Annual Report
from April 1, 1996 to March 31, 1997
Department of Plasma Research and Department of Fusion Facilities

Naka Fusion Research Establishment
Japan Atomic Energy Research Ingtitute
Naka-machi, Naka-gun, Ibaraki-ken, Japan 311-01

This report provides an overview of research and development activities at Department of
Fusion Plasma Research and Fusion Facilities, JAERI, during the period from April 1, 1996 to
march 31, 1997. Theactivitiesin thisperiod are highlighted by high temperature plasma research
in JT-60 and JFT-2M.

The objectives of the JT-60 project are to contribute to the ITER physics R&D and to
establish the physics basis for a steady state tokamak fusion reactor like SSTR.

To achieve these objectives, improvements and regulation of the facilities and devel opments
of the instruments were performed. The highlights are as follows. The congtruction for the
divertor modification from the original open type to the W-shaped semi-closed type for improving
the particle control was started on February 1997. In the power supply system, the thyristor
converter was partialy rearranged to increase the plasma current with the high triangularity. The
world record of plasmainput power 40 MW was achieved by NBI with the beam energy of 90 keV
using positive ion source. Also in negative-ion based NBI, the beam output of 18.4 A/350
keV (6.4 MW) with hydrogen and 13.5 A/400 keV (5.4 MW) with deuterium were achieved as the
world record. Furthermore, a plasma input power of 3.2 MW/350 keV to JT-60 was redized
with thesingleion source. In LHRF system, aprotection system of the antennafrom the arcing
was developed by means of detection of the light caused breakdown.

The followings are the results concerning the plasma performance. By extending the
operational region of the high b, H-mode, the world record of the fusion triplet, nyt T, =
1.53x10% keV sm?, was achieved. It was found that the fusion triplet became maximum in the
same region of the safety factor asthe ITER operation.

electron density 0.97x10%° m*, the fusion triplet 0.78x10* keV sm?®.  The fusion power by
D-D reaction was 53 kW, and assuming that the half of the fuel was tritium, the expected fusion
output was 10.6 MW. Theratio of the output to theinput power becomes 1.05, therefore it can
be concluded that the plasmais in an equivalent break even condition. Moreover, in a reversed
shear plasma, the highest values of the energy confinement time and the stored energy on JT-60



(1.08 s and 10.9 MJ) were recorded. Generation of radiative divertor, confinement of high
energy ions, current profile control by RF current drive and impurity confinement in reversed shear
plasmas were investigated systematically.

The poloidal coil system was modified so as to increase the triangularity. As the result an
instability driven by the pressure gradient at the plasma edge was dragtically suppressed, then a
plasmawith the confinement improvement factor of more than two and the fusion triple product of
0.27x10%* keV s m® was successfully maintained for 2.6 seconds. Furthermore, by raising the
triangularity a full current drive plasma was successfully maintained with high confinement
property and high fraction (60%) of the bootstrap current for three timeslonger than was formally
achieved. A driven current of 270 kA was demonstrated by the negativeion based neutral beam
injector (N-NBI) for thefirst time, and aprofile of the current was estimated. The current drive
efficiency by N-NBI was proved to be better by 1.6 times than that by standard energy (~90 keV)
positive ion based NBI.

Objectives of the JFT-2M program are (1) advanced and basic researches for the
development of high-performance plasmas for nuclear fusion and (2) contribution to the physics
R&D for ITER, with amerit of flexibility of amedium-sizedevice. The modified closed divertor
was found to improve compatibility of the H-mode with the dense and cold divertor plasma.  In
an H-mode plasma, suppression of the density fluctuation was found to occur in a high shear
region of theradial dectric field. It was demonstrated that the m=2 tearing mode was suppressed
by the O-mode ECH for thefirst timein an elongated plasma.  Plasma coupling experiment of the
combline antennafor FWCD was carried out in collaboration with General Atomics.  Planning of
the Advanced Material-Tokamak Experiments (AMTEX) was initiated.

The primary objective of theory and analysis isto improve the physical understanding of the
magnetically confined tokamak plasma. Remarkable progress has been made on understanding of
physics of the reverse shear plasma, stability properties of ideal MHD, TAE and kinetic ballooning
modes. Progress was also made in understanding of VDE mechanism and nature of divertor
asymmetry. New Implicit Monte Carlo method is also developed for the analysis of impurity
ionization and recombination. Selective He ash exhaust is a'so demonstrated using OFMC code
simulation.

The main focus of the NEXT (Numerical Experiment of Tokamak) project is to smulate
tokamak plasmas using particle and fluid models on the developing technology of massively
parallel computers.
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. JT-60 PROGRAM

Objectives of the JT-60 project are to contribute the ITER physics R&D and to establish the
physics basis for a steady state tokamak fusion reactor like SSTR. Significant progress in key
physicsfor ITER and SSTR design has been made in recent JT-60 experiments.

By extending the operational region of the high b, H-mode, the world record of the fusion
triple product, n.t T, = 1.53x10* keV s m*®, was achieved. It was found that the fusion triple
product became maximum in the same region of the safety factor asthe ITER operation.

Optimization of the reversed shear mode, which has been investigated experimentally since
FY 1996, in ahigher current regime realized a reproducible high fusion performance plasma with
high temperature and density. The main achieved parameters of the plasma are as follow; the
energy confinement time 0.97 s, the ion temperature 16.5 keV, the electron density 0.97x10%° m?,
the fusion triple product 0.78x10% keV s m?, and the fusion power by D-D reaction in the
deuterium plasma was 53 kW. Assuming that the half of the fuel was tritium, expected fusion
output was 10.6 MW, while the input power was 10.1 MW, then the ratio of the output to the
input power becomes 1.05. Therefore it can be concluded that the plasmaisin an equivaent break
even condition. Moreover in areversed shear plasma, the highest values of the energy confinement
time and the stored energy on JT-60 (1.08 s and 10.9 MJ) were recorded. Generation of radiative
divertor, confinement of high energy ions, current profile control by RF current drive and impurity
confinement in reversed shear plasmas had been investigated systematically.

Based on the result in FY 1995 the poloida coil system was modified so as to increase the
triangularity for better plasma stability. Asthe result an instability driven by the pressure gradient at
the plasma edge (giant ELM) was drasticaly suppressed, then a plasma with the confinement
improvement factor of more than two and the fusion triple product of 0.27x10% keV s m* was
successfully maintained for 2.6 seconds. Furthermore, by raising the triangularity it was succeeded
to maintain a full current drive plasma which had high confinement property and high fraction
(60%) of the bootstrap current for three times longer than that formaly achieved. These
achievement are important to determine an operational mode and a plasma shape of a steady state
fusion reactor.

Experiments of the negative ion based neutral beam injector (N-NBI) had progressed to reach
the power of 3.2 MW/unit (80% of the full spec) and the beam energy of 400 keV (80% of the full
spec). A driven current of 270 kA was demonstrated by N-NBI for the first time, and a profile of
the current was estimated. The current drive efficiency by N-NBI was proved to be better by 1.6
timesthan that by standard energy (~90 keV) positive ion based NBI. It was also shown that
behavior of beam ions was consistent with the classical theory.



1. Operation and Machine Improvements

In FY 1996, atota of 1,964 pulses were run during the period of 9-cycle operations and
wall conditioning. The tota number of shots carried out for the past twelve years amounts to
22,148 as shown in Fig.l.1-1.

In mid-April, a few carbon fiber composite (CFC) tiles broke away from the divertor in the
experimental campaign aiming at high-Q,, plasma performance. These divertor tiles were replaced
by new ones in a shutdown period of May. In this shutdown, various maintenance works
including inspection of high pressure gas facilities such as the pellet injector and the NBI
cryopump system were performed in JT-60 facilities.

Following this short shutdown, wall conditionings by NBI-heated tokamak pulses and

boronization were performed in June. Campaigns of high bp H-mode and negative shear

experiments were started from July aiming at obtaining plasmas with high-Q,; performance. In
July, the negative-ion based NBI (N-NBI) system was inspected by the STA. Although a few
CFC tiles were broken away from the first wall in experiments with high triangular configuration
in mid-September, the repair work of the tiles was done at the succeeding maintenance week and
no disturbance was made to the experiments started from late in September. After that, the
campaign of negative shear experiments was conducted and break-even condition was achieved

and the effective energy multiplication factor Q,; = 1.05 was obtained on October 31.
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Fig.l.1-1 Progress in JT-60 operation
Annua maintenance of the JT-60 facilities were performed from November through
December in 1996. In this shutdown, the cooling pipes in the toroida field coils were inspected,
and a detailed inspection of the motor generator for the toroidal field power supply was also carried
out. The operation restarted in mid-January 1997 and experiments with hydrogen continued till



early in February. In this period, the N-NBI beam of 320 keV, 3.2 MW with hydrogen was
successfully injected into JT-60. In mid-February, a shutdown started for the modification of the
divertor from open-type to the W-shaped semi-closed pumped divertor. This modification is
scheduled to finishin May 1997. In this period, adetailed inspection of the motor generator for the
poloidal field power supply was also performed.

In spite of many troubles caused by aged deterioration of facility components and
exploitation of new areas in core-plasma performance, JT-60 was satisfactorily operated
throughout the year. The database obtained in the operation and maintenance was arranged and
made useful for maintenance plan and measures for improving the aged deterioration of the
facilities.

1.1 Tokamak
1.1.1 Operation and maintenance of the JT-60 machine

Operation and maintenance of the JT-60 machine have been carried out amost on schedule.

Inrelation to toroidal field coil (TFC), the inspection of TFC have been made two times, in
May and in December, 1996 during the regular shutdown. Air tightness test was carried out for
all cooling pipes, and inside of 16 cooling pipes selected were observed by fiber scope. Any
deterioration of the cooling pipes were not found. Temperature measuring system, which can serve
for safety operation of TFC-9 with a damaged coil turn, has been modified to strengthen the
monitoring functions by installing the work station.

Three types of plasma configurations, namely, standard, high elongation, and high
triangularity plasma configurations have been operated by changing the combination of the poloidal
field coils (PFC). Feeder temperature has been measured for the high triangularity plasma
configuration because of its excess temperature from the rating during operation.

The pdllet injection system has been operated for studies for disruption with injection of Ne
pellets and of the plasma confinement improvement with deuterium pellet injection.

The 8th boronization was performed in April 1996 by using boronization system.

Asregard the troubles, first wall tiles fell off two times. One was prototypal tile due to lack
of strength at P1 section in April. Another was happened at upper of inboard tiles at P14 section in
September. It was caused by excessive heat load by the high triangularity operation. In both
troubles, damaged tiles were replaced immediately and we could restart the operation of JT-60 in
the next week. The vacuum leakage was occurred at P18 section due to damage of the diagnostic
window. Electrical insulation was become to wrong due to damage of the honeycomb plate at NBI
in P17 section. These troubles were rapidly repaired and there were not so much effect to operation
schedule.

From February to June, modifications of the divertor, the vacuum exhaust facility, the gas
injection facility and the pellet injection facility have been performed. In the vacuum exhaust facility,



turbo molecular pumps were replaced to advanced levitated type for being free from charging
radioactivity and for reducing maintenance fee. In the gas injection facility, the injection port was
increased from two to six. This relocation of gas injection port is expected to improve plasma
confinement, progress in study of radiation loss and helium ash exhaust. The pellet injection
facility will replace from air-gun pelet injector to centrifuge pellet injector. This modification
realize continuative pellets injection and will be expected to maintain high density plasma. As the
other modification, differential exhaust system for eectromagnetic diagnostics and leak test stand
for D, have been modified to remotely-controllable system and the check booth of JT-60 was also
installed.

1.1.2 Modification of divertor

Modification from open divertor to W-shaped pumped divertor was completed almost on
schedule. This construction started end of February in 1997, and was completed in May.

The W-shaped divertor consists of inclined targets, dome and inner, outer baffles. This W-
shape configuration was adopted to redlize radiative divertor plasmafor reduction the heat load to
the divertor targets and good H-mode confinement simultaneously. Designed maximum plasma
current and toroidal magnetic field are 3BMA and 4T, respectively. Maximum net heating power is
30MW. High radiative steady operation with 70% radiation loss of the net heating power and low
radiative short-pulse operation with 30% loss are assumed. So, heat flux to the divertor targetsis
expected to be SMW/m? x 10s - 10MW/m? x 4s.
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The structure of this W-shaped
divertor, which isshownin Fig.l.1.1-1,
is segmented toroidally and poloidally.
Divertor and dome are composed of 125
toroidal-segments. Inner and outer
baffles consist of 72 blocks. Materias of
these structure are mainly stainless steel
(SUS-316) and Inconnel (Inconel-625)
Graphitetiles with low cobat content. Inconel was

Divertor Plates used for the baffle plates to avoid
Rt thermal stress during baking of vacuum

vessal, because vacuum vessel was made of Inconel. Stainless steel was used for the divertor base
plate, since the divertor was fixed to the present cooling basement, which was made of stainless
stedl. Gaps between adjacent components are gas-sealed by insert-dliding mechanism. Sliding parts
are dectricaly insulated by sprayed ceramic coating to avoid arcing. CFC tiles are used for the
divertor targets, top of the dome and baffletiles at the divertor throat. For other parts, isotropic
graphitetiles are used. Thesetiles were designed in consideration of strength for halo current and




orientation of carbon fiber for heat load.

This W-shaped divertor has inertia cooling system. Even without water cooling, however,
high power operation is possible with intervals of 20 minutes. Divertor tiles tapered with edge level
difference of 0.5mm were fabricated to avoid heat concentration to the edge. These tiles were
aligned with good accuracy of assembling. Cryo-pumps of three NBI heating units are used as a
divertor pumping system. Effective pumping speed at the pumping entrance in the divertor region
is estimated to be about 40 m®/s. This pumping speed can be changed during a discharge by fast
shutter valves of the NBI cryo-pumps for active control of particle exhaust. The leakage
conductance of the baffles is estimated to be 1/10 - 1/20 of pumping speed.

1.2 Control System
1.2.1 Operation of the control system

The control system constantly works in the JT-60 experiments according to the required
schedule. A function was newly developed in this fiscal year to increase shot availability (= shot
numbers per day) under the condition that the temperature at the most narrow point of the toroidal
field coil conductor with coolant leakage be kept below the limit of the electric insulator material.
When the operator completes a next discharge condition set, this function calculates the waiting
time for sequence start, so that the coil be cooled down low enough at the next excitation. In
addition, in order that the coil safety be guaranteed, this function finally checks whether the
temperature at 1 minute before discharge decreases below the allowable level. Asthe result from its
installation to the working system, the availability of JT-60 experiment was increased by 20 %.

Corresponding to the modification of the first wall to a closed divertor type, part of the
existing magnetic sensors were moved, and severa pairs of magnetic probes were newly installed.
Hence, new coefficients of the formulas for caculation of the macroscopic controlled parameter
such as plasma major radius, were established using the JT-60 new equilibrium data files.

