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Annual Report of the Fusion Research Center 
for the period of April 1, 1983 to March 31, 1984 

Fusion Research Center 
Tokai Research Establishment, JAERI 

(Received January 11, 1985) 

Research and development activities of the Fusion Research Center 
(Department of Thermonuclear Fusion Research and Department of Large 
Tokamak Development) from April 1983 to March 1984 are described. 

Installation and commissioning of the new tokamak JFT-2M had been 
completed. The 2nd ICRF heating experiment and LH current drive experi
ment were started. In the field of plasma theory, the scaling law of 
the critical beta in a tokamak was obtained and the ICRF heating was 
analyzed in detail. The first phase of the cooperation of Doublet IE 
will be finished in Sept. 1984. 

The JT-60 program progressed as scheduled. Installation of the 
tokamak machine, initiated in Feb. 1983, will be finished in Sept. 1984. 
The tests of power supply and control system on site and the fabrication 
of the neutral beam injectors in factory proceeded successfully. 

Performance tests of prototype injector unit for JT-60 NBI prog
ressed as scheduled. A new advanced source plasma generator was 
developed to provide a high proton ratio exceeding 90%. Klystrons for 
JT-60 LH heating achieved the output power of 1 MB for 10 sec. Per
formance tests of titanium evaporators for JT-60 were completed. 

The Japanese coil for IEA Large Coil Task was installed in a test 
facility at ORNL and the partial cool-down was carried out. Construc
tion of the Tritium Process Laboratory was completed. 

Design studies of the Fusion Experimental Reactor (FER) and INTOR 
proceeded. 

Keywords: Annual Report, Plasma Confinement, JFT-2M, Doublet m , 
JT-60, NBI heating, RF heating, Surface Study, Super
conducting Magnet, Tritium Technology, FER, INTOR 
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核融合研究センタ一年報(昭和 58年度〉

日本原子力研究所東海研究所

被融合研究センター

( 1985年 1月 11日受理〉

核融合研究センターにおける昭和58年度の研究開発の現状と成果をまとめた。

新装置 JFT-2Mの試験運転を完了1..第 2高調波ICRF加熱実験・ LH電流駆動実験を行っ

た。理論では.ベータ限界値の比例則を明らかにすると共IC. ICRF加熱の詳細な解析を行った。

Doublet m による第 l期の共同実験は 59年9月ICは終了の予定である。

JT-60の建設は順調に進み. 58年2月IC開始した本体の据付は 59年9月完了の予定である。

電源および制御系の試験.および中性粒子入射加熱装置の工場製作も進められている。

jT-60中性粒子入射加熱装置原型ユr・ 7 トの性能試験を順調に進めると共に，新イオン源の

開発を行い， ω%以上の高水素比を達成した。 jT-60高周波加熱用大電力クライストロンの開

発も 1MWlO秒の出力を達成し.順調IC進んでいる。又.JT-60用チタン蒸着装置の性能試験

を完了した。

超電導磁石関発では，国際エネルギー機関による大型コイル事業の為の日本のコイルの.米国

オークリッジ研究所の試験装置への偲付けを完了し，実験が開始された。トリチウムプロセス研

究棟が完成した。

実験炉 (FER)および INTORの設計検討も進められている。

(2) 



JAERl-M 85-006 

CONTENTS 

I. PLASMA THEORY AND COMPUTATION 1 
1. Introduction 1 
2. Transport and Heating Studies 1 
2.1 Introduction 1 
2.2 Transport 2 
2.2.1 Effects of poloidal electric field on transport 2 
2.2.2 Particle simulation of divertor plasma 2 
2.2.3 Electron diffusion in a tokamak due to high-n ballooning mode . 3 
2.2.4 Simulation of electrostatic ballooning mode 3 
2.2.5 Integral of wave kinetic equation of drift waves 4 
2.2.6 Beam-driven ICRF instability and associated nonclassical 

transport in tokamak 4 
2.3 Heating 5 
2.3.1 Numerical calculation of ICRF waves in tokamak plasmas 5 
2.3.2 Three dimensional structures of ICRF waves in tokamak 

plasmas 5 
2.3.3 Study of ICRF waves in second cyclotron resonance and 

two-ion hybrid resonance heating 5 
2.3.4 Simultaneous heating by ICRF wave and neutral beam injection .. 6 
2.3.5 Fusion engine cycle in reactor system by adiabatic 

compression , 6 
3. Equilibrium and Stability Analyses 7 
3.1 Introduction 7 
3.2 Equilibrium analysis 7 
3.2.1 Equilibrium database CLIO-yi 7 
3.2.2 SELENE10 and SELENE-ERATO interface module 8 
3.2.3 Equilibria of anisotropic pressure tokamaks with high-

energy alpha particles 8 
3.2.4 MHD equilibria in a straight system with a non-planar 

magnetic axis 8 
3.3 Linear MHD instabilities 9 
3.3.1 Scaling of beta limit for infinite-n ballooning mode 9 
3.3.2 Model equation analysis of internal kink mode 9 
3.3.3 Stability of anisotropic pressure plasma 9 
3.3.4 Eigenvalue solver MAIA for a linear resistive MHD system 10 
3.4 Nonlinear MHD instabilities 10 

(3) 



I 

JAERI-M 85-006 

3.4.1 Development of a nonlinear resistive MHD code AEOLUS-RT 10 
3.4.2 Simulation of a nonlinear kink mode 10 
3.4.3 Kinetic effect on a resistive internal mode 11 

4. TRITON System 11 
4.1 TRITON system 11 
4.2 Supporting codes 12 

II. TOROIDAL CONFINEMENT EXPERIMENT 18 
1. Introduction . • 18 
2. Joule Heated Plasma of the JFT-2M Tokamak 19 
2.1 Introduction 19 
2.2 JFT-2M and diagnostics 19 
2.3 Plasma position control 20 
2.4 Joule heated plasma results 20 

3. Ion Cyclotron Range of Frequency (ICRF) Heating 24 
3.1 Introduction 24 
3.2 RF system and antennae 24 
3.3 Heating experiment 24 
3.4 Summary of second harmonic heating 27 
3.5 Impurities during the ICRF heating 27 
3.6 Summary and discussion of impurity problem during the ICRF 

heating 29 
4. Lower Hybrid Current Drive in the JFT-2M Tokamak 36 
4.1 Introduction 36 
4.2 Tokamak operation for lower hybrid current drive 36 
4.3 Investigation of fast electrons by soft X-ray measurements 38 
4.4 Conclusion • 38 
5. Development of a High Counting Rate Pulse Height Analyzer 43 

HE. OPERATION AND MAINTENANCE 47 
1. Introduction 47 
2. Operation and Maintenance 47 
3. Development of Equipments and Instruments 47 
3.1 Pellet injection system 47 
3.2 In-situ titanium coating device 48 

IV. JAPAN-US RESEARCH COOPERATION IN DOUBLET m 53 
1. Japan-U.S. Joint Program 53 
2. Experimental Results 54 
2.1 High pressure Dee-Shaped plasma experiments 54 

(4) 



JAERI-M 85-006 

2.2 Pellet injection experiment 55 
2.3 Remote radiative cooling with neutral beam heating in 

diverted plasma 55 

V. DEVELOPMENT OF PLASMA HEATING SYSTEM 61 
1. Neutral Beam Injection System 61 
1.1 Ion source development 61 
1.1.1 Improvements of the ion source for JT-60 61 
1.1.2 Development of ion source for 200 kev, 3.5 A helium beam 

injector 61 
1.1.3 Development of negative ion source 62 

1.2 Performance tests of the prototype injector unit for JT-60 62 
1.3 Improvement of accel power supply 63 

2. Radio Frequency (RF) Heating System 70 
2.1 Introduction 70 
2.2 R&D works of launcher 70 
2.2.1 Introduction 70 
2.2.2 LHRF launcher 70 
2.2.3 ICRF launcher 71 
2.3 R&D works of 1 MB class klystron 72 

VI. SURFACE PHYSICS AND VACUUM TECHNOLOGY 77 
1. Surface Physics 77 
1.1 Introduction 77 
1.2 Effect of oxygen on sputter-erosion of refractory metals 77 
1.3 Plasma-wall interaction study in cooperation with IPP of KFA .... 78 
1.4 Modelling of hydrogen recycling at TiC wall surface 79 
1.5 Plasma-wall interaction study on JFT-2M 80 

2. Vacuum Technology 88 
2.1 Introduction 88 
2.2 Preparation and characterization of TiC-coated first walls 

for JT-60 88 
2.3 Development of an in-situ coating device for JT-60 88 
2.4 New leak locating techniques for large vacuum systems 89 

VII. SUPERCONDUCTING MAGNET DEVELOPMENT 95 
1. Introduction 95 
2. Cluster Test Program 95 
2.1 The second test on the TMC-1 95 
2.2 Research and development for the TMC-II 97 

(5) 



JAERI-M 85-006 

3. Large Coil Task of IEA 97 
3.1 Sta tus of the Japanese t e s t c o i l in ORNL • 97 

3.2 Test plan of LCT c o i l s in OJ&X 98 
4. Pulsed Polo ida l Coil Development 98 
4 .1 Highl ights 98 
4.2 Verification test for pool-cooled conductors (JA-50, JB-50) — . 99 
4.3 Verification test for forced-cooled conductors (JF-30) 99 

