for
fuelling to the fusion reactor. To apply a vertical injection,
both an extension of a drift tube and an installation of a
curved tube on a CT injector are more flexible than the
establishment of the injector in vertical direction in the
design of the fusion reactor in the future.

The proof-of-principle experiments on CT transport
with a curved drift tube have been successfully carried
out at the Himeji Institute of Technology. Figure 11.2.4-2
shows poloidal and toroidal magnetic fields B, and B, electron
density #, and CT speed vcr (a) through the straight drift tube
and curved drift tubes with 45° and 90 bends. Figure 11.2.4-2 (a)
shows B, versus the distance from the point L=0 (tip of the inner
electrode) in front of the bend entrance, where B, are
normalized by the mean values of B, measured at L=0 mm (G3).
It can be seen that bending in the drift tube does not affect the
plasma parameters in an appreciable manner. B, decreases
similarly with the propagation distance with or without bend.
The electron density 7, is not affected by bend either. The decay
in the electron density depends on the plasma resistivity and the
size of the drift tube. The decay time of B,, are: 7y =22us (0 =0°),
29us (0= 45°) and 26us (6= 90°). These values are consistent
with an estimate based on Ohmic dissipation 7 =pyMA” where
7 is the plasma resistivity and 1 is the eigenvalue in the force-
free Maxwell’s equation VxB=AB. (For linear drift tube, the
formula gives # = 24us.) It appears the CT decay time is not



affected by the presence of bend and CT remains intact after
passing the bend section. The speed of CT estimated from the
CT transmission in Fig. 11.2.4-2 (b) is 37 knv/s (6=0°), 41 km/s
(6=45° and 37 km/s (6=90°), respectively. The deceleration of
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Fig. 11.2.4-2(a) Poloidal field of a traveling CT at each
transit point (b) CT transition in a drift tube (c) Poloidal
and toroidal field profiles of a CT at L=0 mm (G3, before
bend passage) and =644 mm (after bend).

CT due to the bend of the curved drift tube was not observed.
The profile of B, and B, before and after passing the 45° bend
are shown in Fig 112.4-2 (c). It has been confirmed that a
plasmoid at the final location of the G6 port has a typical
spheromak configuration and the CT was transported without
destruction after passing the bend. The magnetic structure and
its integrity appear to be well conserved even in the curved
section of the drift tube. Potential detrimental effect due to the
curvature centrifugal force in the curved drift tube has not
manifested itself in experiments [2.4-2].
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3. Operation and Machine Improvement

3.1 Tokamak Machine

3.1.1 Operation Status

At the beginning of this FY2002, the 3rd stage of the
Advanced Material Tokamak Experiment (AMTEX)
[3.1-1] in the JFT-2M has been started to investigate a
compatibility of ferritic steel first wall with plasma.
The ferritic steel plates were installed on the whole
inner surface of the vacuum vessel in FY2001, and also
the graphite guard limiters and the graphite protection
tiles were attached. In addition new electromagnetic
sensors were installed. Since the structure of the
installed Ferritic Inside Wall (FIW) were greatly
changed from the previous one, the inspection for the
components inside the vacuum vessel was made during
the vented period in summer. As a result, broken
protection tiles of graphite and melted wires of the
electromagnetic sensors were found. Electromagnetic
force, heat load and mounting defect at the installation
have seemed to be the possible cause of the former
damage, while heat load from plasma the main cause of
In FY2002 the additional installation of

guard limiters of graphite has been made together with

the latter one.

the replacement of broken tiles, and the protection
covers of stainless steel have been newly attached on

the wires. The inside structure of the vacuum vessel



with FIW is shown in Fig.IL.1-1.

Any wrong point about the ferritic steel plates has
not been detected until now, no vacuum-related trouble
has not occurred in the plasma experiment. From a
viewpoint of maintenance management, little difference
in their handling and the vacuum characteristics has
been found so far between ferritic steel plates and
carbon tiles. Therefore, installed ferritic steel plates
can evaluate the validity of the design. It has seemed,
therefore, reasonable that the design concept of FIW for
tokamak device is proved valid in the JFT-2M.

