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This report provides an overview of research and development activities at the Naka

Fusion Research Establishment, JAERI, during the period from April 1, 1998 to March 31, 1999.

The activities in the Naka Fusion Research Establishment are highlighted by high temperature

plasma research in JT-60 and JFT-2M as well as DIII-D (US-Japan collaboration), and progress

in ITER EDA, including ITER technology R&D.

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.

The W-shaped divertor was modified to open the outside divertor slot and improve the

divertor pumping in the high-triangularity (o) configuration from November through December

1998 when JT-60 operation was halted. After the integrated tests of a 110 GHz ECH/ECCD

system newly introduced in January 1999, the Electron Cyclotron (EC) waves were firstly

launched into JT-60 in February 1999.

Highlights of the plasma performance in JT-60 are as follows: (1) the production of a high

performance reversed shear plasma with the equivalent fusion amplification factor CW^ of 1.25

in a deuterium discharge and (2) the sustainment of reversed shear plasma with internal transport

barriers in a steady-state for 6 s by the current profile control with lower hybrid waves. High Pp

H-mode in a high triangularity configuration was sustained for about 4.5 s at QDT
eq of ~0.16 with

a large non-inductive current drive fraction of 60-70 % of the plasma current. It should be

emphasized that a high normalized beta pN - 2.6-2.7 was sustained in a quasi-steady state in a

low-q (q95 ~ 3) regime comparable with ITER due to improved edge stability by high

triangularity. The power threshold for L-H transition was reduced by approximately 30 % in

the W-shaped divertor compared with the open divertor. Ar gas puffing into an ELMy H-mode
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plasma increased H-factor up to 1.5 at ne/n
Gr = 0.7. L-H transition with 350 keV negative ion-

based NBI (N-NBI) was first observed in JT-60. With N-NBI, a relatively large driven current

of 0.6 MA was demonstrated at the current drive efficiency of 0.6 x 10'9 A/W/m2.

JFT-2M carries out advanced and basic researches for the development of high-

performance plasmas for nuclear fusion and contribution to the physics R&D for ITER, taking

full advantage of flexibility of a medium-size device.

A fast change of the electric potential distribution at the L-H transition was measured

directly for the first time with a Heavy Ion Beam Probe in collaboration with National Institute

for Fusion Science (NIFS). EC current drive was confirmed and it appeared that no difference

in the suppression of the tearing mode between the co-direction and the counter direction current

drive. The closed divertor maintained low temperature and high density divertor plasma, and

high confinement performance. Fuelling by the compact toroid (CT) injection to a central part of

the high power NBI-heated plasma (H-mode) was demonstrated for the first time in collaboration

with the Himeji Institute of Technology. Optimized design for the ripple reduction by the

ferritic board installation outside the vacuum vessel was established.

The primary objective of theoretical and analytical studies is to improve the physical

understanding of the magnetically confined tokamak plasma. Remarkable progress was made

on physical understanding of transport phenomena such as the internal barrier in JT-60 in

connection with radial electric field. Progress was also made on the study of stability such as

the neoclassical tearing mode and the double tearing. As for divertor plasma, the importance of

thermoelectric instability was shown by using the five point model for the scrape-off layer and

divertor plasmas.

The main focus of the NEXT (Numerical Experiment of Tokamak) project is to research

complex physical processes in core plasmas and divertor plasma by using recently advanced

computer resources. The role of shear rotation and weak/reversed magnetic shear on these

semi-global toroidal modes was studied by employing our toroidal simulation code together with

a non-local theory.

R&D of fusion reactor technology has focused on the ITER EDA-related areas. Major

highlights in FY1998 are as follows:

(1) The high precision assembly and electric joint connection of eight layers of solenoid coils to

produce the Outer Module of the CS Model Coil have been successfully completed. Successful

heat treatment of the CS Insert Coil for activation of Nb3Sn was completed in collaboration with

U.S.A.

(2) Fabrication of the full-scale vacuum vessel sector was completed as well as the arrival of the

port structure from Russia and remote assembly test plan was in progress. As for seismic

isolation development the sub-scaled rubber bearings with diameters from 0.2 m to 0.7 m were

tested and basic performance test was completed. Regarding the development of ITER divertor,
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full-scale mock-ups were fabricated. 5 MW/m2 steady state and 20 MW/m2 transient heat load

tests were also conducted successfully with the 1-m long ion source at JAERI. The divertor

mock-ups were shown to withstand the lifetime worthy of 3 years. Full-scale mock-up test for

blanket remote replacement based on the rail-mounted vehicle type manipulator system was

operated at an automatic control mode. The mock-up weighing 4 tons was fixed in position

within accuracy of ±2 mm. A small-scale (300 mmw x 200 mmd) first wall/blanket model made

of a reduced activation ferritic steel F82H for DEMO breeding blanket was successfully

fabricated by Hot Isostatic Pressing (HIP).

(3) Negative H-ions with high current density of 15 mA/cm2 were extracted from 9 apertures of

the ITER concept source, called KAMABOKO source, and converged to produce 200 mA

negative ion-beam at 700 keV for 1 s. Development of a gyrotron has progressed to deliver

maximum energy of 450 kW for 8 s (3.6 MJ) at 170 GHz with a diamond disk window.

Tritium gas behavior in the caisson (called CATS) of 12 m3 was tested under various conditions

to develop the codes.

In the fusion reactor design, the conceptual study of the commercial DREAM reactor with

very high aspect ratio configuration and SiC/SiC composite material has been continued relating

specially to the safety aspect. In the area of safety research, In-vessel Loss Of Coolant

Accident (LOCA) has been evaluated as a representative accident scenario.

The ITER Council formally accepted in June 1998 the Final Design Report (FDR). In

November 1998 the Fusion Council of Japan confirmed: Japan should continue to promote

actively the ITER project because of its most importance in the fusion research and development

in Japan by national endeavor and it is possible to continue and complete the EDA by three

Parties (EU, RF, and JA) except US for another three years. In December the Japan Atomic

Energy Commission endorsed this report by the Fusion Council. Joint Central Team (JCT) and

three Home Teams have been jointly working on the design of Reduced Technical Objective and

Reduced Cost ITER following the guidelines (performance and testing requirements and design

requirements) reported by Special Working Group (SWG). A JCT/Home Team Task Force

was endorsed to pursue convergence of views as required by the Parties, with the objective of

making an Outline Design Report available to the Parties by the end of 1999.

Keywords: Fusion Research, JAERI, JT-60, JFT-2M, DIII-D, Plasma Physics, Fusion Reactor

Engineering, ITER, EDA, Fusion Reactor Design, Annual Report
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Foreword

The Naka Fusion Research Establishment of the Japan Atomic Energy Research Institute

(JAERI) has been conducting fusion research and development from the viewpoints of plasma

experimental, theoretical and technological aspects. In particular, JAERI, as the Japanese

implementing institute for the International Thermonuclear Experimental Reactor (ITER) project,

has been making much effort to perform the ITER design and R&D in cooperation with the

ITER Joint Central Team.

The highlight of plasma performance in JT-60 was the production of high performance

reversed shear plasma with the equivalent fusion amplification factor QDX^ of 1.25 in a

deuterium discharge. Marked progress in the theoretical and analytical studies was made on

physical understanding of transport phenomena such as the internal barrier in JT-60 in

connection with radial electric field.

The ITER Final Design Report of the technical milestone of the original Engineering

Design Activities for six years was formally accepted by the ITER Council in June 1998. The

Japan Atomic Energy Commission accepted the report prepared by the Fusion Council of Japan

that Japan should continue to promote actively the ITER project for extended three years by

working on the design of reduced technical objective and reduced cost ITER.

Active progress has been seen in the ITER technology R&D by providing confidence in

the feasibility of ITER construction. For example, the high precision assembly of eight layers of

the Outer Module of the Central Solenoid Model Coil has been completed by overcoming

difficulties faced in the fabrication process.

We hope the construction of the actual ITER would prove a great step toward the final goal

of a fusion reactor.

Mitsuru Ohta

Director General

Naka Fusion Research Establishment,

JAERI

vu
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I. JT-60 PROGRAM

Objectives of the JT-60 project are to contribute the design of International

Thermonuclear Experimental Reactor (ITER) and to establish the physics basis for a steady state

tokamak fusion reactor like SSTR. In the fiscal year 1998, JT-60 experiments were devoted to

high performance reversed shear, long sustainment of high pp H-mode, divertor physics, heating

and current drive with a negative ion-based neutral beam injection (N-NBI), energetic particle

physics and disruption study.

Highlights in plasma performance are the production of a high performance reversed

shear plasma with the equivalent fusion amplification factor QDT
eq of 1.25 in a deuterium

discharge, and the sustainment of reversed shear with internal transport barriers in a steady-state

(6 s) by the current profile control with lower hybrid waves. High Pp H-mode in a high

triangularity (5) configuration was sustained for about 4.5 s at QDT
eq of -0.16 with a large non-

inductive current drive fraction of 60-70 % of the plasma current. It should be emphasized that a

high normalized beta pN ~ 2.6-2.7 was sustained in a quasi-steady state in a low-q (q95 ~ 3)

regime comparable with ITER due to improved edge stability by high triangularity. Divertor

experiments with the W-shaped pumped divertor demonstrated an impurity reduction by gas puff

and pump technique, a suppression of chemical sputtering and a reduction of neutral back-flow.

The power threshold for L-H transition was reduced by approximately 30 % in the W-shaped

divertor, compared with the open divertor. Ar gas puffing into an ELMy H-mode plasma

increased H-factor up to 1.5 at ne/n
Gr = 0.7. L-H transition with 350-keV negative ion-based NBI

(N-NBI) was first observed in JT-60. In the ELMy H-mode phase, H factor of 1.64 and Te(0) =

1.4 Tj(O) were obtained in the electron heating with N-NBI. With N-NBI, a relatively large

driven current of 0.6 MA was demonstrated at the current drive efficiency of 0.6xl019 A/W/m2.

Furthermore, understandings on energetic particle behavior and disruption have been steadily

progressed especially on Alfven eigenmodes, runaway electrons and halo current.

The W-shaped divertor was modified to open the outside divertor slot and improve the

divertor pumping in high-5 configuration in November through December 1998 when JT-60

operation was halted. After the integrated tests of a 110 GHz ECH/ECCD system newly

introduced in January 1999, the EC waves were first launched into JT-60 in February 1999.

The central ECH at 0.6 MW for 0.3 s led to a distinctive electron temperature rise of 2 keV.

The system is expected to use to suppress neoclassical tearing modes and to reach higher PN in

steady state in coming years.

1. Operation and Machine Improvements

1.1 Tokamak Machine

- 1 -
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Operation and maintenance of the toroidal magnetic field coil of JT-60 has been carefully

executed since cooling water leak due to birth of cracks on the cooling pipes was found in 1992.

In every annual maintenance period from November to December, the status of the cooling pipes

with cracks are inspected with a fiberscope with CCD camera and airtightness of the other

healthy cooling pipes are checked with highly pressurized air. The total discharge number after

the previous inspection was 2383, where the number of high toroidal magnetic field discharges

of 3.5 - 4 T was 506 and the number of disruptions was 326. For these operations, it was

confirmed in this inspection that no extension of the existing cracks was recognized and no new

air leak was found for eight coils sampled as representatives for this test.

Modification of the vacuum pumping system for JT-60 to oil-free vacuum pumping one,

which started in 1994, was completed in December 1998. Twelve turbo molecular pumps with

oil bearing and four oil sealed rotary vacuum pumps had been replaced to magnetic suspended

turbo molecular pumps and dry vacuum pumps step by step since 1994. This modification aimed

not only to renew the vacuum pumping system that had been operated for 15 years, but also to

reduce the maintenance works. Owing to this modification, the amount of radioactive waste

vacuum oil contaminated by tritium, which was exchanged in the maintenance work, was

reduced to about 1/5. Also, the consumption of liquid nitrogen was reduced to about 1/3.

A new piezoelectric valve (PEV) for supplying working gas has been developed to renew

the present PEV that has been deteriorated by 15 years use. The present PEV uses a bimorph type

piezoelectric element that acts as a sheet valve. This valve sometimes causes sheet leak due to

deterioration of the piezoelectric element. The new PEV has been developed using a combination

of a metal sheet valve and a stack type piezoelectric element filled in the metal case as an

actuator. In the new PEV, pushing force of the piezoelectric element to the metal sheet valve is

adjustable to suppress sheet leak. This work can be done without opening the PEV. Therefore,

sheet leak can be easily repaired even if it occurs. Gas flow range of the new PEV is < 5 PamVs

for L-type PEV and <50 PamVs for H-type PEV. The new PEV's are to be installed in the

maintenance period of next year.

In December 1998, the pumping scheme of the W-shaped divertor was modified from

inner pumping only to both sides pumping to study pumping location effects. Fig.1.1.1-1 shows

the structure of the W-shaped divertor with both sides-pumping slots between dome and

inner/outer divertor tiles. The outer-pumping slot was added only by removing gas seals between

dome and outer divertor and by replacing dome tiles to smaller ones. To carry out this

modification work easily, the above structures were taken into the design of the W-shaped

divertor at the beginning.

Compared with the previous inner pumping only, which relies on strong in-out

asymmetry of divertor neutral pressure [1.1-1], the both sides pumping is expected to have good

pumping performance in detached divertor states and highly triangular-shaped configurations in
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the following reasons. In detached divertor states, neutral pressure in the divertor is almost in-out

symmetric or rather strong at the outer

region. In highly triangular-shaped

Inner pumping slot \ y
Outer pumping slot

Inner divertor tiles Outer divertor tiles

configurations of JT-60, the inner strike

point is kept away from the entrance of

the inner-pumping slot as shown in

Fig.1.1.1-1, resulting in inefficient

pumping. Consequently the outer

pumping slot is necessary. According to

the initial experiment with an optimized

configuration for the both sides

pumping, the pumping speed of 16m7s

was found, which was improved by

30% compared with the inner pumping

only.

Inner and outer dome tiles, where relatively low heat flux was expected, were isotropic

graphite tiles. To allow a variety of plasma configurations, the outer dome tiles were replaced

with CFC tiles, since high heat flux up to 10 MW/m2 is expected on the outer dome tiles, for

example, in highly triangular-shaped configurations.

References
[1.1-1] Hosogane N., "Operational performance of JT-60U W-shaped divertor", Proc. of 13 th Int. Conf. on

Plasma Surface Interactions (PSI) in Contr. Devices, p.296, San Diego, USA, May 18-22, 1998.

Fig. I.I .1-1 W-shaped divertor with both sides pumping slots.
Separatrii of a highly triangular-shaped configuration are shown
by dashed lines.

1.2 Control System

The control system works in the JT-60 experiments according to the required schedule.

The following developments were newly performed in this fiscal year to improve plasma control

performances and operational efficiency.

(a) New precise long-time digital integrator

The newly developed integrators (also applicable to the 2000-s pulse discharge in ITER)

has started in operation for JT-60 magnetic measurements (75 channels).

(b) New advanced real-time plasma control system for particle supply and heating

This new system has been installed in JT-60. The computational time was greatly reduced

to a hundredth of that for the former system. The reflective memory network has been employed

for newly developed real-time communication. (Refer to 1.2.1)

(c) New shape real-time reproduction method based on the Cauchy-condition surface
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Plasma shape reproduction methods having been applied to JT-60 are the following

problems: (i) The FBI (fast plasma boundary identification) method stands on the weak

theoretical basis, (ii) Hence, the FBI produces essentially inaccurate shape independently of the

increase in number of sensors, (iii) The entire execution time of full equilibrium analysis is too

long to be applied to real-time calculation. It has been clarified that a newly developed method

based on the Cauchy-condition surface can solve those problems, and reproduce the shape

precisely. (Refer to 1.2.2)

(d) Development of a new discharge control system

Since it has been becoming difficult to satisfy increasing requirements in recent years,

remodeling of the overall discharge control system is necessary to improve operational efficiency.

Hence, the old system is superseded by a combined system composed of UNIX workstations,

VME-bus, and Ethernet network. In this fiscal year, a prototype of the system has been

completed. (Refer to 1.2.3)

(e) New plasma real-time feedback (FB) control algorithms

The following control algorithms are newly developed for improvement of plasma

performance: (i) Poloidal beta value FB control by NBI. (ii) Electron temperature (at the center

of a plasma) FB control by NBI. (iii) Electron temperature gradient FB control by NBI. (iv)

Plasma-launcher distance FB control by the poloidal field coil, (v) ECH (electron cyclotron

heating) On/Off control.

(f) Development of plasma picture database with "sound" of the magnetic fluctuation

A plasma picture has been considered one of the most important results in the plasma

experiment, because it is very efficient to know the overall performance of a plasma. Hence, two

pictures of real-time visualized plasma shape movie and plasma visible camera picture are

combined by the video multi-viewer. The stereo sound channels input the amplified magnetic

pick-up coil signals, that measure poloidal magnetic field fluctuation (Mirnov oscillation). As the

cut-off frequency of the pick-up coil is approximately up to 20 kHz, we can hear the change of

plasma bunch toroidal/poloidal rotation. After the combined movie is compressed into a tenth of

the original volume through the MJPEG (Motion JPEG) reduction procedure, the plasma picture

data (30-40 Mbyte/shot) is stored in the network server, and can be download to all personal

computers on site.

For the maintenance of the control system, annual inspections were made for the

computer system, control boards, and the signal processing system for plasma control in the

shut-down period of November and December.

1.2.1 New Advanced Real-time Plasma Control System for Particle Supply and Heating [1.2-1]

Since requirements of modification for advanced plasma control and efficient discharge

control has been increasing, a new control system was started to be developed. Concerning this
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new system, we chose an Alpha-288 VME board (made by DEC. Ltd.) for main processors, and

built a VME-bus system together with the I/O boards and a reflective memory module as shown

in Fig.1.1.2-1. As a result from its performance test, this system can execute the real-time

program within 0.1 ms. This period is approximately 100 times faster than that for the old mini-

computer (10 ms). However, slow communication (1.4 ms) with the existing old subsystems

through CAMAC highway is an obstacle for minimization of the total execution time.
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DEC 21066A, 288MHz, 64MB/ DEC

CAMAC Branch Driver / CES

CAMAC Serial Driver / HYTEC

Reflective Memory (256kB) / VMIC

Digital Input (32 ch) / MTT

Clock Pulse Generator / MTT

UNIX-WS alpha 255MHz / DEC

Fig. 1.1.2-1 Configuration of the plasma real-time control system for particle supply and heating.

This system has started in JT-60 operation since May 1998, after several integration tests

with the other subsystems. At the same time of the installation, "reflective memory" network is

employed for real-time communications in which the VME module "VMIVME 5576 (VMIC

Co.)" is plugged in all the VME-bus systems in Fig.1.1.2-2.

Optical Fiber
Effective Data Transfer Rate = 6.2 Mbytes/s

Reflective
Memory

VMIVME5576

Total Node Latency
= n x 1.5 us

Contents
Commands

PFC voltage
Gas flow rate
NBI On/Off #
RF On/Off

Actuator status
NBI ready/not
NBI On/Off
RF readv/not

Raw measured data
Magnetics
Coil current
Plasma position
Diaanostics *

Processed data
Plasma shape
Electron temp, profile,
Current profile, etc.
Counter (Clock)
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5
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4
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4
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6
4
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0.25/0.5 ms
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10 ms
10 ms

10 ms
10 ms
10 ms

1 ms
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1 ms

10 ms
volume

1 kW
15 kW
/profile

1 ms
?

1 ms/10ms
•: Timing pulses are used at present.
*: neutron production rate, radiation power,

gas pressure, etc.

Fig.1.1.2-2 The reflective memory network linking the JT-60 controllers through optical fibers.

1.2.2 A New Shape Reproduction Method Based on the Cauchy-condition Surface for Real-

time Tokamak Reactor Control [1.2-2]

- 5 -



JAERI-Review 99-022

Shape reproduction in a tokamak has been considered one of the key issues for control of

reactor-relevant plasmas. Necessary conditions of the sensors for shape reproduction have been

analytically clarified on the basis of the exact solution [1.2-3]. At the same time, a new method

had been expected to reproduce shape even under insufficient sensor conditions.

Hence, such a practical method has been developed on the basis of the following

analytical exact solution of the static Maxwell equation in toroidal axisymmetric region:

n p [G(x.y).grad^(y)-0«.gradG(xy)]-4§Q = j u ( 1 j ^ - c M ^ (1.2.2-1)

where § is the poloidal flux function (sr-A, Ais a toroidal component of the vector potential), G is the

Green's function, D. is the entire region containing the known current sources (i.e., poloidal field coils),

3£2 is the boundary surface of Q enclosed by a plasma, j is the current density, and s is a constant (e.g.,

4JI2 for x on 3£2). x=(r, z), y=(r, z).

In the second term of the left-hand side, Cauchy condition (i.e., <p(y) and grad</<y)) on the

boundary surface 9£2 is unknown quantity. Then, this Cauchy condition should be identified by

the method of least-squares using adequate number of magnetic sensors.

This method for shape reproduction has been tested using various actual plasmas in JT-60.

It has been confirmed the identified shapes agree with the results from the full equilibrium

analysis. It should be noted that this new shape reproduction method has all the following

features: (a) Preferably the method stands on the theoretical basis, (b) Various types of sensors

can be involved in the numerical procedures, (c) Reproduction precision can be improved

corresponding to the increase in number of sensors, (d) The real-time calculation is possible.

1.2.3 Development of A New Discharge Control System

Concerning a new discharge control system, we have built a prototype system to test

software and hardware. According to the current design, this system is composed of two parts: A

supervisor for compilation of discharge condition files and acquisition of result data from all the

subsystems (DC/RD-SV), and a supervisor for discharge sequential control (SQ-SV).

DC/RD-SV, as a master for discharge condition files before discharge, distributes the

appropriate conditions to the corresponding subsystems after compilation procedures. After

discharge, DC/RD-SV works as a master for result data acquisition. This receives result data

from all subsystems, and builds an intermediate file before transferring it to the JT-60 database

production server. SQ-SV manages all the actions and events occurred in the JT-60 systems

according to the discharge sequence by sending the command messages and receiving the replies.

This part will be composed of VME modules due to the required fast on-line communications.

DC/RD and SQ-SV's will be expected to come into operation in 2000. The new system

configuration is shown in Fig.1.1.2-3.
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Discharge parameter server WS WS's
New Discharge Control System

WS

Shared Ethernet
?! Memory.

Plant monitor Discharge control
computer computer

JT-60 Subsystem
Controller (WS)

(CAMAC Highway(Central) j

LCAMAC Highway(Local) /

Fig.I.l .2-3 Configuration of JT-60 new discharge control system.
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1.3 Power Supply System

Except for the toroidal field coil power supply (TFPS), the JT-60 power supplies

continued to run satisfactorily throughout the year with regular access for preventive

maintenance and fault correction. In the poloidal field power supply (PFPS), the workstation for

the direct digital controller (DDC) was replaced with a new one and the CAMAC-based test

system was remodelled to a VME-based one. Design work was also carried out for rejuvenation

of the TFPS control system. Development of an IGBT current-driven PWM converter and a

current interrupter with a capability of carrying a large current in steady state was continued

from the previous year.
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1.3.1 Burnout of a Filter Capacitor in the TFPS and its Replacement

The toroidal field power supply (TFPS) is composed of six diode rectifier banks and a

moter-generator (MG) with a large flywheel. The TFPS is divided into two subsystems. One is

called the commercial line (CL) subsystem, where four banks of the rectifiers are directly

connected to a commercial power grid. The other is the MG subsystem, where the rest of the

banks are powered from the MG.

One of the capacitors in the harmonic filters of the TFPS CL subsystem burnt out in June

1998. In parallel with the investigation of the capacitor fault cause, the system integrity of the

JT-60 power supplies including those for the NBI and RF heating systems were checked. After

that, the JT-60 operation up to a toroidal magnetic field of 2.1 T (a half of the maximum rating)

with the MG subsystem alone was restarted early in July.

The cause of the fault was carefully investigated by break-up of the capacitor and

observation of its inside. Then, it was concluded that the fault had been caused by aged

deterioration of the insulation performance of the capacitor, and that the repeated application of a

transient high voltage to the capacitor in the case of its connection to the circuit had accelerated

the deterioration. In fact, the TFPS had continued to run over 14 years and the capacitor was

connected and disconnected over twenty thousands times in total.

For deciding the technical specifications of a new capacitor, the latest information on a

power capacitor was collected from its specialists and industries. Then, the new capacitor with a

dielectric strength 25 % larger than that of the original one was fabricated and installed by the

end of August 1998. Moreover, an electrical fault detector using the zero-phase-sequence voltage

of capacitor, which can respond even in the case of a single capacitor element fault, was also

introduced in conjunction with the exiting mechanical fault detector. Thus, the JT-60 operation

at a toroidal magnetic field of 4 T (the maximum rating) was restarted at the beginning of

September 1998. Hence, although the JT-60 operation schedule was changed a little owing to the

capacitor fault, the experimental programs were almost executed according to the annual plan by

rearrangement of the programs.

From the viewpoint of the assurance of safety and system integrity, it is most important

how to prevent the similar fault. Hence, replacement of all of the power capacitors in the JT-60

power supplies equipped for harmonic filtering and var compensation was decided as preventive

maintenance. The rest three capacitors of the harmonic filters in the TFPS CL subsystem were

replaced in the middle of October 1998. Seven new capacitors of the var compensators in the

TFPS, the PFPS and the MG system for the NBI and RF heating (H-MG) were installed from

November 1998 through January 1999. The filter capacitors in the TFPS MG subsystem, the

PFPS and the H-MG were replaced in May 1999.
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1.3.2 Development of an IGBT Current-driven PWM Converter

Development of the insulated gate bipolar transistor (IGBT) current-driven pulse width

modulation (PWM) converter was continued from last year. A new PWM pulse generation

method applicable to superconducting magnet power supplies was developed [1.3-1, 2]. This

method has the following features.

(i) It is possible to realize the operation with a power factor of unity.

(ii) When a zero DC output voltage is required, this method can completely suppressed the

output voltage of an IGBT converter to zero and not in the average,

(iii) Switching frequency can be reduced to three-fourth of that of a conventional method,

(iv) The proposed method has a good compatibility with a computer control system.