5. Cryogenic System Development 100 
5.1 Introduction 100 
5.2 Experiment of forced-cooled superconducting test loop 100 
5.3 Development of cryogenic helium pump » 100 
5.4 Development of new type of current lead 100 

6. Development of the New Cryogenic Structural Material 101 
7. Design Study for a Medium Sized Superconducting Tokamak 101 
7.1 Necessity of a medium sized superconducting tokamak 101 
7.2 Management of the design study • 102 
7.3 Major results of the design 102 

VIE. TRITIUM TECHNOLOGY 116 
1. Development of Tritium Processing Technology 116 
1.1 Fuel purification 116 
1.1.1 JAERI-LANL (DOE) fusion technology cooperation 116 
1.1.2 Demonstration test of a small detritiation system 116 

1.2 Hydrogen isotope separation 116 
1.3 Blanket technology 117 
1.3.1 Tritium recovery from lithium-based materials 117 
1.3.2 In-situ tritium recovery experiment from L12O 118 

2. System Analysis 123 
2.1 Development of simulation procedure for stage processes 123 
2.1.1 Great improvement of computer simulation procedure for 

hydrogen isotope distillation columns 123 
2.1.2 Development of new simulation procedure for water 

distillation columns 123 
2.1.3 Development of new dynamic simulation model for equilibrium 

stage processes 123 
2.2 Static and dynamic analysis of cryogenic distillation columns .. 124 
2.2.1 Effects of helium on column behavior 124 
2.2.2 Start-up analysis for cryogenic distillation column cascade .. 124 

(6) 



f 

JAERI-M 85-006 

2.3 System synthesis for cryogenic distillation column cascades .... 124 
2.3.1 New column cascade in the main stream fuel circulation 

system for fusion reactor 124 
2.4 Pressure response analysis of glovebox system 124 
2.5 Design of fuel circulation and purification system of Fusion 

Experimental Reactor (FER) and International Tokamak Reactor 
(INTOR) 125 

3. Present Status of Tritium Processing Laboratory 127 
IX. DESIGN STUDIES OF FUSION REACTOR SYSTEM - 128 
1. Design Study of Tokamak Power Reactor • 128 

X. DEVELOPMENT OF A LARGE TOKAMAK JT-60 131 
1. Introduction 131 
2. Outline of the Progress of JT-60 131 
3. Status of Tokamak Machine 134 
3.1 Major activities 134 
3.2 Status of machine component 135 
3.2.1 Torus 135 
3.2.2 Primary cooling system 138 
3.2.3 Fast movable limiters and adjustable limiters 138 
3.2.4 Gas feed and preionization system 139 
3.2.5 Tokamak machine control system 139 
3.2.6 Vacuum pumping system 140 
3.3 Related studies 1*0 
3.3.1 Development of the electrode for the Electron Beam Gun 

preionization 140 
4. Status of Power Supply 144 
4.1 General status 144 
4.2 Poloidal field power supply 145 
4.3 Toroidal field power supply 149 
5. Status of Control System 153 
5.1 Introduction 153 
5.2 Start-up of Zenkei 153 
6. Status of Diagnostic System 161 
6.1 Electron density and temperature measuring systems 

(A-l and A-2) 161 
6.2 Ion temperature and impurity measuring systems 161 
6.3 Radiation flux and peripheral plasma measuring systems 

(A-5 and A-6) 161 

(7) 



JAERI-M 85-006 

6.4 Data processing system and d iagnos t ic support system 
(A-7 and A-8) 161 

7. Status of Auxiliary Systems 165 
7.1 Secondary cooling system 165 
7.2 Power distribution system/emergency power supply 165 

8. Status of Heating System 168 
8.1 Construction c-f Neutral Beam Injector (NBI) for JT-60 168 
3.2 JT-60 Radio Frequency Heating System 169 

9. JT-60 Experimental Planning and Plasma Consideration 173 
9.1 Experimental program and schedule 173 
9.2 Plasma control 174 
9.3 Plasma consideration 175 

10. JT-60 Operation Program 182 

XI. DESIGN STUDY OF THE NEXT GENERATION DEVICE 184 
1. Fusion Experimental Reactor (FER) 184 
1.1 Introduction • 184 
1.2 Reactor concept 184 
1.3 Plasma startup and current drive 185 
1.3.1 Quasi-steady state operation scenario 185 
1.3.2 Steady state operation scenario 186 

2. INTOR 188 

APPENDIX 193 
A. 1 Publication List 193 
A. 1.1 List of JAERI-M Reports 193 
A.1.2 List of Other Reports 197 
A. 1.3 List of Papers Published in Journals 197 
A. 1.4 List of Papers Published in Conference Proceedings 202 

A. 2 Personnel of the Center 212 
A.2.1 Number of the Staff of the Departments 212 
A.2.2 List of Scientific Staff and Officers during FY 1983 213 

A. 3 Budget of the Center 224 

(8) 



JAERI-M 85-006 

i. m'Ais^mm i 
1. (J Cibic 1 

2. «i!gi§gfcJ;i>'jD«!iig 1 
2. 1 l i t t o l c 1 
2.2 f i i iSS 2 

2.2.1 tfcM V'l'W.igiOttimi&W.^CD&W 2 
2.2.2 SM'<-? • •7°5 3C-?<Z>(4JFv'i i l ' - i ' g V 2 

2.2.3 | l > ' < * - - y ? ' - * - Kit J: 5 I-#-7 ^ "COB? Ki t 3 
2.2.4 | 1 ' < * - ^ >-/• i - KB-V ; i k - ' > 3 y 3 

2.2.5 K ') 7 h KOiMil&fiWSacffi t f 4 
2.2.6 f - A | i K i I C R F ^ S f f i t t i t t L ( C # - 5 h * - 7 ^ * © # * « ^ g 4 

2. 3 SD«iiig 5 
2.3.1 h # - 7 ? • 7*5X'-7itio ICRFffi®iM»!tMf 5 

2.3.2 I- ii-vt • ̂ ^XvrfJOICRFiSfflS^TEfllii 5 
2. 3. 3 $ 2 t ' ( i ' a h a X*«.|i2 -f * ^ figEftuJIJn*!! ICfctfS 

ICRFiS»W?£ 5 
2.3.4 ICRFffii^tteTA*tl<:J;5|BlB#Jn*S 6 
2.3.5 mmB.mZ^t-MWs.&fpV <t ? * 6 

3. ¥-m&j:z}-%%&mm ? 
3.1 liUtoic 7 

a 2 ¥iSB»ff 7 
3.2.1 s p S i x - ^ ^ - x C L I O - V l 7 
3. 2.2 SELENE 10 *3±!>'SELENE-ERATO O J - 7 i - ( x . 

*i?a.—/l/ 8 

3.2.3 flx*^+'- • T^7 T&TKJiZJmJjEf])- 1)-?9 -

-f 7 Xvffl^&i 8 
3.2.4 j i<*:««l$ll4feoai |7°vXv©MHD^iSe 8 

3.3 SSJBMHD^gcJttt 9 
3.3.1 M^Mft'**-->•?'• * - Kftftf-SPBJ^-^ffiOitWJ 9 
3.3.2 rtS5*>? • *-K®*x^;5-git:8Wf 9 
3.3.3 I W a * r 5 ^ 7 i 0 5 a 9 
3.3.4 mir^&mtMRDmotzidinm^iAMffiy^yyy-MMA 10 

3. 4 #SH&MHD*£5£tt 10 
3.4.1 IIMiffJffitSttMHDn- KAEOLUS-RTOBflfg 1 0 

(9) 

]AERI -M 85 -006 

J欠目

'
A
'
i
n
4
 
2 

n
r
u

句。句。
4 

凋“
.

P

町一
w

p

h

d

5 

5 

6 

6

7

7

7

7

 

8 

0
0
0
o
n
v
 
n
u
n
u
n
u
n
u
 

-
10 

10 

1.理論および計算

1 はじめに …・H ・H ・....・H ・-

Z 輸送過程および加熱過程

2.1 はじめに ...・H ・・

2.2 輸送過程 ……・

2.2.1 ポロイダル電場の輸送過程への影響

2.2.2 ダイパータ・プラズマの粒子シミュレーション

2.2.3 高いパルーニング・モードによるトカ7 ク中での電子拡散

2.2.4 静電パJレーニング・モードのシミュレーション

2.2.5 ドリフト波の運動論的方程式の積分

2.2.6 ビーム駆動 ICRF不安定性とこれに伴う卜カ 7 ク中の非古典輸送

2.3 加熱過程

2.3. J トカ 7 ク・プラズ7 中の ICRF放の数値計算

2.3.2 卜力 7 ク・プラズマ中の ICRF波の 3次元構造

2.3.3 第 2サイクロ卜ロン共鳴と 2イオン混成共鳴加熱における

ICRF波の研究

2.3.4 ICRF波と中性粒子入射による同時加熱

2.3.5 断熱圧紘を沼いた核融合炉サイクル H ・

3 平衡および安定性解析

3. J はじめに …一

3.2 平衡解析

3.2. J 平衡データベース CLIO-VJ

3. 2.2 SELENE 10およびSELENE-ERATOインターフュイス s

モジューノレ ・・…………・・ー

高エネルギー・アル77粒子による非等方圧力トカマク・

プラズマの平衡 …… 

3.2.4 立体怪気軸をもっ直線プラズマのMHD平衡・・…………・

3. 3 線形MHD不安定性

3. 3. 1 高い極限パルーニング・モードに対する限界ベータ値の比例則

3.3.2 内部牛ンク・モードのモテソレ方程式解析

3.3.3 非等方圧力プラズ7 の安定性 …...・H ・.....・H ・...