In FY2002, 3156 shots of the plasma discharges
were operated together with 234 hours of the discharge
cleaning, 201 shots of the coil-energizing operation and
four boronization operations of 22.7 hours as a whole.

The daily
corresponding equipment has been made as well as the

and periodic inspection for the

legal one for the high-pressure gas equipment.
Especially the aged equipment was inspected carefully.
Then the safe and stable experimental operation has
been performed as the planned schedule. During the
maintenance of the tokamak machine and the auxiliary
facilities, turbo-molecular pumps and gate valves of the
vacuum pumping system were renewed.

The existing monitor system with fixed-type
cameras was replaced with the remote one with
rotatable  cameras controlled by a personal
computer, making quick inspection possible especially
for abnormal operation of the vacuum pumping system
and the auxiliary equipments located in the radiation

controlled.

3.1.2 Efficient Glow Discharge Cleaning by Adjusting
Resistance
The power supply of Glow Discharge Cleaning (GDC)
was modified to keep GDC current constant; the
resistance of the GDC power supply was increased up
to a maximum of 380 Q to prevent the excess current
which make the glow discharge unstable in its initiation.
This new resistance has the function that can change its
value at each 50 Q. Then the GDC efficiency was

significantly improved with the suitable resistance.

3.1.3 Modification of CT Injection for Preventing
Deceleration

In order to prevent deceleration of the Compact Toroid

(CT) plasma due to the rapid compression, the shape of

the drift tube was changed from focus cone type to the
linear one. Also the shape of outer electrode was
modified from the pre-compression type to the smooth
tapered one for the same reason. Modification of CT
Injection is shown in the Fig.I1.3.1-1.

After these modifications, the performance of CT was
significantly improved; rapid increase of the electron
density was observed at B=1T, while that was not
increased in the previous experiments before the
modifications [3.1-1].

Pre-compression
Focus cone =

Flux conserver

FigIl.3.1 Modifications of CT Injection

in Drift tube and outer electrode
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3.2 NB Injection and EC Heating System

3.2.1 Renewal of Voltage Regulator of NB Injection
Low Voltage Metal-Enclosed Switchboard

Aged voltage regulators of two low voltage metal-

in the NB

injection heating system. The voltage regulator adjusts

enclosed switchboards were renewed

the primary voltage of both the deceleration power
supply and the arc one for the ion source power supply

of the NB injection heating system.

3.2.2 Repair of NB Injection Crowbar Circuit and
Voltage Divider of ECH Modulator
A trouble occurred in a crowbar circuit for the tetrode of
the acceleration power supply for the NB injection
heating system. The DC high voltage of the acceleration
power supply is controlled by the tetrode at a constant
voltage. The crowbar circuit is utilized in the tetrode to
prevent damage due to the excess current and voltage.

Crowbar circuit was composed of six thyristors, and



aged one of them was exchanged.

Another trouble was found in the power supply of
the Electron Cyclotron Heating (ECH) system showing
that a beam voltage was lower than the set point, which
was caused by the aged insulator in the voltage divider
of the modulator. Based on the accumulated
experience, technology and knowledge, the cause of
troubles could be found out quickly, the repair for them

being carried out suitably.

3.3 Power Supply System
3.3.1 Renewal of Main Circuit Breaker of D.C. Motor-
Generator

A D.C. motor-generator with flywheel (DCG) was used
in the power supply for the toroidal field coils. One of
the two aged main circuit breakers located between the
DCG and the toroidal field coils was broke down. The
frequency of use of these main circuit breakers is high.
The rated life of the main circuit breaker was around
10,000 times. One main circuit breaker was broke
down at 10,039 times, while the number of use of the
other reached to 10,042 times. Both main circuit

breakers were renewed to make sure.



