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R&D activities of the Naka Fusion Research Establishment, JAERI, arc reported for the period from April 
1, 1990 to March 31,1991. 

Since the shutdown of JT-60 in November 1989, the reconstruction work of the JT-60 device was 
continued until the end of March 1991. In the JT-60 Upgrade, the poloidal field coils and vacuum vessel were 
renewed and the plasma current was planned to increase up to 6 MA with lower single null divertor. The divcrtor 
plates were designed to be toroidally continuous and to use high-hcat-conduction C/C composite materials. Another 
objective of JT-60U is to facilitate tokamak experiments with deuterium as the working gas. Neutron shields were 
added to the tokamak hall. 

In the JFT-2M program, a system for divcrtor bias experiments was brought into operation and initial 
experiments were started to study its effects on plasma discharges. Effects of crgodic magnetic limitcr on H-modcs 
were examined and stationary H-modcs were obtained under the control of crgodic magnetic limitcr currents. The 
DI1I-D program was highlighted by the attainment of 11 % beta with a double null divcrtor plasma. 

Concerning the theoretical and computational studies, effort was focused on the analyses of MHD equilibria 
and stabilities, and burning plasma problems in relation to the design study of the next generation tokamaks. 

As for the fusion engineering research, development activities of the ceramic turbo-viscous pump and the 
surface insulation techniques for the tokamak in-vcsscl components arc remarked in the vacuum technology area. In 
the high heat flux experiments with the JAERI Electron Beam Irradiation Stand (JEBIS), carbon-based materials and 
refractory metals were tested to evaluate surface erosion at plasma disruptions. Concerning the plasma heating 
technologies, much effort was devoted to the development of negative ion sources to produce high current (>10 A), 
high energy (500 keV-1.3 MeV) negative ion beams for long durations. The JAERI Klystron Test Facility was 
modified for the testing of high power gyrotrons and their related components by March 1991. A millimeter wave 
FEL experiments was carried out by using a 1 McV, 3 kA induction linac. 

The main results in the superconducting magnet technology development were the attainment of a ramp 
rate of 7 T/3 s on the US Demo Poloidal Coil and the fabrication of a 30 kA-12 T pancake coil using a Nt^Sn 
hollow monolith conductor. Concerning the tritium processing technology, a fuel cleanup system, which had been 
developed and designed by JAERI, was installed in the TSTA at LANL to test its applicability to 100 g-lcvcl 
tritium experiments. Experiments at the Tritium Processing Laboratory were also advanced. 

The ITER Conceptual Design Activities, which began in April 19S8 under the auspices of the IAEA, were 
successfully completed in December 1990. A lot of contributions to the program were made by JAERI people to 
support the design and R&D activities and to prepare a plan for the forthcoming Engineering Design Activities. 
The design study of FER was continued in parallel with its related technology R&D. The concept study of the 
SSTR (Steady State Tokamak Reactor) and the safety analysis of a fusion reactor were also carried out to clarify the 
aim of fusion reactor R&D's. 

Keywords: Fusion Research, JAERI, JT-60U, JFT-2M, DIII-D, Plasma Physics, Fusion Engineering, ITER, 
FER, Fusion Reactor Design, Annual Report 

Editors: Y. Murakami (in chief), T. Kanazawa, T. Kuroda, M. Saidoh, T. Yamamoto 
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R&D activitics of lhc Naka Fusion Rcscarch Establishmcnl， JAERI， arc rcported for thc pcriod from April 
1， 1990 to March 31， 1991. 

Sincc thc shutdown of JT・60in Novcmbcr 1989， thc rcconstruction work of thc JT・60dcvice was 
continucd until thc cnd of March 1991. ln thc JT・60Upgradc， thc poloidal ficld coils and vacuum vcssel wcre 
rcncwcd and thc plasma currcnt was planncd to incrcase upω6MAwi山lowcrsinglc null divcrtor.百lCdivcrtor 
platcs wcrc dcsigncd to bc toroidally continuous and to usc high-h回 t-c∞ductionC/C compositc matcrials. Anothcr 
objcctivc of JT-ωU isωfacilitatc tokamak expcrimcnlS with dcuterium as thc working gas. N印 tronshields werc 
addcdto山cωkamakhall. 

In lhe JFT-2M progrant， a systcm for divcrtor bias expcrimenlS was brought into opcration and initial 
cxpcrimcnts wcre startcd to study ilS cffects on plasma discharges. EffeclS of crgodic magnctic limitcr on H-modcs 
wcrc cxantincd and stationary H-modcs wcrc obtaincd undcr thc control of crgodic magnctic limitcr currcnts.百le
DIlI-D program was highlightcd by the attainmcnt of ] ] % bcta with a double null divcrtor plasma. 

Conccming thc thcorctical and computational sludies， cffort was fl邸凶叫0目白巴佃a1yscsof MHD叫uilibria
and staTilitics， and buming plasma problcms in rclalionωlhc design study of thc ncxl gcncration tokamaks. 

As for Ihc fusion cnginccring rcs回 rch，dcvclopmcnt activitics of白巴 ccramiclur加 川scouspump and thc 
surfacc insulation tcchniquωfor血clokamak in-vcsscl comp叩叩tsarc rcmarkcd in脚 vacuumI1ωlnology arca. In 
Ihc high heat flux cxpcrimcnts wi山lhcJAERlEIωlron Bωm Irradiation Stand (JEBIS)， carbon-bascd matcrials and 
rcfractory mctals wcrc lcstcd 10 cvaluatc surfacc crosion at plasma disruptions. Conccrning thc plasma hωting 
tcchnologics， much cffOrl was devotcd to the devclopment of negative ion回 urc巴stopr叫 ucehigh current (>10 A)， 
high cncrgy (5∞kcV-1.3 McV) ncgativc ion beams for long duralions. Thc JAERl Klyslron Tcst Facility was 
modificd for the lcsling of high powcr gyrotrons and thcir rclatcd componcnls by March 1991. A millimctcr wavc 
FEL cxpcrimcnts was carricd oul by using a I McV，3 kA induction linac. 

The main rcsults in thc supcrconducting magnct t∞hnology development wcrc thc attainmcnt of a ramp 
ratc of 7 T/3 S on thc US Dcmo Poloidal Coil and thc fabrication of a 30 kA・12T pancake coil using a Nb3Sn 

hollow monolith conduclor. Conccrning出elrilium proccssing tcchnology， a fucl c1eanup systcm， which had b∞n 
dcvclopcd a 
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郡珂研究所年報(平成2年度)

日本原子力研究所

那珂研究所

(1991年9月9日受理)

原研・那珂研究所における平成2年度(1990年4月-1991年3月}の研究開発活動について報告する.

耳¥60は.平成元年11月に運転を停止してt 3年3月末まで改造工事が行われた.改造後のn・-60Uでは.

ボロイダル磁場コイルと真空容器が新しいものに取り換えられ.下欄X点ダイパータ配位で6MAのプラズマ電流

が流せるように計画された.ダイバータ仮は.高熱伝導性の炭素複合材料で作られ， トロイダル方向に切れ目なく

設置された.JT-60Uの他の目的は量水棄を用いたトカマク実験を可能にすることであり.このため.実験棟に中

性子遮蔽が設けられた.

JFT・2M計画では.ダイバータバイアスの効果を調べるための実験装置を整備して.実験を開始した.エルゴ

ディック磁気リミターによるHモード発生の実験では，リミター電流の制御により人為的に定常状態が作り出せる

ことが示された.DIII-D計画では.ダブルX点タイバータ毘位で，ベータ値11%を連成した.

理論解析に関する研究では，次期装置の按計検討に関連して.磁気流体平衡と安定住の解析や核燃焼プラズマの

解析が行われた.

核融合工学の研究に関しては.真空技術の分野で.セラミック・ターボ型組引きポンプと炉内情造物表面への絶縁

被眼形成技術の開発が進展した.JEBISを用いた高熱負荷試験では，炭素読材料や高融点金属について.プラズマ

・ディスラプション時の表面損傷の評価が仔われた.プラズマ加熱揖術では.大竃流(>10A).高エネルギー

(0.5-1.3 MeV).長パルスの負イオンピームを作るための負イオン源の開発に力が注がれた.また，クライスト

日や験装置を対封力ジャイロトロンとその関連部品の揃ご棚できるようにする萌紅事枠度内に終了した.

さらに.ミリ波FELの実験が1MeV.3kA鵡導組型加速器を用いて開始された.

超電導磁石技術η開発では，米国η実証ボロイダルコイルにおける7T/3静句立上げ倒防確器.Nb
3
Snホロ

ー形導体を用いた30kA・12Tのバンケーキコイルの製作等が主な成果としてあげられる.トリチウム取扱b嚇術

匂澗発にお1tl'"ては.100gレ~[，のトリチウムが使用できる米国のTSTAに原研め蛾料糟製システムカ粗制法払

討融カ帯椴台された.TPLにおける各種試験も進展した.

昭和63年4月にIAEAの榊Eみで防音された汀ERの概舗矧活蜘ま，平成2年12月に成功郵Z終了した.

原研の研究者は，その設計およびR&Dの活動.さらには工学震計活動の準備において，多大の貢献をした.FER 

の設計検討とR&Dも継続された.また.SSTRの概念検討や核融合炉の安全性解析も炉のR&Dの目的をより明

確にする立場から行われた.

那同研究所:T311-01 茨棋県郡珂郡部珂町大字向山801・1

編集者: 村上積丸金揮哲男.黒回融公，西堂樹t.山本巧
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FOREWORD 

The past fiscal year has brought significant progress in many areas of the JAERI Fusion 
Program. 

Since the shutdown of JT-60 in November 1989, the reconstruction work of the JT-60 
device was continued throughout the year and the JT-60 Upgrade (JT-60U) has been completed in 
March 1991. The main objective of JT-60U is to investigate energy confinement near the break 
even condition, non-inductive current drive and burning plasma physics with deuterium plasmas. 
The JFT-2M and DIII-D programs have been highlighted by the attainments of a stationary H-
mode with ergodic magnetic limiter and a high beta of 11 % with a double null diverted plasmas, 
respectively. 

The ITER Conceptual Design Activities, which began in April 1988 under the auspices of 
the IAEA, were successfully completed in December 1990. JAERI people made many 
contributions to the program with a conviction that strong international integration of fusion 
research and development is essential and ITER can serve as a central project for the next step. 

Continued efforts were laid on the research and development of fusion technologies. The 
technical area included superconducting magnet, plasma heating, vacuum technology, tritium 
handling and high heat flux technology. Some of the works were carried out as cooperative 
international programs. 

The development of thermonuclear fusion as an energy source is a central element of a 
national and international energy strategy. With increasing recognition of environmental issues, 
the features of a fusion power source are even more attractive. We should now address 
vigorously the study of physics of ignited plasmas as well as the development of related fusion 
reactor technologies. We value the continuing support from persons and organizations concerned, 
and we welcome comments and suggestions on all aspects of our works. 

Tsutomu Iijima 
Director General 
Naka Fusion Research Establishment 
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The past fiscal year has brought significant progress in many areas of the JAERI Fusion 
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even condition， non-inductive current drive and burning plasma physics with deuterium plasmas. 

The JFf-2M and DIII-D programs have been highlighted by the attainments of a stationary H-
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The ITER Conceptual Design Activities， which began in April 1988 under the auspices of 

the IAEA， were successfully completed in December 1990. JAERI people made many 

contributions to the program with a conviction that strong international integration of fusion 

research and development is essential and ITER can serve as a central project for the next step. 

Continued efforts were laid on the reseぽ'chand development of fusion technologies. The 

technical area included superconducting magnet， plasma heating， vacuum technology， tritium 

handling and high heat flux technology. Some of the works were carried out as cooperative 

intemational programs. 

百ledevelopment of thermonuclear fusion as an energy source is a central element of a 

national and international energy s甘'ategy.With increasing recognition of environmental issues， 

the features of a fusion power source are even more attractive. We should now address 

vigorously the study of physics of ignited plasmas as well as the development of related fusion 

reactor technologies. We value the continuing suppoはfrompersons and organizations concerned， 

and we welcome comments and suggestions on al1 aspects of our works. 

戸--- f LJ々伊〆f
，〆

Tsutomu Iijima 
Director Genera1 
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Naka Fusion Research Establishment 



.IAKKI- M 91-159 

Contents 

I. PLASMA THEORY AND COMPUTATION 1 
1. Introduction 1 
2. Analyses of Confinement and Heating Processes 1 

2.1 Radiative thermal instability and anomalous edge transport 1 
2.2 Synchrotron emission from a nonuniform plasma in a tokamak 2 
2.3 Development of TPC code 3 
2.4 Mode-coupling theory in multi-frequency Raman regime free electron laser 4 
2.5 Space charge modelling in 3-dimensional Raman regime free electron laser 4 

3. MHD Equilibrium and Stability Analyses 5 
3.1 Current profile and MHD stability in tokamak plasmas S 
3.2 Profile effects on ideal MHD beta limit 5 
3.3 Axisymmelric tokamak simulation by using the TSC code S 
3.4 Effect of pellet injection on sawtooth oscillation 6 

4. Analyses of Burning Plasma in Tokamaks 7 
4.1 D-%e fusion yield with higher harmonic ICRF heating of ^He beams 7 
4.2 Ripple-assisted fueling in tokamak reactors 7 
4.3 Reduction of divertor heat load by magnclic Held perturbation with in-vessel coils in ITER 7 

5. TRITON System and Plasma Simulator 8 
5.1 Vacuum magnclic energy computation for the new version ERATO code without the mirror 

symmetry 8 
5.2 Development of an FACR solver for MHD equilibrium code SELENE 8 
5.3 Development of the GAEA system 9 
5.4 Development of plasma simulator 9 

II. JFT-2M PROGRAM 10 
1. Toroidal Confinement Experiments 10 

1.1 Introduction 10 
1.2 Confinement studies 10 

1.2.1 Improved confinement on JFT-2M 10 
1.2.2 Steady stale H-modc by crgodic magnetic layer (EML) 11 
1.2.3 Divcrtor bias experiment 13 

1.3 RF experiments 14 
1.3.1 Coupling studies of a phased array antenna for fast wave current drive 14 
1.3.2 Prcionization and plasma current initiation by using electron cyclotron heating 16 

1.4 Diagnostics 17 
1.4.1 Impurity behavior on JFT-2M 17 
1.4.2 Development of TV Thomson scattering system with high spatial resolution and high 

sensitivity 18 
2. Operation and Maintenance 20 

2.1 Introduction 20 
2.2 Operation and maintenance 20 
2.3 Development of equipments and instruments 20 

III. COOPERATIVE PROGRAM ON TOKAMAK EXPERIMENT 23 
1. DIII-D (Doublet III) Experiment 23 

1.1 Introduction 23 

V 

。l叩 15flJ八IM-M

1

1

1

1

2

3

4

4

5

5

5

5

6

7

7

7

7

8

 

。。
o
o
n
y
n
y

1. PLASMA THEORY AND COMPUTATION ..・H ・-
1. Introduction 

2. Analyscs of Confincmcnt and Hcating Pr，∞csscs ...・H ・..
2.1 Radiative thermal instability and anomalous edge transport…・
2.2 Synchrolron emission from a nonuniform plasma in a tokamak…H ・H ・.....・H ・
2.3 Dcvelopmcnt of TPC codc ......... 

2.4 Modc.coupling曲。oryin multi.frcqucncy Raman rcgimc frlωclcctron la鈎r.. 

2.5 Spacc chargc modclling in 3・dimcnsionalRaman regimc frl田 elωlronlascr..・H ・...…
3. MHD Equilibrium and Stability Analyses . 

3.1 Currcnt profi]e and MHD stability in tokamak plasmas ..・H ・.. 

3.2 Profi]c effccts on idcal MHD beta Iimit . 

3.3 Axisymmclric tokamak simulation by using the TSC code ..・H ・-

3.4 Effect of pellct inj側 ionon sawt∞th oscillation . 

4. Analyses of Buming Plasma in Tokamaks . 

4.1 D.3He fusion yicld with higher harmonic ICRF heating of 3He b伺 ms…・
4.2 Ripple-assisled fueling in lokamak reaClors ... .. 

4.3 Reduclion of divcnor heat load by magnclic ficld penurbalion with in-vessel coils in 11百R…・・
5. TRITON Systcm and Plasma Simulator ..・H ・・

5.1 Vacuum magnctic cncrgy computati叩 for1.hc ncw version ERA TO code without恥 mirror

symmelry 

Dcvclopment of an FACR solver for MHD equilibrium code SELENE ..... 

Dcvelopment of the GAEA syslem ..... .. 

Devc!opment of plasma simulator .. . 

Contents 

司

必

今

3

a斗

-

-

-

e

コ
q
d
E
3

11. JFT・.2MPROGRAM ..，・H ・H ・....・H ・.......・H ・...・H ・...・H ・-…...・H ・...・H ・....・H ・.......・H ・....・H ・.....・H ・...・H ・....・H ・...10 

1. Toroidal Confinement Expcriments ..・H ・'"・H ・......・H ・..…H ・H ・....・H ・....・H ・......・H ・.....・H ・H ・H ・....・H ・H ・H ・..10 

1.1 Introduction .…....・H ・-…H ・H ・...・H ・H ・H ・.......・....・H ・...・H ・......・H ・...・H ・....・H ・.....・H ・......・H ・-…H ・H ・.10
1.2 Confincmcnt studics ...・H ・-……H ・H ・-…・・・………H ・M ・.....・H ・-…・・H ・H ・...…....・H ・.....・H ・........・H ・...10 

1.2.1 Improvcd confinemcnt on JFT-2M ..・H ・.....・H ・-……H ・H ・H ・....・H ・-…....・H ・.....・H ・.....・H ・.10

1.2.2 St伺 dystatc H-modc by crgodic magnctic layer但ML)…………....・H ・-……....・H ・....11 

1.2.3 Divcrtor bias experiment ........・H ・....…・・・・・H ・H ・....・H ・......・H ・...・H ・...・H ・H ・H ・........・H ・-…..13 

1.3 RF experimcnts ....・H ・....・H ・....・H ・...・H ・...・H ・...・H ・...・H ・..…・H ・H ・...・H ・H ・H ・....・H ・..…H ・H ・......・H ・-・ 14
1.3.1 Coupling sludics of a phao;ed array antcnna for fast wave currenl drive ……........……… 14 

1.3.2 Prcionization叩 dplasma current initiation by using electron cyclotron heating …H ・H ・....16 

1.4 Diagnostics ...・H ・-…H ・H ・....・H ・....・H ・...・H ・.........・H ・...・H ・.......・H ・....・H ・...・H ・.......・H ・...・H ・.....・H ・17

1.4.1 Impurity bchavior on JFT.2M .....・H ・..…H ・H ・...・H ・.....・H ・.....・H ・....・H ・.....・H ・…H ・H ・....… 17

1.4.2 Dcvclo伊1enlof TV Thomson scattering system with high spatial rcsolution and high 

scnsitivity ...・H ・.....・H ・....・H ・'"・H ・....・H ・...・H ・H ・H ・......・H ・.......・H ・..・・H ・H ・........・H ・...・H ・. 18 

2. Opcration and Mainlcnancc ..・H ・H ・H ・-…...・H ・...・H ・........・H ・....・H ・-…H ・H ・.....・H ・.......・H ・.....・H ・...・H ・..... 20 

2.1 Introduclion …・H ・H ・....・H ・...・H ・.....・H ・H ・H ・....・H ・...・H ・H ・H ・........・H ・...….......・H ・..…...・H ・....・H ・-“ 20

2.2 Operation and maintcnancc …H ・H ・-……H ・H ・H ・H ・.......・H ・..・"“H ・H ・...・H ・....・H ・…H ・H ・-…...・M ・.. 20 

2.3 Dcvelopmcnt of equipmcnts and inslruments ..・H ・..…・・H ・H ・...・H ・...・H ・......・H ・-……......・・・H ・H ・..… 20 

111. COOPERATIVE PROGRAM ON TOKAMAK EXPERIMENT .....・H ・-…H ・H ・...・H ・H ・H ・...・H ・....・H ・...…… 23

1. DIII-D (Doublct 111) Experimcnt ..・H ・......・H ・...・H ・-…H ・H ・-…-…H ・H ・...・H ・.............・H ・-…・・・・H ・H ・....・H ・..23 

1.1 Introduction ...・H ・.......・H ・...・H ・..……H ・H ・.......・H ・.....・H ・...・H ・......・H ・...・H ・H ・....・H ・....・H ・....・H ・...23 

V 



.JAKRI--M 91-159 

1.2 Highlights of FY1990 research results and device improvements 23 
1.3 JAERI collaboration 25 
1.4 Plans for the next year 25 

2. Microwave Tokamak Experiment 25 
2.1 Present status of MTX experiment 25 
2.2 JAERI activity 26 
2.3 LAPPS (Laser Aided Particle Probe Spectroscopy) 26 

IV. JT-60 PROGRAM 28 
1. Overview 28 

1.1 Confinement study near the thermal break even condition 28 
1.2 Non-inductive current drive 28 
1.3 Energetic particle physics relating burning plasmas 29 

2. Construction and Development of JT-60 Upgrade 29 
2.1 Tokamak 29 

2.1.1 Summary of status 29 
2.1.2 Vacuum vessel 30 
2.1.3 Poloidal field coil 31 
2.1.4 Toroidal field coil 32 

2.2 Control system 32 
2.2.1 Plasma control 32 
2.2.2 Man/machine interface 33 

2.3 Power supply 34 
2.4 Neutral beam injection system 37 
2.5 Radio-frequency system 38 

2.5.1 LHRF system 38 
2.5.2 ICRF heating system 40 

2.6 Diagnostic systems 41 
2.6.1 Thomson laser scattering apparatus 41 
2.6.2 Soft X-ray arrays 44 
2.6.3 Bolometer array 44 

2.7 System integration tests 45 
3. Experimental Results and Analysis 46 

3.1 Transport and MHD analysis 46 
3.1.1 Transport study of pellet fuelled plasmas in JT-60 46 
3.1.2 Local transport analysis of L-mode plasma 46 
3.1.3 Nonlinear simulation of r|j-mode and comparison with experimental results 47 
3.1.4 Density pulse propagation analysis 48 
3.1.5 Bootstrap current analysis 48 
3.1.6 MHD stability analysis of high-Pp plasmas 49 

3.2 LHRF experiments 50 
3.2.1 Analysis of lower hybrid wave propagation and absorption 50 
3.2.2 Effect of the spectral gap on current drive efficiency 51 

3.3 ICRF experiments 51 
3.3.1 Heating properties of higher harmonic regimes 51 
3.3.2 Theoretical estimation of stored energy 53 

3.4 Topics 53 
3.4.1 Limiter H-mode with LHCD 53 

VI 

.JAEHI四 M 91寸59

1.2 Highlights of FY 1990 rcscarch rcsullS and dcvicc improvcmenlS ..・H ・.....・H ・H ・....・H ・"'"・H ・...・H ・..23 

1.3 JAERI collaboration ..・H ・....・H ・...・H ・...・H ・H ・H ・-…・H ・H ・.......・H ・...・H ・....・H ・....・H ・.....・H ・H ・H ・...・H ・.25 

1.4 Plans for thc ncxt year .…・H ・H ・.......・H ・-…・・・・・H ・H ・......・H ・....・H ・......・H ・.....・H ・.......・H ・....・H ・...・H ・25 

2. Microwave Tokamak Expcriment .....・H ・.......・a・...・H ・..，・H ・.....・H ・...・H ・....・H ・...・H ・....・H ・...・H ・....・H ・H ・... 25 

2.1 Prcscnt sta¥us of MTX cxpcrimcnt……....・H ・"，"t・H ・...・H ・.....・H ・...・H ・-……...・H ・-……........... 25 

2.2 JAERI activity .... .. … .. … .. …..，日"'"'"山....日….. ….日…...，.......山.. …...........… .. …......… .. … .. … .. … .. ….....…..，日….. … .. … .. … .. ….“….....t… .. 日….. … .. ….日….. … .. 山.. …....…'"ft.… .. … .. … .. … .. ….，'"….“… .. “.t..… .. ….日..，….. … .. ….日….. ….... 26 
2.3 LAPPSιι.a邸sc釘rAidcd Particle p，尉'rob加eS匂p巴∞ctrosc∞opy叫).. …....…....山…1...…"'"….. 山....…....…....…....….. 山....….日..，…....….. 山....…....…....….... 2笥6 

IY. JT‘-60 PROGRAM .“.… .. 日….. “..，山Ilt...….. … .. … .. … .. 山.....川.. 山.......山.. …"'1'山"'"'川.. 山1ft..山......t.....….“.....山..........….....….川""'….1"….日...山.，.......….. ….“...山1......….. 山.. … .. … .. …...山.......….. … .. ….日…... 28 

1. Ovcrvicw .. …...… .. …""'""""山.. 山.. 日…...........山....11….. ….......山1ft..“….日.. … .. 山.. 川.. 山.......….. …..，.山.ft'山...山....t......山...山""山.. 山...山...山.. 山.. …............日….. ….日….日…......山.. … .. 山.. …'"'"….......1… .. 山...28 

1.1 Confincmcnt study n附c町 t山h巴thcrmalbrca球kc仰vc叩ncondition .. … .. 山.111山….. 山....…....….. 山....山…1.0'…....…....…"'"…….. …....…....山…....….'0.…... 2却8 

1.2 Non-induclivc currcnl drivc ...山….....山….. 山....….. 山....….. 山......….. 山…......….“....….日...…….. ….“...… .. ….....山…....….. ….“ .. ….....… .. …....…….“...…....…...“….“…....….“ .. 日.. …….日....……....……....….. 28 

1.3 Encrgctic particlc physics rclating burning pμlaωsmaωs .. …....…....山…....山…....…....….. 山....….“...…....……....….“.. … .. 山....…....…....…....…... 29 

2. CODstruclion and DcvclopmcDl of JπT-ωUpgradc.日…….. 山….. …...，…… .. 山....…….. 山.. 

VI 



JAKW- M 91 I Ml 

3.4.2 MARFE phenomena on neutral beam heated JT-60 plasmas 54 
3.4.3 Impurity behavior 54 
3.4.4 Divertor study 55 
3.4.5 Heat flux onto divcrtor plates 55 
3.4.6 Helium ash exhaust and transport 56 
3.4.7 Measurement of neutral beam stopping for hydrogen in the JT-60 plasma 56 
3.4.8 Confined alpha particle diagnostics in JT-60 57 

3.5 Transport database 57 
3.5.1 Transport database 57 
3.5.2 Retrieval system for experimental database of JT-60 58 

3.6 Development of fusion plasma analysis codes 58 
3.6.1 Data handling system 58 
3.6.2 1.5D tokamak transport code system: TOPICS 59 
3.6.3 Current drive analysis code: ACCOME 59 

3.7 Plasma-surface interaction 60 
3.7.1 Gas-release during a plasma disruption 60 
3.7.2 Performance of divcrtor plates under high-power and long pulse heating divertor 

experiments 60 
4. Related Developments and Maintenance 61 

4.1 Power supply 61 
4.1.1 MG overhaul and maintenance of facilities 61 
4.1.2 Power transmission for superconducting coil 62 

4.2 RF development 62 
4.2.1 LHRF system development 62 
4.2.2 ICRF system development 62 
4.2.3 Electron cyclotron heating system 63 

V. TECHNOLOGY DEVELOPMENT 65 
1. Vacuum Technology 65 

1.1 Introduction 65 
1.2 Progress in ceramic vacuum pump development 65 
1.3 Zr-bcaring OFC gasket for knife-edge-type vacuum flanges 66 
1.4 Improvement of QMS by using second stable zone in Mathieu's stability diagram 67 
1.5 Coaling techniques for ITER/FER in-vcssel components 68 
1.6 Development of ceramic-insulated wires 69 

2. Superconducting Magnet Technology 70 
2.1 Introduction 70 
2.2 Proto coil project 71 

2.2.1 Verification tests 71 
2.2.2 The model pancake coil 72 

2.3 The Demo Poloidal Coil project 73 
2.3.1 Project status 73 
2.3.2 Experimental results of the US-DPC 74 

2.4 High field coil development 76 
2.5 Cryogenic system development 77 

2.5.1 Cryogenic system for the C.S. scalable model coils 77 
2.5.2 Development of a large helium turbo-expander with variable capacity 77 

2.6 Development of cryogenic structural materials 77 

VII 

.JAI<:Hl-tvl Hl ¥[iH 

3.4.2 MARFE phcnomcna on nCUlral bcam hca1cd JT.ωplasmas ....・H ・-…....・H ・..，・H ・.....・H ・. 54 

3.4.3 Impuri1y behavior ...........・H ・..，..，・H ・...・H ・...・H ・...・H ・......・H ・......・H ・.....・H ・...・H ・...・H ・..... 54 

3.4.4 Divertor s1udy .. … .. ….“….“….“…'"….日…..，日….. ….“......… .. ….日.. 日.. … .. ….日….. … .. … .. ….“… .. … .. 日….. … .. … .. … .. … .. ….日….. … .. … .. … .. ….日….. … .. …"…".….日…"….日…...….. … .. … .. ….“… .. … .. … .. … .. … .. … .. … .. … .. … .. … .. … .. ….日….. … .. … .. … .. ….日….. ….日….. … .. ….日….. ….日….. … .. …...…....… .. ….“… .. ….“.“… .. “… .. ….. 55 
3.4.5 Hcat flu耳 on1odivcrlor pl均a1ωes.…...…...…......… .. …...…...“… .. 山.. … .. ….“ .. …....….日.. …...…..，“ .. ….“… .. … .. … .. … .. …...….....… .. … .. … .. ….“ .. …"… .. …....… .. … .. ….日…...….. … .. ….“ .. “...…...…...…...…....….. 55 

3.4.6 Helium ash cxhaust and lr叩 s卯 r此t.日….. 山....…….日山...…….. ……… .. …… .. 山...…….. 山…….. …… .. 山...…….. 山…….. 山….. 山.. 日….. 山…….. … .. 山.. 日…….. 山…….. … .. 山...山…….. 山…….. 山….. 山.. 日…….. 山…….日…….. 山.. 日…….. 山…….. …… .. 山...….叫山…….. … .. 山...…….. … .. …...……… .. 山.. 山....……….. 山....…….. 川.... 5話6 

3.4.7 Mcasurcmcnt of nc惚巴u山』刷u岡司叫Ibcam stopping for h旬yd命旨阿0略g叩 i加n出eJT.ω plasm剛a.. …… .. 山....山…….. 山.. “…… .. … .. 山...…….. 山…….. 山.. 山.... 5拓6 

3.4.8 Confincd alpha parti匂clediagnostics i加nJT.60 ...… .. 山.. 山....山............山.. 山.. 日.. 山....山..t....山...........…....山.........…......….. 57 

3.5 Transpor1 databasc ....... .. 山.，..................….日...............山....山...，...山....山.......山........山...山.. 山.. 山........山.，.，.，.川.. 山.. 山.. 山.......川...山.....山......57 

3.5.1 Transpor叫tdatabasc .. …..tt.山...山...山....山.. 山..........山...川...….川.....山...山.. 山.. 山1ft.山.. 山.. 山...山...山...山........山...山.....山.. …'1ft.川.......山....山...山...山.....山.............57 

3ふ2 R巴lriぬcv，瑚'alsystcm for cxpcrimcntal血脇b加as鈍cof l'打1可0.. …..t.…....…....…....…....山…....…....…....…....山…....山…....…....5却8 
3.6 Dcvelopmcn川1of fusion plasma analysis codes .日.. 山….....，山.. 山...山….. 山…......山...….. 山.........山......山....山….. 山...山...山.. 山......…....山.. ….....山....山...山....

V. TECHNOLOGY DEVELOPMENT .…・・H ・H ・....・H ・...…・・H ・H ・......・H ・...・H ・H ・H ・...・H ・...・H ・...・H ・....・H ・....・H ・.65 

1. Vacuum Technology ...… .. … .. …"… .. …"….日…"…..，“….“….“….“".….. … .. …"….“ .. “… .. ….“…"…"….日."….. ….“ .. “….“….“ .. … .. … .. … .. ….日….. …..，“ .. ….“ .. ….刊"….日….. … .. …..，“...… .. … .. …"….日….. …....日….. ….....・H ・...・H ・...・H ・H ・H ・......・H ・.. 65 
1.1 lntroduction ...・H ・H ・-…H ・H ・.....・H ・......・H ・......・H ・....・H ・....・H ・"…....・H ・".…H ・H ・....・H ・-…....・H ・"， 65 

1.2 Progress in ceramic vacuum pump devclopmcnt ..・H ・....・H ・...…H ・H ・H ・H ・........・H ・.....・H ・H ・.....・... 65 

1.3 Zr.・bcaringOFC gaske1 for knife-cdge-type vacuum flanges…....・H ・......・H ・......・H ・...・H ・...・H ・....“
1.4 lmprovement of QMS by using second stable zone in Mathicu's stability diagram…H ・H ・H ・-….."67 

1.5 Coating tωhniques for 11芭RIFERin.vessel components …………........……........………" 68 

1.6 Devclopment of ceramic-insula1ed wires "・H ・H ・H ・.....・H ・".・H ・....・H ・.....・H ・...・H ・.....・H ・......・H ・"...69 

2. Supcrconductilig Magnet Tcchnology ""・H ・.....・H ・・・H ・H ・....・H ・...・H ・.........................・H ・".・H ・.....・H ・...70 

2.1 Introduction "・H ・".・ H ・........・H ・......・H ・-…H ・H ・...・H ・".・H ・.........・H ・....・H ・....・H ・....・H ・H ・H ・.......・H ・. 70 

2.2 Proto coil projcct ・H ・"…・H ・H ・......・H ・".・H ・-….....・H ・.....・H ・...・・H ・H ・......・H ・........・H ・.....・H ・-…. 71 

2.2.1 Verification tests ..・H ・...・H ・H ・H ・.......・H ・.....・H ・....・H ・.....・H ・...・H ・......・H ・.......・H ・".・H ・H ・.. 71 

2.2.2 The modcl pancake coil "・H ・...・H ・.....・H ・........・H ・...・H ・....・H ・...…...・H ・.......・H ・......・H ・.... 72 

2.3 The Dcmo Po1oidal Coil projcct .....・H ・-…...・H ・.......・H ・H ・H ・-…....・H ・.......・H ・.....・H ・-“…...・H ・-・・・ 73 

2.3.1 Project stalus ...・H ・H ・H ・.....・H ・...・H ・...・H ・H ・.....・H ・.....・H ・.....・H ・H ・........・H ・...・H ・......・H ・....73 

2.3.2 Expcrimental resulls of thc US・DPC..・....・H ・...・H ・H ・H ・....・H ・".・H ・..........・H ・...・H ・...・H ・...74 

2.4 High field coil devclopment .......・H ・...・H ・H ・....・H ・.......・H ・........・H ・-…....・H ・......・H ・."・H ・....・H ・... 76 

2.5 Cryogenic system dcvclopment ".・H ・........・H ・...…・H ・H ・."・H ・....・H ・.....・H ・-・.....・-…H ・H ・H ・H ・...…" 77 
2.5.1 Cryogcnic sys1cm for thc C.S. scaJabJe m叫巴Icoils…H ・H ・....・H ・......・H ・".・H ・H ・H ・...・H ・.77

2.5.2 Development of a large hclium turbo-expandcr wi白variablecapacity ....・H ・.......・H ・..…"77 

2.6 Development of cryogenic s釘ucturalmatcrials ..・H ・.....・H ・-….......・H ・....・H ・...…・・H ・H ・........・H ・"..77 

VII 



JAKR1-M 91-159 

3. Beam Technology 80 
3.1 Introduction 80 
3.2 Negative ion beam technology 80 

3.2.1 Improvement of high current source 80 
3.2.2 Long pulse operation 81 
3.2.3 High energy acceleration and the beam optics 81 

3.3 Design work of ncgativc-ion-bascd NB system 83 
3.4 Positive ion beam technology 84 

3.4.1 ECR/RF plasma generator 84 
3.4.2 Large scale cryo-sorption pump 84 

4. RF Technology 84 
4.1 Introduction 84 
4.2 Construction of gyrotron test facility and development of the LHRF launcher 85 
4.3 Investigation of high power gyrotron and ECH components 85 

4.3.1 Developments of 120 GHz gyrotron 85 
4.3.2 Component of high power millimeter wave transmission system 86 

4.4 FEL research 88 
4.5 Design study of RF heating and current drive system for FER and ITER 89 

5. Tritium Technology 90 
5.1 Introduction 90 
5.2 Development of tritium processing technology in TPL 91 

5.2.1 Fuel cleanup 91 
5.2.2 Hydrogen isotope separation 91 
5.2.3 Tritium analysis and measurement 93 
5.2.4 Tritium-material interaction 94 

5.3 Development of fuel processing technology under JAERI-LANL(DOE) 95 
5.4 Development of tritium safe handling technology 97 

5.4.1 Separation of tritium using polyimide membrane 97 
5.4.2 Operation of tritium safety systems 98 

5.5 Development of blanket technology 98 
5.5.1 Design works 98 
5.5.2 Experimental works 99 

5.6 System analysis 100 
5.6.1 Design works of tritium systems 100 
5.6.2 Development of components for the FER 101 

6. High Heat Flux Technology 101 
6.1 Introduction 101 
6.2 Activities on divertor plate development 101 

6.2.1 Thermal cycling experiments on divcrtor modules without a swirl tube at PBEF 102 
6.2.2 Thermal cycling experiments on divcrtor modules with a swirl tape in JEBIS 102 

6.3 Development of a first wall 103 
6.4 Disruption simulation experiments 103 

VI. NEXT STEP FOR JAERI TOKAMAK PROGRAM 105 
1. International Thermonuclear Experimental Reactor (ITER) 105 

1.1 Introduction 105 
1.2 ITER conceptual design 105 
1.3 CDA R&D 107 

VIII 

J八EHI-M 91 '-159 

3. Bcam Tcchnology ....・H ・1"'"・H ・....・H ・.......................................................................................80 

3.1 lntroduction ...・H ・H ・-…....・H ・..……...・H ・....・H ・...・....・H ・...・H ・........・H ・.....・H ・.....・H ・....・H ・.1..・H ・...80 

3.2 Ncgativc ion bcam tcchnology ..・H ・.....・H ・....・H ・....・H ・...・H ・H ・H ・........・H ・......・H ・...・H ・.......・H ・-・・・ 80 

3.2.1 Improvcment of high currcnt source ...・H ・.....・H ・....・H ・......・H ・....・H ・......・H ・.....・H ・.....・H ・.80 

3.2.2 Long pulse opcration ..・H ・H ・H ・...・H ・....・H ・.........・H ・.....・H ・...・H ・.....・H ・......・H ・H ・H ・....・H ・.81 

3.2.3 High cncrgy accclcration and thc bcam optics ....・H ・.....・H ・....・H ・.....・H ・..，・H ・...・H ・H ・H ・.... 81 

3.3 Dcsign work of ncgative-ion-bascd NB sysωm ......・H ・...・H ・H ・H ・...・H ・...・H ・...・H ・.....・H ・.....・H ・.....83 

3.4 Positive ion bcam tcchnology ........・H ・H ・H ・...・H ・-…...t....・H ・....・H ・.....・H ・H ・H ・...・H ・...・H ・-……-制
3.4.1 ECRIRF plasma gcncrator ...・H ・.....・H ・.........・H ・...・H ・'"・H ・.......・H ・-……………・H ・H ・.84

3.4.2 Largc scalc cryo・sorptionpump ...・H ・-……・H ・H ・-……・H ・H ・....・H ・.-…………....・H ・-・・ 84 

4. RF Tcchnology ....・H ・......・H ・...・H ・...・H ・...・H ・H ・H ・H ・H ・........・H ・..Ift・H ・........・H ・...1・H ・........・H ・...・H ・..・..84 

4.1 Introduction ...・H ・....・H ・"""・H ・....・H ・"""""・H ・....・H ・t...・H ・....・H ・.......・H ・…......・H ・-…........…日制
4.2 Construction of gyrotron tcst facility and development of the LHRF launcher …...・H ・-…・H・H ・...85 

4.3 lnvcstigation of high powcr gyrotron and ECH componcnω...・H ・....・H ・.....・H ・......・H ・...・H ・...・H ・..85 

4.3.1 Developments of 120 GHz gyrotron ..・....・H ・...・H ・.....・H ・....・H ・......・H ・H ・H ・...・H ・H ・H ・H ・-… 85

4.3.2 Component of high powcr millimeter wave transmission systcm ...・H ・...・H ・.......・H ・..，・H ・.86 

4.4 FEL rcsearch …......・H ・......・H ・....・H ・...・H ・...・H ・........・H ・....・H ・H ・H ・.........・H ・-…....・H ・.....・H ・.......88 

4.5 Design study of RF hcating剖 dcurrcnt drivc sys胞mfor FER and r四R………….........……・.89 

5. Tritium Technology …...・H ・...・H ・....・H ・...・H ・.......・H ・.....・H ・H ・H ・..，・H ・...・H ・.......・H ・...・H ・...・H ・....・H ・......90 

5.1 Introduction .. … .. … .. … .. ….“… .. … .. ….日….. ….日….“….“….日….. … .. … .. … .. ….日….. … .. … .. … .. ….日….. … .. … .. ….“… .. … .. ….“….日…...….. … .. ….日….. … .. … .. … .. ….日….. ….日….. … .. … .. “ .. ….“… .. … .. … .. ….“…...… .. ….日….. … .. … .. ….日….日...….....….. … .. … .. …...… .. ….日….. …....… .. ….“… .. ….“…..…'"… .. … .. ….日….. … .. ….日...….. … .. …...….日….“….“….“.....…....….. ….日…..90 
5.2 Devclopmcnt of tritium processing 

VI. NEXT STEP FOR JAERJ TOKAMAK PROGRAM ..・H ・..…H ・H ・.....・H ・-…...・H ・.....・H ・.........・H ・.....・H ・..105 

1. lntcmational Thermonuclear Experimcntal Reaclor (ITER)….........…….......・-….......・-…........…… 105

1.1 Introduction …H ・H ・...・H ・......・H ・....・H ・-……・H ・H ・....・H ・...・H ・....・H ・...・H ・...・・H ・H ・......・H ・-…....・H ・.105 

1.2 ITER conccptual design .....・M ・.......・・…....・H ・....…・…・....・H ・...・H ・....・H ・......・H ・.....・H ・H ・H ・.......105 

1.3 CDA R&D ....・H ・....・H ・....・H ・-……...・H ・.....・H ・.....・H ・...・H ・...........・H ・......・H ・....・H ・...・H ・....・H ・.107 

VIII 



,iAi-:m M i)i i.r)9 

1.3.1 Physics R&D 107 
1.3.2 Technology R&D 107 

1.4 Long-term R&D program 108 
1.4.1 Physics R&D 108 
1.4.2 Technology R&D 109 

2. Fusion Experimental Reactor (FER) 109 
2.1 Introduction 109 
2.2 FER design 110 
2.3 Technology R&D 112 

3. Fusion Reactor Design 113 
3.1 Introduction 113 
3.2 Slcady-Statc Tokamak Reactor (SSTR) design 113 
3.3 Safety analyses 115 

SOME PICTURES IN COLOR 117 

APPENDICES 
A.l Publication List (April 1990 - March 1991) 119 
A.2 Personnel and Financial Data 127 

A.2.1 Change in number of personnel and annual budget (FY1985-1990) 127 
A.2.2 Organization chart (March 31, 1991) 127 
A.2.3 Scientific staffs in the Naka Fusion Research Establishment (March 31,1991) 128 

IX 

，1..¥Eln 1¥1 !l1 IfiH 

1.3.1 Physics R&D…H ・H ・........・H ・.....・H ・......・H ・......・H ・.......・H ・....・H ・..，・....・H ・........・H ・..…・ 107
1.3.2 Tcchnology R&D…...................................................................................・H ・....107 

1.4 Long-tcrm R&D program ..・H ・........・H ・....・H ・....・H ・......・H ・..，・H ・H ・H ・....・H ・...・H ・...・H ・...・H ・...・H ・.108 

1.4.1 Physics R&D ..・H ・......・H ・.......・H ・...・H ・...・H ・......・H ・...・H ・....・H ・...・H ・......，・H ・......・H ・.....108 

1.4.2 Tcchnology R&D ..・H ・...・H ・...・H ・...・H ・...・H ・.....・H ・...・H ・........・H ・H ・H ・......・H ・...・H ・...・H ・..109 

2. Fusion Expcrimcntal Rcactor (FER) ...・H ・......・H ・....・H ・H ・.......・H ・....・H ・.....・・・・H ・H ・....・H ・...・H ・H ・H ・-・・・・ 109 

2.1 Introduction .… .. … .. ….日….. … .. … .. … .. … .. …..，….日….. … .. ….日….. ….“ .. … .. 日….. … .. … .. … .. … .. … .. …....….日….. ….日….. … .. ….日….. …'0'0….“….“… .. … .. … .. … .. … .. … .. … .. ….....… .. ….日."….“...….. … .. …....… .. ….“.，..…...….日.. 日….. … .. … .. ….......… .. … .. … .. … .. ….日….. ….“ .. … .. … .. … .. … .. … .. … .. …....…...… .. … .. … .. ….日…..， 109 

2.2問 R dc凶si抱gn….. …… .. …"'0…… .. 山….. 山....…….. …… .. 山0100…….. 山….. 山…"'"'…….. 山....山….. 山‘H‘H…….. …....…‘H山..日…….日.い…....…....…‘'."……....…...山….. 山....……....….. 山，.，.…..…....….. 山....….. 山t...…….. ….日.. “… .. 山，...….. 山....…....….. 山.....11叩0 

2.3 Tcchnology R&D ..，… .. … .. … .. …'"… .. ….....… .. …...… .. … .. …....….“….“…"'0'… .. … .. … .. ….“ .. …...… .. ….日..，“…'"….. ….日….. … .. …..，日…....….. …...…...“… .. … .. …'"….日….. …....….日….. ….“… .. … .. … .. … .. … .. … .. … .. ….日….. …...….“….“… .. ….日….. … .. … .. … .. ….日….. … .. ….日..，…....….. … .. …... 112 

3. Fusion Rcactor Dcsign .. …...…....….....… .. …...日'0""….日…...1…......….. … .. … .. … .. …....….日.. 日.. … .. ….“….“ .. … .. …....….日….. …...….“......….日….. … .. … .. … .. ….“…....日…...….. ….日….. “….“….日.. …...“ .. ….日….. …..，“...“...… .. ….日....….“….. … .. … .. …10ft' 】13

3.1 Introduction ..，….....….日…'"….. … .. …...….日….日…....….. 日….. ….日….......….. … .. ….....“山.. 山.. … .. … .. ….“ .. … .. … .. ….日..，….. ….“ .. … .. … .. ….日….. ….........… .. 日.. 日…....…...日…....….. … .. ….“….......… .. ….日….. ….“….“…....“…...… .. … .. … .. … .. …....山...….日.. ….“….日…...11日3 

3.2 Slcady-Statc Tokamak Rcaclor (SSTR) dcsign .......… .. 山.. ….日.....….“….“山

SOME PICTURES IN COLOR …・H ・H ・.....・H ・.....・H ・....・H ・........・H ・....・H ・..…H ・H ・....・H ・.....・H ・.......・H ・....・H ・.117 

APPENDlCES 

A.l Publication List (April 1990・March1991) ..・H ・H ・H ・....・H ・...・H ・..…H ・H ・......・H ・.......・....・H ・....・H ・-・ 119
A.2 Pcrsonncl and Financial Data ...・H ・....・H ・..…...・H ・...・H ・..…...・H ・.......・H ・......・H ・...・H ・......・H ・...・H ・..127 

A.2.1 Changc in numbcr of pcrsonnel and annua1 budgetσY1985・19卯)・H ・H ・.........………..127 

A.2.2 Organizalion chart (March 31， 1991) ."・M ・-……...........・H ・-…...・H ・-………..............127 
A.2.3 Scicntific starrs in Ihe Naka Fusion Rcscarch Establishmcnt (March 31， 1991)…...・H ・...128 

IX 



JAKKI-M 91-159 

a * 
i. -uxiwmkm i 

i. tttft^ i 
2. mm • timwmtt « 
2i mmmmftbmmm<omm i 
2.2 # H * h # ^ * - : / 5 X ^ » £ < ^ > * a h a > j » # f 2 
2.3 TPC!3""* KOB858 * 3 
IA mm5v>mmi&\s-y-v>*-mgmii 4 
2.5 3^7c5-7>tstSu- ,»f-0SMii^ :ef ,;u 4 

3. fflmftsmbmmvx 5 
3.1 bijv?-7,5X'?0)m$ttb®mft!&m 5 
3.2 mm®M^mm^i&mm 5 
3.3 Tsc3-nz£2>hft-??<0fflmi'$xl'-i/9> 5 
3.4 mwm&n&ii'v vzawm 6 

4. vttv2*<mm&j'7X'?<o)mi ? 
4.1 iKe\z~m\aammmK&z>T>-iYiem&&m 7 
4.2 vijvt&mwviivmmm 7 
4.3 nm^ft^bK&mwmmvtzMrt-tmmm, ? 