3.3.4 線形抵抗性MHD系のための固有値解析プログラムMAIA ・H ・H ・....

3.4 非線形MHD不安定性...... 

3.4. 1 非線形抵抗性MHDコードAEOLUS-RTの開発

(9) 

3.2.3 



I 

JAERI-M 85-006 

3.4 2 IMMUP+V? • * - K0-> J j l x - i ' g y 10 
3.4.3 ffitsttflSB*-KK^-rsaa^as 11 

4. TRITON v-x-rA 11 
4.1 TRlTON>XxA 11 
4.2 3cm*- K p 12 

n. h a/f ^yi/^©EB li i i toUK is 
1. (i ua&K 18 
2. JFT-2MI-*?? f f l ^a . - - ' i ' Sn« i7 '7X-7 19 

2. 1 f i t able 19 

2 2 ]FT~2Mt$m\B«i 19 
2.3 -Ty X?fi[g$IJil 20 
2.4 ^ i - * i S 7 " 7 X - r 20 

3. <i *W< 9° h n y i S S f (ICRF) ftn*ft 24 
3 1 MXJ&IC 24 
3.2 I S t S i r ^ f t 24 
a 3 iimn® 24 
3.4 m2mmi&nam<o^m 27 
3.5 I C R F f l a f W o W S 27 
3.6 I C R F j D « 4 > O * & » ' i B 0 g £ ! £ l $ f f 29 

4. J F T - 2 M H t>^?(Df&i$.m.l&miMmWl 36 
4. 1 l iUfel t 36 
4.2 @.®miSMVmWl(Otzlt><D\-ij-?t&&i 36 
4.3 ifcXllW/tKcfc'SHas^eWSS 38 
4.4 e m 38 

5. mimmi&mftmt<D%i% 43 
1. g i o a e - e=f 47 

1. (i t ;* ic 47 
2. g g © a e - g ^ 47 
3. ggosffiraa 47 

3.1 ^ i z - a A l t S l 47 
3.2 tCDtgs?-? yz2-?-4 y-rt&m 48 

N. y-fv-j nmc:fcW-5B*t8270B£ 53 
1. B * B 7 j ! t B 5 3 

2. * !***« 5 i 

2.1 i e ^ - ^ D f l S T ' f X ^ O J I ^ 54 

2.2 *<»-, hA*fHI£ 55 
2.3 NBI £ff o ?'-f ' < - 5 ' - 7 ' 7 X 7 f f l i j t - h ? - ' J y ^ 55 

(10) 

JAERI -M 85 -006 

3.4.2 非線Jf~キンク・モードのシミュレーション ………...・ H ・..………………… 10 

3.4.3 抵抗性内部モードに対する運動論効果 ...・H ・.....・H ・.....・H ・..………...・H ・ 11

4. TRITONシステム ……...・H ・..…...・H ・..……...・H ・..…………...・H ・..…...・H ・..…… 11 

4.1 TRITONシステム ………...・H ・..…一一一.....・H ・.........・H ・..…............・H ・ 11

4.2 支媛コード群 …H ・H ・...・H ・.......・H ・...・H ・..…...・H ・.....・H ・....・H ・...一...・H ・..… 12

ll. トロイダル系の閉じ込め実験 ……...・H ・..一………-……...・H ・..…・H ・H ・..……H ・H ・ 18

1 はじめに ・・…・H ・H ・.....・H ・..…...・ a・...…H ・H ・-….........・H ・.......・H ・.....・H ・-一…一・ 18 

2. JFT-2 Mトカ7 クのジュール加熱プラズ7 ……...・H ・..・H ・a・...……...・H ・..……… 19 

2. 1 はじめに …...・H ・..一一...............・H ・-・…...・・H ・H ・....…H ・H ・H ・H ・H ・..………… 19 

2.2 JFT-2Mと計測診断 .........・H ・-…・H ・H ・..…...・H ・.....・H ・..……...・H ・H ・H ・.... 19 

2.3 プラズ7 位置制御 …… H ・H ・......・H ・..…...・M ・-…..…………………...・H ・ 20

2.4 ジュール加熱プラズ7 ……・.-...…...・ H ・..一一一一一…...・ H ・-一一一………… 20 

a イオンサイクロトロン周波数得 OCRF)加熱...・ H ・-………………...・H ・-……… 24 

3. 1 はじめに …...・H ・........・a・........・H ・...・H ・.....・H ・-…H ・H ・......・H ・......…....・H ・...・ 24 

3.2 高周波系とアンテナ H ・H ・H ・H ・………H ・a・....・H ・..………・・・…...・H ・.......・H ・..…. 24 

3.3 加熱実験 ………………………...・H ・-………………….'.・H ・............・ a・-… 24

3.4 第 2高調波加熱の要約一...・H ・.....……...・H ・.....・H ・..…H ・H ・-….....・H ・..…… 21 

3.5 ICRF加熱中の不純物 …......・H ・.......・H ・-…...・H ・......・H ・....…...・H ・-…・ー 21 

3.6 ICRF加熱中の不純物問題の要約と検討 …....・H ・...・H ・.......・H ・.....・H ・-…… 29 

4. JFT-2Mトカ717の低域混成電流駆動……………...・H ・-……………一……… 36 

4. 1 はじめに ...・H ・..一…………ー……H ・H ・...…H ・H ・......・H ・-…...・H ・.......・H ・-… 36 

4.2 低域混成電流駆動のためのトカ 7 ク運転 ………………......・ a・-…...・ a ・-…… 36 

4.3 軟X線iJil}定による高速電子の研究 ………………………………一一一一一一一 3B 

4.4 結論...・H ・..……...・H ・.....・H ・..………...・H ・..….....・H ・...…………………… 38

5 高計数率波高分析計の開発 ...・H ・.....・H ・.....・H ・...・M ・-………...・H ・.......・H ・.......... 43 

E 装置の運転・保守 ...・H ・.....・H ・....…-…………………...・H ・..……一一一H ・..-...・H ・ 41

I はじめに ...・H ・........・H ・.....・H ・..…...・H ・.....・H ・..…...・H ・........・H ・-…H ・H ・.............. 41 

2 装置の運転・保守 ...・H ・.....・H ・.....・H ・.......・H ・-……...・H ・-・.....・H ・...・H ・H ・....・H ・... 41 

a 装置の技術開発 ………...・H ・H ・H ・..……H ・H ・......・H ・..…………....・H ・...…………・・ 41 

3.1 ベレット入射装置 ...・H ・..……・H ・H ・.............………・…..…一一一............ 41 

3.2 その場チタンコーティング装置 …...・H ・..………...・H ・.....・H ・.....・H ・..…...・H ・ 48

V ダブレット目における日米協力研究 ...・H ・..…...・H ・..…...・H ・.....・..…...・H ・.....・H ・..… 53 

1. 日米協力計画 ………....・H ・.......・H ・....・H ・.........・H ・....…....・H ・-・…....・H ・..... 53 

2. 実験結果 .........……………………………一一一一一……………………一一一…… 54 

2. 1 高ベータ D形プラズ?の実験 …...・H ・.....・H ・..一一….........……._.......ー一一ー 54 

2.2 ベレット入射実験 ………...・H ・...・H ・-……………………一一一….............・H ・ 55 

2.3 NBIを伴うダイパータープラズ?のリモートクーリング・..............・ H ・-…… 55 

(10) 