III. THEORY AND ANALYSIS

The principal objective of theoretical and analytical
studies is to understand the physics of tokamak plasmas.
Much progress was made in analyzing the various
characteristics of internal transport barrier (ITB), the
energy confinement scaling in ITB plasmas, MHD
equilibrium in the current hole region, asymmetric
feature of divertor plasmas and the divertor detachment
characteristics.

Progress has been made in the NEXT (Numerical
EXperiment of Tokamak) project to investigate complex
in transport and MHD. The

mechanism of the ion tempereature gradient (ITG)

physical processes
instabilities for more realistic plasma parameters was
clarified by particle simulations. The physics of divertor

plasma was also studied by particle simulations.

1. Confinement and Transport
1.1 Evolution of Lower Hybrid Driven Current
during the Formation of ITB

Evolution of lower hybrid (LH) driven current profile
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Fig. 1I1.1-1 (a), (b): Evolution of radial profiles of
experimentally inferred LH-driven current jiy~®,
ohmic current joy, and the bootstrap current jgs.
Width of bold curves represents the uncertainty in
the ratio of suprathermal to thermal velocities.
Dashed and dotted curves correspond respectively
to estimations without the correction of additional
conductivity due to suprathermal electrons and
those on the assumption of suprathermal electrons
with the energy of 500 keV. (c), (d):
Corresponding radial profiles of calculated LH-
driven current j 5 and power deposition of LH
waves Py, from a ray tracing code. Shaded area
shows the uncertainty in each quantity.

was measured during the formation of internal transport
barrier in a reversed magnetic shear (RS) plasma. As the
ITB developed, initially centrally peaked LH driven
(Fig.III.1-1)

and was sometimes accompanied by an off-axis peak in

current profile gradually turned hollow
electron temperature profile, 7.(p), where p is a
normalized minor radius. A possible mechanism of the
phenomenon is as follows. During evolution of the ITB,
the electron temperature at the shoulder of the ITB
increased and modified the electron Landau damping
condition of the LH waves. Also, the modification of
safety factor profile, g(p), itself affected the propagation
and power deposition of the LH waves. Both of these
effects tended to direct more LH power deposition at the
ITB, and the off-axis LH driven current, jiy(p), in turn,

reinforced the reversal of magnetic shear[1-1].

1.2 Dynamics and Interplay of L-H-L Transitions
and ITB-Events in RS Plasmas of JT-60U

In JT-60U RS plasmas, the response of ITB to ELM-
induced H-L transition and to L-H recovery is observed
with decrease (or increase) of 7, in wide region (up to
the width of about 30% of minor radius in the extreme
case). The response is observed within a few ms after
the L-H-L transitions and can be explained as an
abrupt variation of electron heat diffusivity Oy,
evaluated under various ¢ profiles. The profile of Oy,
hardly penetrates into the

RS region for the strong ITB. The spatial extent of &y,
is related to the position of the minimum ¢, P(qmi), and
Oy, penetrates into RS region deeper for the weak ITB
than for the The global
connection takes place through P(gmi,) in a ms time

strong one. edge-core
scale. The Oy, value at p(qm,) is small for strong ITB
(about 0.05 m?/s) and becomes larger for the weak ITB
(up to 0.5 m%/s).

The formation of strong ITB via series of ITB-events
(non-local bifurcations of confinement inside and
around ITB in a ms time scale) is found during ELM-
induced L-mode and recovering H-mode. During the L-
mode, the first ITB-event improves transport around
P(qmin) and the next ITB-event has the same effect in the
positive shear region. Afterwards temporal ITB-event-
degradation in positive shear zone causes L-H recovery.
Strong ITB survives and improves further. As a result,
the energy confinement time is nearly doubled in

comparison with the H-mode before ITB-events [1-2].