1.3.3 Development of a Forced Air-cooled VCB

Much effort was made to develop the water-cooled VCB for a superconducting magnet

power supply [ 1.3-3] until the previous fiscal year. However, some difficulties of water-cooled

VCB arose from the viewpoint of quality assurance in manufacturing. For example, the flexible

water pipe is required for the movable rod cooling, but the possibility of water leak can not be

completely removed from the experiences so far. Then we decided to develop a forced air-cooled

VCB with a current rating of 12 kA.

In the development of the air-cooled VCB, it is a key issue how to maximize the

capability of heat removal from the electrodes as in the development of the water-cooled VCB.

Then, the design work was focused onto the VCB itself at first, and the design of mechanical

structure was postponed. The electrodes of the VCB were designed to be as thick as possible so

as to minimize the electric resistance and to maximize the heat removal capability at the same

time. The newly designed VCB was fabricated and the basic test was performed. The measured

electric resistance well agreed with the expected value. For the confirmation of the current

carrying capability of the air-cooled VCB, the power test is planned in next fiscal year.
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[1.3-1] Miura Y. M, Matsukawa M., Hirotami N., "A New Method of Switching Pulses Generation in Three-

Phase PWM Current Source Type Converter"(in Japanese), T.IEE Japan, Vol. 119-D, No.7, p. 1022, 1999.
[1.3-2] Miura Y. M., Matsukawa M., Hirotami N., "A New PWM Pattern Generation Method for a PWM

Converter applied to a superconducting magnet", to be presented in 18th SOFE, Albuquerque, NM, 1999.
[1.3-3] Matsukawa M., Miura Y. M., Kimura T., et al., "Design and Model Test of a Water-cooled VCB for

Superconducting Magnet Power Supplies", Fusion Technology, Vol. 34, p.684, 1998.

1.4 Neutral Beam Injection System

1.4.1 Positive-ion Based NBI System

For evacuating the W-shape divertor section in the JT-60 vacuum vessel, the cryopumps
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for three beamlines out of 14 beamlines have been used exclusively as a pumping of deuterium

gas or deuterium/helium mixture gas since 1998. The pumping speed of the cryopump is 1000

mVs for deuterium gas and 700mVs for deuterium/helium mixture gas. However the pumping

speed at the divertor section decreased to around 15 mVs in total because of the small

conductance between the divertor and beamline tank. The rest of beamlines, eleven units, are

being injected the neutral beams into JT-60 for plasma heating and NB current drive experiments,

and the beam power injected into the plasma was 25 MW at around 90 keV for 9 s at maximum.

A new data acquisition / calculation system of the infra-red camera signal monitored at the

NBI armor plate in the JT-60 vacuum vessel has been developed for easy evaluation of a beam

shine through in plasma. The new system has made it possible a time evolution of the beam

shine through to evaluate just after plasma shot.
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1.4.2 Negative-ion Based NBI System

The development to extend the beam

duration time in the ion source operation has been

conducted by optimizing arc discharge. In negative

ion source with cesium seeding, a time constant of

arc discharge has been found to be longer than that

in the conventional positive ion source because of

a contamination of cesium atoms during arc

discharge from the arc chamber wall. To stabilize

the arc discharge even in a cesium contamination

into plasma, a pre-arc discharge duration time

before beam acceleration has been extended for

more than 1.5 s. The beam duration time in the

neutral beam injection, under the longer pre-arc

discharge time, has reached near 2 s at 4 MW

without breakdown, as shown in Fig.1.1.4-1.

Unfortunately, the beam operation toward a higher beam power could not be conducted

because of water leakage of an ion source and a malfunction of the insulating transformer for the

negative ion generator power supply. The first trouble of the water leakage in the ion source

broke out at a current-feed-through for a filament current in the arc chamber. Its cause had been

found that two malfunctions happened simultaneously. One is an abnormal discharge broke out

between the filament feed through and arc chamber wall at the moment of an ion source

breakdown, and the other is a failure of cut-off in the abnormal discharge current with the GTO

switching in the arc power supply. The two malfunctions happened simultaneously had

destroyed the feed through, and made the water leakage from a pin hole in the cooling water tube.
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Month
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Fig.1.1.4-1 Time evolution of injection power and
beam duration time
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A surge absorber component has been added in the filament circuit as the countermeasure against

the abnormal discharge, and a double cut-off system of the conventional GTO switching and a

newly added thyristor switching has adopted against the failure of the cut-off. The second trouble,

the malfunction of the insulating transformer, was found by detecting about 20 ppm of acetylene

gas in the insulation oil when we inspected contamination gas in the oil. The acetylene gas in the

transformer oil, usually, is produced only when a discharge or a high temperature hot spot break

out in the transformer. After opened the transformer, we found a melting down section in a part

of the coils caused by a discharge between coil turns. The cause of the discharge was that an

insulating sheet of the coil was worn out by overlapping of two adjacent coils through an

imperfect manufacturing. Four months were needed for refurbishing the transformer.

1.5 Radio-Frequency Heating System

1.5.1 ICRF System

The ion cyclotron range of frequencies (ICRF) system for JT-60 was operated well at 102

MHz in FY 1998. RF power of 3-4 MW was coupled to JT-60 plasma for the experiments of

"TAE mode investigation using reflectometer" and "Combined heating with negative ion based

NBI". Some trials were performed to prove ideas of advanced methods to enhance the antenna

coupling performance. One of the ideas is an active control of SOL plasma by gas-puffing.

Increase in SOL density may improve antenna coupling with large antenna-separatrix distance.

However, the gas-puffing just before and during an ICRF pulse tends to reduce the break-down

voltage of the antenna, and strong gas-puffing may degrade plasma performance. Thus

optimization of the position, the pressure and the pulse width of gas-puffing are important. As a

result of this trial, it is found that the coupling was improved with H2 gas-puffing near antenna

(FC-18 at P-ll), as shown in Fig.1.1.5-1. The estimated ne increase of the second scrape off layer

is shown in Fig.1.1.5-2. This improvement is clear for long pulses. Another idea such as "control
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of local BT just in front of the antenna by a magnet or an electromagnet" was checked by means

of measuring the coupling resistance with various BT and IP. Further study in wider parameter

range will be needed to clarify the relationship between Rc and BT or safety factor.

A first test of the feedback control of the separatrix-antenna gap, 80, was performed. To

keep 80 constant is quite effective to couple stable ICRF power to the plasma. It is expected that

the control improve the ICRF heating of the plasma which tends to change the separatrix

position, i.e., reversed magnetic shear plasma.

1.5.2 LHRF System

The lower hybrid range of frequencies (LHRF) system for JT-60 was operated for

experiments focused on improvement of confinement by profile control through current drive

with LHRF waves. The total plasma current was selected around 1 MA for full current drive

condition with two antennas after 2-3 days conditioning shots. Heat load on the antenna was a

key issue for these experiments, because fast ions bombarded antenna mouth due to banana orbit

loss produced high magnetic ripple of 2 % at outside of the JT-60 vacuum vessel. This heat load

led rf-breakdowns at the antenna, and then the experimental performance was limited by these

breakdowns. In order to avoid excessive heat load, the temperature profile on the antenna had

been measured by infra-red (IR) TV camera. But its resolution was not enough, so a telephoto

lens was introduced. Plasma position and/or antenna position were regulated to suppress heat

load by monitoring the increase in temperature with the improved IRTV, for example, in the

experiment of quasi-steady sustainment of a reversed magnetic shear configuration with the

internal transport barrier [1.5-1]. For this configuration, it is found that the coupling was good

even in the case that the antenna was settled around 15 mm behind the first wall.

After modification of divertor configuration from open to W-shaped closed type in 1997,

the coupling of the third LHRF antenna became worse because the gap between the antenna and

the plasma was wider. To overcome this, it is considered to make the frequency higher from

RF room

Gyrotron

Gyrotron operation Injection control

Fig.1.1.5-3 Outline of a mm-wave current drive system designed for JT-60U.
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2 GHz to 110 GHz in the mm-wave frequency range. A mm-wave current drive system was

designed for JT-60 as shown in Fig.1.1.5-3, which has advantages of highly controlled local

current drive and heating as well as easy and high coupling. One RF line was introduced in

March 1999 by using a newly developed RF source, a 1MW gyrotron and modifying the power

supply and the transmission line of the existing LHRF system.
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1.6 Diagnostics System

1.6.1 Core Correlation Reflectometer

A core correlation reflectometer has been newly installed on the JT-60 tokamak [1.6-1].

The reflectometer can measure electron density fluctuations near the cut-off layer at which the

launched millimeter wave is reflected. The reflectometer consists of four channels, two of which

operate at a fixed frequency and the other two channels are tunable. The correlation of the

fluctuations is determined from the correlation between fixed and variable frequency channels.

The profile of the correlation is measured by using this reflectometer in the high performance

reversed shear plasma. The correlation length in the ITB region is shorter than that in the flat

density region after the formation of the clear ITB.

1.6.2 Behaviour of Divertor Neutral Pressure at the Onset of an X-point MARFE [ 1.6-2]

It is found for the first time that a rapid change of the asymmetry in the neutral pressure at

the inner and outer divertors occurs at the onset of an X-point MARFE. The change in the

pressure ratio is much clear than that in the averaged electron density, so that it is a good index

of the onset of X-point MARFE. Though the mechanism of this change in asymmetry at the

onset of the X-point MARFE is not clear yet, the result suggests that a detached divertor plasma

could be sustained by the control of an in/out pressure ratio. Feedback control of the gas puffing

rate is planned by using the pressure ratio of the outer to inner private region, for the purpose of

keeping the divertor detachment without inducing the X-point MARFE.

1.6.3 Tangential Dual CO2 Laser Polarimeter

The dual CO2 laser polarimeter has been developed [1.6-3, 4] based on the results from

the proof-of-principle experiment of tangential Faraday rotation measurement [1.6-5]. The

tangential Faraday rotations of two CO2 lasers (10.6 and 9.27 |im) were well measured along the

same optical path in a tokamak. Such a two-wavelengths operation is expected to improve the

accuracy of density signal by eliminating the Faraday rotation component at vacuum windows.
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Here, the evaluation of window component requires that the system is fully calibrated. For this

purpose, the development of appropriate calibration tools is planned in FY 1999.

1.6.4 Heterodyne Radiometer System for Electron Cyclotron Emission (ECE) Measurement

It was shown that the heterodyne radiometer can give the detailed information on the

structure of the magnetic island in the steady state high (3p discharges [1.6-6]. To extend the

measurement range, a new 12-channel heterodyne radiometer, whose measurable ECE frequency

is 188.5 to 199.5 GHz, has been installed. The upgraded heterodyne radiometer system will also

give the detailed information on electron temperature and its fluctuations near the internal

transport barrier especially in the reversed shear plasmas. The new system will work from June

1999.

1.6.5 Time-of-flight Neutron Spectrometer

A 2.45 MeV neutron time-of-flight spectrometer [1.6-7] was developed for measurements

of neutron energy spectra from the JT-60 tokamak. The spectrometer consists of two fast plastic

scintillators (50 cm and 1800 cm thickness: 2 cm) where each detector is located on two constant

time-of-flight spheres. The time-of-flight spheres have radius of 1 m which gives a neutron flight

length of -164 cm and a time-of-flight of -92 ns for 2.45 MeV source neutrons. The

performance of the spectrometer was calibrated with the 14 MeV neutron source FNS, where the

energy resolution of 5.8% and the detection efficiency of 3.1 x I0"4 were obtained for 14 MeV

neutrons. The energy resolution of 4.3 % (105 keV) was extrapolated for 2.5 MeV neutrons from

the calibration. In December 1998, the spectrometer was installed in the basement of JT-60 with

a vertical viewing cord. Preliminary measurement of the 2.4 MeV neutron spectra has been

carried out since March 1999.

1.6.6 Measurement of Electron Temperature and Density in the Divertor Plasma Using

Intensity Ratios of He I Lines [ 1.6-8]

Emission of He I lines (668 nm, 706 nm and 728 nm) has been simultaneously observed

in the divertor plasma. From calculations using a collisional-radiative model, intensity ratios of

these He I lines are considered to be useful to measure electron temperature and density. In order

to evaluate the feasibility of the intensity ratio method for temperature and density measurements,

the measured intensity ratios are compared with those calculated from the temperature and

density measured with Langmuir probes. As a result, the measured intensity ratios are well

reproduced by the calculations. Therefore, the emission rate coefficients for the He I lines are

reliable for measurement of the temperature and density.
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1.6.7 CO2 Laser Collective Thomson Scattering [1.6-9]

A collective Thomson scattering based on pulsed CO2 laser (k= 10.6 |im) have been

developed in collaboration with ORNL to measure ion temperature and fast ions in JT-60. A

high power pulsed CO2 laser (energy: 10 J, pulse length: 1 u.s, repetition rate: 0.5 Hz) and a

heterodyne receiver system with a hot CO2 absorber cell as a stray light notch filter has been

installed and tested in the diagnostic room. Neutron shield of the beam penetration optics from

diagnostic room to the torus hall has been constructed. Injection of the laser to the JT-60 plasma

will start in 2000.
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1.7 Data Analysis System

1.7.1 Data Analysis Tools, Database and Computer System

Some of the data analysis tools on the JT-60 analysis server have been improved. The

data illustration system (DAISY) using the X-Window has been greatly enhanced and now has

the following new features: multiple plot windows, easy saving/loading of command files,

producing figures in Macintosh's formats, online help, data transformation utility. The software

showing a time slice profile of plasma parameters, SLICE, has been modified to produce the

multi-time profile data for the lime transient transport analyses. The new version of the fast

plasma-boundary identification code (FBI) incorporates the optional eddy current analysis. It can

also call user-supplied subroutines for extensive analysis. A special version of the MHD

equilibrium analysis code SELENE has been developed which can take the data from motional

Stark effects (MSE) diagnostic and reconstruct the MHD equilibrium for reverse magnetic shear

plasmas. The experiment logbook system FELLOW now generates electronic logs and users can

view these files online.

The JT-60 experimental database has enriched the content. Appropriately for the update

of diagnostic systems, such as divertor visible spectroscopy, Hraarray, these diagnostic data have

been added to the experimental database. Plasma equilibrium data calculated by the new FAME,

which is described in Sec. 1.7.2, and calculated data by new RTP (real time processor) have also

been added to the database.
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Some subsystems of JT-60 data processing system have been improved according to the

demands of plasma diagnostic systems by utilizing the progress of the computer and network

technology. The main computer ISP (inter-shot processor) of FACOM M-780 has been replaced

with a compatible computer FACOM GS8300 using state-of-art CMOS technology, which

results in lower power and space usage with nearly the same performance. A gigabit ethernet

switch with FDDI ports has been introduced to cope with the increase of handling data. The

switch connects the UNIX file server, which has a capacity of -100GB RAID disks and -900GB

MO (magneto-optical disk) auto-exchangers, at the bandwidth of gigabit per second with the

main computer and many data acquisition workstations, such as a VME-based fast data

acquisition system, a planned new TMDS (transient mass data storage system). The new CICU,

which has a function of interfacing the main computer with the CAMAC system by using a byte-

serial highway driver and is composed of a workstation and a VMEbus byte serial highway

driver, has been developed and has been finally in practical operation without any major

problems after careful tests and fine tuning.

1.7.2 FAME System

The new system of FAME (Fast Analyzer for MHD Equilibrium), to provide about 130

MHD equilibria in time series which are enough for the non-stationary analysis of the

experimental data of JT-60 within a shot interval, has been utilized since 1997 with a high

processing speed using IBM RS/6000 SP. The system is a MIMD type small scaled parallel

computers with 7 CPUs and the maximum theoretical speed is 3.42 GFLOPS. The SELENE and

FBI codes are tuned up taking the parallel processing into consideration as well as the original

system. Consequently, the computational performance of the new FAME system becomes more

than 3 times faster than the original system. The new system also has the file server system with

the large capacity of the data storage of 50 GB.

Efforts of utility development and update have been concentrated on more effective use

of the new 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, incorporated with SLICE. A new workstation has been

added to system to meet the increased demands of the experimental team. To see the animation

earlier after the shot, the way to get raw data for the equilibrium calculation has been changed

from the access of the database server to the direct data transfer from the ZENKEI control

system. As a results of this improvements, the waiting time after the shot has been largely

shortened from -11 min to ~ 6 min. In order to display typical equilibrium data as functions of

time with other experimental data, the new FAME system recalculates equilibria at an interval of

10 ms during off-experimental hours at night and transfers the results of over 80 variables to JT-

60 database server.
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1.7.3 Data Link System and Remote Participation in JT-60 Experiments

The remote participation in JT-60 experiments from PPPL has been carried out by

utilizing the Data Link System and the video conferencing systems. The Data Link System

provides standard JT-60 data analysis tools: DAISY, FBI, EQREAD (MHD equilibrium display

code), and SLICE. Participants from both JAERI and PPPL jointly analyzed and discussed the

JT-60 data together.

Seven projects have started as remote collaboration under the Cooperation among the

Three Large Tokamak Facilities. The total number of participants amounts to about one hundred.

These projects cover a wide range of research topics with outcomes of 2 presentations at major

conferences.
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2. Experimental Results and Analyses

2.1 Reversed Shear Experiments

2.1.1 Achievement of High Fusion Gain in W-shaped Pumped Di vertor [2.1-1]

The record value of equivalent fusion multiplication factor in JT-60, QDT°q = 1-25, has

been achieved in a high current reversed shear discharge with an L-mode edge (Bt = 4.4 T, Ip =

2.6 MA and q95 = 3.2) in the campaign after the installation of W-shaped pumped divertor. The

DD neutron emission rate was 3.6xlO16 /s with neutral beam power of 12 MW. To obtain high

performance, it is essential to form a large radius internal transport barrier (ITB) in low q regime

(Qmin ~ 2). This was accomplished by plasma current ramp-up with the persistent ITB. The

control of pressure and current profiles by changing the plasma volume and the feed-back

control of beam power using the neutron emission rate were found effective to suppress a

collapse before reaching high current regime.

Reduction of impurity (Zeff ~ 3.5 to -3.2) was obtained in the W-shaped pumped divertor,

which resulted in 20% increase of QDTeq, the record value of which had been 1.05 at 2.8 MA in

the previous open divertor [2.1-2], though the plasma current was restricted below 2.6 MA due

to smaller plasma volume.
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2.1.2 Sustainment of Internal Transport Barrier in ELMy H-mode Edge Discharges [2.1-1]

The performance in L-mode edge discharges was limited by disruptive beta collapses

with PN ~ 2 at qmin ~ 2. An H-mode transition was obtained by use of enhanced heat pulse with

degradation of ITB, which was caused by toroidal rotation control. The stability in the low-qmin

region was successfully improved in the H-mode edge discharges, and a high P N value of 2.3

has been achieved at qmin =1.5. Long sustainment (5.5 s) of ITB and improved confinement

was realized in an ELMy H reversed shear discharge (Bt = 3.5 T, Ip = 1.5 MA, q95 = 4.3,

triangularity ~ 0.26); H factor of 1.5-2.0 and PN of 1.0-1.4 were sustained. The qm i n continued

to decrease to -1.8 during the ITB sustainment period. The density and temperature profiles

were changed according to the time evolution of q profile, which indicated the importance of

current profile control for sustainment of ITB.

2.1.3 Stationary Sustainment of Internal Transport Barrier by LHCD [2.1 -3]

A reversed shear configuration that was accompanied by ITBs was successfully

maintained in a quasi-steady state almost entirely non-inductively by the lower hybrid (LH)

driven current (~77 %) and the bootstrap current (-23 %). The LH waves were injected after the

formation of reversed shear configuration and ITB by neutral beam heating during plasma

current ramp-up. The q m j n was kept near 2 and the normalized beta was kept near 1 with B t =

2.0 T and Ip = 0.85 MA. The neutron emission rate was nearly steady as well indicating no

accumulation of impurities into the plasma. Diagnostics showed that all the profiles of the

electron and ion temperatures, the electron density and the current profile were almost

unchanged during the LH current drive phase.

2.1.4 MHD Stability Analysis Associated with ITBs

Localized MHD activity observed in JT-60 and TFTR near ITBs with their associated

large pressure gradients is investigated [2.1-4]. Stability analysis of equilibria modeling the

experiments supports an identification of this MHD as being due to an ideal MHD n=l

instability. The appearance of the instability depends on the local pressure gradient, local

magnetic shear in the q profile and the proximity of rational surfaces where q~m/n and m and n

are the poloidal and toroidal mode numbers respectively. The mode width is shown to depend on

the local value of q, and is larger when q is smaller. In addition the role of the edge current

density in coupling the internal mode to the plasma edge and of the energetic particles which can

drive fishbone like modes is investigated.

2.1.5 Studies on ITB Formation

Onset conditions of ITB in reversed shear discharges were investigated [2.1-5]. Local

values of electron density, electron temperature, and the ion temperature seem not to be essential
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for the ITB onset. Remarkable correlation between electron temperature gradient and magnetic

shear was observed at the onset. In addition, ITB well outside the q-minimum position was

found. Its onset condition seems to be continuous with that observed in negative shear region.

The radial correlation lengths of density fluctuations in reversed shear plasmas with ITBs

were firstly measured using a correlation reflectometer operating the upper X-mode, which was

developed and installed under collaboration between JAERI and PPPL [2.1-6]. The correlation

length in the ITB layer (r/a~0.55) was shorter than that at r/a~0.35 before the ITB foramtion.

This suggests that there is a decorrelation of long scale turbulence in the ITB layer and it would

contribute to the reduction of particle and thermal transport there.
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2.2 High |3p and High Triangularity Discharges

This section summarizes development of quasi-steady ELMy high-pp H-mode discharges

with enhanced confinement and high-(3 stability, where i) long sustainment time, ii) increase in

absolute fusion performance and iii) extension of the discharge regime toward low-q95 (~3) are

the main objectives. For these purposes, the current and pressure profile control is essential and

high triangularity is beneficial. In particular, optimization of the pressure profile characterized by

the double transport barriers (the internal and the edge transport barriers) with a high

triangularity 8 enabled us to extend the performances in long pulses.

The DT equivalent fusion gain Q D T ^ ~0-l (8 =0.16) was sustained for -9 sec (~50tE,

~10TP*) and QDT^ -0.16 (8 = 0.3) for 4.5 s at Ip=1.5 MA. In the latter case with higher 8, H-

factor (=TE/TE
1TER89PL)~2.2, PN~ 1.9 and p,,~1.6 were sustained with 60-70 % of noninductive

driven current. In the low q95 (~3) region, the p-limit was improved by the high 8 (~ 0.46) shape

where |3N~2.5-2.7 was sustained for -3.5 s with the collisionality close to that of ITER-FDR

plasmas [2.2-1]

The product of [3Nx H-factor sustainable for >5x,. (>tp* : effective particle confinement

time) increases with 8 and reaches -6 at 8-0.46. This is mainly because the pedestal pN

increases with 8 because the edge Vp increases with 8 [2.2-1]. The sustainable [iN-values are

limited by appearance of resistive modes with low toroidal numbers such as m/n=3/2 and/or 2/1.
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The measured island width was consistent with the predicted width of the neoclassical tearing

mode. Values of pN at onset of m/n=3/2 and 2/1 modes showed positive dependence on electron

density [2.2-2].

As for high confinement at high density, the density range with H-factor >2 was extended

from ~0.5neGW to ~0.6neGW by increasing triangularity 5 from 0.2 to 0.4. However, strong gas

puffing is required for a further increase in density, and the H-factor decreases with density. This

situation has not been improved by the W-shaped pumped divertor [2.2-1].

In JT-60 ELMy H-mode plasmas, dependence of the width of the edge pedestal Apecj on

the edge parameters has been extensively studied [2.2-3]. The width Ape(j in the ELMy phase is

2-3 times larger than that in the ELM-free phase. At high triangularity, Ape(j reaches 8-15cm (9-

16 % of the minor radius) at Ip=l MA and the pedestal T, and Apecj can increase gradually with a

time constant of ~2 s, which is -10 times longer than TE. In addition, Vp in the pedestal layer

increases simultaneously. The width Apec[ scales linearly with the poloidal gyro radius of

thermal ions ppi with a weak dependence on q95 ; Apecj~5ppi q95- 0.3 . Shrinkage of Ape(j

observed at a high density can be explained by decrease in the edge ion temperature viz.

decrease in ppi. At higher q95 (~6), further increase in Apecj was observed after disappearance of

type I ELMs. In particular, at high-8 (>0.3), high-q95(>5-6) and high-(3p(> 1.5-2) the type I ELMs

disappear and minute grassy ELMs appear. The stability calculation including the edge bootstrap

current suggests the access to the second stability regime of the high n ballooning mode.
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2.3 H-mode Study

Although the L-H transition threshold power is generally described in terms of the global

quantities, such as the averaged density and magnetic field, the significance of the edge plasma

quantities was also intensively investigated hitherto in various tokamaks. Above all, influence of

the edge magnetic shear on the H-mode threshold power has long been an issue of controversy.

The theoretical predictions conceived so far are either that an increased edge shear may suppress

the edge micro-turbulence or the locally reversed edge magnetic shear might stabilize the drift-

resistive ballooning modes. The possible role of the edge current density was first pointed out at

ASDEX. In 1990, reduction of the H-mode threshold power by a rapid rampdown in plasma

current during the auxiliary heating was first demonstrated in the JIPP T-IIU experiment, where

nearly a factor of two decrease was reported at the ramping rate of 1.8 MA/s. However, no such
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clear results have been thereafter obtained, except that a small reduction of 20% was recently

found in ASDEX Upgrade for dlp / dt = 1.0 MA/s. In an effort to reduce the additional heating

power required for RTO/RC-ITER to acquire the H-mode as much as possible, the ITER physics

R&D expert group has coordinated the current rampdown experiment in various tokamaks, as an

urgent Physics R&D issues. In addition, it has been known that edge region of the reversed shear

plasmas with strong internal transport barriers in JT-60 stays in L-mode under the intensive NB

heating, where the plasma current is continuously ramped up. The reduction of heat flow to the

edge, due to the internal barrier formation, may herein be the cause. However, a reduction of the

edge magnetic shear can also play a substantial role. Accordingly, a dedicated runs to elucidate

the influence of the edge magnetic shear was performed at JT-60.