JAERI-M 85-006 

V . 7" 7 ^ '^JP«iSlff lM% 61 
i. ^tta^AWiss ei 

1.1 -f a-yfi©g83§ 61 

1.1.1 JT-eOffl-f^-ygOBSSI 61 
1.1.2 200keV. 3.5A^'J -7A f -AAWSBff l ' f * vM<Dffl§£ 61 
1.1.3 fil *-sfficDfflB. 62 

1.2 J T - 6 0 f f l A W S S i a a J - - - 7 i-tDtmiA® 62 

1. 3 Sni l f f iSc&f i 63 
2. gmmmmmm 70 

2.1 (iUtolc 70 

2.2 yy?-t-0m'E-ffl% 70 
2. 2. 1 (±UJ6lt -• 70 

2.2.2 L H R F ? ^ f t - 70 
2.2.3 I C R F ^ y - f - r - 71 

2.3 I MWSS? 7-f x h P vnm^-^m 72 

vi. ^mmtm^.'&M 77 
1. mmm 77 

1. 1 l i t t l e 77 

1.2 im&m<D7.><v 9 '> y'7iz.tsjn$tm-M<D&& 77 

1.3 y"7x-?mttiB.ft3!izmtZ2-- <> -y tffij-j]m%.m7°? *-?®Mm%.mt<D 
*fBIW# 78 

1.4 TiCm&Si<Ctitf67kM>) •>!•-{ ? ') y-7'(D^r>^W- 79 
1.5 JFT-2M(Cfc«-S7-7 3C-7iSfiSfpffl0f^ 80 

2. jS^&gi 88 
2. 1 tiCtolc 88 

2.2 JT-60fflTiC««!S-S®®ft£M*4»ffi 88 

2 3 J T - 6 0 M ^ f f l i i 3 - T - f x^ '^HfflUK 88 
2.4 XmmiimMOtzlfHDffiL^ fcftSSPSffi 89 

vn. mm.mm.'E(D^^ 95 
1. ii i-;a6tc 95 

2. ? v x * - - f ^ h / n / 7 i 95 

2.1 T M C - i ( D r n z m g u M 95 
2. 2 TMC-DO R&D 97 

3. IEAIcj;S*:i!3-fyu(fiS(LCT) 97 

3.1 0 R N L t ? t 0 B * 3 -f ^ © S t t 97 
3. 2 ORNL "eo LCT a -f ^fflJSg^S'tii 98 

4. A - * 7 • .-}; r- -f jou . a •< yUOSBIg 98 

4. 1 £3?ttl££ 98 

(11) 

JAERI -M 65 -006 

V. プラズマ加熱装置の開発 …'"・a・...……...・H ・.....・H ・-一……・H ・H ・"…...・H ・..………… 61 

1 中性粒子入射装置 …………-…'"・H ・-・…....・H ・..…………・............…...・H ・.，… 61 

1.1 イオン源の開発 ….，.・H ・..………..，・H ・..…一……...・H ・..…...・H ・..………...・H ・ 61

1. 1. 1 1T-60用イオン源の開発 ...・H ・H ・H ・.......・H ・..…...・H ・..……...・H ・..…・・ 61 

1. 1. 2 200 keV. 3.5 Aヘリウムビーム入射装置用イオン源の開発……...・H ・-… 61 

1. 1. 3 負イオン源の開発 …H ・・H ・H ・..…...・H ・...・H ・H ・H ・-…….........・H ・-……・・ 62 

1. 2 1T-60用入射装置原型ユニットの性能試験 ・H ・H ・..……...........・H ・-……・・ 62 

1. 3 加速電源の改良 一……ー………...・H ・.....・H ・................………...・M ・-…・・… 63 

2. 高周波加熱装置 …...・H ・.....・H ・..………...・H ・.......・H ・..………...・H ・-…・H ・H ・..…… 70 

2.1 はじめに …...・H ・..…...・H ・..…...・H ・.......・H ・H ・..・H ・H ・..…...・H ・....…………・・ 70 

2. :2 ランチ十一の試作・開発 ...・H ・-……・H ・H ・H ・H ・..…・H ・H ・.....・H ・..……...・H ・…・ 70 

2.2 1 はじめに …...・H ・.....・H ・H ・H ・.....・H ・H ・H ・..……・....・H ・...・H ・..………...・H ・ 70

2.2.2 LHRFランチャー………ー……H ・H ・H ・H ・a・.....・H ・-…......・H ・......・H ・..… 70 

2. 2.3 lCRFランチャー ........・・・・・・・・H ・・・・・H ・・・H ・M ・.....一......・一一-一-一一一....・a・ 71

2.3 1 MW級クライストロンの試作・閥発 …・・……...・H ・-・…...・H ・..…...・H ・..…… i2 

W 表面物理と真空技術 ...・H ・..…...・H ・......・H ・.....・H ・...・H ・・H ・H ・.......・ a・-・‘H ・H ・..…… 77 

1 表而物理 一一.....…...・H ・..………......・H ・..…'"・H ・-…-……H ・H ・.....・H ・..……・・ 77 

1. I はじめ』にL:….日.. ….一.. …...….一...….口.. …...…...….日.. ….日.. …....….日.. …..一….日….日….. ….日….日….日….日….日….日….. ….日….日….日….. ….一….日….. …....・H ・-…....・H ・.....・H ・ 17

1. 2 耐熱金属のスパ y タリングIL:およほす駿素の影響 ...・H ・.....・H ・....・H ・......・H ・ 77

1.3 プラス:7壁相互作沼に関するユーリッヒ原子力研究所プラズ7物理研究所との

共同研究 …………...・H ・......・H ・.....・H ・...・H ・.......・H ・...............・H ・.......・H ・ 78

1.4 TiC壁表面における水素リサイクリングのモデル計算………………………… 79 

1.5 1FT-2M におけるプラズ7壁相互作用研究…......・H ・-……...・H ・..………… 80 

2 真空技術 ……………...・H ・...........…………...・H ・..…...・H ・H ・H ・'"………………・・・ 88 

2. I はじめに ...・H ・..………...・H ・.....・H ・.....・H ・.....・H ・H ・H ・.....・ a・.....……H ・H ・-一… 88 

2.2 1T-60用TiC被覆第一壁の製作と材料評価...・H ・H ・H ・..…...・H ・..…..，・H ・ 88

23 1T-60用その場コーティング装置の開発 ...・H ・H ・H ・.....・H ・..……....・H ・..…・・ 88 

2.4 大型真空装置のための新しいもれ探知技術 ...・H ・...・…H …...・ a・-…………… 89 

U 超電導磁石の開発 …...・H ・..…・-…一…..…・………………・・…・…・….....・H ・ 95

1 はじめに ・・H ・H ・.......・H ・.....・H ・.....・H ・.....・H ・..……...・H ・-ー……・・...・H ・-……… 95 

z クラスター・テスト・プログラム ….........・H ・-・……...・H ・-・…………...・H ・...…… 95 

2. I TMC-1の第2回目試験…ー・H ・H ・-・……-…・・・-…...・H ・-・…......・H ・..・H ・H ・ 95

2.2 TMC-Hの R&D ….. 一…・H ・H ・....…… ・ー… -…...・H ・........…H ・H ・......・H ・ 97

3. IEA による大型コイル事業 (LCT) …'"・H ・.....・H ・.....・H ・..………...・H ・..…'"・H ・ 97

3. I ORNLでの日本コイルの現状…...・H ・.....・H ・.....・H ・.....・H ・-……・・H ・H ・..……・ 97 

3.2 ORN 

4. : 主要な成果 .....・H ・.....・H ・......・H ・.....・H ・...........・H ・..…...........・H ・....・・・…・・ 98 

(11) 



JAERI-M 85-00fi 

4 2 a « ^ a S ! S K * ( J A - 5 0 . JB-50) ©UliEH^ 99 
4.3 &u&mMm# ( J F - 3 0 ) <o^ms.m 99 

5. S S ^ ^fifflfflS 100 
5.1 iii;«>it 100 

5.2 mYt%mmm.mm$i>K-7<D-m. 100 
5.3 ffifi^'J £A#v:/ff lgg% 100 
5.4 f f 3 J « « t ' ; - KOSB% 100 

6. §j{&&ffimm®m% 101 
7. cpmwngn.*n-ti •? ? ®mtm%. 101 

7.1 43ffifIS««fA-7?0^-gtt 101 
7. 2 !&!tW?S0i§;6;fr 102 

7. 3 SltffliSfiSS 102 
«. h ̂ f^ASS 116 

1. h 'J^?A7-o-fexKftjfflg§|is 116 

1. 1 « S * " x f S ^ 116 

1.1.1 H « - D X T 7 * x B 3 t W 5 £ B i T ( * | i ? / H - ' - S ) *£ii£jffl3£t®*i- • 116 
1.1.2 'hSI- 'J ^CA^S-yx-rAOHIiESSK 116 

i. 2 ymimfcftM 116 
1.3 7 ' 5 v ^ - v hftffi 117 

1.3.1 ') f ' U J t t f t t W > i f f l h 'J-f ^AOlK 117 
1.3.2 mt<) 1-0£.&>hCDZ<Dtgit- ' J ^ ^ A I E I I R I I ^ 118 

2 i^TAJSflf 123 

2.1 ®7°n-bx • V i x.i,-i/a y#ffiff)§Sfg 123 

2. 1. 1 *£Hf t#3g®igf f l f t J I« i ' J * U-i/a y^m<Dizmt£&& 123 
2.1.2 7kmmmmm->i^^-->ay^/&<D^m 123 
2.1.3 S¥»7 - D-fex ic^ - r s» fL^ i ! ;W->^ i ' - '>3 y*T>i'<Dffl% 123 

2.2 mftmt&mxiRvsiwmi 124 
2.2.1 - y - J A O i t &K%.t£t§M 124 
2.2.2 ffl%$m$&i} 7. >r- ¥0)7.9- \-Ty7fflVr 124 

2.3 mftM'gtgtix'r- KICo^TOgfC/x-f A 124 

2.3.i mm&ipmw.wigm-yxT-t'.&imtifcftsitgfix'r-v 124 
2.4 ya--fX~i 97.isT.7-AfflEftJEgJSt/f 124 
2.5 mm&'MgUP CFER) Ktf I NTOR ©$*&«§ ^ x A O t a f t 125 