For the maintenance of the control system, annual inspections were made of the computer
system, control boards, and the signal processing system for plasma control in the shut-down
period of November and December. The general purpose computer system, containing all of the
JT-60 discharge result data, was superseded to a UNIX workstation system, a new data base
system, having been developed for two years, was come into operation. The software change for
the data handling was smoothly conducted.

1.2.2 Development of a precise long-time digital integrator for magnetic measurements

Magnetic field measurements are indispensable for control and diagnostics of a tokamak
plasma. The existing methods for the measurement are (i) integration of time-derivative of magnetic
field, and (ii) direct measurements of absolute magnetic field using rotating coils, Hall-element
sensors, etc. The latter seems to be incompatible with 14-MeV neutron field, while the former has



aproblem of signal drift inevitable in an integrator, and thusit could not work for along period of
discharge (e.g. 1000 s for ITER). We chose the VF (voltage-to-frequency)-UDC (up-down
counter) method for the development from the following view points: Its high accuracy is expected
equivalent to analog integration. Wider dynamic rangeis alowed in alarge digital accumulator, and
drift can be compensated more precisely in adigital system.

The current results of the development are asfollows[1.2-1]: (1) Technical causes of drift in
the old VF-UDC system for JT-60 were analyzed. A new VF converters, then, have been
developed with taking all measures identified in the analysis. (2) Thefirst version of the new VF
converter (VF#1) showed small amount of drift for 24 hours in a stand-alone integration test with
input short. (3) Conversion linearity of the VF#1 is much improved from 0.027 % FS (the old VF)
t0 0.002 % FS (VF#1) in the ranges of £10V and 1+0.5MHz. A dead band width at 0-V input is
reduced from afew mV to severa tens of micro volts. (4) A new method for drift compensation is
being installed in the VF#2, which can suppress the amount of drift with constant speed to several
counts for 1000-s integration.

The measurement with the VF-UDC in JT-60 experiments will be conducted in June 1997.

1.2.3 DSP application to fast parallel processing in JT-60U plasma shape reproduction

Recently the experimental observation has been recognized that the full shape reproduction
and control isone of the important issues for improving plasmaenergy confinement performance.
The requirements for more sophisticated plasma position and shape red-time control stimulates
development of the parallel processing system.

In the methods of plasma shape reproduction, the core computational procedure is to
determine the outermost magnetic surface using the flux function [1.2-2]. We adopted a
TMS320C40 DSP as a main real-time processor, because this DSP has 6 ports to communicate
separately with other DSP's for parald processing. A newly designed system is composed of 8
nodes of the DSPs, four of which have 32-MB memories [1.2-3]. This system was succeeded to
work in parallel, and reproduces plasmashape in real time. The shape identification calculation can
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communication ports

4\ ~timing signals

sensor signals

Fig.1.1.2-1 Configuration of the improved JT-60U plasma shape reproduction system



be performed at every 25 ms, and the full shape can be drawn at every 50 ms at JT-60U. This
system configuration is shown in Fig.l.1.2-1.

1.2.4 Development of JT-60U plasma equilibrium control model

In general, it is necessary to have a precise model for design and/or optimize a control system.
We have developed a plasma equilibrium control model for JT-60, which shows that it can
accurately reproduce the time evolution of plasmavertical and horizontal positions on the computer
[1.2-4]. This model has been re-built for JT-60U in a workstation by using MATLAB (a system
analysis code, made by the Math Works, Inc.). Simulations using this updated model has shown
that the control method includes a cause to deteriorate control performance and to induce large
voltage fluctuations in a plasma. Since this cause comes from the error in the analog-to-digital
conversions and the quantization process in digita computing, a developed new method was
predicted to be effective in the simulations to improve the control performance [1.2-5].

This new method was applied to the JT-60 plasma experiments, and we confirmed the
plasma control performances are greatly improved as follows [1.2-6]: (1) Control accuracy
improvement: The steady-state deviations from the nomina references are reduced to less than 5
mm for Rp with the half of the old control gain, 2 mm for Zp, and 2 mm for Xp with an improved
gain. In the Rp-tracking test with the 10-Hz oscillation with 3-cm amplitude, Rp iswell controlled
by the new agorithm, while the overshooting is observed under the old control algorithm. In the
step response, the error of control islessthan 10 KA for Ip, and lessthan 1 cm for Rp, Zp, or Xp.
(2) Fluctuation suppression: No irregular fluctuation of the position parameters is observed under
the control of the new algorithm. Voltage fluctuation observed in the period under the old control is
greatly suppressed by the new algorithm. The reduced amount of peak-to-peak voltage are : 1600
V->300V (Vertica fidd coail), 32 V-> 16 V (Divertor coil). In addition, the fluctuation of one-turn
voltage difference between inboard and outboard is completely suppressed to 1/10 (3V -> 0.3 V).

1.2.5 Development of the JT-60 new control systems

Since requirements of modification for advanced plasma control and efficient sequential
control increase, two control systems began to be developed. Concerning a new plasma control
system, we chose an Alpha-288 VME board (made by DEC. Ltd.) for amain processors, and built
aVME-bus system together with the 1/0 boards and areflective memory module as shown in Fig.
[.1.2-2. This system is expected to execute the rea-time program approximately 300 times faster
than the old mini-computer (1 MIPS), and its performance test is being conducted aiming at
installation to the actua system by the second quarter of 1998.

Concerning a new discharge sequential control system, we performed system design of the
hardware configuration. This system is composed of three workstations (WS's) with network
ports, and each of them has its particular role to supervise the JT-60 subsystems. Theroles of the



workstations are as follows: SQ-WS is a master for the sequentia control of all the subsystems.
This WS sends the all command messages and receives the replies. DC-WS is a master for
discharge condition files, and distributes the appropriate condition to the corresponding subsystem,
after compiling procedures. RD-WSisamaster for result data acquisition. This receivesresult data
from all subsystems, and builds an intermediate file before transferring it to the JT-60 database
production server. The new system will be expected to come into operation in 1998.

I . I Symbol Type Function /Manufacturer
Supervisory
Compute CPUO,1|AXPvme280 |[DEC 21066A,288MHz,64MB /DEC
Network [CBD CBD8210 CAMAC Branch Driver / CES
SD VSHD2992 |CAMAC Serial Driver /HYTEC
clc cl s R{DJC ,
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Fig.l.1.2-2 Configuration of the plasma real-time control system.
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1.3 Power Supply
1.3.1 Operation and maintenance of the JT-60 power supplies

The JT-60 power supplies were operated on schedule without any serious problems
throughout this fiscal year, though thirteen years have passed since they were completed. In
November and December 1996 and March 1997, annual maintenance of the power supplies were
performed according to the regulations for dectric equipment in Naka Fusion Research
Establishment. In particular, detailed inspections of two motor-generators for the toroidal field cail
power supply (TFPS) and the poloidal field coil power supply (PFPS) were conducted without
removing their rotors. The total operation time of the TFPS motor-generator amountsto 13,476 hrs
and that of the PFPS motor-generator 13,793 hrs. In the TFPS motor-generator, two oil-pumps



for lifting the thrust bearings up were renewed. A haf of guide bearings in the middle stage were
replaced by new ones according to the results of liquid penetrant tests (PTs). On the other hand,
some mechanica parts of the liquid rheostat (LRH) were renewed and all of the guide bearingsin
the lower stage were replaced by new ones in the PFPS motor-generator.

1.3.2 Madification of the PFPS for high triangularity operation

Since significant improvements of the plasma performance have been observed in the high
triangularity divertor operation with plasma current up to 2 MA in JT-60 [1.3-1], combination of
the poloida field coils and the converters in the PFPS was rearranged for the high triangularity
operation (d £ 0.4) with higher plasma current up to about 3 MA. A new connection bus bar switch
for changing the operation modes of the “high triangularity”, “standard/high elongation” was
introduced. The high triangularity operation after the modification is scheduled in June 1997.

Configuration | g¢andard High " 1PlsoFkA FO——O—0O— F%ZTAC
Poloidal &High | Triangu- £ 25kV) O—QT—O i ‘
Field Coil Elongation| larity
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i + 10 kA, Switch
Coil +(PSEX (+ 1kv) FO- Circuit
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Fig.l.1.3-1 Combination of the poloidal field coils and the PFPS converters for the divertor configurations of
“standard”, “high elongation” and “high triangularity”.
1.3.3 Development of a current-driven PWM converter with high power-factor

As a basic technology development, we have continued to develop a current-driven PWM
converter for a superconducting coil power supply, because the semiconductor performance for
power applications has been drastically increased up in recent years to be feasble for next
generation tokamaks. Since the PWM converter is able to operate with a power factor of unity, the
power distortion to commercial transmission lines caused by reactive power fluctuations can be
decreased in comparison with conventional thyristor converters. Hence, a PWM converter using
IBGTs was developed and tested to clarify its possible technical issues. The output ratings of the
designed converter are about 250V and 500A, and the switching frequency is about 1KHz. Results
from preliminary tests shows that the pulse modulation method has to be improved to produce zero
voltage output with alarge current for applying super conducting coils.
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1.4 Neutral Beam Injection System
1.4.1 Positive-ion based NBI system

The beam of 40 MW at an energy of around 90 keV, that is the world highest deuterium
neutral beam power, has been injected successfully by the smultaneous injection of 14 beamline
units. This achievement has been produced through the pursuit of the optimum conditions for the
beam acceleration based on the improvement of the accelerator for the ion source. Asthe result of
thisinjection, the JT-60 has been able to expand the plasma experimental area with ahigher power
NBI heating.

1.4.2 Negative-ion based NBI system

The beam injection experiment for the negative-ion based NBI system (N-NBI) has been
continued, augmenting the beam power gradually, ever since the beam into the plasma by the N-
NBI had been injected successfully for the first time in the world in March 1996. The deuterium
neutra beam of 2.5 MW at an energy of 350 keV has been injected with two ion sources in
September 1996. As this result, it was confirmed that the characteristics of the NBI current drive
and plasma heating with a high neutral energy beam have agreed with atheoretical estimation.
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The current drive and plasma core heating experiments with the N-NBI will be progressed
strongly in JT-60, aiming at a rated injection power of 10 MW, for the establishment of the
technical and physical bases of the ITER construction.

Fig. 3.1.3.90Progress of negative ion beams in the N-NBI for JT-60

1.5 Radio-frequency System
1.5.1 LHRF system

The lower hybrid range of frequencies (LHRF) system has contributed to successful
experiments on the reversed magnetic shear mode [1.5-1] and assist for start up of plasma current
[1.5-2] mainly in FY 1996. Tota shot numbers of the discharge supported by LH injection for A,



B and C units are 369, 379 and 315, respectively. The maximum generated power of 8-klystrons
for A, B and C unitsare 3.4, 3.0 and 2.6 MW, respectively . Themain troublesinthisFY were
1) degradation of Kklystrons due to reduced standoff capability around electron gun, and 2)
malfunction in the crowbar circuit of C unit triggered by electric noises from the negative ion based
NBI system.

An RF breakdown in the antenna mouth could cause serious damages of the antenna. In
order to avoid heavy breakdown in the main vacuum part of the antenna, an additional arc detector
was equipped in the antenna system as shown in Fig. |. 1. 5-1. When arc lights detected, RF
injection isimmediately shut down during 100 msec and then isrestarted by the protection system.
This arc detector works only during RF injection to distinguish the arc from relative strong stray
lights at the plasma initiation of the discharge. The arc detector is a key device for efficient
antenna-conditioning without terrible breakdown.

In addition, as an efficient conditioning technique of the antenna, RF injection pulse was
modulated with intermittent short pulses, for example, pulse length of 20 msec and duty of 50 %.
This pulse-modulated injection could lead to stable power up without hard breakdown, while with
small breakdown necessary for progress of the conditioning. Therefore , the damage of the
antenna is reduced, and plasma shot number required decreases. For the current drive
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Fig. 1.1.5-1 Arc detector system for antenna and RF window

experiments using pulse-modulated injection, the current drive efficiency did not degrade under
the same averaged input power. The hard X-ray profile showed a little bit wider, namely broad
current profile, in pulse-modul ated injection compared with that of no modulation.

1.5.2 ICRF system
Theion cyclotron range of frequencies (ICRF) system was operated well at 102 MHz in FY
1996. Thefrequency of the system was changed to 102 MHz from 116 MHz in December 1995,



in order to keep up centra plasma heating with the low toroidal magnetic field (B,) operation. The
resonant B, of the second harmonics of hydrogen was reduced from 3.8 T t03.34 T. From
January 1996, RF power at 102 MHz had been injected to the plasmaoccasionally. Impedance
matching between the antenna and the transmission line using the stub tuners  and the high power
phase shifters, adjustment of the phase control, and the antenna conditioning were taken place.
About 80 shots were devoted to impedance matching and antenna aging after the frequency
change. Following the antenna aging, the coupled power reached 4.3 MW (short pulse) in 80
shotsand 4.6 MW for 1 sec at last in November 1996. The maximum stand-off  voltage in the
antennawas ~ 34 kV and is close to the maximum voltage achieved at 116 MHz. It means that
low coupling resistance limited the coupled power.

At 102 MHz, the coupling resistance of the antenna, R., was 60 - 70% of that at 116 MHz
[1.5-3]. Figurel.1.5-2 showsthe R. versusthe gap between the separatrix and the first wall of
the vacuum vessel on equatorial plane. The Faraday shield of the ICRF antenna is~ 3 cm behind
thefirst wall surface. The stand-off voltage in the antenna versus the coupled power P, at 102
MHz and 116 MHz isshown in Fig. 1.1.5-3. It isclear thatthe P at 102 MHz was limited
by the antenna voltage stand-off.. In contrast with at 102 MHz, P,. a 116 MHz was limited
mainly by the generator capability [1.5-4]. Reduction of R. results from RF characteristics of
the antenna which was designed to obtain best coupling at ~ 120 MHz. For the closed divertor
plasma expected in the operation in 1997, a little larger antenna-separatrix gap and lower SOL
density due to the baffle plate are foreseen, and then lower R. is expected. Improvement of
antenna voltage stand-off of the coupling system is effective to couple higher power.
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Fig. 1.1.5-2 Coupling resistance at 116 and 102 MHz  Fig. 1.1.5-3 Coupled power limited by the antenna
voltage stand-off at 102 MHz.

Toincrease the stand-off voltage, short plunger and outer conductor of the stub tuner were
newly designed and fabricated. The new plunger isaconservative mechanica contact typeas a
substitution of the former choke plunger, which acts as a equivalent short circuit without



mechanica contact. The choke plunger had an advantage in capability of quick movement during
high power RF pulse. However the choke plunger requires precision in narrow gaps in its
structure to keep high voltage stand-off capability. When the uniformity of the gap is lost after
lots of operations for many years, the arcing tends to occur in high voltage operation and
damages the structure.  Importance of quick movement of the plunger during the discharge shot
had become lower because frequency feedback control works well to keep good impedance
matching.