In the initial experiment, the plasma current was ramped down in 0.75 s from 1.6 MA to

1.2, which provides the ramp rate of 0.53 MA/s. Right after the end of the current ramp down,

the heating power was stepped up in a stairway fashion. The evaluated L-H threshold power was

compared with a reference pulse with a fixed current of 1.2 MA. The density was set in the range,

where the L-H threshold is the minimum in JT-60, in order to eliminate the contribution of the

density dependence. The malign MHD activities were not observed as a result of the rampdown.

Here, edge magnetic shear was evaluated at 95% poloidal flux, using the FBEQU equilibrium

solver. Similar to the changes of the plasma internal inductance, which varied from 1.1 to 1.6,

edge magnetic shear increased monotonously after the start of the rampdown, and it gradually

decreased during the auxiliary heating. However, reduction of the L-H threshold power was not

obvious, whereas the H-factor increased by 15 to 20%. The comparison of pressure profiles with

and without the rampdown indicates that an increase of H-factor is mainly produced at p < 0.6.

The rampdown results follow the previous JT-60 L-H threshold power scaling, which does not

corroborate the rampdown effect found in JIPP T-IIU tokamak. Even though the plasma current

was ramped down from 1.6 to 1.0 MA, the result was the same.

The followings have been conceived:

(1) The time derivative of number of trapped ions lost from the orbit might be important for the

L-H transition,

(2) The magnetic flux diffusion in the boundary of a plasma will diminish the shear in the edge

region during this heat diffusion period, while the edge shear effects are at their maximum

towards the end of the rampdown period, and it takes an energy confinement time for the

heating power to diffuse out of the core and contribute to power-though-the-separatrix, and

(3) The amount of rampdown may not have been adequate, the rampdown was performed during

the NB heating, of which power is right below the threshold, in the second campaign. In

addition, the rampdown rate was increased up to 3.0 MA/s.

In prior, the heating power was stepped up in a stairway fashion with a fixed current to

determine the threshold. The normalized heating power was reduced to 89% during the
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rampdown, and the hitpoints on the divertor target plates were also deliberately adjusted. The

values of internal inductance and edge magnetic shear respectively increased up to 7.5 and 2.7

toward the end of the current rampdown. However, no clear signs of the L-H transition were

observed in the divertor recycling or stored energy signals. Nevertheless, the edge temperatures

as well as averaged density increased during the rampdown, seemingly due to an increase of

the edge magnetic shear. Instead, an increase of the edge toroidal flow velocity, which is often

observed as a result of the formation of the radial electric field in the negative direction, was

not observed. The evaluated edge ion collisionality was 1.1 and 1.2 in the middle and end of

the rampdown. Recent progress in theory indicates that even 3.0 MA/s is not adequate to

induce the L-H transition, and the formation of large bootstrap current at the edge, which

produces the strong edge magnetic shear further in the edge, may prove efficient.

2.4 Current Drive Experiments by N-NBI

The current drive capability of Negative

Ion Based NBI (N-NBI), which is expected to

realize MeV class beam energy required on the

reactor, has been assessed. In view of adopting

N-NB on the fusion reactor, the predictability of

current drive and heating characteristics is quite

important for its design and the extrapolation to

the reactor regime. Current drive study has been

accelerated by Motional Stark Effect (MSE)

measurement and the t ime-dependent

equilibrium analysis technique. On JT-60,

maximum value of N-NB driven current, 0.6

MA, has been achieved with the injection power

of 3.7 MW at the beam energy of 360 keV in

deuterium operation (both plasma and beam),

where the central electron temperature of 4keV

and the line-averaged density 0.9xl019m 3.

Figure 1.2.4-1 shows N-NB driven current

profile. The centrally peaked profile is

confirmed experimentally as expected from on-

axis trajectory of N-NB. The experimental result

(solid line) agrees well with the prediction

(dashed line) by current drive analysis code

1.5

CD

I
-9

0#5

V •

\
V
\

——— Experiment

ACCOME

Exp. error

\
•

0 0.2 0.4 0.6 0.8 1
r/a

Fig.l.2.4-J N-NB driven current density profile (JN-NB)-
The experimental and theoretical results are shown.

X1019

>
O

0
"o

0>

I
o

1.0

0.1

N-NB o
(-350 keVJ. -o

.- 'o a
P-NB

(87 keV)

1
Te(0) (keV)

Reactor

-

. i

10

egitne

Fig.1.2.4-2 The central electron temperature Te(0)
dependence of the current drive efficiency for N-NB
and for P-NB.

- 22



JAERI-Review 99-022

ACCOME. Figure 1.2.4-2 shows current drive efficiency as a function of central electron

temperature Te(0) for N-NB (EB=330-370 keV) and P-NB (EB=87 keV). The electron

temperature is 2-6 keV, and Zelf is 2-3.5. They are obtained in the same series of N-NB current

drive experiments (deuterium). The current drive efficiency for N-NB is higher than that for P-

NB and increased with Te(0). Increase in current drive efficiency with higher Te(0) is due to

longer slowing down time of beam ions. The central electron temperature is chosen as a

representative value characterizing current drive efficiency because N-NB has central deposition.

These results are consistent with the theoretical prediction that the current drive efficiency is

improved with the electron temperature and the beam energy. These results indicate that current-

drive capability of neutral beam can reach the value required for the fusion reactor with beam

energy of 1 MeV under the typical plasma parameters on the reactor Te>10 keV and Zeff~1.5.
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2.5 W-shaped Divertor and SOL Plasmas

Reduction of impurity contamination in the main plasma was demonstrated in the W-

shaped divertor, pumping from inner private slot (inner divertor pumping). In Nov.-Dec. 1998,

outer pumping slot of the W-shaped divertor was opened to increase effective pumping speed at

high density using inner and outer divertor pumping. Divertor and SOL diagnostics such as

neutral pressure gauges and midplane Mach probes were implemented. Studies of SOL plasma

flow along the field lines, in-out asymmetry in neutral pressure, and divertor detachment were

progressed.

2.5.1 Impurity Reduction in Main Plasma with "Puff and Pump" [2.5-1 ]

An effect of "puff and pump" on reduction in the intrinsic carbon impurity was

demonstrated using gas puffing from the plasma top and the inner divertor pumping. Experiment

of the main gas puff and divertor pump (case I) has been performed in ELMy H-mode plasmas

with high NB injection power of 18 MW. Results (I) were compared to cases (II) increasing

inner gap (between strike point and pumping slot) to 6 cm, and (III) closing the pump shutter

(stop pumping). Under the attached divertor condition, Zeff was reduced to be 2.1-2.2 for the

small gap case (I). The value of Zefr was smaller than 2.4-2.6 for (II) and 2.6-2.8 for (III). Effect

of "puff and pump" was also observed at higher ne during the x-point MARFE. Values of Zeff

were maintained to be relatively small (2.2-2.4), whereas Zell increased to 2.7-2.9 for (II).

For the same ne, brightness of CVI line at the main plasma edge was smaller than the

cases (II) and (III), while brightness of CII line at the divertor chamber was similar. At the same
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time, large gas puff rate of 73 Pa nvVs, which was a factor of 2 larger than case II, was required

to maintain the high ne plasma. The estimated throughput increased up to 14 % of the particle

recycling in the divertor. It suggests that combination of large main gas puff and inner leg

pumping with small inner gap from the pumping slot produces SOL plasma flow and improve

the impurity retention in the divertor chamber.

2.5.2 Reversal of Plasma Flow with the Ion Grad-B Direction [2.5-2]

Control of the SOL plasma flow has been considered important because of its

implications for helium ash exhaust and impurity retention in the divertor for long pulse

operation of a tokamak reactor. SOL plasma flow was investigated at the two important locations

(i.e. the outer midplane and the x-point) for the cases of normal and reversed Ip and B, directions.

For the ion grad-B drift away from the divertor (reversed Bt), the SOL plasma flew from the

plasma top to the outer divertor target. On the other hand, for the ion grad-B drift towards the

divertor (normal Bt), "flow reversal" occurred at the midplane, while the plasma flew from the x-

point to the target plate in the divertor.

Flow reversal was also observed between ELMs in the ELMy H-mode. It disappeared in a

short period of 1-2 ms just after the ELM event. Rapid formation of the flow reversal at the end

of the ELM pulse was one of the evidences that the drive mechanism exists in the plasma edge.

One of the candidate mechanisms is the toroidal effect on the poloidal ion drift, which

drives the parallel ion flux ("Pfirsh-Schliiter flow") at the outer midplane. The flow direction is

consistent with the measurements for three cases: (1) normal Ip and B, directions, (2) reversal Ip

and Bt directions, and (3) normal Ip and reversal Bt directions. Mach number of the "Pfirsh-

Schliiter flow" was evaluated to be 0.1-0.3 using the measured T,, Er (= V,+2.8Te) and the e-

folding lengths of Tj and ne profiles. This suggests that the poloidal ion drift produces net ion

flow at the main plasma edge, and the "flow reversal" at the midplane SOL would be found in

toroidal plasma.

Effect of the outer divertor pumping on the SOL plasma flow at the outer midplane and

divertor is investigated in the both side divertor pumping experiments in 1999.

2.5.3 In-out Asymmetry in Neutral Pressure at Private Region [2.5-3, 2.5-4]

Fast-response ionization gauges developed by the ASDEX team have been implemented

in the divertor chamber (i.e. at inner and outer divertor targets, and inner, outer and top of the

private dome). Asymmetry in neutral pressure at the inner and outer divertor chambers has been

investigated at high density. Neutral pressure increased with increases in ion flux to the divertor

target and particle recycling, and it saturated or decreased when the plasma detachment

proceeded at the strike points. It was found, for the first time, that inner-divertor enhanced

asymmetry in neutral pressure at the private dome changed lo the outer-divertor enhanced one
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(for the ion grad-B drift towards the divertor). Similar behavior of in-out asymmetries in ion flux

and particle recycling profiles was found at the same time, which was reported in the open

divertor [2.5-5]. Asymmetry in neutral pressure was maintained and it was enhanced with an

increase in ne during the detachment and MARFE. This fact shows that the private dome can

separate neutral transport between the inner and outer divertor chambers, while the in-out

asymmetry might be produced by the SOL/divertor plasma transport related to the ion drift

motion.

After starting the outer divertor pumping experiment (1999), neutral pressure at the onset

of the x-point MARFE increased, in particular, at the outer divertor (by a factor of up to ~5)

compared to that for the inner divertor pumping (1997-1998), whereas increment of po°
l" at the

divertor detachment (inner and outer) was small (1-3). It was observed in particular for the low

x-point height cases (i.e. small gap between the pumping slot and strike point). It suggests that if

in-out neutral pressure ratio, p0
0"'/po"\ ' s kept in wide range of 0.4-1.3 (it was larger than 0.6-0.8

for the inner divertor pumping), plasma detachment at both side divertor chambers could be

sustained in a steady state operation without an appearance of the x-point MARFE. The

demonstration of feedback control with an actuator of the pressure ratio in order to maintain the

divertor detachment is prepared.
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[2.5-2] Asakura N.,et al., to be published in Nucl. Fusion (1999).
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[2.5-5] Asakura N., et al., Nucl. Fusion 36. 795 (1996).

2.6 Particle Transport and Control with the W-shapecl Divertor

2.6.1 Particle Confinement and Density Controllability [2.6-1, 2]

A new scaling law for the ion number in the main plasmas was proposed for ELMy H-

mode discharges. We assumed two particle confinement times; one was for the particles supplied

by NBI (center fuelling) and the other was for those supplied by recycling and gas-puffing (edge

fuelling). The confinement time for the center fuelling increased and that for the edge fuelling

decreased, as the electron density increased. The both confinement times increased with plasma

current and toroidal magnetic field. They decreased rapidly, as the input power increased. The

scaling was compared with data obtained in high pn ELMy H-mode and reversed shear plasmas.

In some reversed shear plasmas, the particle confinement seemed to be enhanced by a factor of

two compared with the scaling. Density controllability was discussed based on the scaling, and it

was found that additional fuelling with a confinement time of 0.1-0.4 s was necessary for the

density control in the ELMy H-mode plasmas.
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2.6.2 Helium Removal from Reversed Shear Plasmas [2.6-3]

Helium exhaust characteristics in reversed shear plasmas has been studied using a short-

pulsed helium gas puff. The residence time of helium particles inside the ITB (Internal Transport

Barrier) was 1.9 times as long as that outside the ITB. Assuming that the local X*He equals the

decay time of the helium density inside the ITB, we estimated that x*He/'rE waf> 8-10 and it was

within the range expected for future fusion reactors. However, the helium exhaust efficiency

depended on strength of the ITB. In the case the ITB was strong, the central electron density

increased with time and then partial or major collapse occurred because of MHD instability. In

such cases, pressure gradient at the ITB position was steep and the helium particle confinement

was enhanced. Then, helium removal from the inside of the ITB was difficult.
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2.6.3 Dome Effect on Carbon Impurity Transport

[2.6-4, 5]

From simulation using an impurity transport

code (IMPMC) [2.6-6], it was predicted that the

dome in the private flux region prevents the upstream

transport of hydrocarbon impurity produced by

chemical sputtering. Intensity profile of a CD-band in

the divertor region was observed and analyzed in

order to investigate the dome effect on the carbon

impurity transport. Profiles of the CD-band intensity

in the new W-shaped and previous open divertor are

shown in Fig.1.2.6-1. The intensity around the X-

point in the W-shaped divertor is obviously lower

than that in the open divertor. The observed profile

was reproduced using the impurity transport code. The results suggest that ihe dome works to

prevent hydrocarbon impurity invading the upstream as predicted.

2.6.4 Impurity Transport in Reversed Shear and ELMy H-mode Plasmas [2.6-7]

Particle transport was investigated for several impurity species in reversed shear and

ELMy H-mode plasmas. In the reversed shear plasmas, the particle diffusivity was significantly

reduced in the internal transport barrier. It was almost the same level for helium, carbon and

neon. In contrast, the inward pinch velocity seemed to be large for high-Z species in the internal

transport barrier. On the other hand, in the ELMy H-mode plasmas, the particle diffusivity was

also the same for helium and neon, and an increase in the inward pinch velocity for high-Z

species was not observed.

0 10 20 30 40 50 60 70
Channel

Fig. 1.2.6-1. Profiles of ihc CD-band intensity
in the W-shaped and open divertors
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2. 7 Fast Ions and Alfven Eigenmodes

The Alfven eigenmodes (AEs) were studied with the negative-ion-based neutral beam

(NNB) injection into weak or reversed magnetic shear plasmas. The Toroidicity-induced Alfven

eigenmodes (TAEs) were observed in weak shear plasmas with <pn> ^ 0.1 % and 0.4 < VM|/VA ^

1. Here, <(3n> is the volume-averaged beta value of energetic ions, vyi is the beam speed in the

toroidal direction and VA is the Alfven speed. The excitation and stabilization of TAEs is

consistent with predictions by the NOVA-K code (PPPL). New burst modes and chirping modes

were observed at higher beta of <(3n> > 0.2 %. A few percent drop in the neutron emission rate

was observed correlating with the burst modes. In the strongly-reversed shear plasma with the

ITB, AEs were suppressed due to the misalignment of the AE gap and/or the low pressure

gradient and low fast ion beta in the low shear region [2.7-1, 2]. The TAEs and high frequency

modes observed in ICRF-heated low-q discharges were analyzed in detail using the NOVA-K

code. The TAE frequency change being called "chirping" observed before the sawtooth crash

during the ion cyclotron range of frequency (2COCH ICRF) heating of low-q plasmas has been

simulated well. The frequency chirping is caused by a small change in the safety factor profile in

the core region of the plasma. The NOVA-K code simulation suggests that frequency chirping

occurs mixing of the global and core localized TAE [2.7-3]. It was shown that high frequency

modes observed after the sawtooth crash were the Ellipticity-induced Alfven Eigenmodes

(EAEs) excited at the q=l surface. The EAEs were stabilized with the NNB. The stability

analysis using the NOVA-K code suggested that the stabilization mechanism was beam ion

Landau damping [2.7-4].

Ripple loss of energetic alpha particles and neutral beam ions was calculated for reversed

shear (R/S) discharges in ITER-FDR (Final Design Report) using the orbit following Monte-

Carlo code (OFMC code). The result indicates that, compared with the normal operation with

positive shear (P/S), the R/S operation drastically enhances the ripple loss. The ripple loss can

reach 25 % for alpha particles and 20 % for neutral beam ions. The calculation also suggests that

the toroidal field ripple in a fusion reactor should be designed to be less than 0.6 % at the plasma

surface. Ferritic steel insert to the vacuum vessel is a probable solution to reduce the ripple to an

allowable level in the ITER-FDR design [2.7-5]. Characteristics of energetic ion tail formation

and confinement of tail ions in ICRF-heated R/S plasmas on JT-60 were investigated with the
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OFMC code. Because of the enhanced banana diffusion and large orbit side in the R/S plasma, a

scale length of pressure profile in the R/S plasma is large enough to compensates lower density

of tail ions than that in the positive shear plasma, which enables to contain the stored energy

comparable to that in the P/S plasmas [2.7-6].
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2.8 Plasma Control and Disruption

2.8.1 Active Feedback Control for Steady State Improved Confinement [2.8-1]

Real-time feedback control of line integrated electron density was routinely employed for

the reliable production of the internal transport barrier (ITB) in reversed magnetic shear plasmas.

As to the MHD stability control, feedback technique of the DD neutron emission rate was

adopted. In accordance, the equivalent DT fusion gain of 1.25 was achieved. In order to extend

the period of improved fusion performance in reversed magnetic shear plasmas, feedback control

of the DD neutron emission rale was first performed. The suslainmcnt of ITB was hereupon

achieved for 4.3 s with the H-factor of 1.7 and (3N of 1.5. Investigations on the simultaneous

feedback control of three parameters were undertaken in ELMy H-mode discharges. They were

(1) the line integrated electron density, (2) the DD neutron emission rate and (3) the divertor

radiation power fraction compared with the NB heating power. The contributions of individual

actuators to each control variable were resolved in a quantitative manner.

2.8.2 Generation and Termination of Runaway Electrons [2.8.2]

Disrupted discharges in JT-60 have been investigated in order to clarify necessary

conditions for avoiding runaway electrons generation. It has been found that runaway electrons

are not observed for low By (<2.2 T) or low plasma current quench rate (Iy=-(dlp/dt)/lp) of < 50

s-' and low effective safety factor at the plasma edge of < 2.5. On the other hand, in controlled

disruptions with small plasma shifts (stationary shutdown). qe)T easily increases above 8, and

runaway electrons are observed even for low current quench rales of 50-100 s-i. Furthermore, it
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has been found that in these controlled disruptions the runaway current tail can gradually decay

even for zero or weakly positive plasma surface voltages. These observations of the avoidance

and termination of runaway elections suggest some anomalous loss mechanisms for runaway

electrons.

2.8.3 Characteristics of Halo Currents [2.8-3J

Halo currents and their toroidal peaking factor (TPF) have been measured in JT-60 by

Rogowski coil type halo current sensors. The maximum TPF*lh/IpO was 0.52 in the operational

range of Ip = 0.7 ~ 1.8 MA, B j - 2.2 ~ 3.5 T, including ITER-EDA design parameters of K > 1.6

and q95 = 3, which was lower than that of the maximum value of ITER database (0.75). The

magnitude of halo currents tended to decrease with the increase in stored energy just before the

energy quench and with the line integrated electron density at the time of the maximum halo

current. A discharge termination technique without a shift of a plasma current channel was

useful to avoid halo current generation.
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3. Design Progress of the JT-60SU

3.1 Basic Design for Compact Type of JT-60SU

In the fiscal year of 1998, the design study of a superconducting tokamak machine JT-

60SU (Super Upgrade) was continued. The device size was changed to a compact type compared

to the last five fiscal years. The major radius Rp is 3.9 m, the minor radius a is 0.98 m, the

toroidal field BT is 5.8 T and the maximum plasma current lp is 8 MA. The objective of the

compact design was to enhance the technical design margin and to reduce the production cost.

An option of DT operation with QDT~5 was excluded for the cost reduction. An advanced

operation scenario of a reversed shear mode was involved and the technical assessment was

conducted.

JT-60SU compact has 18 toroidal field (TF) coils and the superconductor was planned to

be (NbTi)3Sn. However, Nb,AI conductor could be adopted, if the manufacturing cost was

reduced to that of (NbTi)3Sn. The up-down symmetric vacuum vessel with 18 horizontal, 18

oblique and 18 vertical ports was employed for JT-60SU compact. As the material of the vacuum

vessel, low Co concentration (0.05 %) 3 16SS with tungsten coating was a first candidate, but the

usage of Ti-6Al-4Vi and Ti-AI alloy were also studied. For all cases, it was indicated that the

nuclear heating in the TF coils and the radiation dose rate were less than the design guideline
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values. In these analyses, the conditions to reduce the radiation dose rate were as follows: (a) the

TF coils are connected with shear panel each other, and (b) cooling water containing boron

(several %) is filled up or (c) high Mn steel plates are inserted in the vacuum vessel boards.

The poloidal field (PF) coils consists of 6 central solenoid pieces (CS) and 6 outer equilibrium

field (EF) coils, and the superconductors for CS and EF coils are of (NbTi) 3Sn and NbTi,

respectively. The PF coil system was designed to excite independently for each coil and produce

a wide variety of plasma shaping (elongation Kx up to 2.0 and triangularity 8X up to 0.8) in order

to improve the p-limit in the steady state operation scenario. To obtain high triangularity, the

double-null divertor configuration with the up-down symmetry exhaust ports, total 8 oblique

ports, was employed. The schematic drawing of JT-60SU compact device is shown in Fig.1.3.1-1,

where the inner diameter and the height of the cryostat is 21.5 m and 12 m, respectively.

As an advanced operation scenario, the reversed shear operation was considered in

addition to the ordinaly high li and hot ion mode operation, which was considered in the last

fiscal years. To realize the stable steady-state reversed shear operation, however, it was

necessary to make the reversed shear configuration from the plasma initiation phase, and the

raising time (t = 0.02 ~ 0.2 s) of the plasma current just after break down of the plasma should be

shorter than the current penetration time. If the equilibrium of circular plasma cross section was

applied to small plasma at the

initiation phase, the high voltage . . ; .•: . _,,.-

above the limited value was required :'•,••'.:"'':•: \ ' ' ".'•• ' .' '; " ''•'" •'•'", .
for the divertor coil system. To avoid ,V ' • ' • . - • " " •.•'"• •" ' ;

the high voltage limit, it was ' '•- . ••, . ' .•' ,'''•;• '., : '

suggested that the equilibrium with an ''<• "- ' -• •.:" .'• '.;,_ '',•"";-••• :" •,; f

elliptic cross section of the reversed

shear operation should be applied. To

confirm the vertical positional

stability, the up-down symmetry

baffle plate was adopted. The values

of growth rate and stability margin

were improved from 45 Hz to 22 Hz

and 0.68 to 1.46, respectively, with

two baffle plates of 20 mm thickness

SUS316. These improved values

satisfied the conditions of the JT-

60SU design guideline.

' ig.1.3.1-I Schematic drawing ol'JT-6()SU Compact
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3.2 JT-60SU Divertor and ECH Transmission System Conceptual Design

An up/down symmetric double-null divertor for highly triangular elongated double-null

plasma operation on JT-60SU (Rp = 5.0 m, a = 1.5 m, IP = 10 MA, BT = 6.25 T, K = 2.0, 8 =

0.63) was conceptually designed. A tightly baffled arrangement was produced using contoured

plasma facing surfaces. The divertor shape was designed to fit equilibrium produced using the

EFIT code. A simplified component-mounting scheme was adopted to the new double-null JT-

60SU divertor geometry and halo current loads. The simulations showed that JT-60SU could

produce a peak axisymmetric halo current fraction Ih(po|/Ip0 ~ 0.47 in the case of post-thermal

quench core and the halo temperature of 25 eV for an equilibrium with initial growth rate of yZ =

50 rad/s. Stress analyses of support concepts for the divertor were performed for the calculated

halo current loads. The peak heat flux was significantly reduced (~2 times) in both standard

single-null and double-null options, as compared with an original "flat" divertor option in the

previous design. A thermal analysis of the JT-60SU divertor was performed. The power flow and

heat fluxes were based on the assumption that input power is 80 MW and 50 % of this power is

radiated. A slantblock design with a block width of 30 mm and a flow channel diameter of 15

mm was used in this analysis. Based on the heat fluxes and geometry, a cooling water flow

velocity of 7 m/s was found to be sufficient to keep the surface temperature of the CFC below

1000 °C and to provide a safety factor of 2 for the critical heat flux. The total flow required was

1500 1/s.

The previously designed ECH transmission system of JT-60SU (the waveguide

transmission system and the antenna design) was reviewed. The performance and cooling of

waveguide components with an inner diameter of 31.75 mm were adequate for 1000 s operation.

A small increase of the waveguide diameter would achieve a greater safety margin for cooling.

Certain guidelines for an alignment of the waveguides were provided that most of the waveguide

supports should not be rigidly tied to the waveguides and miter bends and adjacent waveguides

should not be rigidly tied to supports. For the antennas, the beam spreading by local shaping of a

secondary mirror (M2) was reduced with a moderate mirror curvature for focusing the centers of

all the beams. Steering by rotating M2 instead of a primary mirror (Ml) to reduce maintenance

and improve reliability was suggested.
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II. JFT-2M PROGRAM

JFT-2M carries out advanced and basic research for the development of high-performance

plasmas for nuclear fusion, making use of the mobility of a medium-sized device. Both domestic

and international cooperations are intensively utilized. In FY 1998, following subjects were

mainly pursued. For the core plasma research, the confinement study with a heavy ion beam probe

(HIBP) in collaboration with National Institute for Fusion Science (NIFS) and the electron cyclotron

current drive experiment were carried out. For the peripheral plasma research, the closed divertor

and the compact toroid injection for the development of advanced fuelling were investigated. The

latter was done in collaboration with the Himeji Institute of Technology and NIFS. Design and

preparation for the Advanced Material Tokamak Experiment (AMTEX) were also carried out.

Main results are as follows: (1) A fast change of the electric potential distribution at the L/H

transition was measured directly for the first time with the HIBP. (2) Electron cyclotron current

drive was confirmed. It appeared that no difference on the suppression of the tearing mode by the

co-direction and the counter direction current drive. (3) Low temperature and high density divertor

plasma, and high confinement performance were maintained by the closed divertor. (4) Fuelling

by the compact toroid injection to a central part of the high power NBI-heated plasma (H-mode) was

demonstrated for the first time. (5) Optimized design for the ripple reduction by the ferritic board

installation outside the vacuum vessel was established.