3. \-'i ^-•yj.y'a-bT.m^.mom^. 127 
K. gEff l^*PCD4'^7 1A3glt 128 

1. (-#-<• i'SKi/j^fflasitef?? 128 
x. * s h a - ? * jT -6o©M& 1 3 1 

1. (ilitolt 131 

(12) 

JAERI-M 85-00fi 

4.2 浸漬冷凍型導体(JA-50.J8-50)の実証試験 …...._....・・………………目 99 

4. 3 強制冷凍型導体(JF-30)の実証試験…...・H ・......・H ・…...・H ・..………・…… 99 

5. 冷凍システムの開発 H ・H ・.....・・・H ・H ・H ・H ・...........・H ・-…・・…・・…………一一一一 100 

5. 1 はじめに ・H ・H ・.....・H ・..一...・M ・..…・・・・…...・H ・..……H ・H ・...…...・H ・..……… 100 

5.2 強制冷凍超電導試験ループの実験 ・H ・H ・......・H ・..…………・・…...・H ・......・H ・. 100 

5.3 低温ヘリウムポンプの開発 …一...............・ H ・..……一........……..………… 100 

5.4 新型電流リードの開発 ・・ H ・H ・....…・H ・H ・...・H ・H ・H ・-…・・・・・……............ 100 

6. 新低温構造材料の開発 …・...・H ・H ・H ・...・ a・.....・H ・..…・...................…..……… ... 101 

7. 中規模超電導トカ 7 クの設計研究 …・H ・H ・........・H ・..……ー…・・……...・H ・..……… 101 

7. 1 中規模超電導 fカ7 クの必要性 ・・…......・………...・H ・......・H ・H ・H ・..………・・ 101 

7.2 設計研究の進め方 …...・H ・......・H ・.....・H ・H ・H ・..….........…・…....・ H ・..……… 102 

7.3 設計の主要成果 …...・H ・.....・H ・H ・H ・-目H ・H ・.....……....・H ・........・H ・..……ー一… 102 

咽. トリチウム技術 ………-・……・………......・H ・H ・H ・..…...・H ・...…………・..…...・H ・.. 116 

1 卜リチウムプロセス技術の開発 ……...・H ・..…...・H ・....…・…...・H ・H ・H ・.....・H ・-… 116 

1.1 燃料ガス精製 ・H ・H ・..…...・H ・...........・H ・..…………….......…・・… …….. 116 

1. 1.1 原研一ロスアラモス国立研究所(米国エネルギー省〕核融合研究協力… 116 

1. 1. 2 小型卜リチウム除去システムの実証試験 ……...・H ・...一…………...・H ・.. 116 

1.2 水素同位体分離・.....・H ・-………・-…・H ・H ・........・H ・.......……...・H ・..…一一… 116 

L 3 プランケット技術 ……………...・H ・.....………・…......・H ・..………..……・・・・ 117 

1. 3. 1 リチウムを含む材料からの卜リチウム回収 …...・ H ・-・・……………..一一 117 

1. 3.2 酸化リチウムからのその場卜リチウム回収実験 一…...・ H ・・・・......・・・… 118 

Z システム解析 ...・H ・..…...・H ・..……….....・H ・..……・………・・…......・H ・..………… 123 

2.1 段プロセス・シミュレーション手法の開発 ...・H ・.......・H ・H ・H ・..…......・H ・..... 123 

2. 1. 1 水素同位体蒸留塔用計算機シミュレーション手法の大幅な改良 ……一一 123 

2. 1. 2 水蒸留塔用新シミュレーション手法の開発 ……一……….......……・・… 123 

2.1.3 段平衡プロセス 1;::対する新しい動的シミュレーションモデルの開発...・H ・.. 123 

2.2 深冷蒸留塔の静的及び動的解析 ...・H ・-….....……・ー・…...・H ・H ・H ・-目...・H ・-ー 124 

2.2. 1 ヘリウムのえ 控1;::及ぼす影響 ..…...・ H ・-………・……・H ・..…・・・・・・… 124 

2.2.2 深冷蒸留塔カスケードのスター卜，...，プ解析 ……..........一一一……… 124 

2.3 深冷蒸留培カスケードについての新システム …一…・・…...・H ・..………...・H ・.. 124 

2.3.1 核融合炉用燃料循環システムを対象とした新型塔カスケード ・H ・H ・H ・H ・.. 124 

2.4 グロープボックスシステムの圧力応答解析 H ・H ・・H ・H ・..…………….....…・・ー 124 

2.5 核融合実験炉 (FER)及びINTORの燃料循環システムの設計 ……-……・・ 125 

3. 卜リチウムプロセス研究棟の現状 ……...・....……・・・・・・………...・H ・..…..，・H ・..… 127 

LX. 核融合炉のνステム設計 …...・H ・..… 一…・・…ーー………・ー...........…H ・・・・ 128 

1 トカ 7 ク型動刀炉の設計研究 ...・H ・..............・H ・.....・H ・H ・-…........・H ・-・…・・・ 128 

X 大型トカ 7 クJT-60の開発…H ・H ・-・….....・ H ・..，・H ・...….....・H ・..・・…・……・・ '"・H ・. 131 

1 はじめに ・・……...・ H ・...………・・ーー・・…・・・・・・……且 “….........・ H ・-一一… 131 

(12) 

file:///-Ty7fflVr
http://97.isT.7-


JAERI-M 85-006 

2 JT-60ftH®ffizfi 131 
3. * # © « « 134 

3. 1 ffi S 134 

3. 2 ; g & £ H © a t t 135 
3. 2. 1 h # ^ ? # # : 135 
3. 2.2 — #!#ifl3£ 138 

3.2.3 itjUHTtH S ? - £ ¥ @ ; £ ' J 5 ? - 138 

3.2 4 A ' ^ f f i A i l H l W i i S ! 139 
3.2 5 #«JSPt3« 139 
3. 2. 6 KSSPMSffl 140 

a 3 mmm% 140 
3.3.i nfmm^^mmmmfsnmcomm uo 

4. t S f f l i K 144 
4. 1 « U 144 
4.2 f a - f y ^ f f l f r M ;u« i ( 145 
4.3 I- o-f #)\,m9s^4 *UM 149 

5. fttJiS^fflStt 153 
5. 1 l i t * I C 153 

5.2 £ & © & » / 153 

6. f H » © S t t 161 
6.1 « ^ K « 5 £ - > * x A : f c , = f c O . - t t ^ g S a i | S v ' * ^ A 

( A - 1 *J=fct>'A- 2) 161 
6.2 - f *y f iKSiK->^xAj j< fc j> '^ f f i f t^S! l©Sf->^xA 

( A - 3 f c s f c O f A - 4 ) 161 
6.3 MaMK'>xf i i>j : t faa/7^7gai '^f i 

( A - 5 f c < f c t f A - 6 ) 161 
6.4 T - ^ S ^ x A f c i f f l - f f l K M ^ x A 

( A - 7 &<££>'A-8) 161 
7. ttiaffifflgtt 165 

7. 1 - » ^ i P i S « 165 
7.2 S#ff lS2«IS**J:e>'#^ff laJg I 6 6 

8. jMssSSKCStt 168 
8.1 JT-60ff l*14i f j i?AttSHO^ia: 168 
8.2 yv-mm^n^wms. 169 

9. JT-60f f lSl^ l tHfcJ;O'7 '7XvlcBI |1-S^g 173 
9.1 HgiltlifccfcO''*^ 5 ^ - - ^ 173 
9. 2 7 ° 7 X v | l j a 174 

9.3 7"7X-7(CKI#S#S 175 

(13) 

JAERI -M 85 -006 

2. JT-60計画の概況 H ・H ・....・H ・....・H ・.....・H ・..……H ・H ・.......………...・H ・..…・H ・H ・.， 131 

3 本体の現状 ・・ H ・H ・-…....・H ・..........・H ・-…....・H ・....…・…・….....・H ・....・H ・ー…… 134 

3. 1 概 要…・………....・.......・H ・....…一..-.・H ・....一・………・……・・・H ・H ・... 134 

3.2 装置機器の現状 ...・H ・-…...・H ・..…....・H ・H ・H ・...・H ・.......・H ・........・H ・.....・H ・... 135 

3.2.1 トカ7ク本体 …...・H ・-…..…… ……...・H ・H ・H ・-・・・…........・H ・..…...・H ・. 135 

3. 2.2 一次冷却系 ……・H ・H ・..………・・…...・H ・H ・.....・H ・…H ・H ・-….....・H ・.....… 138 

3.2.3 高速可動リミターと半固定リミター ・H ・H ・.....・H ・.，.・H ・.......・H ・..…...・H ・... 138 

3.2.4 ガス注入と予備電雛装置 ...・H ・..…....・H ・..…............・H ・-・・………....・H ・139 

3. 2. 5 本体制御設備 …....・H ・-…・ー…・…………・・…・…..........・H ・...・H ・... 139 

3.2.6 真空排気設備 ...・H ・........・H ・..…・・'"・H ・..……'"・H ・.....・H ・........・H ・...….. 140 