1.3 Role of Low Order Rational q Values on the

ITB-Events in JT-60U Plasmas
The formation of ITBs near g=2 and 3 surfaces in
normal shear plasmas of JT-60U and JET is well known.
In RS plasmas, the role of gi,=3.5, 3, 2.5, and 2 is not
obvious for ITB formation. ITB-events are found in JT-
60U plasmas with various q profiles. Under sufficient
power, ITB-events are seen at rational and non rational
values of gmi,. The evolution of T, and 7; in time and
space are similar even though they are quite different in
space and time. The same mechanism of 7, and T;
transport is suggested. Temporal formation of strong
ITB is seen in an RS H-mode plasma with Pyg=8MW
when ¢uin=3 is crossed(after periodical improvements
and degradations via ITB-events with 8ms period). With
smaller power, ITB-events are observed only at rational
values of gmi,. In a weak RS shot with Pyg=4MW, an
abrupt rise of T, is seen at g =3.5. The increase of T; is
observed more frequently. The difference of the 7., and
T; evolution seen regularly under the low heating power
condition suggests decoupling of 7, and 7; transport [1-
3]

1.4 Energy Confinement Scaling for Reversed-
Shear Plasmas with ITB in JT-60U

An energy confinement scaling for RS plasmas with
box-type ITB and L-mode edge is developed based on
the JT-60U data. The stored energy is divided into two
parts, L-mode base part and core part surrounded by the
ITB. The core stored energy W... does not simply
increase with the net heating power P,y A scaling of
core stored energy is given as Wy = Csf'1 Bp,f2 Veores
where ¢; is the inverse aspect ratio at the ITB foot, B, is
the poloidal magnetic field at the outer midplane ITB
foot, and V.. is the core volume inside the ITB foot.
This scaling is equivalent to the condition for the core
poloidal beta &; B, ... = C; with C; = 1/4, and suggests
the "MHD equilibrium limit". Though W_, is little
dependent on P, the estimated heat diffusivity in the
ITB region moderately correlates with a neoclassical
diffusivity, and the neoclassical transport is not
inconsistent with the data. By taking into account these
results, we can speculate that an RS plasma is
dynamically self-organized under the fully consistent
set of MHD equilibrium limit, the energy transport and
the current diffusion with the bootstrap current [1-4].
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. Stability
2.1 An Idea of New MHD Equilibrium for Current
Hole

The idea of a new MHD equilibrium of a strongly-
reversed-shear tokamak plasma with a current hole is
proposed[2-1]. This equilibrium configuration, called
Axisymmetric Tri-Magnetic-Islands(ATMI) equilibrium,
has three islands along the R direction (a central-
negative-current island and two side-positive-current
islands) and two x-points along the Z direction (Fig.
I1.2-1). The equilibrium is stable with the elongation
coils when the current in the ATMI region is limited to
be small.

Fig. 11.2-1
positive j, while a central island has negative j. Three

ATMI equilibrium. Two side islands have

magnetic axes are located along R and two x-points along Z.

Surrounding dark gray region has large bootstrap current.

2.2 Ferromagnetic Wall Effects on MHD Mode

Ferromagnetic and resistive wall effects on beta limit
are investigated. It is shown that the beta limit is
reduced to 90% of that without ferromagnetic effect for
high aspect ratio tokamak, when relative permeability of
the ferromagnetic wall is 2. Effect of toroidal plasma
flow is also investigated and it is shown that the toroidal
background flow velocity of 0.3v,,, where v, is poloidal
Alfvén velocity, is sufficient for the resistive wall to
have stability effect of ideal wall. Ferromagnetic effect

of the wall destabilizes both resistive wall and ideal



kink modes[2-2].
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3. Divertor