The operation in FY 1998 started from April 1998. In October 1998, the baffle plates for

the closed divertor were removed according to the AMTEX plan. Operation was resumed in

December and continued to January 1999, producing 1730 plasma discharges. During February

and March 1999, ferritic boards were installed outside the vacuum vessel. Check and maintenance

work in the heating and power supply systems were also completed in that period.

1 . Core Plasma Research

1.1 H-mode Study with Heavy Ion Beam Probe Measurement [1.1-1]

It has been claimed experimentally and theoretically that the radial electric field plays key

roles for causing the L/H transition. So far the highly time-resolved and direct measurement of the

potential has not been performed. The heavy ion beam probe is particularly suited for fast and the

local measurement of the plasma potential. In order to study the physics of L/H transition, we

installed a 500 keV heavy ion beam probe on the JFT-2M under collaboration program between

NIFS and JAERI. The local plasma potential can be obtained by the measurement of the change of

the secondary beam energy generated at the sample volume. Figure II. 1.1 -1 shows the rapid change

of the potential at L/H transition triggered by a sawtooth. The potential changes positively by the

sawtooth heat pulse in coincidence with the fast Da rise. After that, it shows that a very rapid drop

(-100 V / 10 usec) of the potential together with a drop of the fluctuation in the secondary beam
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intensity and the magnetic field of dB9/dt. They seem to

occur simultaneously. The potential goes down further

to about -300 V with its time constant of a few hundred

micro-second together with the fall of Da. We can not

conclude the causality clearly, but the results suggest an

important role of the change of the potential at L/H

transition.
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1 .2 Electron Cyclotron Current Drive and

Disruption Control

The effect of the Electron Cyclotron Heating

(ECH) or EC Current Drive (ECCD) on the m/n=2/l

tearing mode [1.2-1] was investigated using the co-

injection and the counter-injection of the electron cyclotron

waves by using the new variable k/7 antenna [1.2-2]. The

tearing mode is the cause of the mode lock disruption.

The injection angle of the rf beam (f=59.8 GHz,

fundamental O-mode, 170 kW, 0.1 s) was varied

toroidally shot by shot from -25 ' to +25 " from the

perpendicular direction to see the effect of the co-drive or

the counter drive for suppression of the tearing mode with a

single null divertor configuration of the JFT-2M tokamak.

Experiments always showed a larger loop voltage drop in

the co-drive case than in the counter drive case (both for the

clock-wise direction and the counter-clock-wise

direction of the plasma current). The estimated
driven current was -6 kA (ne=lxl019nr3) in the center

resonance condition (B-^2.15 T, Ip=0.14 MA). We

investigated the ECCD (at the island center) effect on
the tearing mode (BT = 1.82 T, Ip=0.23 MA) and found

that even the counter drive suppresses the tearing mode

as well as the co-drive. The mode amplitude

decreased to 1/2, and the mode frequency increased

500
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v o l u m e i s P l a c e d a r o u n d t h e s e P a r a t r i x . t h e

magnetic probe signal of dB9/dt and Da

intensity.

0.8

0 4

time (sec.)
2-1 Magnetic power spectrum of the m=2 mode,

T, Injection angle=25°, Counter-drive case.

- 33 -



JAERI-Review 99-022

from 1.2 kHz to 3.5 kHz due to the decrease of the island width as shown in Fig. II. 1.2-1. No

drive case (perpendicular injection) brought the same result. These facts indicate that the present

effective suppression is mainly brought about by heating and not by ECCD [1.2-2].
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2 . Peripheral Plasma Research

2.1 Compatibility of Dense and Cold Divertor Plasma with Improved

Confinement [2.1-1]

A study of the closed divertor has been carried out in JFT-2M with the aim of making a dense

and cold divertor, compatible with high core confinement. Introducing a gas-puff into the divertor

chamber, the baffling effect of the closed configuration is revealed by enhanced radiation loss

localization and high neutral pressure in the divertor region, lower core fueling and the sustainment

of energy confinement quality. The baffling effect is also enhanced significantly with the ExB

flow and/or the current in the SOL by applying divertor biasing. A dense and cold divertor plasma

up to ne
dlv~4xl019 m'3 and Te

div~4 eV together with the improved confinement modes up to

n^/ne
G~0.7 can be brought by a strong gas-puffing as shown in Fig.II.2. l-l(a) and (b). The strong

gas-puffing to an ELM free H-mode plasma led to the second transition to improved L-mode (EL-

mode). H-factors of the ELM free H-mode and the IL-mode (without sawtooth) only degrade at

their highest densities corresponding to an abrupt increase in the radiation loss over the critical value

of Rp
cnt~0.7 in the main plasma, which was caused by impurity accumulation. However, the EL-
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Fig. II. 2.1-1 (a) Progress of the dense and cold divertor and (b) characteristics of the main plasma confinement in the ELM
free H-mode, IL-mode (with sawtooth) and IL-mode (w/o sawtooth), when the main plasma density normalized by the
Greenwald density limit n e

G i s increased by gas-puffing in the closed divertor chamber. Variation of R^ (ratio of P r ad
to ta l to

input power Pj(1) in a discharge which reaches the highest density of each mode is also shown as a function of n e /n e
G in

(b).
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mode (with sawtooth) keeps a low radiation loss below Rp
cnt and has favorable features for

realizing steady-state high performance at high density. The UEDA-code simulations also show

that the baffle plates produce a strong neutral buildup and the dense and cold state in the divertor

chamber.

Reference
[2.1-1] Kawashima H., Sengoku S., Ogawa T., et al., "Study of a Closed Divertor with Strong Gas puffing on

JFT-2M", to be published in Proc. of 17th IAEA. Conf. on Fusion Energy (Yokohama, 1998), paper
IAEA-F1-CN-69/EX3/4.

2.2 Compact Toroid Injection [2.2-1]

A dense and fast compact toroid (CT) injection is expected to be a core fueling method for a

fusion reactor. The CT injection experiments in NBI heated plasmas including H-mode have been

carried out in the JFT-2M tokamak. It was demonstrated for the first time that the CT penetrates

into the core region of the H-mode plasma heated by 1.2 MW NBI with a rapid increase in the

electron density at BT =0.8 T. Asymmetric radial profile of the soft X-ray emission indicates the

CT penetration into the core plasma, while partial penetration in the peripheral region was observed
at Bp=1.3T. Incremental fractions of the soft X-ray intensity of the central chord and increasing

rates of the line averaged electron density due to the CT injection becomes larger with deeper

penetration of CTs. We observed the largest increase of the line-averaged electron density of

~0.8xl019 m~3 at a rate of 1.2xl022 m"3/s with the CT injection in an ohmic discharge at BT

=0.8 T so far.

Reference
[2.2-1] Ogawa T., Fukumoto N., Nagata M, et al., "Compact Toroid Injection Experiment in JFT-2M", to be

published in Proc. of 17th IAEA. Conf. on Fusion Energy (Yokohama, 1998), paper IAEA-F1-CN-
69/EX1/16.

3. Advanced Material Tokamak Experiment (AMTEX) Program

3.1 Preparation for Ripple Reduction Testing with Ferritic Inserts

The negative magnetic shear configuration provides a prospect toward the steady-state

tokamak operation. However, negative shear experiments in JT-60U showed an enhanced loss of

ripple trapped fast ions [3.1-1]. Therefore, it is one of the most important issues to reduce the loss

of fast ions for the steady state operation. In ITER, it is planned to use ferritic steel to reduce

the toroidal field ripple (to reduce fast ion losses) [3.1-2]. In JFT-2M, ferritic boards (FB) were

inserted between the present vacuum vessel (W) and the toroidal field coils (TFCs) for the first time

in the world in order to test reduction of the toroidal field ripple and the fast ion ripple losses. In

order to reduce the fast ion losses, the ripple amplitude and its toroidal mode number have to be

reduced [3.1-3, 3.1-4]. The guideline of the design to reduce the fundamental and the higher
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toroidal mode in the case of ferritic steel insertion is as follows: wider and thicker ferritic board

should be positioned far from plasma, but inside the TFCs. A conceptual drawing of the ferritic

board insertion on JFT-2M and a photograph of one of the ferritic board set is shown in Fig.II.3.1-1.

Since its effect is not linear, its optimized thickness depends on the magnetic field. It is

designed to consist of elements of 8mm thickness so that its total thickness can be changed by

adjusting the number of elements. Measurements of fast ion losses without FB insertion were

carried out before installation of FBs.

(a) (b)

"""""̂  j_-Toroidal Field Coil

\ V Vacuum Vessel : !'

Support
Fig.II.3.1-1 (a) Conceptual drawing of the ferritic board insertion on JFT-2M,

(b) Photograph of one of the ferritic board set.

Increments of wall temperature due to the ripple ion losses were observed between the TFCs by an

infrared camera during tangential NBI heating. Both ripple trapped ion losses and banana drift loss

ions were observed at the wall of the shoulder part and the mid plane part, respectively.

References
[3.1-1] Tobita K., et. al , Proc.l6th Int. Conf. on Fusion Energy, (Montreal, 1996) Vol. I, 497 (1997).
[3.1-2] Ioki K., et al., J. Nucl. Matter. 258-263, 74 (1998).
[3.1-3] Sato M., Miura Y., Kimura H., et al., Proc. of 20th SOFT, (Marseille, 1998) 545 (1998).

3.2 Design of Ferritic Vacuum Vessel [3.2-1]

The ferritic steel is proposed for the structural material of blankets in SSTR and the advanced

SSTR (A-SSTR). However, the error fields due to the ferromagnetism of the ferritic steel may

affect the stability and confinement of high performance plasma. To clarify these issues, the

present W will be replaced with a ferritic VV in the second phase of AMTEX and compatibility

between plasma performance and ferritic steel will be tested. Design study on the ferritic W (20

mm in thickness) was carried out and following results were obtained; (i) For the plasma equilibrium,

effects of a ferritic W are small because the ferritic steel saturates easily by the toroidal magnetic

field and its relative magnetic permeability is around two. (ii) Mechanical analyses of the ferritic

W indicate that the maximum induced stress (60 MPa) with the electromagnetic force due to the

disruption is much smaller than the critical stress (325 MPa).
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Reference
[3.2-1] SatoM., MiuraY., Kimura H., et al., J Plasma & Fusion Research, 7 5, 741 (1999).

4 . Operation and Maintenance

4.1 Tokamak Machine

A drop of ground insulation resistance of the vacuum vessel at temperatures around 80C

had been always observed during the baking of the vacuum vessel. The cause of the insulation

deterioration was thoroughly inspected during the vent for the installation of diagnostic instruments

in March 1999. Contact of a thermocouple wire and a cable connector of the gas-puffing system

with a structure electrically connected to the ground was found, and contact between a lead wire of

the baking heater and a structure electrically connected to the ground was also detected. These

failures were completely fixed.

In the compact toroid (CT) injection system, a transformer was installed to reduce the noise

in the low-voltage power supply and the baking system was improved. A CO2-based fire

extinguisher was newly introduced for safety. A new electrode was also introduced to improve the

performance of the CT system.

An infrared TV temperature measurement system was also installed for the detecting the

ripple loss of fast ions before and after the installation of the ferritic board on JFT-2M.

4. 2 Neutral Beam Injection System and Radio-Frequency Heating System

The neutral beam injection (NBI) system and the electron cyclotron resonance heating (ECH)

system were operated fairly smoothly and were fully utilized for the experiments. In the annual

maintenance of the NBI system, the residual-gas monitoring system was serviced. The renewal was

also made of the optical transmitters in the retarding power supply, the storage batteries for the

control system and the water pumps in the cooling system. In the ECH system, an intensive aging

was carried out to prolong the injection time after the annual maintenance of the system including the

transmission system.

4. 3 Power Supply System

In the operation for the magnetic field measurement before and after the installation of the

ferritic steel boards (in January and March 1999), the motor generators (MGs) #2 and #1 for the

toroidal field coils were halted due to the flashover of the commutator, respectively. The flashover of

MG #2 occurred due to copper drags of the commutator and that of MG #1 was caused by dusts

stuck on the commutator. To overcome these problems, at first, the material of the carbon brushes

was changed from greasy fumes to coke, and resistance to arcs and the contact of brush were

improved. Filters will be installed in the air inlet of each motor generator to reduce the dusts.
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HI. THEORY AND ANALYSIS

The principal objective of theoretical and analytical studies is to improve the

understanding of physics of tokamak plasmas. Remarkable progress was made on the physical

understanding of transport phenomena such the internal transport barrier in JT-60U in

connection with radial electric field. Progress was also made on the study of stability such as the

neoclassical tearing mode and the double tearing. As for divertor plasma, the importance of the

thermoelectric instability was shown by using the five point model. The NEXT (Numerical

Experiment of Tokamak) project has been progressed since 1996 in order to research complex

physical processes in core plasmas, such as transport and MHD, and in divertor plasma by using

recently advanced computer resources.

1. Confinement and Transport

In order to understand the physical mechanism forming the discontinuity of the global

drift wave structure near the minimum-q surface, a possible explanation based on the separate
structure of sheared slab T̂  mode near the minimum-q surface has been presented [1-1]. The

discontinuity condition was approximately estimated and effects of both the poloidal rotation

and the diamagnetic rotation shears were also discussed. Calculation results have a good

agreement with the observations in the simulation and suggested that the discontinuous structure
of the global drift wave may originate from the excitation of the sheared slab r^ mode near the

minimum-q surface for the flat q-profile.

The global confinement and the local transport properties of improved core confinement

plasmas in JT-60U have been studied in connection with Er shear formation [1-2]. The improved

core confinement mode with ITB, the internal transport barrier, is roughly classified into

"parabolic" type ITBs and "box" type ITBs (see Fig.III.1-1). In the parabolic type ITB, the

gradient of temperature and density change drastically at r=rrrB- The temperature and density

profiles in the core region r<irrB are much more peaked than those of peripheral region r>riTB-

The parabolic type ITB has the reduced thermal diffusivity, %, in the core region; however, the

Er shear, dEr/dr, is not so strong. In the parabolic type ITB, the thin ITB layer within which the

temperature and density gradient is very large appears around r=riTB- The width of ITB layer is

approximately several times larger than that of ion poloidal Larmor radius. The box type ITB has
a very strong Er shear at the ITB layer and the % value decreases to the level of neoclassical

transport there. The estimated ExB shearing rate, ©EXB. becomes almost the same as the linear

growth rate of the drift microinstability, YL, at the ITB layer in the box type ITB. Experiments of

hot ion mode plasmas during the repetitive L-H-L transition shows that the thermal diffusivity
clearly depends on the Er shear and the strong Er shear contributes to the reduced thermal

diffusivity.

- 3 8 -



JAERI-Review 99-022

Two different transport

models, CPT model (canonical

profile transport model) [1-3] and

SET model (semi empirical

transport model), are applied to

the JT-60 plasmas [1-4]. The

CPT model predicts the

bifurcation of the heat flux and

the appearance of the ITB layer.

The SET model reasonably

reproduces the temperature and

density profiles of the L-mode

and H-mode discharges in JT-60

in a wide range of plasma

parameters in the normal shear

regime. In the reversed shear

regime, the SET model does not

describe the steep density and

temperature gradient within the

ITB layer.
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Fig.m.1-1 Profiles of safety factor, q, electron temperature, Te,
ion temperature, Ti, and electron density in (a) "parabolic type ITB and
(b) "box" type ITB. Profiles of experimentally evaluated electron and
ion thermal diffusivity, yp and x\, neoclassical ion thermal diffusivity,
XNC, and radial electric field in (c) "parabolic type ITB and (d) "box"
type ITB. (c) and (d) correspond to (a) and (b), respectively (ref.[l-2]).
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[1-1] Li J., et al., "Sheared Slab Instability in Tokamak Plasma with Negative Magnetic Shear", Phys. Plasmas 5,

959(1998).
[1-2] Shirai H. and JT-60 team, "Reduced Transport and Er Shearing in Improved Confinement Regimes in JT-

60U", in Proc. 17th IAEA Fusion Energy Conference (Yokohama, 1998), IAEA-FI-CN-69/EX5/4: to be
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Model of Canonical Profiles", Nucl. Fusion 35, 1047 (1995).

[1-4] Dnestrovskij Yu N., Lysenko S.E., (Polevoi A.R.), et al., "Test of Canonical Profiles and Semi Empirical
Transport Models against JT-60U Plasmas", in Proc. 17th IAEA Fusion Energy Conference (Yokohama,
1998), IAEA-F1-CN-69/THP2/17: to be published in Nucl. Fusion 1999.

2. Stability

The linear and nonlinear features of a double tearing mode are investigated. The linear
growth rate on resistivity T| shows y - T|!'3for small Ar, a radial distance of two rational surfaces.

As Ar increases, the exponent changes from 1/3 to 3/5. The nonlinear study shows that a double

tearing mode grows with a linear growth rate and causes a crash when Ar is small. When Ar is

large, two islands saturate in the final stage. However, in the intermediate value of Ar, a double

tearing mode looks as if it becomes a saturated state once. After a long time it is destabilized

nonlinearly by the interaction of two islands and causes the flattening. The phase diagrams for
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the double tearing mode are also obtained [2-1]. For weakly reversal case, usual tearing mode is

possibly unstable and saturated with a finite island size. For strongly reversal case, a tearing

mode with a resonant surface in the negative shear region or a double tearing mode becomes

linearly unstable. For moderately reversal cases, a double tearing mode becomes unstable and an

annular crash occurs for high q^,, and the current profile is flatten locally. Core crash, the current

profile is flattened to the magnetic axis, occurs for moderate q ,̂, by magnetic reconnections. For

lower q,̂ ,,, the final state is double chains of saturated islands.

Recently, it is shown that the value of the safety factor q is equivalent to 1 at plasma

surface during n=l burst in VDE of JT-60 tokamak. The magnitude of halo current due to m/n=l

external or internal kink modes is investigated by the MHD simulation. It is shown that the

vacuum bubble can be formed by m/n=l kink mode for flat current plasma, which can cause the

halo current. The estimated magnitude of halo current can be 50 % of total plasma current for the

plasma with the internal inductance of 0.86 [2-2].

Ideal MHD stability of high-elongated JT60-SU plasma is investigated. It is shown that
the maximum value of pN is mainly limited by a peeling mode, when the bootstrap current near

the plasma surface is enhanced in the H-mode plasma. The triangularity has stabilizing effect on

the peeling modes, while the usual free-boundary modes and ideal internal modes are not

affected by the triangularity [2-3].

Using the statistical theory, it is shown that the magnetic stretching term in the resistive

MHD equations is responsible for the formation of the coherent structures in the 2D MHD

turbulence which is related to the transport in the plasma confinement.
In a low collisionality plasma with high pp, large bootstrap fraction and long pulse

lengths, neoclassical tearing modes will play a more prominent role in limiting stored energy and

degrading confinement. Especially, a weak shear and large pressure gradient enhances the

growth of the neoclassical tearing mode. Therefore, effects of the pressure profile and the current

profile on the neoclassical tearing mode are investigated, and stabilization by an external local

current is discussed. The present stability analysis is based on the saturated island equation

(dw/dt = 0), which is derived by the island evolution equation. Results of the analysis show that,
for the broad-p (dp/dy «= O.3(l-\|/)05 +0.7) and high lj (= 1.2) plasma, the neoclassical tearing

mode has better stability where qmjn is slightly above one or two. For the broad p and low 1, (=

0.8) plasma, the higher n mode is more stable. It is also found that a local current drive

effectively stabilizes the neoclassical tearing mode. The local current of ~2 % of the total current

with a width of 10 % of the minor radius reduces the island width significantly, and increases the

stability boundary to the ideal MHD limit. To reduce the island width, localization of the

externally driven current is effective. Ray tracing analysis of the electron cyclotron current drive

(ECCD) by the fundamental resonance of the ordinary wave at 110 GHz shows localized current

drive over a radial region less than 10 % of the minor radius is achievable for JT-60 like
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configuration with neo = 1 x 1020 m"\ Teo = 10 keV and Ro = 3.4 m. The current drive efficiency,

y = <ne>RoI/Pinp. is estimated as ~ 0.03 at the half minor radius and an external current of 20 kA

(~2 % of 1 MA total current) can be driven by about 1 MW power of EC wave.

References
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[2-3] Kurita G., Nagashima K., Kikuchi M., et al., "Triangularity Effect on Ideal MHD Stability of JT-60SU
Plasma", Plasma Phys. Control. Fusion 41, 159 (1999).

3. Divertor

The thermoelectric instability in divertor tokamaks has been studied analytically and

numerically by using the five-point model based on scrape-off layer (SOL) and divertor plasmas.

To clarify the onset condition of the thermoelectric instability, the linear stability of a symmetric

equilibrium of the SOL and divertor plasmas was analyzed by giving an asymmetric perturbation

[3-1]. When the divertor plasma temperature 7djv decreases below a critical temperature, the

symmetric equilibrium is found to be unstable due to the thermoelectric instability. It is shown

that the critical temperature of the thermoelectric instability depends on the midplane SOL

plasma temperature and the divertor radiation loss. Next, the asymmetric equilibrium and its

linear stability were investigated [3-2]. When the symmetric equilibrium is unstable, two

asymmetric equilibria are obtained. These asymmetric equilibria are stable because the change of

sheath potentials and the plasma resistivity suppresses the thermoelectric instability. In an

asymmetric equilibrium, the SOL current flows from the higher-rdiv side to the lower-Tdiv side.

The heat flux flowing into the divertor plate of the higher-rdiv side becomes larger than that of

the lower-7div side. The heat flux asymmetry is large for cases in high recycling and low heating

power.
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4. Numerical Experiment of Tokamak (NEXT)

4.1 Development of Computational Algorithm

The development of a compressible MHD code in the torus geometry has been started in

order to investigate the mechanism of the collapse in high beta plasmas. The code was

constructed by the finite volume method on triangular meshes in the poloidal plane and by the

pseudo-spectral method in the toroidal direction. In this code, due to the adoption of the
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unstructured grid system, the real machine geometry in the poloidal plane will be easily realized

without any singularities at the magnetic axis. On the other hand, the high resolution of the

toroidal modes is achieved by the benefit of the spectral method. Up to now, the code was

inspected for the propagation of linear MHD waves in a uniform plasma.

4.2 Transport and MHD Simulation

It is becoming clear that various improved modes, such as the internal transport barrier

(ITB) formed in reversed magnetic shear experiments can be achieved by suppressing such semi-

global structure of the toroidal mode which has been obtained in the numerical simulations. We

investigate the role of plasma shear rotation and weak/reversed magnetic shear on these semi-

global modes by employing our toroidal simulation code together with a non-local theory. From

simulations, in addition to the overall reduction of the wave excitation in the entire negative

magnetic shear region, we found that the weak or zero magnetic shear which appears near the

minimum q (safety factor) surface breaks up toroidal coupling. This leads to a "discontinuity (or

gap)" in wave excitation around the q-min surface, leading to the emergence of the transport

barrier. The plasma shear rotation which is observed in the experiment enhances the

discontinuity so that the performance of the transport barrier is increased [4-1, 4-2].

In order to clarify the nonlinear behavior of the internal collapse, the density gradient

effect is studied by the gyro-kinetic nonlinear simulation in a cylindrical plasma. Even when the

density gradient is not so large enough to change the process of the full reconnection, the later

process is changed due to the self-generated radial electric field which is affected by the fast
parallel motion of electrons. This radial field drives the ExB plasma rotation in the ion

diamagnetic direction which violates the symmetry of the plasma flow. As a result, the current

reconcentration which induces the secondary reconnection is restricted. Therefore, it is a delicate

problem whether the minimum safety factor becomes less than unity again [4-3].

In order to investigate the availability of deep fueling in

a fusion device by using the compact toroid (CT) injection , '

method, we have carried out the MHD simulation in which the ./» ~ ^ ,_....- , J.^ \

CT is injected into the target magnetized plasma region. It is c-~- \ ^>" 5 ' W % | ^ i ^ ~

revealed that magnetic reconnection between the CT magnetic ^ \ \ . ' : " ' * : t l ? 5 * t ^

field and the target magnetic field leads to supply of the CT ^•--.-^ r^^- K?

high density plasma into the target region. Also, it is found that

the injected CT is decelerated by both the magnetic pressure

effect and the magnetic tension effect of the target magnetic Fig.ffl-4-l The spatial structure of
„. , , Ai , , , magnetic field lines and the CT high

field through the plasma pressure. , . , , t. _„ ,
° l L density plasma when the CT has

The boundary layer analysis of the forced magnetic entered the target region (square)

reconnection due to an externally imposed boundary from the injection region (cylinder).
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perturbation such as error fields is reformulated by adopting the appropriate asymptotic

matching. It yields the correct reconnection process which reflects the effect of the inertia of the

plasma in the inner layer exactly [4-4].

Hamilton guiding center theory has been extended to the relativistic electrons. This theory

is applied to simulations on collisionless electron motion in stochastic magnetic fields in a

tokamak. The simulations have demonstrated that magnetic islands having the widths expected

on the major disruption cause the collisionless loss of the relativistic electrons, and that the

resultant loss rate is high enough to avoid or to suppress the runaway generation. It is because,

for the magnetic fluctuations in the disruption, the loss of the electron confinement due to the

breakdown of the toroidal momentum conservation overwhelms the runaway electron

confinement due to the phase-averaging effect of relativistic electrons. The simulation results

provide a strong support for the JT-60 experiments on the fast plasma shutdown avoiding the

runaway generation.

4.3 Divertor Simulation

Development of simulation codes for scrape-off layer (SOL) and divertor plasmas has

been continued. The fluid codes, such as SOLDOR developed in JAERI, employ various physics

models, i.e., boundary conditions at the plasma-wall boundary, heat conductivity, viscosity and

so on. A particle simulation code PARASOL has been developed to validate these physics

models. Magnetic field is given constant, which intersects the divertor plates obliquely. Hot

particle source is given in the central region of the SOL plasma. Electron motions are

approximated as their guiding-center motions, while ion motions are fully traced. The

electrostatic field along the direction normal to the plate is calculated with a usual PIC method.