3.3 関連研究 …....・H ・'"……...・H ・-…....・a・...・H ・-…一……...・H ・-……........・H ・ 140 

3.3.1 電子銃型予備電離装置用電極の開発・H ・H ・..…・'"・H ・.....・H ・-・……..…… 140

4 電源の現状 ...・H ・...……'"・H ・-・…・・・H ・H ・.....…・'"・......…・・ ...・H ・......・H ・H ・H ・..... 144 

4.1 概 況・・H ・H ・-・….....…..........・H ・..........・H ・...…....・H ・......・H ・.....・H ・.. 144 

4.2 ポ口イダル磁場コイル電源 …...・H ・.......・H ・.....・H ・.....・H ・・....・H ・...・H ・.....・H ・-・ 145 

4.3 トロイダノレ磁場コイル電源 …...・H ・...・H ・-……....・H ・..…...・M ・...・H ・-…・・... 149 

5. 制御系の現状・H ・H ・..…..........…'"・H ・…・...・H ・......・...........・H ・...……….....・H ・. 153 

5.1 はじめに ・H ・H ・.....・H ・..…...・H ・..…H ・H ・'"………...・H ・..，・H ・......・H ・・・……・…・・ 153 

5.2 全系の始動 …・………………...・H ・-…・...・ H ・..………...・H ・-……......・H ・.. 153 

a 計測系の現状 ..…..…...・H ・...…...........・H ・...・H ・..…'"・H ・-………・・…......… 161 

6.1 電子密度成l定システムおよび電子温度測定シス干ム

(A-1およびA-2) …………・...・H ・.....・H ・.....・H ・.....・H ・......・H ・H ・H ・... 161 

6.2 イオン温度調.IJ定システムおよび不純物挙動診断システム

(A-3およびA-4) ・H ・-…….........・H ・.....・H ・..…...・H ・.....・H ・..一…・・ 161 

6.3 放射t員失iJ!IJ定システムおよび周辺プラズ7監視システム

(A-5およびA-6) ・H ・H ・.....・H ・H ・H ・.....・H ・H ・H ・.....・H ・・H ・H ・.....・H ・..…・ 161 

6.4 データ処理システムおよび計鼠!J支援システム

(Aー7およびA-8) ・H ・H ・.....・H ・..…...・H ・..……...・H ・..…...・H ・.....・H ・..… 161 

7. 付属設備の現状 ……・…...........…・….....……...・H ・……・…・............・H ・...... 165 

7. 1 二次冷却設備 …・・……....・H ・..… H ・H ・H ・...…・ H ・H ・-…............・H ・....…・・ 165 

7.2 操作用配電設備および非常用電源 …....・H ・・H ・H ・-・………...・H ・.....……・・一 165 

a 加熱装置の現状 …H ・H ・...........・H ・-…・・…...・H ・...・H ・..…・...・....・ …・・…..，・H ・..... 168 

8. 1 JT-60用中性粒子入射装置の建設 ...・H ・..…...・H ・'"・H ・-・・…・・……....・H ・.... 168 

8.2 JT-60用高周波加熱装置 .................…H ・H ・......・H ・....…......・H ・.....・H ・.. 169 

9. JT-60の実験計画およびプラズ71C関する考察 ・H ・H ・..…….....・H ・...…・-……ー 173 

9目 I 実験計画およびスケジューノレ …...・ H ・.....・ H ・…………・・・ー……………….... 173 

9.2 プラズマ制御 H ・H ・...・H ・....

(13) 



I 

JAERI-M 85-006 

10. SKH-il 182 
x. ix'&i-ti-rv&w.omm®. 184 

1. mm* (FER) 184 
1. 1 IZCtbtt 184 
1.2 fr m. & 184 
i.3 77x-?$.±.v?kmvmm 185 

1.3.1 mfei$m*K->j-<)* 185 
1.3.2 %•%&&•>*')* 186 

2. INTOR 188 

(14) 

JAERI -M 85 -006 

10. 運転計画 ・........・H ・..........・・…...・M ・-…・・…H ・・H ・H ・....………・・・…・・・・・・H ・H ・-… 182 

沼.次期トカ 7 ク装置の設計研究 …………...・H ・....…………….....・H ・H ・H ・.....…・・…… 184 

1. 実験炉 (FER)………リH ・H ・.......・H ・…....・H ・..・・・・…......・H ・-・…・・・・......・H ・-… 184 

1.1 はじめに …...・H ・..…………………・……….....………...・H ・.....・H ・.............. 184 

1. 2 炉 概念 …....・H ・-……・・H ・H ・-…....・H ・-・…・・……........…....・H ・........・H ・184 

1.3 プラズ7 立上げと電流駆動 …...・H ・・………ー…・…・......・ H ・.....………・ー… 185 

1. 3. 1 準定常運転シナリオ ...・H ・H ・H ・.....・H ・..…...・H ・.....・H ・.........………...・H ・. 185 

1. 3.2 定常運転シナリオ ...・H ・..………-……...・H ・......・H ・......・H ・..…………・ 186 

2. INTOR ...・H ・..…...・H ・-……・・……...・H ・.....・H ・..…一・H ・H ・.....・H ・..…...・H ・..…・・ 188 

(14) 



JAERI-M 85-006 

I. PLASMA THEORY AND COMPUTATION 

1. Introduction 

The objectives of the theoretical plasma physics program at JAERI 
are to develop methods including development of computer codes for 
comprehensive analyses of a tokamak plasma under realistic conditions, 
and to analyze the plasma to attain the basic understanding of the 
tokamak. Through the program the theoretical effort contribute to the 
experimental programs of the JT-60 and JFT-2M tokamaks, and the design 
studies of future fusion devices, such as the FER and INTOR. These 
objectives are pursured by developing the computer code system TRITON 
and analyzing various physics problems concerning the plasma confinement, 
heating, and transport on the basis of the combined use of the fluid, 
kinetic, and particle models. 

Notable progresses of the studies attained in this fiscal year are: 
(1) as for the MHD beta limit extensive parameter survey has been 
performed and the optimized beta scaling law has been obtained, (2) the 
various problems concerning the ICRF heating have been studied by the 
use of the previously developed two-dimensional (2D) kinetic code and 
three-dimensional (3D) MHD code, and (3) efforts have been successful 
concerning the nonlinear MHD analyses, such as the analysis of kinetic 
effect on the resistive internal mode and development of a new numeri
cal method of nonlinear kink mode. The construction of the TRITOIT-T 
code system has been also continued. 

2. Transport and Heating Studies 

2.1 Introduction 

Effects of poloidal electric field, generated by high-energy ion 
beam due to ICRF or NBI heating processes, on transport in a tokamak 
plasma was studied in the MHD regime and formation of sheath and pre-
sheath in the divertor plasma were studied by particle simulation. 

Up to the present, the mechanism of the transport in a tokamak 
plasma is not clarified and it is important to study the role of micro-
instabilities on the transport process. Diffusion flux of electron was 
estimated when there exists a high-n ballooning mode fluctuation and 
saturation mec'i.-.nism of electrostatic ballooning instability is studied 
by 2D nonlinear model equation. 

Beam-driven ICRF (Ion Cyclotron Range of Frequency) instability 
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was studied and nonclassical transport due to this instability was 
estimated. Damping mechanism of ICRF wave in an inhomogenious magnetic 
field was studied by kinetic model and study of 3D wave structure of 
ICRF wave was performed by cold plasma model. 

2.2 Transport 

2.2.1 Effects of poloidal electric field on transport 

High-energy beam, generated by ICRF heating or NBI heating proc
esses and trapped in outer region of torus, can produce a poloidally 
\'arying electrostatic potential ,^(6) . 

Plasma equilibria and transport are influenced by such a poloidal 
asymmetry. Effects of the poloidal electric field on transport phenom
ena was examined in MHD regime. When number density of trapped ion is 
?i£(9), the electrostatic potential, e^(8)(l/re + l/r^^nj/rtn is 
created. If jJj,(9)«:cos8 is assumed particle and ion heat flux is 
given as 

V = 0.26—-—• , 9 , — , 
Te+Ti xie' B e An0 & 

and 

respectively, where 0=BgB^ , A is the aspect ratio, W£ is the ion mass, 
and T{, is collision time. The value of these fluxes is small in the 
practical system and effect of poloidal electric field on background-
plasma transport is negligible. 

2.2.2 Particle simulation of divertor plasma 
A poloidal divertor is considered to be the most reliable concept 

for a tokamak reactor from the view points of impurity and neutral 
particle control and heat flux density reduction. Characteristics of 
the scrape-off layer plasma in a divertor tokamak have been studied 
experimentally and theoretically. The fluid model has been usually 
applied for analyses of divertor plasmas. It is not clear, however, 
whether the usual fluid equations can describe the scrape-off layer 
plasma. 

In a scrape-off layer plasma bounded by divertor plates, the self-
consistent electrostatic field, i.e., sheath and pre-sheath field, 
plays the most important role. Velocity distribution functions of 
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electrons and ions are much distorted from the Maxwellian. Therefore, 
the electrostatic particle model is suitable to study divertor plasmas. 
Coulomb collisions play a very important role to supply electrons with 
large velocity parallel to the magnetic field, which can pass through 
the sheath potential barrier near the divertor plate. 