5. TRrroN^XrAt^^X^ • ->$ A\S~& 8 
si ±TmmiMToz-f<mDnmstittn#~m « 
5.2 BS^K^^af^-H'SELENEO^^FACRy^/ ' t -OM^ 8 
5.3 GAEA*>Xf'A<^M% 9 
5.4 •^X^-^AU-^Off l fg 9 

II. JFT-2M§t® 10 
i. Bm&#>ns* io 

l.i itlibiz io 
1.2 KCj&bOffi22 10 

1.2.1 JFT-2M<?)e.fe#3*lfc$Di&A 10 
1.2.2 X.)]/3¥4v2W^mL)fc&&g!liK:£r'Y 11 
1.2.3 94i\-9-ri47y&&k 13 

1.3 T8iWiWM&. 14 
1.0.1 wmmtem*7yirtrm8$9k M 
1.3.2 n^jzuYuyKmz&ttjxvm&kmm. ie 

1.4 f t$! 17 
1.4.1 JFT-2MO^B!^l> 17 
1.4.2 A£M3JH. JMKTV YkyyW&XT-WWt is 

2. mm 20 
2.1 \±Vh\z 20 
2.2 mm 20 
2.3 ^u-y YMtmmrm 20 

in. vijvtmi.zmm'mtim 23 

X 

1プラズマ理論とIt算・・・
lはじめに・
2.閉じ込め・力眼ゆ解析・・・

，JAEHI-M 91 -159 

目 次

2.1放射熱的不安定性と表面付近の異常輸送・・・・・・
2.2非ー揃トカマク・プラズマからのシンクロトロン放射・・・・・・・・・
2.3 TPCコードの開発・・・
2.4多周波ラマン傾城自由電子レーザーのモード結合理帥・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 4 

2.5 3次元ラマン傾域レ戸ザーの空間電荷モデル・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 4 

3. 磁気流体平衡と安定性解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 5 

3.1 トカマク・プラズマの電流分布と磁気涜体安定性・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 5 

3.2 理智的磁気流体ベータ限界に対する分布の効果・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 5 

3.3 TSCコードによるトカマクの軸対称シミュレーション・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 5 

3.4鋸歯振動に対するベレット入射の効果・・・・・
4. トカマク中の按燃焼プラズマの解析・・・・
4.1 3HeピームのICRF高調波加熱によるD泊e核融合収率・・・・・・・・・・
4.2 トカマク炉に於けるリップル相即燃f~融合・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ M ・・・・・・・・・ 7 

4.3 ITER容器内コイルによる磁鮒翼動を使ったダイバータ熱負荷の低減・・・・・・・・・・・・・・・・・・・・?
5. TR汀'ONシステムとプラズマ・シミュレータ.............. ........ ......... 1... 1ft 1..... 8 

5.1 上背樹鞘:版ERATOコードの為の真空磁気エネルギーS悌・・・・・・・・・・・・・・・・・・・・・・・・・・・ 8 

5.2磁気涜体平衡コードSELENEの為のFACRソルパE吻開発.............. .... I.t.. I.t.. 8 

5.3 GA臥システムの開発・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 9 

5.4 プラズマ・シミュレータの開発・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 9 

II. J円・2M計画・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 10 

1. 閉じ込め実験・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 10 

1.1 はじめに ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 10 

1.2 閉じ込めの研究・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 10 

1.2.1 J円・2Mの改善された閉じ込め・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 10 

1.2.2エルゴディック磁気層但ML)による定常Hモード・・・・・・・
1.2.3ダイバータ・バイアス実験..... ... ..... .... . .................... .. ... . ........ 13 

1.3 高周波実験・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 14 

1.:'.1 速波電流駆動におけるアンテナの結合実験・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 14 

1.3.2電子サイクロトロン加榔之よるプラズマ電涜立上付漢験・・・・・・・・・・・・・・・・・・・・・・・・・ 16 

1.4計測...........................•.• •..••.............•..••• ..•...•....•. .•....•• 17 

1.4.1 J円・2Mの不純物挙動・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 17 

1.4.2高空間分解、高感度wトムソン散乱システムの開発・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 18 

2 溜瑠哩・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 20 
2.1はじめに.......................................................................20 

2.2 運関陣…・・・・・・・・・・・・・・・・・・・・…・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 20 

2.3 ベレットλ射装趣わ開発・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 20 

III. トカマク実験に関する研究強力計画・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 23 

x 



.JAKUI M 91 - l.r)!l 

i. Diii-D (#"7U«y hm) HBt< 23 
1.1 itllkiZ 23 
i2 ¥j&2mv±m%mm$iwm 23 
1.3 wmowft 25 
1.4 * * « © * £ 25 

2. MTXJJtli 25 
2.1 MTXmQWi 25 
2.2 E9fcQ$# 26 
2.3 FELV4trafflMBSS •• 26 

IV. JT-608tOS 28 
1. 88? 28 

1.1 Bff79X*©Htaa61W» 28 
1.2 mmmm 28 
1.3 m&7!?x-?izmz>&z*t\<*r-m*m 29 

2. JT-60A*StffcStifi 29 
2.1 3$fc 29 

2.1.1 88JZ 29 
2.1.2 M&gjg 30 
2.1.3 #n4*0Wa»3-f r t f 31 
2.1.4 YU49)Vm?4)\/ 32 

2.2 ft!K§|l*>XTA 32 
2.2.1 :/5X-?lMffl 32 
2.2.2 "7>--7S/>- A >&-? XJX 33 

2.3 fEffi 34 
2.4 vtim-Mihvmm 37 
2.5 nmmmm ss 

2.5.1 LHRF'>Xf"A 38 
2.5.2 ICRF*>Xf"A 40 

2.6 f ^ m a t 41 
2.6.1 Y&v>fflma&m 41 
2.6.2 tfcxftTW 44 
2.6.3 #u*-$- 7 M 44 

2.7 m-mmm 45 
3. mtmtm A& 

3.1 mmtmtofflft 46 
3.1.1 jT-fiofcW&^l'? bJJti-fyX-rcDffimffi 46 
3.1.2 h^-Yrfjx^vmmfflft 46 
3.1.3 n,«-K#|«K/5aU-:y3>WmW£%k<Qm 47 
3.1.4 gswvixfci&ffli 48 
3.1.5 -l-YXYJvTmfflft 48 
3.1.6 i S i p ^ X ^ O M H D ^ M / f 49 

3.2 LHRFl̂ K 50 
3.2.1 wmm&mtww>mii 50 

XI 

山¥EW. 1¥1 !ll -([i!l 

1. DIlI-D (タブレット m)実験・・・・・‘・・・・・‘ぃ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 23 

1.1 はじめに・・・・・・・・・・・・・・・・・・・・・・・・ ι・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 23 

1.2 平成2年度の主要研究成果及び装置整備・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 23 

1.3原研め協力・・・・・
1.4 来年度の予定......._.. ........1.. ... ...... ............ .1.." ............ .，.....お

2. MTX計画・・・
2.1 MTX実験の現状・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 25 

2.2 原事初寄与・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 26 

2.3 FELマイクロ波測定器・・・・・・・・・・・・山・

JV. JI'-60計画..1.......................................................1............，.. 28 

1.概要・・・
1.1 臨界プラズマの閉じ込め研究・・・・・・・・・・・・・ ....................................... 28 

1.2 非誘導電流駆動・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 28 

1.3 燃焼プラズマに附する高エネルギー粒子物理・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 29 

2.π-60大電流f民鳩・・・
2.1 本体・・・・・・・・・・・・
2.1.1 概況・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 29 

2.1.2 真空容器・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 30 

2.1.3 ポロイダル磁場コイル・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 31 

2.1.4 トロイダル磁場コイル・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 32 

2.2 制御システム..............‘・・・・ H ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 32 

2.2.1 プラズマ制御・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 32 

2.2.2 マン・マシン・インター'7:r.イス・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 33 
2.3電源...........，...............................................................34 

2.4 中性粒子λ射加熱装置・・・・・・・・・・・ . 
2口5 高周波駒鵬装置.................................................................38 

2.5.1 LHRFシステム.............................................................. 38 

2.5.2 ICRFシステム‘・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 40 

2.6 計測装置・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 41 

2.6.1 トムソン踊L測定装置・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 41 

2.6.2 軟X線アレイ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 44 
2.6.3ポロメータ・アレイ.......... ......................... ............. ..... ..... 44 

2.7 総合側E試験・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ E ・・ー・・・・ 45 

3.実験結果と解折........... ............... ... ............... ............ ..... .... ... 46 

3. t 輸送及びMHD解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 46 

3.1.1汀.ωにおけるべレット入射プラズマの輸送解析・・・・・・・・・・ υ ・・・・・・・・・・・・・・・・・・・・・ 46 

3.1.2 Lモードプラズマの局所輸送解折・・・・・・・・・・・・・ a・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 46 

3.1.3η.モード非輔形シミュレーション及び実験結果との比較・・・・・・・・・・・・・・・・・・・・・・・・・・ 47 

3.1.4 密度パルス伝播解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ e・・・・・ 48 

3.1.5 ブートストラップ電流解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・一 48 

3.1.6 高島プラズマのMHD安定性解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 49 

3.2 LHRF実験…・…・・・・・・…・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 50 

3.2.1 低域混成波の伝播と吸収の解析・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ 50 

XI 



JAERI-M 91-159 

3.2.2 mmmmzmb*'<*b)W*v'7wm 51 
3.3 ICRFHSH 51 

3.3.1 » ^ 8 © M t f S 1 4 51 
3.3.2 ^x^m^m-wmtimm 53 

3.4 ^W&fDWi 53 
3.4.1 {g^Kfigjg*mffil&i:<tS'H^H^-K 53 
3.4.2 mwCDmilJffl&JX-ziz.&lt&MARFEfBM 54 
3.4.3 ^ f i t ^ ^ H 54 
3.4.4 &-i/*-&$% 55 
3.4.5 M/1-#m>imffi 55 
3.4.6 ^Vtf/>BB*»fc«BS 56 
3.4.7 jT-eo^^xv^^t^K^tr-Ax h v vxmmmm 56 
3.4.8 JT-60UH t̂S alfrfSflfl 57 

3.5 fft&T'-^-X 57 
3.5.1 ffoMf-^-X 57 
3.5.2 TT-60MW7*— 3"^—Xjfcs?T>XTA 58 

3.6 g»&75X-*j»W3-F<SDBB8 58 
3.6.1 f - ^ / ^ H U y ^ v X r A 58 
3.6.2 i.5&7c$flj|!:3— Yi/Kri*.: TOPICS 59 
3.6.3 WM&Mfa- H : ACCOME 59 

3.7 ^ X V ^ f f i S t f U B • 60 
3.7.1 7* -f x 5 ̂ > 3 >m> tjxmm eo 
3.7.2 mm^zm&MH~*fflsmm eo 

4. mrnmtiwmm 6i 
4.1 IB® 61 

4.1.1 MGtf~/i~*-;l^lSfi£>{&S s 6i 
4.1.2 mw$^)i^mn 62 

4.2 mmiim&mMm • 62 
4.2.1 LHRF VXf"A 62 
4.2.2 ICRF*>Xf"£ 62 
4.2.3 ECH%>Xf,A 63 

V. m m •• 65 
i. x&m 65 

1.1 tt t&K 65 
i2 ttivtrnxyvwrnm 65 

1.4 v*s*~mQm&mmmitzmmt&%m<Dm. 6? 
1.5 mssL^Mftffl^zmzWSBftti 6& 
i6 *7\v2ffltwmm% 69 

2. ismmm ?o 
2.1 itttbiz 70 
2.2 m±bu4&)i-34Mm 71 

2.2.1 UtiEî M 71 
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I. PLASMA THEORY AND COMPUTATION 
1. Introduction 

During the period from April 1, 1990 to March 31, 1991 the following theoretical and 
computational works were carried out extensively (1) studies of various problems relating with 
confinement and heating of a tokamak plasma, (2) analyses of MHD equilibria and stabilities, 
especially, in relation to design studies of next generation tokamaks, (3) analyses of the burning 
plasma physics in a tokamak, and (4) development of numerical codes and a plasma simulator. 

Concerning the first problems radiative thermal instability and anomalous edge transport 
was studied. An expression for the synchrotron emission from a nonuniform plasma in a 
tokamak was derived and calculations for nonuniform density and temperature profiles were 
carried out. The TPC (toroidal particle code) originally developed at the University of Texas was 
introduced into the JAERI computer system and enhanced several ways. Several problems 
concerning the free electron laser were also analyzed. 

Major efforts of the MHD studies were focused on the analyses relating with the next 
generation tokamaks. In order to attain a stable high beta tokamak equilibrium the plasma profile 
dependence on the stability properties were studied. Analyses of the positional instabilities and 
the sawtooth oscillation were carried out by nonlinear simulations. 

As for the burning plasma physics the fusion yield enhancement of D-3He reaction by 
combined 3 He beam and higher harmonic ICRF heating was analyzed. In order to solve 
engineering problems appearing in the future reactor studies, a ripple-assisted fueling method and 
a method to reduce the divertor heat load by magnetic field perturbation were investigated. 

Physics codes developed in this period were added to the TRITON system. Development 
and improvement of supporting codes were also continued. As for the plasma simulator METIS 
new application fields such as the analyses of a free electron laser and a tokamak equilibrium were 
investigated and conceptual design of a debugging software system was carried out. 

As for the US-JAERI datalink operated under Annex IX the gateway computer VAX8350 
was connected to the Naka front end computer FACOM M780 via ethernet with the TCP/IP 
protocol. This system is being effectively used for various international collaboration programs. 

2. Analyses of Confinement and Heating Processes 
2 .1 Radiative thermal instability and anomalous edge transport 

Significant fraction of input power is lost by impurity radiation from a tokamak plasma. 
Existence of impurity ions also affects the MHD behavior of the plasma, transport and L-H 
transition phenomena. Middle-m (m~10, m : poloidal mode number) magnetic fluctuations are 
observed in many tokamaks and it is shown that they correlate with the confinement of tokamaks. 
Radiation loss due to impurity ions has strong electron temperature dependence. Within a certain 
temperature range, radiation loss decreases with temperature raise and due to this fact the plasma 
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behaves as an active medium. In this situation a radiative thermal instability becomes unstable. 
At an edge region, this radiative thermal instability has a large growth rate and can modify the 
MHD phenomena and the transport processes. 

In this study, we examined the relation among the impurity radiation, the middle-m 
magnetic fluctuation, and the edge transport phenomena. First we study the instability for the 
case without the magnetic fluctuation. For a slab plasma in a cartesian coordinates (x,y,z) with 
sheared magnetic field B = Bo( 0, j ~ , 1) the growth rate and the localization width are given as 

9L , 2 I ky. X L l / 4 L s l / 2 
Y = - n i a ^ - k y x i - VXIJC//Li a n d 8 = <~> <kp » 

where %i and yji are perpendicular and parallel electron thermal conductivities, respectively, and 
other notations are standard. This mode is stabilized by magnetic shear except for Te<100eV for 
typical plasma parameters of a tokamak plasma. Next we study the case with the magnetic 
fluctuation. In a plasma with a magnetic island formed by the magnetic fluctuation the radiative 
thermal instability grows even if the instability is linearly stable in the original plasma. And once 
the radiative thermal instability occurs, electron temperature perturbation grows at resonant 
surfaces and helically perturbed current flows as 

fi . 3 T . 
ill ~ ~— JO ~ x^rJO. no 2T e 

With this helically perturbed current, radiative thermal instability, in turn, enhances the growth of 
the island. For middle-m modes, radiative thermal instability can grow up to the level that 
overlapping of islands occurs in the case of a large impurity level. In this situation enhanced 
perpendicular transport stabilizes the instability and the saturated state which results in an 
anomalous transport is attained. Thus obtained theoretical anomalous transport is consistent with 
experimental results. 

2.2 Synchrotron emission from a nonuniform plasma in a tokamak 
Synchrotron radiation loss becomes important for the power balance in a high-temperature 

and high-magnetic-field tokamak reactor. According to the Trubnikov's expression [2.2-1], the 
ratio of synchrotron loss power, Psyn. to alpha heating power, P a , is estimated as about 25% for 
an experimental reactor with B t = 7T, T e = 20keV, P a = 200MW, and the wall reflection 
coefficient H. = 0.7. The expression by Trubnikov is given for a uniform plasma. A numerical 
code for a plasma with nonuniform electron density n e and temperature T e has been developed. 
Toroidal effect (B t * constant) is also included. Two cases for the wall reflection are considered; 
one is the usual mirror reflection, and the other is the random reflection (cosine reflection). The 
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OCn = 0 

code reproduces well the results by Trubnikov for uniform plasmas. The inhomogeneity of the 
density and the temperature is introduced asn e~(l-p2)cc n andT e~(l-p2)aT. 

Figure 1.2-1 shows the ratio, a 

psyn(aT»«n) / psyn(°»°)> f o r t h e density-
weighted-average temperature, < Te > = 
20keV and the dimensionless parameter, p = 
6x10^ a n2o / Bt = 10^ (a: minor radius in 
m, n20 : density in lO^Om"̂ , Bt: toroidal 
magnetic field in T). The radiation loss 
increases very steeply with the peaking of 
the T e profile for a flat density profile, ocn = 
0. On the contrary, the enhancement of the 
loss becomes small for the slightly peaked 
n e profile, ocn = 0.5 - 1.0. 

O 
o 

VI 

Reference 
[2.2-1] B.A. Trubnikov, in Reviews of Plasma 

Physics, Vol. 7 (Consultants Bureau, 
New York, 1979) p.345. 
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2.3 Development of TPC code 
The toroidal particle code, TPC, developed originally at the University of Texas, was 

enhanced in several ways. This code self-consistendy models a kinetic ion species and kinetic or 
quasineutral electron species in a toroidal coordinate system with static tokamak-like magnetic 
fields. Enhancements include improvement of ion gyrokinetic species option. Further 
investigation and implementation of a Lagrangian Vlasov method (also known as "delta-f' 
method) was pursued. This method allows a dramatic reduction in noise as compared to standard 
particle models, as well as convenient specification of background profile, source and loss terms. 
Many new diagnostics were developed for studying phase space and electric field evolution, 
primarily to assist testing of the delta-f method. A portable (public domain) graphics system was 
ported to the Unix operating system, enhanced for use with TPC, and interface library (to meet 
TPC's system-independent graphics specification) was developed. Collaboration with US 
researchers on existing projects continued, including development of time varying magnetic field 
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effects in TPC via the Darwin model, and time evolution of toroidal T|-i modes with a quasineutral 
electron response. 

2.4 Mode-coupling theory in multi-frequency Raman regime free-electron 
laser [2.4-1,-2] 
Parasitic wave excitation in a Raman regime free electron laser(FEL) was investigated by 

using one-dimensional multi-frequency amplification code[2.4-3]. It was found that the multi-
mode-coupling among sideband waves and the primary wave plays an important role in the 
parasitic wave excitation in addition to the so-called sideband instability. In the present study we 
examined the underlying physical mechanisms leading to the observed results by introducing an 
analytical model in which two radiation fields with ( ^ l . ^ ) simultaneously exist. We found that 
the nonlinear coupling between two fields induces a beat field with Aa&aii-coz and corresponding 
momentum and the density modulations. The lower frequency beam modulation couples with the 
original fields and excites new modulations with (&i+Aa),6>2.-Aco)^ T n e transverse current 
produced by the beam modulations causes new radiations. The process is systematically repeated 
and a broad excitation spectrum is obtained. Especially, "an additive law" for the growth rates of 
the parasitic waves observed in the previous simulation [2.4-3] is also analytically deduced. 

References 
[2.4-1] Y. Kishimoto, H. Oda, and M. Shiho, to be published in Nucl. Inst, and Melh. (1991). 
[2.4-2] Y. Kishimoto, H. Oda, and M. Shiho, JAER1-M 90-211. 
[2.4-3] Y. Kishimoto, H. Oda, and M. Shiho, Phys. Rev. Lett 65 (1990) 851. 

2.5 Space charge modelling in 3-dimensional Raman regime free electron laser 
The effect of space charge field in a Raman regime FEL was investigated in an ideal 1-

dimensional case and in a realistic 3-dimensional configuration. Ganguly and Freund[2.5-1] 
presented a 3-dimensional model for a helical wiggler case by using the method of the Gould-
Trivelpiece(G-T) mode expansion. We extend this method to the linearly polarized focusing 
wiggler and investigate the wave amplification in the presence of an axial guiding field[2.5-2]. 
The stable propagation of the electron beam in the focusing wiggler is assured by the axial guiding 
field which rotates the beam by a force ^ o e * x ^(^w) = B(fiwreg j n t n e presence of the 
electrostatic field, die field cannot be represented only by the TE or the TM mode but the coupling 
of both the TE and the TM mode exists. It is, however, found that the coupling is weak and 
cancels out after taking the wiggler average. The rapid convergence of the G-T mode expansion 
is obtained in the simulation when the initial filling factor is appropriately chosen. In the Raman 
regime operation with the beam energy #b~lMeV and the beam current /b~0.5-lkA, the growth 
rate of the wave is suppressed small(~l/2) and the resonance condition becomes narrower in 
comparison with the case without the electrostatic field. 
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References 
[2.5-U A.K. Ganguly and H.P. Frcund, Phys. Fluids 31 (1988) 387. 
[2.5-2] M. Shiho, K. Sakamoto, S. Macbara, ct cl., to be published in Nucl. Inst, and Mcih. (1991) (Proc. 12th 

Intemat. FEL Conf., Paris, Sept. 1990). 

3. MHD Equilibrium and Stability Analyses 
3.1 Current profile and MHD stability in tokamak plasmas[3.1-l] 

In order to attain a high beta plasma in a tokamak-type reactor (ITER) the relation between 
the MHD stability and the current profile was investigated by taking into account of the 
neoclassical Ohm's law, and the necessary amount and the profile of the non-inductive current 
were estimated. For a peaky temperature profile required to attain a high fusion yield the 
neoclassical current profile is rather peaky in the plasma with only inductively driven current. 
This equilibrium is unstable because of too low safety factor at the axis. Therefore, an additional 
non-inducdve current must be forced to flow to make the current profile flatter and keep the safety 
factor at the axis around unity. The necessary amount of the non-inductive current is about 30% 
of the total current and the shape of the driven current profile is moderate, which can be realizable 
from the engineering viewpoint. In this case the beta limit (the Troyon factor) of 2.2 is obtained. 

Reference 
[3.1-1] S. Tokuda, G. Kurita, M. Azumi, ct.al., in Proc. 13th Intcmat. Conf. on Plasma Phys. and Controlled 

Nucl. Fusion Research (Washington D.C., 1990), IAEA-CN-53/D-4-1. 

3.2 Profile effects on ideal MHD beta limit 
Effects of plasma pressure and current density profiles on the ideal MHD beta limit were 

studied. On the ITER-like plasma with K=2,8=0.4, A=2.8 and Ip=22MA, the beta limits for the 
n<4 and n=<» modes are studied for different pressure profiles and internal inductance, l\. 
Preliminary result suggests: the maximum beta value is obtained at lower k (/i<0.7) for a peaked 
pressure profile and at high l\ (/i>0.9) for a flat pressure profile. In the former case, the beta 
value is limited by ballooning modes near the plasma center. A strong coupling between the m=l 
and m>3 poloidal components of the plasma displacement is observed and the most unstable 
toroidal mode number is sensitive to the choice of the safety factor at the plasma center, qo- A 
kink or ballooning mode limits the beta value in the latter case depending on a slight change in 
pressure profile near the plasma surface. The mode is much more localized near the plasma edge 
than in the former case. The work is being continued for different I p and the aspect ratio. 

3.3 Axisymmetric tokamak simulation by using the TSC code 
In a highly elongated cross sectional plasma with a double null separatrix as ITER, 

transition from the double null to the single null configurations is always unavoidable unless some 
proper measure to control it is adopted. Partial conductive shells with small resistivity located 
near the plasma surface inside the complete conductive vessel wall may be effective to suppress 
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Referenc:es 
(2.5・1] A.K. Ganguly and H.P. Frcund， Phys. Fluids 31 (1988) 387. 
[2.5-2] M. Shiho， K. Sakamoto， S. Macbara. ct cl.， to bc publishcd in Nucl. Inst. and Mcth. (1991) (Proc. 12山

Intcmat.陀LConf.. Paris， Scpt. 1990). 
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the instability. In this case the deformation of the shape of the plasma cross section associated 
with the movement of the plasma is very important to analyze the instability, and we cannot rely 
upon the rigid model even when we need only the growth rate of the axisymmetric instability. We 
investigated, therefore, the plasma dynamics of the highly elongated cross sectional plasma by 
using the TSC code (tokamak simulation code). We carried out a series of simulations to 
investigate the plasma dynamics in the existence of the partial shells [3.3-1], and now we are 
analyzing the growth rate of the axisymmetric instability of the above system. 

Reference 
[3.3-1] Y. Nakamura, Proc. 1990 Workshop on MHD Computations (National Institute for Fusion Science, 

Nov. 15-17,1990) (1991). 

3.4 Effect of pellet injection on sawtooth oscillation 
To investigate the effect of pellet injection on the sawtooth oscillation, we investigated the 

behavior of the modes with the helicity (m/n) of unity by the nonlinear simulation based on the 
reduced set of the resistive MHD equations with an electron temperature transport equation. We 
analyze a plasma in which the normal sawtooth oscillation of the central electron temperature is 
observed (Fig.I.3-1 solid line) in the case without the pellet injection. When we inject a pellet 
into the plasma from outside, a cold column is formed along the radius of the injection. Because 
of the large parallel heat conduction this cold column disappears instantaneously except for the 
vicinity of the rational magnetic surface. At the rational magnetic surface the cold region remains 
and a "snake" (a helical structure of a cold plasma column along the magnetic field lines) is 
formed. The snake is surrounded by a magnetic island where a local negative current flows. The 
negative current destabilize a thermal instability which is, otherwise, stabilized by the large 
parallel heat conduction and the snake structure survives for a long time. In reality, however, the 
snake moves to the magnetic axis rather quickly and the helical structure changes to a straight one. 
The electron temperature at the "straight snake" remains low due to the radiation cooling (Fig.1.3-
1 dotted line). This phenomenon depends hardly on the time of the pellet injection as long as 
there exists the q=l rational surface 
inside the plasma (Fig.I.3-1 dotted 
broken line). 

Fig.I.3-1 Time evolution of the electron 
temperature at the magnetic 
axis. The solid line shows the 
normal sawtooth oscillation 
observed in the case without the 
pellet injection. The dotted line 
shows the case where the pellet 
is injected at 1=4100. The dotted 
broken line shows the case 
where the pellet is injected just 
after the q=l rational surface is 
formed (t=2900). 
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the instability. In this case the deformation of the shape of the plasma cross section associated 

with the movement of the plasma is very important to analyze the instability， and we cannot rely 

upon the rigid model even when we need only the growth rate of the axisymmetric instability. We 

investigated， therefore， the plasma dynamics of the highiy elongated cross sectional plasma by 

using the TSC code (tokamak simulation code). We carried out a series of simulations to 

investigate the plasma dynamics in the existence of the partial shells [3.3・1]，and now we are 

analyzing the growth rate of the axisymme釘icinstability of the above system. 

Reference 
[3.3-1] Y. Nakamura. pr∞. 1990 Workshop on MHD Computations (National Institutc for Fusion Scicncc. 

Nov.15・17.19卯)(1991). 

3.4 Effect of pellet injection on sawtooth oscillation 

To investigate the effect of pellet injection on出esawtl∞th oscillation. we investigated the 

behavior of the modes with the helicity (m/n) of unity by the nonlinear simulation based on the 

reduced set of the resistive MHD equations with an electron temperature transport equation. We 

analyze a plasma in which the normal sawt∞th oscillation of the central electron temperature is 

observed (Fig.l.3・1solid line) in the case without the pellet injection. When we inject a pellet 

into the plasma from outside， a cold column is formed along the radius of the injection. Because 

of the large parallel heat conduction this cold column disappe訂'Sinstantaneously except for the 

vicinity of the rational magnetic surface. At the rational magnetic surface the cold region remains 

and a "snak:e" (a helical structure of a cold plasma column along the magnetic field lines) is 

formed. The snak:e is surrounded by a magnetic island where a local negative current flows. The 

negative cuη'ent destabilize a thermal instability which is， otherwise， stabi1ized by the large 

parallel heat conduction and the snak:e sttucture survives for a long time. In reality， however， the 

snak:e moves to血emagnetic axis rather quickly and the helical structure changes to a straight one. 

官leelectron tem戸ra加reat the "straight snak:e" remains low due to the radiation cooling (Fig.1.3・

1 dotted line). This phenomenon depends hardly on the time of the pellet injection as long as 

there exists曲eq=l rational surface 

inside the plasma (Fig.I.3・1dotted 

broken line). 

Fig.I.3・ TimeevolUlion of lhe e)eclron 
lemperalure at lhe magnetic 
axis. The solid line shows lhe 
normal sawlooth oscillation 
observed in the case wilhoUl lhe 
pellet i吋ection.The dotted line 
shows the case where the pe))et 
is i申ctedat t=41∞. The dollcd 
broken line shows the case 
where lhe pclJcl is injected just 
aftcr lhe q= 1 rational surface is 
formcd (t=29冊).
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4. Analyses of Burning Plasma in Tokamaks 
4.1 D- 3He fusion yield with higher harmonic ICRF heating of 3 He beams 

D-3He fusion yield enhancement by combined 3He beam and higher harmonic ICRF 
heating was investigated on the basis of the local Fokker-Planck calculation. The fusion yield 
with the fourth harmonic heating of 100-keV 3He beams is enhanced most efficiently when the 
ratio of the beam power density to the RF power density is 1/5. The maximum of the fusion 
power multiplication factor is roughly given by A Q m a x ~ 0.043(^10) (ng/lO 2 0) 1 , 5 where 

the electron temperature T c and the density n c are given in keV and nrr3, respectively. 
Comparison was made with the case of the fundamental minority heating of 3He beams and with 
the case of 500-keV D beam injection. In the high n e case, the fourth harmonic heating can 
enhance the fusion power more efficiently than the fundamental heating. In the high 3 He 
concentration, 500-keV D beam injection was found to be more effective than combined 3He 
beam and ICRF heating, in the fusion yield enhancement. 

4.2 Ripple-assisted fueling in tokamak reactors [4.2-1] 
It has been proposed to apply the "ripple injection" to refuel tokamak reactors. By using 

an orbit-following Monte-Carlo code, we have studied the usefulness of the ripple-assisted 
fueling. The penetration depth strongly depends on the beam energy. The ripple-enhanced 
outward flow of ripple-detrapped fast ions is not a serious problem. If we choose the ratio of 
beam energy to the central electron temperature less than 4, the fueling efficiency becomes more 
than 80%. The range of the toroidal angle of beam injection effective for fueling is rather wide. 
By regulating the shape of the ripple-well region, the power fraction of alpha-particle ripple loss 
incident to the fueling can be reduced to less than 5%. 

Ripple-assisted fueling in ITER has been evaluated. Due to the small aspect ratio, the 
field ripple steeply decays in the plasma. Consequently, central fueling presents some 
difficulties. Effective fueling near half of the minor radius is possible with about 6% power loss 
fraction of a particles. If we employ the injection of 8mm<|) pellets, the injection speed of more 
than 50km/s is necessary to obtain a similar fueling profile. 

In the present calculations, we employ a field ripple cyclic with respect to toroidal angle. 
If we employ a toroidally localized field ripple, the fueling profile and efficiency are maintained as 
they are with the desirable reduction of oc-particle loss. 

Reference 
[4.2-1] K. Tani, R. Yoshino, T. Tuda, ct al., submitted to Fusion Tcchnol. 

4.3 Reduction of divertor heat load by magnetic field perturbation with in-
vessel coils in ITER [4.3-1,-2] 
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4. Analyses of Burning Plasma in Tokamaks 

4.1 D-3He fusion yield with higher harmonic ICRF heating of 3He beams 

D-3He fusion yield enhancement by combined 3He beam and higher harmonic ICRF 

heating was investigated on the basis of the I∞al Fokker-Planck calculation. The fusion yield 

with the fourth harmonic heating of 1∞-keV 3He beams is enhanced most efficiently when the 

ratio of the beam power density to the RF power density is 1/5. The maximum of the fusion 

power multiplication factor is roughly given by dQmax 旬 O.043(TellO) (nel1020) 1.5 where 

the electron temperature Tc and the density nc are given in keV and m・3，respectively. 

Comparison was made with the case of the fundamental minority heating of 3He beams and with 

the case of 500・keV 0 beam injection. In the high ne case， the fourth harmonic heating can 

enhance the fusion power more efficiently than the fl~ l1damental heating. In the high 3He 

concentration， 5∞-keV 0 beam i吋ectionwas found to be more effective than combined 3He 

beam and ICRF heating， in the fusion yield enhancement. 

4.2 Ripple-assisted fueling in tokamak reactors [4.2・1]

It has been proposed to apply the "ripple injection" to refuel tokamak reactors. By using 

an orbit-following Monte-Carlo code， we have studied the usefulness of the ripple-assisted 

fueling. The penetration depth strongly depends on the beam energy. The ripple-enhance<l 

outward flow of ripple-detrapped fast ions is not a serious problem. If we choose the ratio of 

beam energy to the central electron temperature less than 4， the fueling efficiency becomes more 

than 80%. The range of the toroidal angle of beam i吋ectioneffective for fueling is rather wide. 

By regulating the shape of the ripple-well region， the power fraction of alpha-particle ripple loss 

incident to the fueling can be reduced to less由加 5%.

Ripple働 assistedfueling in ITER has been evaluated. Due to the small aspect ratio， the 

field ripple steeply decays in the plasma. Consequently， central fueling presents some 

difficu1ties. Effective fueling near half of the minor radius is possible with about 6% power loss 

fraction ofαparticles. If we employ the injection of 8mmct pellets， the i吋ectionspeed of more 

出an50krn/s is necessary to obtain a similar fueling profile. 

In the present calculations， we employ a field ripple cyclic with respect to toroidal angle. 

If we employ a toroidally localized field ripple， the fueling profile and efficiency are maintained as 

they are with the desirable reduction ofα.-particle loss. 

Reference 
[4.2・1] K. T;却しR. Yoshino， T. Tuda， ct al.， submitlcd to Fusion Tcchnol. 

4.3 Reduction of divertor heat load by magnetic field perturbation with in・

vessel coils in ITER [4.3・1，・2]
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One of the most serious problems in the design of ITER is the high heat load on the 
divertor plates. The peak value may become more than 30 MW/m2 for the steady state operation 
with low density. To reduce this high heat load, an additional method by using the in-vessel coils 
for plasma position control is proposed. The coil current is toroidally modulated as I c °= sin((p -
cot), where $ is the toroidal angle and the frequency CO is about 1Hz. The magnetic field near the 
the equilibrium separatrix is perturbed, and the heat flux parallel to the field line spreads radially in 
the scrape-off layer. Numerical calculation for the coil current of I c = 10kA shows that the radial 
spread of the heat load on the plate (angle between the plate and separatrix is 15°) is about 3cm. 
The spread is proportional to I c . The heat diffusivity inside the separatrix is not significantly 
enhanced for I c <, 20kA. Effect on the profile of the divertor plate heat load is estimated. The 
peak heat load, for the most serious case mentioned above, is reduced by about 30% and the half-
width becomes wider by a factor of 1.6 with I c = 20kA. 

References 
[4.3-1] M. Azumi, T. Takizuka, M. Sugihara, et al., ITER-IL-PH-13-0-J-5 (1990). 
[4.3-2] Y. Shimomura, "ITER: Operational Scenario," 13th Internat. Conf. on Plasma Physics and Controlled 

Nuclear Fusion Research, Washington, 1990,1AEA-CN-53/F-2-1 

5. TRITON System and Plasma Simulator 
5.1 Vacuum magnetic energy computation for the new version ERATO code 

without the mirror symmetry 
For the new version ERATO code which analyzes the linear ideal MHD stability of a 

toroidal plasma without the mirror symmetry a new module ERATO-ASC to calculate the vacuum 
magnetic energy was developed on the basis of the Green function method. By employing a 
consistent representation of the vacuum meshes with that of the plasma meshes at the surface the 
deviation of the resultant vacuum energy matrix from an Hermite matrix was made extremely 
small, and calculation with very high accuracy becomes possible. Eigenvalues obtained by the 
new version ERATO code are in good agreement with those by the old version code for analytical 
equilibrium with the mirror symmetry. 

5.2 Development of an FACR solver for MHD equilibrium code SELENE 
The DCR (double cyclic reduction) algorithm used in the MHD equilibrium code SELENE 

suffers from over-flow for mesh numbers larger than a certain limit (for FACOM M-series the 
limit is 512). In order to calculate a numerical equilibrium for a large mesh number and realize a 
stability analysis with higher accuracy the FACR (Fourier analysis cyclic reduction) algorithm 
which is numerically stable against the over-flow was substituted for the DCR method in the 
SELENE code. The new version assumes neither uniform meshes nor the 2 n +l mesh number in 
the R-direction, which makes mesh accumulation in the R-direction possible and will be useful for 
equilibrium calculation for high /Jj plasmas. 
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divertor plates. The peak value may become more than 30 MW/m2 for the steady state operation 
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the scrape-off layer. Numerical calculation for the coil current of Ic = lOkA shows that the radial 
spread of the heat load on the plate (angle between the plate and separa凶xis 150
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5.3 Development of the GAEA system 
As for the simulation database system GAEA[5.3-1] a new function which combines 

successive restart jobs into one job with a new RUN number was developed. Several graphical 
options (grids, polygons, centered symbols) were also added in the GAEA system. 

Reference 
[5.3-1] S. Tokuda, T. Tsuncmatsu, T. Takcda, Comput. Phys. Commun. 44 (1987) 21. 

5.4 Development of plasma simulator 
In order to satisfy the requirement to produce enormous theoretical datasets necessary for 

the design studies of the next generation tokamaks, conceptual design work of a plasma simulator 
METIS dedicated for the calculations of the alpha-particle loss analysis and the nonlinear MHD 
simulation was continued from the last fiscal year on. In this fiscal year a new application 
softwares as the beam-wave interaction in a free electron laser and the Poisson solver appearing in 
the MHD equilibrium analysis were developed. For both the problems it was concluded that good 
performance in the METIS plasma simulator is expected by the extrapolation from the test by the 
Proto-METIS simulator. Conceptual design of debugging system for METIS was also made. 
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II. JFT-2M PROGRAM 
1. Toroidal Confinement Experiments 
1.1 Introduction 

The main progress in JFT-2M program is summarized. For 1990, a system for divertor 
bias experiments has been brought into operation and initial experiments have begun to study its 
effects on plasma discharges. Effects of ergodic magnetic limiter on H-modes have been examined 
and stationary H-modes have been produced under the control of ergodic magnetic limiter 
currents. 

1.2 Confinement studies 
1.2.1 Improved confinement on JFT-2M 

Many kinds of improved discharges have been discovered in numerous tokamak 
experiments. Some of them have been realized or found in JFT-2M limiter or divertor discharges. 
These are H-mode[1.2-l], improved L-mode (EL-mode)[ 1.2-2], counter neutral beam injection 
(CTR-NB) and pellet injected H-mode. The differences of these improved confinement modes are 
characterized by the density profile. 