For the new contact type plunger, "multilam band" is used as a contact element, as well as
the high power phase shifter. Rdiability of the contact lement is confirmed in a 10 thousand
strokes' endurance test of the high power phase shifter.  The new short plunger will be
installed in the stub tuner in April 1997.
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Fig. 1.1.5-4 Modification of the Stub Tuner
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1.6 Diagnostic System

During the reconstruction phase of the divertor, electrostatic probes, areciprocating probe,
mm-wave interferometers, multichannel borometers, avisible fiber array, ion gauges and Penning
gauges were newly installed for the detailed study of the divertor plasmas. Significant progress
was also made in the diagnostic system as described in the following sections.

1.6.1 Automatic analysis of sawtooth inversion radius with adaptive neural network [1.6-1]

A neural network agorithm was applied to the eectron cyclotron emission (ECE) data of
JT-60U plasma, and sawtooth inversion radii are automaticaly acquired to obtain information
concerning current profiles. To detect the time of sawtooth collapse, a method of adaptive signal
prediction by a three-layered perceptron is applied to the time series of ECE data which were
obtained by agrating polychromator system. The collapse timeis determined from the time when
the prediction error is maximized in magnitude. Thiswork was performed by a collaboration with
Toyama Kenritsu University.

1.6.2 Elimination of non-thermal emission from FTS interferogram during ELM[1.6-2]

A Fourier-transform spectrometer system (FTS) is used for the measurement of time
evolution of electron temperature profile. In the ELMy H-mode phase, however, eectron
temperature measurement by FT'S becomes difficult because the interferogram suffers from intense
non-thermal emission from plasmawhich relatesto ELM. In order to remove and reconstruct the
interferogram, a high-pass filter and smoothing method is applied. The electron temperature
deduced by Fourier-transforming the reconstructed interferogram showed a good agreement with
the result of arelatively calibrated grating polychromator system.

1.6.3 Determination of radid position in the measurement of eectron temperature profiles from

ECE [1.6-3]

The effects of relativigtic frequency down-shift and optical thickness at the medium electron
temperatures are important to determine the radial position of the electron temperature profile from
the electron cyclotron emission. Exclusion of the effectsin the determination results in a pseudo
radial displacement (Dr) of the obtained electron temperature profile. The displacement depends on
only three parameters (electron temperature, Te, optical depth,t , and major radius, R). In order to
evaluate the radial position correctly for any tokamak, a scaling of the displacement is found as Dr
(m)=0.0009 R(m) Teg(keV) (1+ 40/(5t ) ). This scalingisapplicablefort > 5wheretheerror is
less than 0.5% of the major radius.

1.6.4 Upgrade of MSE diagnostics
A new polarimeter with nine viewing points for the motional Stark effect (MSE)



spectroscopy was installed in December, 1995 in addition to the old one [1.6-4]. By using old and
new polarimeters, we can measure the region of R = 3.04-4.29 m with 14 chords, which almost
covers from the axis to the surface for a standard configuration. To reduce the error by
background light, multi-layer dielectric mirrors are used in the new spectrometer. The aluminum-
coated mirrors in the old polarimeter have also been changed to multi-layer dielectric mirrors. The
whole M SE system had been operated routinely in 1996 and safety-factor profiles were obtained in
various types of discharges.

1.6.5 Optical fiber array viewing divertor region for 2-dimensional spectroscopic measurement

A 32-channel optica fiber array system viewing the divertor region from the side was
installedto measure poloidal emission profiles of hydrogen isotopes and impurities. This array
system guides the visible light emitted in the divertor region to a spectrometer composed of filter
optics. The emission profiles of five different spectral lines are measured simultaneously by this
spectrometer with a 32-ch photomultiplier array at a fast sampling rate of 160 ns and with
photodiode arrays at aslow sampling rate of 2.8 ms. The poloidal contours of spectral emissions
in the divertor region are constructed by analyzing both emission profiles from this system and
from a existing 60-channel optical fiber array system viewing from the top.

1.6.6 Fast sampling charge exchange recombination spectroscopy [1.6-5]

A Charge exchange recombination spectroscopy (CXRS) system with a three interference
filter assembly and photomultipliers has been developed for the faster measurements of ion
temperatures (Ti) and toroida rotation velocities (Vt). Each filter has a 0.2 - 1 nm bandwidth
(FWHM), and the threefilters have adightly different peak wavelength to its selected CXR line,
depending on the Ti and Vt at the measuring position. 12 assemblies viewing on and off the
neutral beam line were installed for the space-resolved Ti, Vt and the background measurements.
The maximum sampling rate of this system is 160 nrs. Thisis faster than 16.7 ms of the existing
CXRS system composed of spectrometers and CCD cameras.

1.6.7 Neutron fluctuation measurement system [1.6-6]

In JT-60U, neutron emission monitors with the time resolution of 1ms and 14 MeV -
neutron detectors with the time resolution of 10 ms have been used from the beginning of the DD
discharges. In this fiscal year, the neutron detector with a fast time resolution of 40 ns and a
gpatial resolution of 15 cm was ingdled in order to study the correlation between the MHD
behaviors (such as sawtooth activities and fishbone instability) and the neutron emissions. The
detector, which is composed of a plastic scintillator (NE102A) and a photomultiplier, is operated
in the current mode to get afast response. The detector is mounted approximately 2 m away from
the surface of the vacuum vessel near the mid plane.
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1.7 Data Analysis System
1.7.1 FAME system

The FAME (Fast Analyzer for Magnetohydrodynamic(MHD) Equilibrium) system has been
developed in 1993 to provide about 130 MHD equilibria in time series which are enough for the
non-stationary analysis of the experimental data of JT-60U within a shot interval. The FAME
system have stored all the equilibrium datain JT-60U from 1993. In FY 1996, the efforts of utility
development and update have been concentrated on more effective use of the FAME system. An
equilibrium animating system has been developed on a workstation arranged in the central control
room. The system can provide animations of MHD equilibrium analyzed by the FAME. In order to
display typical equilibrium data such as an dlipticity, an internal inductance, and so on as
functions of time with other experimental data, the DAISY (DAta lllustration SY stem) and the
software of FAME system are improved.

The new system, FAME-II, with a high processing speed utilizing IBM RS/6000 SP is
being introduced, succeeding the former FAME system. The FAME-II system is a MIMD type
small scaled parallel computers with 7 microprocessors and the maximum theoretical speed is 3.42
GFLOPS. For the software system of FAME-11, MHD equilibrium analysis code SELENE and its
input data production code FBI are tuned up taking the parallel processing into consideration as
well as the former FAME system. Consequently, the computational performance of the FAME-II
system for specia use of JT-60U equilibrium analyses becomes more than 3 timesfaster than the
existing FAME system. The new system also has the file server system with the large capacity of
the mass data storage of 50 GB, which can afford to store al the equilibrium datain JT-60U for
coming 3 years.

1.7.2 DataLink System and Video Conference System

The effectiveness of the remote participation in JT-60 experiments from PPPL was
successfully demonstrated during QDT >1 campaign from the end of October to the beginning of
November, by utilizing the Data Link System and the video conferencing systems. Participants
from both JAERI and PPPL jointly analyzed and discussed the JT-60 data and recognized
achievement of a high fusion performance in JT-60 reversed shear discharges. This success is



envisaged to be a new model of the international collaboration via computer and communication
networks for the twenty-first century.

In July ‘96, a remote diagnostics operation and a remote data analysis were simultaneously
tested. A neutron diagnostic system on the JT-60 has been successfully operated from Los Alamos
National Laboratory (LANL) viathe JAERI- DOE leased, overseas line. Remote analysis of JT-60
data from PPPL was done by using the Data Link System and the video conferencing systems for
the discussion between JAERI and PPPL.

In October ‘96, the Data Link System was completed for exchanging experimental data of
JT-60 through the Data Link. Selected data among approximately 2100 typica JT-60 shots were
transferred to this system for the use under the regulation of remote access under the Three Large
Tokamak Agreement. A new database of detailed experimental data with the amount of 6MB per
diagnostic for each shot were a so prepared.

The Data Link System provided data analysis tools; a first magnetic boundary identification
code (FBI), a MHD equilibrium analysis code (SELENE), and a plasma profile monitoring tool
(SLICE).

A multi-point bridge system was introduced for ISDN based video-conferencing capabilities
to enable multi-point connections. The JT-60 control room is now connected to PPPL and LANL
viathe video conference systems using ISDN lines.

1.7.3 Computer System and Database

The main frame of computer system have been replaced from the MSP operating
system on FACOM M-780 (FEP) to the UNIX operating system on workstations due to the plan
organized by the Center for Promotion of Computational Science and Engineering.  According to
the plan, al plasmaanalysis codes, utility codes, and many databases have been transplanted to the
new system. Especially, computer graphic programs and data handling programs have been
almost newly developed for the UNIX system. The preparation of the transplantation had been
started from FY 1994 and carefully carried out. The new UNIX system have enabled to redize a
distributed processing system and augment the data processing capacity by about 10 times.

The database related software was aso largely changed. The database structure was
redesigned to a more flexible one and database managing programs, NDBS, were converted from
the origina one on FEP. A network data transfer program, IFDB, was aso ported from the
original 1SP-to-FEP version. After the completion of CO2 interferometer, YAG Thomson
scattering system and scintillating fiber neutron detectors, their data were added to JT-60
experimental database. Plasma equilibrium data cal culated by FAME system were also added.

Some subsystems and programs of JT-60 data processing system were improved during
FY 1996 to replace aged mini-computers and meet the demands of plasma diagnostic systems.
Since January 1996 a workstation-based prototype CICU system had been tested in detail on



behalf of one of present CICU systems based on mini-computers. After the improvement of
hardware and software components, thefinal design of new CICU systemswas completed. New
CICU systems consist of VME modules with CAMAC serial highway drivers. They have been
under apractical test for the complete replacement of CICU systems.

A new mass data acquisition system, FDS, was developed. It uses a UNIX workstation and
aVME-based opto-electric conversion module with memory. It would be used as a successor to a
present minicomputer-based TMDS system. New programsto calculate physics datafrom TMDS
raw data were developed for some diagnostic systems and the results were stored as a new
database in the JT-60 file server or the newly introduced TMDS server.
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2. Experimental Results and Analysis
2.1 Reversed Shear Experiments
2.1.1 Achievement of high fusion performance [2.1-1, 2]

Significant improvement in fusion performance has been achieved in thermonuclear fusion
regime with 16 MW of deuterium-neutral beam injection into reversed shear discharges at 2.8 MA
of plasma current. The core plasma energy is efficiently confined due to the internal transport
barrier formed for both ions and electronsat ~70% of the plasma minor radius near the boundary
of the negative shear region.

In the best shot the plasma stored energy increased up to the JT-60U record value of 10.9
MJwith a high DD neutron emission rate of 4.5x1016 /s. Plasmas that could have been produced
in an assumed D-T (deuterium-tritium) fuel are smulated by using the TOPICS code and the
TRANSP code simply considering the full D beams with the experimental beam energy into a
plasma of 50:50 D-T mixture. Good agreements are obtained with confidence among these
analyses for D-D analysis and D-T simulation. The projected fusion power is equivaent to 10.7
MW with 83% from thermonuclear reactions. This large fraction of thermonuclear reactions should
be emphasized in contrast to the other high performance regimes such as TFTR supershot, JET hot
ion H mode and JT-60U high bp H mode, in which substantia fraction of fusion power came
from beam-therma reactions. A simple ratio of the fusion power to the actual beam absorption
power, PpT1/Paps would be 0.68. For transent plasmas, the fusion amplification factor can be
defined from the effective heating power that can be estimated by subtracting the dW/dt term (the
loss power from the plasma) from Pgys [2.1-3]. Following this definition, the equivalent fusion
amplification factor QpT® reached 1.05 with a high fusion triple product of np(O)tgT;(0) =
7.8x1020 m3esskeV. The remarkable progressin fusion performance can be attributed to the stable
increase in plasma current with a wide reversed shear region up to 70-80% of plasma minor radius
(see Fig.l,2,1-1) and a well optimized
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2.1.2 Internal transport barrier and confinement [2.1-2, 5, 6, 7]

Steep gradients in profiles for eectron density, eectron temperature and ion temperature,
which indicate the formation of Internal Transport Barrier (ITB), are observed in JT-60U reversed
shear plasmas. Significant reduction of therma transport are obtained both for ions and for
electrons[2.1-8]. The steep gradient zones have aradia extent of ~20% of plasmaminor radius
and are located inside the radius of gmin. To obtain high performance plasmas, it was essential to
form aq profile with a large radius of gmin (up to 80% of plasmaminor radius) in alow q regime
(Gmin ~ 2). Theformation of ITB in an early phase and the control of pressure and current profiles
during the current ramp-up with keeping the ITB were key techniques to obtain a large radius of
Omin in @ low gmin regime [2.1-6]. The ITB was formed by on-axis beam heating into a low
density target plasma with reversed shear that was formed by current ramp-up without beam
heating. The foot (outer edge) of ITB was formed at ~0.45a at first and moved outward up to
~0.8awhile the position of gmin aso moved outward from ~0.65a to ~0.8a. The foot of ITB was
located at or inside the radius of gmin, Which was observed in many discharges with the radius of
Omin ranged between 0.5a and 0.8a. The energy confinement time increased with the increase in
the radius of ITB and with the decrease in gmin for a fixed toroidal field. High H factors,
te/t g TER8OP yp to 3.3 were obtained with an L-mode edge. The effective one-fluid thermal
diffusivity in the ITB was less than the value predicted by Chang-Hinton's neoclassical theory.
The reversed shear plasmas are characterized by the achievement of high confinement with
relatively low beam power (Paps ~12.5 MW), while high confinement is obtained in high power
regime (Paps ~25 MW) for the high bp H mode [2-1.5]. The values of H/qgs and by increased with
the increase in the plasma current (or the decrease in qgs), and the highest performance was
achieved at o5 = 3 (2.8 MA). The performance was limited by disruptive beta collapses with by ~
2 a Omin ~ 2.

2.1.3 MHD activities and stability [2.1-7, 9, 10]

Various MHD fluctuationsincluding resistive modes and ideal modes were observed in JT-
60U reversed shear discharges.