Collisional effects are simulated by a binary collision model. The radial electric field newly

introduced providing that it is proportional to the electrostatic potential. The flow pattern
becomes asymmetric due to the ExB drift, and the boundary conditions are changed.
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IV. TECHNOLOGY DEVELOPMENT

Research and Development of nuclear fusion reactor technology has been focused on the

ITER EDA-related areas. Major highlights of Research and Development (R&D) in FY 1998 are as

follows:

(1) Superconducting Magnet; 1) Successfully completed the high precision assembly and electrical

joint connection of eight layers of solenoid coils to produce the Outer Module of the CS Model Coil.

2) Successful heat treatment of the CS Insert Coil for activation of the Nb3Sn was completed in

collaboration with U.S.A.

(2) Vacuum Vessel and Remote Handling; 1) Fabrication of the full-scale vacuum vessel sector of

316LN was successfully completed as well as the arrival of the port structure from Russia and

remote assembly test plan in progress. As for seismic isolation development the sub-scaled rubber

bearings with diameters from 0.2 m to 0.7 m were tested and basic performance test such as spring

constant, breaking and buckling characteristics was completed. 2) Full-scale mock-up test for

blanket remote replacement based on the rail-mounted vehicle type manipulator system was operated

at an automatic control mode. The mock-up weighing 4 ton was fixed in position within accuracy

of ±2 mm.

(3) Blanket Technology; A small-scale first wall/blanket model (300-mm-wide x 200-mm-deep)

made of a reduced activation ferritic steel F82H for DEMO breeding blanket was fabricated by Hot

Isostatic Pressing (HIP) and consisting of the first, side and back walls built-in coolant channels and

manifold.

(4) Plasma-Facing Component; Full-scale divertor mock-ups for ITER were fabricated and 5

MW/m2 steady state and 20 MW/m2 transient heat load tests were conducted with the 1-m long

source at JAERI. The divertor mock-ups were shown to withstand the lifetime worthy of 3

years.

(5) Negative-Ion Beam Source; Negative H-ions with high current density of 15 mA/cm2 were

extracted from 9 apertures of the ITER concept source, called KAMABOKO source, and converged

to produce 200 mA negative ion-beam at 700 keV for 1 s.

(6) RF Heating Technology; Diamond window (the Chemical Vapor Deposition diamond disk)

gyrotron at 170 GHz for ITER achieved an output energy of 3.6 MJ (450 kW x 8 s).

(7) Tritium Engineering; 1) Tritium gas behavior in the caisson called CATS with the volume of 12

m3 was tested under various conditions for development of simulation codes. 2) Dynamic control of

the distillation column with newly developed laser Raman analysis system was demonstrated in the

integrated fusion fuel processing loop for ITER.

(8) Vacuum and Fuelling Technology; A magnetic field levitated, helical groove vacuum pump

satisfying the compression ratio of about 140 at the high exit operating hydrogen pressure of 150 Pa

has been successfully developed for ITER.
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1 Blanket Technology

1.1 Development of ITER Shielding Blanket

For fabrication technology development of the ITER shielding blanket, heat load tests

have been conducted for a blanket mid-scale mockup and a baffle first wall mockup within the

framework of ITER/EDA, and the thermo-mechanical soundness of these mockups has been

demonstrated.

1.1.1 Thermal Cycle Test of ITER Shielding Blanket

Heat load test has been conducted for a mid-scale ITER shielding blanket mock-up [1.1-

1] (800 mm in height x -530 mm in width x -370 mm in depth) for examination/demonstration

of its fabricability and thermo-mechanical performance. In the fabrication of this module, the

first wall heat sink made of dispersion-strengthened copper (DSCu), austenitic stainless steel

(SS316LN) cooling tubes built-in the DSCu and a shielding block made of SS316LN with drilled

cooling channels are joined by Hot Isostatic Pressing (HIP) method. An infrared heater has

been used for simulating surface heat load [1.1-2], and the heat load test of 1000 cycles, which

can give a cumulative fatigue damage comparable to the ITER shielding blanket design, has been

achieved. The degradation of heat removal performance including a delamination of HIP bonded

interface has not been observed during the test, and hence thermo-mechanical soundness of the

ITER shielding blanket has been confirmed.

References
[1.1-1] Sato, S., et al., Fusion Eng. Des. 39-40 (1998) 765-773.
[1.1-2] Furuya, K., et al., "Heating Facility for Blanket and Performance Test", JAERI-Tech 99-025 (1999).

1.1.2 High Heat Flux Test of Baffle First Wall Mockup [1.1-3]

A high heat flux test on the baffle first wall mockup has been carried out to confirm the

thermo-mechanical soundness of the joining interface between the carbon fiber composite (CFC)

armor and DSCu heat sink by means of silver-free brazing. Brazing between DSCu and CFC

has been made in two steps. In the first step, CFC armor tiles were joined to an oxygen free

copper (OFCu) plate and the OFCu plates joined, in turn, to the DSCu in the second step. After

screening tests, brazing materials of Cu-Mn and Al were selected for the first and the second

steps, respectively. A small-scale baffle first wall mockup of 400 mm in length, 49 mm in

width and 52 mm in thickness was successfully fabricated. High heat flux tests were performed

with the fabricated mockup. The objectives of high heat flux tests were to examine integrity of

CFC/OFCu and OFCu/OFCu brazed joints, and also to examine fatigue lifetime and fracture

behavior of the mockup. Test conditions were selected based on thermo-mechanical analyses to

simulate the temperature at the brazing interface under ITER operation condition and also higher
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temperature with higher heat fluxes for acceleration tests. The mockup withstood more than

4,600 cycles with heat fluxes of 5-10 MW/m2. From the results, thermo-mechanical soundness of

CFC/DSCu interface was demonstrated.

Reference
[1.1 -3] Hatano T., cl al., Fusion Tcchnol., 34, 908-913(1998) .

1.2 Development of Breeding Blanket

Fabrication technology development for the DEMO breeding blanket box structure has

made progress, and design-oriented thermo-mechanical data on the solid breeder/multiplier

pebble bed have been continually obtained.

1.2.1 Fabrication of a Small-scale First Wall Model

Following the successful fabrication of the flat first wall panel [1.2-1], a small-scale

model of the first wall/blanket structure (300-mm-wide x 100-mm-high x 200-mm-deep) made

of a reduced activation ferritic steel, F82H, has been fabricated by Hot Isostatic Pressing (HIP)

as shown in Fig. IV. 1.2-1. This model consists of the first, side and back walls built-in coolant

channels and manifolds. The objectives of this model are to investigate further the HIP

bondability, especially at the first wall corner, and to develop a fabrication procedure for the

blanket box structure. Rectangular coolant tubes, plates sandwiching the tubes at the first, side

and back wall were joined by HIP and post heat treated with the previously selected conditions

[1.2-1, 2]. It was confirmed that the model has been made with a satisfactory dimensional

accuracy.

Fig. I V.I.2-1 A fabricated small-scale model of the first wall/blanket structure.
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References
[1.2-1] Furuya K., Enocda M., Hatano T., et al., J. Nucl. Mater. 258-263, 2023 (1998).
[1.2-2] Oda M., KurasawaT., KurodaT., ct al., JAERI-Tcch 97-013 (1997) (in Japanese).
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Fig. IV. 1.2-2 Thermal conductivity measurement result for 1mm U2O
and Li2TiO, Pebble Bed by Hot Wire Method.

1.2.2 Thermal Conductivity of Packed Pebble Beds

The equivalent thermal conductivity, packing characteristics and purge gas flow

characteristics through the pebble bed have

been investigated as important engineering

data for designing a breeder/multiplier

pebble bed. Recently, a hot wire method, a 12

standardized method for measuring the 5£

thermal conductivity of less thermally I 1

conductive materials, has been applied to

measure the equivalent thermal conductivity

of Be, Li2O and Li2Ti0, pebble beds. Also,

mockup thermal tests by cylindrical system

was performed to demonstrate the integrated thermal performance of the packed pebble bed

layers. The mockup test results were compared with the hotwire method measurement and

showed good consistency.

With respect to the effective thermal conductivity measurement by hot wire method,

consistent data was obtained by using Be, Alumina, Li2O single and binary beds [1.2-3].

Figure IV. 1.2.-2 shows the measured results of Li2O I mm single packing bed as the

dependency of the bed temperature, along with the data of Li2TiO3. The observed results were

consistent with the correlation by SZB (Schluender, Zehner and Baner) modified model and

HM (Hall and Martin) modified model, assuming the contact area fraction and

accommodation factor are the same value as those for Li2O pebble beds. The estimation of

Li2TiO3 bed thermal conductivity with no mechanical stress is, now, available by the result

obtained in this work. The mock-up tests have been conducted to confirm the thermal design

by using cylindrical model with layered configuration of Be and Li2O or Li2Ti0v The

preliminary results of the mock-up test [1.2-4] showed relatively good consistency on thermal

conductivity of Li2O pebble bed.

References
[ 1.2-3] Enoeda, M. et al., Fusion Technol. 34, 877 (1998).
[1.2-4] Sato, S. et al., Proceedings of 20th SOFT, Marseille, France, (1998).
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2. Superconducting Magnet Development

JAERI has been developing superconducting magnet technology under the Engineering

Design Activity of the ITER Program. The major highlights of the achievements in the FY1998

are as follows:

(a) Successfully completed fabrication of the Outer Module of the Central Solenoid (CS) Model

Coil including 15 butt-joint fabrication, fabrication of the ground insulation by the vacuum

impregnation method and good performances confirmed by the acceptance tests.

(b) Successful heat treatment of the CS Insert Coil for activation of the Nb3Sn in the U.S.A.

under the collaboration with Massachusetts Institute of Technology.

(c) Completed fabrication of the 12.5-T, 46-kA Nb,Al conductor, including the development of

the repair of the defects found at the heat affected zone of the JN1HR steel conduit

(d) Demonstration of good performances of the conductors for the CS Model Coil Outer Module

and for the CS Insert Coil by the critical measurements of their conductors.

The CS Model Coil Inner Module was transferred to the JAERI-Naka where the CS

Model Coil Test facility has been constructed, and was put into a clean room until the beginning

of FY1999 when the CS Model Coil Inner Module and the CS Insert Coil will join.

2.1 Development of CS Model Coil [2.1-1]

The CS Model Coil - Outer Module has been completed and carried in JAERI on

September 11, 1998, which has been fabricated since October 1996 when the first conductor was

received. As the particularly important work on the fabrication of the CS model coil in this year,

butt type joint development and vacuum impregnation pressure technique are described below.

2.1.1 Butt Type Joint Development

There are 15 joints for conductor-conductor

connection in the CS Model Coil. The joints are

required that joule loss should be less than 7.5 W at 40 ;

kA and ac loss be less than 15 W in varying field of 0.4 '

T/s. In order to meet the specification, a development ,.

of butt type joint has been carried out. The butt joint is

fabricated by metallurgical diffusion bonding between

conductors through a U type joint part which is ; ;

fabricated with the same conductor as the conductor

used in winding. The bonding has been carried out at - . :

700°C for 1 hr using an inductive heater under a . ;~

compression of 100 MPa between the conductors. The Fig.iv.2. l-i Butt joint installed into the coil.
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photograph of the joint installed into the

outer module and also the cross-section of

bonding part is shown in Figs. IV.2.1-1 and

2.1-2, respectively. The performance of the

joint is 6.5 W corresponding to 3.7 nD. for

joule loss and 4.5 W for ac loss whose values

satisfy the specification.

Butt jointing surface Nb3Sn strand

Fig. IV.2.1-2 Cross-section of the bonding part.

2.1.2 Vacuum Impregnation Pressure

Technique

The CS Model Coil was impregnated by epoxy resin to enhance the stiffness of coil and

to solidify the layer and ground insulators which are composed of multi-layers. The epoxy

resin impregnation was carried out with a vacuum pressure impregnation (VPI) technique
140

because the resin can be impregnated into
120

narrow space within the coil. Figure IV.2.1 -

3 shows temperature and pressure within the

vessel including the coil during impregnation

of epoxy resin. The quality for the

impregnation was evaluated by measuring the

level of epoxy using capacitance sensors and

the amount of epoxy filled in the coil. The

epoxy volume was 2000 litter.

100 150 200 250 300 350 400

Time (Hr)
Fig. IV.2.1 -3 Trend of temperature within the coil

during epoxy impregnation.

2.1.3 Completion and Acceptance Test

The CS Model Coil- Outer Module

has been completed with completion of joint

installation and epoxy resin impregnation

work. Figure IV.2.1 -4 shows the CS Model

Coil- Outer Module with the outer diameter

of 3.6 m, the height of 2.8 m and the weight

of 62 ton. Finally, the acceptance test was

carried out and it was found that helium leak

was less than I x 10"9 Pa m3/s and high

potential test of DC 31 kV was satisfied.
Fi.g. IV.2.1-4 Completion of the CS model coil -outer module.

Reference
[2.1-1] AndoT, etal., Proc. Appl. Superconducting Conf. (1998).
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2.2 Development of the CS Insert Coil

2.2.1 Heat Treatment Procedure for SAGBO Avoidance [2.2-1 ]

The R&D activities were carried out for the avoidance of SAGBO cracks during the heat

treatment of the CS insert, using the short samples of Incoloy 908 jacket. The tensile stress (max.

377 MPa) on the outer surface of the conductor is reduced by the shot peening as the results of

the X-ray diffraction measurement. The shot peening is effective in avoiding SAGBO on the

outer surface of Incoloy908 conductor. No SAGBO cracks occurred on the inner surface of the

conductor by the residual stress of the welding at the thick jacket area with the chromium plating

strands. SAGBO cracks were occurred on the inner surface of the conductor by the residual

stress of the welding at the thin jacket area without the chromium plating strands.

The chromium plating and welding at thick jacket area is required for the avoidance of

SAGBO. The tab plates are designed and welded to the thick jacket area by the C-shape bridge.

The complex bend sample which simulated the CS insert winding diameter, tab welding, and

pressure tap was achieved without SAGBO due to the established heat treatment procedure. It is

demonstrated that no SAGBO crack occurs for the CS insert fabrication.

2.2.2 Heat Ttreatment for Nb3Sn Processing

A heat treatment of CS insert was carried out by the procedure developed by R&D

activities as described Section 2.2.1. The heat treatment also succeeded without SAGBO.

2.2.3 CS Insert Fabrication

After heat treatment, the insulation fabrication, sensors assembly will be applied on CS

insert. The CS insert fabrication will be completed in May, 1999.

Reference
[2.2-1] Sugimoto M.,, et ai., Proc. Appl. Superconductivity Conf. (1998).

2.3 Nb3Al Insert Coil

Nb3AI Insert Coil is fabricated under the framework of ITER-EDA to demonstrate

applicability of Nb^Al conductor to the ITER-TF coil with react-and-wind method [2.3-1, 2.3-2].

A 13-T and 46-kA Nb3Al Insert Coil conductor was fabricated using 1 ton mass-produced

Nb3Al strands with high critical current performance of 620 A/mm2-Non-Cu at 12 T and 4.2 K.

The conductor consists of 1152 Nb3Al strand and its length is 150 m. The cross-sectional view

of this conductor is shown in Fig. IV.2.3-1.

- 5 0 -



JAERI-Review 99-022

Fig.IV.2.3-1 Cross sectional view oftheNb,Al conductor.

The critical current of this conductor Sub-cooling
channel pnndnit

was measured to verify no degradation of the • . , . . , . , '
Nb3AI strand (Stainless steel)

superconducting performance during the

conductor fabrication. Figure IV.2.3-2

shows the measured critical current of this

conductor when the magnetic field of 11 T is

applied from a backup field coil. The

expected critical current, calculated as a

product of the strand number and critical

current of a single strand, is shown in this

figure. The measured critical currents show

good agreement with the expected.

Consequently, we can verify no damage on

the Nb3Al superconductor during the

conductor fabrication.

Also, the fabrication technique of the

Nb3Al Insert Coil has been demonstrated

using the full-length normal conductor. This

conductor was wound on a mandrel, which

would be used in the Nb3Al Insert Coil

fabrication, and was heat-reacted. The strict

temperature control, for instant 750±5°C, is

most important in the heat reaction of the

superconductor. The technique to control

the temperature of such a large coil within

750±5°C has then been developed. The

temperatures of the conductor were therefore

monitored using 20 temperature sensors

during the heat reaction of the dummy coil,

resulting in keeping the temperature within

750±5°C during heat reaction for generation of Nb3Al.

The critical current of the Nb3Al strand, which was co-heat reacted with the dummy coil,

was measured, resulting in verification of no degradation in the superconductor performance

through this heat reaction.

References
[2.3-1 ] Koizumi N., et al., IEEE Trans, on Magnetics 32, 2236 (1996).
[2.3-2] Koizumi N., et al., Fusion Eng. Des. 41, 277 (1998).
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Fig.lV.2.3-2 Critical current of Nb,AI conductor.
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3 Development of Negative Ion Beam Technology

3.1 Negative Ion Beam Technologies

A high power neutral beam (NB) injector is one

of the most effective machines to heat fusion plasma,

to drive plasma current for steady state operation and

to control a plasma rotation. To realize such powerful

NB systems, development of the high energy negative

ion beam technologies has been conducted.

3.1.1 Development of lMeV Negative Ion Beam

Accelerator [3.1.1-1]

In the negative-ion-bascd neutral beam (N-NB)

system for ITER, a negative ion source, which can

produce 1 MeV, 40 A D beam, is required.

Demonstration of an ampere-class negative ion beam

acceleration up to the energy of lMeV is the most

crucial milestone to realize such system. For the

demonstration, a prototype 1 MeV accelerator has

being developed and tested at the MeV Test Facility

(MTF) whose power supply capacity is 1 MV, 1 A

for 60 s. The prototype 1 MeV accelerator has a 5-

stage electrostatic accelerator. Each accelerator grid

has 49 apertures of 14 mm in diameter in the

extractor and 16 mm in the accelerator. Whole size of

the prototype accelerator is 2 m in diameter and 2.5 m

in height (see Fig. IV.3.1-1).

After the demonstration of beam acceleration

up to 1 MeV, 25 mA, 1 s, a beam optics study has

been performed. Cesium was introduced into the ion

source to increase the negative ion current density to

optimize beam perveance at high energy region. A

high current density of 15 raA/cm2 (total 200 mA) was

successfully accelerated up to the energy of 700 keV

Plasma Generator Extractor
^.Accelerator

FRP
Insulator

2 m

Fig. IV. 3.1-1. Prototype 1 MeV accelerator.
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for 1 s with keeping the optimum perveance as shown in Fig. IV.3.1-2. The beamlets were clearly

distinguished at the optimum perveance. Ratio of all accelerator grid currents to the acceleration

current showed minimum at the optimum perveance. No degradation of voltage holding induced by

cesium seeding and beam acceleration was observed in the experiment.

Reference
[3.1.1-11 Hanada M, Akino N., Ebisawa N., et al.," Development of Multi-Mega watt negative ion sources and

accelerators for neutral beam injectors" IAEA-CN-69-FTP/20(1998).

3.1.2 Negative Ion Production Process

Spatial uniformity of negative ion production was studied experimentally in a

"KAMABOKO" source. A Langmuir probe measurement showed that the plasma density and the

electron temperature are almost uniform in the bulk plasma. On the contrary, a strong non-

uniformity appeared at an extraction region when the plasma grid was biased with respect to the

anode. The maximum difference of the plasma density was over 30 times in the extraction area of

20cm x 27cm. In the volume production, the negative ion beam current density was non-uniform

corresponding to the plasma density distribution in the extraction region. However, the uniformity of

beam current density was improved in the Cs-seeded operation. The beam profile was similar to the

plasma density profile of the bulk plasma in the driver region. These results support that the negative

ions produced at the plasma grid surface by cesium effects are mainly generated by neutral atoms

from the bulk plasma rather than positive ions.

3.1.3 Long Pulse Operation of a Negative Ion Source [3.1.3-1]

A long pulse operation of the negative ion source has been demonstrated in a joint

experiment between JAERI and CEA-Cadarache. A frame cooling type and an active cooling type

plasma grids developed by JAERI were tested at Cadarache. Both grids were designed to keep stable

temperature of 200 - 300 °C for the efficient production of the negative ions in the cesium seeded

source. It was demonstrated that the temperature of both grids became stable at around 200 °C after

about 100 s of the arc discharge started.

Reference
[3.1.3-1] Trainham R., Jaquat C, Fujiwara Y., et al," Long pulse extraction of deuterium negative ion beams from the

Kamaboko ion source", 20th SOFT Fusion Technology 367-370 (1998).
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Fig. IV.3.1-3 Beam emittance for pure volume and Cs
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3.1.4 Beam Emittance of the Negative Ions

In a Cs-seeded negative ion source, a

dominant process of the negative ion production is

considered to be the surface production rather

than the volume production. Produced negative

ions at the plasma grid surface are accelerated by

the plasma sheath of a few volt toward the source

plasma. This may increase beam emittance and

beam divergence in the cesium seeded operation.

To clarify the effect of the Cs seeding on

the beam optics, the beam emittance was

measured using a 400 keV negative ion source.

Figure IV.3.1-3 shows the comparison of the

emittance measured in the cesium seeded

operation and pure volume operation. The

emittance increased by increasing the beam energy, however, there was no significant discrepancy

between the Cs seeded operation and the pure volume operation. This result indicates that there is no

significant difference in the negative ion temperature between them. The reason why the emittance

increased by beam energy is considered to be the increasing arc discharge power that keeps the

perveance for higher energy. Further, it was confirmed that the emittance can be minimized by

optimizing beam optics.

3.1.5 Beamlet Interaction in Multi-Aperture Negative Ion Source [3.1.5-1]

Beamlet interaction due to space charge effect was studied in a multi-aperture, multi-stage

negative ion accelerator. Beamlet deflection angle was measured at the beam energy ranging from

86 keV to 178 keV using a three stage accelerator, which has 5-row beamlets. The deflection angle

at the outermost beamlet was about 3 mrad larger than that at the center of the beam. The beamlet

deflection angle was independent of beam energy at the same perveance. Influence of the electrons

accompanying with the negative ions was negligible. Repulsive force due to space charge effect was

proved to be inversely proportional to the square of distance approximately. From a beam trajectory

simulation, a grid shaping was confirmed to be effective in compensating the beamlet interaction.

Reference
[3.1.5-11 Fujiwara Y., Hanada M., Kawai K., et al., "Beamlet interaction in multi-aperture negative ion source" JAERI

Research 99-013 (1999)(in Japanese).
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1 MV Feed-through

HV '

Ji:
3.1.6 I MV Transmission Line

One of the crucial elements in the power

supply for the NB system is a high voltage

transmission line. The transmission line has

multiple conductors of lMV and intermediate

potentials. A high voltage bushing, which can

support and insulate these conductors, is the

key element in the transmission line. In order to

demonstrate the voltage holding capability, a

transmission line test chamber and the I MV

bushing have been designed and fabricated (see

Fig. IV.3.1-4). Dimensions of the bushing are

1.8 m in outer diameter and 140 mm in

thickness at the edge. This bushing is a 90%

reduction model of a full-size-bushing for

ITER. Material of the bushing is alumina

ceramic powder mixed epoxy resin. SFft gas of

4.5 bar was pressurized in the test chamber. A

DC high voltage of 900 kV was successfully

sustained for a long pulse of >1000 s. This corresponds to the rated voltage for the 90% scale model.

Transmission Line Test Chamber

FRP Insulator

jtlOO

j(500

j(650

1 MV Multi-conductor
Bushing

Voltage divider R

4089

Fig. IV. 3.1-4 DC 1 MV transmission line test chamber.

3.2 Application of High Intensity Ion Beam Technologies

3.2.1 Delamination of Si wafer using a high energy H-ion beam

Delamination of silicon wafer using the hydrogen ion beam is an attractive technology to

make next generation semiconductors such as Silicon On Insulator (SOI) and solar cells, etc. By

using the negative hydrogen ion beam, mass separation process can be eliminated because the

negative ion beam is mono-energetic beam. Therefore, processing speed and cost will be improved.

A 50 keV H- ion beam was injected to the 4 inch silicon wafer, whose thickness is 0.5 mm,

to demonstrate the delamination by the negative ion beam. The wafer was annealed at 600 °C for

10 min after the irradiation. The delamination was demonstrated on the wafer which was irradiated

with a particle density of lxlO17 cm"2. A thickness of the delaminated silicon was 0.5 /im. This

agreed well with the depth of the injected H- ions simulated using TRIM code.
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4. RF Heating Technology

Radio-frequency (RF) wave is a key tool for heating and current drive of the tokamak

fusion reactor. Developments of high efficiency RF source and tritium barrier window for

Electron Cyclotron Heating (ECH: 100-300 GHz), and high performance launching systems for

Lower Hybrid Current Drive (LHCD:2-8 GHz) and Ion Cyclotron Range of Frequency

(ICRF:40-200 MHz) are the main efforts of JAERI RF heating technology. The most outstanding

point in FY 1998 is the progress of ITER gyrotron with the Chemical Vapor Deposition (CVD)

diamond disk window for ECH, which achieved 0.45 MW / 8 s and renewed the world record of

output energy at 170 GHz.

4.1 Gyrotron Development

The gyrotron is a high power millimeter (mm)

wave source, which is a key component of ECH system.

Under the task agreement of ITER/EDA, the 170 GHz

gyrotron development has been ongoing since 1995. On

the development in 1997-98, the development of novel

window using a synthetic diamond was succeeded. The

diamond has extremely high thermal conductivity and low

loss tangent at mm wave range. By using the diamond

for a window, rf transmission power in CW operation

increase from 0.2 MW in conventional window to larger

than 1MW.

The picture of the 170 GHz gyrotron with the
diamond window is Shown in Fig.IV.4.1-1 [4.1-1]. The FigIV-41-' Picture of 170GHz Gyrotron

gyrotron experiment was carried out at the JAERI test

stand. The rf pulse was extended to 6.2 s at the output power Prf~0.52 MW. Temperature

increase in the window is shown in Fig.IV.4.1-2. The loss tangent of the diamond disk is

relatively high as tan5~1.3xlO~4 and temperature of the window center increased up to -150 °C.

However, it is almost stabilized after ~5 s, which agrees well with the simulation (dotted line).