3.1 Asymmetry of Dense Divertor Plasmas Influenced by
Thermoelectric  Potential

Momentum Loss

Between two divertor regions at both ends of an open

and Charge-Exchange

magnetic field line, plasma parameters such as

temperatures are generally different. Asymmetric

equilibria of divertor plasmas influenced by the
thermoelectric potential and the momentum loss due to
the charge-exchange (CX) have been studied by using a
five-point model. A simple model of the CX momentum
loss has been developed and introduced into the five-
point model. The momentum loss becomes large when
the divertor plasma temperature decreases below about
10 eV. The increase of the pre-sheath potential due to
the momentum loss compensates the reduction of the
thermoelectric sheath potential at the low-temperature
side of an asymmetric equilibrium. Therefore, the
momentum loss stabilizes the thermoelectric instability
and mitigates the asymmetry, and this stabilizing effect
is pronounced in the high-density divertor regime.
Figure II1.3-1 shows divertor plasma temperatures of a
stable equilibrium as a function of the particle-flux
amplification factor which is the rate of the recycling in
divertor plasmas. In the high-recycling region (around R
of ~20), the symmetric equilibrium is destabilized by

qD T T T T

To eV

Fig. II1.3-1 Temperature of divertor plasma Ts as a
function of particle-flux amplification factor R with and
without momentum loss (ML). Here, divertor ‘A’ is
low-Ts side and ‘B’ is high-Ts side.

the thermoelectric instability and the asymmetric
Here, the
temperature is still high and the momentum loss is small.
In the

momentum loss at the low-temperature side “A”

equilibrium  appears. divertor plasma

strongly-high-recycling region (R~40), the

becomes large. The asymmetry with the momentum loss
is weak compared with the case without the momentum
loss. The momentum loss at the low-temperature and
high-density side divertor is effective in cooling the

high-temperature side divertor [3-1].

3.2 Divertor Detachment Characteristics in JT-60SC

It is planned to modify JT-60 to JT-60SC with
superconducting coils. One of the main objectives of the
divertor research is the demonstration of the detachment
control with SOL flow induced by gas puffing and
divertor pumping. For this purpose, two cryopanels
were installed under the private dome and an outer
divertor. The capability of detachment control in JT-
60SC was investigated with the divertor code
(SOLDOR/ NEUT2D) [3-2]. Standard operation, where
the core edge density, negee = 3.2x10" m'3, the power
flow from the core plasma Q. = O; = 6 MW, and the
conductance of inner and outer cryopanels Ci, = Coy =
50 m’ / s was assumed. The inner divertor plasma is
partially detached and the outer divertor plasma is
attached. The detachment is characterized by two
features: (1) upstream movement of ionization front
from the vicinity of the targets due to low electron
temperature, which is insufficient to ionize neutral
particles (typically ~ 5eV); (2) reduction of the plasma
pressure due to the momentum loss by the charge
exchange process and the elastic collision. The inner
divertor plasma can be changed from partially detached
plasma to attached one by use of inner pump of
150 m” /s (the designed speed is 200 m3/s). The
fully detached inner divertor is obtained in high density
operation with the density, n., > 4x10" m”, at the

separatrix midplane.
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4. Numerical Experiment of Tokamak (NEXT)

4.1 Turbulence and Transport Simulation

A gyrokinetic toroidal particle code for 3-D simulations
(GT3D) has

temperature gradient driven (ITG) turbulence in reactor

been developed to study the ion
relevant tokamak parameters (Fig.IlL4.1-1). As for
linear stability analyses, ITG modes in reversed shear
tokamaks were studied using GT3D, and properties of
the slab-like ITG mode around the ¢, surface region
were reported [4.1-1]. For a nonlinear simulation, a new
method based on a canonical Maxwellian distribution
Fom(Py.e,u), which is defined by three constants of
motion in the axisymmetric toroidal system, the
canonical angular momentum P,, the energy ¢, and the
magnetic moment w, was developed [4.1-2,3]. It was
found that the new method can simulate a zonal flow
damping correctly in linear zonal flow damping tests
(Fig.IIL.4.1-2), and that a spurious zonal flow growth,
which was often observed in a conventional method
based on a local Maxwellian distribution Fpy(W,e,W),
where W is a flux label, did not appear in ITG
turbulence simulations. The new method based on Fcy
is essential for gyrokinetic turbulence simulations where
zonal flows play a critical role.