Resistive modes, which were observed continuously, can be classified by their locaization
inthe minor radius; near r 1T, at distinctly inside or outside of r |1, and near the plasma surface.
Here, r 1Tg isthe normalized radius at the steep pressure gradient generated by the ITB. Resistive
modes localized near r [Tg were observed, when the pressure gradient and b were large enough
and gmin Was between integer values. Fluctuations with and without in-out asymmetry were
observed in eectron temperatures. Resistive modes without in-out asymmetry seem to be the
double tearing mode while resistive modes localized near r |Tg with in-out asymmetry are not
identified yet. Most of reversed shear discharges with an L-mode edge were terminated with a hard
collapse which resulted in the disruption. The upper limit of the achieved by in reversed shear



discharges lies in the same region with that in high bp discharges. On the other hand, hard
collapsesin reversed shear discharges often occurred even in the quite low by region. The hard
collapsesin the low by region sometimes occurred at gmin ~ 4 Of gmin ~ 3 With the growth time of
the ideal MHD ingtabilities. Some of low by collapses seemed to be associated with  surface
modes such as external kink modes, because by collapses sometimes occurred when the NB
injection power was reduced and the surface q was close to integer values. We also observed a
growth of the rotating mode near the plasma surface and the mode locking for hard collapses.
Before hard collapses at gmin ~ 2, precursor oscillationsin electron temperatures were observed to
be localized in the ITB region. The amplitude of the precursor oscillations increased with the
growth time longer than 1.5 ms, which is in the growth time range of resistive MHD instabilities.
The collapse, which followed these resistive modes, explosively grew from the ITB region with
avery fast growth time of the order of ~ 10 ns. Ideal MHD stability analysis showed that the
experimental betalimit (bn ~ 2) at gmin ~ 2 is close to the theoretical one for the ideal low n (n=1)
kink modes [2.1-11].

2.1.4 Formation, control and sustainment of reversed shear by LHCD [2.1-12, 13]

By using lower hybrid wave (LHW) current drive (LHCD), it has been experimentaly
demonstrated that reversed magnetic shear can be maintained and controlled [2.1-13]. Formation
of a reversed magnetic shear configuration by an LHW injection alone was successfully
demonstrated [2.1-12]. Strongly reversed magnetic shear, which is even stronger than one formed
by a normal scenario (NBI heating at current ramp-up), with large area of shear reversal was
formed by an LHW injection alone. Furthermore, intense gradient was found in the eectron
temperature profile, which suggested the confinement improvement. Moreover, the atainable by
in this discharge was comparable to that of normal reversed shear discharge.
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2.2 High-bp H-mode and High Triangularity Discharges
2.2.1 High bp H-mode confinement at high current with high power neutral beam injection

The high-bp H-mode discharges, which may bring out more higher fusion triple product,
are configured to achieve a peaked beam deposition profile with a large aspect ratio A~4.3 and a
low triangularity d~0.05. It isessentiad for achieving the high-bp H-mode confinement to creste a
sawtooth-free target plasma with a central q dightly above unity by injecting the main beams
before the sawtooth onset, which would have produced a weak centra magnetic shear
configuration. The new technica advancements also contributed to high-bp H-mode JT-60U
experimentsin 1996 are as follows:
1) fast current ramp-up operation allowing the main beams to be injected in the current flat top
phase at high currentsup to 2.7 MA
2) intense beam power of up to 41 MW at 90-95 keV.
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performance high-bp H-mode plasma was Fig.1.2.2-1 Discharge waveforms of arecord shot to
also sustained at q95=3.0 with successive show the highest stored energy in high-bp H-mode.
ELMs.

As shown in Fig.l.2.2-1, Wdia and Sp reaches 9.3 MJ and 4.9 x 1016 /s and
nD(O)t ETj(0)~5.1 x 1020m-3esskeV was achieved at peak, respectively. It is found that both
W(dia and Sp increase with increase of plasma current above 2.2 MA. These experimenta
evidences showing that the fusion performance is peaked around gg5~3 independent of transient,
stationary states (dW/dt~0) support the argument that the fusion performance can be maximized
around q95~3 where ITER would have achieved self-ignition. In the high-bp mode phase just
before the H- mode transition, the presence of internal transport barrier is clearly indicated in the
electron density and ion temperature profile at r/a~ 0.7 while the g profiles measured from
motional Stark effect spectroscopy reveas the central g value of ~ 1.4 dightly above unity with a
weak central shear [2.2-1].
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2.3 H-mode Study

Impact of the neutral particles on the H-mode transition power threshold has been studied
[2.3-1]. The fact that the compiled threshold database from various tokamaks has not yet been
successful hitherto in providing a unique and reliable threshold power scaling is mainly ascribed to
the ambiguities involved with the size and density dependencies. In particular, the density
dependenceis regarded as the most crucia but difficult to anayze issue, dueto its sensitivities to
thewall conditions. Based on the results of deliberate experimental investigations at JT-60U, we
have first documented that (1) the edge neutral particle density literally determines the degree to
which the threshold power depends on the density, and (2) the density boundary, below which the
H-mode transition cannot occur, may also be governed by the edge neutrals. Therefore,
information on the edge neutral particles can integrate the different density dependencies observed
in various tokamaks, and thereby afirm ground for the size scaling may a so be established, which
can well be extrapolated to afusion reactor with an adequate precision.

Dependence of transport properties on the normalized gyro-radius r * has been studied on
ELMy H-mode plasmas with high triangularity d in JT-60U [2.3-2]. Thethermal diffusivity c is
expressed asc = (TdeB) (r *)MF(b, n*,...), where F is a nondimensional function with b, n* etc.
Becausether * value of ITER is much smaller than that of large tokamaks, ther * dependence of ¢
is an important subject to predict the transport properties of ITER plasmas. In ELMy H-mode
plasmas with low d value, the normalized thermal energy confinement time, tyh T&/e€Bt, was found
almost independent of r * due to the strong ELM activity occur in the high Bt shot [2.3-3]. The
high d configuration (d = 0.35) applied here is expected to suppress the ELM activity. A pair of
NBI heated ELMy H-mode shots with By =1.86 T and 3.08 T are compared. Nondimensional
parametersexcept r * are the sameand Ti/Te» 1 in /3 <alr <2/3 for both shots. It isfound that
ther * dependence of ce is amost the same or somewhat stronger than that in L-mode plasmas,
i.e., m» 0.5, while the c; becomes aimost gyro Bohm type diffusion, i.e., m» 1. The
confinement time is amost inversely proportional to tiTg/eBt p (r *)-0-8 which is favorable for the
futurereactor. Thisresultsissimilar to those obtained in JET and DIII-D.

The relative change of the electron and ion therma diffusivity, dcgce and dcj/cj, and that
for the improvement of therma energy confinement, dTH/TH, at the H-L transition has been
studied in JT-60U |CC (Improved Core Confinement) H-mode plasmas with I, = 1.6~3.5 MA and
Bt » 4.0 T [2.3-4]. Herethechangeisdefined as dc = c(t+) - c(t.) across thetrangtion at the
time t. The improvement factor TH is determined on the basis of the L-mode thermal
confinement time scaling. As for dcgce it is large (0.5~0.6) even for small dTH/TH vaue
(=0.15) and changes very little with the increase of dTH/TH. On the other hand, dci/c;j
increaseswith dTH/TH.  The improvement of total thermal confinement in H phase is dominated
by the reduction of ion heat transport. The relative change of the effective particle diffusivity,
dD/D, isindependent of dTH/TH.



The width of the edge pedestal Dr has been investigated for ELM-free H-mode plasmas in
JT -60U [2.3-5]. Thewidth plays an important role to determine the stability of ELM. Edge
pedestals of electron and ion temperature profiles are measured over a wide range of plasma
current from 1 MA to 4.5 MA. The results show that Dr is linearly scaled with \Jer i as the
prediction in Shaing's theory, where eisthe inverse aspect ratio and r  isthe poloidal gyro-radius
for thermal ions. Thevaue of Dr isafactor ~4 larger than the theoretical prediction

In order to predict the threshold power for the L-H transition and the energy confinement
performancein ITER, databases have been assembled and are being analyzed [2.3-6]. Data from
JT-60U and JFT-2M contribute to these ITER database. The ITER Threshold Database includes
datafrom 10 divertor tokamaks. This database gives a scaling of the threshold power of the form
Pihr 4 Bind- S R2” (ngR?)*0.25 which predicts Py » 100 20t1 MW for ITERat ne=5" 1019
m3.  ThelTER L-mode Confinement Database has also been assembled from 14 tokamaks, and
a scaling of the thermal energy confinement time tix- in L-mode and ohmic phases has been
obtained. With the ITER parameters, ti- is about 2.3 sec.  For ignition in ITER, more than
2.5 times this value will be required. The ITER H-mode Confinement Database has been
expanded from the data of 6 tokamaksto the dataof 11 tokamaks. A t, scaling for the ELMy H-
mode has been obtained by a standard regression analysis and predicts for ITER a confinement
timetih, » 6”7 (1+0.3) sec. The degradation of t¢, with increasing neR2 (or decreasing r ) is
not found for ELMy H-mode. An offset-linear law scaling with a dimensionally correct form
also predicts nearly the samet, value.
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2.4 Current Drive Experiments
2.4.1 Neutral beam current drive (NBCD) [2.4-1]

Non-inductive current drive by the newly installed negative-ion-based neutral beam injector
(N-NBI) has been demonstrated at beam energy of 350 keV. Up to 0.28 MA of plasma current
was driven by N-NBI.  The current drive efficiency of N-NBI defined by ho, =n, I, R, / P,
where n,, |, R, and P, being respectively average electron density, non-inductively driven
current, plasmamajor radius, and power of the current driver, reached 0.8 10 m?A/W. This
valueis 1.6 times higher than that of conventional positive-ion-based NBI (P-NBI) at 80 keV and
consistent with the theoretical prediction.

The JT-60U's N-NBI was designed to deliver 10 MW of beam power at 500 keV for 10 s.
Up to now 2.5 MW of N-NB power has been injected into plasmas at beam energy of 350 keV.

Non-inductive driven current and current drive efficiency of N-NBI were evaduated by
injecting N-NB into P-NBI heated plasmas (with 4 MW of tangential and 4 MW of perpendicular
beams). Anexample of such dischargeisshown in Fig. 2.4.1-1. Before the N-NB pulse, 70%
of plasma current was driven by P-NB and the bootstrap current. During 2 MW of N-NB pulse,
the neutron emission rate S increased by a factor of 2 and the loop voltage V, became dightly
negative indicating that the plasma current was driven fully non-inductively. With the aid of a 1.5-
dimensional time-dependent tokamak transport analysis code TOPICS and a current drive code
ACCOME, the bootstrap, P-NB, and N-NB driven currents were estimated to be 0.27, 0.46, and
0.28 MA, respectively.
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Fig. 1.2.4-1 Time evolution of full non-inductive discharge Fig. 1.2.4-2 Current drive efficiency h _ of NBCD asa
by P-NB and N-NB. Total stored energy Wigt, NB power @

PnB. loop voltage V)|, average density ne, neutron
emission rate Sy, plasma current I are shown.

function of beam energy E,

Figure 2.4.1-2 shows the current drive efficiency h, as a function of injected beam energy
EB. Clearly, N-NB has efficiency higher than that of P-NB. The curve shows h, caculated



by ACCOME code with central electron temperature T, = 4.5 keV, effective ionic charge Z, = 3,
and n, = 1.3" 10® m-3. The experimentaly obtained data are in reasonable agreement with
theoretical prediction.

2.4.2 Lower hybrid current drive (LHCD) [2.4-2.2.4-3]

Current profile control by lower hybrid wave (LHW) was applied to the reversed shear
plasmas. It has been demonstrated that the reversed shear configuration, otherwise relaxesto a
monotonic shear profile, can be maintained by LHCD. It has also been shown that strong
reversed shear with large areaof shear reversal can be formed by LHW aone. The attainable
normalized beta of such discharge is comparable to that obtained by current ramp-up method, and
strong gradient is found in the electron temperature profile suggesting the improvement in
confinement.
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2.5 Radiative Divertor and SOL
2.5.1 Radiative divertor formation in the reversed shear plasma[2.5-1, 2]

The reversed shear plasma with an Internal Transport Barrier (ITB) has apotentia to satisfy
the target plasma conditions for a fusion reactor design. Theradiative divertor formation with the
improved energy confinement in the core plasmaisa crucia requirement, and it was demonstrated
for the first time in the reversed shear plasma.  Full detached divertor condition was obtained for
the reversed shear plasma(lp = 1.2 MA, By = 3T, Pngl = 10-15 MW) with the ITB using a
combination of neon and deuterium/hydrogen gas puffing. Total radiation loss power was
increased up to 80% of the net input power for the central ng= 4x1019 M3, Theimproved energy
confinement within the ITB was maintained during the divertor MARFE for 3 sec. The results
were the first demonstration of the compatibility of the radiative divertor with the ITB formation in
the core plasma. The ITB wasterminated by a beta-collapse during NB heating for the case of the
deuterium (including neon impurity) plasma, while it was maintained for the case of the hydrogen
plasma. An optimization of the gas puff sequence and the feedback control of the input power are
required for the steady-state operation of the improved confinement plasma. During the
sustainment phase of the ITB, the location of the minimum-q and the ITB shifted to the plasma
center with the time constant of the current diffusion. The sustainment of the current profile is
another important problem for realizing the steady-state operation.



2.5.2 Energy and particle confinement in high density ELMy H-mode

High density operation of the ELMy H-mode plasma has been performed in 1994-1995.
Degradation of energy and particle confinements under the high recycling condition was
investigated for high power neutral beam injection of 18-19 MW [2.5-3]; plasma parameters were
fixeda Ip=1-1.2MA, By =2-2.1 T, qg5 = 3.3-3.5. The global energy confinement time tg and
the H-factor H (compared with the ITER-89P scaling law for the L-mode) were reduced with
increasing the plasma density ng, which was caused by the decrease in the stored energy of fast
ionsdueto areductionin Te. Here the thermal plasma energy was constant even for the increase in
ne. Global particle confinement time th was evauated using a neutra transport code for the
divertor/SOL region, and it was found that th greatly decreased from 0.13 to 0.08 s with
increasing ne due to an increase in the neutral particle influx from the divertor. Thus th/tE
decreased from 1.0 to 0.8 with increasing ne for the ELMy H-mode plasma. Thisth/t gislarger
than that for the ELM-free H-mode plasma by a factor of 2-4, which is more favorable for
achieving a cold and dense divertor plasma.

Theincreasein the neutral particle density inside the separatrix, ng, was evaluated under the
high density divertor condition. The ng near the X-point increased up to ~2x106 mr3, and it was
by a factor of 10 larger than that at the midplane due to i) the short distance between the X-point
and the divertor target plate and ii) the open divertor configuration. The transport of the neutral
particles was cdculated for the new (W-shaped) divertor configuration [2.5-4], which predicted
that the inclined divertor plates and a dome in the private region can condense neutra particles in
the divertor region. The effective formation of a dense and cold divertor plasmaand the reduction
of the neutral particles back-flow to the main plasma were also predicted, which will be
investigated with  their effects on the main plasma performance from 1997.