As is well known, the so-called electron temperature 'pedestal' is quickly formed at the 
L/H transition. The electron density and ion temperature profiles also show a pedestal at the edge. 
The increase in the total stored energy in the H-mode is largely due to pedestal formation. On the 
other hand, IL-mode or CTR-NB does not show electron density and temperature pedestals at the 
edge. The improvement of CTR-NB is due to the increase of density and ion temperature and the 
confinement time is about 30 % higher than that in CO-NB heating. The density (Fig.IL 1.2-1) 
and ion temperature profiles show highly peaked profiles. The toroidal rotation velocity has a high 
shear and the velocity of the center reaches about lOOkm/s. In this case, the sawtooth period 
increases up to 40 msec or more and then disappears. After that, the plasma sometimes undergoes 
a disruption due to a large impurity accumulation at the center. The IL-mode appears after the H/L 
transition. This means that this mode appears after a fast decay of the edge density. Then this 
mode shows a peaked density profile (Fig.II. 1.2-2). The ion temperature and the toroidal rotation 
velocity also show peaked profiles, even in the case of CO-NB heating. In this mode, the 
sawtooth period increases and then disappears. If a large sawtooth occurs after H/L transition, 
then the discharge shows H/L/H/L. . transitions. The improved mode found in JFT-2M is 
characterized by two kinds of improvement. One is the H-mode which has a sharp density and 
temperature gradients at the edge, and the other mode has peaked density, temperature and toroidal 
rotation profiles around the center. The improvement of the pellet injected H-mode achieved at 
optimum conditions of the pellet injection experiments may consist in a coupling of H-mode and 
peaked profile improvements. The critical condition is deep penetration of the pellet injection. 
One condition to perform deep penetration is the injection of pellets before H-transiton. In this 
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1.1 Introduction 
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increases up to 40 msec or more and then disappears. After that，出eplasma sometimes underg田 S

a disruption due to a large impurity accumulation at the center.百leIL-mode appears after the HIL 

transition. This means that this mode appe訂 'safter a fast decay of the edge density. Then this 

mode shows a peaked density profile (Fig.n.1.2・2).The ion temperature and the toroidal rotation 

velocity also show peaked profiles， even in the case of CO-NB heating. In this mode， the 

sawt∞th period increases and then disappears. If a I釘'gesawtoothωcurs after HJL transition， 

then the discharge shows H/LIH/L.. transitions. The improved mode found in JFf・2Mis 

characterized by two kinds of improvement. One is the H-mode which has a sharp density and 

飽mpera加regradients at the edge， and the other mode has peaked density， tempera加reand toroidal 

rotation profiles around the center. The improvement of the pellet i吋ectedH-mode achieved at 

optimum conditions of the pellet injection experiments may consist in a coupling of H-mode and 

peaked profile improvements. The critical condition is deep penetration of the pellet injection. 

One condition to perform deep penetration is the injection of pellets before H-transiton. In this 

-10-
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mode, the density profile shows a peaked profile with a pedestal (Fig.II. 1.2-3) and the stored 
energy is about 30% higher than in a gas fueled H-mode. However, this coupled improvement 
does not persist for a long time. As a result of the large impurity accumulation at the center, the 
stored energy rolls over and decays faster than in a gas fueled H-mode. 
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Fig.II.l.2-1 Fig.II.1.2-2 Fig.1.2-3 
Density profiles of CRT-NB and CO- Density profiles of IL-mode and H- Density profiles of H-mode without 
NB at limiter configuration. mode. and with pellets. 

1.2.2 Steady state H-mode by ergodic magnetic layer (EML) 
The burst free H-mode has little controllability from the point of a steady state operation. 

We try to control the H-mode by applying an ergodic magnetic filed produced by two local coil 
sets installed outside the vacuum vessel. The magnetic field structure calculated by Fourier 
analysis and field line tracing shows a broad poloidal mode spectrum due to the locality of the 
EML coil. It has the peaks of the poloidal mode numbers m = 5 and m = 11 near the plasma 
surface for the low-m and high-m connections respectively[ 1.2-4]. By applying a high-m ergodic 
magnetic field, the suppression in density, radiation increase and a steady state H-mode can be 
realized with Ha burst(Fig.II. 1.2-4). It is noted that the total stored energy of the steady state H-

mode shows some loss compared with that of the burst free H-mode. But it is only less than 10% 
due to the suppression of density increase (the total stored energy of the steady state H-mode is 
almost the same as that of the burst free H-mode at the same density). Figure II. 1.2-5 shows the 
difference of the H-mode enhancement to ITER89P between with and without EML (Ha bursts). 
Only the power scan data are included in this case, and the enhancement of burst free K-mode is 
set to one for comparison. The average enhancement at the steady state operation is reduced about 
14% and the histogram shows the large deviation. The profiles of ion and electron temperature are 
almost the same with and without the ergodic field. It means that the created H a burst by EML 
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mode， the density profile shows a peaked profile with a pedestal (Fig.II.1.2・3)and the stored 

energy is about 30% higher than in a gas fueled H-mode. However， this coupled improvement 

does not persist for a long time. As a result of the large impurity accumulation at the center， the 

stored energy rolls over and decays faster than in a gas fueled H-mode. 
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百leburst企'eeH-mode has little controllability企'omthe point of a steady state operation. 

We try to control the H-mode by applying an ergodic magnetic filed produced by two local coil 

sets installed outside the vacuum vessel. The magnetic field structure calculated by Fourier 

analysis and field line tracing shows a broad poloidal mode spec凶 mdue to the loca1ity of the 

EML coil. It has the peaks of the poloida1 mode numbers m = 5 and m = 11 near the plasma 
surface for the low-m and high-m connections respectively[l.2・4].By applying a high-m ergodic 

magnetic field， the suppression in density， radiation increase and a steady state H-mode can be 

realized with Hαburst(Fig且1.2・4).It is noted that the total stored energy of the steady state H-

mode shows some loss compared with that of the burst企'eeH-mode. But it is only less than 10% 

due to the suppression of density increase (the tota1 stored energy of the steady state H-mode is 

almost the same as that of the burst仕'eeH-mode at the same density). Figure 11.1.2-5 shows the 
difference of the H-mode enhancement to ITER89P between wi血 andwithout EML (Hαbursts). 

Only the power scan data are inc1uded in this case， and the enhancement of burst free H-mode is 

set to one for comparison. The average enhancement at the steady state operation is 詑 ducedabout

14% and the histogram shows the large deviation. nle profiles of ion and electron temperature are 

almost the same with and without the ergodic field. It means that the created HαburstbyEML 
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suppresses the increase of density and 
radiation with keeping temperature. Figure 
II. 1.2-6 shows the dependence of the power 
threshold and the steady region on the high-
m mode of EML coil current. The power 
threshold increases with increasing EML coil ^ 
current (maximum 5.5 kA = 44 kAT), and ^ 
the controlled region of the steady state H-
mode can be seen as a belt above its power oT 
threshold. The controlled region increases 
with increasing the ergodic field. This 
demonstrates an active controllability of the 
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1.2.3 Divertor bias experiment 
The divertor bias experiments started May in this year on the JFT-2M tokamak to study 

the possibility of improvements of tokamak performance such as confinement, edge stability and 
non-inductive current drive. 

The characteristics of JFT-2M divertor biasing system are as follows(Fig.II. 1.2-7); 
* Biased divertor consisting of 34 carbon plates (inside 16 and outside 18). 
* Two biasing power source; the condenser 

(300V, 1.7F) between divertor plates and 
vacuum vessel for uniform biasing and the 
thyrister power supply (250V, lOkA) between 
inner and outer divertor plates for differential 
biasing. 

* Open and semi-closed divertor operation. 
The preliminary experimental results by using 

the condenser power source are as follows; 
* For ohmic heating phase, H a emission was 

reduced by 15-30 % by negative uniform 
biasing and the mean electron density 
increases gradually, which means the 
improvement of particle confinement. The 
total radiation slightly decreases. 

* The biasing current is about -200A at the 
negative biasing of -150V, which consist of 
the ion (inner) side current of -250A and 
the electron (outer) side current of 50A. 
For no biasing case the natural current of about 80A which flows from the electron 
side plates to ion side plates, it seems, driven by the thermal force, was observed. 

* For NBI heating case, the threshold power for L/H transition could be reduced by about 
200kW (from 340kW to 140kW in deuterium plasma) due to the negative biasing of 
about 80V. The potential formation with negative gradient at just outer separatrix 
(about 2 cm) was observed (Fig.II. 1.2-8). 

SCR Power 
Source 
(10kA,250V) 

Condenser Power 
Source 
(1.7F,300V) 

Fig.n.l.2-7 Divertor biasing system 
diagram of JFT-2M(two biasing power 
sources. 34 carbon plates are biased 
(inside 16, outside 18)). 
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1.3 RF experiments 
1.3.1 Coupling studies of a phased array antenna for fast wave current drive 

Fast wave current drive (FWCD) by using a phased four-loop array antenna has been 
investigated experimentally in the JFT-2M tokamak. The RF output power of 0.8 MW is available 
and the frequency is 200 MHz, which corresponds to approximately the tenth harmonic of ion 
cyclotron frequency of hydrogen. In the previous experiment, an appreciable electron heating by 
the fast waves was performed successfully by using the antenna which has a refractive index of N z 

~7 at the phasing of A<j>=(0,rc,0,7t). However, no electron heating with the highly directional 
wave phasing of A<t>=(0,7r/2,7t,3jr/2) , which is preferred for the current drive, was observed 
because of the spectral gap. A new antenna having Nz~ 6 at A<J»=(0,Jt/2,7i,3jr/2) has been 
employed to improve absorption of a directionally propagating wave. The new antenna has, 
however, indicated lower loading resistance and stronger mutual coupling between the loop 
antennas. 

We have developed a tuning procedure for multiple transmission lines including mutually 
coupled antennas [1.3-1] since the new antenna has made the tuning difficult. This procedure at 
first identifies the antenna impedance using measured data and second searches for the optimum 
operating parameter conditions. The whole process is repeated so that predicted operating 
parameters realize good performance. The usefulness of this procedure has been confirmed 
experimentally. Nearly satisfactory performances for A$=(0,n/2,n,3n/2 ) and (0,7i,0,7t), 
corresponding to current drive and heating modes, have been realized by repeating the whole 
tuning process twice. 
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1.3 RF experiments 

1.3.1 Coupling studies of a phased array antenna for fast wave current古ive

Fast wave current drive (FWCD) by using a phased four-loop array antenna has been 

investigated experimentally in the JFf -2M tokamak. The RF output power of 0.8 MW  is available 

and the frequency is 2∞MHz， which corresponds to approximately the tenth hannonic of ion 

cyc1otron frequency of hydrogen. In the previous experiment， an appreciable electron heating by 

出efast waves was performed successfully by using the antenna which has a re合activeindex of Nz 

-7 at the phasing of Att=(O，π，0，π). However， no electron heating with the high~y directional 

wave phasing of A(t=(O，π:12，π3π:12) ， which is preferred for the current drive， was observed 

because of the spectI叫 gap. A new antenna having Nz-6 at A(t=(0，1t/2，1t，3π:12) has been 

employed to improve absorption of a directionally propagating wave. The new antenna has， 

however， indicated lower loading resistance and stronger mutual coupling between the 1∞p 

antennas. 

We have developed a加ningpr，∞ed町'efor multiple 回 nsmissionlines including mutually 

coupled antennas [1.3・1]since the new antenna has made the tuning difficult. This procedure at 

first identifies the antenna impedance using measUI吋 dataand second se釘'chesfor the optimum 

operating parameter conditions. The whole process is repeated so that predicted operating 

parameters realize good performance. The usefulness of this procedure has been confirmed 

experimentally. Nearly satisfactory performances for 幼 =(0，1t/2，吋π:12) and (0，π，0，1t)， 

corresponding to current drive and heating modes， have been realized by repeating the whole 

佃mngprocess twice. 
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Meanwhile, a new coupling code 
has been developed for an antenna array of 
the fast waves [1.3-2]. The self-consistent 
current profile on current strap can be 
obtained by using the variation theory. The 
coupling properties of four loop antenna 
array for the experiments was investigated 
with comparison of calculation and 
experimental results. The calculation can 
explain well the complicated coupling 
properties obtained experimentally. 
Fig.II. 1.3-1 shows the phase dependence of 
the loading resistance. The calculation also 
indicates that a down shift of a peaked N z of 
the excited fast waves is remarkable for low 
electron density. The down shift of N z 

makes the spectrum gap large and then 
lessen the absorption of the fast waves. The 
down shift of N z can, however, be 
improved by a steep electron density 
gradient nearby plasma edge. 

An appreciable interaction of the 
fast waves with electrons by the new 
antenna has been observed with combination 
of the electron cyclotron heating PECH=0-17 

MW. The launched power of the fast waves 
is about 0.25 MW.which is limited by 
withstanding voltage of the tuning circuit. At 
A<|)=(0,7t/2,Jt,3rt/2 ), the tail electron 
temperature measured from a soft x-ray 
pulse height analysis increases slightly but 
the loop voltage does not change. As 
shown in Fig.II 1.3-2, we have observed 
increased electron temperature at the plasma 
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Fig.ll.l.3-2 The time behavior of the loop 
voltage VI, the radiation temperature of cyclotron 
emission Tr, line averaged electron density ne and 
the brcmsslrahlung radiation. Ip=100 kA 
,Bt=1.07 T.PECH=170lcW and PFW=240kW. 
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center and drop of the loop voltage at A<|)=(0,0,7t,7r)» which has the same peaked N z as that of 
AtJ>=(0,7c/2,jc,3jt/2 ) but bidirectional propagating waves. The figure also shows the 
bremsstrahlung radiation which infers increase in effective charge at application of the fast waves 
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pulse. Analysis of the plasma resistivity suggests non-thermal electrons generated by the fast 

waves. 

1.3.2 Preionization and plasma current initiation by using electron cyclotron heating 
Experiments on plasma production (toroidal magnetic field and gas present) and plasma 

current initiation (toroidal magnetic field and gas prior to an ohmic discharge) have been performed 
with electron cyclotron heating (ECH) on the JFT-2M tokamak. The ECH system consists of 
two gyrotron, capable of producing 200 kW at frequency of 60 GHz for up to 0.5 s, and two 
transmission lines[ 1.3-3]. Second harmonic extraordinary mode was launched from the outer 
side of torus at the mid-plane. 

Investigation on the plasma production by ECH was conducted with a range of gas filling 
pressure p between 3xl0"5 and 5X10"4 Torr, applied vertical filed Bv=0.0-38 Gauss and of the 
toroidal magnetic filed of Bt=0.8-1.28 T. We have obtained the maximum line integrated electron 
density nel=0.3 xl0 1 9/m 2 at p=3.4xl0"4 Torr, BV=27 Gauss and Bt=1.07 T with the ECH power 
of 180 kW. Form a spatial profile measurement of H a radiation, plasma production is inferred to 
be localized at the electron cyclotron resonance layer with full-half width of ~20 cm in the major 
radial direction.This indicates the maximum line averaged electron density of 1.5xl019/m3 which 
is close to the cut-off density of the second harmonic extraordinary mode. 

Current initiation for a start-up of 
the ohmic discharge with ECH has been 
investigated by changing the applied primary 
voltage which is operated to keep constant 
during the discharge. The ECH power is 180 
kW and Bt=1.06 T. Fig.II. 1.3-3 shows the 
typical time evolution of the plasma 
parameters and the ECH pulse. It is found 
that with ECH most of the loop voltage Vi is 
consumed to make the ramp-up of the plasma 
current Ip,e.i.,Vi~LpdIp/dt where Lp is the 
inductance of the plasma column. The 
electron cyclotron emission indicates 
appreciable energetic electrons generated by 
ECH which lead to lessen the plasma 
resistivity. We have also achieved that the 
plasma current is ramped-up with the loop 
voltage of 0.4 volts at the rate of 0.25 MA/s. 

Br = 1.057 T, PECH=l80kW 
464614 

0.1 0.2 0.3 0.4 
TIME (sec) 

Fig.II.1.3-3 The time evolution of the plasma 
parameters for the initiation of the plasma current 
with ECH. dlp/dt is the time derivation of the 
plasma current. 
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pulse. Analysis of the plasma resi~tivity suggests non-thermal elec官'onsgenerated by the fast 
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Experiments on plasma production (ωmidal magnetic field and gas present) and plasma 

current initiation (toroidal magnetic field and gas priorωan ohouc discharge) have been pem叩 ned
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toroidal magnetic印edof Bt=O.8-1.28 T. We have obtained the maximum line integrated electron 

density ne1=O.3 x1019/m2 at p=3.4xl0・4Toη，Bv=27Gauss and Bt=1.07 T with the ECH power 
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The minimum loop voltage to initiate the current seems to depend on controllability of a position 
of the plasma current channel. 

References 
[1.3-1] H.Kazumi, ct.al., in Proc. 18th EPS Conf. Berlin Part III (1991) 329. 
[1.3-2] M.Saigusa, ct.al., private communication. 
[1.3-3] M.Kawashima, et.al„ Nucl.Fusion 31 (1991) 495. 

1.4 Diagnostics 
1.4.1 Impurity behavior on JFT-2M 

Sawtooth activities play the important role on the impurity transport. In JFT-2M impurity 
behaviors in discharges during the neutral bean (NB) heating concerned with sawtooth activities 
were studied by using the grazing-incident monochromator (3-60nm) and the 1-D impurity 
transport code (MIST code) [1.4-1]. The impurity transport during the ELM-free H-mode with 
and without clear sawtooth activities were presented. By changing the plasma current (I p), the 
amplitude of sawtooth activities was controlled in these experiment. In discharges with high-Ip 
(Ip=0.28MA, qs=2.7 where q s is the safety factor at the plasma surface), clear sawtooth activities 
were observed, while no large sawtooth activities in the discharge with low-Ip (Ip=0.17M A, 
qs=4.0). The position of q=l surface, which was determined by the sawtooth inversion radius, 
was that r=0.12m in the high-Ip discharge and r=0.06m in low-Ip discharges. The H-mode 
transition occurred about Sms earlier in high-Ip discharges but the electron density and radiation 
losses in low-Ip discharges increased with time more rapidly. From detailed measurement of time 
evolutions of the emissions from impurity ion lines in both discharge conditions, emissions from 
highly ionized ion lines such as TiXX, FeXVIII and FeXIX increased faster in low-Ip discharge 
although emissions of less ionized ion lines such as TiXI, CIV, and FeX were almost the same. 
The measured radial profile of T i l 9 + ion density in low-Ip discharges became more centrally 
peaked. In the previous work on JFT-2M, impurity ions were accumulated into the plasma center 
during the ELM-free H-mode [1.4-2]. These experimental results suggest that the impurity 
accumulation was more enhanced in low-Ip discharges although the influx in both discharges were 
almost the same.These impurity behaviors were analyzed by using MIST code. Measured electron 
temperature and density were used and the corona equilibrium was assumed to calculate line 
emissions. Transport coefficients (diffusion coefficient (D) and convective velocity (vjn)) were 
determined to fit the intensity ratio of TiXX and TiXV line emissions, and the measured and 
calculated T i 1 9 + ion density profile shown in Fig.II. 1.4-1. The obtained transport coefficients in 
both discharges were that D/DNC>10 at the inside of the q=l surface and D/DNC<2 at the outside 
of the q=l surface, and VJII/VNC=1» where DNC and VNC were the transport coefficients calculated 
from the neoclassical theory [1.4-3]. These results indicate that the impurity ions exhausted from 
the inside of the q=l surface by the sawtooth activities. By using these transport coefficients, the 
radiation power loss of the titanium ion (PRadTi) near plasma center were estimated. Obtained 
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results were that PRadTi=8.6xlO-3 W/cm3 in low-Ip discharges and PRadTi=3xlO-3 W/cm3 in 
high-Ip discharges which were qualitatively agreed with that tue radiation loss profiles measured 
by the bolometer array. 

. . 19+ 
Ti Ion Density Profile .19 + 

(a) high-Ip H-mode 

Measured 

Model 

10 
Ti Ion Density Profile 

(b) low-Ip H-mode 

0.05 0.10 0.15 0.20 
r (m) 

Neoclassical 

Measured 

Model 

0.05 0.10 0.15 0.20 
r (m) 

Fig.II. 1.4-1 Measured (solid line) and calculated (dashed line) Til9+ ion density profiles in high-Ip 
(a) and low-Ip (b) discharges. 

References 
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[1.4-2] H.Ogawa, et al.; J. Phy. Soc. Jpn. 59 (1990) 3962. 
[1.4-3] P.H.Rutherford, et al.; Princeton Plasma Physics Laboratory Report PPPL-1297 (1976). 

1.4.2 Development of TV Thomson scattering system with high spatial resolution and high 
sensitivity 

A high spatial resolution Thomson scattering system is being installed on the JFT-2M 
tokamak in a collaboration between JAERI and PPPL. A total of 81 spatial channels are distributed 
along a major radius chord on the horizontal midplane of the tokamak, allowing for a spatial 
resolution better than 1 cm (plasma width of 70 cm). The system is based on a single detector 
constituted of two imaging tubes in series and a CCD detector (385x288 pixels). The background 
plasma light can be measured either by 10 background spatial channels located along the 81 
channels mentioned above (with a toroidal offset of about 1 cm) or by taking a second exposure at 
a few ms after the laser pulse. The system will generate Te and ne profiles with an expected 
operational range of 50 eV to 8 keV and (0. l-0.3)xl0 1 3 to 4x l0 1 4 cm"3. 
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A few topics of this development are described below as follows; 
1) Laser subsystem 

A TEMOO mode was obtained with the fix of aperture within the laser cavity. The 
measured beam divergence 0.3 mr was almost equal to the diffraction limit. The laser system 
oscillated with a few longitudinal modes, and it was a problem since they produced high peak 
power and low laser energy. The installation of an intracavity mirror (glass plate with an AR 
coating) has removed the above problems and produced a Gaussian shape waveform. The results 
is shown in Fig.II. 1.4-2, where the waveform of Gaussian type is produced by overlapping the 
additional longitudinal modes on the fundamental longitudinal modes. 
2) High spatial resolution optics subsystem 

An important feature of the system is the low number of the collecting optics , see 
Fig.II. 1.4-3. It is a Bouwers concentric (mirror) optics of the type which has been developed at 
PPPL for the Thomson scattering diagnostics. With such a construction, the collecting optics 
aperture of each spatial channel spans the whole vacuum window. The folded optics of the system 
is also compact and well suited for imaging onto fiber optic bundles. The laser beam path is 
imaged (by the concentric optics) on a non flat surface on which the fiber bundles are located. The 
use of coherent fiber bundles allows for high spatial resolution. 

i i _ i i i i i i ' i 
lOne /Hiw Fig.II.1.4-3 Cross-section of JFT-2M showing 
IvMS/OIV t j , c Thomson scattering collecting optics with 

Bouwers concentric double mirror 
Fig.II. 1.4-2 Pulse waveform of ruby laser beam; (a) 
without additional mirror, (b) with additional 
mirror. 
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3) High sensitivity detector subsystem 
The detector is composed of two image intensifiers and CCD camera. The intensifier has 

a gain of 70 and decrease the image size to one fifth. The second intensifier has a magnification of 
0.6 and a gain of 300. Fast phosphors are used to allow successive measurements within a few 
millisecond. The CCD camera works in frame transfer mode and has a high quantum efficiency. 
The sensitivity of the detector is expected to be comparable to that used on the TFTR Thomson 
scattering system. 

2. Operation and Maintenance 
2.1 Introduction 

Facility operation and Engineering Division has been engaged in operation and 
maintenance of flywheel motor-generator (MG), JFT-2M machine, neutral beam injection system 
(NBI), electron cyclotron heating system (ECH) and fast wave current drive system (FW). In this 
fiscal year, each apparatus has been operated smoothly on schedule, and careful examination of 
machine status has been performed daily and periodically. In another field on development of 
auxiliary equipments and instruments, pellet injection system has made good progress and 
installation of new control coils placed inside of vacuum chamber has started for the plasma 
disruption study. 

2.2 Operation and maintenance 
Summary of operation records in each apparatus is listed in TableII.2.2-1. Each apparatus 

has been operated smoothly according to the experimental schedule and has paved the way for 
good experimental results. Maintenance works and overhauls have been carried out during 
machine vent period. In this fiscal year, regular examination of the motor-generator and its cooling 
system and periodical cleaning of carbon dust were performed, and old filter chambers in the MG 
building were replaced by a new one. As for JFT-2M machine, overhaul of cryo-pump, 
replacement of vacuum gate valve, repair of feedthrough parts in the divertor-bias system and 
renewing of secondary cooling towers were performed. As for heating apparatus, minor overhaul 
of NBI power supply, adjustment of ion-source alignment, test of new ECH power supply and a 
new gyrotron, overhaul of FW stab-tuners and repair of FW antenna were carried out. 

2.3 Development of equipments and instruments 
A gun assembly of a multi-pellet injector, extruder type, was modified to get large pellets 

and a high velocity in 1989 as shown in Fig.II.2.3-1. An extrusion nozzle was changed from 
rectangular cross-section to circular one. A diameter of an extruding solid-hydrogen filament is 4 
mm. A cutting tube with a knife edge, which is mounted on a punch-type chambering mechanism, 
and a gun barrel are 3 mm in diameter. A delivering pellets size is 3 mm in diameter and 4 mm in 
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Table H.2.2-1 Operation records of MG, JFT-2M, NBI, ECH and FW. 

~~-—~-^FiscaI Yeai 
FY 19B9 

FY 1990 
Apparatus ~^~^^ 

FY 19B9 
APR-JUN JUL-SEP 0CT-DEC JAN-MAR Total 

MG 
HG(ttl) Operation (hours) 868 274 341 253 136 1.004 

MG 
MG(#2) Operation (hours) 866 273 340 254 136 1,003 

JFT-
2N 

Total Operation (days) 112 36 46 35 18 135 

JFT-
2N 

Discharges Nunbers (shots) 5.902 1.359 2,287 1.738 689 6.118 
JFT-
2N Discharge Cleaning (hours) 175 73 65 51 29 218 

JFT-
2N 

Baking (tiies) 2 1 0 1 0 2 

JFT-
2N 

Pellet Injection (days) 22 3 4 3 3 13 

NBI 
Total Operation (days) 85 24 28 14 14 80 

NBI Total Shots of 
Injection 

(tines) 
A-line 43,770 11.082 12.456 6.943 6.884 37.365 NBI Total Shots of 

Injection 
(tines) B-line 41.527 11.565 14.826 7,378 4.884 38.655 

ECH 
Total Operation (days) 25 10 19 16 6 51 

ECH 
Total Injection (tiies) 94.775 7,201 127,414 16.967 5.548 157.130 

Fl 
Total Operation (days) 57 16 6 20 0 42 

Fl 
Total Injection (hours) 460 110 42 168 0 320 

length. Two fast-opening magnetic valves were used to get a higher repeating rate, which were 
able to alternately open at time-intervals of 100 ms. The rise time for full-open of the valves is less 
than 0.5 ms. A propellant gas, helium, which is pressurized to 100 kgf/cm2, can be heated at 100 
C. In this configuration, the performance tests have been done. Velocities of up to 1.7 km/s were 
measured with hydrogen pellets at the pressure of 100 kgf/cm2. The unique feature of this injector 
is its repetitive capability. Delivering rates of 2-2.5 Hz were easily obtained with large size pellets. 
The operating limitation has been attributed to a heating of the gun block above the freezing point 
for the hydrogen by the propellant (298 K) and consequent melting of the filament before it enters 
the pellet chambering section. However, the injector could operate at higher firing rates on several 
tests. The shadowgraphs in Fig.II.2.3-2 show 8 consecutive hydrogen pellets that have been 
delivered at time-intervals of 300 ms (pellet velocity=0.9-l km/s). To accomplish this operation, 
the open time of the propellant valves was minimized to decrease the thermal gas loading. 
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Tablc 11.2.2.1匂crationrc∞rds of MG. JfT・2M.NBI. ECH and FW. 
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length. Two fast-opening magnetic valves were used to get a higher repeating rate， which were 

able to altemately open at time-intervals of 1∞ms. The rise time for full-open of the valves is less 

than 0.5 ms. A propellant gas， helium， which is pressurized to 1∞kgf/cm2， can be heated at 1ω 

C. In this configuration， the performance tests have been done. Velocities ofup to 1.7 km/s were 

measured with hydrogen pellets at the press町'eof 1∞kgf/cm2. The unique feature ofthis injector 

is its repetitive capability. Delivering rates of 2・2.5Hz were easily ob阻inedwith 加'gesize戸llets.

Theopera伽 glimitation has been attributed to a heating of the gun bl∞k above the freezing point 

for the hydrogen by the propellant (298 K) and consequent melting of the filament before it enters 

the pellet chambering section. However， the injector couJd operate at higher firing rates on田veral

tests. The shadowgraphs in Fig.II.2.3・2show 8 consecutive hydrogen pellets that have been 

deliver，叫attime-intervals of 3∞ms (pellet velocity=0.9・1km/s). To accomplish this 0戸ration，

the open time of the propellant valves was minimized to decrease the thermal gas loading. 
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Fig.II.2.3-1 Gun assembly of the multi-pellet injector. 
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Fig.II.2.3-2 Shadowgraphs of hydrogen pellets. Delivering interval is 300 
ms. Propellant gas pressure is 33 kgf/cm2. Barrel length=0.8 m. 
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III. COOPERATIVE PROGRAM ON TOKAMAK EXPERIMENT 
1. DIII-D (Doublet III) Experiment 
1.1 Introduction 

The long-term research objective on DIII-D continues to be the development of 
understanding and predictive capability leading to a demonstration of a high beta plasma with non-
inductively driven toroidal current and good confinement. This year, 11 papers based on many 
significant DIII-D experimental results were presented at the 13th IAEA meeting in Washington. 
In addition, DIII-D made highly regarded contributions to 17 of 23 physics R&D tasks associated 
with the ITER conceptual design activity. 

1.2 Highlights of FY1990 research results and device improvements 
DIII-D operations in the past 

year were highlighted by the 1 0 

MA 

attainment of 11 % beta, a value M 

nearly twice that needed for ITER, "* 
with a highly elongated, double null i t " 
diverted plasma. Sufficient ,« 
understanding of the physics and (*u> 

3M.0 

phenomenology of ELMs (Edge ( 1 M K ) 

Localized Modes) enables the vo 
utilization of ELMs for impurity ( A U 1 

control, which has resulted in 10.3 • M* ** *l» mt nm aim 
second long H-mode discharges """ 
with continuously declining impurity Fig.ID.1-1 Ten second H-modc impurity control via ELMs [1-1]. 
levels (Fig.III.1-1). 

Installation of an advanced divertor 
ring and baffle were completed during the 
last year (Fig.III.1-2). The advanced 
divertor system allowed DIII-D to 
demonstrate a reduced H-mode power 
threshold and increased particle flow to 
the divertor baffle chamber when 
electrical bias was applied. 

In addition, important tokamak 
physics findings relevant to future devices 
have also been Steadily resulting from the Fig.III.1-2 A view of the Dffl-D advanced divertor showing 

the bias ring and the plate. Also shown is a cross section 
DIII-D, SUCh as poloidal Current flow tO the v » e w of » cryopump, planned for future installation [1-2]. 
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Installation of an advanced divertor 

ring and baffle were completed during the 

last ye町 (Fig.III.l・2). The advanced 

divertor system allowed DIII-D to 

demonstrate a reduced H-mode power 

threshold and increased particle flow to 

the divertor baffle chamber when 

electrical bi槌 wasapplied. 

In addition， important tokamak 

physics findings relevant to future devices 

have also been steadily resulting合omthe 

DIs-D， such as poloidal current flow to the 

Fig.m.l・2A vicw of the DIs-D adv白首eddivenor showing 
thc bias ring mld the pla也. Also shown is • cross s鉱山n
vicw of • cryo:凹mp.planned for fUlure ins凶I叫on[1・.2].
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vessel wall during a vertical instability. 
When the parallel fast ion beam velocity approached the Alfven velocity and the volume-

averaged beam beta exceeded 2 %, localized, propagating high frequency MHD oscillations with 
n=2-10 have been observed. This may represent a first experimental observation of Toroidicity-
induced Alfven Eigenmodes, although the threshold value is an order of magnitude larger than 
predicted [1-3]. 

A sudden increase in the edge electric field 
has been observed to be correlated with the L to 
H-mode transition and a decrease in plasma 
fluctuation is measured (Fig.III.1-3). These new 
observations are also being compared to H-mode 
theories. As for the diagnostic capabilities, 
following new diagnostic systems have been 
commissioned this last year: (1) multi-pulse 
Thomson scattering system, (2) single channel 
motional Stark effect current profile diagnostics 
produced by LLNL, (3) 280 GHz carcinatron-
scattering system for turbulence studies by UCLA, 
(4) correlation reflectometer by UCLA, and (5) 
divertor materials exposure system-DIMES. 

Construction of a 2 MW, 110 GHz ECH 
system is proceeding and the first gyrotron is 
prepared for installation. The 2 MW 60 GHz 
ECH system was used for heating and current drive 
experiments. The heating experiments included 
ECH H-mode studies and the electron thermal 
transport studies. Approximately 100 kA was 
driven by inside launch extraordinary mode ECH in 
300 kA tokamak discharges. Fokker-Planck 
calculations estimating tail enhancement by the 
remaining electric field show this effect may 
account for the increased ECCD efficiency 
(Fig.III.1-4). A new fast wave ICH antenna 
was operated with 1MW power levels and ion heating 
was demonstrated in the initial experiments. 

-40i 
2.20 2.30 

Fig .HI. 1-3 Comparison of sheared radial electric 
field (b) and suppression of the edge fluctuation 
(a) at L-H transition [1-4]. 
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Fig.m.1-4 Current driven by ECH, measured and 
Fokkcr-Planck predictions with(x) and without 
(o)clcctric field effects on the electron 
distribution function [1-1]. 
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1.3 JAERI collaboration 
During JFY 1990, a total of five JAERI scientists made substantial contributions to the 

productivity and progress of the DIII-D experimental program. Their research has supported both 
the DIII-D and JAERI program efforts in the areas of H-mode physics, ECH, and tokamak 
diagnostics. The DIII-D fluctuation studies have been coordinated by a JAERI scientist while 
General Atomics and the US university participants pursued L-H transition and transport studies. 
JAERI personnel also participated in the development of the Motional Stark Effect polarimeter and 
in the broad band x-mode microwave reflectometer measurement. A database for the sawtooth 
period, constructed from DIII-D data, indicates the period scales as plasma resistivity[l-5]. 
These activities were of direct benefit to both the DIII-D and JT-60U near and long term 
experimental programs including physics R&D activities identified by ITER. 

The continuation of the DIII-D collaboration is under consideration (The current Agreement 
will expire on August 28,1992.). The two working groups have completed their assessment of 
the proposed joint program on high power ECH heating and current drive on DIII-D and JT-60U. 
The preliminary design for JT-60U EC heating device has also been completed. Initiation of this 
new program depends on availability of JAERI funding. 

1.4 Plans for the next year 
During the next year the DIII-D program will emphasize advanced divertor, transport, fast 

wave current drive, and initial 110 GHz ECH experiments. These experiments will be carried oui 
with boronization techniques learned through the TEXTOR collaboration and new diagnostics 
added to DIII-D. Heating and current drive will be explored with ECH, ICRF and neutral beams. 

References 
[1-1] DIII-D Research Operations Annual Report, GA-A20361(1991) and DIII-D Team, IAEA-CN-53/A-l-4(1990). 
[1-2] M.A. Mahdavi et al., GA-A20317(1990). 
[1-3] W.W. Heidbrink etal., GA-A20254(1991). 
[1-4] H. Matsumoto et al., GA-A20383(1991). 
[1-5] Y. Kamada ct al., to be submitted. 

2. Microwave Tokamak Experiment 
2.1 Present status of MTX experiment 

During the period April, 1990 to March 1991, the major FEL experimental activity was 
experiments by the LLNL accelerator group to test improvements to the ETA-II induction linear 
accelerator. 

In parallel with the FEL effort, a Varian gyrotron (140 GHz, 400 kW CW) was installed. 
The gyrotron will provide the oscillator power for the FEL. In addition, tokamak plasma heating 
experiments will be compared with the pulsed, high peak power heating due to the FEL in order to 
compare the two different microwave interaction regimes. 
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2.2 JAERI activity 
JAERI provided diagnostics on schedule. During gyrotron operation, they made 

significant contribution. A calorimeter, which will be used with the PEL, was used to determine 
the efficiency of transport of microwave power from the gyrotron to the MTX using the quasi-
optical system. The measurement yielded an efficiency of 80 %, in good agreement with theory 
which predicted 20 % loses at the Vlasov convenor. The converter changes high order gyrotron 
modes into Gaussian mode for coupling into the transmission line. JAERI also provided more 
efficient Vlasov convenor this year, which was tested using low power test stand at Stuttgart 
University in Germany. 

Measurements were made by the fast soft X-ray camera[2.2-l] and neutron 
diagnostics[2.2-2] during brief tokamak experimental run using the gyrotron. The ECE heterodyne 
diagnostics was successfully tested in an experimental run during June. The final system was 
installed in September. A prototype of reflectometer was delivered to LLNL this fiscal year. 

References 
[2.2-1] K.Ohasa, T.Ogawa, K.Hoshino, et al., IAEA TCM Report on Time Resolved Two and Three Dimensional 

Plasma Diagnostics (Nov. 1990, Nagoya Japan). 
[2.2-2] T.Ogawa, K.Ohasa, K.Hoshino, et al., Rev. Sci. Instrum. 61 (1990) 3181. 

2.3 LAPPS (Laser Aided Particle Probe Spectroscopy) [2.3-1] 
A diagnostic system for measuring the microwave electric field of a free electron laser 

(FEL) has been prepared at JAERI, whose design was a collaboration with Hiroshima University, 
LLNL and U.CDavis. This diagnostic uses the Stark effect, and it consists of a 50 kV/400 mA 
neutral helium beam, a tunable dye laser, and spectroscopic equipment. The whole system is 
shown in Fig.III.2.3-1. Xenon is used as the helium beam neutralizer gas to produce metastable 
atoms with high density. Because of the restricted viewing-port size in MTX tokamak, we collect 
emitted light through two of the narrow slots. The LAPPS equipment is close to the MTX 
tokamak, so the ion source, neutralizer cell, and photomultiplier tube are shielded against magnetic 
fields of 250, 750 and 1000 G, respectively. The various components were first combined at 
JAERI for alignment, conditioning, calibration and test measurement with a DC electric field at 
first. Then, the entire system is going to shipped to LLNL for installation on MTX. 

References 
[2.3-1] T.Oda, K.Odajima, K.Mizuno, et al., Rev. Sci. Instrum. 61 (1990) 1. 
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IV. JT-60 PROGRAM 
1. Overview 

Since November 1989, JT-60 had been shut-down for the modification to the JT-60 
Upgrade. In JT-60 Upgrade, the plasma current will be increased up to 6MA with lower single 
null divertor. The poloidal field coils and the vacuum vessel are being replaced for this 
modification. NB heating power of up to 40 MW and total ~20MW of LH and ICRF will be 
available with using deuterium as the working gas. The major radius and the toroidal field will be 
3.4m and 4.2T, respectively. Plasma parameters are expected to further approach the reactor 
range. The divertor plates is designed to be toroidally continuous, and to use high-heat-
conduction c/c composite graphite with the height misalignment of adjoining tiles in less than 
0.5mm. About 3sec of period without carbon burst is estimated under ~40MW of injection 
power. In March 1991, the modification was completed and the discharge cleaning has been 
started. 

The primary objective of JT-60 Upgrade in early phase of its experiment is the impurity 
control under favorable energy confinement conditions. The development of divertor in particle 
and heat control will be carried out under the collaboration with JFT-2M and D1II-D. 
Furthermore the addition of 500keV, 10MW negative NB in 1994, which will be primarily used 
for NBCD, will be allowed us to investigate physics relating burning plasmas, where the global 
plasma behavior will be greatly affected by energetic particles. 

The future prospects of JT-60 Upgrade research are described in the following. 

1.1 Confinement study near the thermal break even condition 
Device capability of high power heated deuterium divertor discharge with high Ip of 6MA, 

By of 4.2T and aspect-ratio of 4.0 is expected to extend the present world confinement data base 
substantially more relevant to the reactor grade plasma. The ITER-89 power-law confinement 
scaling predicts the fusion gain proportional to (R/a)l-4. Relatively high aspect regime of JT-60U 
(R/a=4.0 compared with 2.5 in JET with the same plasma current of 6MA) will substantially 
contribute to the confinement data base for the next-step device. 

1.2 Non-inductive current drive 
The regime of negative NB current drive will be neIp~5xl0l9m-3MA at Te(0)~10keV. 

With the addition of bootstrap current, full to ~70% non-inductive current drive at Ip=2-3MA, 
n"e~5xl0^m"3 and pp=l~1.6 will be the primary experimental objective. Major research issue in 
these operation regime is to realize long stable discharges with the bootstrap current fraction of 
more than 50%. The primary research objective of LHCD will be the enhancement of TJCD '*< 
high-Te regime. In the case of LHCD+NBCD, absorption of LH wave by energetic ions might be 
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Since November 1989， JT-60 had been shut-down for the modificaticn to the JT・60

Upgrade. In JT-ωUpgrade， the plasma current wi1l be increased up to 6MA with lower single 

null divertor. The poloidal field coi1s and the vacuum vessel are being replaced for this 

modification. NB heating power of up to 40 MW  and total-20MW of LH and ICRF will be 

available with using deuterium as the working gas. The major radius and the toroidal field will be 

3.4m and 4.2T， respectively. Plasma parameters are expected to further approach the reactor 

range. The divertor plates is designed to be toroidally continuous， and to use high-heat-

conduction c/c composite graphite w1th the height misalignment of adjoining tiles in less than 

0.5mm. About 3sec of period without carbon burst is estimated under -40MW of injection 

power. In March 1991， the modification wasじompletedand the discharge cleaning has been 

started. 

The primary objective of JT・60Upgrade in early phase of its experiment is the impurity 

control under favorable energy confinement conditions. The development of divertor in particle 

and heat control wil1 be carried out under the collaboration with JFT-2M and DIII-D. 

Funhermore the addition of 500keV， lOMW  negative NB in 1994， which will be primarily used 

for NBCD， wi1l be allowed us to investigate physics relating burning plasmas， where the global 

plasma behavior will be greatly affected by energetic particles. 

百lefuture prospects of JT・60Upgrade research are described in the following. 

1.1 Confinement study near the thermal break even condition 

Device capabi1ity of high power heated deuterium divertor discharge with high Ip of 6MA， 

BT of 4.2T and aspect-ratio of 4.0 is expected to extend the present world confinement data base 

substantial1y more relevant to the reactor grade plasma. The lTER・89power-1aw confinement 

scaling predicts出efusion gain proportional to (R/a) 1.4. Relatively high aspect regime of JT-60U 

(Rfa=4.0 compared with 2.5 in JET with the same plasma current of 6MA) will substantially 

con凶buteto the confinement data base for the next-step device. 

1.2 Non.inductive current drive 

The regime of negative NB current drive will be九Ip-5x1019m-3MAatTe(O)ーlOkeV.

With the addition of bootstrap current， ful1 to -70% non-inductive current drive at Ip=2・3MA，
百e5xlO19m・3and sP= 1-1.6 will be the primary experimental objective. Major research issue in 

these operation regime is to realize 10ng stab1e discharges with the bootstrap current 合actionof 

more than 50%. The primary research objective of LHCD will be the enhancement of TlCD ia 

high-Te regime. In the case of LHCD+NBCD， absorption of LH wave by energetic ions might be 
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a problem. Fully non-inductive current drive of 4MA at nc~5xlO'9m"3 can be evaluated if the 
degradation of LHCD is within the range of ~40%. 

1.3 Energetic particle physics relating burning plasmas 
The ability to generate a-particles due to D+3He-4He(3.6Mev)+p(14.7MeV) reaction with 

500keV D-beam at which the fusion cross section peaks will provides a good opportunity to study 
cc-particle behavior prior to D-T operation. A real fusion reaction of 1- 1.5MW range is expected. 
This will provide more confident confinement properties of a-particles compared with the present 
day's experiment producing fusion reaction of ~100kW using ICRF. The energetic single-particle 
confinement concerns the effect of non-axisymmetry of the magnetic field of the reactor grade 
plasmas. The stochastic ripple diffusion effect may cause rapid energetic ion loss. The edge of 
the JT-60U plasma will have -2% ripple. Detailed orbit-following Monte-Carlo calculations of 
this process shows ~30% of 120keV fast ions lost for perpendicular injection in high density 
discharge, compared with less than 10% loss for tangential injection. The experiment will 
provide an important data base to evaluate the stochastic ripple diffusion process. The other 
important issue of burning-plasma physics concerns the collective stability of the a-particle 
population and its effect on confinement. The negative NB injection experiment may be able to 
simulate the relevant physics before attempting a burning-plasma experiment. The expected 
parameter range will be V~1.4VAlfven and ph»l% at B T = 3 T for 500keV, 10MW H-beam, which 
seems to be well in the TAE unstable regime. 