Interaction among different scale fluctuations is a
new issue in the study of transport dynamics in
tokamaks. We investigated large scale turbulences,

which are generated by the ion temperature gradient
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Fig. 111.4.1-1 Eigenfunction of the ITG mode of n = 15
in the reversed shear configuration with a/p; = 324 (n:
toroidal mode number). The ITG mode shows a slab like
mode structure that is symmetric in the poloidal

0.15 : -
{a) Local Maxwellian (N,=4x10")
T
;-'..'|||'.'J||'|'| i R
J:E U-I -.nl Dm=0 — 1
X i
= i
3 005 | fo
| y,
/ M)
0 J Mwﬂ
20 30 40 50 60 70 80
time /¢ 'x10™
0.15
= 01
g |
& 005} .
jM‘J‘W
D A

20 30 40 50 60 70 80
time /% 'x107
Fig. 1IL.4.1-2 The time history of the fluctuation field
energy in the cyclone base case simulations calculated
using the conventional (a) and new (b) codes. In the
conventional code based on the local Maxwellian
distribution Fpy(a), spurious zonal flow oscillations,
which are not observed in the new code using Fcy (b),
grow after the saturation of the ITG mode.
(ETG) turbulence [4.1-4,5]. It was theoretically found
that the small-scale zonal flows lead to a radially non-
local mode coupling in ITG fluctuations. The coupling
can mediate transfer of the fluctuating free energy of
unstable modes located in the longer wavelength regions
to the stable components in the shorter wavelength
region. Consequently, the ITG modes tend to be
stabilized. The 3-D gyro-fluid ITG

confirmed the analytical results. A distinctive feature

simulations

showed by this spectral analysis is that this kind of
interaction deforms the radial decaying spectrum of ITG
fluctuations in the short wavelength region. Most
importantly, bursting behavior of ion transport was
found by these nonlinear simulations (Fig.I11.4.1-3).
The bursting behavior is shown to be tightly linked to
the spectral deformation. It is also found that the small-
scale ETG driven zonal flows not only regulate the ETG
turbulence, but also play a role to stabilize the large-
scale ITG turbulence.

The zonal flow instability in the ETG turbulence



was studied using a 3-D gyro-fluid simulation model
[4.1-5].

Transition to a higher confinement state was found in

based on the Hasegawa-Mima equation

the weak magnetic shear region. The state is
characterized by the steep electron temperature gradient,
a large ratio of zonal flow energy and reduced electron
transport. The mechanism of transport reduction is
attributed to the turbulence self-regulation through
enhanced zonal flow dynamics. This feature seems quite
consistent with the main characters of electron internal
transport barrier (ITB) observed in recent tokamak
plasmas. An alternative saturation mechanism of the
zonal flow was also discussed by analyzing the Kelvin-
Helmbholtz (KH) instability for enhanced zonal flows or

the modulation of turbulence spectrum for weak flows.
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Fig.Ill.4.1-3 Bursting behavior of ion transport and ITG-
generated zonal flow (a) and the radial spectral deformity of
ITG turbulence due to the interaction of small-scale flow (b).
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4.2 MHD Simulation
MHD

resistive MHD model have demonstrated, for the first

Three-dimensional simulations based on a
time, that reversing of the external toroidal magnetic
field direction makes a spherical tokamak (ST) plasma
relax towards a novel configuration, “flipped” ST[4.2-1].
The flipped ST is characterized by the field polarity

opposite to a “normal” ST. The relaxation to the

“flipped” ST was shown to be triggered by the n = 1
mode growing in the central open flux and to be caused
by the reconnection process that follows the growth of

the mode (n: toroidal mode number).
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4.3  Divertor Simulation