If the high quality diamond disk whose tan8 is 2x10'\ which was already developed, was used,

temperature increase at 1MW transmission with Gaussian beam would be only 30 °C. Number

of operation (longer than 1 s) is shown in Fig. IV.4.1-3. The total shot number and the total

output energy were 1300 and 1.8 GJ, respectively. After the experiment, the window assembly

was removed from the gyrotron. Both surfaces of the diamond disk were inspected and neither

damage nor trouble was recognized. 0.45 MW / 8.0 s operation was also performed, which was

the world record of output energy at 170 GHz.
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In parallel, 110 GHz gyrotron was

designed and fabricated. The window

material is also diamond, which enables

Gaussian beam output. The Gaussian beam

is very easy to couple with HE11 waveguide

mode. Consequently, high efficient

transmission is expected. The maximum

power of 1.2 MW at 100 ms operation was

obtained in the experiment.

Reference
[4.1-1] Sakamoto K., Kasugai A., Tsuneoka M., et al.,

"High power 170GHz gyrotron with synthetic
diamond window, Rev. Sci. Instrum. 70, 208
(1999).

i--170GHz, 0.52MW
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Fig.lV.4.1-2 Temperature increase of the window center
(closed circle). Dashed line is the simulation and heal
transfer coefficient of 20 kW/(m~K) is assumed. Thermal
conductivity is 1800 W/(mK) at 300 K and linearly
decrease with temperature to 1070 W/(mK) at 500 K.
Solid line is also the simulation (tan8=2xlO'\ 1 MW,
Gaussian beam).
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4.2 Development of Transmission Line
and Launcher
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4.2.1 ECH Window and Transmission Line

For safety requirement of FDR/ITER,

a torus window must withstand pressure of

0.5 MPa. The pressure test using a mock- '

up of the torus window assembly with a

black diamond disk (aperture diameter 70

mm, thickness 0.8 mm) was carried out to

accumulate the database of the diamond

property [4.2-1], The strain at the disk center gradually increased with pressure. The window

disk failed at 0.47 MPa in the plenum. The stress at the aperture edge was estimated as 667

MPa, which was consistent with the material strength [4.2-1]. It is expected that an actual torus

diamond window could withstand 0.5 MPa because of the margin in larger thickness and smaller

diameter.

The torus diamond window was developed for JT-60U. The window was connected to

two corrugated waveguides on both sides of the disk. The cooling channel was assembled to it

and the window disk edge is cooled by water. The thickness and the aperture diameter of the

window are 1.715 mm and 60.3 mm, respectively. The window assembly is shown in

Fig.IV.4.2-1. As the initial HE 11 mode transmission test at 110 GHz was carried out.

Transmission power of 0.3 MW and the pulse duration of 0.3 s was demonstrated. The

temperature increase at the window edge reached 1.3 K without water cooling, in good
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Fig.IV.4.2-1 1 lOGHz torus diamond window assembly.
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The development of the efficient

transmission line was started. Transmission

frequency of 110 GHz has, for the first step,

been chosen and the 40 m run, inner diameter

of 31.75 mm transmission line was designed

and constructed [4.2-1]. The line consist of

corrugated waveguides, a waveguide switch, a

pumpout tee to evacuate the line, phase

corrected miter bends, polarizers, directional

coupler miter bends to monitor transmission

power, a dummy load and mirror matching

unit (MOU). Gaussian-like RF beam from

gyrotron couples to 31.75 mm corrugated

waveguide input via MOU which have the

capability to focus the beam and to control the

beam axis and HE11 mode wave transmits

toward the dummy load with several reflection

at the miter bends, the switch and the

polarizers. The high power transmission test

was carried out to demonstrate high power and

high efficient transmission. 1 MW / 0.03 s

transmission was performed and the transmitted power of 0.85 MW was obtained at the end of

transmission line. The IR image of the transmitted wave beam is shown in Fig.IV.4.2-2. The

peaked power density in the waveguide center was obtained. It indicates that the transmission

mode is mostly HE11. The transmission efficiency of 89%, considering the loss of 6% in the

MOU, was obtained. This result agrees with the estimated transmission loss of 90%.

4.2.2 LH Launcher

A heat-resistive antenna front module is currently under development using Carbon Fiber

Composite (CFC). The CFC material is a good candidate of a low Z refractory. Cu coating

on the CFC is indispensable to reduce the RF loss. It is also key for bonding rods and septum

plates and assembling them with a cooling channel. Copper adherence and bonding quality are

required for the fabrication technique since thermal expansion coefficient of copper is about 2

times larger than that of CFC. A stationary operation test of the CFC module with cooling

channel for 1000 s was performed up to the RF power density of 47 MW/m2 under the

. ' l • - : ! ! : :

Fig.IV.4.2-2 IR image of transmitted wave.
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collaboration with CEA-Cadarache. But RF power density was limited because of copper

peeling with power density more than 50 MW/m2.

4.2.3 ICRF Antenna

The most important issue for the future ICRF system is the development of an antenna

which can withstand high neutron flux and large electromagnetic. We are going ahead with the

development of an all-metal support (AMS) which is the key component of the ICRF antenna for

ITER. The AMS is a mechanical support for the center conductor of the coaxial feeder line in

(or toward) the antenna, substituting a conventional ceramic support that could not be used under

high neutron irradiation. In FY 1998, the improved AMS was designed adopting a structure

having a nest of cylindrical parts. The most inner cylinder acts as two directional support-rods

that are effective to obtain higher mechanical strength against the moment around the feeder line

axis, resulting from disruption. The voltage standoff capability will be improved with the

simpler shape and it can be easily manufactured. It was estimated that the improved AMS

could be tolerable for the moment more than 104 Nm at the AMS position in the antenna [4.2-2].

References
[4.2-1] Takahashi K., Sakamoto K., Kasugai A., et al., Proc. 20th Symp. Fusion Tcchnol., Marseille, France

pp.415 (1998).
[4.2-2] Moriyama S. et al, to be submitted Proc. 18th IEEE/NPSS Symp. Fusion Eng.

4.3 Millimeter Wave Free Electron Laser

Development of a mm-wave source with super high peak power is carried out aiming its

application to electron cyclotron resonance heating of tokamak plasma, linear colliders, a

thunder lightning control system, restoration system of ozone depletion, space debris radar and

so on. Induction linear accelerator is one of most promising methods for this purpose. Using

Large Ampere experiment-1 (LAX-1) of induction LINear Accelerator (Linac) with 1 MeV, 3

kA, 100 ns, Backward Wave Oscillator (BWO) experiments are carried out. The oscillation

power of 10 MW level at 7.8 GHz was performed. This oscillation power is about 10 times

higher than the previous experiment by improving the electron beam quality.

On the other hand, joint work has been done to establish basic studies of GW-class mm-

wave free electron laser. JAERI Large current Accelerator (JLA) of an Induction Linac (2.5

MeV, 5 kA, 160 ns) for the post accelerate units was assembled with KEK induction modules

(1.6 MeV, 3 kA, 80 ns) for the injector units. The beam of 4 MeV, 1 kA with pulse duration of

50 ns was transmitted. The further good normalized emittance of 2.4 mrad was measured at the

outlet of the post accelerator.
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5. Tritium Technology

5.1 Development of Tritium Safety Technology

To establish safety technology for handling a large amount of tritium in fusion reactors,

R&D in this fiscal year was focused on (1) tritium behavior in confinement system, (2) tritium-

material interaction, (3) tritium accountancy and (4) advanced tritium removal system.

In design of D-T fusion

reactor, tritium confinement and

removal are major key issues for

safety. Although technologies for

tritium confinement and for air-

detritiation are established basically,

the systematic data-taking on

tritium behavior was initiated to

confirm and enhance their

reliability on their application for

large rooms/buildings (the final

confinement barrier) of fusion

reactors and also to design proper

equipment for safety. Figure

IV.5.1-1 shows the test

arrangement named CATS

(Caisson Assembly for Tritium

Safety study), the main part of

which is a stainless steel leak-tight

box ("Caisson") with a capacity of

12 m3 [5.1-1, 5.1-2] where 1 Ci of

tritium is permitted to be released.

Typical trend of the tritium

concentrations measured with

constant ventilation condition (50

m3/h.) is shown in Figure IV.5.1-2,

where tritium concentration became uniform in 3 min and reached background level within 2 h.

In study of tritium-material interactions to predict tritium inventory in plasma facing

components, tritium distributions in 2-dimensional CFC (CX-2002U) exposed to deuterium

/tritium mixed RF plasma under various temperatures were investigated using micro auto-

radiography. It was found that the deeper tritium migration and the lower surface layer tritium

Figure 1V.5.1-1. CATS (Caisson Application for Tritium Safety
Study), the test arrangement for systematic data-
taking on tritium behavior in large room.

100Q
,.TM-4, number of

mo niter installed
in Caisson

1 2
Elapsed time ( min )

Figure IV. 5.1-2. Typical trend of the tritium concentrations
measured at six positions (TM-l to 6) in Caisson
at intentional tritium release experiment.
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concentration were observed with the sample irradiated higher temperature [5.1-3].

Various solid wastes contaminated with tritium (plasma facing components, tritium

processing components, etc.) will be produced in the ITER by its operation. It is important to

develop technology for (a) minimization/reduction of residual tritium and (b) accurate

measurement of residual tritium in various wastes. Thus, research and development of

optimum technology for the ITER was initiated.

References
[5.1-1] O'hira S., Hayashi, T., Okuno, K., "Trilium Safety Related Studies at TPL of JAERI", J. Fusion

Technology, 16(3), 219 (1997).
[5.1-2] Hayashi T., Kobayashi K., Iwai Y., ct al., "Tritium Behavior in Caisson, a Simulated Fusion Reactor

Room", submitted to the 5th International Symposium for Fusion Nuclear Technology (ISFNT-5).
[5.1-3] Tadokoro T., Isobe K., O'hira S. and Nishi M, "Depth Profile of Tritium in Plasma Exposed CX-2002U",

submitted to the 9th International Conference for Fusion Reactor Materials (ICFRM-9).

5.2 Development of Tritium Processing Technology

Current research effort in tritium processing technology is focused on development and

design work for ITER fuel processing system. An integrated fusion fuel processing loop

(Figure IV.5.2-1) was installed and is being tested with tritium under ITER relevant condition.

The loop is consisted of ZrCo tritium storage beds, a plasma exhaust processing system using

palladium diffuser and electrolytic reactor, cryogenic distillation columns for isotope separation,

and analytical systems based on newly developed micro gas chromatographs and laser Raman

spectroscopy. Several extended demonstration campaigns have been performed under realistic

reactor conditions to test both tritiated impurity processing and sophisticated control technique of

distillation column, and the integrated fuel circulation was successfully demonstrated.

In order to confirm the control method being numerically studied, the dynamic behavior

of the distillation column under the changing condition is investigated in the campaign of the

loop with hydrogen isotope mixture of protium (H), deuterium (D) and tritium (T). Response

of the column under stepwise changes was measured with the laser Raman spectroscopy

continuously with one minute each of integration. Figure IV.5.2-2 shows the typical results of

the composition change at the top of a distillation column 1 when the flow rate and reflux ration

is changed. Observed time constant of the column for the change was approximately 30 min.

The transfer function studied numerically was consistent with the experimental results. A

demonstration test for the simulation study described above was thus initiated [5.2-1].

The impurity detritiation system receives unpermeable gas from the breed stream of the

palladium diffuser such as CH4, stores it in the plug-flow reservoir and converts to H2 and CO2

by the electrolytic reactor [5.2-2] as shown in Figure IV.5.2-3. As seen in the figure, methane

concentration suddenly dropped to less than the detection limit of 100 ppm, reflecting conversion

efficiency higher than 99.8%.
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Figure IV.5.2-1 Simplified fusion fuel tcsl loop.

Figure IV.5.2-2 Composition change al the lop

of a distillation column after a

step increase of reflux ratio.

The impurity detritiation system receives unpermeable gas from the breed stream of the

palladium diffuser such as CH4, stores it in the plug-flow reservoir and converts to H2 and CO2

by the electrolytic reactor [5.2-2] as shown in Figure IV.5.2-3. As seen in the figure, methane

concentration suddenly dropped to less than the detection limit of 100 ppm, reflecting conversion

efficiency higher than 99.8%. This drop demonstrates the effectiveness of the plug-flow

reservoir in which gas is hard to mix.

As the study on Breeding Blanket Interface (BBI) with cryogenic molecular sieve

bed (CMSB), the concentration change of hydrogen at the inlet and the outlet of prototypical

CMSB under adsorption operation was measured (Figure IV.5.2-4). Obtained results are close

to the line estimated with 87K of the CMSB temperature, reflecting its real operating

temperature, and the temperature effect on the performance of CMSB was investigated. To

confirm the feasibility of proton conductor cell for advanced technique for BBI, ionic

conductivity of protonic conductor ceramic under various hydrogen containing atmosphere was

initiated.
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Figure IV.5.2-4 Concentration change of hydrogen by

CMSB under adsorption operation.
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5.3 Operation of Tritium Safety System in TPL

The tritium safety system at TPL has been in service to support tritium engineering

research activities constantly without trouble since 1988. During this fiscal year, the Glovebox

Gas Purification System (GPS) was operated for about 8,400 h to keep nitrogen-atmosphere

gloveboxes in good condition by controlling tritium and oxygen concentration in their

atmosphere. The Air Cleanup System (ACS) was operated for cleaning 226,000 m3 of air from

air-atmosphere gloveboxes for tritium waste water handling and from the Caisson Assembly for

Tritium Safety study (CATS). About 56,000 m3 of spot ventilated air was also cleaned by the

ACS during maintenance of gloveboxes and hoods and during disposal of solid waste. The

Effluent Tritium Removal System (ERS) removed about 1.5xl013 Bq of tritium form about 2,900

m3 of exhaust gas from experimental apparatus and from the glovebox atmosphere pressure

maintaining system. The Dryer Regeneration System (DRS) recovered 314 liters of tritiated

water from the dryers of GPS, ERS and ACS. Periodical inspections of the central control

system, radioactive monitoring system and other systems/equipments were carried out to keep

the reliability of the tritium safety system. Reformation of programs in the central control

system for "year of 2000" problem was completed, and the new operation control logic for the

advanced operation of CATS was installed in it. Figure IV.5.3-1 shows monthly environmental

tritium release from the stack of TPL

during this fiscal year. Total amount

of released tritium was 1.5xl010 Bq,

which is sufficiently lower than specific

target amount as well as in last fiscal

year. Around 20 g of tritium was

purchased and its transportation from

Canada to the TPL was carried out

without any trouble, which included

transportation of shipping package from

the TPL, inspection during/after filling

operation of tritium in it and a series of

import procedures.
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6. Fueling/Pumping and Vacuum Technology

6.1 Improvement of First Stage Injector for Railgun

An electromagnetic railgun type injector has been studied to develop a repetitive and a

speed-controllable pellet accelerator, which consists of a pneumatic gun for the first stage

acceleration and the railgun accelerator for the second stage acceleration. In a previous style of

the railgun accelerator, a damage of rails is very large by sputtering/erosion due to high voltages

applied between rails to produce a plasma armature. In order to minimize the rail damage, a

YAG laser (0.9 J, 1064 nm) is used to produce a plasma armature. The rails made of copper

had almost no damage after more than 100 operations. In this railguin, the performance of the

first stage accelerator is a very important factor to achieve good reliability of the railgun. The

new first stage accelerator using a refrigerator machine instead of a liquid helium could produce

pellets with 3 mm in diameter, but it is under improvement to control the pellet length to be less

than 10 mm.

6.2 Performance Test on Helical Grooved Pump

The Helical Grooved Pump (HGP) featured by a rotor with grooved shape was developed

for use in the ITER torus pumping system as the ITER R&D task. The two-stage HGP system,

which is GX150M for the first stage and GX30M for the second one, backed by a piston pump is

used for regeneration of the ITER cryopumps.

In this fiscal year the compression ratio and the pumping speed of the HGPs have been
measured for H2, D2, He and N2. The GX150M and GX30M were designed to get a high

pumping speed and a high compression ratio,

respectively. It is noticeable that the

compression ratio of GX30M is about 140 at
the H2 backing pressure of 150 Pa which is the

minimum cross over inlet pressure of the piston

pump, as shown in Fig. IV.6.2-1, whereas the

GX150M falls to zero compression ratio for the
H2 backing pressure of more than 100 Pa.

This means that GX30M can effectively
compress H2 and transfer it to the piston pump.

The maximum pumping speed of the two-stage
HGP system is 0.15 m3/s for H2, which

satisfies the ITER requirement.
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6.3 Development of Ceramic Coating Materials for Prevention of Tritium Permeation

Prevention of tritium leakages through tritium boundaries is one of the important safety

issues in a fusion reactor, especially, restriction of tritium permeation through fusion reactor

materials. Therefore we have been developing a surface modification technique on the fusion

reactor materials, in order to prevent the permeation of hydrogen isotopes through it.

In this fiscal year, we carried out hydrogen permeation experiments on a ceramic-coated

stainless substrate and investigated the influence of ceramic coating on the hydrogen permeation

behavior. The experiments included a new method of the direct observation of hydrogen

permeation, in which a sample had capsule structure and the sample capsule was hanged from a

microbalance in a vacuum chamber to observe in situ a weight change of the sample.

The coating material was mainly alumina, which included silica for good adhesion. The

coating layer was 5 |iim in thickness and made by using a combination of alkoxide method and

sol-gel processing. In the hydrogen permeation measurement for two samples of the ceramic

coating substrate and as-received one, both of the permeation fluxes saturated at about 14 h later

at 800 °C, whereas the saturated permeation flux of the ceramic coating substrate showed a third

value of the as-received. This means that the new experimental method is useful for

observation of the hydrogen permeation process, especially, for permeation experiments on

ceramic coating materials. Hence, this alumina coating layer has effect on prevention of the

tritium permeation.
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7. Development of Plasma Facing Components of Divertor

Vertical Target

\ Dome
Liner

Plasma facing components (PFCs) in the ITER

divertor, which are schematically shown in Fig. IV.7-1,

are exposed to high heat and particle loads. Especially, the

vertical target has to withstand a steady-state heat flux of

5 MW/m2 during a normal operation, and also more than

20 MW/m2 for about 10 s. during a transient operation.

Furthermore, during the plasma disruption, an incident

energy to the divertor plate exceeds 100 MJ/m2 for several

ms. To handle these high heat loads, PFCs are covered

with refractory material, which is metallurgically attached

to an actively cooled structure. There are several issues to

realize the PFCs for ITER; e.g. development of refractory materials for armor, development of

joining methods between the armor and the cooling structure, and integration of the components.

From the viewpoint of lifetime-estimation, prediction of erosion of the armor material is also an

important issue. For safety, it is important to investigate the degradation of the armor material

caused by neutron-irradiation, and the tritium retention in carbon dust.

5m

Figure IV.7-1 ITER divertor.

7.1 High Heat Flux Tests on Large-scale Divertor Mock-ups with Monoblodc Armors

Figure IV.7.1-1 shows the schematic of a large-scale divertor mock-up. Dimensions of an

armored part of this mock-up are 90 cm long and 40 cm wide. As the armor material, carbon-

fiber-reinforced carbon composite (CFC) is selected because of its high sublimation temperature

and thermal conductivity. In this design, CFC monoblocks are transfixed with the cooling tube

having a twisted tape insert, which enhances its heat transfer characteristics. Silver-free material,

Cu-Ti alloy, is utilized as a brazing filler. In the design of ITER, silver alloy should be avoided

because of the transmutation into cadmium, which is undesirable for a vacuum system and also

has high radioactivation. To investigate thermal performance and durability of this mock-up,

thermal cycling tests were performed by means of hydrogen ion beam irradiation. The test is

shown in Fig. IV.7.1-2. The mock-ups successfully withstood more than 3,000 heating cycles at

a heat load of 5 MW/m2 for 30 s, and also withstood 1,000 heating cycles at a heat load of 20

MW/m2 for 10 s [7.1-1]. These heating cycles correspond to the heat load conditions for the

ITER divertor for three years operation.

Reference
[7.1-1] Ezato K., Dairaku M, Sato K., et al., "Thermal Cycling Tests on Large-scale Divertor Mock-up with

Monoblock CFC Armor under High Heat Flux Condition," to be published.
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7.2 Simulated Disruption Test on Neutron-irradiated Material

During the plasma disruption, the plasma energy more than 100 MJ/m2 deposits on the

surface of PFCs for several milliseconds. This causes severe thermal damage of the armor

material, such as erosion caused by evaporation or melting. The erosion is supposed to increase

because of the degradation of the armor material by the neutron irradiation. To investigate

erosion characteristics of the neutron-irradiated material, thermal shock tests on the neutron-

irradiated material were carried out at an electron beam irradiating system in a hot-cell in JMTR

(Japan Material Testing Reactor). The tests were conducted at heat loads of 800 MW/m2 for 25

ms and 500 MW/m2 for 40 ms, which simulates the ITER disruption conditions [7.2-1]. As test

samples, uni-directional (UD), 2D and 3D CFC were irradiated by neutrons in JMTR with the

total neutron fluence of 3.2-5.6x1024 n/m2,

which corresponds to 0.3-0.5 dpa, at an 3

irradiation temperature of 280-320 °C. As the

preliminary results, weight loss of the

neutron-irradiated UD and 2D CFCs

increases in proportion to the neutron fluence

as shown in Fig. IV.7.2-1.

Reference
[7.2-1] Uda M., Ishituka E., Sato S., et al.,

"Disruption and Erosion on Plasma Facing
Materials with Oarai Hot-cell Electron Beam
Irradiating System (OHBIS)," Proc. of 20th
Symposium on Fusion Technology,
Marseilles, France, 1998, 161-164(1998).
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7.3 Sputtering Erosion of Plasma Facing Materials and Absorption Properties of Gas

into Carbon Dust

The surface of PFCs is suffered from

sputtering erosion caused by simultaneous

bombardment of different species of ion.

Although, in general, it has been considered

that erosion behavior in such condition could

be predicted by a liner combination of the

sputtering yield by each species, it is

necessary to confirm experimentally the

prediction. Then, the erosion behavior of

UD-CFC caused by the simultaneous

bombardment of He+, D3
+, D2

+ and D+ ions
. , c r .1 *-i Figure IV.7.3-1 The effective erosion yield of 1D-CFCwas investigated as a function of the flux v .. .... . . . ,, . , , .& YcM=Nc/(NHc + ND) measured by weight loss,
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and calculated from the measured erosion
yield lor pure He, YHc, bombardment YD =
(a + 1 )Ycll - aYHc, where a = <(),|C/<|)D.

ratio of He to D, §HJtyD. As a result, the

enhancement of the effective erosion yield

with increasing of the (IW^D f'ux r a t ' ° w a s

observed at the sample temperature of 180 "C and 500 "C. On the other hand, the effective

erosion yield at 700 "C was almost stable when the <j)He/<]>D increased up to 0.5 as shown in Fig.

IV.7.3-1 [7.3-1].

Some CFC material eroded by sputtering and an extreme heat load during the plasma

disruption turns out to deposit on the surface of PFCs as dust. Such carbon dust is considered to

play an important role in the tritium retention in a nuclear fusion reactor. Absorption

characteristics of deuterium gas into the carbon dust were investigated experimentally. In this

experiment, the carbon dust was used, which had been produced by a thermal shock test on a

bulk carbon under a heat load condition of the plasma disruption. As a result it is obtained that

the amount of the absorbed deuterium into the dust is two orders larger than that in the bulk

carbon. It might be ascribed that the carbon dust has larger surface area than the bulk carbon.

Reference
[7.3-1] Bandourko V., Jimbou R., Nakamura K., ct al., "Erosion of CFC under simultaneous bombardment by

helium and deuterium ions", accepted to the International Conference on Atomic Collisions in Solids,
Odensc, Denmark, August 3-8, 1999.
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8 Reactor Structure Development

Aiming at technology development of the tokamak structure and remote maintenance,

R&D efforts in this fiscal year have been focused on the development of the ITER vacuum

vessel, in-vessel remote maintenance and seismic isolation.

8.1 Reactor Structure Technology

8.1.1 Vacuum Vessel Development

The ITER vacuum vessel is a donut-shaped vessel assembled with 20 sectors with a D-

shaped cross-section approximately 9 m in radial width and 15 m in vertical height. Each sector

is a double-walled structure and joined by field welding to form the donut-shaped vessel. The

final tolerances including the field assembly are specified to be ± 20 mm for the total height and

width. Due to its large scale and tight tolerances, a full-scale R&D program was initiated to

develop the fabrication and field assembly technology with the joint effort of the Japanese (JA),

the Russian Federation (RF) and the United State (US) Home Teams.

In this year, the field assembly test of the two half full-scale sectors was conducted by the

JA Home Team in accordance with the ITER assembly procedures, involving the field welding

by automatic Tungsten Inert Gas (TIG) and non-destructive inspection of the joints. In this test, a

combination of the narrow U-groove with an angle of 8° and symmetrical welding sequence was

adopted to minimise the welding deformation. As a result, the sector assembly was completed in

May 1997 without any welding defects and the measured maximum deformation due to field

welding is + 5.0 mm for the total width and ± 1.0 mm for the total height [8.1-1]. In addition, the

welding deformation has been quantitatively evaluated using a 3-D simulation model based on

thermal elastic-plastic analysis. In conclusion, the fabrication and assembly technology of the

ITER vacuum vessel has been successfully developed within a precision below the required

tolerance of ± 20 mm.

The fabrication of a full-scale port structure, which is 2.2 m wide, 3.4 m tall and 1.5 m

long, was conducted by the RF Home Team and successfully completed with the dimensional

accuracy of ± 4.0 mm. The fabricated port structure was shipped to Japan in July 1998 for the

integration with the full-scale vacuum vessel sector. Figure IV.8.1-1 shows the port structure

arrived at the test site in JAERI in September 1998. The development of a remotized welding

and cutting tool, which was contributed by the US Home Team, was completed in June 1998.

This tool is composed of two robots with 6 degree-of-freedom, which can be used for welding,

cutting and inspection of the welds. The basic performance of robots for TIG welding and

plasma cutting was verified using a partial mock-up structure. Figure IV.8.1-2 represents the

demonstration of TIG welding using the robot. This tool is scheduled to be shipped to JAERI by

the end of July 1999 for the integration test in order to develop the remote handling technology

for assembly and disassembly of the port structure and vacuum vessel sector.
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Fig. IV.8.1 -1 Port structure fabricated by RF Home Team

Robot

Fig. IV.8.1-2 Remote welding demonstration by US robot

8.1.2 Seismic Isolation Development

The ITER tokamak structure is composed of various components operating at different

temperatures, resulting in a flexible supporting system to accommodate thermal expansion. Due

to this flexibility, the tokamak structure behaves in low frequency of around 2 Hz and requires

the seismic isolation using rubber bearings for the seismic events with a ground acceleration over

0.2 g [8.1-2]. For this, the development of rubber bearings with a natural period of 3 ~ 4 s was

begun in 1997. In FY 1998, the sub-scaled rubber bearings with diameters from 0.2 m to 0.7 m

were tested and the basic performance such as spring constant, breaking and buckling

characteristics has been measured. In addition, the fabrication of a sub-scaled tokamak structure

was started to verify the dynamic response of the tokamak structure under seismic events.