2. Construction and Developments of JT-60 Upgrade 
2.1 Tokamak 
2.1.1 Summary of status 

In light of recent results that energy confinement and beta value improve with increasing 
plasma current, the upgrade of JT-60 device (JT-60U) has been decided[2.1-l,2]. Objectives of 
the upgrade are maximization of plasma performance with minimum modification and collecton of 
physical and engineering database for a design of next tokamak. In the modification the original 
poloidal field (PF) coil system and vacuum vessel are exchanged for those of large D-shaped 
cross sections, which allow plasma of up to 6 MA current , 100 m 3 volume and 1.4 to 1.8 
elongation with lower single null divertor configuration as shown in Fig.IV.2.1-1. The existing 
toroidal field (TF)coils and their support fixtures are used with reinforcement. The existing high 
power heating system and the power supply system are also used after minor modification. 
Neutron shields are added for deuterium operation. Table IV.2.1-1 gives main parameters of JT-
60U. 

The design work of the upgrade was initiated in 1987 and the fabrications of new PF coil 
system and vacuum vessel started at the end of 1988. These fabrications were completed from 
December 1989 to March 1990. Each equipments was transported to the Naka Site according to 
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In light of recent問 sultsthat energy confinement and beta value improve with increasing 

plasma current. the upgrade of JT-ωdevice (JT・60U)has been decided[2.1・1.2].0同ectivesof 
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physical and engineering database for a design of next tokamak. In the modification the original 

poloidal日eld(PF) coil system and vacuum vessel are exchanged for those of large D-shaped 

cross sections， which allow plasma of up to 6 MA current ， 100 m3 volume and 1.4 to 1.8 

elongation with lower single null divertor configuration as shown in Fig.IV.2.1-1.羽海existing

toroidal field (1下)coilsand their support fixtures are used with reinforcement. The existing high 

power heating system and the power supply system are also used after minor modification. 

Neutron shields倒芭 addedfordeuterium operation. Table IV.2.1・1gives main parameters of JT・

60U. 

The design work of the upgrade was initiated in 1987 and the fabrications of new PF coil 

system and vacuum vessel staned at the end of 1988. These fabrications were completed合'om

December 1989 to March 1990. Each equipments was transponed to the Naka Site according to 
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its completion. First walls and divertor armors were delivered from July to December in 1990 
according to the progress of constructon. All construction pracess completed on mid of February 
1991 and the final tests were completed by the mid of March including tests for vacuum leak, 
baking and overall coil excitement. The TDC started at the end of March. 

VERTICAL PORT TtbleIV.2.1-1 Main parameters of JT-60U. 

Fig.IV.2.1-1 Arrangement of the poloidal feild coils 
and (he vacuum vessel. 

Parameters Divertor Llmlter 

Plasma current 
Major radius 

Minor radius (horizontal) 
Minor radius (vertical) 

Elongation 
Plasma volume 

6 MA 
3.2 - 3.4 m 
0.8-1.1 m 

1.5 m 
1.4-1.6 
< 100 m 3 

6.5 MA 
3.2 - 3.4 m 
0.8-1.1 m ' 

l i r a 
1.4-1.6 

< 1 1 0 m 3 

Toroidal field 
Discharge duration 
Discharge interval 

Flux swing 

4.2 T (14.4 T m ) 
15s 

10 - 15 min. 
61 V s 

Neutral beam 
Torus input power 
Beam energy 

40 MW 
120 kV 

ICRF 
Torus input power 
Frequency 

< 5 M W 
110-130 MHz 

LHCD 
Torus input power 
Frequency 

< 1 0 M W 
1.7-2.3 GHz 

Pellet injection < 2.8 km/s, 4 mm D 

2.1.2 Vacuum vessel 
Thickness of the vessel as well as that of the armor, were minimized in order to allow 

largest plasma under the given bore of the TF coil. On the other hand, the vessel suffers from 
integrated forces of 10 MN and 20 MN in the vertical and horizontal directions due to disruption, 
respectively. The new vessel must be sufficiently strong against these forces. Therefore a 
continuous chamber with so called double-skin structure is adopted to obtain a large and thin 
vessel with sufficient strength. A schematic picture of the vessel structure is shown in Fig.IV.2.1-
2. 

This structure was determined after stress analyses[4.1-3]. The double-skin structure 
consists of Inconel 625 inner and outer skins of 6.1 mm thick and poloidally-oriented square pipes 
of 3 mm thick.The vacuum vessel is supponed by 36 support rods at the inner and outer midplane 
from the PF coil support structure as shown in Fig.IV.2.1-2. This support structure was 
designed comparing the stress analysis results of vessels supported at the midplane and at the 
bottom. The vessel is cooled and baked with nitrogen gas circulating through channels between 
the skins and pipes. It can be baked out up to 300 °C. 
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its completion. First walls and divertor armors were delivered from July to December in 1990 

according to the progress of constructon. All cons凶 ctionpracess completed on mid of February 

1991 and the final tests were completed by the mid of March including tests for vacuum leak， 

baking and overall coil excitement. The TDC started at the end of March. 
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Fig.lV.2.1・ Arrangcmenlof山epoloidal fei1d coi1s 

and the vacuum vesse1. 

2.1.2 Vacuum vessel 

TableIV.2.1・1Main pllamelers of rr.60U. 

Parametors Divortor Llmltor 

Plasma current 6MA 6.5MA 

Major radius 3.2.3.4 m 3.2・3.4m 
Minor radius (harlzantal) 0.8・1.1m 0.8・1.1m' 
Mlnor radius (..rtlc副l 1.5m 1.5m 

Elongation 1.4・ 1.6 1.4.1.6 

Plasma volume < 100 m
3 

<110m3 

Toroidallield 4.2 T (14.4 Tm) 
Discharge duralion 155 
Discharge interval 10 -15 min. 

Flux swing 61 V-s 

Neulral beam 
Torus inpul power 40MW 
Beam energy 120kV 

ICRF 
Torus input power <SMW 
Frequency 110・130MHz 

LHCD 
Torus inpul pロwer <10MW 
Frequency 1.7.2.3 GHz 

Pellcl injection < 2.8 km/s， 4 mm D 

Thickness of the vessel as well as that of the armor， were minimized in order to allow 

largest plasma under the given bore of the τF coil. On the other hand， the vessel suffers from 

integrated forces of 10 MN and 20 MN in the vertica1 and horizontal directions due to disruption， 

respectively. The new vessel must be sufficiently strong against these forces. Therefore a 

continuous chamber with so called double-skin structure is adopted to obtain a large and thin 

vessel with sufficient sb割 19th.A schematic pic加reof the vessel structure is shown in Fig.IV.2.1・

2. 

This structure was determined after stress analyses[ 4.1・3].The double-skin s町ucture

consists of Inconel 625 inner and ou附 skinsof 6.1 mm thick and poloidally-oriented珂uarepipes 

of 3 mm thick.百levacuum vessel is supponed by 36 suppon rods at the inner and outer midplane 

from the PF coil support structure as shown in Fig.IV.2.1・2. This support structure was 

designed comparing the stress analysis resuhs of vessels supported at the midplane and 3t the 

bouom. The vessel is cooled and baked with nitrogen gas circulating through channels between 

the skins and pipes. It can be baked out up to 3∞OC. 
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It is one of the most important 
issues to maintain a plasma in an 
enhanced confinement regime under 
intense heating. Suppression of impurity 
influx from divertor plates is important 
for this purpose. NB input power of JT-
60U will be 40 MW, which is the largest 
in the present tokamaks. Thus, a 
carbon-fiber composite (C/C) with 
thermal conductivity of up to 300 W/m*C 
is used for the divertor plates. Water 
cooling pipes are introduced into the 
vacuum vessel for the heat removal of 
the divertor plates so as to suppress 
thermal stress due to low thermal 
conduction between the inner and outer 
skins. The surface of the vacuum vessel 
except divertor plates are covered with 
graphite tiles. The inboard tiles are 
designed to withstand the heat flux of up 
to 3 MW/m2 while the heat flux onto the 
outboard tiles is much smaller. These 
graphite tiles are inertially cooled and the 
heat is removed through the cooling 
channel after shots. 

2.1.3 Poloidal field coil 
The PF coil system consists of an ohmic heating coil (F), a vertical field coil (V), a 

horizontal field coil (H), a divertor coil (D) and a sector coil (DCW) as shown in Fig.IV.2.1-1. 
Current ratings of each coils are similar to those of JT-60 so as to minimize modifications in the 
original power supply. The V-coil is divided into 4 blocks so that 3 types of divertor 
configurations can be selected by the tap change. This enables us to study the dependence of 
confinement on the aspect ratio, major radius, minor radius and elongation. 

To increase the passive index n s and to obtain stable discharges with high elongation, 
conductors of the H-coil were distributed around the vacuum vessel and conductors of V2, V3 and 
V6 were designed to serve as passive stabilizers in an elongated mode. 

The capacity of the F-coil was increased up to 42 V-s by increasing its current rating from 
92 kA to 120 kA. In addition the V-coil was designed to have a flux swing capacity of 19 V-s with 
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Fig.IV.2.1-2 Schematic diagram of the vacuum vessel. 
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It is one of the most important 

issues to maintain a plasma in an 

enhanced confinement regime under 

intense heating. Suppression of impurity 

int1ux from divenor plates is imponant 

for this pU叩ose.NB input power of JT-

60U will be 40 MW， which is the largest 
in the present tokamaks. Thus， a 

carbon-fiber composite (C/C) with 

thennal conductivity of up to 3∞W/m・c
is used for the divenor plates. Water 

cooling pipes are intrl吋 ucedinto the 

vacuum vessel for the heat removal of 

the divertor plates so as to suppress 

thermal stress due to low thermal 

conduction between the inner and outer 

skins. The surface of the vacuum vessel 

except divenor plates are covered with 

graphite tiles. The inboard tiles are 

designed to withstand the heat t1ux of up 

to 3 MW/m2 while the heat flux onto the 

outboard tiles is much smaller. These 

graphite tiles are inertially c∞，led and the 

heat is removed through the cooling 

channel after shots. 

Fig.IV.2.1・2 Schematic diagram of恥 VICUwnvessel. 

2.1.3 Poloidal field coil 

The PF coil system consists of an ohmic heating coil (F)， a venical field coi1 (V)， a 

horizontal field coil (H)， a divenor coil (0) and a田ctorcoil (DCW) as shown in Fig.IV.2.1・1.

Current ratings of each coi1s訂 'esimi1ar to those of JT・60so as to minimize modifications in the 

original power supply. The V-coil is divided into 4 blocks so that 3 types of divertor 

configurations can be 部 lectedby the tap change. This enables us to study the dependence of 

confinement on the aspect ratio， major radius， minor radius and elongation. 
To increase the passive index ns and to obtain stable discharges with high elongation， 

conductors of the H-coil were dis凶butedaround the vacuum vessel and conductors of V 2， V 3加 d

V 6 were designed to serve as passive stabiIizers in an elongated mode. 

The capacity of the F-coil was increased up to 42 V.s by increasing its current rating合'om

92 kA to 120 kA. In addition the V -coil was designed to have a flux swing capacity of 19 V.s with 
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eliminating the return conductor. The total capacity of 61 V-s is 2.4 times as large as that of the 
original JT-60 while the total ampere turn increases by 25%. 

Conductors of the F-coil were arranged to minimize an axisymmetric stray field inside the 
vacuum vessel. The design criterion of this axisymmetric stray field in the tokamak at breakdown 
phase is that the region with IBpl<5xlO 3 T should be wider than 1 m2. To satisfy this condition, 
slight excitation of the D-coil is necessary because of lack of the F-coil blocks in the bottom 
region. 

2.1.4 Toroidal field coil 
The poloidal field produced by the PF coils and the plasma cause a significant overturning 

moment on the TF coils. The TF coils are originally designed to withstand the overturning force 
of 450 tons for 50,000 shots. With the new plasma configuration, an overturning force of up to 
600 tons is anticipated. Reinforcement was necessary for the TF coils and their support fixtures, 
since the primary stress of up to 833 MPa would be generated at the coil case in the new operation 
conditions. Two coils adjacent to each other were welded together at the inboard side of the coil 
case. The upper support structure was also reinforced to increase the stiffness and to decrease the 
displacement of the coils. The reinforcement reduces the stress down to 470 MPa. 

References 
[4.1-1] H.Ninomiya ct al„ Plasma Devices and Operations, Vol 1 1990 p43-65 
[4.1-2] H. Horiike ct al., Proc. 13th Symp. on Fusion Engrg., Knoxvillc, 1989. 
[4.1-3] Y.Ncyatani et al., Plasma Devices and Opcrations(to be published) 

2.2 Control system 
2.2.1 Plasma control 
(1) VME multiprocessor system 

We developed a VME multiprocessor system [2.2-1] for plasma position and current 
control at the JT-60 upgrade (JT-60U). Parallel processing with three 32-bit RISC 
microprocessors MC88OO0 (Motorola Co., USA) in the system makes it possible to calculate 
plasma state variables precisely and to execute the sophisticated plasma control fast. The VME 
system is connected to its supervisory minicomputer HIDIC-80E (Hitachi Ltd.) in the JT-60 
central control system "ZENKEI" [2.2-2] through a CAMAC serial highway. It is also connected 
to the direct digital controllers (DDC's) in the poloidal field coil power supply through CAMAC 
branch highways. 

Development of the hardware including tests on the data transfer capability had been 
completed in the FY 1989 [2.2-3]. Noise tests of the VME components had been also performed. 

The software was developed and installed in the processors in this fiscal year. In the new 
program we prepared over ten plasma control schemes such as preprogrammed voltage/current 
control, PD (proportional and differential) feedback control with matrix gain, and current control 
proportional to plasma current. They can be dynamically switched at any time by control 
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program we prepared over ten plasma con釘'01schemes such as preprogrammed voltage/current 

con回 1，PD (proportional and differential) feedback control with ma住ixgain. and current con回 l

proportional to plasma current. They can be dynamically switched at any time by control 

-32-



.IAKK1 M 91 1S9 

algorithm preprograms and/or events. An upper byte of the CAMAC control command to the 
DDC's can represents whether it is voltage control command or current one. 

The plasma control programs in the three RISC processors are written in C Language. 
The parallel processing with them is synchronized by an interruption of a 250 usee clock signal 
and flags on the shared memory. The VME multiprocessor system, then, can execute the 
feedback control with a cycle time of 250 |isec for the plasma vertical position and with that of 500 
u.sec for the control of the other parameters. 

The system integration test was performed from July through September, 1990. The 
linkage test of the VME system and the DDC's was also performed from October through 
December, 1990. 
(2) Development of a plasma shape identification method 

For the JT-60U plasma position and current control, we made a MHD equilibrium 
database for over 900 cases of the standard divertor configuration. We decided formula to derive 
plasma position parameters with regression analysis on the basis of this database . We have 
prepared two sets of formula. In one set the tangential and normal magnetic probes and a 
Rogowski coil are used. In the other set tangential probes, flux loops and a Rogowski coil are 
used. 

For identifying the shape of the JT-60U plasmas at shot-interval, the TOLFEX method 
[2.2-4], which is used a Legendre-Fourier expansion of the vacuum poloidal flux function in the 
toroidal coordinates, was installed on the workstations in the JT-60 central control system 
"ZENKEI". The method is based on the analytical solution of the Grad-Shafranov equation in a 
vacuum region. The center of the toroidal coordinates (R0,Z0) a n a " the coefficients of the flux 
eigenfunctions are determined by "the 2-step least square method" with the observed flux and 
plasma current values. The shape of the plasma is given by the contour of the constant flux value, 
which is the minimum value among the flux values at the fixed limiters and an X-point. Figure 
IV.2.2-1 shows an example of the shape identified by the TOLFEX method for a divertor plasma 
with a current of 2 MA. 

We are now developing a system for real-time visualization of the plasma shape with this 
method. 

2.2.2 Man/machine interface 
A new man/machine interface in ZENKEI was developed on the basis of the five-year 

operational experience. The development is focused on the following improvements: (1) the 
function for setting discharge condition parameters, (2) the functions for monitoring the plant 
status and discharge results and (3) work environments in the JT-60 central control room. 

The man/machine interface is installed on a network system with 9 workstations ( one 
Sun-3/470 for a file server of discharge condition parameters and eight Sun-3/80 for operation). 
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“ZENKEIぺThemethod is based on the analytical solution of the Grad-Shafranov equation in a 

vacuum region. The center of the toroidal coordinates (Ro'Zo> and the coefficients of the f1ux 

eigenfunctions町'edetermined by “the 2引 epleast square method" with the observed flux and 

plasma current values.官leshape of the plasma is given by the contour of the constant flux value， 

which is the minimum value among the flux values at the fixed limiters叩 dan X-point. Figure 

IV.2.2・1shows an example of the shape identified by the TOLFEX me曲目1for a divenor plasma 

with a current of 2 MA. 

We are now developing a system for real-time visualization of the plasma shape with曲is

method. 

2.2.2 Man/machine interface 

A new man/machine interface in ZENKEI was developed on the basis of the five-year 

operational experience. The development is focused on the following improvements: (1) the 

function for setting discharge condition parameters， (2) the functions for monitoring the plant 

status and di民h紅 geresults and (3) work environments in the汀 -60cen回 1control ro四n.

百leman/machine interface is installed on a network system with 9 workstations ( one 

Sun-3/470 for a file server of discharge condition paJ加制ersand eight Sun・3/80:fi町 operation).
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A minicomputer of HIDIC-
V90/45 (Hitachi, Ltd.) is 
also provided as a supervisor 
of the workstations. This 
minicomputer is also 
connected with the present 
central control computer 
system through a shared 
memory and a dedicated 
computer linkage. 

The hardware of the 
system had been prepared in 
FY 1989. The software was 
developed in this fiscal year. 
Figure IV.2.2-2 shows an 
example of multi-window 
displays on the workstation. 
System integration test was 
performed from November, 
1990 through January, 1991. 
We started a test run of the 
new man/machine interface 
system in February, 1991. 
The coil excitation test in the 
JT-60U commissioning was 
successfully executed with 
this system. 
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Figure IV.2.2-1 An example of the shape identified by the TOLFEX 
method for a divcrlor plasma with a current of 2 MA. 

Figure IV.2.2-2 An example of multi-window displays on the 
workstation. 

2.3 Power supply 
The poloidal field power supply (PFPS), which consists of a motor-generator and five 

converters'power supplies[2.3-l], has been modified to achieve the higher plasma current of 
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6MA, the longer current duration of 15 
seconds and so on in JT-60 upgrade[2.3-
2]. The currents and the waveforms of 
five power supplies corresponding five 
poloidal field coils are shown in 
Fig.IV.2.3-1. A part of modifications 
was done in FY 1989, and the rests 
which are mainly remodeling of control 
systems and tests of whole PFPS system 
have been performed in FY 1990 [2.3-3]. 
The schematic diagram of the PFPS in 
JT-60U is shown in Fig. IV.2.3-2. 
(1) Modification of five converters' 
power supplies of PFPS 
a) F-coil power supply (PSFY 

PSF has to deliver the 
current of ±120 kA to the F-coils 
for swinging the flux of 42 Volt-
sec. For achieving it, PSF has 
been remodelled as follows; 
connecting the PSEX power 
supply whose rated current of 10 
kA, controling the start/stop the 
circulating-current between PSF1 
and PSF2 and removing the DC 
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Fig. IV.2.3-1 Currenis and waveforms of PFPS in JT-60U 
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Fig. IV.2.3-2 Schematic Diagram of PFPS in JT-60U 

circuit breaker because of its rated current of 92 kA. For longer current duration of 15s, all 
resistors of the snubber circuit of thyristors have been exchanged for new ones made by ceramics. 
b) V-coil power supply (PSV) 

PSV supplies the current of 60 kA to the V-coils for swinging the flux of 19 Volt-sec and 
the vertical field of 0.5T. In PSV, all snubber resistors were also exchanged such as PSF and the 
diode convenor (PSV 13) was removed. 
c) H-coil power supply (PSQ) 

PSQ produces the horizontal field in JT-60U. In order to suppress the fast vertical 
movement and protect disruptions, control of the thyristor convenors has been made very fast, 
and the power supplies have been reinforced on the rated cunent of ±30 kA and also withstands 
the plus current of 90 kA, 10 ms and the minus current of 70 kA, 30 ms. 
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PSV supplies the current of ωkA to the V-coils for swinging the flux of 19 Volt-sec and 

the vertical field ofO.5T. In PSV， all snubber resistors were also exchanged such as PSF and the 

diode convertor (PSVI3) was rernoved. 

c) H-coil power supply (PSQ) 

PSQ produces the horizontal field in JT・60U. In order to suppress the fast vertical 

movernent and protect disruptions， control of the thyristor convertors has been rnade very fast， 
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d) D-coil power supply (PSM) 
PSM supplies the current of 110 kA to the divertor-coils, and it has been connected the 

external reactor whose inductance is 1.5 mH to suppress the over current at the disruptions. 
e) DCW-coil power supply (PSH) 

PSH delivers the current to the DCW-coils.and no modifications were done. 
(2) Modifications of control system of PFPS in JT-60U 

The PFPS control system consists of hardwired controllers and three CAMAC systems 
such as the plant support CAMAC which controls and monitors the PFPS machines, the 
discharge control CAMAC which performs pre-conditioning such as setting the MG and the 
timing system and making the circuits of PFPS by changing circuit breakers etc. and after-
conditioning, and the direct digital control (DDC) CAMAC system which is engaged in real-time 
control of the PFPS thyristors. In FY 1990, the whole control system of PFPS, especially the 
discharge control and the plant support CAMAC have been largely modified according to 
remodeling of the converters' power supply. 

A new DDC system developed in FY 1989 have been adopted to all DDC [2.3-3]. 
Objectives of the system are as follows; processing the DDC very fast under 0.S ms and hopefully 
under 0.25 ms, switching operation modes from circulating current mode to no-circulating current 
mode and changing the control method from coils' current feedback control to coils' voltage 
control, etc. Hardwares of new DDC system showed in Fig.IV.2.3-3 consists of a host computer 
AS3260, five microcomputers MVME 147 with a 32-bit, 20 MHz microprocessor MC 68030 and 
five CAMAC crates. The host computer performs on-line processing which is setting the DDC 
system under conditions of the 
discharge and collecting and 
transferring data of coils' currents 
and voltages to the ZENKEI after 
the discharge, etc., and micro
computers carry out real-time 
processing of thyristor control 
every 0.5 ms or 1 ms. In FY 1990, 
the system design, programming 
and tests of whole DDC system, 
namely on-line and real-time 
processing, have been made and 
the results achieved the whole 
objectives. 
(3) Tests of PFPS system 
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Fig. IV.2.3-3 Block diagram of new DDC system 

Tests of new PFPS system have performed as follows. Protective interlock and sequence 
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tests of each CAMAC system were done by the end of June, and on July, combination tests of 
plant support CAMAC, discharge control CAMAC and new DDC CAMAC systems were 
performed successfully. In August and September, new PFPS performances such as currents and 
controls of each converter's power supply were tested by using dummy coils, and results were 
very satisfactory. The linkage test with ZENKEI was done in October, December, 1990, and 
January, 1991, and successively system integration tests of JT-60U were performed as shown in 
sections 2.7. 

References 
[2.3-1] R. Shimada ct al., Fusion Engineering and Design, 5(1987) 47 
(2.3-21 Y.Matsukawa cl al., Proc. of 15lh Symp. on Fusion Tcchnol., Ulrccht, 1988, p.293 
[2.3-3] Y.Matsuzaki ct al., Proc. of 16lh Symp. on Fusion Tcchnol., London, 1990 

2.4 Neutral beam injection system 
Concerning with the upgrade of JT-60, upper five units of quasi-perpendicular beamlines 

were reinstalled this year as well as all NBI ports were renewed. The acceleration power supplies 
were tested following to the last year modification to increase the maximum voltage from 100 kV 
to 120 kV [2.4-1]. To cope with the increased stray field from the JT-60U, an additional coil was 
installed around the neutralizers. This will reduce the leakage field at the joint of the magnetic 
shields for the ion sources and the neutralizers. 

Four out of fourteen beamlines are being reoriented to inject beams tangentially [2.4-2]. 
This modification aims at the study of the loss of fast ions due to toroidal field ripple, where 
substantial part of the fast ions injected with the quasi-perpendicular beamlines are anticipated to 
be lost in the JT-60U configuration. New ports, base plates, and piping towers for the tangential 
beamlines were fabricated and part of them were installed this year. The remaining systr -n such 
as the modified beamlines, pipes, and cables will be installed next year. 

For both quasi-perpendicular and tangential beamlines, electrode gaps of the ion sources 
were rearranged to match 120 keV, deuterium operation. Beam characteristics, heat load in the 
beamline, and injection power were measured in the prototype injector unit with one of the 
rearranged ion sources but with hydrogen gas. The injection power per unit estimated from the 
measurement is plotted in Fig. IV.2.4-1. The injection power of deuterium beams will be 
determined by combining the value deduced from this data and the planned calorimetric 
measurement using both a calorimeter, and a beam profile monitor (an array of molybdenum 
blocks with thermocouple) newly installed in one of the NBI ports. 

After the series of helium beam injection to simulate fusion-produced alpha particles, it 
was observed that electron emission from cathodes in the ion sources was deteriorated. A lot of 
hydrogen arc discharges for two weeks were required to recover the original emission 
characteristics. This phenomenon was studied in more detail in ion source test stands. As a 
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result, it was found that this seems due to 
a thin layer of hydrocurbon produced on 
the surface of the cathodes and sputtering 
by xenon or argon arc discharges is 
effective to remove the layer. The 
processing time to recover the original 
emission characteristics could be reduced 
to two to three hours by adopting this 
xenon or argon sputtering method. 

A fundamental experiment on 
titan gettering pump was carried out to 
examine whether titan gettering pump is 
applicable to future neutral beam 
systems. We found the pumping speed 
is about 1 liter/(cm2 sec) at room 
temperature. This value is lower than 
that of cryopumps by about one order of 
magnitude. The maintenability of the 
filaments would be a problem in addition 
to the low pumping speed. 

A negative-ion-based neutral 
beam system proposed for JT-60U 
will 
inject neutral beams of 0.5 MeV, 10 MW for 10 seconds [2.4-3]. This program aims at clarifying 
both physical and technological issues relating to high energy neutral beam systems. The system 
design done so far was reviewed and optimized by taking into account of the recent progress in 
the development of negative ion sources. 
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[2.4-3] M. Matsuoka, et al., presented at 13th Int. Conf. Plasma Physics and Controlled Nucl. Fusion Research 

(Washington, DC, 1990) IAEA-CN-53/G-1-4. 

2.5 Radio-frequency system 
2.5.1 LHRF system 

The main objective of LHRF heating system on JT-60U is to inject -10MW by two new 
launchers. One is the same type as the multijunction launcher on JT-60 which was composed of 
96 waveguides. Another is a new type of multijunction launcher which is composed of 192 
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waveguides. By using them, efficient 
plasma current drive and profile control 
are expected on JT-60U experiments. 

In the former launcher 8x4 
multijunction modules, each of which is 
divided into three sub-waveguides, is 
employed. (See Fig.IV.2.5-1.) This 
launcher was manufactured with 
diffusion bonding method. This 
bonding method was developed to easily 
fabricate the multijunction grill with a 
large number of waveguides. This 
launcher was designed to be operated at 
the wide frequency range of 1.74 to 2.23 
„ , Fig.IV.2.5-1 LHRF launcher installed on JT-60U. 

GHz. Therefore, the N// spectra can be 
widely controlled with high directivity 
waves. We measured RF characteristic in this frequency range and confirmed that the dividing 
ratio and the phase shift of the all multijunction module were within 1/3±14/100, 87°~117°, 
respectively, at 1.74GHz, l/3±7/l00, 55°~73° at 2 GHz and 1/3±11/100, 47°~56° at 
2.23GHz. We also carried out a high power test on this launcher in a test-stand just before we 
installed it on JT-60U. A power level of 300~500kW/module, which is about 2-3 times higher 
than the required value on JT-60U experiment, was successfully injected into the test-stand 
vacuum tank [2.5-1]. This launcher was installed on a oblique port in 11th section of JT-60U 
vacuum vessel, and will be operated from July 1991. 

The later is designed and optimized to drive plasma current more efficiently. 4x4 
multijunction modules is used in this launcher. Each module is composed of 12 sub-waveguides 
in the toroidal direction. Therefore, the launcher is of 48x4 grill structure. The current drive 
efficiency is expected to be improved 10~20% higher than that of the previous one. The RF 
power of this launcher is driven by 16 high-power klystrons, and the injection power into plasmas 
is expected to be over ~7MW. A key of this launcher is to simplify the multijunction structure 
with a large number of waveguides. We are developing a new multijunction technique, in which 
multijunction module consists of one over-sized taper waveguide and one multi-slitted waveguide. 
A prototype module was well fabricated. We have started to measure RF characteristics with 
dummy load. This launcher will be installed on the mid-plane port and be operated at the 
beginning of 1993. 
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waveguides. By using them， efficient 
plasma cuηent也知eand profile control 

areex戸ctedonπ.ωUexperiments. 

In the former launcher 8x4 

multijunction modules， each of which is 
divided into three sub-waveguides， is 
employed. (See Fig.lV.2.5・1.) This 

Jauncher was manufactured with 

diffusion bonding method. This 

bonding method was developed to easily 

fabricate the multijunction gril1 with a 

large number of waveguides. This 

launcher was designed to be operated at 

the wide frequency range of 1.74ω2.23 

GHz. Therefore， the NII叩ecttacan be 

widely controlled with high d加 ctivity

Fig.IV.2.S-1 LHRF launcher installed on IT・60U.

waves. We measured RF characteristic in this frequency range and confirmed that the dividing 

ratio and the phase shift of the all multijunction module were within 1/3土14/100，870-1170， 

respectively， at 1.74GHz， 1/3幻/100， 55九 730 at 2 GHz and 1/3:tll/100， 470-560 at 

2.23GHz. We also ca凶edout a high power test on this launcher in a test-stand just before we 

installed it on JT・6OU.A power level of 300-5∞IkW/m凶ule，which is about ト3times higher 

than the required value on JT・60Uexperiment， was successfully injected into the test-stand 

vacuum tank [2.5・1].This launcher was installed on a oblique port in 11 th section of 11二60U

vacuum vessel， and wi1l be operated from July 1991. 

The later is designed and optimized to drive plasma cuη'ent more efficiently. 4x4 

multijunction modules is used in this launcher. Each module is compo記dof 12 sub-waveguides 

in the toroidal direction. Therefore， the launcher is of 48x4 grill structure. The current drive 

efficiency is expected to be improved 10-20% higher than that of the previous one. The RF 

power of this launcher is世ivenby 16 high-power klystrons， and the injection power into plasmas 
is expected to be over -7MW. A key of this launcher is to simplify the multijunction structure 

with a large number ofwaveguides. We are developing a new multijunction technique， in which 

multijunction module consists of one over-sized taper waveguide and one multi-slitted waveguide. 

A prototype module was well fabricated. We have started to measure RF characteristics with 

dummy load. This launcher will be installed on the mid-plane port and be operated at the 

beginning of 1993. 
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Table IV. 2.5-1 Major Specifications of 
JT-60U ICRF Heating System 

Frequency 
Output Power 
Pulse Length 
Antenna 
No. of Antennas 

108 - 132 MHz 
6 MW 
5 s 

Phased 2 x 2 Loops 
2 

2.5.2 ICRF heating system 
The JT-60 ICRF heating system has 

been upgraded in accordance with the 
modification of the JT-60 tokamak which 
allows plasma currents up to 6 MA. Its 
major specifications are listed in Table 
IV.2.5-1 Eight impedance matching 
circuits, 9 inch and 6 inch coaxial 
components forming eight transmission 
lines and two ICRF antennas have been already fabricated [2.5-1]. 

Each antenna is composed of a phased 2 x 2 loop array, an open type Faraday shield and a 
metal casing with a poloidal septum. They are essentially similar to the previous JT-60 ICRF 
antenna although their front area (0.85 m x 0.74 m) is enlarged by a factor of three. 

First, we measured coupling between loops and antenna and resonance frequency. Weak 
toroidal loop coupling of - 30.5 dB was obtained with the septum as expected. The resonance 
frequency of 98.5 MHz was measured for vacuum loading and was calculated as 86 MHz by a 
antenna-plasma coupling code including the effect of the metal casing and the septum. Therefore, 
the prediction of coupling resistance > 2 W by the coupling code is probable because of good 
agreement on the resonance frequency. Next, we preconditioned the antenna with the matching 
circuit for JT-60U in ICRF test stand. Each loop of the antennas was conditioned up to 30 kV for 
1 s although its stand-off voltage was designed to be 50 kV for 5 s. The installation of the 
antennas into the JT-60U vacuum vessel is intensively conducted in this year. It is estimated that 
torque of 35 ton-m around the major radial direction acts on each antenna as the electromagnetic 
force when a plasma disruption occurs at a plasma current of 6 MA with the decay time of 5 ms. 

Moreover, the antenna is restricted by a 
horizontal port ( 0.9 m x 0.8 m ) and is 
movable by 40 mm in the major radial 
direction. Consequently, the antennas are held 
firmly by sliding double structure boxes which 
are supported by strong beams bridged 
between vacuum vessel supports. The antenna 
front section is flashed with the curvature of the 
graphite tiles arranged precisely around ICRF 
ports on the vacuum vessel, as shown in 
Fig.IV.2.5-2. Fig.IV.2.5-2 ICRF antenna installed into the 

JT-60U tokamak. 
References 

[2.5-11 M.Scki ct al., 16th Symp. on Fusion Tech. London, (1990). 
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lines and two ICRF antennas have been already fabricated [2.5・1].

Each antenna is composed of a phased 2 x 2 1∞'p array， an open type Faraday shield and a 

metal casing with a poloidal septum. They are essentially similar to the previous JT・60ICRF 

antenna although their合ontarea (0.85 m x 0.74 m) is enlarged by a factor of three. 

First， we measured coupling between loops and antenna and resonance frequency. Weak 

toroidal loop coupling of ・30.5dB was obtained with the septum as expected. The resonance 

frequency of 98.5 MHz was measured for vacuum loading and was calculated as 86 MHz by a 

antenna-plasma coupling code including the effect of the metal casing and the septum. Therefore， 
the prediction of coupJing resistance > 2 W by the coupling code is probable because of good 

agreement on the resonance frequency. Next， we preconditioned the antenna with the matching 

circuit for JT・60Uin ICRF test stand. Each loop of the antennas was conditioned up to 30 kV for 

1 s aIthough its stand-off voltage was designed to be 50 kV for 5 s. The installation of the 

antennas into the JT-60U vacuum vessel is intensively conducted in this year. It is estimated that 

torque of 35 ton-m around the major radial direction acts on each antenna as the electromagnetic 

force when a plasma disruption ∞curs at a plasma current of 6 MA with the decay time of 5 ms. 

Moreover， the antenna is res凶ctedby a 

horizontal port ( 0.9' m x 0.8 m ) and is 

movable by 40 mm in the major radial 

direction. Consequently， the antennas are held 

firmly by sliding double structure boxes which 

are supported by strong beams bridged 

between vacuum vessel supports. The antenna 

台。ntsection is flashed with the curvature of the 

graphite tiles arranged precisely around ICRF 

pOrlS on the vacuum vesseI， as shown in 

Fig.IV.2.5・.2.

Rererences 

Fig.lV.2.5-2 ICRF antcnna inslallcd inlo lhc 
rr -60U tokamak. 

[2.5・1]M.Scki ct aI.， 16血Symp.on Fusion Tcch. London， (19如').
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[2.5-2] T. Fujii, el al„ 16th Symp. on Fusion Tech., London, 1990. 

2.6 Diagnostic systems 
In the phase of JT-60 shut down (Nov. 1989 ~ Mar. 1991), all diagnostic systems were 

removed from JT-60 experimental room and most of them have been newly arranged to install 
corresponding with new ports of JT-60U. In this phase, we designed and fabricated new 
diagnostic systems and reconstructed to shield the detectors from neutrons and y-rays generated 
by the JT-60U plasmas. In the Thomson laser scattering apparatus, the CXRS (Charge Exchange 
Recombination Spectroscopy), the Hoc/Da arrays, the Visible spectrometer for divertor and Zeff 
profile arrays, fiber optics were used to lead visible light preventing detectors from neutron noise. 
In the Soft X-ray arrays and the Bolometer arrays, the pre-amplifier signals of the detectors are 
converted to digital signals of light and they are transferred to the room where the data aquisition 
systems are installed. In the detector of counting type, for example, MCP (MicroChannel Plate) 
counting mode in the Charge Exchange Neutral Particle Energy Analyzer array and the 
proportional counters in the X-ray crystal spectrometer, we installed neutron shields and y-ray 
shields to prevent the detectors from the neutron noise. The Thomson laser scattering apparatus, 
the Soft X-ray arrays and the Bolometei arrays are described in the section IV.2.6.1~2.6.3. The 
JT-60U diagnostic system and status at the end of March 1991 are summarized in Table IV.2.6-1. 

2.6.1 Thomson laser scattering apparatus 
For improving time and spatial resolution, and understanding transient and precise 

transport phenomena concerning electron density and temperature profiles in the JT-60 Upgrade 
tokamak, the major part of the JT-60 Thomson scattering diagnostic system had been developed 
and modified as shown in Fig.IV.2.6-1. Introducing the beam combiner with 2 ruby lasers and 
Faraday rotator, the time resolution of 2 msec in burst mode to 2 sec in a constant repetition mode 
was realized. To increase in the spatial measurement capability of up to 70 points, a reflecting 
mirror of Cassegrain type was newly installed in collection optics, and two dimensional 
photodiode array detector (20 spatial channels x 12 spectral channels) with proximity focussed 
type image intensifier was developed. These additional devices were utilized for the measurement 
of the center plasma region with the spatial channels of 20 to 40 and their resolution of 22 mm. 
On the other hand, for the edge plasma measurement with the spatial channels of 30 and their 
resolution of 8 mm and 16 mm, the fiber bundles of 130 channels which connect a spectrometer 
to photomultipliers was set, and the number of photomultipliers will be increased up to 138 
including high voltage supplier and data acquisition system in 1991. 

In order to progress the system reliability, the long distance transmission of collected 
Thomson scattering light through fiber bundles (about 100 m) was introduced for easy adjustment 
of spectrometers and detectors in a separated room from JT-60U Torus hall. Also a remote 

<11 

J八日HI--M 91 -159 

[2.5・2)T. F吋ii、ctal咋 16thSymp. on Fusion Tcch.， London， 1990. 

2.6 Diagnostic systems 
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of the center plasma region with the spatial channels of 20 to 40 and their resolution of 22 mm. 

On the other hand， for the edge plasma measurement with the spatial channels of 30 and their 

resolution of 8 mm and 16 mm， the fiber bundles of 130 channels which connect a spectrometer 

to photomultipliers was set， and the number of photomu1tipliers will be increased up to 138 
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Table TV .2.6-1 Status of JT-60U diagnostic systems 

Diagnostic 
System 

Subsystem Specification etc. Status 
Mar. 1991 

Electron Deiuity 
Measureing System 

Sub-mm Wave (FIR) 
Interferometer 

C02 Pumped CH30H User 
Vertical 2 chords Installed 

Electron Deiuity 
Measureing System 

COi Laser Interferometer Tangential 1 chords Designed Electron Deiuity 
Measureing System 

Millimeter-Wave 
Reflecto meter 

4 points, AraScm, Al«lm sec 
(sweep time) 

Designed 

Electron Deiuity 
Measureing System 

Electromagnetic-Wave 
Seatterini Array 3 points, SOkHz-l.SMHz Designed 

Electron Temperature 
Measurelng System 

Thomson Laser Scattering 
Apparatus 

2 Ruby Lasers. SO points 
RepetitionPeriod«4i 

Installed 

Electron Temperature 
Measurelng System ECB Michelson InterTerometer 30 points, At ~20ms Installed 

Electron Temperature 
Measurelng System 

ECE Grating Polychromator 20 points, Al>20ms Installed 

Ion Temperature 
MeuiiRin{ SyMem 

Charge Exchange Recombination 
Spectroscopy 

20 points (tangential) 
(points (perpendicular) Installed 

Ion Temperature 
MeuiiRin{ SyMem Active Beam Scattering Apparatus 1 point (center) 

HeBcam200keV,3.5A Installed 

Ion Temperature 
MeuiiRin{ SyMem 

Charge Exchange Neutral 
Particle Energy Analyzer 
Array 

2 chords(tangcntial) 
2 choroXpcrpendicular) 

Installed 
(tangential) 

Impurity Measuring 
System 

X-ray Crystal Spectrometer 
(Dopplerand Monochromalor} 

Vertical 1 chord, Ti,NI.Kj-Kct 
Rotating Crystal, 0.1-0.1 nm 

Installed 
(Doppler) Impurity Measuring 

System 
VUV Spectrometer 

1 chord, 0.5-130 nm (Main) 
1 chord, 0.5-130 nm (Divertor) 

Installed 
(Main) 

Impurity Measuring 
System 

Light Impurity Spectrometer 
(Doppler) 

1 chord, 100-200 nm 
(Diverior) Installing 

Impurity Measuring 
System 

Crazing Incidence 
Monocnromalor 

1 chord, 10-130 nm 
Absolutely Calibrated VUV Installing 

Impurity Measuring 
System 

Visible Mbnochrometor 1 chord, 200-700 nm 
Absolutely Calibrated Visible Installed 

Impurity Measuring 
System 

Visible Spectrometer for periphery Mirror Scan, 200-700 nm Installing 

Impurity Measuring 
System 

Visible Spectrometer for Divetor 38points.Ha,Hp.CII.On 
Fiber optics and Filters Installed 

Impurity Measuring 
System 

Visible Bremsstrahlung (Zcfi) 10 points, 523.2nm 
Fiber optics and Filters Installed 

Radiation Flux 
Measuring System 

Soft X-ray PHA 1 chord. 3-110 keV Installed Radiation Flux 
Measuring System 

Ha/Da Arrays 
Poloidal 30 chords 
Toroidal 6 chords 
Divcrtor 1 chord 
Outer Region 1 chord 

Installed 

Radiation Flux 
Measuring System 

Soft X-ray Arrays Poloidal 64 chords 
Outer Region 4 chords Installed 

Radiation Flux 
Measuring System 

Bolometer Arrays Poloidal 32 chords 
Divertor 1 chord Installed 

Radiation Flux 
Measuring System 

Hard X-ray PHA Poloidal 7 chords 
Co Ichord, Ctrl chord Installed 

Neutron Measuring Fission Chamber 3 points, At -10ms Installed 

Neutron Spectrometer 
(2.45MeV/l4MeV) 1 chord. AE-2% Installed 

Perifenl Plasma A Infrared TV Diveitor 1 chord, 4 0 0 - 5 W C Designed 
Wall Surface 
Measuring System Visible TV Tangential 2 chords Installed 

High Speed TV Tangential 1 chord, 1 field/1 ms Installed 

Electromagnetic Probes 
(Mimov Coils) 

40 points 
(poloidal and toroidal arrays) Installed 

Electrostatic Probes Divertor 15 points | Installed 
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handling system of a viewfield alignment was set in collection optics as well as that of a beam axis 
alignment in input optics. 

JT-60U TORUS 
HALL 

INTEGRATING SPHERE 
FOR ENERGY MONITORING PHOTODIODE 

ARRAY (20x12) 

„_„, , , , TWO DIMENTIONAL 
COUPLING DETECTOR 
LENS 

BREWSTER' 
WINDOW 

Fig.lV.2.6-1 Schematic layout of new Thomson scattering diagnostic system for JT-60 Upgrade tokamak. 
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handling system of a viewfield alignment was set in collection optics as well as that of a民amaxis

alignment in input optics. 

JT・60UTORtJS
HALL 

Il¥'TEGRATING SPHERE 
FOR ENERG¥' MOflo'ITORING 

OPTICAL 
FIBER 

Fig.lV.2.6-1 Schematic layout of new τ'homson scallering diagnostic system for JT.60 Upgrade tok副nak.
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2.6.2 Soft X-ray arrays 
Spatial profile of soft X-ray intensity is 

measured by two arrays with 32-channel PIN 
diodes from the horizontal port. (See 
Fig.IV.2.6-2.) This measurement has a high 
temporal and spatial resolutions and provide 
various information about plasma MHD 
behaivors. 

PIN diode has an active area of 2x20 
mm 2 and a thickness of depletion layer is about 
200 Jim. A beryllium filter of 200 urn is used 
as a low energy X-ray absorber and its cut-off 
energy is 2.6 keV. A current is generated in 
PIN diode by the absorbed X-ray energy and it 
is amplified by the I/V convenor and digitized 
with a sampling frequency of 25 kHz. 

2.6.3 Bolometer array 
Spatial profile of radiation loss is 

measured by 32 channel bolometer arrays from 
the horizontal port (Fig. IV.2.6-3). Diagnostic 
port and vacuum chamber of bolometer arrays 
(Fig. IV.2.6-4) have been carefully arranged in 
order to cover the whole plasma cross section. 