We aim to study the importance of collisions in a divertor plasma, 
and we have developed s one-dimensional electrostatic particle simula
tion code with a binary collision model. The pre-sheath with the scale 
length of the system size is formed by the collisional relaxation of 
the velocity distribution as well as by the particle source. The flow 
speed is increased by this potential and exceeds the sound speed. 

2.2.3 Electron diffusion in a tokamak due to high-n ballooning mode 

The radial diffusion of electrons due to high-n ballooning modes 
(n is the toroidal mode number) in a sheared magnetic field of a tokamak 
is investigated. The E*B drift motion of an electron in a fluctuating 
electric field with many poloidal mode numbers is described by a radial 
kink. By a Taylor expansion of the safety factor q(p)=q{vs)+qK.r's) (r-2"s) 
at a rational surface r s , where q(rs)=m/n, we reduce the equation of 
motion to a standard map. The diffusion coefficient D is estimated to 
be inversely proportional to the parallel velocity of an electron u n ; 

q(rs)R ,mfm>2 

SITU,, \rsBt) ' 

where R is the major radius, Bf the toroidal magnetic field, and <Pm the 
fluctuation potential of the poloidal mode number m. 

When the radial magnetic field fluctuation Bv exists, the diffusion 
coefficient is estimated to be proportional to u u as 

<7(y8)i?U|l /gy\2 
D~ 8-n \Bt) • 

2) 2.2.4 Simulation of electrostatic ballooning mode 

As the first step to estimate the transport coefficient due to 
ballooning instability, we study the saturation mechanism of electro
static ballooning mode by a two-dimensional model. We use two-fluids 
equation system with resistivity in Cartesian coordinates. The strong 
magnetic field is in the 3-direction. The plasma density rig and 
magnetic field strength B vary in the a;-direction. In the case of 
ballooning modes with long wave length (&£pg« 1), the dominant nonlinear 
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effect is the convective term, and the typical localization length along 
the field line is given as qR for (o t< u^Cs/qR (.q- safety factor, Cs: 

sound velocity, u^r drift frequency, and P s: ion gyroradius at electron 
temperature). Using these assumptions, we derive a two-dimensional 
model equation for electrostatic ballooning mode as, 

3ff 9ff »*"d s2ff ?N = u d T e i S N s 2 f f a f f a 2 f f l 
3 t + U * 3 # uia Sj/2 X u s eBl 3 a : 3 j /2 " 3y 3K3!// ' 

where N=m/n0, u^Tg/eBLnJ> M^=(Te+Ti)/eBR3 us=-teTe/0.51msqzRz, 1/Ln= 
-VTIQ/TIQ, T S is the electron collision time and v is the ion perpendicu
lar viscosity. This model equation is solved numerically with the 
boundary condition that N=0 at a;=0 and %=LX. Single mode saturation 
is realized for wide range of plasma parameters. Laminar convective 
flow appears rather than turbulence. The mode with maximum linear 
growth rate remains in the final state and saturated amplitude is order 
of N=LxILn. Nonlinear saturation originates from convective term; 
background modification is produced by mode-mode coupling. 

3) 
2.2.5 Integral of wave kinetic equation of drift waves 

Integral of wave kinetic equation of electostatic drift waves is 
obtained on the basis of the weak turbulence approach for arbitrary 
number of modes, N. If the stationary spectrum of N modes exists, the 
wave amplitude is bounded for any initial conditions. The stationary 
spectrum, which appears only if the initial spectrum coincides with it, 
is estimated to be the most probable one, if the amplitude of the 
stationary spectrum is large. 

2.2.6 Beam-driven ICRF instability and associated nonclassical 
if) transport in tokamak 

Nonlocal eigenmode of ICEF instability in the presence of parallel 
high energy beam component is obtained in a toroidal plasma in an 
inhomogeneous magnetic field. The mode is the combination of the fast 
wave and Bernstein wave and is excited via kinetic interactions with 
beam particles. When the driving source of high energy particles over
comes the total dampings due to the bulk plasma and the resistive loss 
on the wall, the instability can occur. Nonclassical energy/momentum 
transfer rates due to this mode between different plasma species are 
obtained. Nonlocal energy/momentum transport is simultaneously induced. 
The rate of nonclassical energy transfer reaches the classical level at 

- 4 -
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the low level of wave amplitude. 

2.3 Heating 

2.3.1 Numerical calculation of ICRF waves 

ICRF wave in a two ion component plasma in a tokamak is studied by 
solving the wave propagation equation based on a cold plasma model. 
The numerical solution for the three dimensional structure is obtained 
by use of the finite difference method. 

2.3.2 Three dimensional structures of ICRF waves in tokamak plasmas 

The 3D structure of the ICRF waves in a tokamak plasma is investi
gated. In two-ion species plasma (majority deuterium and minority 
hydrogen) with radial density inhomogeneity, the wave equation is 
numerically solved by employing a cold plasma approximation. The plasma 
is immersed in toroidal magnetic field with the gradient and is sur
rounded by the vacuum region and the conducting wall. Waves are 
launched by a Faraday-shielded poloidal-current antenna which has the 
finite extents in toroidal and poloidal directions. The wave field and 
the energy deposition profile are obtained by an introduction of a 
simple model collision. The wave accessibility condition is examined 
for plasma parameters and density profiles. In a cold fluid approxima
tion, two mechanism of power absorption, i.e., two-ion hybrid resonance 
and the cavity resonance, are found and the differences are studied. 
The loading impedance of the antenna is also calculated for each case. 
High- and low-field-side excitation are compared. Non-plasma losses 
on the wall are considered to obtain the coupling efficiency. Good 
coupling condition and desirable antenna design are also discussed. It 
is found that the efficient coupling is expected in a wide range of 
plasma parameters. 

2.3.3 Study of ICRF waves in second cyclotron resonance and two-ion 
hybrid resonance heating 

Propagation and absorption structures of ICRF wave excited by 
antenna current are analyzed. The kinetic wave equation is solved for 
a high-temperature plasma which has a pressure profile and is in an 
Inhomogeneous magnetic field. The two-dimensional power deposition 
profile for each plasma species and the coupling to a finite-size 
antenna are simultaneously obtained for the second harmonic resonance 
case and for the two-ion hybrid resonance case. The accessibility 
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condition of the fast wave, the minority and/or majority ion heating 
condition as well as the electron heating condition are numerically 
obtained in bulk-plasma parameter spaces. The theoretical analysis is 
done for the result"?, and scaling laws of the heating conditions are 
obtained. The total impedance of the antenna is also calculated and 
the coupling efficiency is studied with inclusion of a resistive wall 
loss. The guiding principle for antenna design is also discussed. 

2.3.4 Simultaneous heating by ICRF wave and neutral beam injection 

A theoretical analysis of ICRF wave heating in a plasma with 
neutral-beam injection (NBI) is performed. Wave propagation and absorp
tion are examined.kinetically in the presence of high-energy ion beam 
component. The following findings are reported: 1) the wave coupling 
efficiency does not deteriorate by the beam,; 2) co-operative heating 
is to be expected, and 3) selective heating of high-energy ions is 
possible. 

g\ 
2.3.5 Fusion engine cycle in reactor system by adiabatic compression 

Cycle operation in magnetic confinement reactors is proposed in 
order to convert fusion energy directly.to electro-magnetic energy. By 
the adiabatic compression, the fuel plasma is heated to exceed the 
ignition criterion. Thermal energy due to reactions is converted to 
the electromagnetic energy through decompression. Decrease of the 
temperature closes the cycle. The energy conversion efficiency is 
studied. Considerable fraction of fusion energy can be directly 
converted. 
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3. Equilibrium and Stability 

3.1 Introduction 

The two main objectives of the computational analyses in the 
project TRITON are, presently, the clarification of the MHD stability 
limit scaling and the mechanism of disruptive instabilities. As for 
the former, efforts are made to carry out stability analyses with very 
high accuracy. For this purpose development of MHD equilibrium codes 
with high performance is continued ai.d a MHD equilibrium database for 
the stability analyses is being developed. An algorithm to calculate 
an optimized beta state efficiently is developed and used to find a 
scaling law of a limiting beta value. As for the latter the kinetic 
effect on the resistive internal kink mode and the nonlinear evolution 
of external kink mode are studied. The resistive internal kink mode is 
assumed to play a role in suppression of the internal disruption and 
the external kink mode is, sometimes, considered to be responsible to 
the major disruption. 

3.2 Equilibrium analyses 

3.2.1 Equilibrium database CLIO-V1 

The equilibrium database CLIO-V1 was developed to avoid repeating 
equilibrium computations with the same input data and to enable to 
analyze systematically the MHD stability of the family of equilibria. 
The CLIO-VI system has two main parts: one is a group of data files 
(mass data, index and MT-control files) generated by the GAEA-MT system 
and accessed under the system, the other is a group of source programs. 
The group of programs is composed of the standardized equilibrium codes 
SELENE40, two programs to refer the variables characterizing the 
equilibria and to retrieve a family of equilibria from magnetic tapes, 
a graphic program supported by the ARGUS system and the ballooning 
stability analysis code BOREASGM which works under the CLIO system. 
The equilibrium codes SELENE40 solve the Grad-Shafranov equation by 
the nonlinear eigenvalue problem algorithm (SELENE40N) or FCT (Flux 
Conserving Tokamak) algorithm (SELENE40F). The codes SELENE40 are 
supported by the EOS preprocessor system and cue users can easily 
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change the profiles of the pressure and the poloidal current funct-ion. 