References
[8.1-1] Nakahira M, Koizumi K., Oka K., et al., Integration Test of ITER Full-scale Vacuum Vessel Sector, 17th

IAEA Fusion Energy Conference, IAEA-CN-69/ITERP1/24 (1998).
[8.1-2] Tado S., Kitamura K., Itou Y., et al., Dynamic Analysis of the Tokamak Support System in ITER, Fusion

Eng. Des. 41,421 (1998).

8.2 Remote Maintenance Technology

8.2.1 Blanket Maintenance Development

In ITER, the blanket made up of modules has been adopted to facilitate remote

maintainability since the blanket is categorised into scheduled maintenance component and a

complete exchange with breeding blanket is foreseen. In this modular concept, it is required that

the remote handling equipment handle a 4-ton blanket module within a positioning accuracy of ±

2 mm. For this, a rail-mounted vehicle type manipulator system was developed and the basic

applicability to the ITER blanket maintenance was verified through prototype testing. Following

this, full-scale remote handling equipment was fabricated and the integration performance test

was conducted for demonstrating the ITER blanket replacement remotely [8.2-1]. In this test, the
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rail transporter has been successfully deployed in the in-vessel region by a synchronous

operation, as shown in Fig. IV.8.2-1. After that, the module replacement test was carried out

using vehicle manipulator by a teaching playback control. As a result, it has been verified that

the vehicle manipulator can handle a 4-ton blanket module with a positioning accuracy of 1 mm

as repeatability. In addition, a 3-D model has been developed for simulation and monitoring of

the maintenance operation, as shown in Fig. IV.8.2-2. It is concluded that the fundamental

technology for blanket maintenance has been well established although further extended

performance test including optimisation, rescue and radiation hardness is required.

storage*'...

Fig. IV.8.2-1 Full-scale vehicle manipulator system
after deployment of rail transporter

3-iill:

Fig. IV.8.2-2 Simulation model ol vehicle manipulator system

8.2.2 Divertor Maintenance Development

The ITER divertor is also

categorised into scheduled maintenance

component because of failure or erosion Vy':'

due to the exposure of high heat and :

particle loads. To facilitate its regular

maintenance, the divertor is divided into • • • f ' a sc^e l

60 cassettes with a dead weight of 25 ton ' ' "

each. It is required that the remote

maintenance equipment should replace a

25-ton cassette through the dedicated -. *-wm3n

maintenance ports and Should install the Fig. IV.8.2-3 Overview of Divertor Test Platform at ENEA Brasimone

cassette within a positioning accuracy of

-\v
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± 2 mm. Based on this, the full-scale remote maintenance equipment, such as central cassette

carrier, second cassette carrier and transfer cask with a double-seal door, were fabricated, and it

has been confirmed that the fabricated equipment satisfies the ITER requirements of the cassette

handling and positioning capability. Following this performance test, the central cassette carrier

was shipped to Europe in January 1998 and the integrated cassette replacement test was

conducted using the Divertor Test Platform constructed at ENEA Brasimone in Italy [8.2-2].

Figure IV.8.2-3 represents the overall view of the Divertor Test Platform at ENEA Brasimone.

8.2.3 Radiation Hard Components Development

Since the remote handling equipment for blanket and divertor maintenance is operated

under the severe gamma radiation of around 30 kGy/h, it is essential to increase the radiation

hardness of each element so as to allow maintenance operation for a sufficient length of time. In

ITER, the accumulation dose of 10 MGy ~ 100 MGy is specified as the development target. For

this, the gamma irradiation test of a number of critical components of the remote handling

equipment has been continued using the Co-60 irradiation test facility at JAERI-Takasaki

Research Establishment [8.2-3]. Table IV.8.2-1 summarises the achieved radiation hardness of

the remote handling equipment.

Table IV.8,2-1 Typical Results of Radiation Hard Components

Components

Motor, Lubricant, Bearing

Position sensor

Image fiber

Electric wire

Insulator

Glass materials

Ultra sonic sensor

Dose

(MGy)

10-60

10-30

2 - 3

10- 100

~ 100

100-300

> 3

Components

Strain gauge

Periscope

CCD camera

Electric device

Reduction gear box

Vacuum gauge

Dose (MGy)

10-80

- 160

> 0.003

0.005

30

10
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V. INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR (ITER)

1. Progress of ITER Engineering Design Activities (EDA)

A Special Working Group (SWG) was established and charged in the 13th ITER Council

in February 1998 regarding the following two tasks;

Task #1: The SWG would propose technical guidelines for possible changes to the current

detailed technical objectives and overall technical margins, with a view to establishing

option(s) of minimum cost still satisfying the overall programmatic objective of the

ITER EDA Agreement.

Task #2: The SWG would also provide information on broader concepts as basis for its rationale

for proposed guidelines, and articulate likely impacts on the development path towards

fusion energy.

The report of the SWG on Task #1 was submitted to an extra meeting of the ITER Council

(IC) in June 1998, and the IC had approved the guidelines below ;

Performance and Testing Requirements

- Plasma Performance

i) The device should achieve extended burn in inductively driven plasmas with the ratio

of fusion power to auxiliary heating power at least 10 for a range of operating scenarios

and with a duration sufficient to achieve stationary conditions on the time scales

characteristic of plasma processes.

ii) The device should aim at demonstrating steady-state operation using non-inductive

current drive with the ratio of fusion power to input power for current drive of at least 5.

iii) In addition, the possibility of controlled ignition should not be precluded.

- Engineering Performance and Testing

i) The device should demonstrate the availability and integration of technologies

essential for a fusion reactor (such as superconducting magnets and remote

maintenance).

ii) The device test components for a future reactor (such as systems to exhaust power

and particles from the plasma).

iii) The device test tritium breeding module concepts that would lead in a future reactor

to tritium self-sufficiency, the extraction of high grade heat, and electricity production.

Design Requirements

i) An inductive pulse flat top capability during burn of about 300 to 500 s, under

nominal operating conditions, should be provided.

ii) To carry out nuclear and high heat-flux component testing relevant to a future fusion

reactor, the engineering requirements are:
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Average neutron flux 0.5 MW/m2

Average fluence 0.3 MWa/m2

iii) The option for later installation of a tritium breeding blanket on the outboard of the

device should not precluded.

iv) The engineering design choices should be made with the objective of achieving the

minimum cost device which meets the requirements.

The Final Design Report (FDR), the last technical milestone of the original six year of

ITER EDA since 1992, was formally accepted by the ITER Council in June 1998.

Although the four ITER Parties agreed on the three year extension of the ITER/EDA

Agreement in February 1998, the extension agreement was not enforced by the dead-line date of

July 22, 1998 because the US was unable to sign the extension due to objection of the US

Congress. On September 22, the US signed a unilateral agreement extending US's participation

in the ongoing process established by the Agreement for a period of one year from July 22, 1998.

An ITER Meeting (informal ITER Council meeting) was held on October 20, 1998 at

Yokohama, Japan. In this meeting, the US announced to suspend US participation in ITER

design work while completing its R&D tasks. The other three ITER Parties (EU, RF and JA)

confirmed their intention to continue ITER/EDA activities for the planned three years until July

2001 according to the principles of the Agreement, each providing resources at the level

previously planned.

On November 25, 1998 the Fusion Council of Japan confirmed that Japan should continue

to actively promote the ITER Project because the ITER Project remains by the national endeavor

as the most important project in the fusion research and development in Japan, and it is possible

to continue and complete the EDA by the three Parties. On December 1, the Atomic Energy

Commission of Japan accepted the report on the review of the Fusion Council and reached a

judgment that the results of the review are appropriate.

ITER Joint Central Team (JCT) and three Home Teams have been jointly working on the

design of Reduced Cost ITER (RC ITER, or Compact ITER) following the guidelines reported

by SWG on Task #1 described above. The report on "the Study of Options for the RC ITER" was

submitted to the ITER Meeting at Cadarache in March 1999. The Report of SWG on Task #2

Results was accepted and endorsed by this ITER Meeting. A JCT/Home Team Task Force was

also endorsed to pursue convergence of views as required by the Parties, and an outline design

report should be available to the Parties by the end of 1999 for review by TAC and subsequent

consideration and action by ITER Council on :

l)key elements of a specific design consistent with the objectives set at Extra ITER

Council in June 1998, following the guidelines arising from SWG Task #1;

2) a restricted number of design variants consistent with the same guidelines.
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In this Meeting, Special Working Group established under Protocol 2 (SWG-P2) was

reconstituted to develop proposals and all necessary supporting information related to the

internationally joint construction of ITER including key elements of a draft agreement for

construction and operation and associated draft implementing arrangements.

The cut-away view and the machine parameters of the RC ITER tokamak are shown in Fig.

V. 1 -1 and Table V. 1 -1. Major design features of RC ITER are summarized in Table V. 1 -2.

The activities and current status of the ITER Technology R&D are summarized in Table

V. 1-3. Japan takes responsibilities in the construction of a CS Model Coil Test Facility,

development of a Outer Module of CS Model Coil, manufacturing and testing of a full-scale 1/20

(18 degree toroidal angle) sector of the double-walled vacuum vessel, and the demonstration of a

full-scale vehicle-type remote maintenance system for blanket module replacement. The details

of the R&D progress in FY 1998 are described in Chapter IV.
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Magnet

Unt m

Fig. V.l-1 Cut-Away View of ITER (RC-ITER)

Table V.l-1 ITER Maj or Parameters

Major Radius
Minor Radius
Plasma Current
Toroidal Magnetic Field
Fusion Power
Burn Time
Neutron Wall Loading
Total Neutron Fluence
Plasma Heating Power
Elongation K"95

FDR ITER
8.14
2.8
21

5.7
1.5

1000
1.0
1.0
100
1.6

[m]
[m]
[MA]
[T]
[GW]
[sec]
[MW/m2]
[MW/m2]
[MW]

RC ITER
about 6
about 2

about 13
about 5

about 0.5
300-500

>0.5
>0.3
<100

1.7-1.8

[m]
[m]
[MA]
[T]
[GW]
[sec]
[MW/m2]
[MW/m2]
[MW]
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Table V. 1 -2 Main features of the ITER Tokamak system (RC)

Component
Toroidal field coils (18 coils)

- Superconductor

- Structure

Poloidal field coils (CS, PF1-PF6)
- Superconductor
- Structure

Vacuum Vessel
- Structure
- Material

First Wall/Blanket (Basic Performance Phase)
- Structure
- Material

Divertor
- Configuration
- Structure

Cryostat
- Structure

- Material
Heat Transfer System (water-cooled)

- Heat released in the Tokamak during nominal
pulsed operation

Cryoplant
- Nominal average He refrigeration/liquefaction

rate for magnets and Divertor cryopump
(4.5K)

Additional Heating and Current Drive
- Total injected power
- Candidate Additional Heating and Current

Drive (H&CD) systems

Electrical Power Supply
- Pulsed power supply from grid

Total active/reactive power demand
- Steady-state Power Supply from grid

Total active/reactive power demand

Features

Nb3Sn in circular Incoloy jacket in grooved radial
plate
Pancake wound , steel encased

"wind, react and transfer" technology

CS : Nb3Sn, PF1 - PF6: NbTi
Square Incoloy jacket, pancake wound for CS,
pancake wound for all others
CS : "wind, react and transfer" technology

Double-wall welded ribbed shell structure
Stainless Steel 316LN (0.06 < N < 0.08 wt%)

Armor-faced modules
Be armor
Copper alloy heat sink
Stainless Steel 316LN (0.06 < N <0.08 wt%)

Single-null
54~60 solid replaceable cassettes
W alloy and C plasma facing components
Copper alloy heat sink
Stainless Steel 316LN (0.06 < N <0.08 wt%)

Single-wall welded ribbed cylinder with flat end
~28 m diameter, ~25 m height
Stainless Steel 304L

-1000 MW at ~4 MPa water pressure, 120°C

~60kW/0.15kg/s

<100MW
Electron Cyclotron, Ion Cyclotron,
Neutral Beam from 1 MeV negative ions,
Lower Hybrid

TBD

TBD
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Table V. 1 -3 Activities and Current Status of Technology R&D

Field/Subjects
Superconducting Coil

Vacuum Vessel

Remote Handling
System for Blanket
Remote Handling
System for Divertor

Development of
Remote Welding and
Cutting Tools

Development of
Radiation-Resistant
Components for
Remote Maintenance

Shield Blanket

Divertor

Neutral Beam
Injector

Electron Cyclotron
Heating Facility
Development of
Tritium System

Development of
Fueling and Pumping

Safety Analysis and
Assessment

Activity and Current Status
- In the fabrication of the Outer Module of Central Solenoid (CS) Model Coil, 15 inter-layer butt-
joints were successfully fabricated and its ground insulation was formed by the vacuum
impregnation. The coil passed the high-voltage test by 31 kV DC, at JAERI-Naka in 1998.
- Winding of the CS insert coil was successfully completed and its heat treatment for the Activation
of the Nb3Sn was carried out in the US under the collaboration with
The Massachusetts Institute of Technology.
- Completion of a full-scale 1/20 sector of the Vacuum Vessel
The technology of fabricating, connecting and assembling the sectors in the field has been
established with an accuracy of 3mm.
- Fabrication and assembly of full-scale vehicle-type remote maintenance system
The system shows the capability to handle the 4 ton blanket module with an accuracy of 2 mm.
- Fabrication and assembly of full-scale cassette movers
The movers demonstrated the repeatable performance to move and install the cassette of 25 ton
with accuracy of 1 mm in the basic performance test.
- Development of welding/cutting tools of in-pipe access
The tools can move inside a pipe with an internal diameter of 100 mm and bends with a radius
of 400 mm. The tools also demonstrate the performance of welding and cutting pipes with an
internal diameter of 50 mm and 100 mm by YAG laser.
- Development of an inspection tool for pipe welding parts
Its accessibility in the bends and characteristic data of crack detection were acquired.
- Acquisition of characteristic data of leak detection head at pipe welding part
- Development of motors, bearings, detectors, insulation wires, optical components and standard
components that withstand radiation fluence of 10 - 100 MGy
- Manufacturing of a full-scale radiation resistant periscope
The length is 15 m and radiation resistant lens are used. The optical performance was
demonstrated in the heating conditions up to 250°C.
- Demonstration of the thermal fatigue life of the shielding blanket module
- Demonstration of the themomechanical soundness of a baffle first wall mockup
- Development of a full-scale divertor mockup having a length of lm and a width of 40cm. The
mockup withstood the following heat loads:
1) heat flux: 5MW/m2, heating time: 30 sec, thermal cycle: 3000 cycles
2) heat flux: 20MW/m2, heating time: 10 sec, thermal cycle: 1000 cycles
- Fabrication of a full scale divertor mockup for integration tests
- Development of a MeV ion source test facility (1 MeV, 1 A)
- Development of a high current negative ion source for JT-60U (18 A, 360 keV, H" ion)
- Continuous operation of a high-density negative ion source (D~, 20 mA/cm\ 1000s)
- Development of 1MV high voltage transmission line ( 900kV, 1000s)
- Development of 1MW Gyrotron at 170 GHz ( 500 kW/ 6.2 sec, 450 kW/8 sec)
- Development of artificial diamond window ( 1MW transmissible, >0.5MPa pressure resistant)
- Development of 1/5 scale fuel circulation system for ITER
- Development of a 1/8 scale fuel circulation system including fossil purification system
- Development of a high performance air purification system using separation membrane
- Development of a Laser-Raman remote multi-point analyzer
- Development of a helical grooved pump (HGP) system for ITER
Performance test showed that the maximum pumping speed of the two-stage
HGP system was 0.15 m3/s for H,, which satisfied the ITER requirement.
- Acquisition of preliminary test data on the accidents of coolant ingress into Vacuum Vessel and
on the accidents of Vacuum Vessel fracture
- Characteristic analysis of radioactive dust and development of its removal system
- Development of SAFALY to analyze interaction of plasma with in-vessel component materials
- proposal of Be waste processing method
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VI. FUSION REACTOR DESIGN AND SAFETY RELATED RESEARCH

1. Fusion Reactor Design

The conceptual design study of the commercial type DREAM (DRastically Easy

Maintenance tokamak) reactor with very high aspect ratio configuration and SiC/SiC composite

material has been continued for several years and the DREAM reactor is recognized as one of

the most promising reactor [1-1]. The SiC/SiC composite material has the advantages that the

electromagnetic loads are not induced on the reactor core components and that the softened

radiation dose environment enables the maintenance easy. The very high aspect ratio

configuration enables much easier accessibility of maintenance apparatus becomes much easier

and steady state operation because of relatively low plasma current and high fraction of bootstrap

current. The safety aspect of DREAM Reactor was mainly investigated in 1998 fiscal year [1-

2]. As a representative accident scenario, in-vessel loss of coolant accident (LOCA) has been

evaluated. The maximum vessel pressure was calculated using MELCOR (MELt CORe) code

for various number of primary coolant systems and varying release tank volume. If the primary

coolant system is divided into 12 systems, the maximum vacuum vessel pressure in the event of

in-vessel LOCA can be suppressed below the

design pressure of 0.3 MPa by using the pressure

relief tank with the volume of 1.5 times as large

as that of the vacuum. In the next, safety problem

regarding radioactivation of material was

investigated. The decay heat density of the

activated first wall decreases less than 1 W/cc and

10""1 W/cc at 1 minute and 1 day after shutdown,

respectively, so that no emergency cooling is

needed. The annual effective dose based on

underground water scenario after the disposal of

radwaste was investigated and shown in Fig.

VI. 1.1. The annual effective dose in the case of

DREAM reactor is less than one tenth of the

annual effective dose at the risk of 10"6. In conclusion, the safety and environmental aspect of

DREAM reactor is excellent.

10 icr

Time after disposal (year)

Fig.VI.l Annual effective dose after
disposal.
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on Fusion Power Plants and Related Advanced Technologies, March 24-26,1999.
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2. Fusion Safety

2.1 Study of In-vessel Abnormal Events

In order to confirm the effectiveness of TRAC-BF1 (Transient Analysis Code) code, the

LOCA analysis of ITER Final Design Report (FDR) was performed and compared with the

results of MELCOR code which is used as a reference code in ITER safety analysis [2-1].

Figure VI.2.1 shows a three dimensional view of TRAC-BF1 analysis model of the FDR.

The vacuum vessel, pressure suppression tank and relief pipe header are modeled using

cylindrical three-dimensional VESSEL component. The four rupture disks between vacuum

vessel and relief pipe header are modeled using VALVE components. It was assumed that a

cooling pipe of 0.6 m2 flow area was broken in the vacuum vessel. Fig. VI.2.2 shows the

pressure transient in the vacuum vessel analyzed by both TRAC-BF1 and MELCOR codes. The-

results by the TRAC-BF1 code shows slower pressure increase rate in the initial duration of the

LOCA and 10% higher maximum pressure of in comparison with the MELCOR results. The

maximum pressure at LOCA is still below the design vacuum vessel pressure of 0.5 MPa. It is

clarified that the influence of three dimensional modeling is small. The four rupture disks were

broken almost simultaneously and the time

difference was within 3 ms.

'ressurizer

Water Temp.

FILL PIPE

0.5

Vacuum Vessel
Pres = 1000 Pa
Temp.= 300 K
Volumes 3773 m

Suppression Tank

Pres = 2300 Pa
Temp = 293 K
Volume= 224G m
(Pool = 1048 rrv')

20 30
Time (sec)

Fig. VI.2.2 Pressure Transient in Vacuum Vessel

Fig. VI.2.1 Analytical Model of LOCA of ITER

2.2 Study of Dust Behavior in LOVA

In order to study basic dust behavior inside the vessel in case of LOVA (LOss of Vacuum

Accident), the STREAM code was adopted. The configuration of LOVA experimental apparatus

is shown in Fig. VI.2.3. The replacement flow behavior through a breach between the vessel and

environment in case of LOVA was experimented. Initially helium gas of 0.1 MPa was filled in

the vessel. After one breach was opened, the replacement of helium gas with air was investigated
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by measuring weight change of vessel. The calculated results of weight change by replacement

flow were compared with the experimental ones, as shown in Fig. VI.2.4. The calculated weight

change is agreed well with the experimental result.

^838

Exhaust Pump
Thermal Insulator

Fig. VI.2.3 Experimenlal equipmenl lor LOVA
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2.3 Development of Dynamic Simulation Code for Fuel Cycle of Fusion Reactor

The dynamic simulation code, DYNAS, for fuel cycle of fusion reactor was developed in

the last three years [2-2]. An interactive graphic display system for input and output

management for this simulation code was developed for showing the dynamic behavior of

subsystem composing the fusion fuel cycle system in FY 1998. The fuel processing cycles forced

by the plasma chamber exhaust flow were simulated over the pulse operation cycles during 2

days. The graphic system was developed using the JAVA programming language to offer the

common program base that is independent of the platforms.
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VII. FUSION INTERNATIONAL COOPERATION

1. Multilateral Cooperation

The multilateral cooperation carried out in JAERI is summarized in Table VII. 1-1.

1.1 IAEA

The 17th IAEA Fusion Energy Conference, being prepared for the prior two years and

hosted by STA and JAERI, was successfully held at Yokohama from October 19th to 24th under

auspice of IAEA. The most people of 824, from the most countries of 31, participated in this

largest international fusion-research conference, which is ever held every two years. The most

377 papers including 120 oral presentations were presented in total, and the 35 papers including

14 oral presentations were presented by researchers of JAERI. It featured this conference that

the achievements on high plasma confinements and those sustaining in JT-60, Dlll-D and JET as

well as an initial experimental result on LHD, which has newly launched its helical-typed

magnetic confinement experiment in NIFS, were presented. Furthermore, a computational

dynamic approach for explanation of plasma theory was one of the highlights.

Technical Committee Meeting (TCM) was replaced with ITER expert meeting in this

year.

ITER EDA extends its Design and R & D activities under auspice of IAEA to design the

more economical experimental reactor. Please refer to the chapter V for the more details.

1.2 IEA

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.

The objective of the cooperation under the Implementing Agreement among the Three

Large Tokamak facilities (JET, JT-60 and TFTR) is to enhance the effectiveness and

productivity of the research and development efforts related to the development of the tokamak

fusion concept by strengthening cooperation on the existing Large Tokamak Facilities.

Personnel assignment is one of the main activities; 57 exchanges among the three facilities were

carried out in this year, eleven of which were long-term visits exceeding 4 weeks. Operation

of TFTR was terminated in 1997, however, their technologies developed on diagnostics and

neutral beam injection, and theoretical codes to understand plasma instabilities have been

effectively applied to JET and JT-60 plasmas through the mutual personnel exchanges.

Another main activity is exchanges of data and information, which have been successfully

carried out as the following Task Assignments. Originally they are (1) Research on high-(3p

and related modes of operation, (2) Disruption studies, (3) Divertor plate technology, (4) Neutral
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beam current drive research, (5) Impurity content of radiative discharges, (6) Remote

participation in experiments. Recently the seventh Task (7) Scaling of access to ITB plasmas was

added.

In the Implementing Agreement on Plasma Wall Interaction in TEXTOR, plasma-wall

interaction research cooperation is carried out in a form of exchanging information. This year,

two scientists visited the facility of the TEXTOR tokamak in Forschungszentrum Juelich,

Germany.

Cooperation under the Implementing Agreement on Fusion Materials is to perform the

research and development of fusion materials. Especially, a conceptual design of IFMIF

(International Fusion Material Irradiation Facility) was evaluated by the cooperation of Japan,

EU, US, and Russia in order to proceed to next step.

Cooperation under the Implementing Agreement on Environment, Safety and Economics

aspects of Fusion Power carried out mainly methodology development for the evaluation of

environmental and safety aspects of fusion power. The cooperation on socio-economics

aspects of fusion power has been initiated.

Cooperation under Implementing Agreement on Fusion Nuclear Technology carried out

research cooperation and information exchange in the area of neutronics research, and the tritium

breeding blanket development for the ITER test modules.

Multilateral Cooperation

IAEA

ITER (International Thermonuclear Experimental Reactor) /EDA Project

[Japan, US, EC, Russia]

Information Exchange on Large Tokamaks

Information Exchange on Atomic and Molecular Data

International Conferences

IEA

• Three Large Tokamak Facilities [JT-60 (Japan), TFTR (US), JET (EIU)]

• Plasma Wall Interaction in TEXTOR [Japan, US, EU, Canada, Switzerland, Turkey]

• Fusion Materials (Japan, US, EU, Canada, Switzerland, China]

• Environmental, Safety and Economic Aspects of Fusion Power

[Japan, US, EU, Canada, Russia]

• Nuclear Technology of Fusion Reactors

[Japan, US, EU, Canada, Russia]

Table VII. 1-1. Multilateral cooperation in fusion international cooperation at JAERI
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2. Bilateral Cooperation

The bilateral cooperation carried out in JAERI is summarized in Table VII.2-1. On

Japan-US cooperation, the Agreement between the Government of Japan and the Government of

the United States of America on Cooperation in Research and Development in Energy and

Related Fields was signed in May 1979. The Coordinating Committee of Fusion Energy was

established to synthetically coordinate the cooperation activities under the above agreement.

The Japan-US cooperation consists of four frameworks of exchange programs, joint research

project, joint research for plasma physics, and joint planning. The joint research project

includes the experimental research program on tokamak plasmas with Doublet III at General

Atomics, the irradiation experiment program with mixed spectrum fission reactors (HFIR/ORR)

at Oak Ridge National Laboratory, the fusion-fuel processing technology program with the

tritium systems test assembly (TSTA) at Los Alamos National Laboratory, and the data link

program with the magnetic fusion energy computer center at Lawrence Livermore National

Laboratory.