Compact bolometric detector has been 
developed for the purpose of preventing 
neutron or gamma-ray radiation damage due to 
deuterium discharges [2.6-1]. Gold resister 
bolometer is radiative-resistant detector 
developed for this measurement consisting of 
three layers (5 nm-thick gold absorber, 7 \im-
thick polyimide insulator, and gold-foil grid as 
a temperature-sensitive resistance). Rise time 
and cooling time of the detector are 0.4 ms and 
6 sec, respectively. 

Fig.IV.2.6-2 
Poloidal views of soft x-ray arrays on JT-60U 

Lin«o<*«9N 
32 channel*) 

>Bdoa»ttf 
amys 

Vacuum vassal 

Fig. IV.2.6-3 
Arrangement of the bolometers in JT-60U. 
Spatial resolution is 10 cm at the plasma center. 

Insulator 
Faadtiiough 
(4pkix18eri) 

Gold rMlmr 
botom»l#ra(16ch) 

-Isl slit (4x20 mm*) 2nd sits 

Fig. IV.2.6-4 
Schematic of bolometer array. Effective area of 
the gold resister bolometer is 4 x 11 mm 2. 
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with a sampling合'equencyof 25 kHz. 

2.6.3 Bolometer array 

Spatial profile of radiation loss is 

measured by 32 channel bolometer arrays針。m

the horizontal port (Fig. IV.2.6・3).Diagnostic 

poηand vacuum chamber of bolometer arrays 

(Fig. IV.2.6・4)have been carefully arranged in 

order to cover the whole plasma cross section. 

Compact bolome凶cdetector has been 

developed for the pu叩oseof preventing 

neutron or gamma-ray radiation damage due to 

deuterium discharges [2.6・1]. Gold resister 

bolometer is radiative-resistant detector 

developed for this measurement consisting of 

three layers (5μm-thick gold absorber， 7μm-

thick polyimide insulator， and gold-foil grid as 

a temperature-sensitive resistance). Rise time 

andc∞ling time of the detector are 0.4 ms and 

6sec，問spectively.
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Fig.IV.2.6-2 
Poloidal vieW5 of 50ft x-ray結τ'ayson n・'-6QU

Fig.IV.2.6・3
Arrangement of血ebolomelers in 1r-60U. 
Spatial resolution is 10 cm 11 thc pl邸 mlcenter. 

GOId槽仰掴W
以山側.....(16c:h)

Fig. IV.2.6-4 
Schemllic of bolome町 array.Effective ~el of 
曲egold resister bolome町 is4x 11 nunξ 
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2.7 System integration tests 
(1) Test schedule and procedure 

Linkage performance tests between the JT-60 central control system "ZENKEI" and each 
subsystem were carried out for a net period of two months from October through February 1991. 
The control system integration test and the coil excitation tests, then, followed the above linkage 
tests through the first half of March 1991. 
(2) Linkage performance and system integration tests of the control systems 

We stressed on the following two patterns at the tests for the JT-60 upgrade: (a) protective 
interlock tests with hardwired relay logic and (b) sequence tests including check of communication 
data. As VME bus and CAMAC system complex was newly adopted in the feedback control 
computer system (lib) in "ZENKEI" and in the DDC's in the PFPS, the following items were 
confirmed in the VME bus and CAMAC interface tests between "ZENKEI" and the PFPS: (a) 
grounding between the cubicles in the two systems, (b) voltage level of analog signals, (c) 
synchronization with a timing system, (d) communication protocol and data format and (e) 
application message communication. At the final stage of the linkage tests between them, 
operational characteristics of the lib system and the DDC's was evaluated by exciting a dummy 
load coil. Check items at the control system integration tests were mainly total performance on 
protective interlock and discharge sequence functions. 

We decided the test methods and procedure on the basis of the experience in the tests for 
JT-60. Then, we were able to perform these tests for a net period of two months and a half, and 
to reduce the number of the problems pointed out at these tests and the succeeding coil excitation 
tests extremely. 
(3) Coil excitation tests 

Check items on the tokamak 
system at the coil excitation tests are as 
follows: (a) formation of abnormal loops, 
(b) metal pieces left behind, (c) cooling 
water temperature, (d) coil temperature, 
(e) stress on the coils and (f) 
displacement of coil feeder and support 
structures. The electromagnetic 
measurement system was also evaluated 
at these tests. Figure IV.2.7-1 shows an 
example of the coil current waveforms at 
the tests. No big problems were found at 
these tests, which was followed by 
discharge cleaning operation. 

A002532 

-100 
Time (sec) 

Fig. IV.2.7-1 An example of the waveforms of Ohmic heating 
coil current If, vertical field coil current Iv, 
horizontal field coil current Ih and divcrlcr coil 
current Id at the coil excitation tests. 
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3. Experimental Results and Analysis 
3.1 Tansport and MHD analysis 
3.1.1 Transport study of pellet fuelled plasmas in JT-60 

The transport of pellet fuelled plasmas in JT-60 has been investigated with a predictive 
tokamak transport code. The peaked density profiles were observed in pellet fueled plasmas 
during the sawtooth free phase. Simulation analysis shows that the inward pinch of ~ 0.2 m/sec 
at the half plasma radius and the reduced particle diffusion coefficient in the central region of 
0.1 m2/s are necessary to explain the peaked density profile . Figure IV.3.1-1 shows the 
simulation results for the shot E10814. The recovery of the central electron temperature after 
pellet injection can be well reproduced with the diffusion coefficients of L-mode plasmas. This 
simulation results indicates 
that the thermal diffusivity is 
not improved in the pellet 
fuelled plasma. The plasma 
current dependence of the 
improved stored energy can 
be explained by the reduced 
particle diffusion model 
within the q = 1 surface. 

Fig. IV.3.1-1 Comparison of transport 
simulation results with experimental 
ones in the pellet injection 
experiment. 

3.1.2 Local transport analysis of L-mode plasma 
Local heat transport analysis has been carried out for auxiliary heated JT-60 plasmas with 

emphasis on understanding the deteriorated confinement observed in L-mode plasma [3.1-1]. The 
dependencies of the local thermal transport on plasma current, density and heating power have 
been studied under both configurations of divertor ( single null, lower X-point ), and limiter 
discharges with hydrogen beam injection into hydrogen plasmas. The deterioration in the energy 
confinement time with increasing auxiliary heating power, the so-called power scaling, is mainly 
due to the enhanced role of ion heat transport. It is found that the ion thermal diffusivity has a 
favorable density dependence. 

Ion temperature profiles have been analyzed by using %i model based on die T|i mode 
turbulence and the drift wave turbulence (trapped electron mode and circulating electron mode) 
[3.1-2,3]. In L-mode plasmas, the theory has been found to be in good agreement with 
measurements in the wide range of plasma parameter except for the 1.0 MA limiter plasmas. In 
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high Tj plasmas the calculated Ti profiles become broader ones comparing with the experimental 
data which have pedestal and highly center peaked profile. 

3.1.3 Nonlinear simulation of Tij-mode and comparison with experimental results 
In order to study the linear stability and the nonlinear evolution of ion temperature gradient 

modes (Tji-modes) and to make detail comparisons of resultant anomalous transport with 
experimental results, the nonlinear simulation codes based on the reduced set of fluid equations 
[3.1-4] has been developed. Both slab and toroidal Tii-modes have been studied in the 2-D or 3-
D geometry. The inverse cascade process of turbulence energy in the poloidal wave 
number space has been confirmed during the nonlinear evolution stage. And, more interestingly, 
increasing the poloidal system size, the two different stages of turbulent energy growth was 
observed before the saturation, although the total energy and the energy spectrum are almost the 
same as those in the smaller system size in the poloidal direction. The toroidal effect is taken in to 
account only through the finite G term, which represents the unfavorable curvature[3.1-5]. We 
have systematically performed the series of numerical simulations by using experimental data in 
JT-60 and evaluated the anomalous thermal diffusivity derived from the convective thermal flux. 
Figure IV.3.1-2 shows the comparison of these theoretical diffusivities (closed circles: toroidal 
Tli-modes and closed squares : slab 
Tji-modes) with the ones evaluated 
by the time-slice analysis (the 
shadow region ). For comparison, 
the analytic value of Romaneli's 
mixing model is shown by the 
solid line, where the absolute value 
is chosen the same as the one used 
in the analysis in the the previous 
subsection. This figure shows that 
the toroidal T|j-modes are the good 
candidate of anomalous ion 
transport in the bulk plasma region, 
while we have to take into account 
other possibilities to enhance the 
thermal diffusivities in the periferal 
plasma region, the study of which 
remains in future work. 

10 ri • . . . 1 
* • • f 

).0 0.4 
r(m) 

0.1 

Fig.IV.3.1-2 Comparison of thermal diffusivities 
calculated from 2D simulation of toroidal and slab 
T|;-modes (closed circles and squares, respectively) 
with experimental analysis results (shaded region) 
and mixing theory values (solid line). 
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3.1.4 Density pulse propagation analysis [3.1-6] 
Particle transport in JT-60 was investigated with a simple perturbation method from an 

analysis of the density pulse propagations. The particle diffusion coefficients were estimated in 
two experimental situations: the sawtooth induced density pulse propagation (see Fig.IV.3.1-3) 
and the pellet induced density perturbation. The values obtained corresponded to each other, even 
though the perturbed quantities were significantly different in the two cases. It was found that the 
particle diffusivity has an inverse dependence on the electron density. The ratio of Xe/D was 
estimated from the analysis of the density and heat pulse propagation, and an approximate value of 
Xe/D«4 was obtained. 

Furthermore, to examine whether 
these transport coefficients are consistent 
with the electrostatic drift wave transport 
model, the experimentally estimated particle 
diffusivities were compared with theoretical 
values. It was found that the dependence of 
the estimated diffusivity on the 
collisionality is similar to that of the 
dissipative trapped electron mode, but the 
dependence on the density scale length 
found for this mode is not consistent with 
the result for pellet induced perturbations. 
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Fig.IV.3.1-3 Time evolution of the line 
integrated electron density just after the 
sawtooth disruption. 

3.1.5 Bootstrap current analysis 
The time-slice analysis of high poloidal beta experiments in JT-60 has systematically 

shown that the reduction of oneturn voltage is consistent with the neoclassical bootstrap current, 
which flows by up to 80% of the total plasma current[3.1-7]. This result has been confirmed by 
the time dependent transport code analysis with using the experimental data of plasma parameters 
and poloidal coil currents. In the code, time evolutions of MHD equilibrium and the safety factor 
profile was reciprocally solved, and the neoclassical equations of particle and heat flow balance 
parallel to the magnetic field are directly solved to obtain the bootstrap current coefficients, taking 
into account of the finite aspect ratio, multi-ion species and multi-collisionality regimes. 
Contribution of fast ions on the bootstrap current is calculated under the assumption of isotropic 
velocity distribution and in the pitch-angle-scattering dominant collisionality regime[3.1-8]. 
Fraction of trapped particles is numerically evaluated in each magnetic surface. Figure IV.3.1-4 
shows the simulation result of the typical high j3p shot E10196. After the full power NBI heating 
of 20 MW at 4.0 sec, the fraction of bootstrap current increases with P p and it reaches the 
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sawtooth disruption. 

The time-slice analysis of high poloidal beta experiments in JT・60has systematically 

shown that the reduction of one1urn voltage is consis1ent with the neωlassical bootstrap current， 

which flows by up to 80% of the total plasma current[3.l・7].This result has been confirmed by 
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and poloidal coil currents. In the code， time evo!utions of MHD equilibrium and the safety factor 
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Fraction of trapped panicles is numerically evaluated in each magnetic surface. Figure IV.3.1-4 

shows the simulation result of the typical high sp shot E10196. After the full power NBI heating 

of 20 MW  at 4.0 sec， the fraction of胸附apcurrent increases with sp and it reaches the 
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maximum value of -80% of the total 
current at 5.5 sec. At this time, the 
toroidal electric field is fairly flat in radius 
and the steady state assumption in 
previous analysis is shown to be the 
good one from the view point of the 
evaluation of the bootstrap current 
fraction. 

3.1.6 MHD stability analysis of high-Pp 
plasmas 

Effects of current profiles on the 
n=l kink-ballooning stability in a 
tokamak are numerically analyzed in 
details by the linear ideal MHD stability 
code ERATO-J. For the theoretical 
analysis, the stability in a tokamak with 
circular cross-section and peaked 
pressure profile was investigated for 
three types of current profile, i.e. 
parabolic, flat and hollow profiles. In a 
low beta state (ePp < 0.5 ), the influence of the current profile on the kink-ballooning stability is 
small and the unstable region in the qo space is almost the same, while, in a high beta state (£p*p 
> 0.5 ) , the stability is strongly depends on the current profile. Especially, the hollow current 
profile was found to extend the unstable region to the higher qo value (qo > 2 ) and the second 
stability region could not be obtained up to ePp < 1.2, where the plasma is in the second stability 
region both for the parabolic and flat current profiles 

In JT-60 high P p experiments, the P p collapses with fast growth rate ( - 200 |isec) were 
observed and restricted the maximum Pp below some value. In these high Pp discharges, the 
large fraction of the neoclassical bootstrap current is estimated and the current profile is expected 
to be hollow. The stability analysis by using equilibria numerically evaluated for these high Pp 
discharges showed that the critical Pp against the n=l kink-ballooning mode for the hollow 
current profile is consistent with the values of pp observed at the high P p collapse. The analysis 
further showed that the plasma can be stable for kink-ballooning modes with n < 6 even in high 
Pp discharges when the central current drive by NBI is employed to compensate the hollow 
current profile produced by the bootstrap current and qo is kept above 2.0, as in the planned 
experiments in JT-60U and in the steady state tokamak reactor SSTR. 

Fig.IV.3.1-4 Comparison of simulation results with 
experimental data on the onctum voltages, the 
bootstrap current and stored energies. 
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3.2 LHRF Experiments 
3.2.1 Analysis of lower hybrid wave propagation and absorption 

Recent progress of LHCD studies on JT-60 gives a light to steady state operation of a 
tokamak reactor[3.2-l~3.2-3]. It is important to explain the experimental LHCD results with 
theories, which ensures the extrapolation to future devices.For this purpose, we studied wave 
propagation and absorption. 

The LHW together with low NBI power of ~ 1 MW as a probe of the wave measurement 
were injected into plasma where density ramped up linearly during the injection period, and we 
measured the time evolutions of the intensities of 150keV fast ion accelerated by the LHW and the 
intensities of the electron cyclotron emission (ECE) generated by the fast electrons (=1.5ftfce)- The 
fast ion became appreciable when the ECE signal began to decrease. This critical density ne

c 

gives the dispersion relation of the LHW and 
the ratio of the wave numbers k±/k// is 
experimentally estimated from the Eg and Te 

[3.2-4,5]. The data point of k±/k// 
corresponding to each frequency are plotted in 
the Fig. IV.3.2-1. The cold electrostatic 
dispersion relation of the LHW 

ft* = a?LH (l+(k///kjj2 (mplme)lY) 
where y= E(nj/ne)(Zj2/Aj) is drawn in 
Fig.IV.3.2-1, too, using the ne

c. The 
experimental points fits very well to the 
calculated dispersion curves. The point with the 
EB=40 keV is also exactly on the curve of the 
corresponding density. Thus, it is found that 
the LHW in a tokamak plasma follows the 
simple linear dispersion relation[3.2-6]. 

Another interesting result in the LHwave-particle interaction is that the presence of the 
spectral gap does not degrade the wave absorption and the critical density[3.2-5]. The results 
suggest that the gap between wave spectrum and maxwellian electrons or beam ions was filled 
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Fig. IV.3.2-1 Plots of the dispersion relation of the 
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3.2 LHRF Experiments 
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Recent progress of LHCD studies on JT -60 gives a light to steady state operation of a 
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theories， which ensures the extrapolation to future devices.For this pu叩ose，we studied wave 
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Another interesting result in the LHwave-particle interaction is that the presence of the 

spectral gap does not degrade the wave absorption and the critical density[3.2・5]. 官leresults 

suggest that the gap between wave spec加 m剖 dmaxwellian electrons or beam ions was filled 
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with Njf -upshifted wave. To confirm the N// -upshift further, two different LHW of (1.74GHz, 
NJI =1.6-2.6) and (2.23GHz, N// =2.2-3.6) were injected simultaneously. When the density was 
slightly higher than the critical density of 1.74 GHz and less than that of 2.23 GHz, LH power 
was almost completely absorbed by beam ions in the case of 1.74 GHz only. However, when the 
2.23 GHz was added in the spectral gap region of electrons and forms the bridge on the gap, fast 
ion flux decreases and ECE signal increases, since some part of the 1.74 GHz power could 
couple to the electrons before coupling to ions. It is found that the /'///-upshift is necessary to fill 
the spectral gap [3.2-6]. 

3.2.2 Effect of the spectral gap on current drive efficiency 
LHCD gives the highest CD efficiency (TJCD = 3.4xl0 1 9nr 2A/W), and the CD efficiency 

seems to depend rather strongly on the electron temperature T e [3.2-1, 3.2-6]. Following a simple 
theory, the CD efficiency does not depend directly on the T c but on wave N|| spectrum[3.2-7]. As 
described in the section 3.2.1, the actual Nn spectrum absorbed by the electrons is different from 
the launched spectrum since the upshifted N|| wave fills the spectral gap. It is, therefore, quite 
natural that the experimental CD efficiency differs from the simple theoretical value. The 
modification which include the effect of the spectral gap has to be considered. Actually, this 
modification explains the T c dependence of the CD efficiency[3.2-6]. More sophisticated self 
consistent numerical simulation with ray tracing code including the Nn upshift due to the toroidal 
effect and Fokker Planck calculation code agrees well to the experimental results[3.2-8]. The 
theoretical efficiency TICD is proporsional to l/(N||maxN||mjn). In the presence of the spectral gap, 
Niimax makes upshift until the lowest phase velocity touches to the ~3vxc. It means that N | | m a x ~ 
C/(3VTC), which yield TJCD ̂  Tc ' / 2 . This is the physical picture of the T c dependence obtained in 
the experiments[3.2-9]. 
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3.3 ICRF experiments 
3.3.1 Heating properties of higher harmonic regimes 

Second and third harmonic ICRF heating experiments were carried out with a frequency 
of 131 MHz in JT-60 [3.3-1 J. High incremental energy confinement time of ~110 ms is obtained 
for second harmonic hydrogen minority heating with helium ohmic target plasmas in a wide 
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with N"・upshi仇edwave. To confirm the N//・upshiftfurther， two different LHW of (1.74GHz， 
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described in the section 3.2.1， the actual NII spectrum absorbed by the electrons is different from 

the launched spec汀umsince the upshifted NII wave fills the spectral gap. It is， therefore， quite 

natural that the experimental CD efficiency differs from the simple theoretical value. The 

modification which inc1ude the effect of the spectral gap has to be considered. Actual1y， this 
modification explains the Tc dependence of the CD efficiency[3.2-6]. More sophisticated self 

consistent numerical simulation with ray t問.cingcode including the Nn upshift due to the toroidal 

effect and Fokker Planck calculation code agrees well to the experimenta1 resu1ts[3.2-8]. The 
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3.3 ICRF experirnents 

3.3.1 Heating propenies of higher harmonic regimes 

Second and third hannonic ICRF heating experiments were carried out with a frequency 

of 131 MHz in JT・60[3.3・1J. High incremental energy confinement time of -110 ms is obtained 

for second hannonic hydrogen minority heating with helium ohmic target plasmas in a wide 
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density range ( 2.5 x 101 9m-3 £ n e <, 7 x 1019m-3 ). The energy confinement time is larger by 
~25 % than values of the Goldston L-mode scaling. Giant sawteeth with extended periods appear 
even in high densities and low q regimes. Threshold ICRF power for producing the giant 
sawteeth is about 2 MW. As shown in Fig.IV.3.3-1, these results are in contrast with the JET 
and TFTR results which are obtained at n e < 3.5 x 10 1 9 nr 3 for fundamental minority heating. 
However, a small amount of additional NBI 
power ( ~ 1 MW ) reduces the sawtooth period 
dramatically. Fokker-Planck calculation indicates 
that energetic ions of 0.5 MeV decreases with 
increasing NBI power since NBI of 70 keV is a 
lower energy hydrogen source. Thus energetic 
ions may play an important role in sawtooth 
stabilization. 

Third harmonic ICRF heating experiments 
were performed in a density range of Hc = 1.7 - 4 
x 10 1 9m- 3 in combination with NBI. The energy 
confinement time is larger by ~ 20 % than values 
of the Goldston L-mode scaling. A remarkably 
extended sawtooth period of 410 ms was obtained in combined heating of 2.3 MW ICRF and 
10.3 MW NBI (shot El 1446), which is about 6 times as long as the energy confinement time (73 
ms). High energy ion tails (beam acceleration) were observed during combined heating. 
Absorbed ICRF power density pic and tail ion 
stored energy density w t aii can be estimated by 
fitting the ion tail calculated from one-dimensional 
Fokker-Planck code using measured plasma 
parameters to the ion tail of the measured 
hydrogen energy spectra at the plasma core. Then 
incremental fast ion stored energy by ICRF 
AWtaii can be calculated from 
AWtaii = ( wail (IC+NB) - w m i[ (NB)) Pic/piC-
Figure IV.3.3-2 shows a comparison between 
experimental ( diamagnetically measured ) and 
calculated values of the incremental stored energy 
by ICRF as a function of the electron density. 
Considering possible errors of the calculated 
values (± 30 % ), the calculated values well agree 
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with the experimental ones. Therefore, the enhancement of the energy confinement time during 
combination heating is mainly due to fast ions accelerated by tr ird harmonic ICRF waves. 

Table IV.3.3-1 Comparison between experimcnlal 
and numerical values of the stored 
C n C r S y E11446 

t [sec] 4.9 5.3 
ne(0) [ 10 1 9 m 3 ] 2.5 2.9 
T,(0) [keV] 3.5 4.3 
PNB l M W l 5.4 10.3 
Pic l M W l 1.9 2.3 
nH(0) [ 10 1 9 m 3 ] 0.73 1.0 
Woxp N l 640 900 
Wtheory N ] 766 1054 

3,3.2 Theoretical estimation of stored energy 
With third resonance ICRF heating, the measured stored energy, W c x p , is compared with 

the theoretical value, Wthcory. in Table IV.3.3-1. The theoretical stored energy is obtained by a 
numerical code, which is a self-consistent solver of the ICRF wave propagation equation and the 
Fokker-Planck equation with the effects of 
particle acceleration due to the RF-electric field 
[3.3-2]. The upper side parameters in Table 
II.3.3-1 (from n c(0) to Pic) and the density 
and temperature profiles are applied from 
measured data. The density of minority 
hydrogen, nn, is estimated from the measured 
value of Zcff, and Tj (r) = T c (r) is assumed. 
The good agreement of incremental stored 
energy, AW = W (t = 5.3 sec) - W (t = 4.9 
sec), between AWexp and A Wthcory is 
obtained. 
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3.4 Topics 
3.4.1 Limiter H-mode with LHCD 

The H-mode has been observed in limiter discharges with lower hybrid current drive 
(LHCD) on JT-60 [3.4-1,2]. The threshold LH power for the H-mode transition was as low as 
about 1.2 MW in contrast to the threshold NB power at about 16 MW in the outer or lower 
divertor configurations. Suppression of electron density fluctuations was observed near the edge 
where sharp density gradient was formed. The hard X-ray emission measurements indicate that 
the H mode was triggered when hard X-ray photons emitted outer than a half tangent minor radius 
exceeded a threshold [3.4-3]. The fast electrons generated near the edge by LHCD appear to be 
connected with the low power threshold. The hard X-ray spectra were found to be different 
depending on the frequency combination. Around the threshold line averaged density for the H 
mode of 2 x 10'9 m - 3 , t h e 1.74 + 2.23 GHz combination produced the photon temperatures of 
110 ~ 140 keV whereas the 2.0 + 2.0 GHz combination produced those of less than about 110 
keV. The threshold intensity {IQ ) for H transitions drops with increasing photon temperature 
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with the experimental ones. Therefore， the enhancement of the energy confinement time during 
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(Tph) on the assumption of the hard X-ray spectra as In.x. = h exp( -hvl kTph). Hence the 
favorable effect of the application of LH power at two different frequencies could be explained by 
the effective generation of fast electrons. The reason why the H mode with LHCD has never been 
obtained in divertor configurations may be explained by much more peaked hard X-ray profiles 
than those in limiter discharges. 

3.4.2 MARFE phenomena on neutral beam heated JT-60 plasmas [3.4-4] 
In JT-60, the MARFE has been observed frequently in high-Ip and high density limited 

discharges with NB heating after replacement of the first wall from TiC coated molybdenum tiles 
to graphite ones. The MARFE occurs around the midplane on the inside wall The poloidal drift 
motion of the MARFE has been observed frequently in the discharges during Ip rump down 
and/or reducing PNB. The MARFEs occur near the density limit of the JT-60 plasmas. The 
empirical scaling of the threshold density for MARFE onset is obtained as n e = (poH Ip + PNB 
PNB)/na2 where poH = 0.55 ± 0.05 (1020/MAm) and pNB = 0.07 ± 0.01 (1020/MWm). 

The radiation power density in the MARFE 
is estimated to be 20-30 MW/m3 typically. The 
major contributors to the large emissively in the 
MARFE are estimated to be carbon and oxygen in 
low charge states. The radiated power from the 
plasma with MARFE is about 90% of the 
absorbed power. Both stored energy and central 
electron temperatures do not change by the 
MARFE onset in spite of the such intense 
radiation loss. A simple model based on the 
thermal equilibrium and the thermal instability in a 
peripheral plasma calculates the onset condition 
of the MARFE. Figure IV.3.4-1 shows the 
MARFE onset conditions in the Hugill diagram 
calculated by the criterion for the NB heated 
plasma in the range of the carbon concentration 
0.3-1%. 

n.R/BT<1019nV2T'') 
Fig.IV. 3.4-1 MARFE onset condition on the Hugill 
diagram calculated by simple model on the ndiativc 
thermal instability for the NB heated plasma in the 
range of carbon concentration 0.3-1%. 

3.4.3 Impurity behavior 
In order to realize a fusion reactor, the impurity control in high temperature plasmas is 

important issue, because of the radiation loss and fuel dilution. These problems are closely related 
with the selection of first wall materials, with the characteristics of boundary plasmas, and also 
with the impurity transport in the main plasma. JT-60 experiments have been carried out with 
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In JT・60，the MARFE has been observed frequently in high-Ip and high density limited 

discharges with NB heating after replacement of the first wall from TiC coated moly凶enumtiles 

to graphite ones. The MARFE occurs around the midplane on the inside wall The poloidal drift 

motion of the MARFE has been observed frequently in the discharges during Ip rump down 

and/or reducing PNB・TheMARFEs occur near the density limit of the JT・60plasmas. The 

empirical scaling of the threshold density for MARFE onset is obtained as ne = (POH Ip + PNB 

PNB)!πa2 where POH = 0.55 :t 0.05 (1020/MAm) and PNB = 0.07土0.01(1020/MWm). 

The radiation power density in the MARFE 

is estimated to be 20・30MW/m3 typically. The 

major contributors to the large emissively in the 

MARFE are estimated to be carbon and oxygen in 

low charge states. The radiated power from the 

plasma with MARFE is about 90% of the 

absorbed power. 80th stored energy and central 

electron temperatures do not change by the 

MARFE onset in spite of the such intense 

radiation loss. A simple model based on the 

thermal equilibrium and the thermal instability in a 

peripheral plasma caluculates the onset condition 

of the MARFE. Figure IV.3.4・1shows the 

MARFE onset conditions in the Hugill diagram 

calculated by the criterion for the NB heated 

plasma in the range of the carbon concentration 

0.3-]%. 
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Fig.lV.3.4.1 MARFE onsct condition on thc Hugi11 
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lhcrmal inslabilily for thc NB hcatcd plasma in thc 
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3.4.3 Impurity behavior 

In order to realize a fusion reactor. the impurity con釘'01in high temperature plasmas is 

imponant issue. because of the radiation loss and fuel di1ution.官le田 problemsru:芯closelyrelated 

with the selection of first wall materials. with the characteristics of boundary plasmas， and also 

witb the impurity transport in the main plasma. JT-ωexperiments have been carried out witb 
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TiC-coated molybdenum (metallic) first-walls and graphite first-walls in the outer X-point (closed 
divertor: with divertor chamber) configuration, and with graphite first-walls in the lower X-point 
(open divertor: without divertor chamber) configuration [3.4-5]. In these cases, impurity behavior 
has been investigated on high-power (~ 20 MW) NB-heated discharges [3.4-6]. The light 
impurity concentrations and Zeff had the lowest values in the outer X-point discharges with TiC-
coated molybdenum first walls. In high density discharges, the heat load on the divertor plate was 
suppressed by radiative cooling due to carbon and hydrogen in the divertor region [3.4-7-11]. 
Concerning the impurity transport, no impurity accumulation was observed in L-mode discharges 
[3.4-12]. However, when sawtooth-free plasmas with a peaked density profile were obtained by 
hydrogen pellet injection, impurity (titanium) accumulation was observed [3.4-13]. This 
accumulation was well simulated with a neoclassical transport and a very small anomalous 
diffusion coefficient in the inner region of q=l surface [3.4-14]. 

3.4.4 Divertor study [3.4-11 ] 
Remote radiative cooling can significantly reduce divertor plate heat flux, which may 

provide a solution to one of the major problems of present and next-step machines. In JT-60 high 
density divertor operation, remote radiative cooling becomes significant[3.4-9,10]. Remote 
radiative cooling power of up to 50 % of the total absorbed power(20MW) was observed with a 
shortt divertor channel(i.e.4-7cm). Measurements of line intensities from lowly-ionized 
impurities and neutral hydrogen in the divertor suggest that remote radiative cooling is a mixture 
of carbon radiation, hydrogen radiation and charge exchange loss. 

Dense and cold divertor plasmas can reduce erosion of divertor plates, enhance impurity 
shielding and remote radiative cooling. Analysis of heat flux density and H a intensity suggests 
that JT-60 divertor plasmas are dense and cold (ncdiv = 2.4 x 10 2 0 n r 3 , T edj v = 26 eV). A simple 
divertor model was developed to analyze these experimental observations. This model solves 
three fluid equations consistently with neutral particles and radiative loss. Calculations with JT-
60 parameters show that the observed values of density, temperature, radiative power and 
impurity concentration are consistent with the model. 

3.4.5 Heat flux onto divertor plates [3.4-8] 
The behaviour of heat flux onto divertor plates is investigated in Lower Hybrid Range of 

Frequency (LHRF) heated and neutral beam heated discharges by using a IRTV camera system. 
In LHRF heated discharges, power balance is dominated by interactions between the plasma and 
the LHRF launcher. The heat flux to the launcher is -60% of the input power, while heat 
deposition to the divertor is ~40% of the input power with the gap 830 > 2 cm. 830 is the 
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TiC-coated moly凶enum(metallic) first-walls and graphite first-walls in the outer X-point (clos'吋

divertor: with divenor chamber) configuration， and with graphite first-walls in the lower X-point 

(open divenor: without diveロorchamber) configuration [3.4・5].In these cases， impurity behavior 

has been investigated on high-power ←20 MW) NB-heated discharges [3.4-6]. The light 

impurity concentrations and ze町hadlhe lowest values in the outer X-point discharges with TiC-

coated molybdenum first walls. In high density discharges， the heat load on the divenor plate was 

suppressed by radiative cooling due to carbon and hydrogen in the divenor region [3.4・7・11].

Concerning the impurity transpon， no impurity accumulation was observed in L-mode discharges 

[3.4-12]. However， when sawtooth-free plasmas with a peaked density profile were obtained by 

hydrogen pellet injection， impurity (titanium) accumulation was observed [3.4-13]. This 

accumulation was well simulated witb a neoclassical官ansportand a very small anomalous 

diffusion coefticient in the inner region of q= 1 surface [3.4-14]. 

3.4.4 Divertor study [3.4-11] 

Remote radiative cooling can significantly reduce divenor p]ate heat flux， which may 

provide a solution to one of the major problems of present and next-step machines. In π.ωhigh 

density divertor operation， remote radiative cooling becomes significant[3.4-9.lO]. Remote 

radiative cooling power of up to 50 % of the total absorbed power(20MW) was observed with a 

shoru divertor channel(i.e.4-7cm). Measurements of line intensities from lowly-ionized 

impurities and neutral hydrogen in the divenor suggest that remote radi組vec∞Hngis a mixture 

of carbon radiation， hydrogen radiation and charge exchange loss. 

Dense and cold divenor plasmas can reduce erosion of divertor plates， enhance impurity 

shielding and remote radiative cooling. Analysis of heat flux density and Ha intensity suggests 

that JT・60divertor plasmas are dense and cold (ncdiv "" 2.4 x 1020 m-3， Tediv "" 26 eV). A simple 

divenor model was developed to analyze these experimental observations.百lismodel solves 

three fluid equations consistently with neutral panicles and radiative loss. Calculations with JT-

ωparameters show that the observed values of density， temperature， radiative power and 

impurity concentration are consistent with the m吋el.

3.4.5 Heat flux onto divertor plates [3.4・8]

The behaviour of heat flux onto divertor plates is investigated in Lower Hybrid Range of 

Frequency (LHRF) heated and neutral beam heated discharges by using a IRTV camera system. 

In LHRF heated discharges， power balance is dominated by interactions between the plasma and 

the LHRF launcher. The heat flux to the launcher is -60% of the input power， while heat 

deposition to the divertor is -40% of the input power with the gap O30 > 2 cm. O30 is the 
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aperture between the separatrix surface and the outer wall at 30 degree above the midplane. Ti 
gettering significantly reduces radiation loss from the main plasma due to reduction of oxygen, 
resulting in divertor heat load increase up to 70% even with the gap 630 = 1 cm. 

The peakedness of heat flux(peak heat flux density divided by total heat flux) is a 
function of plasma density, beam power and safety factor. A one-dimensional model reproduces 
the parameter dependence of the peakedness of heat flux in the discharges with plasma density 
h~ <2.5 x 10 m'3, PMAx<2MW/m2 , beam injection power P ^ M I ^ 12MW when perpendicular 

heat conductivity is assumed to be 6~8m2/s. 

3.4.6 Helium ash exhaust and transport 
In a burning plasma with deuterium and tritium fuels, concentration of helium(He) ash 

must be controlled at a low level,e.g.5-10%. the first simulation experiment of He ash exhaust 
and transport is performed with neutral helium beam injection of 30 keV into neutral beam heated 
L-mode plasmas[3.4-15]. The deposition profile of He beam is calculated and supported by 
measured shinethrough. The profile is well peaked and similar to that of a He ash production 
profile. Metastable fraction in the He beam is less than 1 %. Experiments with He gas has been 
published in elsewhere[3.4-16]. He2+ ion density profile in the main plasma is measured by 
charge exchange recombination spectroscopy. Neutral particle pressures of hydrogen and He in 
the divertor region are P H 2 = 0 . 4 3 Pa and PHe=0036 Pa at nesS.SxlO^nr^respectively.and 
increase in proportion to ne3.Enrichment factor defined as (PHe/2PH2)^^/ ( iHe/ n e)^^^ is 
0.25 to 0.5 for n e=(2.9-5.8)xl0'9 m"3, and increases in proportion to n e . These characteristics 
are promising for efficient He ash exhaust in high density operation. Based on these results, the 
required pumping speed of the He ash exhaust in a reactor should be around several tens m^/s in 
the L-mode discharges. Transport analysis of a peaking factor Cv and a diffusion coefficient Da 
have been done by a one-dimensional time dependent transport code. C v is defined by the inward 
flow velocity vj n =-C v D a 2r/a2 and is in the range of 1 to 1.5. D a is a anomalous diffusion 
coefficient and estimated to be 0.4 m^/s by assuming spatial uniformity. On the other hand, C v of 
the bulk plasma is in the range of 0 to 1. He has a slightly more peaked density profile than the 
bulk plasma[3.4-7]. These results show that, in the case of L-mode discharges, thermalized a 
particles(He ash) generated in the core plasma can be easily exhausted in a fusion reactor. 

3.4.7 Measurement of neutral beam stopping for hydrogen in the JT-60 plasma [3.4-17] 
Shine-through for hydrogen and helium beams in a plasma was measured. Shine-through 

for an atomic hydrogen beam with fi : f2 : f3 = 7% : 32% : 61% (where fi, f2 and f3 represent 
fractions of the full, half and third energy, respectively) and a full energy of 140 keV, was 
smaller than a value predicted by usual cross sections without inclusion of excitation processes at 
an electron density ( rTc) above 3x10*3 cm"3. A fractional beam stopping increment ( 8 ) , which 

Mi 

apenure between the separatrix surface and the 'Outer wall at 30 degree above the midplane. Ti 
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cωfficient and estimated t'O be 0.4 m2/s by assuming spatial unif'Ormity. On由e'Other hand， Cv of 

the bulk plasma is in the range 'Of 0 t'O 1. He has a slight1y m'Ore peaked density pr'Ofile than the 

bulk plasma[3.4・7J.These results sh'Ow that， in the case 'Of L-mode discharges， thermalizedα 

particles(He ash) generated in the c'Ore plasma can be easily exhausted in a fusi'On react'Or. 

3.4.7 Measurement 'Of neutral beam st'Opping f'Or hydrogen in the JT・60plasma [3.4-17] 

Shine-thr'Ough f'Or hydrogen and helium beams in a plasma was measured. Shine-through 
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was defined by 8 = (o s-o s(0))/a s(0) ( here o s was an experimental stopping cross section and 
a s(0) was the cross section without including multistep processes via excited states), was about 
0.2 at nc = (3.1-5.0)xl0 1 3 cm" 3 and Zeff = 1.6-2.5. The value of 8 was consistent with the 
calculation by JANEV et al (1989, Nucl. Fusion 29,2125). 

3.4.8 Confined alpha particle diagnostics in JT-60U 
In reactor-grade tokaniaks, it is important to investigate confinement properties of alpha 

particles. A double charge-exchange method using a high energy probing beam is considered to 
be the most reliable one in diagnostic methods proposed for the measurement. In JT-60U, alpha 
particle production experiment by D-3He ICRF heating will be performed to study behaviors of 
fusion product alphas. The alpha particle measurement is planned by using a helium diagnostic 
beam(200 keV) and a mass-resolved neutral particle energy analyzer. The expected flux and 
spectral shape were evaluated by taking into account the multistep ionization of helium beam 
atoms and neutralized alphas. The beam energy is lower than the desirable energy for measuring 
fast confined alphas near the birth energy. However, by using the beam system, it has been found 
from the evaluation that we can investigate the confinement property of fusion product alphas 
from the spectral shape. And also such system using a present-day He beam is useful to diagnose 
behaviors of confined alphas in reactor-grade tokamak like ITER[3.4-18]. 
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was defined by O = (σyσs(O))Iσs(O) ( here Os was an experimental stopping cross section and 
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Since the production of the JT-60 first plasma in April 1985, many plasma discharges are 
produced to study the plasma confinement characteristics. One of the important subjects of the 
experiment is to establish well documented database so that we can derive many important 
physics and scalings by comparing with other tokamak database. We have conducted the 
database assessment in which we collect good profile measurements and analyze them with the 
ID empirical transport analysis code. 

The database is restricted to the JT-60 discharges produced in 1985-1987 due to limited 
time available for the analysis and the checking procedure of the internal consistency. Well 
documented 335 time slice profile data are analyzed using the empirical transport analysis codes 
(LOOK/OFMC/SCOOP system). The results are summarized in JAERI-M 91-057[3.5-l] in 
which description of the JT-60 tokamak, diagnostic system, database shot lists, all Te, ne 
profiles and Ti(0) data and transport analysis results are shown. This database is compiled into 
the database utility "DARTS" described in the following section. This database is basically open 
to all physicists in this field. 

3.5.2 Retrieval system for experimental database of JT-60 [3.5-2] 
DARTS (Database Retrieval System) is a system to support users of experimental 

database. By using DARTS, one cal easily access to his objective data among enormous 
experimental database. DARTS contains an index database which can also be used as a physics 
database. The index database consists of two data files, bit and bulk data files (about 500 data 
points in total per shot). The bit data is a set of data with bit form, which as refereed first in the 
retrieval procedures. The bulk data are composed of some plant data, some diagnostic data and 
some results from magnetic analysis and transport analysis. Subsequent to the retrieval step 
using bit file, the bulk data are refered in the next step. DARTS provides utilities to demonstrate 
retrieval results on a graphic terminal. 

Dpfpppnppc 

[3.5-1] M.Kikuchi, K.Kikuchi, T.Aoyagi, ct al., JAERI-M 91-057. 
[3.5-2] T.Aoyagi, K.Tani, H.Haginoya et al., JAERI-M 89-015 (in Japanese) 

3.6 Development of fusion plasma analysis codes 
3.6.1 Data handling system 

We have developed a time slice monitor system for the experimental data ( SLICE), in 
order to obtain the confinement properties such as the kinetic stored energy and the energy 
confinement time and to make the plasma parameter profiles for the transport analysis in JT-60 
Upgrade. SLICE has the two major functions. Diagnostics data measured in the real space of 
(R,Z) are mapped to the flux surfaces calculated by the MHD equilibrium code (SELENE) and 
are reduced to the profile data as a function of effective minor radius P , which is defined by 
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Since the production of the JT・60first plasma in April 1985， many plasma discharges are 

produced to study the plasma confinement characteristics. One of the important subjects of the 

experiment is to establish well documented database so that we can derive many important 

physics and scalings by comparing with other tokamak database. We have conducted the 

database assessment in which we collect good profile measurements and analyze them with the 

10 empirical transport analysis cocle. 

The database is restricted to the JT・60discharges procluced in 1985・1987due to limited 

time available for the analysis and the checking pr.∞edure of the internal consistency. Well 

documented 335 time slice profile data are analyzed using the empirical transport analysis cocles 
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the database uti1ity "DARTS" described in出efoIlowing s田 tion.百 isdatabase is basicaUy open 

to all physicists in this field. 

3.5.2 Re町ievalsystem for experimental database of JT・60[3.5-2] 

DARTS ( Database Retrieval System ) is a sys飽mto support users of experimental 

database. By using DARTS， one cal easily access to his obj似 ivedata among enonnous 

experimental database. DARTS contains an index database which can also be used as a physics 

database. The index database consists of two data files， bit and bulk data files ( about 5∞data 

points in total per shot ). The bit data is a set of data with bit fonn， which as refereed frrst in the 

retrieval pr，∞edures. The bulk data are composed of some plant data， some diagnostic data and 

some results from magnetic analysis and transport analysis. Subsequent to the retrieval step 

using bit file， the bulk data are refered in the next step. DARTS provides utilities to demonstrate 

retrieval results on a graphic terminal. 
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3.6 Development of fusion plasma analysis codes 

3.6.1 Data handling system 

We have developed a time sJice monitor system for the experimen凶 data( SLICE )， in 

order to obtain the confinement properties such as the kinetic stored energy and the energy 

confinement time and to make the plasma parameter profiles for the transport analysis i~ JT-ω 

Upgrade. SLICE has the two major functions. Diagnostics da飽 measuredin the real space of 

(R，Z)釘'emap戸dto the flux surfaces calculated by the MHD叫uilibrlumcocle ( SELENE ) and 

are reduced to the profile data as a function of effective minor radius P ， which is defined by 
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p = V V / 27t2R0 ( V: Volume, R 0 : major radius ). These profile data in the P space are least-
square-fitted by using a proper functional form. These mapping data and fitting data are stored 
with the physical identification name in a data base named by MAP-DB. The user can process 
the profile data in MAP-DB and get a run data for the transport analysis code in the conversational 
form. 

3.6.2 1.5D tokamak transport code system : TOPICS 
In order to evaluate the plasma performance, to test the validity of theoretical models and 

to analyze experimental data, the tokamak transport code system TOPICS ( Tokamak 
Performance Prediction and Interpretation Code System) has been developed. In this system, the 
MHD equilibrium equations, the transport equations and other related equations in physical 
processes like heating, current drive and MHD activities are solved under some specific 
constraints, which depend on the subject to be solved. The code is essentially the FORTRAN 
based one but the load module for the specific analysis is constructed from the subroutine library 
in the system by using the code-generation system NEWORG, which select only subroutines 
necessary for the analysis and makes the final code be compact and easy to handle. This code 
system can be used both for the steady state analysis and the time dependent analysis in 
cooperation with the time evolution of MHD equilibria, and both for predictive analysis and 
experimental data analysis, where profile data of plasma parameters is prepared by the profile data 
acquisition code SLICE. Under this system, users can link their own subroutines to the system 
source code and can easily test their idea both for prediction and experimental data analysis. 