2.5.3 High density SOL plasma

Radial profiles of electron density at the midplane nemid, temperature Temig, and ion
temperature Tj mid in the scrape-off layer (SOL) were investigated under radiative and detached
divertor conditions in L-mode discharges (Png) = 4 MW) [2.5-5]. Temid, ad nemid profiles were
measured with a fast reciprocating Langmuir probe. Tj mid profile at the edge was measured with
charge exchange recombination spectroscopy system. The ratio of Tj mig/Temid Was found to be
about 3 over a wide range of the plasma density, and the ion pressure was dominant. It was
expected that Tj mid is higher than Te mig due to the low parale thermal conductivity of ion. The
measured value of Tj mid/ Temid ~3 was consistent with the SOL/divertor two-point model.

Two (i.e. first and second) SOL regions with different characteristic lengths were measured
both in the ngmid and Temid profiles. The first SOL extended up to 10-15 mm outside the
separatrix, where the paralel conduction is dominated. The profile had a small e-folding length.
Effect of the connection length (safety factor) on the decay lengths of nemid and Temid (I ne and



| Te) was investigated. A regression analysis suggested that large dependence on the safety factor
suchas| pe~ @ Tb, wherea =0.85and b = 0.23. | TeWas larger by afactor of 1.5-2 than | pe,
and | 1j waslarger by afactor of 2.5-3than | teat thefirst SOL.

At the occurrence of the X-point MARFE, Temid at the separatrix was observed at 40-45 eV.
During the X-point MARFE, | T | ne @nd | Tj increased substantialy with a reduction in Temid
and ng miq a the plasmaedge and in the first SOL. Thisis caused by the penetration of the intense
radiation region into the main plasma near the X-point.

Parale current Jj/ flowing between the two strike points through the SOL was measured
with the divertor Langmuir probes [2.5-6]. Location of the maximum Jy/ corresponded to that of
the peak of the ion flux Gon. During the partial detachment of the divertor plasma, the locations of
the peak J; and Gon, shifted from the separatrix to the outer magnetic flux surface. At the same
time, the direction of J; was reversed due to the reversal of the in-out asymmetry in Te profile.
Thus not only Gon but also J; changes the flowing root at the upstream during the divertor
detachment.
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2.6 Particle Confinement and Impurity Behavior
2.6.1 Particle confinement [2.6-1]

The dengity in the main plasmais maintained by not only the particle source in the main
plasma but also the edge density. In order to understand the effects of the particle source
distribution and the edge density on the globa particle confinement, the local particle transport has
been andyzed for L-mode plasmas. In this analysis, the densities maintained by the NBI source
(n"®) and wall-recycling source (n®) and the base density (n®**) were separated. Here, "base
density” indicates the density that is not related with the particle source in the main plasma. The
confinement times of the particles fueled by NBI (t "°) and that of the wall-recycling particles (t,%)
were estimated.

From the analysis in the steady state phase and the perturbed phase, the particle diffusion
coefficient was estimated to be 1.0 m?/s at the plasma edge and 0.1 m?/s at the plasma center, and a
large inward pinch velocity of 20 m/s was also obtained at the plasma edge. Using these estimated
transport coefficients n“®, n®, and n®*® were separated. It was found that the base density is larger



than the other densities in all the plasma region and dominant at the edge region. The contributions
of n%, n"® and n®** to the total particle number were estimated to be 0.18, 0.22 and 0.6,
respectively.t ® and t % were estimated to be 0.35 sand 0.14 s, respectively, and theratio of t
to t " was estimated to be 2.5. It was also found that t "® was not so large compared with t
although the penetration for the NBI source was about 10 times deeper than that for the wall
recycling source. The high edge density and the large inward pinch gave the small t ™ / t ®.

Previously, t "* and t X had been estimated to be 0.9 s and 0.3 s from the analysis of the
global particle balance, in which the base density had not been taken into account. The ratio of tpNB
to tpR estimated from the global analysis was in agreement with the results obtained from the loca
analysis. However, t "® and t * estimated from the local analysis were smaller by 60% than those
edtimated from the global analysis. These results indicated the particle confinement can not be
estimated from the particle number and the particle source in the main plasma. The base density
should be considered for the investigation of the particle balance.

2.6.2 Active Control of Helium Ash Exhaust and Transport Characteristicg2.6-2]

In-out asymmetry of He flux in the divertor during the ELMy H-mode has been studied by
scanning neutral beam power (PNB) and plasma current (Ip). The dependence of He exhaust on
the ion grad-B drift direction, the plasma current and the toroidal magnetic field (BT) was
investigated for the ELMy H-mode and L-mode. The He flux on the outer target was larger than
that on theinner target inthe cases of Ip = 1.0 MA, BT =25 T, PNB = 18 MW. On the other
hand, the He flux on the inner target was larger than that on the outer target inthe case of Ip= 1.7
MA,BT=35T,PNB = 18 MW. Thein-out asymmetry with the enhanced outboard He flux
was remarkable for the ELMy H-mode with higher NB power heating and lower Ip. The in-out
asymmetry of the He flux did not depend on the ion grad-B drift direction. However, the in-out
asymmetry of the D flux could be reversed by the change of the ion grad-B drift direction (reversed
BT and Ip). The asymmetry seemed to be determined by bp (including edge parameters: ne, Te, Ti
et al.). It did not explicitly depend on NB power and Ip. This result suggested that the selective
exhaust, for example He ash removal from the outboard divertor and fueled particle remova from
the inboard divertor, may be possible.

Helium transport characteristics in reversed shear plasmas has been studied using a He beam
(central fueling) and a short pulse He gas puff (edge fueling). In the reversed shear mode, the
confinement is remarkably enhanced inside the internd transport barrier (ITB), which is formed
near the position of minimum g. ne(r), Te(r) and Ti(r) profiles have large gradientsat  the ITB.
The He particle confinement in the ITB was improved with the energy improvement. The He
transport was found to be characterized by a largeinward velocity near the ITB. However, the
profile of He concentration (the ratio of the He density to the electron density) in reversed shear
plasmas was amost flat because the electron density profile was similar to the He density profile.



The trangport in the reversed shear modeis clearly different from that in the ELMy H-mode and L-
mode. However, He particles inside the ITB was expeled when a partid collapse occurred as
observed for ELMs. It suggested that Helium can be removed from reversed shear plasmas by
frequent partia collapses.

2.6.3 Behavior of Neutral Deuterium and Helium Atoms in the Divertor Region [2.6-3, 4]

Understanding of behavior of neutral deuterium and helium atoms in divertor regions is
necessary to control fueling and pumping in fusion plasmas. In the divertor region, the Doppler
broadening of Da and He | (667.8 nm) lines has been observed and analyzed to study the
recycling and emission processes of neutral deuterium and helium atoms.

The Da line profile was observed with wavelength resolution of 0.011 nm; this wavelength
resolution corresponds to the temperature of deuterium atoms of 0.09 eV. The profile was
simulated with a two-dimensional neutral particle transport code (DEGAS) using the electron
temperature and density measured by Langmuir probes at the divertor tiles. The measured Da line
profile was well reproduced by this simulation, which showed that it is necessary to consider the
emission from deuterium atoms excited at dissociation of deuterium molecules and ions. It was
found that the reflection model using reflection coefficients overestimated the reflection of
deuterium atoms at the surface of the divertor tiles by afactor of 2 - 3.

The profile of He | line was observed with wavelength resolution of 0.014 nm; this
wavelength resol ution corresponds to the temperature of helium atoms of 0.29 eV. In low-density
divertor plasmas, the width of the observed He | line was close to the wavelength resolution,
which suggested that the helium atoms are dominantly desorbed with the energy of the surface
temperature of the divertor tiles. As the eectron density of divertor plasmas increased and the
electron temperature of them decreased, the line width increased. The temperature corresponding to
thewidth of He | line was 1.7 eV for partially detached plasmas. Sinceit is expected that the
helium atoms with such high energy significantly affect helium contamination of the main plasma
and the pumping efficiency of He ash, it isimportant to understand the production mechanism of
atoms with the high energy. It was shown that the heating of the helium atoms by the eastic
collision with deuterium ions can qualitatively explain the mechanism.
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2.7 Fast lon Study in ICRF Heating

In JT-60U, second harmonic ICRF minority heating of deuterium plasma in negative shear
discharges was found to efficiently heat bulk plasmas inside the transport barrier. The plasma
stored energy, the electron and ion temperatures in the plasma core remarkably increased after the
onset of the ICRF injection and reached 5 MJ, ~7 keV and ~12 keV, respectively.[2.7-1] However,
in reversed magnetic shear plasma, fast ion confinement isanticipated to be deteriorated because
of weak poloidal magnetic field in the core. The JT-60U experiment indicated that confinement of
energetic ions in reversed magnetic shear was inferior to that in the normal shear with positive
magnetic shear. The experimental triton burnup ratio in the reversed shear was ahalf or athird of
the expected, while that in the normal shear amost agreed with the caculation. The results
indicate that a significant fraction of energetic tritons escaped from the plasmain the reversed shear,
raising a concern on serious losses with MeV classions in reversed shear operations of steady
state tokamak reactors.  Stochastic and collisiona ripple losses are aprobable explanation for the
significant triton losses. [2.7-2] Toroidicity-induced Alfvén eigen (TAE) modes excited by ICRH
were studied in a low-g plasma. Low shear TAE modes and bi-directional TAE modes were
observed for the first time. In the low-q discharge similar to ITER configuration it is found that
thelocation of TAE modes shifted from the outside to the inside of the g=1 surface following the
expansion of the g=1 surface caused by current diffusion into core region accompanying decrease
of li. The higher order TAE modesinside g=1 surface (tornado modes) are much more harmful for
energetic ion confinement than the TAE modes outside g=1 surface.[2.7-3] The TAE mode, the
elipticity induced Alfvén mode (EAE) with mode number m and m+2 and the noncircular induced
Alfvén eigen mode (NAE) were observed for thefirst time by means of Mirnov coil in the NBI and
| CRF heated plasma of JT-60U [2.7-4].

Diagnostics of the highly energetic a-particles created by the D-T fusion reactions are
necessary in a fusion reactor tokamak. lon Cyclotron Emission (ICE) is one of the smplest and
most promising diagnostics. It consists in measuring the radiation emitted by the ions rotating
around the magnetic field lines at the first harmonics of cyclotron frequency (f ~ 10-200 MHz).
Theradiation detected is principally dueto the fast ions, evenif they arein avery small minority in
comparison with the thermal ions. In an NBI-heated plasma, the perpendicular eectric field spectra
are consisted of narrow, regularly spaced peaks. Their frequencies correspond to the cyclotron
harmonics of the main ion species taken at the plasma outer edge. In high bp discharges we detect
emission pesaks corresponding to thefirst three cyclotron harmonics of fusion tritons at the plasma
center (R ~3.1-3.2 m) in atokamak for the first time. The measurement of ICE during ICRF
heating shows the redistribution of the emission peaks due to parametric instabilities. We observe
good correlations between ICE at fixed frequencies and ELMs. We also observe oscillations in
I CE due to the expulsion of fast ions from the plasma center during fishbone-type instabilities. We
do not observe any evidence of correlation with TAE modes.[2.7-5]
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2.8. Plasma Control and Disruption

Thefast current shut down scenario using the killer-pellet injection ( KPI ) has been
demonstrated without the generating harmful runaway electrons ( REs) in JT-60U.  The "burst”
like magnetic-fluctuations are enhanced by external helical magnetic-fields. The enhanced magnetic
fluctuations can eliminate the relatively low-energy super-thermal (dideaway) electrons created just
after the KPI, consequently the quick generation of REs which cause current tail is suppressed.
[2.8-1]

In the experimental condition of NB power 32 MW, Ip=2.2 MA and Bt=4.1 T, in JT-60U,
during ELMy H-mode phase, some of giant ELMs cause a plasma displacement, which mainly
movesin the vertical direction over amaximum distance of ~ 4.7 cm. A large vertical displacement
(VD) of ZJ occurs at giant ELMs. This phenomenon can be divided into two phases based on
plasma movement. In phase |, asmall bp-drop and a small RJ-shift are observed while in phase 1,
ali-drop of by ~0.25 and alarge ZJ-drop of by ~ 4.7 cm occur. And thislarge VD in phasell has
been confirmed by the soft X-ray emission. The large VD is always observed with alarge decrease
inlj. Intense n = 1 ~ 3 modes are always observed at the giant ELMs accompanied by the large VD,
which would explain the sudden lj-drop. It is necessary to clarify the mechanism of VD at giant
ELMs and work out effective measures to cope with giant ELMs when they occur. Here, the
vertical position of the Ip-center (ZJ) is measured from the mid plane of the vacuum vessel, and the
horizontal position of that (RJ) isthe plasmamajor radius. [2.8-2]

Extremely fast vertical displacement events (VDE's) induced by a strong by, collapse were
found in averticaly elongated (k ~ 1.5), high by (bp ~ 1.7) tokamak with aresistive shell through
computer smulations using the Tokamak Simulation Code. Although the plasma current quench,
which had been shown to be the prime cause of VDE'sin arelatively low by tokamak (bp ~ 0.2),
was not observed during the VDE evolution, the observed growth rate of VDE's was almost five
times (g~ 655 sec'1) faster than the growth rate of the usual positional instability (g ~ 149 sec-1).
The essential mechanism of the bp collapse-induced VDE was clarified to be the intense
enhancement of positional instability due to a large and sudden degradation of the magnetic field
decay n-index in addition to the significant destabilization due to a reduction of the stability index
ns. The radid shift of the magnetic axis caused by the by, collgpse induces eddy currents on the
resistive shell, and these eddy currents produce alarge degradation of the n-index.[2.8-3]
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3. Design Progress of the JT-60SU

To redize the steady-state tokamak reactor such as SSTR, simultaneous achievement is
required a high g (5-6) and high bp (2-2.5), in addition to the alpha burning, of (1) high energy
confinement (H-factor>2) under good particle controllability, (2) stable high normalized beta
(bN~3.5), (3) high bootstrap current fraction and high efficiency non-inductive current drive, and
(4) heat load reduction and He ash exhaust with divertor. The JT-60SU machine has been studied
to establish such areactor relevant operation mode using deuterium as well as to contribute to the
advanced steady-state I TER scenario [3-1].