On Japan-EU cooperation, the Agreement for Cooperation between the Government of

Japan and the European Atomic Energy Community in the field of controlled thermonuclear

fusion was concluded in February 1989. Based on this agreement, a lower hybrid (LH) wave

launcher module was fabricated at JAERI and tested in at Cadarache Institute. The test has

been completed successfully in July 1998. Regarding development of negative ion source,

Japanese ion source was tested at Cadarache Institute, and the properties of the negative ion

source were studied at JAERI under collaboration with Cadarache Institute. Regarding

development of plasma facing components, exchange programs were carried out.

With Canada, JAERI carried out information exchange and expert meeting on tritium

technology and tokamak research through Atomic Energy of Canada Ltd. (AECL). Tritium

was shipped from AECL to JAERI based on a contract for purchasing tritium for research and

development. With Australia, information exchange and expert meeting were carried out by

holding workshops mainly in the area of diagnostics, experiment, and theory for toroidal plasmas,

under Agreement between the Government of Japan and the Government of Australia on

cooperation in the field of Science and Technology. With Russia, collaboration through

information/personal exchanges and expert meetings on plasma physics and nuclear fusion were

successfully performed under Agreement between the Government of Japan and the Government

of Russia in Research and Development in Science and Technology. With China, information

exchange was carried out by holding workshops in the area of plasma physics and fusion under

Science and Technology Cooperation Agreement between the Government of Japan and the

Government of People's Republic of China.
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Japan-US

Japan-EU

Japan-Canada

Japan-Australia

Japan-Russia

Japan-China

Bilateral Cooperation

• Doublet III Project

• HFIR/ORR Joint Irradiation Experiment Program

• Fusion Fuel Processing Technology Development Program

• Data Link Program

• Cooperation in Fusion Research and Development

• Cooperative Activities Concerning Lower Hybrid Antenna Module

• Cooperative Activities Concerning Negative Ion Source

• Cooperation in Plasma Facing Components

• Cooperation in the Field of Controlled Nuclear Fusion

• Cooperation on Diagnostics, Experiments, and Theory

• Cooperation in Fusion Research and Development

• Cooperation in Plasma Physics and Fusion

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

3. Cooperative Program on DIH-D (Doublet III) Experiment

3.1 Highlights of FY1998 Research Results

Integration of the advanced tokamak concept, which encompasses to acquire the improved

confinement in a steady-state with high normalized-beta and a large fraction of non-inductively

driven current together with highly-evolved divertor functions was emphasized also in the 1998
experimental campaign. Accordingly, high performance ELMy H-mode plasmas with pN H of

6 was produced and sustained for 1 s. The long sustainment of core transport barriers for 5 s

with the L-mode edge was also demonstrated. In addition, the off-axis electron cyclotron

current drive was successfully undertaken for the first time in a tokamak, discovering efficiency

above the theoretical expectations. Edge stability studies have shown that the H-mode

pressure gradient is not limited by the ballooning modes and the self-consistent bootstrap

provides the second regime access. From the MARFE instability criterion, the density limit

was modeled, which agrees well with Hugill-Greenwald limit and which scales quite favorably to

a larger device with high edge temperature. Divertor experiments have furthermore provided a

new understanding of convection and recombination in radiative divertors and have produced

enhanced divertor radiation with scrape off layer plasma flows and impurity enrichment.

In order to extrapolate the improved performance results to the experimental reactor such

as ITER with confidence, predictive understanding of tokamak transport is necessary. Over

the past several years, a number of new theoretical models of plasma transport have been

developed. Averaged over a large database of plasma pulses, each of these models do about
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equally well in predicting quasi-steady-state equilibrium plasma profiles even though each model

has a different mix of the fundamental physics. Accordingly, in order to distinguish between

the models, some other methods of verification are necessary. Simulations have shown that

perturbative transport experiments could provide a more critical test of transport models than the

equilibrium transport analysis. Experiments have thereby been coordinated on DIII-D using

the modulated ECH as the spatially localized pertubative heat source with the resonance

absorption layer located off axis. The results with off-axis heating indicate the electron and

ion responses to the ECH perturbation are out of phase with each other at the plasma core and at

the EC resonance layer. In general, the IFS-PPPL [3.1-1] and GLF23 [3.1-2] models predict

reasonably well the ion response, whereas the GLF23 and IIF [3.1-3] models are plausible more

with the electron response. The GLF23 model includes the effects of both the electron and ion

temperature gradient driven turbulence as well as trapped electron modes, which may be why it

fits the best overall. However, GLF23 still suffers from fitting the data when the heating

location was other than r/a = 0.3. After all, none of the developed models showed adequately

good agreement with both the ion and electron perturbative responses and the equilibrium

profiles, nonetheless the equilibrium profile fit of the GLF23 model was improved by including

the effects of the measured average Ex B shear.

References
[3.1-11 Kotschenreuther M., et al., Phys. Plasmas 2, 2381 (1995)
[3.1-2] Waltz R., et al., Phys. Plasmas 4, 2482 (1997).
[3.1-3] Itoh K. et al., Plasma Phys. Contr. Fusion, 36 279 (1994).

4. Collaborative Activities Concerning Fusion Technologies

4.1 IE A Collaborative Activities on Environmental, Safety, and Economic Aspects of

Fusion Power

Designated by the Government of Japan, JAERI has been participating in the IEA

Implementing Agreement on a Cooperative Program on the Environmental, Safety and

Economic (ESE) Aspects of Fusion Power. This collaborative activity is carried out by Canada,

EURATOM, JAERI, MINATOM and USA since 1992 and extended for another five years in

1997. Review of five tasks (Tritium Safety and Environmental Effects, Transient Thermofluid

Modeling and Validation Tests, Activation Products Safety and Environmental Effects, Safety

System Study Methodology, Failure Rate Data Base) and plan for the future activities were

performed. The scope and schedule of newly proposed tasks (Fusion Radioactive Waste Study,

Socio-economic Aspects of Fusion Power) were discussed.
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4.2 IEA Collaborative Activities on Research and Development of Plasma Wall

Interaction in TEXTOR

An IEA implementation for a collaboration program of research and development on

plasma wall interaction in TEXTOR is expected up to December 2002. TEXTOR management is

under KFA (Forschungszentrum Juelich GmbH), ERM/KMS (Ecole Royale Militaire) Brussels

and FOM (Stichting voor Fundamenteel Onderzok der Materie) Nieuwegein under the TEC

(Trilateral Euregio Cluster). Japan is a member of the executive committee and NIFS

organizing Japanese programs as a cooperation center of Japan. JAERI has been joined the

program as a Japanese technical committee member. In this fiscal year, two staff members in

JAERI visited TEXTOR to exchange information's on the Rl-mode physics, plasma edge

diagnostics and transport, modeling of birth mechanism of runaway electrons at a plasma

disruption phase, etc.

4.3 IEA Collaborative Activities on Nuclear Technology of Fusion Reactors

As for the activity in the Solid Breeder Sub Group of the Implementing Agreement, Japan

has performed the Sub-Task A on Effective Thermal Conductivity Measurements of the Ceramic

Breeder Pebble Beds Using the Hot Wire Method. The measurement was performed by using

Alumina, as reference material, Li2O from JAERI, Li2ZrO3 from CEA. The results of the

measurement showed that the correlation meets the observed data by assuming the contact area

fraction of 4.6 x 10° with accommodation factor of 0.2 for Li2O pebble bed. With respect to

Li2TiO3 data, the measurement was completed in the temperature range of 420 - 775 "C. The

observed results were consistent with the correlation by SZB (Schluender, Zehner and Bauer)

modified model and HM (Hall and Martin) modified model, assuming the contact area fraction

and accommodation factor are the same as those of the Li2O pebble bed. The estimation of

Li2Ti03 bed thermal conductivity with no mechanical stress is, now, available by the result

obtained in this work.

4.4 Collaborative Activities on Technology for Fusion-Fuel Processing between US-DOE

and JAERI

Research and development of technology for Fusion Safety has been carried out as an

US-Japan cooperative program at Tritium Systems Test Assembly (TSTA) at the Los Alamos

National Laboratory since 1995. In June 1998, new phase was started to emphasize tritium

safety technology R&D including new activities to understand tritium behavior in a tokamak

using Tokamak Fusion Test Reactor (TFTR) at the Princeton Plasma Physics Laboratory.

In FY 1998, at TSTA, experiments using the Tritium Plasma Experiment (TPE) to

evaluate tritium behavior under off-normal conditions and those on control of tritium inventory

in the Isotope Separations System (ISS) were carried out. At TFTR, measurement of tritium

- 8 7 -



JAERI-Review 99-022

distribution in the TFTR vacuum vessel, analysis of tritium behavior during TFTR deuterium-

tritium operation, evaluation of the capabilities of advanced radioactive liquid waste treatment

techniques and experiments on some technologies for decontaminating and decommissioning

(D&D) of TFTR components including graphite tiles were performed.

Using TPE at TSTA, tritium permeation through a divertor simulating module with a

tungsten armor tile was studied. Simulation experiment of a Loss Of Vacuum Accident

(LOVA) was also performed in TPE. These were both first-of-a-kind experiments. To

develop method evaluating tritium inventory in columns of ISS, a series of experiment was

performed using ISS loop system at TSTA and a set of valuable systematic data was obtained.

The activity at TFTR has allowed some extremely exciting new studies of the behavior of

tritium deposited in graphite tiles. There is great concern for ITER, or equivalent next-step

devices, about the inventory of

tritium built up by co-deposition in j !

graphite tiles. It must be

measured and a technique for its

removal must be developed. The

availability of the TFTR facility,

which was operated extensively

with tritium, has allowed some

serious study on these issues.

Visual observations (Figure

VII.4.4-1) showed that there were

considerable changes happening in

the appearance of tiles. Many

tiles were found to have flaking on

their surfaces in the region of

codeposition.

Figure VII. 4.4-1. Photograph of the inner surface of the TFTR
vacuum vessel, graphite tiles. There appear
flakings.

4 5 Collaborative Activities on Research and Development of Plasma Facing

Components under the US-Japan Collaboration

Under the Japan and US Fusion Agreement, the workshop on Fusion High Power

Density Devices and Design (FT-15) was held in the US. In this workshop, several concepts of

the fusion power reactors were discussed; e.g. liquid metal cooling option, He cooling option and

molten salt cooling option. From JAERI, an experimental result was reported that the large-

scale divertor mock-up with CFC monoblock armor could successfully withstand the heat load

conditions of the ITER divertor.
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4.6 Collaboration between JAERI and CEA-Cadarache for LH Antenna Module

Cooperative activities have been started to obtain a detail outgassing database during high

RF power, CW operation for a launcher design in future LHCD system since 1992. RF test was

performed at CEA-Cadarache RF Test Facility, which allowed high power injection up to 0.5

MW, under quasi-continuous operation at frequency of 3.7 GHz. The aimed database was

obtained and the 6 years collaboration was completed successfully in July 1998, concluding that

no external pumping for the antenna is necessary. The result was applied to the ITER LHRF

system design. The collaboration with CEA-Cadarache will be maintained in small scale under

Annex III of EU-Japan collaboration agreement. In this frame, the first EU-Japan workshop on

RF Antenna was held in Cadarache with 30 participants.

4.7 Collaborative Activities on Research and Development of Plasma Facing

Components under the EU-Japan Collaboration

Under the Japan-EURATOM Fusion Agreement, three collaborative activities were

carried out as follows; the JAERI-ARC (Austrian Research Center), the JAERI-FZJ and the

JAERI-CEA collaborations. The non-destructive test (NDT) using an ultrasonic wave probe was

conducted at ARC. It was demonstrated that joining flaws could be detected at the bond

interface between CFC monoblock armor and Cu cooling tube by the probe scanning inside of

the cooling tube. From this result, the ultrasonic NDT is confirmed one of the promising

techniques for an inspection of soundness of the bond interface of the components.

Thermal shock test on carbon-based material before neutron irradiation was conducted at

FZJ. As test materials were SiC-doped and 3D CFCs. Amounts of the erosion for test pieces are

0.3 mg for SiC-doped CFC and 1 mg for 3D CFC at a heat load of 10 MJ/m2, which are

comparable values obtained by JAERI.

A series of Critical Heat Flux (CHF) experiments were undertaken on a swirl tube

manufactured by CEA Cadarache in an ion beam test facility in JAERI. CHF values of 30 to 37

MW/m2 peak heat fluxes are determined for the highly peaked ITER transient profile.

4. 8 Cooperative Activities Concerning Negative Ion Source under the EU-Japan

Collaborations

Japanese "Kamaboko" source (high confinement negative ion source) was tested at CEA-

Cadarache to demonstrate continuous operation at the high current density of 20 mA/cm2 D. A

frame cooling type and an active cooling type plasma grids developed JAERI were also tested at

Cadarache for the continuous operation. Both grids were designed to keep stable temperature of

200 - 300° C for the efficient production of the negative ions in the cesium-seeded source. It was

demonstrated that the temperature of both grids became stable at around 200 ° C after about 100 s

of the arc discharge started [4.8-1 J. Further, uniformity of the negative ion source was studied at
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JAERI under a collaboration with CEA-Cadarache.

Reference
|4.8-1] Trainham R., Jaquat C, Fujiwara Y., et al, " Long pulse extraction of deuterium negative ion beams from

the Kamaboko ion source", 20th SOFT Fusion Technology 367-370(1998).

4.9 Collaborative Activities on Technology for Tritium Transfer between AECL and

JAERI

In October 1998, the third shipment of tritium from Chalk River Laboratory (CRL) of

AECL to Tritium Process Laboratory (TPL) of JAERI was carried out safely based on the

purchase contract between JAERI and Ontario Hydro Inc.. Total amount of tritium shipped

from CRL was about 60 g through three shipments since 1995. All shipments were carried out

securely without any technical problems by tremendous efforts of AECL and JAERI personnel.

Before the third shipment, a technical meeting was held between Ontario Hydro Inc.

(including a technical stuff from CRL) and JAERI at TPL in May 1998. In this meeting,

valuable discussions and information exchange were carried out which related to tritium

accountancy, tritium handling technologies, future plan of tritium use, etc.

5. Collaborative Activities in Asian Area

The interactive activities including personal exchanges and meeting on fusion research

among Asian countries grow significantly these days. JAERI conducted bilateral collaboration

with China and Korea respectively in 1998 fiscal year.

Under the STA scientist exchange program, five Chinese scientists joined JT-60 and JFT-

2M experiment in JAERI, and three JAERI scientists visited Southwestern Institute of Physics

(SWIP) for two weeks. In May 1998, a new proposal for research collaboration on "plasma

physics and fusion" was initiated under Science and Technology Cooperation Agreement

between Japan and China. Based on this agreement, the second Japan-China workshop was

successfully held at Chengdue in January 18-22th, 1999. Ten Japanese scientists including six

JAERI staffs and twenty-seven Chinese scientists joined this workshop.

Two Korean scientists joined fusion research in JAERI in 1998 under the STA scientist

exchange program. Two JAERI scientists participated in the Asian Plasma and Fusion

Association Conference held at Beijing in September 1998.
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Appendices A.I Publication List (April 1998 - March 1999)

A.I.I List of JAERI reports

1) Aoki I., Seki Y., et al.,"Development of Dynamic Simulation Code for Fuel Cycle of Fusion Reactor",
JAERI-Data/Code 99-004 (1999).

2) Ezato K., Suzuki S., et al.,"Numerical Simulation of Runaway Electron Effect on Plasma Facing
Components", JAERI-Research 98-033 (1998).

3) Fujiwara Y., Hanada M., Kawai K., et al., "Bcamlet interaction in multi-aperture negative ion source",
JAERI Research 99-013 (1999) (in Japanese).

4) Furuya K., Hara S., Kuroda T., et al., "Heating Facility for Blanket and Performance Test", JAERI-Tech 99-
025(1999).

5) Gilanyi A., Akiba M., Okumura Y., et al., "AC Loss Calculation of Central Solenoid Coil", JAERI-Research,
99-014(1999).

6) Hasegawa Y., Hamamatsu K., Shirai H., et. al., "Development of FAME Animation System", JAERI-Tech
99-015 (1999) (in Japanese).

7) Isayama A., Isei N., Ishida S., et al., "Measurement of Electron Temperature Profile of ELMy H-mode
Plasma by Fourier Transform Spectroscopy -Removal of Non-thermal Emission Pulses-", JAERI-Research
99-021 (1999).

8) Itou A., Nakahira M., Hamada K., et al., "ITER cryostat thermal shield detailed design", JAERI-Tech 99-027
(1999).

9) Itou A., Nakahira M., Takahashi H., et al., "ITER cryostat main chamber and vacuum vessel pressure
suppression system design", JAERI-Tech 99-026 (1999).

10) Kanari M., Abe T., Enocda M., et al., "Durability of Alumina Electrical Insulation Films by Plasma Spraying
Coating Method under Repeated Impact Loads", JAERI-Research 98-029 (1998) (in Japanese).

11) Kanari M., Abe T., Tanzawa S., et al., "Geometrical Influence on Repeated Impact Durability of Alumina
Insulation Film Coated by Plasma Spraying Method", JAERI-Research 99-012 (1999) (in Japanese).

12) Kikuchi S., Kuroda T., Enocda M., "Preliminary Thermo-mechanical Analysis of ITER Breeding Blanket",
JAERI-Tech 98-059 (1999).

13) Kodama K., Masaki K., Sasajima T., et al., "Design and Installation of W-shaped Divertor in JT-60U",
JAERI-Tech 98-049 (1998) (in Japanese).

14) Kubo H., Omine T., Yoshida K., "Design of correction coil for ITER", JAERI-Tech 98-050 (1998).

15) Kurihara R., "Research on Unstable Fracture of Light Water Reactor Piping", JAERI-Research 98-043
(1998) (in Japanese).

16) Kuroda T., Enoeda M., Kikuchi S., et al., "ITER Breeding Blanket Module Design & Analysis", JAERI-Tech
98-051 (1998).

17) Miura, Y. M., Kawamata, K., Fukuda, T., Kurihara, K., "A New Function Parameterization Formula for the
JT-60U X-point Position Control ", in "Review of JT-60U Plasma Experimental Results in 1997", JAERI-
Research 98-039 (1998).

18) Miyata H., Arai T., "Study on Usage of Fluorocarbon for Toroidal Field Coil Cooling", JAERI-Tech 98-038
(1998) (in Japanese).
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19) Nakano T., Kubo H., Sugie T., et al., "Visible Speclra in JT-60U Divertor Plasma (Wavelength Range
between 300 nm - 780 nm)11, JAERI-Research 99-003 (1999) (in Japanese).

20) Nishitani T., Johnson L.C., et al., "Design of ITER Neutron Monitor using Micro Fission Chambers",
JAERI-Research 98-049 (1998).

21) Nishitani T., Iida T., et al., "Irradiation Effects on Plasma Diagnostics Components", JAERI-Research 98-
053(1998).

22) Obara K., Kakudate S., Itou A., et al., "Design and development of in-vesscl viewing periscope for ITER
(International Thermonuclear Experimental Reactor)", JAERI-Tech 99-009 (1999).

23) Obara K., Kakudate S., Oka K., et al., "High y-ray irradiation tcsl of critical components for ITER
(International Thermonuclear Experimental Reactor) in-vcssel remote handling system", JAERI-Tech 99-003
(1999).

24) Shiina T., Yamauchi T., Ishige Y., et al., "Technical Development of TV Thomson Scattering System on
JFT-2M", JAERI-Tech 98-048 (1998) (in Japanese).

25) Sugie T., Ogawa H., Katsunuma A., et al., "Design of Divertor Impurity Monitoring System for ITER (II)",
JAERI-Tech 98-047 (1998).

26) Sugie T., Toriya T., Kasai S., "Development of Multi-channel Optical-fiber Feed Through for ITER",
JAERI-Tech 98-036 (1998).

27) Tsuchiya Y., Kikuchi K.,Mstsui K., "Non-destructive measurement of residual stress for a superconductor
jacket applied to the fusion deffiraction method", JAERI-Tech 98-050 (1998).
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A.1.2 List of papers published in journals

1) Akiba M., Suzuki S., "Overview of the Japanese Mock-up Tests for ITER High Heat Flux Components,"
Fusion Eng. Des. 39-40, 219 (1998).

2) Ando T., Hiyama T., Takahashi Y., et al., "Fabrication of ITER central solenoid model coil; Outer module",
IEEE Trans. Appl. Superconductivity 7, (1998).

3) Arai T., Masaki K., Miyachi K., "Baking Technique of JT-60", J. Vac. Soc. Jpn. 41, 841 (1998) (in
Japanese).

4) Araki M., Kitamura K., Suzuki S., "Analyses of Divertor High-Heat-Flux Components on Thermal and
Electromagnetic Loads", Fusion Eng. Des. 42, 381 (1998).

5) Asakura N. and JT-60 Team, "Role of divertor geometry on detachment and core plasma performance in JT-
60U", J. Nucl. Mater. 266-269, 182 (1999).

6) Bandourko V., Jimbou R., Nakamura K., et. al., "Tungsten Selfsputtering Yield with Different Incidence
Angles and Target Temperatures", J. Nucl. Mater. 258-263, 917(1998).

7) Barabash V., Akiba M., Bonal JP., et al., "Carbon Fiber Composites Application in ITER Plasma Facing
Materials", J. Nucl. Mater. 258-263, 149 (1998).

8) Boscary J., Araki M., Schlosser J., et al., "Dimensional Analysis of Critical Heat Flux in Subcooled Water
Flow under One-Side Heating Conditions For fusion Application", Fusion Eng. Des. 43, 147 (1998).

9) Boscary J., Suzuki S., Nakamura K., ct al., "Thermal Fatigue Tests on CVD-W/Cu Divertor Mock-ups",
Fusion Eng. Des. 39-40, 537 (1998).

10) Cardclla A., Chiocchio S., Ioki K., et al., "Design of ITER EDA plasma facing components", Fusion Eng.
Des. 39-40, 377(1998).

11) Cardella A., Ioki K., Yamada M., et al., "The ITER port limiler design", Fusion Eng. Des. 39-40, 377 (1998).

12) Costley A. E., Ebisawa K., Edmonds P., et al., "Overview of the ITER Disagnostic System", Diagnostics for
Experimental Thermonuclear Fusion Reactors 2, edited by Stott P.E., Gorini G., Pradoni P., and Sindoni E.
(Plenum Press, New York, 1998), p.41, May (1997).

13) dcKock L. , Ando T., Ebisawa K., ct al., "Diagnostic Requirements for the ITER Divertor", Diagnostics for
Experimental Thermonuclear Fusion Reactors 2, edited by Stott P.E., Gorini G., Pradoni P., and Sindoni E.
(Plenum Press, New York, 1998), p.67, May (1997).

14) Dnestrovskij Yu. N., Lysenko S.E., (Polevoi A.R.), et al., "Test of Canonical Profiles and Semi Empirical
Transport Models against JT-60U Plasmas", to be published in Nucl. Fusion.

15) Ebisawa K., Ando T., Sugie T., ct al., "VUV Divcrtor Impurity Monitor for ITER", Diagnostics for
Experimental Thermonuclear Fusion Reactors 2, edited by Stott P.E., Gorini G., Pradoni P., and Sindoni E.
(Plenum Press, New York, 1998), p.337, May (1997).

16) Enoeda M., Furuya K., Takatsu H., et al., "Effective thermal conductivity measurements of the binary pebble
beds by hot wire method for the breeding blanket", Fusion Technol. 34, 877 (1998).

17) Ezato K. and Kunugi T., "Molecular Dynamics Simulation of Energetic Cluster Impact to Metallic Thin
Film," J. Nucl. Mater. 258-263, 618 (1998).

18) FukudaT., "Hidden variables affecting theL-H transition", Plasma Phys. Control. Fusion 40, 543 (1998).
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19) Fukuda T., Takizuka T., et al., "Nondimensional threshold scaling of edge plasma quantities in JT-60U",
Plasma Phys. Control. Fusion 40, 827 (1998).

20) Fukuda T., Takizuka T., et al., "Scaling of the H-mode Power Threshold for ITER", Plasma Phys. Control.
Fusion 40, 857(1998).

21) Fukuda T. and JT-60 Team, "Active Feedback Control of Steady-state Improved Confinement Discharges in
JT-60U", Fusion Eng. Des. 38, (1999), (in press).

22) Furuya. K., et al., "Application of HIP Bonding to First Wall Panel Fabrication made from Reduced
Activation Ferritic Steel F82H", J. Nucl. Mater. 258-263 2023 (1998).

23) Gotoh Y., Okamura H., Kajiura S., et al., "Development And Material Testing of OF-Cu/DS-Cu Duplex
Tube and Trial Fabrication of Vertical Target Mock-ups for ITER Divertor", J. Nucl. Mater. 258-263, 271
(1998).

24) Hanada M., Akino N., Ebisawa N., et al., "Development of Multi-Mega watt negative ion sources and
accelerators for neutral beam injectors," IAEA-CN-69-FTP/20.

25) Hasegawa Y., Nakamura Y., Shirai H., et. al., "Development and Performance of High Speed Processing
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Appendices A.2 Personnel and Financial Data

A.2.1 Change in number of personnel and annual budget (FY 1989-1998)
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A.2.3 Scientific Staffs in the Naka Fusion Research Establishment
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TAKAHASHI Hiroyuki (*6)
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Project Management Group
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SHOJI Teruaki (Leader)
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ITOH Kazuyoshi (*42)
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SUGIHARA Masayoshi
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YOSHIDA Kiyoshi
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SHOJI Teruaki (Leader)
ARAKI Masanori GOTO Yoshinori (*26)
KASHIMURA Shinji (*18) KITAMURA Kazunori (*48)
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OHKAWA Yoshinao
SAITO Keiji (*6)
TADO Shigeru (*26)
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INABE Teruo
ARAKI Takao (*48)

OHMORI Jyunji (*48)
OZAWA Yoshihiro (*6)
SATOShinichi(*19)
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INOUE Takashi
KATAOKA Yoshiyuki (*6)
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SATO Kouichi (*1)

TAKIGAMI Hiroyuki (*48)
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*6 Hitachi Ltd.
*7 Hitachi Nuclear Engineering Co., Ltd
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* 10 Ishikawajima-Harima Heavy Industries, Ltd.
*11 JAERI Fellowship
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* 13 Japan Steel Works Ltd.
*14 JST Fellowship
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* 16 Kajima Corporation
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