3.6.3 Current drive analysis code : ACCOME 
ACCOME is a numerical code to investigate steady state properties of inductive and 

noninductive current drives in a tokamak , consistent with MHD equilibrium[3.6-l]. This code 
has been developed and is continued to be updated for including new aspects of physics model 
and functions, under the Japan-US collaboration program. The code includes the ohmic current, 
bootstrap current, neutral beam driven current and lower hybrid current drive: NBI current is 
calculated, taking into account of the effects of mirror trapping, energy diffusion and bounce 
motion of fast ions, and the neoclassical bootstrap current is evaluated for multi-species ions 
including impurity and unthermalized fast ions. As the LH current drive module, the Bonoli code 
[3.6-2J is introduced in the code. With these models, the self-consistent solution of MHD 
equilibrium and current drives, including their combined current drive effects, is obtained by the 
iterative algorithm. MHD stabilities for the converged solution can also be investigated with the 
code. The effort of the improvement of ACCOME in 1990 has been concentrated on the update 
of the LH current drive module in the up-down asymmetric equilibrium with separatrix and the 
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and functions， under the Japan-US coIlaboration program. The code includes the ohmic current， 

bootstrap current， neutral beam driven current and lower hybrid current drive: NBI current is 
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bootstrap current module. The new version of ACCOME is successfully applied in the analysis 
of LH current drive experiments and bootstrap current experiments in JT-60. 

References 
[3.6-1] K.Tani, M.Azumi and R.S.Devoto, J. Comput. Phys. (1991) (to be published) 
[3.6-2] P.T.Bonoli, and R.CEngladc, Phys. Fluids 29 (1986) 2937 

3.7 Plasma-surface interaction 
3.7.1 Gas release during a plasma disruption [3.7-1] 

A modified Penning-type vacuum gauge with a fast response time(<10ms) [3.7-2] was 
applied to measure pressures during a plasma disruption. Change in the pressure clearly reveals 
the gas evolution in two stages. The first gas evolution occurs at the same time as the soft-Xray 
crash and the second one during the plasma current decay phase/The outgassing rate could be 
obtained from the measured pressure change by considering that the released gas mainly originate 
from the wall. It was found that there are two peaks in time evolution of the outgassing rate which 
correspond to those of the Ha emission in the divertor region within an error of several 
milliseconds. This is the First confirmation of the hydrogen gas release from the first wall. 

3.7.2 Performance of divertor 
plates under high-power and 
long pulse heating divertor 
experiments [3.7-3,4] 

Damage examinations were 
made on the graphite and c/c 
composite divertor tiles which were 
experienced lower X-point divertor 
discharges from June 1988 to 
October 1989. Results are 
summarized in Table IV.3.7-1 in 
which those obtained under outside 
X-point divertor discharges as well 
as operational parameters are also 
shown. The damage of the graphite 
tiles in lower X-point operations 
were modest and breaking of tiles 
were avoided by introducing c/c 
composite. A typical erosion profile 
for two adjacent tiles is shown in 

Table IV.3.7-1 Results and main parameters under various 
divertor discharges 

Paraaeccrs Configurations 

Outside X-polnt Outside X-polnt Lover X-point 
{ Closed ) ( Closed ) ( Open ) 

Period June'86-,1arch'87 June'87-0ct. '87 June'88-OcfS9 

Material TIC/Mo Graphite Graphice-C/c 

Plana Current (HA) 2.0 2.7 2.0 
Keating Power (HIT) 20(«BI) 30<KBI«RF) 30(KBI«RF) 

Heating Duration (s) 1-2 3-5 2-4 
Stored Energy (J1J) 2.0 2.4 2.0 
Absorbed Energy 
/shot (MJ) 

20 90 100 

Heating Shots(>10 «w) 193 186 802 
Huaber of 
Total Shots 

1654 639 2521 

P " d n / P . b s <*> 10-15 10-25 1S-30 

\tt 1.5-2 2-4 2-7 

W a n s W 50-70 30-50 20-40 

Peak Keat Flux <«*/«*) 20 20 S 
Heat Width (ca) <2 <2 3-5(FffW) 

Deposited Heat (MJ) 14 36 40 
Daaage Melting 

of Edges 
Serious Modest 

Pdlv : f a m t r Flow to Divertor Plate 
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bootstrap current module. The new version of ACCOME is successfully applied in the analysis 
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were av'Oided by introducing c/c 
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Stored Enera (IIJ) 2‘。 2.4 2.0 
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Ke・z曹ldth(c・】 <2 <2 2・5(開閉3
Deposlted Heat (刊J) 14 36 40 
D..ace He1Unc SerJous Hodest 

of EdCes 
Pd1y :Po..er Fl酬 toDlvertor pbte 

60予



.JAKKI-M 91-159 

Fig.IV.3.7-1 which is measured using optical microscope. The region near the edge of the 
protruding tile was eroded with a gradient of about 1/20. The gradient of field line was 1/20-1/30 
in the lower X-point operations, so 
that heat flux on this region was 2-2.5 
times higher than the top surface. 
This clearly indicates that it is 
important to avoid large gaps and 
differences in elevation between tiles 
in the toroidal direction to eliminate 
the high heat concentration at the edge 
Of the divertor plate. Fig. IV. 3.7-1 Typical erosion profile of graphite tiles 
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4. Related Developments and Maintenance 
4.1 Power supply 
4.1.1 MG overhaul and maintenance of facilities 

JT-60 power supplies have three motor-generators (MG)which are the PFPS's MG(P-
MG), H-MG and TFPS's MG(T-MG) for energy storage. The MGs operate severely, namely, 
they start and stop every day and accelerate from 420 rpm to 600 rpm and decelerate reversely 
every discharge shot, and they have been operated for about six years and about 6,000-9,000 
hours since their completion. In order to check flywheels and thrust bearings, they were 
overhauled in period of the JT-60U modification. P-MG, H-MG and T-MG were overhauled 
from October to December, 1989, from November, 1989 to February, 1990 and from August to 
December, 1990, respectively. 

Overhauls were mainly the decompositions, checks and assembling of motors, generators, 
flywheels and thrust bearings and so on. In addition standard checks, the non-destructive 
inspection.such as the penetrant test (PT), the ultrasonic test (UT) and the magnetic particle test 
(MT) were done on thrust bearings, guide bearings, flywheels, bolts of flywheels and so on. 
Moreover, on the rotor and the stator of the motor and the generator, respectively, diagnosis the 
deterioration of insulators such as measuring the tan-8, measuring corona discharges inside the 
insulators and so on. In FY 1990, the overhaul of T-MG, which was the last one, were 
performed, and whole results were very good and there is no problems on the operation for next 
five or six years. 
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The other facilities, that is, the toroidal field power supply, the poloidal field power 
supply, the power supply for heating facilities, the general power distribution facility and the 
second cooling system were maintained and checked simply once a day and in detail once a year. 

4.1.2 Power transmission for superconducting coil 
In order to perform tests of the United States-Demonstration Poloidal Coil (US-DPC) 

under the US-Japan Collaborative Program, pulsed electric power was delivered to the 
superconducting coils by the vertical field power supply(PSV) in December, 1990. Experimental 
results were very good. 

4.2 RF development 
4.2.1 LHRF system development 

We investigated the heat load of the LHRF launcher in high-power heated divertor 
plasmas, where the input heating energy was 10-75 MJ and 1-6 MJ for NBI and LHRF, 
respectively. It was found that a good coupling of the reflection coefficient, p = 15 - 20 %, was 
obtained by pushing the launcher head a few mm from the first wall even though the distance 5 
between the separatrix and the launcher head was more than 10 cm. In this condition, the heat 
load on the launcher headrapidly decreased at 8 > 5 cm and was estimated to be about 0.4 - 0.6 
kW/cm2 at 8 = 10 cm, nc < 2 x 10 1 3 cm"3 

during only LHRF injection. A higher heat 
load was observed on the ion side of the 
launcher guard limiter during combined NBI 
+ LHRF heating at ne > 3xl0 1 3 cm"3 when 
fast ions were observed at the plasma edge 
due to parametric decay instability. Figure 
IV.4.2-1 shows the intensity of the decay 
wave, the formation of the fast ion tail and 
the normalized temperature rise of the 
LHRF effect during combined heating 
versus average density, where the distance 8 
is fixed at 6 - 8 cm. The parametric decay 
instability occurred with a fast ion tail at h~e 

> 3xl0 1 3crrr 3, which corresponded to the 
critical density of the heat load [4.2-1]. 

Fig. IV.4.2-1 Density dependence of various parameters 
at 8 = 6-8 cm in the NBI -t- LHRF heating 
scheme. 

4 2.2 ICRF system development 
An ICRF launching system, composed of antennas, feedthroughs and impedance 
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Fig.IV.4.2・1

the normalized temperature rise of the 

LHRF effect during combined heating 

versus average density， where the distance a 
is fixed at 6・8cm. The parame凶cdecay 

instabi1ity occurred with a fast ion tail at ne 

> 3xlO13cm・3，which corresponded to the 

critical density of the heat load [4.2・1).

4 2.2 ICRF system development 

An ICRF launching system，倒npos吋 ofantennas， feedthroughs and impedance 
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matching circuits, is the most important pan in an ICRF heating system because available injected 
power into plasmas is limited by their capabilities. The feedthrough, which transmits high power 
and keeps vacuum, has been developed for the JT-60U ICRF system. Its structure is about 8 
inch coaxial lines with bell-shaped ceramic for vacuum seal. The required performances for the 
feedthrough are: high stand-off voltage ( designed value 60 kV ) and suppression of 
multipactoring discharge at low power transmission. 
Low power injection is necessary to adjust the impedance matching circuits and to condition the 
antennas in the initial phase. The multipactoring discharge limits low power injection. Hence, 
suppression of multipactoring discharge at the feedthrough is very significant from the viewpoint 
of operation. We examined multipactoring of carbon coating, having secondary electron 
emissivity < 1, in the test stand. The multipactoring is caused by multiplication of secondary 
emitted electron. A ceramic region of the feedthrough is placed at a maximum voltage in the 
coaxial line whose end is shorted. Figure 
IV.4.2-2 shows voltage distributions for 
transmittable minimum power as a 
function of the distance from the short 
plate, d, with and without carbon 
coating. A hatched section indicates the 
ceramic region and thin (~0.1 \im) 

carbon coating is made around the 
ceramic from d = 0.5 m to d = 0.7 m ( a 
dotted region ). Therefore, the carbon 
coting is quite effective to suppress the 
multipactoring. The injected power, 
however, is still limited by the 
multipactoring in the coaxial line except 
the feedthrough while the multipactoring 
region is made narrow. 
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Fig. IV.4.2-2 Voltage distributions for transmittable minimum 
power as a function of the distance form the short 
plate with and without carbon coating. 

4.2.3 Electron cyclotron heating system 
Construction of a high density current device for the JT-60U has been planed for 

verification of steady-state operations from the viewpoint of improvement of tokamak-type fusion 
reactors. The electron cyclotron (hereafter called EC) heating device is considered for improving 
current drive efficiency as a part of the high density current drive device. The preliminary design 
for JT-60U EC heating system was made last fiscal year. The EC heating system is to be located 
the RF Amplifier Room of the JT-60 Experimental Building (shown in Fig.IV.4.2-3) and having 
the basic design characteristics shown in Table IV.4.2-1. 
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matching circuits. is the most imponant pan in an ICRF heating system because avai1able injected 

power into plasmas is Iimited by their capabilities. The feedthrough， which町'ansmitshigh power 
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coting is quite effective to suppress the 

multipactoring. The injected power， 

however， is still Iimited by the 

mu1tipactoring in the coaxialline except 

the feedthrough while the multipactoring 

region is made narrow. 

4.2.3 Electron cyc1otron heating system 

Construction of a high density current device for the JT・60Uhas been pJaned for 

verification of steady引 ateoperations from the viewpoint of improvement of tokamak-type fusion 

reactors. The electron cyclotron (bereafter cal1ed EC) heating device is considered for improving 

current drive efficiency as a part of the high density current drive device. The pre1iminary design 

forJT・60UEC beating system was made Jast fiscal year. The EC heating system is 10 be I∞ated 

the RF Amplifier Room ofthe JT-ωExperimental Bui1ding (shown in Fig.lV.4.2・3)and having 

the basic design ch訂acteristicsshown in Table IV.4.2・1.

1
 

•• 
pn 



JAERI-M 91-159 

Reference 
[4.2-1] Y. Ikeda, T. Imai, K. Ushigusa, et al., J. Nucl. 

Mater. 176 & 177 (1990) 306. 

Table IV.4.2.-1 JT-60U Electron Cyclotron Heating 
System Characteristics 

Output frequency 110 GHz 
System output power 5 MW (target) 

RF unit output power More than 0.8 MW 
1 MW (target) 

Pulse length 10 sec 
Transmission method Waveguide (Use of 

mirrors for launcher) 

Power Transmission 
efficiency 

More than 80% 
(target) 

Injection method Ordinary mode 

JT-60U 
EXPERIMENTAL BUILDING 

Total length 50 - 52 in 

Number of bend 6 - 7 

Transmission efficiency ~ 90 % 

Fig.IV.4.2-3 Cross-section view of the JT-60U electron cyclotron heating system. 
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Reference 
[4.2・1)Y.lkeda. T. lmai， K. Ushigusa， et a1.， 1. Nucl. 

Mater. 176 & 177 (1990) 306. 

Table IV.4.2.-1π.曲>uElectron CyclotrOn Heating 
SystcmCh創'actcri凶cs

Output frequency 

System output仰Iwer

RF unit output power 

Pulse length 

Transmission method 

Power Transmission 

efficiency 

Injection method 

o • :1 3 '. 5m 
SCALE しムムム--LJ

110 GHz 

5 MW (target) 

More than 0.8 MW 

1 MW (target) 

10 sec 

Waveguide (Use of 

mirrors for launcher) 

More than 800，'0 

{恰rget)

Ordinary mode .J 

Total lenglh 

NUlI1u巴rof uelld 

Tmnsmission efficiency 

50 -52 111 

6 由 7

-90 % 

Fig.IV.4.2-3 Cross-seclion view of曲eIT-60U eleclron cyclolron hea血:8system.

-64-



,IAKHI M 91 159 

V. TECHNOLOGY DEVELOPMENT 
1. Vacuum Technology 
1.1 Introduction 

Vacuum technology is one of the most important tools for the operation and maintenance of 
the current fusion devices. On the other hand, it has been recognized that development of 
innovative vacuum techniques is essential for realization of the fusion experimental reactors such 
as ITER and FER. The technology area includes wall preparation, pumping system, gauging, 
vacuum components, sealing and leak hunting. 

For this fiscal year, development activities of the ceramic turbo-viscous pump and the 
surface insulation techniques for the ITER in-vessel components should be remarked. The Zr-
bearing-copper gasket for knife-edge-type vacuum flanges and the ceramic-insulated wires, which 
have been developed in the Plasma Engineering Laboratory, will be commercially available in 
1991. The improvement of the QMS by using the second stable zone in Mathieu's stability 
diagram is considered to be of great promise. 

1.2 Progress in ceramic vacuum pump development 
The conditions needed for the torus pumping system of the International Thermonuclear 

Experimental Reactor (ITER) are a large pumping speed of 350-700 mtysec for ash (helium) and 
fuel gases (deuterium and tritium), and the robustness against radiation, tritium, and high magnetic 
fields. To establish such a system by using dynamic oil-free pumps, we have been developing 
two types of ceramic vacuum pumps, the ceramic turbomolecular pump and the ceramic roughing 
pump, for six years in cooperation with Mitsubishi Heavy Industries, Ltd. In this fiscal year, our 
effort was laid on the performance test and the improvement of the new ceramic roughing pump 
named turbo-viscous pump. 

The construction of the pump features the multistage ceramic (S13N4) rotor assembly and the 
oil-free driving unit which consists of gas bearings and gas turbines (see Fig.V. 1.2-1). Although 
the rotor spins at a very high speed of 25,000 rpm, the pump can be operated in high magnetic 
fields since it does not use either a conductive (metal) rotor or an electric motor. The test has 
shown that the pump works in a wide pressure range from atmospheric pressure to a pressure 
lower than 1 0 3 Pa and has a maximum pumping speed of 0.28 m3/min for nitrogen or 0.25 
m3/min for helium as shown in Fig. V.1.2-2[ 1.2-1]. Based on the development of the medium 
size pump, we have designed a larger size pump to increase the pumping speed up to 10-20 times 
its present level. The scaling up of the roughing pump will fulfill the ITER pumping system 
requirement. 

References 
[1.2-1] Y. Murakami, T. Abe. H. Ohsawa, ct al., J. Vac. Sci. Tcchnol. A9 (1991) 2053. 
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V. TECHNOLOGY DEVELOPMENT 

1. Vacuum Technology 

1.1 Introduction 

Vacuum techno]ogy is one of the most imponant t∞ls for the operation and maintenance of 

the current fusion devices. On the other hand， it has been recognized that development of 

innovative vacuum techniques is essential for realization of the fusion experimental reactors such 

as ITER and FER. The techno]ogy area inc]udes wall preparation， pumping system， gauging， 

vacuum components， sealing and leak hunting. 

For this fiscal year， development activities of the ceramic turbo-viscous pump and the 

surface insulation techniques for the ITER in-vessel components should be remarked. The Zr-

bearing-copper gasket for knife-edge-type vacuum flanges and the ceramic-insulated wires， which 

have been developed in the Plasma Engineering Laboratory， will be commercially avai1able in 

1991. The improvement of the QMS by using the second stable zone in Mathieu・sstabiIity 

diagram is considered to be of great promise. 

1.2 Progress in ceramic: vacuum pump development 

The conditions needed for the torus pumping sys飽mof the International Thermonuclear 

Experimental Reactor (lTER) are a large pumping speed of 350・7∞m3/secfor ash (helium) and 

fuel gases (deuterium and tritium)， and the robustness against radiation，官itium，and higb magnetic 

fields. To establish such a system by using dynamic oil-free pumps， we have been developing 

two types of ceramic vacuum pumps， the ceramic turbomolecular pump and the ceramic roughing 

pump， for six years in c∞peration with Mitsubisbi Heavy lndus凶es，Ltd. ln this自民alyear， our 

effon was laid on the perfonnance test and the improvement of the new ceramic roughing pump 

named turbo-viscous pump. 

The construction of the pump features the multistage ceramic (Si3N4) rotor assembly and the 

oil-free driving unit which consists of gas bearings and gas turbines (see Fig.V.1.2・1).Although 

the rotor spins at a very high speed of 25，∞0叩m，the pump can be operated in high magnetic 
fields since it does not use either a conductive (metal) rotor or an electric motor.百letest has 

shown that the pump works in a wide pressure range from atmospheric pressure to a pressure 

lower than 10・3Pa and has a maximum pumping speed of 0.28 m3/min for nitrogen or 0.25 

m3/min for helium as shown in Fig. V.l.2・2[1.2・1].Based on the development of the medium 

size pump， we have designed a larger size pump to increa碍 thepumping speed up to 10・20times 

its present level. The scaling up of the roughing pump will fulfi1l the ITER pumping system 

reqUlrement. 
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Fig.V. 1.2-1 Construction of the ceramic 
turbo-viscous pump. 
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Fig.V. 1.2-2 Pumping speeds forN2 
and He as a function of 
the inlet pressure. 

1.3 Zr-bearing OFC gasket for knife-edge-type vacuum flanges 
The metal gasket made of OFC (oxygen-free copper) is widely used for the knife-edge-type 

bakable vacuum flanges. The leaks through the gasket seals, which often occur during high 
temperature baking, is considered being largely due to the creep displacement and the consequent 
stress release of the gasket. When a compression force is applied to the gasket at elevated 
temperatures, the displacement of the gasket in the vicinity of the knife edge increases rapidly with 
time. In this case, the displacement is the sum of the three different components, namely, 8 e , 8 P 

and 8C, where 5 C , 8 p and 8 C are the elastic, plastic and creep displacements, respectively. Table 
V. 1.3-1 shows the three components of displacement analyzed for a typical OFC gasket at 300 *C 
as a function of baking duration. It is clear that the change in the displacement occurred during 
high tempeature baking originates mainly from 8c. 

Based on the aforementioned analysis, we have proposed an improved metal gasket which 
features low creep displacement at elevated tempeatures[1.3-l]. The material of the new gasket is 
a Zr-bearing OFC optimizing by 20% cold worked, 0.02% Zr-bearing OFC. Figure V.l.3-1 
shows the crosssections of the used gaskets. In case of OFC the depth of the groove increases at a 
considerable rate with temperature, while in case of the Zr-bearing OFC it almost unchanged even 
at 400 *C. 

References 
[1.3-1] K. Obara, Y. Murakami, J. Vac. Sec. Jpn. 33 (1990) 804. 
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1.3 Zr-bearing OFC gasket for knife-edge-type vacuum sanges 

The metal gasket made of OFC (oxygen-free copper) is widely used for the knife-edge-type 

bakable vacuum flanges. The leaks through the gasket seals， which often occur during high 

temperature baking， is considered being largely due to the creep displacement and the consequent 

stress release of the gasket. When a compression force is applied to the gasket at elevated 

飽mperat町es，the displacement of the gasket in the vicinity of the knife edge increases rapidly with 

time. ln this case， the displacement is the sum of the three different components， namely， oe， op 

and oc， where oe， op and Oc are the elastic， plastic and creep displacements， respectively. Table 

V.l.3.1 shows the three components of displacement analyzed for a typical OFC gasket at 3∞・c
as a function of baking duration. lt is clear that the change in the displacement ωcurred during 

high飽mp伺 t町'ebaking originates mainly from Oc. 

Based on the aforementioned analysis， we have proposed an improved metal gasket which 

features low creep displacement at elevated tempeatures[ 1.3・1].The material of the new gasket is 

a Zr-bearing OFC optimizing by 20% cold worked， 0.02% Zr-bearing OFC. Figure V.1.3・1

shows the crosssections of the used gaskets. In case of OFC the depth of the groove increases at a 

considerable rate with temperature， while in case of the Zr-bearing OFC it almost unchanged even 

at4∞.C. 

References 
[1.3・1]K. Obara. Y. Murakami. J. Vac. Sω. Jpn. 33 (19伺1)804. 

-66-



,IAKUI M ill 15(1 

Table V.1.3-1 The elastic, plastic and creep displacements analyzed for a typical OFC gaskct/knifc-
cdgc-lypc flange system at 300 °C. 

Time duration (min) 0 5 10 20 40 90 
Compression force (ksf mm"') 10.6 9.49 9.11 8.50 7.90 7.90 
Total displacement (mm) 0.300 0.321 0.330 0.340 0.347 0.350 
Elastic displacement (mm) 0.009 0.008 0.008 0.007 0,007 0.007 
Plastic displacement (mm) 0.291 0.291 0.291 0,291 0.291 0.291 
Creep displacement (mm) 0 0.022 0.031 0.042 0.049 0.052 

Oxygen-free copper 
(20% cold worked) 

0.02%Zr-OFC 
(20% cold worked) 

R.T. 

200'C 

400CC 

sM&&& 

iz>,j-- i}p.-:is-<.Vi."Zv?.: 

>»*ft^fe 
••*". -a-ftf; 

Fig.V.1.3-1 Sectional view of the used gaskets. 

1.4 Improvement of QMS by using second stable zone in Mathieu's stability 
diagram 
The quadrupole mass spectrometer (QMS) is widely used in fusion devices for measuring 

residual gas components, leak rates and partial pressures of working gases. The conventional 
QMS utilizes only the first stable zone (zone I) in Mathieu's stability diagram where specific ions 
can pass through the quadrupole field on conditions as shown in Fig. V. 1.4-1. Although there are 
some other stable zones in Mathieu's diagram, the characteristics of the zones other than the first 
one are little known so far. Since 1989, we have been studying the second stable zone (zone II) 
which has a form of narrow gap as shown in Fig.V. 1.4-1. In this diagram, a and q are the dc and 
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1.4 Improvement of QMS by using second stabJe zone in Mathieu's 

diagram 

The quadrupole mass spectrometer (QMS) is widely used in fusfon devices for measuring 

residual gas components， leak rates and partial pressures of working gases. The conventional 

QMS utilizes only the first stable zone (zone 1) in Mathieu's stability diagram where speci日cions 

can pass through the quadrupole field on conditions as shown in Fig. V.I.4-1. Although there are 

some other stable zones in Mathieu's diagram， the characteristics of the zones other than the first 

one are little known so far. Since 1989， we have been studying the second stable zone (zone 11) 

which has a form of narrow gap as shown in Fig.V.1.4・1.In this diagram， a and q are the dc and 

(17 

stability 



.JAIWI-M 91-159 

rf voltages applied to the quadrupole electrodes, respectively. The voltages required for a given 
ion for the zone II are about 13 and 4 times as large as those for the zone I. 

Figure V. 1.4-2 shows a comparison between the mass spectra obtained by applying the zone 
II and zone I to a QMS headi 1.4-1]. When the zone II is used, the peak shape becomes sharp and 
the tail component arising from the adjacent peaks decreases considerably. This enables us to 
detect very small peaks which adjoin large ones. 

(a) (b) 

/ 

^~~ 

Fig.V.1.4-1 Mulhicu's stability diagram 
involving the zones I and II. 
a=(8eU) /mr0

2a>2 and q=(4eV)/ 
mr02to2 i where U: dc voltage, 
V: rf voltage, m: mass of ion, 
c: charge of ion. To: distance 
from center axis to quadrupole, 
to: angular frequency. 

I • *0 « 

Fig.V.1.4-2 Typical examples of mass 
spectra obtained by applying 
(a) the zone II and (b) the zone 
1. The rod shape is hyperbolic 
and r 0 is 4 mm. Thcrf 
frequency used is 2.S MHz. 

References 
[1.4-1] S. Hiroki, T. Abe and Y. Murakami, to be published in Rev. Sci. Inslrm. 62 (1991). 

1.5 Coating techniques for ITER/FCR in-vesse! components 
The in-vessel components in ITER and FER will be placed in severe operation conditions 

such as high temperatures and large electromagnetic forces induced by plasma disruptions. To 
reduce the disruption-induced effects on the components, it is useful to coat the surface of the 
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rf voltuges upplicd to lhe quudrupole electrωes， respectively. The vohages required for a given 

ion for the zone 11 are about 13 and 4 times as large as those for the zone 1. 

Figure V.l.4-2 shows a comparison between the mass spectra obtained by applying the zone 

II and zone 1 to a QMS head[ 1.4・1].When the zone 11 is used， the peak shape becomes sharp and 

the tail component arising from the adjacent peaks decreases considerably. This enables us to 

detcct very small peaks which adjoin large ones. 

(0) (b) 

1・ l' 

調

4 

au開。'
 
-AV
 

I
 --!

l
 •. • • 

内

u't
 

a
 ，
 

l
 4・

臼

2 

o 

Fig.V.1.4・ Mathieu'sstability diagram 
involving the zoncs 1 and 11. 
a=(8cU) !mr02CJil and q=(4eV)I 
mro2ω，2， whcre U: dc voltagc， 
V: rf voltage， m: mass of ion， 
c: charge of ion， ro: dislancc 
from∞ntcr axis 10 quadrupolc， 

ω: angular frequency. 

10m IOsec 

Fig.V.1.4・2Typical examples of mass 
speclra oblained by applying 
(a) the zonc 11 and (b)山czonc
1. Thc rod shape is hyperbolic 
副1<1ro is 4 mm. Thc rf 
frequcncy used is 2.5 MHz. 

References 
[1.4・1]S. Hiroki， T. Abc and Y. Murakami， to bc publishcd in Rev. Sci. Instrm. 62 (1991). 

1.5 Coating techniques for ITER/FER in・vesselcomponents 

The in-vessel components in ITER and FER will be placed in severe operation conditions 

such as high temperatures and large electromagnetic forces induced by plasma disruptions. To 

reduce the disruption-induced effects on the components， it is useful to coat the surface of the 

un .，
 t
 



JAKKl - M 91 - 15!) 

components with ceramic materials with adequate electrical conductivity and anti-abrasion 
property. 

AI2O3 and Q3C2 have been selected as the insulation and conduction coating materials for 
the stainless steel components because the both materials show a little nuclear transmutation effect 
on the electrical properties and good anti-abrasion property. In our trial production, the plasma 
spray method has been employed for the both coatings. A Ni/Cr layer is inserted in between 
stainless steel and AI2O3 to increase the bonding strength as well as to release the thermal stress in 
the coatings. 

Table V. 1.5-1 shows some test results of the coated samples. The test items have been 
chosen by considering the operation conditions of ITER and FER. In the Al203-Ni/Cr-stainless 
steel system, the adhesion property of the coatings does not change up to a thickness of 600 |im. 
Therefore, the thickness of the coatings can be selected from the breakdown voltage required. 

Table V. 1.5-1 Mechanical and electrical properties of two ceramic coatings 
deposited on stainless steel by plasma spraying. 

Coating material A 1 2 0 3 C r 3 C 2 

Coating method Plasma spraying Prasma spraying 
(JET-ROTE) 

Resistivity ($1 cm) 3.5 x 108 7.2 x 10-5 
Thermal conductivity 
(Jcm-l'C-lscc-J) 

0.0465 0.1422 

Tensile strength 
(kgf mm-2) 

0.9 (590 um) 
1.4 (590 um) 
1.2 (620 um) 

1.9 (125 um) 
2.2 (125 um) 

Thermal shock resistance 
(RT <->77 K. 10 cycles) 

Good (200 um) 
Good (660 um) 

Good (125 um) 

Breakdown voltage* (V) 2,500 (210 nm) 
> 5.000 (580 um) 

< 200 (125 um) 

* sample size: 30mm x 30mm x 3mmt, test condition: < 1 mA for 60 sec 

1.6 Development of ceramic-insulated wires 
In many vacuum devices, electric wires are used for transmitting powers and signals or as 

various windings. Insulation of such wires is usually made by coating of polyimide resin or by 
covering with Teflon sleeves since these organic materials have relatively low outgassing rates at 
moderate temperatures. Even these materials, however, can not be used at the baking temperatures 
higher than 300 "C because they decompose and contaminate vacuum devices at the elevated 
temperatures. Ultra-high and clean vacuum techniques naturally demand to develop electric wires 
insulated with heat-resistant inorganic materials. 

Different types of ceramic-insulated wires have been developed by a joint work between 
JAERI and Sumitomo Electric Industries, Ltd. The major specifications of the wires are listed in 
Table V. 1.6-1. The core metal is aluminum or copper. AI2O3 or SiC>2 is coated on the aluminum 
wire, and Si02 is used on the copper wire inserting a nickel layer in between the two materials. 
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'" samplc sizc: 30mm x 30mm x 3mmt. tcst condition: < I mA for 60 scc 

1.6 Development of ceramic-insulated wires 

In many vacuum devices， eIectric wires are used for transmitting powers and signals or as 

various windings. Insulation of such wires is usually made by coating of polyimide resin or by 

covering with Teflon sleeves since these organic materials have relatively low outgassing rates al 

moderate temperatures. Even these materials， however， can not be used at the baking temperat町田

higher than 3∞.C because they decompose and contaminate vacuum devices at the elevated 

temperatures. ul甘かhighand clean vacuull1 techniques naturally demand to develop electric wi陀 S

insulated with heat-resistant inorganic materials. 

Different types of ceramic-insulated wires have been developed by a joint work between 

JAERI and Sumitomo Electric Industries， Ltd. The major specifications of the wires are listed in 

Table V.l.6・1.The core metal is aluminum or copper. A12030r Si02 is coated on the aluminum 

wire， and Si02 is used on the copper wire inserting a nickellayer in between the lWO materials. 
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The nickel layer works to prevent inter-diffusion and improve adhesion between copper and S1O2. 
The aluminum-type wire excels the copper-type wire in flexibility, whereas the copper-type wire 
excels the aluminum-type wire in surface smoothness. The coaxial ceramic-insulated wire has an 
outer conductor which is braided with copper thin thread. All the wires have the following 
features: 

1 The insulating layers never peel off at elevated temperatures up to 500 "C. 
2 Both gas absorption and desorption are negligibly small. 
3 The wires are flexible and smooth enough to wind coils for practical applications. 

Table V. 1.6-1 Major specifications of the ceramic-insulated wires. 

Solid Type Cooxiol Type 

Insulator 
I A i 2 0 3 S i 0 2 ) 

Outer Conductor Insulator I <5i0,l . - , vuier tonaucior insulawribi0 2) l m r Conductor (Cooper Braiding) 

Structure 

Conductor (At) Conductor Inter lover 
(Cu) (Nil 

^3Z) 
Insulator 

( A i 2 0 3 • S i0 2 ) 

Diameter (mm) 

Thickness of 
Insulator (/im) 

Tensile Strength 
(kg/mm 2 ) 

Limit Radius of 
Curvature (mm) 
Breakdown 
Voltage ( V ) 

1.0 1.0 

20 10 

10 30 

5 10 

250 200 

Inner 0.5 
Outer 1.0 

20 

10 

5 

250 

2. Superconducting Magnet Technology 
2.1 Introduction 

The superconducting magnet development work is being carried out for the purpose of 
engineering establishment on the magnet system in fusion reactors such as the Fusion 
Experimental Reactor (FER) and the International Thermonuclear Experimental Reactor (ITER). 
The goal is to demonstrate that the following three kinds of coils and refrigerator system can be 
designed and fabricated with reliability. 
(1) Toroidal Coil 
(2) Outer Poloidal Coil 
(3) Central Solenoid Coil 
(4) Refrigerator System 

DC Coil Max. Field 12 T Height 12 m 
Pulsed Coil Max. Field 7 T Diameter 5-20 m 
Pulsed Coil Max. Field 13 T Diameter 3-4 m 
Refrigeration Power 30 x 4 kW at 4 K 
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The nickellayer works to prevent inter-diffusion and improve adhesion between copper and Si02. 

The aluminum駒 typewire excels the copper-type wire in flexibility， whereas the copper-type wire 

ex.cels the aluminum-type wire in surface sm∞thness. The coax.ial ceramic-insulated wire has an 

outer conductor which is braided with copper thin thread. All the wires have the following 

features: 

The insulating layers never peel off at elevated temperatures up to 500・C.
2 Both gas abso中tionand desorption are negligibly small. 

3 The wires are flex.ible and smooth enough to wind coils for practical applications. 

Table V.1.6・1Major specifications of the ccramic-insulatcd wircs. 

Solid Type Cooxiol Type 

1n陥叫g aCM凶EZOdFF F烹誌1n‘tfeN『i1i0 一 e ¥ -=ι一「、

IAl~03' Si021 "，.u，，¥v， h"V2' 1nner. Ç~'lducIOr ICoooer "Sraidinal 

Structure 。
Cond附 rIAI) Cマ yer (Ai;O;:vSi021 

。iomeler (mm) 1.0 1.0 lnner 0.5 
Outer 1.0 

Thickness of 20 10 20 lnsulotor {μm) 

Tensile msmtrE‘ ngth 
(kg/mm~ ) 

10 30 10 

Limit Rodius of 5 10 5 Curvoture (mm) 

8reokdown 250 200 250 Voltoge (V) 

2. Superconducting Magnet Technology 

2.1 Introduction 

The superconducting magnet development work is being carried out for the pu叩oseof 

engineering establishment on the magnet system in fusion reactors such as the Fusion 

Ex.perimental Reactor (FER) and the International Thermonuclear Experimental Reactor (ITER). 

The goal is to demonstrate that the following three kinds of coils and refrigerator system can be 

designed and fabricated with reliability. 

(1) Toroidal Coil : DC白 il Max. Field 12 T Height 12 m 

(2) OUler Poloidal Coil 

(3) Central Solenoid Coil 

(4)Re制geralorSystem 

: Pulsed Coil Max. Field 7 T Diameter 5-20 m 

: Pulsed Coil Max. Field 13 T Diameter 3-4 m 

: Refrigeration Power 30 x 4 kW at 4 K 
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The highlights in FY 1990 are as follows: 
1) Fabrication of a pancake coil using a 30 kA-12 T, Nb3Sn hollow conductor and its verification 

test, 
2) Achievement of a ramp rate of 10 T/s to 5.7 T on the US-DPC and demonstration of no critical 

current degradation in Nb3Sn using a Incoloy 908 conduit, 
3) 18.4 T generation at 4.2 K with 32 mm bore coil in the world record, 
4) Achievement of 500 A/mm2 critical current density at 12 T with Nb3Al/Cu wire, 
5) Design of cryogenic system with a flow rate of 100 g/s for the test stand of poloidal model coils 

oflTER-R&D. 

2.2 Proto coil project 
The hollow cooling monolithic conductor is one of candidate conductors for the non-

circular shaped toroidal coils for fusion reactors because of small degradation of critical current, 
small mechanical disturbance, and much experience of manufacturing. However, the monolithic 
conductor has to be improved for its large AC loss and low stability margin. The following 
verification tests were carried out. The model pancake coil is being manufactured to develop the 
manufacturing techniques and to inspect the performance of full size conductor at the pancake 
configuration. 

2.2.1 Verification tests 
(1) Critical current: The critical currents of a full scale sample and strands during 

optimization of bronze ratio were measured at 12 T and 4.2 K. The maximum of the critical 
current density is 404 A/mm2 at 12 T, which could not be demanded for the model pancake coil 
because a strand was cracked in a drawing process of mass production line. The strand of the 
model pancake coil was used by the sample with the critical current of 315 A/mm2 at 12 T. The 
critical current measurement of the real size conductor was carried out at 13 T and 4.2 K in the 
summer of 1990. There was no degradation of the critical current of a full size conductor 
compared with the straight sample before cabling. 

(2) AC loss: The AC loss of full size conductor were measured in parallel and 
perpendicular fields. The time constant of a copper housing is 30 ms and the one of large loop 
with the copper housings and strands is 400 ms. The measured time constant of parallel direction 
is 4 ms. The results of the time constant measurements is larger than calculated value in each 
direction. 

(3) Stability margin: The stability margin for the reduced size (1/23) conductor was 
measured in order to estimate the stability of the hollow cooling monolithic conductor. However, 
the critical current and the copper ratio of this sample is different from that of the full sized 
conductor from manufacturing reasons. The input energy to conductor of less than 45 mJ/cc-meial 
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during 50 ms is cooled by the coolant in case of 2.0 kA-8 T. The conductor will get quench at the 
nominal point, whose joule heating is larger than one at 8 T, 2.0 kA, as soon as current shearing 
occurs. The stability margin of the full size conductor will be 40 mJ/cc-metal at nominal point 
assuming long length disturbance, which is estimated by experimental results of the reduced size 
conductor and the thermal analysis. 

(4) Internal joint resistance: An internal joint resistance of a real scale test sample was 
measured at 6 T and 4.2 K. The joint resistance value is a 7 nQ at 6 T measured with the potential 
taps of 1.72 m width. A heat generation is estimated to be 6.3 W at the internal joint. This heat 
generation is smaller than the heat generation by the nuclear heating which is about 30 W per a 
cooling flow pass at the environment of the ITER TF coils. It is confirmed that this internal joint 
method is applicable to the ITER TF coils. 

2.2.2 The model pancake coil 
A 30 kA-12 T full sized conductor of 90 m length was completed in April 1991 after the 

trial manufacturing of the TMC-FF conductor and the verification tests. The model pancake coil is 
presently being manufactured. The performance tests of the pancake coil will be started in the 
DPC test facility from early 1992. 

(1) Conductor: The different point between the original conductor and the mass production 
conductor, as shown in Fig.V.2.2-1, for the model pancake coil is only the shape of conduit. The 
hot roll process is required to make square angle at conduit corner. In the model pancake, the 
bending formation from stainless steel slip tape developed in the manufacturing method at the 
DPC-EX is adopted for this model pancake coil. The outer dimensions of the conductor are 38.0 
mm x 16.8 mm without insulation. The conduit is 2.0 mm-thick and is made with stainless steel 
JCS-JN1 which is high-strength stainless steel. The Tungsten Inert Gas welding is applied to 
close the conduit of the JCS-JN1. 

(2) The Model Pancake Coil: The cross-sectional view of the test pancake is shown in 
Fig.V.2.2-2. The dimensions of the test coil are listed in Table V.2.2-1. It is simple work that the 
pancake coil is set in the DPC test stand. Because this coil has current leads made by the Nb-Ti 
conductor. And the few turns of the coil near the current leads are made by the Nb-Ti conductor. 
A semi-cured tape and a bismaleimide 
triazine (BT) resin are chosen by the 
electric insulation. The BT resin can keep 
the mechanical property under the nuclear 
radiation. The manufacturing process of 
the coil insulation can be* easier by the 
semi-cured tape than that of vacuum 
impregnation. 

Table V.2.2-1 Major parameters of ihe model pancake coil. 

Inner diameter 1000 mm 
Outer diameter Winding 1500 mm 

Total 2060 mm 
Thickness Winding 99 mm 

Total 225 mm 
Turn number of turns 22 
Coil configuration One double pancake 
Cable length (NbTi)3Sn 30 mm 

Nb-Ti 3 0 m x 2 
Cooling length 90m 
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Fig.V.2.2-1 Cross-sectional view of the monolithic Fig.V.2.2-2 Cross-sectional view of the model 
conductor. pancake coil. 

2.3 The Demo Poloidal Coil project 
2.3.1 Project status 

To develop superconducting poloidal coils required in a fusion experimental reactor, the 
Demo Poloidal Coil (DPC) program has been initiated at JAERI in 1985. The goals of the DPC 
project are to obtain experimental data, to demonstrate reliable operation of large pulsed 
superconducting coils, and to prove design principles and fabrication techniques for poloidal coils. 
In the DPC project two 30-kA Nb-Ti pulsed coils (DPC-U1 and U2) and one 10-kA Nb3Sn 
pulsed coil (DPC-EX) have already been fabricated and tested. In addition to these coils, a 30-kA 
Nb3Sn coil (US-DPC) was fabricated by MIT/DOE in the framework of the international 
collaboration between Japan and the U.S. All of the coils have circular shape and the same 
winding inner diameter of 1 m, and are cooled by forced-flow helium. In 1989, experiments on 
the DPC-EX was performed and it achieved the designed pulsed field of 7 T/s, demonstrating the 
applicability of Nb3Sn superconductor to a poloidal coil [2.3-1]. In this reported period, 
experiments on the US-DPC took place successfully in the test facility of JAERI. The 8 MJ, 1.8-
m outer diameter coil was charged to the design current of 30 kA in DC tests without showing any 
instabilities. It also performed well in pulsed charging tests, achieving approximately 70 % of its 
ambitious design goal of 10 T/s. Emphasized is that ample of achievements were produced 
through this tight international collaboration in the area of superconducting magnet. 
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Fig.V.2.2-1 Cross-sectional view of山emonoli山ic
conduclor. 

2.3 The Demo Poloidal Coil project 

2.3.1 Pr，吋ectstatus 

Fig.V.2.2・2Cross-seclional view of lhe model 
pancake coil. 

To develop superconducting poloidal coils 問quiredin a fusion experimental reactor， the 

Demo Poloidal Coil (DPC) program has been initiated at JAERI in 1985. The goals of the DPC 

project are to obtain experimental data， to demonstrate reliable operation of large pulsed 

superconducting coils， and to prove design principles and fabrication techniques for poloidal coils. 

In the DPC project two 30・kANb-Ti pulsed coils (DPC-U 1 and U2) and one 10・kANb3Sn 

pulsed coil (DPC-EX) have already been fabricated and tested. In addition to these coils， a 30・kA

Nb3Sn coil (US-DPC) was fabricated by MIT/DOE in the framework of the intemational 

collaboration between Japan and the U.S. All of the coils have circular shape and the same 

winding inner diameter of 1 m， and are cooled by forced-flow helium. In 1989， experiments on 

theDPC・EXwas perfonned and it achieved the designed pulsed field of 7 T/s， demonstrating the 

applicabi1ity of Nb3Sn superconductor to a poloidal coil [2.3・1]. In this reported period， 

ex戸riments00 the US-DPC took place successfuUy io the test facility of JAERI. The 8 MJ， 1.8・

m outer diameter coil was charged to the design cur問 ntof 30 kA in DC tests without showing any 

instabi1ities. lt also performed well in pulsed charging tests， achieving approximately 70 % of its 

ambitious design goal of 10 T/s. Emphasized is that ample of achievements were produced 

through this tight international collaboration in the紅白ofsuperconducting magnet. 
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2.3.2 Experimental results of the US-DPC 
The US-DPC arrived at JAERI in August of 1990, and the installation work immediately 

started as shown in Fig.V.2.3-1. The coil was set between the DPC-U1 and -U2 and tightened 
together in a co-axial configuration by stainless steel rods. It took. 150 hours to cool the coils to 
the cryogenic temperature without causing an excessive thermal stress. The coil was then 
subjected to a variety of testings [2.3-2]. 