(2D) particle simulations
performed by using PARASOL code to study the flow
control in SOL and divertor plasmas in a double-null

Two-dimensional were

magnetic configuration with the separatrix [4.3-1]. The
divertor asymmetry is induced by the drift effect. The
ExB drift (Vg,p) and the diamagnetic drift (Vy;,) induce
the asymmetric flow in different ways. The condition
Different

influences of Vgp and Vg, on the asymmetric flow

of 2D sheath formation was developed.

generation were clearly explained. Effects of divertor
biasing and gas puffing on the flow were investigated
with PARASOL simulations. The divertor asymmetry
can be controlled by both the biasing and the gas
puffing. It was found that the control of the drifts is

essential to control the flow and the asymmetry.
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IV. FUSION REACTOR DESIGN AND SAFETY

RELATED RESEARCH

1. Fusion Reactor Design

1.1 Design Methodology of
Toroidal Filed Coils for Tight Aspect Ratio

Tokamak Reactors

Superconducting

Reactor design studies at JAERI had proposed a
possibility of an advanced tokamak without the Center
Solenoid (CS) coils that the improved combination of
the non-inductive currents by radio-frequency waves
and neutral beams, and the bootstrap current might
generate the plasma current required for tokamak
As described in the Chapter 1.1 of

this annual report, recent experimental results of the JT-

operation [1.1-1].

] ) Reinforcement Rings
Reinforcement Fin

> a

r\:‘

Fig. IV.1.1-1

60 have supported this concept rather strongly than
expected. In a future tokamak reactor, an overdrive by

bootstrap current plus non-inductive current will
become important to raise the plasma current up to a
flattop. Because the operational way allows to remove
a central solenoid (CS) coil, opening up a new
possibility for make a compact tokamak reactor
feasible.) By discarding the CS coil system, a toroidal
field (TF) coil assembly shown in Fig.IV.1.1-1 can be
envisioned, where inner legs are combined with a center
post.

This structure brings about significant advantages
the TF

configuration in tokamaks with medium and high aspect

in comparison with conventional coil

ratios. First, the stored energy of the spherical TF coil
system is much less than that of conventional one if
compared at the same maximum field strength.
Second, the overall structural rigidity is superior with

the spherical system. The former needs smaller

|oo00 0000
3 |eeee eeee

TF coil mechanical configuration fo

quantity of stabilizing material in the superconductor
and the latter requires much less amount of structural
material to support the magnetic forces induced during
This means that the
average current density in the conductor of the spherical

operation of the coil system.

type coil can be much higher than that of the
conventional one. In such a tokamak with spherical
type coil system, the inner region of the torus is under
severe operational environment. Recent study found
that the maximum achievable current density was
Based

on the results, a computer program has been developed

dependent on the diameter of the Center Post.

to optimize the design.

@\
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Cooling
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or tight aspect ratio tokamak reactor
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1.2 A Prospect of a Fusion Reactor with the Current
Hole
A prospect of the current hole plasma as a reactor core
was computationally assessed. Based on the empirical
formula derived from the experiments of JT-60U [1.2-1],
an internal transport barrier can double the fusion output
in a tokamak power reactor, producing 2-4 GW with the
combination of H-mode edge (HH=1).
Confinement of alpha particles in a reactor with the
current hole was computationally estimated. Even in
the current hole, most of alpha particles are expected be

confined when g-minimum is as low as 2.
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Fig. IV.1.3-1 Vertical dragging effect due to current profile
change, D/,

1.3 Assessment of Physical Issues in Fusion Reactors
A new conceptual mechanism, which governs the VDE
(Vertical Displacement Event) dynamics at the thermal
quench, has been revealed by axisymmetric MHD
A rapid

flattening of the plasma current profile during a

simulations as shown in Fig. IV.1.3-1.