3.1 Key Design Features

Major parameters of the recent JT-60SU design are shown in Table .3-1. Firstly, alow unit
weight w =(weight/magnetic energy) of 125ton/GJ is redized for the TF SC (super-conducting)
magnets as compared with w = 1000ton/GJ of JT-60U Cu magnets. Primary candidate for TF SC
cableis Nb3Al with its good mechanical property. Ten units of the PF coils, 6 EF coilsand 4 CS
coils, can produce awide variety of plasma shaping of elongation kx up to 2.0 and triangularity dx
up to 0.8 for DN divertor. The tota magnet weight is ~4000ton and is cooled down to liquid He
temperature (4.2 OK) with a 40kW cryogenic system. To allow a wide variety of current profile
control, both NBI (750keV) and ECW (220GHz) are considered as heating and current driver
because of their remote coupling capability to the plasmas. Thetotal heating power is 60MW and is
larger than the H-mode power threshold of ~40MW. Demongtration of SMA full current driveis
planned for 1000s-1Hr at <ne>~8.8x1019m3 which is around the Greenwald density limit [3-2].
Full current drive of 6MA at bN=3 could be tested if the D-T operation is allowed. A plasma
current of 10MA can be driven inductively for 200 s. The power supply (P/S) for the SC PF coils
utilizes the present JT-60 P/S and two motor generators. New water-cooled 280MW thyristor P/S
is enough for along pulse operation. The vacuum vessdl is designed to have one-turn resistance of
25m\. The growth rate of the vertical ingtability g and stability margin ms=(ng(¥)+n)/| n| areg £
30/sand mg * 0.5, respectively, with toroidally continuous divertor baffle plate. Active control
coils are located between TF coils and the vacuum vessdl.

3.2 Safety Issues

Material selection of the vacuum vessel is one of key issues to improve safety and to reduce
the exposure dose. Feasibility of SUS316 with low cobalt concentration (0.05%) is studied. Inner
wall is covered with 3cm W shield in order to allow human access inside the vessel, even after 1
year cooling down followed 10 years of high power deuterium experiments (with DD neutron
production of 4x1022/year). Total weight of the vacuum vessel is ~1600ton. In case of possible
future DT operation, an additional-shield of ~2400ton (reduced activation ferritic steel F82H) is
required. Radiation shield against DD neutrons and induced g-rays consists of vacuum vessel



(40cm thick) and cryostat (50cm thick) to reduce the radiation dose rate at the site boundary.
Additiona shield inside the vacuum vessel and TF magnet with polyethylene blocks filled inside
the TF shear-pand are enough to keep the radiation dose of the DT option to that for DD
experiments. Tritium production from intense auxiliary heating of deuterium plasmais estimated to
be 2000Ci/year. The fuel treatment and tritium removal systems are planned to have multiple
confinement barriers and defense-in-depth philosophy, similar to the tritium process |laboratory
(TPL) at JAERI.
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Tablel.3-1 Magjor parameters of JT-60SU

Plasma current 10 MA Flux swing 170V>s
Toroidd field at 4.8m 6.25 T Divertor pumping 20Pam3/s
Plasma major radius 48 m DD neutron rate 1x1018/s
Plasma minor radius 14 m Elongation (k gs) 1.8
Triangularity (dgs) 04 Inductive flat top 200s
Heating power(NBI & ECH) 60 MW Non-inductive pulse 1-1000hr
TF magnet energy 24 GJ

CS Coil

: EF Coil
TF Coll

Diagnostic Port

Fig.l.3-1 Birds eye view of the JT-60SU



[1. JFT-2M PROGRAM

Objectives of the JFT-2M program are (1) advanced and basic researches for the
development of high-performance plasmas for nuclear fusion and (2) contribution to the physics
R&D for ITER, with a merit of flexibility of a medium-size device (R=1.3 m, a=0.35 m, B;=2.2
T and 1,=0.5 MA). Both international and domestic collaborations have been vigorously utilized
to strengthen activities of JFT-2M. In the last fiscal year, the baffle structure for the closed
divertor had been modified to have more closed geometry. In this fiscal year, the modified
closed divertor was found to be more effective for compatibility of the H-mode and the dense and
cold divertor plasma. Physics studies on H-mode also made progress, such that a region of
suppression of the density fluctuation was found to coincide with that of a high shear region of the
radial eectric field. It was demongtrated that the m=2 tearing mode was suppressed by the O-
mode ECH for the first time in an elongated plasma. Plasma coupling experiment of the
combline antenna for FWCD was carried out in collaboration with General Atomics,
demonstrating merit of load insengitivity of the antenna. Planning of the Advanced Material-
Tokamak Experiments (AMTEX) was initiated, which will provide database on effects of ferritic
material on tokamak plasma, including toroida field (TF) ripple reduction. In thisfiscal year,
water |eakage occurred at the inlet of cooling water to one of the TF coils. Replacement of al the
inlet and outlet connectors to the TF coils with new-type ones has been completed within this
fiscal year.

1. Experimental Results and Analyses
1.1 Closed Divertor

Handling of the heat load onto a plasma facing component, e.g. divertor plate, for a fusion
reactor keeping the plasma in high confinement state is still an open question. One of the
promising examples to solve this question is the dense & cold divertor which we found in D-I11
open divertor. But it wasin L-mode due to high recycling and restricted in high density regime
[1.1-1].

Our target had been to redize dense & cold divertor plasma and H-mode simultaneously,
employing a closed divertor. It isexpected that the closed divertor reduces recycling at the main
plasma edge, keeping high recycling in the divertor region. The effect of baffle plate opening on
neutral gas back flow from the divertor chamber had been examined. The shape of the baffle
plates had changed from less closed configuration (CD1) to more closed configuration (CD2) in
March, 1996. The edge of the outer baffle plate islocated near the X-point at the position about
141 g and 0.8-0.9 | ¢ from the peak position of the particle flux profile near the divertor throat
for CD1 and CD2, respectively, where | ¢ is an e-folding length of the particle flux profile. In
addition, the gap between inside hit point and the baffle plate for the private region was reduced
from about 5cmto 2cm.  In order to compare the baffle effect on the simultaneous redlization of



adense & cold divertor plasma and an H-mode, we tried to increase a gas feed rate, Qn, shot-by-
shot into the divertor chamber. Notethat the gas was introduced after the H-mode transition for
the low target density case where the spontaneous dense & cold state disappears.  In CD1, the H-
mode was compatible with a dense & cold divertor to some extent, but was degraded and then
terminated when Qy exceeds 2.8 Pam3/s [1.3-2]. The divertor plasma was not enough cold
(~15eV). With the reduced baffle opening in CD2, buildup of gas was established only in the
divertor chamber to the extent of Q4 = 4.0 Pam3/s without degrading H-mode [1.3-3]. Principal
parameters at 100 ms after the beam initiation are shown in Fig. 11.1.3-1. Thedivertor plasmais

becoming much denser and colder (Fig. 11.1.3-1(a)) compared to those of
20,

CD1 in accordance with sole bUI|dUp of neutra ~a) Dense & cold divertor plasma 3 ©
gas pressure in the divertor chamber while the g 10 #tempf\: 12 §’
main chamber pressure kept low by increasing of  ~ ‘ /m S 11 ?:'.1
Qq (Fig. 11.1.3-1(d)). Neutral compression o —_—— 0
. . . . . —_ D) H-mode characteristics Ws 18 @
ratio (divertor pressure/main pressure: anindex of 3, E
baffling performance) exceeds 35. Thisratiois & 1 ——ﬂmm;densny 14 %
doubled by applying divertor biasing. 0 St pepepep—p—{ )~
. . . - 3 °
Since the stron ives less affection on > in pl
. 9 Qn O o 2o M
the main plasma parameters, i.e. eectron density, 5 _— divertor X-point
© .
plasma stored energy, radiation/charge-exchange o c) Radiation/CX loss power
. 0 ]
Ic?ss power and neutral gas pressure as shown in F20 d) D2 pressure A
Figs. 11.1.3-1(b)~(d), we would say thatthe gas g 101 — '
puffing from the closed divertor chamber has a & | ™ ™" in plasma
0° 2

capability of controlling dense & cold states O 1 > ’QIB !
independently of the main plasma even in H- Qu(Pamys)  rangeofCbl

mode. The suppression of the gas buildup of main Fig. 11.1.1-1 Main parameters during H-mode against
gasfeed rate, Qy, 8 electron temperature and density at

chamber by a divertor shape optimization, which

. . . the divertor plate, b) line averaged electron density and
we have firstly shown experimentally, is the sored energy, c) radiation/CX loss power in the main

necessary condition of the divertor design for plasma and the divertor X-point region, d) deuterium
neutral pressure in divertor and main plasma periphery.

ITER. PNBI~ 0.7 MW, BT=13Tand Ip ~ 220 KA.
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1.2 Confinement Studies
Understanding the relation between the transport and the micro turbulence is one of the most
important topics in the fusion plasma research. In JFT-2M, the turbulence is measured by a



microwave reflectometer technique. The reflectometer ingtaled on JFT-2M is a 2 channe
heterodyne system. The frequency of the launching waves can be tuned from 28 to 50GHz.
The polarization of the wave is O-mode, so that the corresponding cut-off density isfrom 0.97 to
3.1x10m?®. This range of density liesin the region of 0.5<r/a<l in a typicd L-mode and
0.9<r/a<l1 in atypicd H-mode. In the analysis, we consider that the received wave has two
component at least.  Oneisthe reflected wave coming from the geometrical optics and the other is
the waves scattered by the density fluctuations. This consideration allows usto analyze the density
fluctuation by taking a complex spectrum under the runaway phase phenomenon [1.2-1].

Figure I1.1.2-1 shows atempora evolution
of power spectra of the complex amplitude
a an L/H transition. The fluctuations
coming from the cut-off layer of
1.83x10¥m?*  (inner  cut-off) and
0.97x10*m? (outer cut-off) are shown in
Fig.11.1.2-1(b) and Fig.11.1.2-1(c),
respectively. The L/H transition occurs at
731 ms (from the reduction of D, intensity
shown in Fig.ll1.1.2-1(a)). The density
fluctuation with frequency lower than about
100 kHz at the outer cut-off layer was
reduced at the time of the L to H transition,
while the density fluctuation at the inner cut-
off layer was reduced with the delay of
about 20 ms after the L to H transition.
Figure I1.1.2-1(d) shows the movement of
the inner and outer cut off layers that are
obtained by using the numerical low pass
filter. The delay time of reduction of the
fluctuation at the inner cut-off layer from the
L/H transition might be the timeto reach its
position to the high shear of the radial

0-50.(3)"I""I ™ T T T
0.40f L-mode H-mode

0.30f " nrn ety

020k v ve v v v Y
400 == —
200- “(b)Xfluctuation at

Da Intensity

frequency
(kHz)
o

frequency
(kHz)
o

(@ 1.83x101%m3

0.97x101%m3
-"u\__q_,.ﬂ__\__\‘_‘ P ey P 0]

cut-off position

(cm)

720 725 730 735 740 745
time (msec)

Fig.I1.1.2-1 (a); D4 intensity. (b) and (c); Power spectraof the
complex amplitude in logarithmic-scale (the more dark shows
more week of the amplitude). (d); Movement of the inner and
outer cut-off layer. The vertical axis shows the position of the
cut-off layer from the separatrix. The sign of this axis is
negative inside the separatrix.

eectricfield region [1.2-2]. It may support the model of the turbulence stabilization by an E* B

induced poloidal flow.
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1.3 Disruption Control by ECH

The power of the ECH system of the JFT-2M was increased up to IMW in the last fiscal
year in collaboration with the United States. The first ECH experiment after the power-up was
carried out inthisyear. For the tokamak plasma of circular cross-section, we already found that
avoidance of the disruption is possible by the local idand heating of the tearing mode using the off-
center heating by ECH [1.3-1,2]. We used the 2nd harmonic X-mode in those experiments.

In this year, we launched the fundamental O-mode into the elongated diverted plasma whose
configuration may be realistic for a future thermonuclear fusion reactor. We found that the m=2
tearing mode which was observed in the single null
divertor discharge (0gs=4-8, €llipticity=1.46, triangularity
=0.42), was found to be suppressed by the off-central-
heating (net power =0.2 MW), for the first time in such
an dongated plasma [Fig. 11.1.3-1]. The O-mode,
whose single path absorption is less than the 2nd
harmonic X-mode, was found to be effective for the
suppression of the mode. We plan to continue the study
with plasmas of larger plasmacurrent and lower g value.
Furthermore, we achieved the electron temperature of 2.5-
3.0 keV, which is the highest value in JFT-2M, by the
central heating (power=0.25 MW, line averaged density
=1.1x101%m3). Such a parameter region is the target
for the current drive experiments with the 200 MHz fast
wave. We will continue the conditioning to get the
higher power and higher plasma temperature.

A locdized current drive is possible by ECH.

There is a possibility that we can avoid the tearing Ei/gég;'?rilt::p;:/jf;” d?fsct::r;arviv?t% m;ie
mode/disruption more effectively by the local current 1 g7 T ang lp = 0.2 MA, Top: Magnetic

drive in the magnetic island of the tearing mode. It is surfaceat 0.725s, The heating position is 14

. . cm inside (plasma radius 27 cm). Bottom:
expected that the current drive is dependent on the Time evolution of the magnetic fluctuation

direction of the ray of thewave. In order to study the (time derivative).
effect of the ray direction to the current drive, we designed a new launcher with mirrors, with
which the ray direction can be changed. We did the engineering development in collaboration

with the RF heating laboratory.
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1.4 Advanced Material - Tokamak Experiment (AMTEX) Program

Ferritic steel is one of the candidate materials for a DEMO fusion reactor, such as SSTR,
because of its low activation under fast neutron irradiation. However, one concernis that their
ferromagnetic properties would have harmful effectson plasma production, plasma control and
confinement performance. In order to examine the effects, advanced materia-tokamak
experiments (AMTEX) are planned in JFT-2M. For AMTEX, theferritic material F82H (8%Cr-
2%W-0.2%V-0.04%Ta-Fe) [1.4-1] which has a low activation of 106 damping factor/century is
considered. F82H begins to saturate at magnetic field strength (H)~ 0.2][MAT/m| and saturated
magnetic flux density (B) is 2T with an externa B of about 0.3T [1.4-2]. Although F82H is not
saturated in low magnetic field discharge (for instance a Taylor discharge cleaning (B=0.07 T)),
F82H is saturated in normal tokamak discharges (BE 2.2 T). The issuesof AMTEX on JFT-2M
areto clarify the effects of the ferritic steel on plasma production, plasma control and confinement
property as well as plasma-wall interaction, and to obtain guidelines for the design of tokamaks
with asmall toroidal ripple. We have evaluated the error magnetic field from the ferritic steel by a
computer simulation code. The magnetic field is caculated using a 3D static magnetic field
analysis code ELF/MAGIC made by the ELF Corp.. The method is the same as that in the case

of the SSTR [1.4-3]. If ferritic steel boards are located inside toroidal coils, they strengthen
15 (— ——r—7——r7

magnetic field between toroidal coils, while the )
. — . - . 1 /0 Ferritic Board

toroidal magnetic field just inside the coils becomes oo T~~~
weaker. Thereby, toroida field ripple can be '%' =
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ferritic steel board isshown in Fig.ll.1.4-1. The F9!!-1-4-1Ripple onthe horizontal plane in the case
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rippleis significantly reduced in the plasmaregion
in the case with ferritic steel boards.
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2. Operation and Maintenance

JFT-2M tokamak has been running for ITER physics R&D experiments. In thisfiscal year,
main apparatus (JFT-2M tokamak, heating apparatus and flywheel motor-generator for toroida
field coil) was smoothly operated from April to December according to the experimental plan.
The total shots of 2249 were devoted to experiments on closed divertor, H-mode characteristics,
electron cyclotron resonance heating and fast wave current drive. In the residual period, periodical



inspection and some repairing were carried out on each apparatus. Furthermore, a capacitor bank
for the compact toroid injection was prepared, and technical problems to use ferritic steel on JFT-
2M were discussed and basic design of plasma materialstest program has started.