Fig.V.2.3-1 The US-DPC being installed in JAERI's test facility under the collaboration of Japan and MIT/DOE. 

2.3.2.1 Coil design of US-DPC 
The US-DPC conductor has low-loss, titanium-alloyed, internal-tin, modified-jelly-roll 

Nb3Sn wires. Two Incoloy 908 conduits are selected to enclose 225 stranded wires to minimize 
compressive axial strain in Nb3Sn superconductor (Fig.V.2.3-2). The coil consists of three 
double-pancakes, and its winding inner diameter, outer diameter, and height are 510 mm, 910 
mm, and 154 mm, respectively. Its current density is 50 A/mm2, rather high in comparison with 
the other large-scale magnets fabricated so far. 
2.3.2.2 Major achievements of US-DPC 

In single coil charging, the US-DPC reached its design current of 30 kA without showing 
any instabilities and produced the peak field of 5.7 T. In series charging with the DPC-U1 and 
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DPC-U2, the US-DPC attained 8 T at 25.9 kA, but further charging failed due to the limitation of 
the backup coils. In the pulsed operation of the US-DPC alone, a ramp rate of 10 T/s to 5.7 T was 
thought to be achievable, but an unexpected barrier of either field or current versus ramp rate was 
encountered. In linear pulses to 30 kA the highest charging was obtained at 0.71 T/s and higher 
ramping rate caused a coil quench. However, the ramps with superimposed sinusoidal ripple, 
ramps with rounded edges, and some other wave forms could achieve higher ramping rates 
without a coil quench. Such a phenomenon was revealed for the first time by the US-DPC, and 
became important issue to be clarified. AC loss characteristics were also investigated during 
pulsed operations. Figure V.2.3-3 shows the measured AC losses of the middle pancakes against 
the reciprocal of ramp time with flattop current as a parameter. As an example, with 0.3-s ramp 
time and 20-kA flattop, the losses of the coil was 1650 J, which corresponds to only 0.05 % of 
the 3.3 MJ stored energy of the double-pancake. This proved the low-loss characteristics in this 
design. In the DC operation, both the critical current measurements and current-sharing 
temperature measurements were performed. These results indicated the coil showed no damage on 
the performance of Nb3Sn superconductor compared with a single wire, probably owing to a 
wind-and-react technique and Incoloy 908 employed for the conductor conduit. 

References 
[2.3-1] T. Ando, ct al., IEEE Trans. Magn., Vol.27 No.2 (1991) 2060. 
[2.3-2] M. M. Sleeves, et al., Proc. of Cryo. Engin. Conf. (CEC), Hunlsville, USA (1991). 

Fig.V.2.3-2 Nb3Sn 30-kA conductor for US-DPC. Fig.V.2.3-3 Measure AC losses of the middle double-
pancake of the US-DPC. 
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2.4 High field coil development 
Two high-performance superconducting coils were developed and the study of the Nb3Al 

superconductor for practical use much advanced in this period. 
A 32-mm-bore coil, which was 

wound with multifilamentary (NbTi)3Sn 
superconductors, was developed 
(Fig.V.2.4-1). This coil was tested in the 
140-mm-diameter bore of a 13-T 
superconducting coil installed in a 4.2-K 
bath and the maximum magnetic flux density 
of 18.4 T was obtained, which was the 
world record achieved by the 
superconducting coil at 4.2 K [2.4-1]. The 
total energy stored in this coil system was 
only 1.48 MJ and the charging time from 0 
T to 18 T was only 12 minutes, which 
indicate that this coil system is a compact 
and high-performance one as the 18 T-30 
mm bore class superconducting coil system. 

A 240-mm-bore high-field 
superconducting coil was developed and the 
designed magnetic flux density of 13.0 T 
was obtained stably in its center at 4.2 K. 
The average current density was 101 
A/mm2, the maximum magnetic flux density 
on the coil was 13.9 T, the stored energy was 4.8 MJ, and the charging time was 18.5 minutes. 
These parameters shows that this coil is a compact high-performance coil [2.4-2]. 

High-capacity advanced superconductors are investigated using these two coils mentioned 
above as background field coils. 

The Nb3Al superconductor has higher latent capacity and much better characteristics for 
strain than the (NbTi)3Sn superconductor. In this period, the critical current density per non-
copper area of the copper-stabilized multifilamentary Nb3Al superconductor improved to be more 
than 500 A/mm2 at 12 T, which is the same level as those of (NbTi)3Sn commercial wires [2.4-3]. 
With 324 Nb3Al strands, a large cable-in-conduit forced-cooled-type conductor, whose designed 
capacity was 10 kA-12 T and critical current was 20 kA-12 T, was fabricated and waits for being 
tested [2.4-4]. 

Fig.V.2.4-1 A developed 32-mm-borc high-field 
superconducting coil and its 13-T 
background-field coil. With this coil 
system, the magnetic flux density of 
18.4 T was obtained at 4.2 K, which was 
the world record achieved with the 
superconducting coil operated at 4.2 K. 
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2.4 High field coil development 
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2.5 Cryogenic system development 
In this period, there were following activities in the field of the cryogenic system 

development; (1) A basic specification of the cryogenic system for the C.S. Scalable Model Coils 
was determined and (2) A large helium turbo-expander with variable capacity was developed. 

2.5.1 Cryogenic system for the C.S. scalable model coils 
Cooling requirements of the C.S. scalable model coils are as follows: 

(1) Supercritical helium supply mass flow rate Total 1000 g/s 
(2) Supercritical helium supply temperature Minimum 3.8 K 
(3) Supercritical helium supply pressure 0.5-1.0 MPa 
(4) Allowable coil pressure drop Less than 0.2 MPa 
(5) Current lead capacity 40-50 kA x 3 pairs 

The capacity of the cryogenic system which satisfies these requirements is determined to 
have the refrigeration capacity of 8 kW at 4.5 K or the liquefaction capacity of 1,200 1/h. A 
cryogenic pump system will be adopted as the system which supplies the supercritical helium to 
the coil system. The basic block diagram is shown in Fig.V.2.5-1. This cryogenic system will be 
the biggest helium cryogenic system in Japan. 

2.5.2 Development of a large helium turbo-expander with variable capacity 
A large helium turbo-expander with variable-flow-capacity mechanism has been developed, 

which will perform the effective refrigeration power control. A type of variable nozzle vane 
heights is selected as the mechanism. The performance test was carried out and the turbine 
efficiency was measured in the large range of the blade-jet speed ratio (U/Co) from around 0.2 to 
0.85. In the results, the smooth operation of variable flow capacity and the effective turbine 
power control were verified. The design specification and the structure of the developed turbine 
are shown in Fig.V.2.5-2. 

2.6 Development of cryogenic structural materials 
The Japanese Cryogenic Steels (JCS) were successfully developed in collaboration with 

four steel companies. Evaluation of tensile, Charpy, and fracture properties of JCS was 
completed and fatigue tests were started to generate design data base for ITER superconducting 
magnets. Fatigue crack growth rates (FCGR) of several JCS were measured using computerized 
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Fig.V.2.5-1 C.S. scalable model coil cryogenic system block diagram. 
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compliance technique at 4 K. FCGR tests were performed under the condition; constant load of 
3500 and 4800 kg, frequency of 10 Hz, and stress ratio of 0.1. The representative result of 
CSUS-JN1 is shown in Fig.V.2.6-1. A linear relation between FCGR and stress intensity factor 
range is obtained. The relation in accordance with Paris's law is expressed the following 
equation. 

da/dN^llxlO-^CAK^.? 
where, da/dN and AK are in mm/cycle and in kg/mm1-5, respectively. 

Serious problems when stainless steels are used as a conduit material of a Nb3Sn 
conductor are (1) degradation of superconducting properties due to thermal strain and (2) 
degradation of ductility of a conduit material after aging for Nb3Sn reaction. Thermal contraction 
of titanium is similar to that of Nb3Sn. Therefore, titanium is one of candidates for a conduit 
material. Tensile and Charpy tests were conducted at 4 K to examine mechanical properties of 
titanium after aging. Since the elongation and Charpy absorbed energy increased after aging it was 
verified that titanium was useful as a conduit material of a Nb3Sn conductor. 
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.V.2.6-1 FCGR of CSUS-JNI at 4 K. 

- • 7 9 -

}
 

t-
伊

Ul
 

l
 

l
 

《‘恥1心¥EHI

compliance technique at 4 K. FCGR tests were performed under the condition; constanlload of 

35∞and 4800 kg， frequency of 10 Hz， and stress ratio of 0.1. The representative result of 

CSUS-JNl is shown in Fig.V.2.6・1.A linear relation between FCGR and stress intensity factor 

The relation in accordance with Paris's law is expressed the following range is obtained. 

equation. 

da/dN = 2.1 x 10・12(aK)3.7 

where， da/dN and aK are in mnνcycle and in kg/mml.5， respectively. 
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conductor are (1) degradation of superconducting properties due to thermal strain and (2) 

degradation of ductility of a conduit material after aging for Nb3Sn reaction. Thermal contraction 

of titanium is similar to that of Nb3Sn. Therefore， titanium is one of candidates for a conduit 

material. Tensile and Charpy tests were conducted at 4 K to examine mechanical properties of 

titanium after aging. Since the elongation and Charpy absorbed energy increased after aging il w錨
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3. Beam Technology 
3.1 Introduction 

Beam technology oriented to neutral beam (NB) injector has been advanced mainly in a 
negative ion source R&D. After succeeding in 10 A negative hydrogen ion beam production, the 
efforts are concentrated on long pulse operation and high energy acceleration of the negative ion 
beams. In parallel, design works on a negative-ion-based NB system has been progressed to 
figure out a more reasonable current drive and heating system for the next generation fusion 
devices. Positive ion beam technology R&D has also been continued for applications toward a 
long life ion source and a plasma neutralizer. 

3.2 Negative ion beam technology 
For the next generation fusion devices such as ITER, development of negative ion source 

is a key to realize the negative-ion-based NB system. The required performance is to produce high 
current (> 10 A), high energy (500 keV ~ 1.3 MeV) negative ion beams for long durations (10 s ~ 
2 weeks). To satisfy these specifications, much effort[3.2-l] has been devoted in these years. The 
R&D's were progressed in the following directions. 
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3.2.1 Improvement of high current source[3.2-2] 
Further R&D's on high current negative ion source has been desired to improve the 

negative ion production efficiency over a wide operational condition. Especially, operation at 
lower pressure is of importance not only to reduce stripping loss of the ions in the accelerator but 
also to minimize gas evacuation instruments of the NB system. 

A semi-cylindrical plasma generator 
combined with an extractor was tested. The 
plasma generator has large volume (34 cm 
dia., 104 cm long) and strong cusp magnets, 
resulting in good confinement of the source 
plasma. The negative ion was extracted from 
center region of the plasma generator 
through 133 apertures (9 mm dia.). Figure 
V.3.2-1 shows a result, negative ion current 
as a function of gas filling pressure, 
obtained with and without seeding cesium 
into the source. Before seeding cesium 
(without Cs), the current decreased rapidly 
as reducing the gas pressure. The optimum 
pressure was 1.2 Pa in the pure volume 
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operation. By seeding cesium, the current at the lower pressure increased drastically. After 60 s 
injection of cesium, the current attained a considerable value of 0.67 A (8 mA/cm2) even at very 
low pressure of 0.03 Pa. 

This operational pressure is one order of magnitude lower than that of former sources. 
These results are utilized for the larger negative ion source experiment in cooperative activities 
concerning an energy recovery system using a negative ion beam, between JAERI and EC (CEA -
Cadarache). 

3.2.2 Long pulse operation 
In a long pulse operation of negative ion beam, the crucial points are the cesium 

consumption and the durability of the source. For these tests, a source was manufactured adopting 
a heatproof structures; e.g. material choice, arrangement of water cooling pipes, stress absorbing 
structures in the accelerator grids, and so on. 

After seeding a small amount of cesium (approximately less than 200 mg), the source was 
operated for 2000 shots of 0.2 s pulse, then the pulse length was expanded to 1 s for 1000 shots. 
During the test, no evidence of cesium shortage was observed in the source; i.e. the current was 
kept high value of cesium seeded condition. High voltage holding in the accelerator was functional 
without influence of the cesium leakage. As a result, it was demonstrated that the cesium 
consumption rate is very low in the case of volume 
production type negative ion source. 

The source was served to a source 
durability test. In the cesium seeded condition, 
operation of 1000 s pulse was succeeded with the 
H" current density of 13 mA/cni2. Infrared camera 
and thermocouple monitors showed that the source 
was cooled effectively by the heatproof structure. 
As shown in Fig. V.3.2-2, the source was 
operated stably producing a well converged H" 
beam, showing that the H - beam property, such as 
the beam current of the cesium seeded volume 
production type source, does not change during the 
pulse. 

3.2.3 High energy acceleration and the beam optics 
A new test stand with the capability of 350 keV, 
200 mA was constructed, and has been served to a 
high energy acceleration experiment. As the first 
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step of the experiment, '250 keV negative ion source[3.2-3]' was installed to the test stand. A 
unique feature of the source was the long gap for single stage electrostatic acceleration. The 
accelerator column was made of FRP sustaining a DC voltage of 250 keV. Figure V.3.2-3 shows 
an example of the beam formed by the source.The beam divergence was reduced to 1.5 mrad at the 
optimum operation of 70.2 keV, 3 mA.The beam emittance was estimated to be a remarkably small 
value of less than en(i/c) = 0.008 JI cm mrad. The beam energy was increased up to 240 keV, and 
any trouble on neither voltage holding nor beam optics were observed. 

Fig.V.3.2-3 Finely converged negative ion beam propagating in a vacuum. 

For the next step, a new source called '350 keV source' was fabricated as shown in Fig. 
V.3.2-4. The source has a two-stage, multi-aperture accelerator system to demonstrate the 
integrated performance of 350 keV, 0.1 A and 5 minutes negative ion beam production. 

Fig.V.3.2-4 '350 keV source' installed to negative ion acceleration lest stand. 
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佃 exampleofthe beam formed by the source.The beam divergence was reduced to 1.5 nu叫 atthe 

optimum operation of70.2 keV， 3 mA.l‘he beam emittance was estimated to be a remarkably small 

value of less than en(l/c) = O.∞8πcm mrad. The beam energy WllS increased up to 240 keV. and 

any trouble on neither voltage holding nor beam optics werc observed. 

Fig.V.3.2-3 Fincly convcrgcd negalive ion beam propagating in a vacuum. 

For the next step， a new sOllrce called '350 keV sOllrce' was fllbricllted as shown in Fig. 

V.3.2・4.The source has a two-stage， multi-aperture accelerator system to demonstrate the 

integrated performance of 350 keV， 0.1 A llnd 5 minutes negative iOI1 beam production. 
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Fig.V.3.2-4・350kcV sourcc' insl:lllcd 10 ncgalivc ion accclcra!ion !CSI sland. 
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3.3 Design work of negative-ion-based NB system 
As the final year of ITER CDA phase, the Japanese contribution on ITER NB system 

design was reviewed and summarized|3.3-lj. Fig. V.3.3-1 shows a plane view of the ITER NB 
system. In FY1990, following two issues were investigated. i)Maintenance[3.3-2]: System 
concept was defined by developing the assemble/disassemble scheme on a basis of checking parts 
and components.The maintenance scenario was considered as to be fully remote-handled. 
ii)Neutronics[3.3-3j: Neutronics environment in the NB system was made clear by a two 
dimensional computation. It was found that beamline components were exposed to a considerable 
high flux of high energy neutrons. The flux of high energy (>0.1 MeV) neutrons were evaluated 
to be orders of 109 ~ 10 1 1 n/cm2s at the ion source position. However, induced radioactivity in 
NB room wall could be reduced to a permissible level by adopting a SS neutron shield around the 
NB module. 

Fig.V.3.3-1 A plan view of ITER NB syslcm. 
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concept was defined by developing the assemble/disassemble scheme on a basis of checking parts 

and components.The maintenance scenario was considered as to be ful1y remote-handled. 

ii)Neutronics[3.3-3 J: Neutronics environment in the NB system was made clear by a two 

dimensional computation. It was found that beamline components were exposed to a considerable 

high flux of high energy neutrons. The flux of high energy (>0.1 Me V) neu釘onswere evaluated 
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Fig.V.3.3・1A plan vicw of ITER NB syslcm. 
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3.4 Positive ion beam technology 
3.4.1 ECR/RF plasma generator(3.4-1] 

For R&D on plasma neutralteer and long 
life ion source, fundamental research on ECR/RF 
plasma generator was progressed. One of 
challenges was made by injecting 2.45 GHz 
microwave into a cylindrical multicusp plasma 
generator. Fig. V.3.4-1 shows a variation of ion 
saturation current obtained by a Langmuir probe 
measurements. After mode changes of discharge, 
a hydrogen plasma of 1.6 x 10 1 1 n/cm3 was 
produced above a threshold power of 1.3 kW. 
The plasma density was more than twice higher 
than the cutoff density of 2.45 GHz microwave. 
Spatial uniformly of the plasma was confirmed 
over an area of 12 cm in diameter. 

This results are available not only in beam technology for fusion but also in a wide range of 
industrial applications. 
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Fig. V.3.4-1 Ion saturation current dependence on 
ECR power in a multicusp plasma generator. 

3.4.2 Large scale cryo-sorption pump 
In fusion reactor, it is required to evacuate not only hydrogen isotopes but also helium gas. 

By applying know-how accumulated in R&D's of JT-60 NB injector cryopump, we have 
developed a large scale cryo-sorption pump using SF6 condensed layer. Basic data of the pump 
have been obtained up to 800 m3/s class pumps. 

Reference 
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4. RF Technology 
4.1 Introduction 

In FY 1990, an emphasis has been placed on the construction of a gyrotron test facility 
which will be used to develop the high power long pulse gyrotron and the ECH components, for 
JT-60U and ITER/FER. We also have demonstrated that a high-power 120 GHz whispering-
gallery-mode gyrotron with a built-in quasi-optical mode converter generates the maximum, power 
of 548 kw, 1 msec with an efficiency of 30.4%. 
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3.4 Positive ion beam technology 

3.4.1 ECRlRF plasma genemtor[ 3.4・1]
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This reslIIts are available not only in beam technology for fusion but also in a wide range of 

industrial applications. 

3.4.2 Large scale cη0・so中tionpump 

In fusion reactor， it is rCl}uircd to evacllate not only hydrogcn isotopes but also helium gas. 

By upplying know-how accumuluted in R&D's of JT・60NB injector cryopump， we have 

developed a large scale cryo・sorptionpump using SF6 condensed layer. Basic data of the pump 

have been obrained up to 8α) m3/s class pumps. 
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4. RF TechnoJogy 

4.1 Introduction 

In FY 1990， an emphasis has been placed on the construction of a gyrotron test facility 

which will be used to develop the high power long pulse gyrotron and the ECH components， for 

We also have demonstrated that a high-power 120 GHz whispering-JT -60U and ITER/FER. 

gaUery-mode gyrotron with a built-in quasi-optical mode converter generates the maximum. power 
of 548 kw， 1 msec with an efficiency of 30.4%. 
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4.2 Construction of gyrotron test facility and development of the LHRF launcher 
To investigate mm-wavelength components at a frequency of 110-140 GHz for JT-60 and 

ITER technology R & D;. launcher, polarizer, vacuum window, mode converter etc., at the 
power level of 0.5-1 MW, the klystron test facility at JAERI, Naka, originally intended for 
developing a 1 MW, 2 GHz klystron and relating high power microwave components for JT-60 
has been modified for testing of the high power gyrotron at -90 kV with a load current of 30-35 A 
dc. The load duty cycle is 1/15 for 10 seconds duration of up to -90 kV. Fabrication and 
installation of the gyrotron test facility is completed in March, FY 1991 and its final testing is to be 
ended by April, FY 1991. Figure V.4.2-1 shows the photograph of the gyrotron test facility. 

Design, fabrication and low power test of a new type of the multi-junction grill has been 
made. It consists of six element multi-junction with a tapered waveguide from the standard sized 
guide to the oversized guide in 2 GHz range. This concept will be applied to the next LHCD 
launcher manufactured for JT-60U in FY1991-92. 

Fig.V.4.2-1 JAERI lest facility of gyrotron and millimeter 
wavelength components. 

4.3 Investigation of high power gyrotron and ECH components 
4.3.1 Developments of 120 GHz gyrotron 

Research and development of a 120 GHz gyrotron have been carried out at JAERI for the 
application to an electron cyclotron resonance heating (ECH) in a fusion reactor. In the work ol 
FY1989, the power generation of more than 500 kW at 120 GHz was succeeded by using i 
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4.2 Construction of gyrotron test facility and development of the LHRF launcher 

To investigate mm-wavelength components at a frequency of 110・140GHz for JT・60and

lTER technology R & 0;. launcher， polarizer， vacuum window， mode converter etc.， at the 

power level of 0.5・1MW， the klystron test facility at JAERI， Naka， originally intended for 

developing a 1 MW， 2 GHz klys汀'onand relating high power microwave components for JT・60

has been modified for testing of the high power gyrotron at・90kV with a load current of 30・35A

dc. The load duty cycle is 1/15 for 10 seconds duration of up to ・90kV. Fabrication and 

installation of出egyrotron test facility is completed in March， FY1991 and its final testing is to be 

ended by April， FYl991. Figure V.4.2・1shows the photograph of the gyro官ontest facility. 

Design， fabrication and low power test of a new type of the mu1ti-junction grill has been 

made. It consists of six element mu1ti-junction with a tapered waveguide from the standard sized 

guide to the oversized guide in 2 GHz range. This concept will be applied to the next LHCD 

launcher manufactured for JT・60Uin FY1991・92.
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whispering gallery mode. In FY1990, the development of the gyrotron built in a quasi-optical 
mode converter is carried out [4.3-1,4.3-2]. 

The configuration of gyrotron is illustrated 
in Fig.V.4.3-1. The millimeter wave power 
generated in a cavity with the whispering gallery 
mode is radiated by the a-cut Vlasov type radiator 
and parallel beam is formed by using the flat and 
curved reflectors. The output power is lead out as 
the Gaussian beam through the ceramic window 
attached on the side of the gyrotron. The heat load 
density of the collector by the electron beam is one 
of the major problem of the high power long pulse 
gyrotron. The collector diameter can be extended 
by separating the path of millimeter wave and the 
electron beam after passing cavity, as a result, the 
heat load density of the collector by the electron 
beam is decreased significantly. The field 
patterns of the output beam are shown in 
Fig.V.4.3-2. Figs.V.4.3-2(a), (b) are the 
calculated results and the experimental result at 
low power, respectively. The clear Gaussian 
power distribution is obtained in both cases. 

Fig.V.4.3-1 Configuration of the gyrotron. 

The maximum output power is 548 kW at a pulse duration of 1 msec. The pulse duration is 
restricted by the capacity of the power supply. The efficiency of 30.4% is obtained at a beam 
voltage of 76.7 kV and a beam current of 24 A. . The dependence of the output power and the 
efficiency on the beam current are shown in Fig.V.4.3-3. The research and development of an 
120 GHz gyrotron will be continued in FY1991, and testing of the long pulse gyrotron will be 
carried out using the JAERI gyrotron test facility in FY1991. 

— - Cavity Resonator 

ctron Gun 

4.3.2 Component of high power millimeter wave transmission system 
The improvement of the conversion efficiency from the whispering gallery mode, which is 

a most typical operation mode of the high power gyrotron, to the Gaussian beam is important for 
the improvement of the transmission efficiency of the ECH system. Also, it is crucial problem for 
a built-in converter gyrotron itself (described in Fig.V.4.3.1) because the escaped power is 
absorbed inside the gyrotron, which may cause the arcing or welding of the inside wall. The 

K(i 

.JAI-:HI-M 91--1!i!l 

whispering gallery m'Ode. In FY1990， the devel'Opment 'Of the gyr'Otr'On built in a quasi-'Optical 

mode c'Onverter is carried out [4.3・1，4.3-2].
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Fig.V.4.3・1Conliguration of thc gyrotron_ 

The maximum 'OUtput power is 548 kW at a pulse durati'On of 1 msec. The pulse durati'On is 

restricted by the capacity 'Of the p'Ower supply. The efficiency 'Of 30.4% is 'Obtained at a beam 

vo1tage of 76.7 kV and a beam current of 24 A.. The dependence of the output power and the 

efficiency'On the beam current are sh'Own in Fig.V.4.3・3. The research and devel'Opment 'Of an 

120 GHz gyrotr'On will be c'Ontinued in FY1991， and testing 'Ofthe long pulse gyr'Otr'On will be 

carried 'Out using the JAERI gyro町'On飽stfacility in FY1991. 
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research of the quasi-optical mode converter is carried out aiming the improvement of the 
conversion efficiency. 
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Fig.V.4.3-2 Cross section profile of wave at 389 mm from final 
reflector of the gyrotron. 
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The newly proposed converter by JAERI generates the Gaussian beam directly from the 
whispering gallery mode using the two 3 dimensional reflection mirrors. The radiated rays by 
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research of the quasi-optical mode converter is carried out aiming the improvement of the 

conversion efficiency. 
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Distribution 

the radiator is reformed into the the center peaked power distribution using the first mirror, and 
these rays are reformed into the parallel beam sequentially using the second mirror. As the result, 
the diffraction loss decreases and the efficiency increases. In FY 1990, the design of the converter 
and the fabrication are carried out for the quasi-optical transmission system on MTX, which is 
going on under the US-Japan international collaboration. 

The path of rays are illustrated in 
Fig.V.4.3-4. The density of rays corresponds 
to the power density of the beam. It is found 
that the ray of Gaussian power distribution 
with the parallel beam can be formed. The 
fabrication was done using the 3-axes milling 
machine. In FY 1991, the low power test 
using the whispering gallery mode generator at 
140 GHz and this converter system will be 
applied to the MTX on LLNL. 
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Fig.V.4.3-4 Ray palh of Vlasov Convcrlor. 

4.4 FEL research 
Millimeter wave Free Electron Laser (FEL) has been experimentally investigated using 1 

MeV, 3 kA induction linac [4.4-1]. 
In the experiment, a focusing type wiggler has been used; the surface of each magnet is 

sinusoidally curved which suppress the electron beam divergence when passing through the 
wiggler. The wiggler pitch is 5 cm and the total pitch number is 30 (Fig.V.4.4-1). 

From 30 GHz to 60 GHz, super radiation due to FEL mechanism was observed 
(Fig.V.4.4-2); the growth rate was about 0.4 dB/cm which means original noise radiation at the 
entrance of the wiggler is amplified by about million times at the exit of the wiggler (Fig. V.4.4-3). 
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4.4 FEL research 

Millimeter wave Free Electron Laser (FEL) has been experimentally investigated using 1 

MeV， 3 kA induction linac [4.4・1). 

In the experiment， a focusing type wiggler has been used; the surface of each magnet is 

sinusoidally curved which suppress the electron beam divergence when passing through the 

wiggler.百lewiggler pitch is 5 cm and the total pitch number is 30 (Fig. V.4.4-1). 

From 30 GHz to 60 GHz， super radiation due to FEL mechanism was observed 

(Fig.V.4.4-2); the growth rate was a肱川t0.4 dB/cm which means original noise radiation at the 

entrance of the wiggler is amplified by about million times at the exit of the wiggler (Fig. V.4.4-3). 
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Fig.V.4.4-3 Relation between radiation power and integration length. 
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4.5 Design study of RF heating and current drive system for FER and ITER 
Conceptual design has been completed on the LHRF, ECRF and ICRF heating systems for 

FER and ITER [4.5-1,4.5-2,4.5-3]. As for FER, 30 MW, 5 GHz LHRF system is selected for 
current ramp-up assist and current drive in the outer region of the plasma, together with 50 MW, 
0.5-1 MeV NB as central current drive and heating system. In order to supplement a central 

-89~ 

y(x) =よ'sinh.1(~旦ー}
k. 'coshk.X 

coshk.X. sinkyY =白
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4.5 Design study of RF heating and current drive system for FER and ITER 

Conceptual design has been completed on出eLHRF， ECRF and ICRF heating systems for 

FER and ITER [4.5・1，4.5-2，4.5・3].As for FER， 30 MW， 5 GHz LHRF sys飽mis鵠 Iectedfor 

current ramp-up assist and current drive in the outer region of the plasma， together with 50 MW， 

0.5・1Me V NB as central current drive and heating system. In order to supplement a cen釘'aI
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heating capability, either 20 MW, 50-85 MHz ICRF system or 20 MW, 140 GHz EC system is 
added. Table V.4.5-1 summarizes the design parameters of the rf heating and current drive 
systems for FER and ITER. Numbers in the parenthesis are for ITER. 

Table V.4.5-1 Design parameters of llic LHRF, ECRF and ICRF heating and current drive system for 
FER and ITER (Numbers in Uie parenthesis arc for ITER). 

LHRF ECRF ICRF 
Injection power 25 (45) 25 (20) 25(115) 

(MW| 
Frequency 5 GHz 140 (120) GHz 120-160 

(15~80)MHz 
Pulse length 1000 sec 

(2 Weeks) 
ibid. ibid. 

No. of ports 1(2) 1 1 (5;40 antennas) 
RF source: 

number 78(104) 28 24 (40) 
type klystron gyrotron tetrode 
unit power [MW] 0.7 1 1.5 (3) 

Launcher: 
type multi-junction array multi-mirror loop array 
power density 

|kw/cir)2] 
3.3 (4) 2.3 0.75 (0.43) power density 

|kw/cir)2] 
Total efficiency 0.44 (0.43-0.50) 0.36 (0.28) 0.53 (0.67) 

References 
[4.5-11 K. Uchara, T.Nagashima, Y.Ikcda el al., to be. published in JAERI-M (1991). 
[4.5-2] Y. Yumamoto, K.Sakamoto, M.Tsuncoka ct al., to be published in JAERI-M (1991). 
14.5-31 H.Kimura, M.Saigusa, Y.Saitoh ct al., JAERI-M 91-094. 

5. Tritium Technology 
5.1 Introduction 

Research and development for tritium technology have been performed for the purpose of 
engineering establishment of the tritium processing, blanket technology, tritium safe handling, and 
related technologies for fusion reactors. For the tritium processing and related technology, 
experimental studies of fuel cleanup, hydrogen isotope separation, and tritium analysis and 
measurements were accomplished by using ~1.5 g of tritium. Joint operation of Tritium Systems 
Test Assembly (TSTA) at Los Alamos National Laboratory under Annex IV has been continued in 
the fourth year of the collaboration. As a major activity in F. Y. 1990, experiments and operational 
tests were carried out for major components of the JAERI Fuel Cleanup System, which is a full-
scale plasma exhaust processing device developed and designed by JAERI. The tritium systems 
including the solid and liquid waste treatment systems as well as the tritium recovery system for 
the driver blanket have been designed for Fusion Experimental Reactor (FER) and ITER. The 
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No. of ports I (2) 1 (5;40 antennas) 
RF sOllrce: 
nllmber 78 (104) 28 24 (40) 
type kly0s.t7 ron gyrotron tetr.吋e
lInit power [MW] 1.5 (3) 

Launcher: 
type multi-j3u.n3 ctionmy mlllti -mirror 

0lo.7o5p (a0m.4y 3) 

powe3flr nkdcwei/enCns1c1i1tv y 41 
(4) 2.3 

Tota1 efficiency 0.44 (0.43-0.50) 0.36 (0.28) 0.53 (0.67) 

Rererences 
[4.5・1J K. Uchara， T.Nagashima. Y.lkcda cl al.， 10 bc publishcd in JAERI-M (1991). 
14.5・2]Y. Yamamoto. K.Sakamoto， M.Tsuncoka Cl al.， to bc publishcd in JAERI・M(1991). 
[4.5・3]H.Kimura， M.Saigusa， Y.Saitoh ct al.， JAERI・M91・094.
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safety systems of Tritium Process Laboratory were fully in tritium service for the above-mentioned 
experimental apparatus, and were successfully operated without off-normal tritium release. 

5.2 Development of tritium processing technology in TPL 
5.2.1 Fuel cleanup 

The experiment of the fuel cleanup system (FCU) was continued to improve the operation 
stability and performance in processing simulated plasma exhaust. Continuous feed of the DT 
flow to the system inlet at around 2 liter/min was successfully maintained in a 3 days run. 
Nitrogen and methane were tested as impurities. Electrolysis cell showed better performance with 
oxygen-free carrier for the regeneration of the cold traps. Poor trapping of tritiated water vapor at 
the cold traps was observed when the traps were switched. More improvement is needed on the 
transient characteristics of the traps. To date, more than 3 million Curies of tritium was processed 
in the FCU. The major objective of the FCU experiment to establish the technology to process 
plasma exhaust and to demonstrate the ability to handle large amount of tritium in a closed loop 
were almost achieved. Future experiments will emphasize the better understanding of the 
performance of the components and possible modification on the configuration of the process. 

5.2.2 Hydrogen isotope separation 
Distillation experiments of single columns and a two-column cascade were carried out 

with H-D-T system (1.5 g of tritium) for both the steady-state and dynamic separation 
characteristics. The columns used were differention inner diameters (1 cm and 2 cm) and the sizes 
of the packings (3 mm Dixon ring for the larger column and 1.5 mm Dixon ring for the small 
column). In the two-column cascade operation, the larger column was used as that of the lead, 
and a bottom flow was supplied to the second column as a feed. The experi-mental observations 
for corn-position distributions at the steady-state were in close agreement with calculated results 
for all the components regardless of the column dimensions and operation modes. The HETP 
values measured were in the range from 3 to 6 cm. In the single column experiments, the steady-
state compositions distributions were formed within 2 hr. For the two-column cascade operation, 
the system needed about 6 hr to reach the steady-state. The dynamic variation of the composition 
in the bottom product stream experimentally observed was well predicted by computer-aided 
simulation. On the other hand, for the top product stream, the variation was significantly slow in 
comparison with that of the calculated result using the assumption that the liquid holdup in the 
condenser was negligible. Figure V.5.2-1 shows an example of dynamic variation of composition 
distribution in the top product stream of the lead column under the two-column cascade operation. 
Experimental and calculated conditions are listed in Table V.5.2-1. Considering the above-
mentioned results, it can be expected that the columns have the appreciable liquid holdups at the 
condensers. 
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100 
Table V.5.2-1 Experimental and calculated conditions. 

lead column second column 

Liquid holdup fool) 
reboiler 1.5S 4.92 
Packed section 0.8E 0.22 
condenser- 2.1 0.8 

Top floK rate (mol/b) 5.6 2.2 
Bottom flow rate (mol/h) 3.9 1.7 
Number of total 
theoretical stages 10 10 
Feed stage number 3 7 
Pressure (Torr) 576 534 
Vapor velocity (cm/s) 5.6 8.0 
Reflux ratio 7.1 5.3 

0 2 4 6 8 10 

Distance froe bottom of the last column (a) 

Fig. V.5.2-2 Composition distribution within the 
four columns. 

The hydrogen isotope separation experiments by the thermal diffusion have been 
performed with H-T, D-T, and H-D systems. The apparatus is composed of four thermal 
diffusion columns, and is designed to recover tritium diluted by operation and experiments at TPL 
(Tritium Process Laboratory). Each column is 29.4 mm in inner diameter and 2.5 m long, whose 
outer wall is cooled with chilled water (~283 K). The hot wire temperature can be raised up to 
1,273 K. First series of experiments was carried out by usi.ig a single column with H-T, D-T, 
and H-D systems to examine optimum operating condition (especially for column pressure). Next 
series of experiments was carried out by inter linking the four columns at a total reflux mode with 
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The hydrogen isotope separation experiments by the thermal diffusion have been 

performed with H-T， D-T， and H-D sys飽ms. The apparatus is composed of four thermal 

diffusion columns， and is designed to recover tritium diluted by operation and experiments at TPL 

(Tritium 針。cessLaboratory). Each column is 29.4 mm in inner diameter and 2.5 m long， whose 
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H-T (0.7 g of tritium) system under the optimum operating conditions determined for the single 
column experiments. In Figure V.5.2-2, the composition distribution experimentally observed is 
presented with the calculated result for the column whose height is four times as large as that of the 
single column. The experimental observation is in close agreement with the calculated result. It 
was thus verified that the thermal diffusion system cloud be divided into several columns without 
loss of separation performance. 

It has recently been pointed out by theoretical works that the thermal diffusion column 
whose wall is refrigerated to cryogenic temperature (liquid nitrogen temperature) has a possibility 
of remarkable enhancement factor compared with an ordinary-cold wall using water. We have 
designed and constructed an experimental apparatus of the above-mentioned cryogenic-wall 
thermal diffusion column, and have initiated separation experiments with H-D system. 
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5.2.3 Tritium analysis and measurement 
To establish system control and 

tritium inventory accounting in fusion 
fuel processing systems, analytical 
method for processing gases should be 
developed. From this viewpoint we 
have continued development of a real 
time and in-situ process gas analyzer 
using laser Raman spectroscopy. To 
accumulate basic data for analysis of 
various gases expected in plasma 
exhaust, Raman spectra of hydrogen 
isotopes except tritium and various 
deuterided methanes had already 
measured during the last fiscal year. 
In this fiscal year, our attention was focused on measure-ment of tritium gas spectrum. In Figure 
V.5.2-3 is shown an apparatus for measure-ment of tritium gas spectrum. The apparatus is 
installed into a hood in which 10 Ci (3.7 x 10 n Bq) tritium gas can be handled. Raman scattering 
spectra of tritium gas were measured successfully using the apparatus shown in Figure V.5.2-3. 
Figure V.5.2-4 shows the Stockes rotational lines of the Raman spectrum for H2+D2+T2 gas 
mixture (H2:D2:T2=1:1:1). As can be seen from the figure, it is possible to identify the six 
hydrogen isotopes by selecting appropriated Stockes lines. The Stockes lines of 200, 245, 415, 
395, 267, and 587 c m 1 were selected as those for analysis of T 2 , DT, D 2 , HT, HD, and H 2 , 
respectively. Quantitativeness of those Stockes lines were also studied. The intensity of the 
Stockes lines of 587 cm 1 for H2 and 415 cm - 1 for D2 were measured as a function of their partial 

Fig. V.5.2-3 Laser Raman spectroscopic analyzer for tritium gas 
measurement and treatment. 
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Fig. V.5.2-4 Stockes rotational Raman spectrum of H 2, D 2 and T 2 (1:1:1) complex gas. 

pressure in the cell. The experimental result is shown in Figure V.5.2-5. A good linearity was 
shown between the Stockes line intensities and the partial pressure from 0.05 to 100 kPa. This 
fact means that the Stockes lines are useful for a quantitative analysis for the hydrogen isotopoes. 
Detection limits of partial pressure were estimated to be about 0.05 kPa for H 2 and 0.1 kPa for D 2 , 
assuming S/N=2. The detection limits of 0.05 and 0.1 kPa are equivalent to 500 and 1,000 ppm 
at normal atmospheric pressure gas, respectively. The detection limits obtained in the present 
study are not always sufficient for the process gas analyzers of the fusion fuel processing systems. 
It, however, can be possible to increase the 
detection limits more than two order 
magnitudes using multiple pass technique 
and a higher power laser. From the 
experimental results described above, 
Raman spectroscopy is expected to be 
applicable to a real time and the in-situ gas 
analyzer for the fusion fuel processing 
systems. 
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5.2.4 Tritium-material interaction 
Ion implantation-driven permeation 

of tritium into first wall coolants could be a 
serious problem from a viewpoint of 
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Fig. V.5.2-5 Relationship between partial pressure of Hj 
and D 2and Raman intensity. 
Laser wavelength, 488 nm; power, 700 mW; 
spectrum resolution, 5 cm"1. 
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tritium safety in D-T fusion reactors. To estimate tritium permeation fluxes through candidates of 
constructional materials of first walls, we have accumulated experimental data using an apparatus 
which produces hydrogen isotope ion beams in the energy range from 100 to 2,000 eV. In this 
fiscal year, we paid our attention to investigation of permeation behavior of deuterium implanted 
into iron, aluminum and molybdenum. We studied dependencies of incident ion energy, incident 
ion fluxes and temperatures on the permeation fluxes of deuterium implanted into those metals. 

5.3 Development of fuel processing technology under JAERI-LANL(DOE) 
The research program under the "Annex IV to the Implementing Arrangement between 

JAERI and United States Department of Energy on Cooperation in Fusion Research and 
Development for the DOE-JAERI Collaborative Program" (hereinafter referred as the Annex IV) 
entered in the fourth year of the collaboration. The Joint operation of TSTA at Los Alamos 
National Laboratory (LANL) resulted the operations of the integrated loop including the Fuel 
Cleanup and Isotope Separation. 

Major effons were focused on the JAERI Fuel Cleanup System (JFCU), a full-scale 
plasma exhaust processing device developed and designed by JAERI and installed in the TSTA in 
early 1990. A number of cold testing and modifications were performed on the JFCU. 
Components such as the palladium diffuser, cold traps, catalytic reactor, scroll pump and 
electrolysis cell were tested independently as well as in the integrated process tests. 

The permeability of hydrogen 
isotopes were measured with the palladium 
diffuser-scroll pump loop. Baking of the 
membrane at 450°C in oxygen followed by 
hydrogen reduction improved the poor 
initial permeability suspected to be affected 
by a surface contamination. Figure V.5.3-
1 summarizes the permeation flux of 
hydrogen through the diffuser as the 
function of differential partial pressure 
across the membrane. Effect of the baking 
is indicated. Satisfactory processing rate 
with tritium can be expected, according to 
the isotopic ratio of permeability obtained 
in the previous studies. 

A Normetex scroll pump that 
evacuates the permeated side of the 
palladium diffuser, and compresses 
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Fig.V.5.3-2 Comparison of pumping characteristics for 
hydrogen, deuterium and helium in the Scroll pump. 

purified hydrogen isotopes for supply to 
the ISS was tested with He, H2 and D2. 
Poor compression of light gas by the 
pump, probably due to the mechanical 
property of the gas was observe as shown 
in the Fig. V.5.3-2. It was revealed that 
the scroll pump that was expected to 
compress hydrogen isotopes from 5 torr to 
800 torr at the throughput of 6 liter/min 
will not meet the requirement. A metal 
bellows pump MB-601 was installed at the 
discharge side of the scroll pump to 
improve the compression. Both 
compression ratio and ultimate pressure of 
the system were improved and designed 
throughput was met with either deuterium 
or hydrogen. 

Conversion of CH4 and NH3 at the catalytic reactor was tested as the function of 
temperature. Both species were completely oxidized at the temperature above 450°C. Gas 
chromatograph system was used for the measurement and some difficulty in operation was 
experienced. 

The total performance tests of the 
JFCU was conducted with deuterium-
impurity mixtures. Purification of 
deuterium, oxidation of impurities(CH4 and 
NH3), trapping and decomposition of 
water, and gas analysis by the GC system , 
and supply and recovery of deuterium with 
the large Zirconium-Cobalt Bed were 
successfully tested in a interlinked process. 
A problem was uncovered on the cold traps 
and some modifications were attempted. 
During the integrated test, humidity spikes at 
the outlet of the trap. Addition of baffle or 
filter in the traps, control of pressure and 
flow rate across the traps, or change of 
valve sequence did not improve trapping 

330 
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Cold Trap Inlet 
with molecular sieve beds 
without molecular sieve bed. 
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1 

1 2 
Elapsed Time /h 

Fig. V.5.3-3. Moisture trapping by the cold traps of the 
JFCU. Effect of the small molecular sieve beds at the 
outlet of each traps arc shown. 
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efficiency. Small molecular sieve beds installed at the outlet of the traps removed the humidity 
spikes completely. Figure V.5.3-3 shows the humidity at the outlet of the cold traps with and 
without the molecular sieve beds. 

Preparation for the tritium experiment of the JFCU required intensive efforts. Hardware 
modifications performed on the JFCU besides the metal bellows pump and cold traps are; 
replacement of the Ceramic Electrolysis Cell, Modification of oxygen control system, minor 
change of plumbing, and addition of tritium monitor at the outlet of the system. Process 
connections between TSTA loop and JFCU and their secondary containments were completed in 
February by the intensive effort of mechanical technicians. Process vacuum and glovebox control 
service are provided by existing TSTA system. Secondary containment for the scroll pump was 
installed and tested in March, 1991. Some minor safety problems were found on electric system 
and corrected. Communication software between JFCU and the TSTA computer was completed 
and tested. Emergency shutdown command from the TSTA computer to JFCU was also 
installed. A number of documents were prepared for the Safety analysis and Operation Readiness 
Review of the JFCU in order to obtain an approval for tritium operation. 