disruption plays a substantial role in dragging a single-
null=diverted plasma vertically towards the divertor.
As the current profile becomes broad (Al; < 0), the
plasma tends to drag itself toward the divertor, whereas
current peaking (Al; > 0) pulls the plasma out of the
divertor. The dragging effect depends substantially on
up-down asymmetry y (= Z/Z,) of single-null divertor.
No vertical dragging arises from the broadening of the
current profile in a double null-divertor configuration (y
= 1). In high Al; disruptions typically seen during the
JT-60U high B, mode discharges or the TFTR super
shots, the dragging effect would be so strong that the
plasmas would always undergo the VDE motion toward
the divertor. Therefore, a nearly up-down symmetric,
limited or double-null configuration would be more
advantageous than a single-null configuration. It was
pointed out that disruptions in a future advanced
tokamak with the reversed magnetic shear would be less

sensitive to details of the thermal quench behavior in

contrast to disruptions of normal shear plasmas.
Consequently, the thermal quench in future advanced
tokamaks may cause a slow VDE motion away from the
divertor, which would be favorable in minimizing the

occurrence of the disruption.

1.4 Liquid Wall Divertor using Latent Heat of
Fusion

To attain high fusion power density, some concepts of
liquid wall divertor have been proposed to remove the
high heat flux from plasma. The innovative liquid
wall divertor is to utilize the latent heat of solid grains
floating on free surface liquid flow facing to the plasma.
Figure IV.1.4-1 shows an example of the liquid wall
divertor using a multi-phase flow mixed solid grains
with liquid. This concept suggests that intense heat
flux can be removed using the latent heat of fusion in
the solid phase [1.4-1].

binary mixing molten salt composed of LiF and BeF,,

Since the molten salt Flibe is a

the physical property varies with a change in the mole
ratio of each component.
represents the LiF(66)- BeF»(34) molten salt, which is
composed of 66 mol% LiF and 34 mol% BeF,. Ithasa

The Flibe generally

Plasma Heat Flux

vV vV ¥ v ¥ v ¥
;-S‘olid LiF[25]-BeF,[75] including gas
- -

«® o ® iquidLiF[e6]-BeF,34] & T1=500C
<« -«

Steel Wall

melting point of
Fig. 1IV.1.4-1
phase flow mixed solid grains with liquid

Concept of liquid wall divertor using multi-

459°C. On the other hand, LiF(25)- BeF,(75)
composed of 25 mol% LiF and 75 mol% BeF2 has a
melting point of 515°C. Therefore, it is expected that
the temperature of the multi-phase flow can be
maintained near 515°C until all the grain solids
receiving the heat flux melt, provided the liquid phase
LiF (66) - BeF,(34) and the solid phase LiF (25) -
BeF,(75) are used together. Since the saturated vapor
pressure of the liquid LiF (66) - BeF2(34) is about 1.6 x
107 kPa at 515°C, contamination of the plasma may be
prevented. If the temperature of the liquid phase next
to the solid wall is maintained below 515°C, a common

metal such as ferritic steel could be used as a solid wall



to support the free surface liquid. If voids are created
in the solid grain by injecting gas such as deuterium or
helium, the solid grains seem to flow by floating on the
liquid surface facing to the plasma utilizing the

buoyancy.
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2. Waste Management of Fusion Reactors

For waste management of blankets from a fusion reactor,
the impact of impurities contained in ferritic steel
(F82H) was investigated. For realistic F82H, a
reduction of N, Nb and Mo contents is effective to
increase the fraction of waste qualifying for shallow

land burial. In order to recycle such waste 100 years

after the decommissioning, a decrease in Nb content is
important to improve the accessibility to the waste in the
recycling process, because Nb would be a key element

determining the contact dose as shown in Fig. IV.2-1.
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Fig. IV.2-1 Evolution of contact dose of F82H used

as blanket structural material after decommissioning.
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