2.1 Tokamak

Tokamak operation started in April after wall conditioning with baking and TDC. In May,
small leak of cooling water from a joint to toroidal field coil was found, however, dectrica
insulation between coils and the earth was not degraded, so after temporary repairs tokamak
operation was continued without 3 cooling channels. As main cause of water leak comes from
superannuated seal material, regular examination and replacement of water joint for al toroidal
coils were carried out in the periodical maintenance time. During closed divertor experiments,
some troubles have occurred on electrica insulation of divertor plates by arcing, minera-insulated
cable disconnection by eectro-magnetic force and current feed-through air leak by arcing, so
preventive measures for each trouble have been taken in the maintenance time. In the vacuum
system, old vacuum gages were replaced and a new He leak detector capable to distinguish He and
D2 was installed. New experiments to inject a compact toroid into JFT-2M plasma has been
planned and manufacture of the injector system has started in 2 year schedule by collaboration with
Himgi Ingtitute of Technology. Plasma-materials test program to support development of structure
materias such as ferritic steel has started. Technica problems such as error field production,
vacuum characteristics and electro-magnetic force were discussed and basic design of ferritic steel
setup was decided.

2.2 Neutral Beam Injection System and Radio-Frequency System

Neutral beam injection system (NBI) has contributed to amost all experiments as a main
heating apparatus. In order to reduce time needed for conditioning, a baking heater was newly
installed on the manifold. Old vacuum pumps for NBI were replaced to new one. Electron
cyclotron heating system(ECH) with maximum power of IMW by 5 gyrotrons was adjusted to
operate with long pulse by cooperating with GA technologies. These gyrotrons were applied to
experiments on suppression of MHD fluctuation and current drive. Fast wave system with a comb-
line antenna developed by GA technologies had been adjusted and experiments on coupling
characteristics have been carried out before experiments on DIII-D.

2.3 Power Supply

DC generator with a flywheel which has capability of 51.3 MW through 4 seconds was
operated smoothly and experiments on ECH have been carried out at 2.2 T. In the maintenance
time, precise examination of main circuit switches were carried out to keep good conditions and a
higher harmonics filter were added in the syristor circuit to reduce higher harmonics in the
commercid line.
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Tokamak operation started in April after wall conditioning with baking and TDC. In May,

small leak of cooling water from a joint to toroida field coil was found, however, dectrica
insulation between coils and the earth was not degraded, so after temporary repairs tokamak
operation was continued without 3 cooling channels. As main cause of water leak comes from
superannuated seal material, regular examination and replacement of water joint for all toroidal
coils were carried out in the periodica maintenance time. During closed divertor experiments,
some troubles have occurred on eectrical insulation of divertor plates by arcing, minera-
insulated cable disconnection by eectro-magnetic force and current feed-through air leak by
arcing, so preventive measures for each trouble have been taken in the maintenance time. In the
vacuum system, old vacuum gages were replaced and a new He leak detector capable to
distinguish He and D2 was installed.

New experiments to inject a compact toroid into JFT-2M plasma has been planned and
manufacture of the injector system has started in 2 year schedule by collaboration with Himegji
Ingtitute of Technology.

Plasma-materials test program to support development of structure materials such as
ferritic steel has started. Technica problems such as error field production, vacuum
characteristics and electro-magnetic force were discussed and basic design of ferritic steel setup
was decided.

2.2 Neutral Beam Injection system and Radio-frequency System

Neutral beam injection system (NBI) has contributed to amost all experiments as a main
heating apparatus. In order to reduce time needed for conditioning, a baking heater was newly
installed on the manifold. Old vacuum pumps for NBI were replaced to new one. Electron
cyclotron heating system(ECH) with maximum power of IMW by 5 gyrotrons was adjusted to



operate with long pulse by cooperating with GA technologies. These gyrotrons were applied to
experiments on suppression of MHD fluctuation and current drive. Fast wave system with a
comb-line antenna developed by GA technologies had been adjusted and experiments on
coupling characteristics have been carried out before experiments on DIII-D.

2.3 Power Supply

DC generator with a flywheel which has capability of 51.3 MW through 4 seconds was
operated smoothly and experiments on ECH have been carried out at 2.2 T. In the maintenance
time, precise examination of main circuit switches were carried out to keep good conditions and
a higher harmonics filter were added in the syristor circuit to reduce higher harmonicsin the
commercid line.



[11. THEORY AND ANALYSIS

The primary objective of theory and analysis isto improve the physical understanding of the
magnetically confined tokamak plasma. Remarkable progress has been made on understanding
of physics of the reverse shear plasma such as reduced transport near the pitch minimum location
for “semi-globa” toroidal turbulence, stability properties of ided MHD, TAE and kinetic
ballooning modes. Progresses are also made on understanding of VVDE mechanism and nature of
divertor asymmetry using 5 point divertor model. New Implicit Monte Carlo method is also
developed for the analysis of impurity ionization and recombination.  Selective He ash exhaust is
also demonstrated using OFM C code simulation.

The main focus of the NEXT (Numerical Experiment of Tokamak) project is to smulate
tokamak plasmas using particle and fluid models on the developing technology of massively
parallel computers. For core plasmas, three models are being developed; a particle model, a fluid
model, and a particle/fluid hybrid model. For the divertor, particle and fluid models are being
developed. The NEXT project involves research in parallel computing technologies.

1. Confinement and Transport

It is understood that drift waves in atoroidal geometry behave quite differently from a slab
geometry. In a toroidal geometry, excited eigen-modes are radialy extended to a semi-global
width given by Dr(rj L)1/2 [1-1]. This originates from a toroidal geometrical effect which
couples the small scaleion gyro radius r j with a scale length L of the plasmaequilibrium. This
understanding leads to a strategy where improved modes can be achieved by suppressing such
prominent structures. We have investigated the role of magnetic shear and plasma shear rotation on
the improved modes using toroidal numerical simulation and theory [1-2]. We found that the weak
and/or zero magnetic shear breaks up the toroidal coupling and the associated semi-global mode
structure, leading to a"discontinuity”" (or "gap") between the turbulence inside and outside the g-
minimum (g-min) surface. Such adiscontinuity prevents particle motion across the g-min surface,
suggesting an existence of a transport barrier. The discontinuity effectively works as a transport
barrier when the g-min surface is locatedd just outside the maximum pressure gradient. This is
consistent with recent JT-60U experimental results. It is also found that plasma shear rotation
enhances the character of the discontinuity when the flow direction is in the same direction as the
the mode rotation. This significantly suppresses the mode activity near the g-min surface-
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[1-2] Y .Kishimoto et. ., 16th IAEA Fusion Energy Conf., Montreal, IAEA-CN-64 / DP-10.

2. Stability
Dynamics and accel eration mechanisms of vertical displacement events (VDES) of elongated



tokamaks are investigated using the Tokamak Simulation Code. It was shown that disruption
events, such as a sudden plasma pressure drop (bp collapse) and the subsequent plasma current
quench (Ip quench), can accelerate VDEs due to the adverse destabilizing effect of the resistive
shell [2-1]. The essentiad mechanism of the VDE acceleration was clarified to be the intense
enhancement of positional ingtability due to a large and sudden degradation of the magnetic field
decay n-index. Additionally, in a tokamak with an up/down asymmetric shell with respect to the
geometric midplane, the Ip quench also causes an additional VDE acceleration due to the vertical
imbalance of the attractive force.

An amelioration of Ip quench-induced VDEs was experimentally established in JT-60U
tokamak by optimizing the plasmavertica location (the neutral point) just prior to the disruption.
The JT-60U vacuum vessel is shown to be suitable for preventing the bp collapse-induced VDE.
The neutral point of the ITER-EDA tokamak is found to lie a ~ 22 cm below the plasma magnetic
axis of the nominal equilibrium [2-2]. Consequently, it was clarified that the ITER tokamak has an
advantage of avoiding the fatal damage of the complicated structures of the bottom-divertor.

In recent experiments of JT-60U, the high performance plasmas have been obtained by the
negative shear discharges. In most of such discharges, the b, -collapse occurs following MHD
activitieswith the fast growth rate of about 100ns and limits the maximum attainable b -value.
It is important to clarify the feature of the idel MHD stability and to achieve higher plasma
performance. Figure 2-1 shows the n=1 toroidal mode stability limit against b, and q.,, for the
JT-60U like plasma, where the pressure profile has the steep gradient just inside the radial position
of q,;, - Anareaabovethe solid lineisunstable. A feature of the stability limitisthat when g,
isjust below arational surface, the stability limit becomes lower.

The effects of the g-profile and the |
pressure profile on the dability limit are
investigated. In both profiles on inside and by | W
outsideregionsof q,, , the stronger magnetic 2
shear makes b -limit higher, and the stronger

pressure gradient has lower b -limit. These T 1s 2q 25 3 35
show the way to get the higher performance e
plasma. [2-3] Fig.2-1 Ideal stability of n=1 mode

High energy particles produced by the nuclear fusion reaction or RF heating system
resonance with a plasma wave. Among various waves which have the possibility to be excited,
Toroidicity-induced Alfven Eigenmode (TAE mode) is considered to be the most important,
because the velocity of the high energy particle is close to the Alfven speed. In the JT-60U
experiment, the TAE mode in the negative shear plasmais rather stable than that in the positive
shear plasma. A theoretical analysis for the TAE mode in the negative shear plasma shows that a
large density gradient produced in the interna transport barrier makes the width of the gap of the



shear Alfven continuum spectrum narrower. Therefore, the TAE mode can not exist near the
plasma center where the population of high energy particles is high, so that the TAE mode is
stabilized[2-4].

The nature of the kinetic ballooning mode in the MHD second stability regime has been
clarified through the behavior of the eigenfunction. It has been found to be a continuation of the
MHD ballooning mode, not of the second mode with asmaller growth rate which coexists with the
MHD mode. The kinetic shooting code has also been applied to the parameters of TFTR in
which the kinetic ballooning mode was recently observed. The toroidal mode number and the
frequency for the fastest growing mode have been found to be consistent with the experimental
observations. Finite beta stabilization of the eectrostatic ITG mode and destabilization of the
I TG-driven balooning mode have been demonstrated. The mode stability in the negative shear
region, where the MHD ballooning mode is known to be stable, has also been studied. The
kinetic ballooning mode persists for s < 0 with a narrow stable window near null shear [2-5].

A theory and a numerica method are presented for the asymptotic matching analysis of
resistive MHD stability in a negative magnetic shear configuration with two rational surfaces. The
theory formulates the problem of solving both the Newcomb equations in the ideal MHD regions
and the inner-layer equations around rational surfaces as boundary value/eigenvalue problems to
which the finite lement method and the finite difference method can be applied. Hence, the
problem of the stability analysis can be solved by a numericaly stable method. The present
numerical method has been applied to model equations having analytic solutions in a negative
magnetic shear configuration. Comparison of the numerical solutions with the anaytica ones
verifiesthe validity of the numerical method proposed.
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3. Divertor

A smple five-point model of the scrape-off layer (SOL) plasma outside the separatrix of a
diverted tokamak has been developed to study the inside/outside divertor asymmetry [3-1]. The
SOL current, gas pumping/puffing in the divertor region, and divertor plate biasing are included in
this model. Gas pumping/puffing and biasing are shown to control divertor asymmetry. In
addition, the SOL current isfound to form asymmetric solutions without externa controls of gas
pumping/puffing and biasing.



A new "implicit" Monte Carlo (IMC) method has been developed to smulate ionization and
recombination processes of impurity ionsin divertor plasmas [3-2]. ThelMC method takes into
account many ionization and recombination processesduring atimestep Dt . Thetime step is not
limited by a condition, Dt << tmin (tmin; the minimum characteristic time of atomic processes),
which isforced to be adopted in conventional Monte Carlo methods.  We incorporate this method
into aone-dimensiona impurity transport model.  In this transport calculation, impurity ions are
followed with the time step about 10 times larger than that used in the conventional methods.
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4. Burning

Helium ash remova is an important issue for determining the cost and viability of a fusion
reactor based on the magnetically confiment scheme. The ash confinement time is dominated by
the edge pumping rate rather than core transport. If helium ash is effectively exhausted in a
periphera region, the helium ash in the central region can be easily removed. A new method for
helium ash removal is numerically confirmed by an Orbit Following Monte-Carlo simulation.
The key point of the method is preferentia coupling of an ICRF wave with He" ions without
resonance with D* and T*, where He" ions are produced by charge-exchange recombination with
fuel neutrals near the peripheral region. He" ions are driven into the ripple trapped region of
velocity space by the ICRF wave. The ripple trapped helium ions are then removed and
transported to a pumping duct due to the grad-B drift motion. Numerical resultg4-1] show that to
reduce helium ash to about half of that without active ash remova and to keep afusion output of
1.5GW in areactor-grade tokamak, the required |CRF power is 10~15MW, when theripple field
isgreater than 1.5%. In this scenario, it is enough to have an ICRF antenna array and a pumping
duct between a pair of toroidal field cails.
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5.  Numerical Experiment of Tokamak (NEXT)
5.1 Gyrokinetic/Gyrofluid Model

A self-consistent particle-fluid hybrid smulation model has been formulated based on the
nonlinear gyrokinetics in which the electron inertia effect is retained[5-1]. It has been shown that
the present hybrid model possess an exact energy invariance. We can afford to usethetime step in



the hybrid ssimulation determined solely by the mode frequency of interest.

A three dimensional gyro-fluid code has also been developed which employs a two field
model including the electron kinetic effects. The m = 1 kineticinternal kink instability is smulated
by the code. The results from the gyro-fluid simulation agree well with those from the gyrokinetic
particle simulation for the linear and early nonlinear stages of the instability[5-2].

5.2 Divertor Simulation

Simulation codes play an essential role in understanding of physical processes in the
divertor plasma where the plasmatransport, the neutral transport and the impurity transport are
strongly coupled with each other. Three representative codes with different purposes are
presented [5-3]. A particle code, PARASOL, is being developed to verify the physical model
used in fluid codes, such as sheath condition and the heat diffusivity. A fluid code, SOLDOR, is
now under development to simulate the divertor plasma accounting for interactions with the neutral
particles. A Monte-Carlo code, IMPMC, has been developed for the analysis of the impurity
behavior in the divertor plasma. The optimization of these codes for massive paralel computers
has just been started.