Isotope separation experiment with 3-column cryogenic distillation was an major 
accomplishment. Very stable operation and low tritium concentration in the TD exhaust stream 
were successfully achieved. Column profile was measured with gas chromatographs and the 
result agreed well with the numerical simulation obtained with the code developed by JAERI. 
Advanced analysis system with laser Raman spectroscopy was interfaced. 

Experimental apparatus for the Raman spectroscopy installed in the last year started to 
operate with tritium. Radiochemical reaction with tritium and other gases were being studied with 
this system. This system is also used for the analysis of the gas sampled from the Isotope 
Separation System. 

5.4 Development of tritium safe handling technology 
5.4.1 Separation of tritium using polyimide membrane 

Polyimide membrane has a selective 
permeability for hydrogen gas and water 
vapor contained in air. A gas separation 
module containing hollow filament 
membranes made of polyimide has been 
developed to reduce volume of air 
contaminated with tritium. Figure V.5.4-1 
shows a conceptual flow diagram of the 
polyimide separation module. This module 
separates air contaminated with tritium into 

Waste Gas 

Permeated Gas 

Fig. V.5.4-1 Conceptual flow diagram of the polyimide 

separation module 
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two streams: air essentially free from tritium and small amount of gas in which tritium is 
concentrated. Factors affecting separation characteristics of the module, (Recovery ratio; R= (P x 
Xp / F x Xp) x 100), are the ratio of flow rate of permeated gas (P) to feed gas (F), (Cut; 8 = P / 
F), the ratio of feed gas side pressure (PH) to permeated side (PL), (Pressure ratio; y = PL / PH )» 
and operation temperature. Preliminary tests 
have been performed with nitrogen containing 
small amount hydrogen gas, where permeated 
side of membrane was evacuated. Relation 
between cut and recovery ratio of hydrogen gas 
is shown in Figure V.5.4-2. As an example, in 
the case where the pressure is 1,500 Torr for the 
feed gas and 10 Torr for the permeated side of 
the membrane (Pressure ratio = 7.0 x 10 -3), cut 
is 0.17 and recovery ratio is 96 %. This 
indicates that the permeation flow rate was 1/6 of 
that of feed, and concentration of hydrogen in 
the feed stream was reduced to 1/20. 
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Fig .V.5.4-2 Relation between cut and recovery ratio 
of hydrogen gas 

5.4.2 Operation of tritium safety systems 
The safety systems which composed of 

Glovebox, Glovebox gas Purification System 
(GPS), Effluent tritium Removal System (ERS), 
Air Cleanup System (ACS), Dryer Regeneration 
System (DRS) etc., were fully in tritium service 
without off-normal tritium release. Effluent from 
the experiments processed was about 1,900 m 3 in 
total and 550 Ci of tritium was recovered. Figure 
V.5.4-3 shows monthly release of tritium from TPL 
stack. Total tritium release to environment was less 
than 0.2 Ci in this period. 

J 
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Operating Monlh 

Fig. V.S.4-3 Monthly release of tritium from TPL 
stack (FY1990) 

5.5 Development of blanket technology 
5.5.1 Design works 

Conceptual design works were carried out on Blanket Out-of-pile Testing facility which is 
intended to be constructed in Naka site for the development of breeding blankets of International 
Thermonuclear Experimental Reactor (ITER). The Blanket Out-of-pile Testing Facility is designed 
for the basic blanket elements tests and the integrated functional tests of scalable blanket test units. 
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5.4.2 Operation of tritium safety systems 
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Glovebox， Glovebox gas Purification System 

(GPS)， Effluent tritium Removal System (ERS)， 

Air Cleanup System (ACS)， Dη明・ Regeneration

System (DRS) etc.， were fully in tritium service 

without off-normal tritium release. Effluent from 

the experiments processed was about 1，900 m3 in 

total and 550 Ci of tritium wus recovered. Figure 

V.5.4-3 shows monthly release of汀itium合omTPL 

stack. Total tritium release to environment was less 

than 0.2 Ci in this period. 

the feed stream was reduced to ]/20. 

5.5 Development of blanket technology 

5.5.1 Design works 

Conceptual design works were carried out on Blanket Out-of-pi1e Testing facility which is 

intended to be constructed in Naka site for the development of breeding blankets of International 

Thermonuclear Experimental Reactor (ITER). The Blanket Out-of-pile Testing Facility is designed 

for the basic blanket elements tests and the integrated functional tests of scalab1e blanket test units. 
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Also, the incorporating effort was continued to the design works on Blanket In-pile Testing 
Facility which was being carried out by the Department of Japan Material Testing Reactor Project. 
The design of Blanket In-pile Testing Facility was proposed to be the common facility for the 
blanket in-pile test. 
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5.5.2 Experimental works 
As part of the short term R & D of ITER Conceptual Design Activity (CDA), experimental 

works for the development of the blanket technology were carried out on the following items, 
i) Industrial production technology development 

Kilogram order of small sphere breeders and multiplier (1mm diameter of U2O, Li2Zr03, 
LL4S1O4 and Be, respectively) were produced to demonstrate the technology, 
ii) Thermo-mechanical evaluation tests of multiplier 

Thermal fatigue tests (200 °C ~ 700 °C, 1,000 cycles) and thermal stress tests (200 °C ~ 
700 °C, 0 ~ 5 kg/cm2-10,000 cycles) were initiated with produced Be sphere (1mm diameter), 
iii) Thermo-chemical evaluation tests 

Mass transfer experiments of breeders were carried out in humidified He gas (10,000 ppm, 
H2O ). Also, material compatibility 
tests were performed with breeders, 
multiplier and structure materials 
(SUS 316, SUS 316L and PCA) to 
certify the acceptable temperature 
limit, corrosion rate and so on. 
Figure V.5.5-1 shows one of 
obtained results by Be/SUS316 
compatibility test. Corrosion thick
ness was certified to have the linear 
relationship with the square root of 
time. 

Oxidation experiments of the multiplier was performed in humidi-fied He gas (10,000 ppm 
H2O) under various temperature conditions. It was demonstrated that Be is oxidized slowly to 
reach the acceleration step of oxidationand that the time duration is dependent on the temperature, 
iv) Thermal conductivity tests of packed beds of breeders 

Effective thermal conductivity was measured with beds packed with 5 mm and 1 mm 
diameter of AI2O3 and 5mm diameter of L12O.V) Thermo-hydrodynamics tests of LiPb. As an 
alternative blanket to lithium ceramic blanket, liquid LiPb is an attractive material because it can be 
used as the self-cooled blanket. On this view point, the basic operation characteristics were tested 
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Fig. V.5.5-1 Extent of chemical interaction of Be with stainless steel 

as a function of the square root of time 
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Also， the incorporating effort was continued to the design works on Blanket ln-pi1e Testing 

Facility which was being caπied out by the Department of Japan Material Testing Reactor Project. 

The design of Blanket In-pi1e Testing Faci1ity was proposed to be the common faci1ity for the 

blanket in-pile test. 
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Oxidation experiments of the multiplier was performed in humidi-fied He gas (10，α)()ppm 

H20) under various temperature conditions. It was demonstrated that Be is oxidized slow]y to 

reach the acce1eration step of oxidationand that the time duration is dependent on the temperature. 
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with the LiPb Test Loop by using 
liquid LinPb83. The test result 
contains the characteristic curve of 
electro-magnetic pump, the 
pressure drop of the loop and so 
on. Figure V.5.5-2 shows the 
pressure drop in the loop. It was 
demonstrated that the pressure drop 
of the liquid LiPb flow can be 
estimated with the conventional 
equation referred in Chemical 
Engineer's Handbook. 
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Fig. V.5.5-2 Observed pressure drop in LiPb Test Loop at TPL, JAERI 

5.6 System analysis 
5.6.1 Design works of tritium systems 

Incorporated in the Fusion Experimental Reactor Design Team, conceptual design works of 
tritium systems for Fusion Experimental Reactor (FER) and ITER were continued and the results 
were presented as Japanese proposal to ITER in the specialists meeting of ITER in Germany. The 
tritium systems of ITER consists of the fuel circulation system, primary coolant water detritiation 
system, blanket tritium recovery system and safety system. 

The fuel circulation system was designed by using concepts of the components that are 
under development by JAERI (the pellet injector, the large scale (25,0001/s) magnetic bearing type 
turbo molecular pump, the palladium alloy pertneator, the cryogenic distillation system and 
catalytic reduction recombiner). Also, the applicability of thermal diffusion column to the isotope 
separation system was discussed in the design work. 

The primary coolant water is designed to be supplied to the divertor, the first wall and the 
blanket. As the first step of the design work, the evaluation of the tritium permeation from each 
system to the coolant water was performed to give the design condition of the detritiation system. 

The safety system was designed to be operated under the normal operation, the 
maintenance mode and maximum accident mode. Also, the preliminary consideration for the 
accidental loss of coolant water out of the vessel (out of vessel LOCA) was performed and gave 
the primary information that the pressure and the temperature in the reactor hall can increase 
explosively and immediately after the initiation of the out of vessel LOCA. 

The blanket system was designed to use the palladium alloy permeator, electrolysis cell and 
the recombiners for the recovery of tritium from the breeder layer and the multiplier layer. 

The design work of the blanket proceeded to confirm the feasibility of Japanese proposal 
(Li20 and Be sphere packed beds of layered structure). The further effort on the thermo-dynamics 
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Incorporated in the Fusion Experimental Reactor Design Tearn， conceptual design works of 

tritium systems for Fusion Experimental Reactor (FER) and lTER were continued and the results 

werep問 sentedas Japanese proposal to ITER in the specialists meeting of lTER in Germany. The 

汀itiumsystems of ITER consists of the fue1 circulation system， primary coolant water de町itiation

system， blanket tritium recovery system and safety sys飽m.

The fuel circulation system was designed by using concepts of the components that are 

under development by JAERI (the pellet injector， the 1釘gescale (25，0ωI/s) magnetic bearing type 

turbo molecular pump， the paIJadium alloy penneator， the cryogenic distillation system and 

catalytic reduction recombiner). Also， the applicabi1ity of thermal diffusion column to the isotope 

separation system was discussed in the design work. 

The primary coolant water is designed to be supplied to the divertor， the first wall and the 

blanket. As the first step of the design work， the evaluation of the tritium permeation frorn each 

system to the coolant water was performed to gi ve the design condition of the detritiation systern. 

The safety systern was designed to be operated under the normal operation， the 

maintenance mode and maxirnum accident rnode. Also， the preliminary consideration for the 

accidental 10ss of coolant water out of the vesse1 (out of vessel LOCA) was perforrned and gave 

the prirnary information that the pressure and the temperature in the reactor hall can increase 

explosive1y and immediately after the initiation of the out of vessel LOCA. 

The blanket sys[em was designed to use the palladium alloy penneator， el匹釘'Olysiscell and 

the recombiners for the詑 coveryof tritium from the bJi田derlayer and the multiplier layer. 

The design work of the blanket proceeded to confirrn the feasibility of Japanese proposal 

(LhO and Be sphere packed beds of layer吋 structure).The further effort on the therrno-dynamics 

}
 

{
 

)
 

(
 

l
 



.JAKWI- M 9 1 - 1 5 9 

and the neutronics design should be needed to optimize the structure and the thickness of each 
layer. 

In addition to the design works of the tritium systems, the solid waste storage facility was 
designed to store the replaced divertors and the first wall armour. Also it was certified that further 
R & D is necessary to design the tritium recovery system from graphite used as the divertor and 
the first wall. 

5.6.2 Development of components for the FER 
Preliminary R&D was initiated for the waste treatment technology for graphite of the first 

wall armour material under the collaboration with the Department of Fuels and Materials Research, 
the Department of Chemistry and the Department of Fusion Facility. 

6 High Heat Flux Technology 
6.1 Introduction 

Since it is essential for the next step large devices, such as ITER/FER, to develop the 
plasma facing components (PFC), JAERI has carried out the experimental and analytical studies 
on PFCs. Our major effort has been concentrated to develop the divertor plate and first wall of the 
ITER and FER. Major issue of the divertor plate is to develop bonding structures which will be 
able to endure a heat flux of 1S MW/m2. For the first wall, to develop connecting structures 
between armour tiles and substrates is the key issue. In order to develop PFCs, two test facilities 
have been utilized at JAERI. One is a hydrogen ion beam irradiation test stand, called the Particle 
Beam Engineering Facility (PBEF), and the other is an electron beam irradiation test stand, called 
the JAERI Electron Beam Irradiation Stand (JEBIS). 

One of the significant features of the JEBIS is that it can produce intense electron beams 
which can simulate a heat load onto the surface of PFCs during plasma disruption. Many carbon 
based materials and metals have been tested to evaluate erosion loss during the plasma disruption 
in the JEBIS. Japan-European Community collaborative experiments has also been performed in 
the JEBIS. 

6.2 Activities on divertor plate development 
In a design parameter of the ITER PFC, divertor plates will be exposed to a heat flux of 

more than 15 MW/m2. The divertor plate is covered with armour tiles which are brazed on an 
actively cooled metal structures. Carbon based materials are primary candidate as armors in the 
physics phase of ITER, and metal materials are proposed in the technology phase. One of the key 
technology of manufacturing the divertor plate is the bonding technique of the armour tiles to the 
metal structure. We manufactured divertor modules with armor tiles made of carbon based 
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materials. Carbon fiber reinforced carbon composite(CFC) and graphite are selected as the armor 
tile. As the cooling tube, a straight tube is utilized for a short pulse experiment and a swirl tube, in 
which a twisted tape is inserted to enhance the heat transfer, is adopted for experiments with a 
steady state heat load. 

6.2.1 Thermal cycling experiments on divertor modules without a swirl tube at PBEF 
The thermal cycling experiments on divertor plates with the straight tube have been 

performed in PBEF. Heating conditions are 16MW/m2 for 1.5 s and for 2.0 s, which are 
equivalent heat load of 10 MW/m2 and 12.5 MW/m2 at the bonding interface, respectively. The 
divertor module consists of ten CFC/OFHC Cu and C/OFHC Cu bonded blocks. The results are 
summarized in Table V.6.2-1. The CFC-Cu bonding structures can endure 1000 thermal cycles at 
the equivalent heat flux of 10 MW/m2, although the C-Cu bonding structures show cracks at the 
bonding interface. For the equivalent heat flux of 12.5 MW/m2, no bonding structures can not 
survive. 

Table V.6.2-1 Summary of Thermal Cycling Tests of Divertor Modules in PBEF 

J Armor 
Material 

Braze Interlayer Heat flux (MW/m2) J Armor 
Material 

Braze Interlayer 

10 12.5 
CFC 

CX2002U 

PCC-2S 
A05 
JCC 

Graphite 

Ag-Cu-Ti 
Ti-Cu 

Ag-Cu-Ti 
Ag-Cu-Ti 

Ti-Cu 
Ti-Cu 

none 
Mo 

TZM 
none 
none 
none 

Good 
Good 

Good 

Separation 

Cracks 
Cracks 

Separation 
Separation 

CFC 
CX2002U 

PCC-2S 
A05 
JCC 

Graphite 
Ti 

Ag-Cu-Ti 
none 
none 

Cracks Cracks 
Cracks 

IG430U 
PD330S 1 

Ti 
Ag-Cu-Ti 

none 
none 

Cracks Cracks 
Cracks 

6.2.2 Thermal cycling experiments on divertor modules with a swirl tape in JEBIS 
The thermal cycling experiments on the divertor modules with the swirl tube has been 

performed in JEBIS. The heat transfer coefficient of the swirl tube is about two times larger than 
that of the straight tube and the critical heat flux is 35 MW/m2 with a flow velocity of 10 m/s at an 
inlet pressure of 1 MPa. Heating conditions are 10 MW/m2 for 20 to 50 s, which is longer 
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The thermal cycling experiments on the divenor modules with the swirl tu加 hasbeen 

performed in JEBIS. The heat transfer coefficient of the swirl tube is about two times larger than 

出atofthes回 ighttube and the critical heat flux is 35 MW/m2 with a flow velocity of 10 m/s at an 
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一102-



MICHI-M 91 -159 

enough than the thermal constant of the divertor modules. After 1000 thermal cycles, no cracks 
and damages are found in the CFC-Cu bonding structures, while cracks and separation of the 
armour tiles are occurred in the C-Cu bonding structures. 

6.3 Development of a first wall 
Most of the first wall is exposed to a heat flux of 0.2 MW/rrA In front of the toroidal coils 

a heat flux of 0.6 MW/m^ is locally deposited on the first wall because of ripple losses. The CFC 
armour tiles of the first wall are mechanically attached on the cooled substrate, which is made of 
stainless steel. Two kinds of the first wall structures are proposed; a conductively cooled first wall 
for lower heat fluxes, and a radiatively cooled first wall for higher heat fluxes, which can re-
radiate a part of incident heat flux to the conductively cooled armour. A major issue of the 
conductively cooled first wall concept is to obtain good thermal contact between the armour tile 
and substrate during heating. On the other hand, a critical issue of the radiatively cooled first wall 
concept is whether the tile can be sufficiently thermally insulated from the substrate, and whether 
the tile attachment mechanism has enough durability. 

The conductively first wall mock-ups have been manufactured by JAERI and were tested in 
the JEBIS. The CFC armour is fixed on the substrate by the stainless steel bolts and nuts. A 
carbon compliant layer of 0.2 - 0.6 mm in thickness is inserted between the armour and substrate 
to obtain high thermal conductivity. The conductively cooled first wall is tested at a heat flux of 
0.2 MW/m^ for 20 - 60 minutes. The surface temperature remains at 350 °C for a compliant layer 
thickness of 0.6 mm. The maximum surface temperature of 700 °C occurs at a cover cap of the 
attachment nut. No temperature degradation is found for 60 thermal cycles. 

Radiatively cooled first wall elements have also been fabricated and tested. The carbon 
armour is fixed on the substrate by a couple of ceramic bolts and nuts. The ceramic nut is brazed 
in a Ti cover which is screwed into a TZM pedestal brazed on the substrate. The surface of the 
substrate is coated with Cr2C«3 to enhance radiation heat transfer between the armour and the 
substrate. The heating conditions are 0.6 MW/m2 for 20 to 50 minutes. The surface temperature 
reaches over 1000 °C. After 50 thermal cycles, no damage was found on the armour tile and 
substrate. The Ti cover of the ceramic nut, however, is melted. It means that the thermal 
insulation by the ceramic bolt and nut results in high temperature at the Ti cover. 

6.4 Disruption simulation experiments 
The JEBIS can produce a heat flux of 2000 MW/m2 for 1 ms and more within an area of 

0.8 cm 2. This means that the JEBIS can simulate a real heat load during the disruption. An 
evaluation of the erosion loss during the disruption has been performed in the JEBIS. Several 
CFC materials are tested with a heat flux of 300 MW/m2 to 1800 MW/2 for 3 ms to 10 ms and the 
results are compared with numerical predictions. It is found that the erosion depth is 2 to 5 times 
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larger than the predictions because of particle emissions from the surface. The Japan-EC 
collaborative experiments on disruptive erosion are also performed in the JEBIS. Carbon based 
materials and metals specimen were brought from EC and tested a heat flux of 300 MW/m2 to 
1800 MW/m2. The analysis of the results are under way. 
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VI. NEXT STEP FOR JAERI TOKAMAK PROGRAM 
1. International Thermonuclear Experimental Reactor (ITER) 
1.1 Introduction 

International Thermonuclear Experimental Reactor (ITER) was initiated at summit meetings 
of governmental leaders so as to develop an experimental fusion reactor through the united efforts. 
The major objectives of ITER are to demonstrate controlled ignition and extended burn of DT-
plasma, with steady state operation as an ultimate goal and to demonstrate the integrated reactor 
technology essential to a fusion power reactor. 

In response to the summit initiatives, joint design work on ITER Conceptual Design 
Activities (CDA) under the auspice of the IAEA by four Parties, Japan, the United States, the 
Soviet Union and the European Community was conducted from April 1988 to December 1990. 
The conceptual design prior to the engineering design was to assess the total system feasibility and 
identify critical technical issues. As a result, the feasible design concepts, the widest possible 
technical basis and the future R&D program were successfully developed. 

As a whole, the conceptual design including the missions and objectives of ITER and the 
future plan were reviewed several times by experts involved in the fusion research and 
development in Japan. The overall conclusion is that no substantial motivation has been observed 
to modify the present ITER objectives and the conceptual design, although some small 
modifications are needed for design consistency, which will be implemented in the early phase of 
the coming Engineering Design Activities (EDA). 

1.2 ITER conceptual design 
The design concept of ITER was based on a reasonable technological basis taking into 

account future progress of plasma physics and engineering technology development. Also, an 
operational and experimental flexibility, which is a key design feature for achieving the ITER 
objectives, was adopted as much as possible within this achievable technical scope. 

The overall layout and maintenance scheme of the ITER basic devices and its key parameters 
are given in Fig. VI. 1.2-1 and Table VI. 1.2-1, respectively. The nominal fusion power generated 
in the reactor is approximately one giga 

Tabic VI. 1.2-1 ITER major parameters. 

watt and the rated plasma current is 22 
MA. A non-circular cross-section plasma 
with an elongation of approximately two 
is employed. Helium ash exhaust and 
impurity control are accomplished 
through the use of a double-null divertor 
configuration. 

The goal of achieving extended burn (ultimately steady-state) dictates the use of 

Plasma major radius 6 m 
Plasma minor radius 2.14 m 
Elongation, 95% flux surface 2.0 
Toroidal field on axis 4.85 T 
Nominal plasma current 22 MA 
Nominal fusion power 1GW 
Pulse length 200 s to continuous 
Energy multiplication S to infinity 
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BREEDING BLANKET 
MAINTENANCE SYSTEM 

BREEDING BLANKET 

VACUUM VESSEL 

TOROIDAL FIELD COIL 

POLOIDAL FIELD COIL 

superconducting coil systems. The poloidal field (PF) coils are located outside of the toroidal field 
(TF) coils in order to facilitate assembly and maintenance. The maximum field of TF coil is 
specified to be 11.2 T to provide toroidal field of 4.85 T on the plasma axis with a radius of 6 m. 
The center solenoid coil, which is located in the machine center inside of the TFcoil inner leg, is 
designed to be capable of providing magnetic flux of about 325 V-seconds and sustaining 22 MA-
plasma for at least 200 seconds inductively. The maximum field of the center solenoid coil is 
specified to be 13.5 T. 

The vacuum vessel is a 
key containment structure to 
provide the first barrier of 
tritium. In addition, the vacuum 
vessel has to provide one-turn 
toroidal resistance and nuclear 
shielding functions. In CDA, 
two different concepts, which 
are thick vessel partially 
insulated by resistive elements 
and thin vessel with toroidally 
uniform resistance, were 
developed. 

Breeding blankets, located 
inside the vacuum vessel, are 
composed of the first wall, 
breeding and shielding 
structures: this supplies most of 
the required tritium fuel and 
provides the nuclear shielding 
for superconducting magnets 
and personal access. A breeding 
blanket can be maintained/replaced independendy from others by using the remote handling system 
located on the upper access port, as shown in Fig.VI. 1.2-1. Divertor plates, located top and 
bottom region inside the vacuum vessel, are operated under high heat flux and frequently 
maintained. A rail-mounted vehicle system as shown in Fig.VI. 1.2-1 is selected for the divertor 
maintenance and the feasibility has been demonstrated in a 1/5-scaled-model test. 

Heating of the plasma and non-inductive current drive of the plasma current are achieved 
with a multi-function heating and current drive system. The first option for this system is based 
on 1.3 MeV negative-ion neutral beams working in conjunction with lower hybrid and electron 

DIVERTOR PLATE 
DIVERTOR MAINTENANCE SYSTEM 

Fig. VI.1.2-1 ITER overall layout and maintenance scheme of major 
components. 
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maintained. A rail-mounted vehicle system as shown in Fig. VI.l.2・1is selected for the divertor 

maintenance and the feasibility has been demons回 tedin a 115・scaled-modeltest. 

Heating of the plasma and non-inductivc cuη'ent drive of the plasma current are achieved 

with a multi-function heating and current drive system. The first option for this system is based 

on 1.3 MeV negative-ion neutral beams working in conjunction with lower hybrid and elec釘on
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cyclotron sources. 

1.3 CDA R&D 
1.3.1 Physics R&D 

During the ITER CDA, extensive physics R&D for ITER design has been done in JT-60, 
JFT-2M and Theory/Analysis group, as well as WT-3 in Kyoto University and the linear divertor 
simulator NAGDIS in Nagoya University. Number of each contributions are 19(JT-60), 16(JFT-
2M), 3(Analysis), 4(WT-3), 2(NAGDIS). In the course of ITER design, physics group identified 
necessary data base for the design. According to this identification, all of these contributions 
focused on the specific data base for the use of ITER design rather than generic data base, which 
actually impacted ITER design directly or indirectly. Several examples of the important 
contributions are as follows. In JT-60, high current drive efficiency by Lower Hybrid waves are 
achieved, which are already comparable to ITER design basis. Volt-second saving during current 
ramp-up by LH waves is also demonstrated, which supports quantitatively the usage of this 
scheme in ITER. Fairly high bootstrap current fraction is demonstrated, which triggered the 
reference use of this current to prolong the burn time and mitigate the engineering requirement for 
steady state operation. L-mode confinement data with different parameter regimes from other large 
devices clarifies the unknown parametric factors included in the ITER L-mode scaling and serves 
to minimize the uncertainty in the predictions of ITER performance. Simulation experiments for 
center born helium ash by He beam injection provides confirmation of ash exhaust capability and 
moderate helium de-enrichment in ITER. JFT-2M provides affluent data base for H-mode 
confinement, which serves establish ITER H-mode scaling law. Various kinds of active plasma 
control schemes are examined, e.g., Ergodic Magnetic Layer (EML), divertor biasing. EML 
provides the prospect for realizing controlled steady H-mode in addition to the possible 
enlargement of power scrape-off width, as well as for the possibility of controlling disruption in 
ITER. WT-3 demonstrates that plasma breakdown and current initiation can be achieved even by 
virtually zero loop voltage with combined EC and LH waves, which support low loop voltage 
breakdown in ITER. 

1.3.2 Technology R&D 
A wide range of the technology R&D is inevitably required to bridge from the present 

technology to the realization of ITER construction. The R&D involves key technology 
development, such as reactor structure, remote maintenance, superconducting magnet, plasma 
facing components, heating and current drive, fuel cycle, breeding blanket, diagnostics and plant 
systems. The key component technologies are being developed accumulating activities of 
hardware developing laboratories in JAERI under a good collaboration with industries. The major 
R&D activities and results contributed to the CDA of ITER are described below. 
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(1) In a DEMO. Poloidal Coil (DPC) Program, two NbTi pulsed coils (DPC-U1 and DPC-U2) 
and Nb3Sn pulsed coil (DPC-EX) each of which has an inner diameter of 1 m have been 
developed. DPC-EX was successfully charged under the background field of DPC-U1 and U2 up 
to the coil current of 17 kA and 7 T in one second, generating 20 MJ by the three coils. 
(2) Thermal cycling tests were performed in a Particle Beam Engineering Facility (PBEF) on 
divertor samples composed of carbon-copper bonded materials. A 1000-cycle test has proved the 
durability of the samples in a steady-state heat flux of 10 MW/m2. 
(3) A 10 A at 50 keV negative hydrogen ion beam has been produced successfully using a cesium-
seeded plasma volume type ion source. 
(4) A high power tetrode developed in the United States for an ICRF system was tested in JAERI 
under the U.S.-Japan collaboration program. The output power of 1.7 MW for 5.4 s has been 
obtained at 13 MHz. 
(5) A 1/5-scale model of the rail-mounted vehicle in-vessel maintenance system has been fabricated 
and the feasibility of the concept has been demonstrated. 
(6) A test rotor of turbomolecular pump (TMP) with electromagnetic bearings, which corresponds 
to that of TMP with pumping capacity of 25 m 3/s, has been fabricated and the feasibility of the 
large capacity TMP with electromagnetic bearings was confirmed. 

1.4 Long-term R&D program 
1.4.1 Physics R&D 

The long-term physics R&D program for the years 1991-1995 has been established which 
covers all R&D needs to provide support to the optimization of the ITER design and eventually to 
complete the data base necessary for taking the decision to start ITER construction. It was based 
on a detailed description of the R&D needs for ITER and the associated time schedules. 
Suggestions received from many members of the fusion community were also taken into account. 
The program covers the following five areas and subdivided in 22 tasks, supplemented by 
subtasks, more specific questions for ITER: 1) power and particle exhaust physics, 2) disruption 
control and operational limits, 3) enhanced confinement, 4) optimization of operational scenario 
and long-pulse operation, and 5) physics of a burning plasma. 

The most crucial problems, to validate the ITER design concept and complete the physics 
data base required for starting ITER construction, in practical terms, are: 1) The demonstration, in 
experiments prototypical for ITER, that operation with a cold divertor plasma (T e <30 eV) is 
possible, that the peak heat flux onto the divertor plate can be kept below about 10 MW/m2, and 
that helium exhaust conditions corresponding to a fractional burnup larger than 3% can be ensured; 
2) A characterization of disruptions which allows to specify their consequences for the plasma-
facing components, and evidence that the number of disruptions to be expected allows an 
acceptable lifetime of these components; 3) The demonstration that steady-state operation in a 
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regime with enhanced confinement (in particular in the H-mode) and satisfactory plasma purity is 
possible, and provision of the scaling of energy confinement for this mode which allows 
predicting the performance of ITER with satisfactory accuracy; 4) Ensurance that the presence of 
an appreciable population of fast ions does not jeopardize plasma performance in ITER. 

A lot of contributions to the program have been proposed from the ITER partners. The 
coverage of the program is generally good. However, further efforts on the edge plasma in ITER-
relevant divertor configurations and operating conditions need to be enhanced. 

1.4.2 Technology R&D 
A plan of long-term technology R&D for the period 1991 through 1995 has been discussed 

and established during the conceptual design phase. The plan is focused on the R&D necessary to 
support a decision to be taken by the end of 1995 to start ITER construction. International 
collaboration is expected to be maximized to best use the required resources and to minimize 
unnecessary duplication of effort. 

The plan includes R&D for nine major systems of ITER; Magnets, Containment Structures, 
Assembly and Maintenance, Current Drive and Heating, Plasma Facing Components, Blanket, 
Fuel Cycle, Structural Materials and Diagnostics. For each system, the R&D objectives, the tasks, 
the schedule and costs, and the needed facilities have been clarified. 

It appears possible that all major testing programs can be conducted in existing, but 
modified, facilities. A few new facilities may be required and this determination must be made as 
part of the implementation of the plan. Major facilities needed to support the proposed R&D 
program include center solenoid and TF magnet test facilities, containment structure/assembly & 
maintenance test facility, neutral beam model test facility, fuel cycle test stands and blanket in-pile 
and out-of-pile test facilities. 

The preliminary estimates of the costs for all nine areas of the technology R&D plan are 
made. The cost estimates indicate a total cost over the five years of about 800M$ in US dollars 
(1990). The costs per area over the five years vary from about 35M$ to about 185M$. 

Task sharing by the four parties is an essential ingredient to the successful implementation of 
the plan. This plan does not specifically indicate which party or parties will perform which tasks or 
what degree of parallel effort is needed or expected. Separate efforts have been in process to 
develop the task sharing consideration. 

2. Fusion Experimental Reactor (FER) 
2.1 Introduction 

The Fusion Council of Japan recommended in the National Research and Development 
Program that the next step fusion device should have a mission of achieving a long ignited and 
controlled DT burn. In 1987, the design study of FER (Fusion Experimental Reactor) with the 
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above mission was conducted. Because the joint work of the ITER has begun in May, 1988, a 
new organization (Fusion Experimental Reactor Team) was established to support the ITER 
activities and also to design FER. 

2.2 FER design 
The FER which is more compact than the ITER, had been defined as the engineering-

oriented machine for demonstrating the engineering feasibility of a fusion reactor. The design 
guideline of the FER has been established during 1988. The next step tokamaks that will provide 
sufficient physics informations and technology experiences to proceed to the DEMO fusion reactor 
which will demonstrate electric power generation by the fusion reactions, 
1) the FER is to be the minimum-sized domestic machine which includes the highest technical 
reliability in its construction, and 
2) the ITER is to be the maximum-sized international tokamak machine widi me maximum jump in 
the technology from the present level of achievements. 

The FER major parameters listed in Table T a b l e v , . ^ FER major plasma parameters. 
VI.2.2-1 enable us to obtain the following plasma 

b * Plasma current (MA) 15 - 20 
performances. Firstly the fusion multiplication factor Major radius (m) 4.5 - 4.7 

Minor radius (m) 1.6 - 1.8 
Q=5-10 is a basic plasma performance with the Elongation 1.6 - 2.0 
enhancement factor of 1.5-2.0 for both Shimomura- S o Y a S " * ( "m 5°5 -" 5°S 
Odajima(SO) and Goldston(G) L-mode energy OH coil flux (Vs) 160 - n o 

J v ' b J Fusion power (MW) 200 - 500 
confinement scaling laws. The burn time more than Bum time (s) 100 - 1000 

Heating/CD power (MW) 80 
1000 sec is to be achieved by introducing a hybrid 
operation mode in which some fraction of the plasma 
current is driven inductively with significant assistance of non-inductive and bootstrap current. 
Demonstration of a steady state operation is one of the key issues for DEMO reactor. A 0.5-1.0 
MeV negative-ion-based injection system is used for both heating and current drive. 

The conceptual design study has been continued until March, 1991. During the conceptual 
design activities, the configuration development studies were aimed at deriving a reactor concept 
that integrated the results of several concurrent efforts. The major design features of FER were 
identified as follows: 
(1) The basic machine is the semi-permanent part of the reactor and it is designed for the lifetime of 
the plant. It consists of the supporting system which allows the separate assembly of the major 
components, the cryostat, the TF and PF coils system and the vacuum vessel/shield structure. 
(2) The in-vessel components, which include the plasma facing components, are renewable. They 
are substituted because of the end of life, or accident, or for experimental purposes. They are 
segmented and mechanically attached and guided inside the vessel, from which they can be 
removed for substitution. 
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Hcating/CD powcr (MW) 

15 - 20 
4.5 - 4.7 
1.6 - 1.8 
1.6 ・ 2.0

400 - 600 
5.2 - 5.4 
160 - 170 
200 - 500 
100 -1000 
80 
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(3) The rail-mounted vehicle type has been chosen for the in-vessel maintenance systems 
(inspection and substitution). Four of 12 horizontal ports are used for the rail deploying, the rail 
supporting and the substitution of the divertor plate and the first wall. 
(4) Preliminary design study of the plant system has been carried out. Especially, this is the first 
time that, as shown in Fig.VI.2.2-l,the building for solid radio-waste treatment and storage has 
been studied. The detritiation process from the solid radio-waste is possible in that building. 

As a result of the conceptual design study, a concept with a consistent set of technical 
characteristics was well developed and the basic feasibility was preliminary evaluated by the 
design analysis. In addition, technical issues, whose feasibility should be demonstrated by future 
engineering R&D and detail analysis, were pointed out and the engineering R&D plan was 
developed. 

Fig.VI.2.2-1 Building for solid radio-waste treatment and storage in FER. 
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2.3 Technology R&D 
Through the conceptual design study, the technology R&D plan was developed. As an initial 

stage of R&D activities, the elemental technology developments common to a tokamak reactor 
have been started. Among them, the locking mechanism for supporting in-vessel replaceable 
components, the technique for insulation/conduction coating and the rail-mounted vehicle system 
for in-vessel maintenance procedure (inspection and substitution) are in the height of the 
development. 

For the locking mechanism, a caulking cotter driven by hydraulic pressure has been 
employed. Three kinds of driving mechanism have been manufactured by trial: a "piston jack" 
type, a "bellows" type and a "flexible tube" type. In the last type, the required stroke is obtained 
by changing the cross section of the flexible tube from a flat racetrack shape to a fat shape by 
hydraulic pressure. The superplastic material (Ti-6A1-4V) was selected for the flexible tube. 

AI2O3 as the material and a plasma spray as the method have been selected for the insulation 
coating. O3C2 and JET-KOTE method have been selected for the conduction coating 

The half torus model of the rail-mounted vehicle system in one fifth scale was manufactured 
as shown in Fig.VI.2.3-1. Through the basic tests of the rail mounting and the divertor plate 
substitution, the system feasibility of this concept has been verified. 

In addition, the two-sector plastic model of the basic machine and in-vessel 
components in one fifth scale has been fabricated in order to verify the design feasibility, mainly 
geometrical consistency. Then some design modification were found to be needed for some of the 
components based on the manufacturing experience. 

Fig.VI.2.3-1 One fifth scale model of the rail-mounted vehicle system for the in-vcsscl maintenance, 
(inspection and substitution) 
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The half torus model of the rail-mounted vehicle system in one fift.h scale was manufactured 

as shown in Fig. VI.2.3・1.Through the basic tests of the rail mounting and the divertor plate 

substitution， the system feasibility of this concept has been verified. 

In addition， the two-sector plastic model of the basic machine and in-vessel 

components in one fifth scale has been fabricated in order to verify the design feasibility， mainly 

geometrical consistency. Then some design modification were found to be needed for some of the 

components based on the manufacturing ex戸rience.

fig.VI.2.3-1 Onc fifth scalc modc1 of thc rail-mountcd vchic1c syslcm for山cin-vcsscl maintcnancc. 
(inspcclion and subSlitution) 
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3. Fusion Reactor Design 
3.1 Introduction 

Fusion reactor design and related research are conducted to identify attractive reactor 
concepts in terms of safety, environmental and economic aspects. This fiscal year, the concept 
study of the SSTR has been carried out in order to clarify a realistic concept of a fusion reactor. 

3.2 Steady State lokamak Reactor (SSTR) Design 
The concept study of the SSTR has been carried out utilizing 1) the new experimental data 

obtained in the large tokamaks such as JT-60,2) the progress in the fusion reactor technology, 3) 
recently developed design methodologies and database through the conceptual design studies for 
ITER and FER. 

Specifically, the observation [3.2-1] of the bootstrap current driving about 80% of the 
plasma current in JT-60 lead us to a tokamak reactor concept with a small current drive power and 
hence, the possibility of overcoming a pulse mode operation to achieve a steady state operation. 
This observation gave the motivation for the proposal of the basic concept [3.2-2] of the SSTR. 

A realistic power reactor concept has been attained based on the technological progress based 
on the recent achievements such as the substantial progress in the negative-ion-based NBI (NNBI) 
development in JAERI and the development of 16.5 T high field superconductor filaments in the 
industries. 

From the ITER/FER conceptual designs, many useful ideas such as the "twin loop concept" 
to enhance the vertical stability of the plasma and the use of hydraulic pressure cotter for easy 
coupling and de-coupling of the blanket modules have been employed. That this study has been 
essentially completed in a remarkably short period of about a half year is owing to the utilization of 
the experience and the methodology developed in the conceptual designs of ITER/FER. 

Main parameters of the SSTR are given in Table VI.3.2-1 and a bird's-eye-view is shown in 
Fig. VI.3.2-1. The major feature of the SSTR is focussed on the maximum utilization of the 
bootstrap current in order to reduce the power 
required for the steady-state operation. A 
significant fraction (75 %) of the total plasma 
current is sustained by the bootstrap current 
resulting in the Q-value of ~50. This 
requirement leads to the choice of low current, 
and high Pp for the device, which are achieved 
by selecting high aspect ratio and high toroidal 
magnetic field. The NNBI system is adopted 
for both heating and current drive. This NNBI 
system also enables to control current profile 

Table VI.3.2-1 Main parameters of SSTR. 

Plasma major radius 7.0 m 
Plasma minor radius 1.75 m 
Aspect ratio 4 
Plasma current 12 MA 
Plasma elongation 1.8 
Magnetic field on axis 9T ' 
Maximum on coil 16.5 T 
Plasma volume 760 m^ 
NBCD 80 MW 
Fusion power 3000 MW 
Net electric power 1080 MW 
Max. neutron wall load 5 MW/m^ 
Q-value _JQ 
Tritium breeding ratio > i g 
D i v c r , o r Single null 
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and heating profile. Notable engineering features of SSTR are: the use of a uniform vacuum vessel 
and periodical replacements of the first wall and blanket layers and significant reduction of the 
electromagnetic force with the use of functionally gradient material. It is shown that a tokamak 
machine comparable to ITER in size can become a power reactor capable of generating about 1 
GW of electricity with a plant efficiency of ~30%. 

Upper Ports lor Maintenance 

Pure Tension TF Cotl 
(16.5T,(NbTI)aSn) 

Ring PF Coll 
(S.5T,NbTI) V 

Vacuum Vessel _ 
(Incl. Neutron Shield) 

Inboard & Outboard_ 
Permanent Blanket ~ 

Inboard & Outboard 
Replaceable Blanket 

/Pressurized Water Coollng\ 
U12O Solid Breeder 

-Inter Coil Structure 

/ NNBI Injection Ports 
(2Mev,80MW) 

Fig.VI.3.2-1 Bird's eye view of SSTR. 

The main objective of the SSTR concept design [3.2-3] is to establish a power reactor 
concept which can be built in the near future based on the above new informations. So that the 
concept is made to be as realistic as possible sometimes not optimized in terms of safety and 
economics. Now that we have established the basic concept of the realistic SSTR, we plan to 
improve the safety and economics of the reactor concept to make it more acceptable to the society. 

References 
[3.2-1] M. Kikuchi, ct al.. Nuclear Fusion 30 (1990) 343-355. 
[3.2-2] M. Kikuchi, Nuclear Fusion 30 (1990) 265-276. 
[3.2-3] Y. Scki ct al., 13-th Ini. Conf. Plasma Physics and Controlled Nuclear Fusion Research, IAEA-CN-53/G-1-

2 (1990), 10 be published. 
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The main objective of the SSTR concept design [3.2・3]is to establish a power reactor 

concept which can be built in the near future based on the above new infonnations. So that the 

concept is made to be as realistic as possible sometimes not optimized in terms of safety and 

economics. Now that we have established the basic concept of the realistic SSTR， we plan to 

improve the safety and economics of the reactor concept to make it more acceptable to the s∞iety. 

References 
(3.2-1J M. Kikuchi， ct al.， NucIcar Fusion 30 (1990) 343・355.
[3.2-2] M. Kikuchi， Nuclcar Fusion 30 (19如1)265-276. 
[3.2・3]Y. Scki ct 31.， 13・出 1m.Conf. Plasma Physics and Controllcd NucIcar Fusion Rcscarch， IAEA-CN・53/G・1-

2 (1990)， lO bc publishcd. 
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3.3 Safety analyses 
The development of a methodology for a comprehensive safety evaluation of a fusion 

reactor system has been continued. A calculational model for a fusion reactor system has been 
developed. Using the model, the radioactive inventory and the radioactive release pathway under 
normal operation and maintenance mode have been evaluated. An intermediate progress report has 
been produced. 

The evaluation methodology for the radioactive release under accidental condition is yet to 
be developed. The final goal is in the evaluation of the public and worker risk as the product of 
equivalent dose and the probability. 

1 1 5 -
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SOME PICTURES IN COLOR 

Inside view of JT-60U vacuum vessel. 

JT-60U device completed in March 1991. 

Finely converged negative ion beam propagating in a vacuum. (See Section 3.2.3 in Chapter V.) 
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SOME PJCTURES JN COLOR 

Inside view of IT-60U vacuurn vcsscl. 

JT・60Udcvice completcd in March 1991. 

fincly convcrgcd ncgativc ion bcalll propagaling in a vacuulII. (Scc Scclion 3.2.3 in Chaplcr V.) 
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The US-DPC being installed in JAERI's test facility under the collaboration of Japan and MIT/DOE. 
(See Section 2.3.1 in Chapter V.) 

fcLfldj-ianTaa-miiM'iHrn rmwn 

LiUJUJ 

ICRF antenna installed into the JT-60U tokamak. 
(Sec Section 2.5.2 in Chapter IV.) 

One fifth scale model of the rail-mounted vehicle 
system for the in-vcsscl maintenance. 
(See Section 2.3 in Chapter VI.) 
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Thc US-DPC bcing inSlallcd in JAERI's leSl faciIity undcr thc collaboralion of Japan and MIT/DOE. 
(Scc Scction 2.3.1 in Chapler V.) 

一-一十一種阿

川]いこ

ICRf antcnna insta¥lcd into theπ-60U tokamak. 
(Scc Scclion 2.5.2 in Chaplcr IV.) 

。lCfifl血scalcmodcl of lhc rail-mounlcd vchiclc 
syslcm for lhc in・vcssclmainlcnancc. 
(Scc Seclion 2.3 in Chaptcr VI.) 
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A.2 Personnel and Financial Data 

A.2.1 Change in number of personnel and annual budget (FY1985-1990) 
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