5.3 Massively Parallel Computing

The kinetic ballooning shooting code, KBSHOOT, developed at the Plasma Physics
Laboratory, University of Saskatchewan, Canada, has been paralelized for running on the
VPP500 machine. The CPU time has been reduced by a factor of three for the 4PE (Processing
Element) mode and by a factor of eight for the 16PE mode, as compared to that of the origina
code with the 1PE mode[5-4].

Regarding the multiple-nodes simulation of the 1-D dectrogtatic PIC code, a test particle
orbit separates from the orbit in the single-node smulation even for the exactly same stating
conditions. Measuring the maximum Lyapunov exponent shows that the separation of particle
orbits is not caused by accumulation of numerica errors but caused by the origin of chaos.
Therefore, both results from different number of nodes are viewed as redlization of an ensemble
and equally reliable[5-5].

5.4 Interdisciplinary Research

The physics of disk-star system is clarified through MHD simulations[5-6]. The dipolar
magnetic field of the protostar threads the protostellar disk in simulation. A current sheet inside the
expanding magnetic loops gives rise to the magnetic reconnection followed by the generation of
hot plasmoids. The plasmatemperature rises sufficiently to emit hard X-raysto be observed by X-
ray satellites such as ASCA. The smulation successfully explained the mass outflow phenomena
in protostar as well as X-ray emission.



Generalized magnetic coordinates are constructed from a framework of quadratic flux
minimizing surfaces. The coordinates smoothly reduce to straight field line coordinates where flux
surfacesexist. A feature of the construction of such surfacesis an efficient identification of the
size and phase of magnetic islands, and thus a new technique is enabled by which magnetic idands
in the vacuum field of heliacs may be controlled[5-7]. The agorithm for constructing the
coordinates is robust and flexible, and requires less field line tracing than present straight field line
mapping routines.
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VIlI. FUSION INTERNATIONAL COOPERATIONS

In the area of fusion research and development, Japan is recognized as one of the leading
nations of the world together with Europe, USA and Russian Federation. Fusion reactor
development is a long-term project which requires large resources both in man-power and
development fund. It covers also broad area of science and technology. International cooperation
has been recognized quite efficient in reducing risk aswell asin avoiding unnecessary duplication,
and in enhancing world’s fusion program. JAERI is carrying out various international cooperation
in fusion such as the ITER Engineering Design Activity (EDA) under 1AEA, the three large
tokamak cooperation under IEA, and broad activities under the US-Japan cooperation

International cooperations in terms of fusion research and development are implemented
through multilateral cooperations under 1EA in Organization for Economics Cooperation and
Development (OECD) and IAEA and hilatera cooperations such as Japan-US cooperation. The
multilateral and bilateral cooperations carried out in JAERI are summarized in Table VI1.1-1 and
Table VII.2-1.

1. Multilateral Cooperations
1.1 IAEA

Under the coodination of International Fusion Research Council, International Atomic
Energy Agency (IAEA) holds various conferences such as the International Fusion Energy
Conference (so cdled IAEA international conference) and supports the ITER program. The IAEA
international conference, which is held every other year, is one of the largest conferences in the
area of fusion research. The 17th IAEA internationa conference is planned to take place in
Y okohama, October 1998. IAEA aso undertakes the EDA inthe ITER program.

1.2 I1EA Cooperation

Fusion Power Coordinating Committee (FPCC), which is organized under IEA, coordinates
the research and development programs for member nations, selects the important areas and
reviews the cooperation activities. Five cooperations are presently carried out in JAERI as shown
in Table 1.

The IEA three large tokamak cooperation pursues personal exchange, holding expert
meetings and information exchange among JT-60 in Japan, JET in EU and TFTR in USA.
Currently six task proposals, namely “High-b, plasma Research”, “Disruption Studies’, “Divertor
Plate Technology”, “Neutra Beam Current Drive Research”, “Remote Participation in
Experiments’ and “Impurity Content of Radiative Discharges’, have been successfully continued.
Under these tasks, exchanges of personnel, data and discussions have been intensively carried out.
For example, under “Remote Participation in Experiments’ the effectiveness of remote
participation was successfully demonstrated. By using Data Link System and a video conference



system, participants from both JAERI and PPPL jointly analyzed and discussed the JT-60U high
performance reversed shear experiments data and achieved a high fusion performance (also
described in 1.7.2).

In the Implementing Agreement on Plasma Wall Interaction in TEXTOR, a plasmawall
interaction research cooperation is carried out utilizing the facility of the TEXTOR tokamak built in
Forschungszentrum Jdlich, Germany.

The agreement for cooperation on fusion materias research is to investigate the irradiation
damages by applying neutrons from a fission reactor to fusion materials. In order to develop
fusion materials after a prototype reactor, a conceptua design of al4 MeV intense neutron source
(Fusion Materids and Irradiation Test Facility : IFMIF) is carried out by four parties of Japan,
USA, EU and Russia

The agreement for cooperation on environments, safety and economics is to carry out their
eval uation researches which are ongoing with particular emphasis upon environments and safety.

The agreement for cooperation on fusion reactor engineering is to carry out research
cooperation and information exchange in terms of neutron engineering, tritium breeding blanket,
plasma-type volume production neutron source and so on.

Multilateral Cooperation

* ITER (International Thermonuclear Experimental Reactor) /EDA Project
[Japan, USA, EC, Russia]

IAEA * Information Exhange on Large Tokamaks

« Information Exchange on Atomic and Molecular Data

* International Conferences

» Three Large Tokamak Cooperation [JT-60(J), TFTR(US), JET(EU)]

* Plasma Wall Surface Interaction Program [Japan, USA, EU. Canada]

IEA » Programme of Research and Development on Radiation Damage in Fusion
Reactor Materials [Japan, EU, Canada, Switzerland, USA]

« Joint Program for Environmental, Safety and Economic Performance of
Nuclear Fusion Technology [Japan, USA, EU, Canada]

» Cooperative Program on Nuclear Technology of Fusion Reactors

[Japan, USA, EU, Canada]

Table VII1.1-1. Multilateral cooperationsin fusion international cooperations at JAERI



2. Bilateral Cooperation

On Japan-US cooperation, Coordinating Committee of Fusion Energy (CCFE) isformed to
synthetically coordinate the cooperation activities under Agreement between the government of
Japan and the government of the United States on cooperation in Research and Development in
Energy and Related Fields. The Japan-US cooperation consists of four frameworks of exchange
program, joint program, joint project and plasma physics. In particular, broad joint projects based
on agreements and annexes have produced fruit results, playing a leading role in world’s fusion
research and devel opment.

On Japan-EU cooperation, Agreement for Cooperation between the government of Japan
and the European Atomic Energy Community in the field of controlled thermonuclear fusion was
concluded February 1988. Based on this agreement, ajoint experiment is carried out in which
lower hybrid (LH) wave launcher module built at JAERI are ingtalled into the LH test facility in
Cadarache Ingtitute.

With Canada, JAERI carries out expert meeting and information exchange on tritium
technology and tokamak research through Atomic Energy Canada Ltd. (AECL). With Australia,
information exchange and expert exchange are carried out by holding workshops mainly in the
area of diagnostics, experiment and theory for toroidal plasmas. With Russia, information
exchange and expert meeting on plasma and fusion are planned under Agreement between the
government of Japan and the government of Russia in Research and Development in Science and
Technology.

Bilateral Cooperation

* Doublet Il Project

* HFIR Joint Irradiation Experiment Program

Japan * Fusion Fuel Processing Technology Development Program
-Us » Cooperation in Fusion Research and Development

* Data Link Program

» Joint Experiment Program on Negative lons

Japan - EU » Cooperative Activities Concerning a Lower Hybrid Antenna Module

Japan » Cooperation in the Field of Controlled Nuclear Fusion

-Canada |+ Cooperation on the Chronic Tritium Release Experiment

Japan - Australia |+ Cooperation on Diagnostics, Experiments and Theory

Japan - Russia |+ Cooperation in Fusion Research and Development

Table VII.2-1. Bilateral Cooperations in fusion international cooperations at JAERI



3. Cooperative Program on DIII-D ( Doublet I11 ) Experiment

The primary goal of the DIII-D tokamak research program is to provide data for
development of a conceptua physics for a commercidly attractive fusion power plant. Specific
DI11-D objectives include the steady-state sustainment of plasma current as well as demonstrating
techniques for microwave heating, divertor heat removal, ash exhaust and tokamak plasma control.
The DIII-D program is addressing these objectives in an integration of high beta and good

confinement.

3.1 Highlights of Research Results
3.1.1 Divertor and Boundary Research

The magjor goas of the Divertor and
Boundary Physics studies are the control of
impurities, efficient heat remova and
understanding a role of the edge plasma that
plays in the global energy confinement of the
plasma. Partialy detached plasmas, which is
produced by deuterium puffing, make a long
(50 cm), radiating divertor leg with only a 2:1
variation of the emission along the leg,
exceeding ITER requirement as shown in
Fig.vil.3-1. The am of the ITER divertor
solution is to reduce the peak heat flux at the
divertor plate by spreading the heat flux along
the divertor channel, but ITER only requires a
6:1 uniform spreading. Preliminary analysis
indicates that the length of the radiating zone in
Fig.vil.3-1  exceeds substantidly  the
predictions of the standard model, requiring
investigation of the role of non-corona and
convective effects. The core plasma
confinement in the case of Fig.vil.3-1 was
progressively reduced to the L—-mode level by
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12 14 16 18
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Fig.VI1.3-1 Long radiation divertor leg demonstrating
effective radiation exceeding I TER requirements

the high neutral pressures (reaching 1 mTorr) near the core plasmathat resulted from the strong
gas flow through to the divertor pump and the inadequate divertor baffling in DIII-D. The full
installation of the double null, triangular plasma, Radiative Divertor in DIII-D will provide the
baffling need to allow simultaneous high performance core plasmas with low impurity and neutral



pressure with high plasma and neutral densities in the detached divertor.

3.1.2 Advanced Tokamak Research

The goa of the Advanced Tokamak program is to optimize both energy confinement time
and betain a non inductively driven discharge relevant to steady state operation. To discuss the
normalization constants which permit comparisons with certain standard condition to be made, we
use H-factor andbN . Here, H-factor isaratio of the energy confinement time with the baseline set
by ITER-89P L-mode scaling and bn=b/(1/aB) (%, MA, m, T). The approach of DIII-D to the
advanced tokamak is to increase the stability limit of these high confinement regimes without
degrading the confinement. The feasibility of an advanced physics approach to tokamak reactors
was demonstrated by  discharges with negative central magnetic shear (NCS).

NCS discharges are characterized by a non-monotonic safety factor (q) profile and the
existence of internal transport barriers supporting steep gradientsin Ti,n e,V f . L-mode and H-
mode NCS discharges with inside limiter, single-null divertor (SND), and double-null divertor
(DND) configurations have been produced in DIII-D. A way of combining the favorable feature of
enhanced fusion yield in an NCS L-mode with the higher b limit of NCS H-mode was
successfully implemented in DI1I-D. Thisis estimated by the ideal MHD calculation (Fig.V11.3-
2). An NCS L—-modeis produced initially and its b and core pressure are alowed to increase with
further heating up to the point when the b limit is approached. Plasma shape control is then
deployed to induce a transition to H-mode. The density profile flattens quickly resulting in a
broadened pressure profile which in turn raises the b limit. This technique alows a steeper core
pressure profile than standard H—-mode and a higher b than NCS L—mode. Since the fusion
production rate depends on optimizing the pressure profile, this path led to the highest neutron rate
on DIII-D to date (Q pt €4 =0.32).

Fig.VI1.3-2 Maximum b stable to the ided n=1 kink

mode vs. pressure peaking factor.Results are shown for

0 k= 1;0 d= 0'|l acircular cross section (k=1) and an eongatied cross

2 3 4 5 6 section (k=1.8) with various triangularity (d=0.1-0.7).
po/<p>




3.1.3 Tokamak Physics Studies

The Tokamak Physics Program in DIII-D contributes to the fundamental understanding of
key physics issues in toroidal confinement system. Understanding what determines the input
power threshold for transport barrier formation is important for projection to future tokamaks.
Theory has suggested that the threshold is given by the balance between the microinstability
growth rate and the EXB shear damping rate, and the internal transport barrier should first form in
the plasma core where the magnetic shear stabilization has the biggest impact. Thisis corroborated
by DIII-D measurements which show the core transport barrier first formed in the interior and
expanded with increased beam power and contracted with decreased power. The threshold power
varies over a wide range in present experiments. DI1I-D requires only a few MW to produce the
transition to high confinement with internal transport barriers while other tokamaks such as TFTR
and JT-60U typically require much higher power. This could perhaps be explained by two possible
reasons. The first may be related to the different mechanismswhich drive the ExB shear flow. The
ExB shear damping rate in toroidal geometry is given by

W ExB =( Bq R/B) d(Er/RBq )/dr, 1/(RBq)d/dr=d/dy,
and assuming neoclassical ion poloidal velocity,
Er/( RBg)@Vf /R+(1-K1)/(Zj €) dTj/dy +Ti/(Zieni) dnj /dy .

SinceK 1 ~ 1 inthe plasma core, only toroidal flow and density gradient contribute significantly to
producing the ExB flow. DIII1-D with tangential NBI can induce turbulence suppression effectively
with toroidal flow shear from the toroidal momentum input. This is absent for balanced beam
injection in which case the flow is purely diamagnetic and the flow drive depends largely on the
density gradient. High beam power may thus be required to provide a steep density gradient to
drive the flow. The second speculation is that the turbulence growth rate and thus the threshold
depends strongly on shape in addition to magnetic shear. This is supported by the H-mode power
threshold observed in the DIII-D elongation-ramp experiment and is also consistent with a recent
experiment to study bean and peapod configurations on DIII-D. Preliminary results from this
experiment indicate that these configurations produce transitions to higher confinement modes
readily at low input power. The power threshold to enter an enhanced confinement regime is
clearly a subject which needs further study if these enhanced confinement modes are to be gpplied
to next step experiments.



4. Other Activities

The mutua inforamtion and persona exchanges between JAERI and fusion research
ingtitutes in Asian area are rapidly increasing during this several years under significant
development on fusion research in this area, especialy in China and Korea. These exchanges are
performed under STA scientist exchange program (in 1998, four scientists from Chinafor one year
and two JAERI scientiststo Chinafor two weeks), the scientist invitation program (in 1998, one
senior scientis from China for one month), STA and JAERI fellowships and so on. A new
framework to make more fruitful cooperation between JAERI and these countries on fusion
research filed should be prepared under Science and Technology Cooperation Agreement between
Japan and these countries.
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