3.2.2 SELENEIO and SELENE-ERATO interface module 

The code SELENEIO solves the Grad-Shafranov equation in the flux 
coodinates. Several improvements were made on the SELENEIO code in 
order to be fit for accurate stability analyses. The SOR iterative 
scheme is adopted in solving the large simultaneous linear equation to 
compute equilibria with a large mesh number. The code constructs the 
flux surfaces in the vacuum region near the plasma surface so that the 
metric quantities near the plasma surface can be computed accurately. 
The SELENEIO-ERATO interface module was reformed according to the above 
improvements of the SELENEIO. Consequently, the metric quantities near 
the magnetic axis and the plasma surface have high accuracy and also 
uniform accuracy in the poloidal direction. 

3.2.3 Equilibria of anisotropic pressure tokamaks with high-energy 
alpha particles 

In an experimental tokamak fusion reactor, the anisotropy in the 
plasma pressure is produced by the beam component during the neutral 
beam injection heating phase. The anisotropy is also produced by high-
energy alpha particles with finite shift of drift orbits from a 
magnetic surface, though alpha particles are generated with the iso
tropic pitch-angle distribution by DT fusion reactions. When the 
characteristic length of the pressure pradient is comparable with the 
banana size of a trapped alpha particles with energy of 3.5MeV, trapped 
alpha particles born in the high-pressure region are drifted out to the 
low-pressure region, and they produce the flow along magnetic field 
lines and the anisotropy in the plasma pressure. 

Equilibrium equations are derived by considering the anisotropy. 
The anisotropy is obtained by orbit integration during the classical 
slowing-down process. 

3.2.4 MHD equilibria in a straight system with a non-planar magnetic 
. 2) axis 

Numerical investigations of equilibria with free boundary are made 
in the straight system with a three dimensional magnetic axis. Grad-
Shafranov equation is solved by both iterative SOR method and direct 
method on the basis of LU matrix decomposition. From the standpoint 
of CPU time, SOR method is better than the direct method, when number 
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of outer iterations is executed. A part of the "self-stabilization 
effect" due to the increase of the plasma pressure is successfully 
simulated. On the parameter space where the relation between the 
rotational transform due to the torsion of helical magnetic axis is 
subtractive, the convergence region is very small. 

3.3 Linear MHD instabilities 
3) 

3.3.1 Scaling of beta limit for infinite-n ballooning mode 
The critical beta of a tokamak against infinite-n ballooning mode 

is studied in the wide range of ellipticity, triangularity and safety 
factor profile. The triangularity and large ellipticity cooperatively 
play a role to increase the critical beta value of a tokamak with low 
safety factor at the plasma surface (Fig.1.3-1 (a)). The critical beta 
can be further increased by increasing the safety factor at the 
magnetic axis from unity (Fig.I.3-l(b)), unless the plasma suffers 
from degradation of confinement by other instabilities. 

3.3.2 Model equation analysis of internal kink mode 

The ideal MHD stability of a tokamak plasma can be analyzed by 
using the ERATO code, which solves the generalized eigenvalue problem 
on large matrices. However, when we make good use of the character of 
tokamak plasmas, that is, q^O(l), B-plB-j^Oiz) and Bp'vL or eBn^l (e: inverse 
aspect ratio), the eigenvalue problem can be reduced to the problem on 
a single variable. In addition, the resultant matrices are small when 
the variable is Fourier-decomposed and only a few components are kept. 
A model equation of the m=l internal kink mode wa& developed by using 
this approximation . The stability of the mode with m=l/n=2 was 
studied. The eigenfunction obtained from this model equation repre
sents well the character of the m=l internal kink mode and the stability 
limit of the lower 6p region computed by the model equation is in good 
agreement with that by the ERATO calculation. 

3.3.3 Stability of anisotropic pressure plasma 

The code TERA has been developed for the linear stability analysis 
of anisotropic pressure tokamak plasmas. The Lagrangian of the guiding 
center model (C.G.L. model) was discretized by using the finite 
hybrid element method used in the ERATO code. The rz=10 ballooning mode 
and the internal kink mode were analyzed by using the model equilibrium 
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heated by the perpendicular neutral beam injection. The n=10 ballooning 
mode is stabilized by the inward shift of the pressure surface from the 
flux surface. The stabilizing effect is remarkable in low 6„ plasmas 
(the case of low shear) as shown in Fig.I.3-2. The internal kink mode 
is stabilized in higher Bp region (Fig.I.3-3). 

3.3.4 Eigenvalue solver MAIA for a linear resistive MHD system 

A code MAIA for solving growth rates of a plasma represented by a 
reduced set of linear resistive MHD equations has been developed. By 
numerical formulation the equations are reduced to an eigenvalue 
problem of a block tridiagonal matrix. Both determinant and inverse 
iteration methods are employed as solution methods of the eigenvalue 
problem. 

3.4 Nonlinear MHD instabilities 

3.4.1 Development of a nonlinear resistive MHD code AEOLUS-RT 

Development of a nonlinear resistive MHD code AEOLUS-RT, which 
solves a reduced set of resistive MHD equations, has been continued. 
Several improvements and restructuring of the code were made to attain 
high performance in calculation and to make the code intelligible. 

3.4.2 Simulation of nonlinear kink mode 

The recent tokamak experiments indicate that the major disruption 
can be suppressed by the control of plasma current profile when the 
safety factor at the plasma surface, q a , is greater than 2. In this 
case, the cause of major disruption is considered to be the nonlinear 
coupling between the tearing modes with different helicities. On the 
other hand, when Cja^2, the major disruption occurs in the case without 
the conducting wall close to the plasma surface. This fact indicates 
that the m=2/«=l free boundary mode plays an important role in the 
major disruption. Thus, to investigate the role of the free boundary 
modes in the major disruption process, we developed the nonlinear free 
boundary code using an usual reduced set of resistive MHD equations. 
To avoid the complexity of tracing the plasma surface in the nonlinear 
calculation, we assume that the plasma is surrounded by a high resistive 
region instead of a real vacuum. To determine the plasma boundary, we 
add a convective equation of resistivity to a reduced set of MHD 
equations. As the first step of the nonlinear calculations, we calculate 
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the saturation of the ra=2/«=l free boundary mode in cylindrical plasma. 
Figure 1.3-4 shows the time evolutional helical flux contours. The 
plasma surface (bold line) is gradually distorted in elliptic form, and 
the last figure (Fig.1.3-4(c)) shows the saturated state. The profile 
of equilibrium plasma current is taken parabolic, and the ratio of the 
position of the conducting wall to the initial position of the plasma 
surface is 1.5. 

3.4.3 Kinetic effect on resistive internal mode 

The kinetic effect on m=l/n=l resistive mode was studied in a 
cylindrical model. The reduced set of equations with the density 
perturbation was used. The linear analysis shows that the growth rate 
decreases as the increase of u^/y-r, where OJ„ and Y T are the diamagnetic 
drift frequency and the growth rate of a tearing mode. The result by 
using only m=0/n=0 and m=l/n=l modes agrees with that shown by 
Biskamp . However, the saturation level of the m=0 component of the 
magnetic energy increases as M 2 (Fig.I.3-5) where M is the number of 
modes. This result indicates the importance of the coupling with 
higher modes and also suggests the internal disruption even for 

<a*/YT
>:L-
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4. TRITON System 
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In the project TRITON various kinds of numerical codes are being 
developed. These codes are classified into several code groups, i.e., 
the physics code group ASTRAEA, the numerical analysis code group 
PARIS, the graphic I/O code group ARGUS, and the supervisor and other 
supporting code group PEGASUS. 

As for development of the physics codes in the TRITON-I system 
the emphasis was put on the equilibrium codes, beta optimization codes 
against the infinite-n ballooning mode, linear MHD stability code for 
any mode number, nonlinear MHD codes, and various supporting codes for 
code development and maintenance. In order to facilitate maintenance 
and use of the codes the TRITON-I code system is now being constructed 
by registering these codes to the index file supervised by the HARMONIA 
code. 

4.2 Supporting codes 

Efforts have been continued to develop supporting codes which 
facilitate development and use of the TRITON system. In the following 
some of these codes are described briefly. 
<ARGUS> ' 

The ARGUS-V4 subsystem is completed after several improvements are 
made on the previously developed version. The basic idea of the ARGUS 
code-group is that any single graphic procedure is composed of three 
elementary processes, i.e., registration of a graphic data set, process
ing of the data to match with the required graphic format, and plotting 
of the graph. The package based upon the concept contains various 
subroutines clearly classified according to the above elementary 
processes. By using the package graphic procedures in scientific or 
engineering programs are coded very easily and the programs become 
intelligible. As the package AF.GUS-V4 is written in the standard 
FORTRAN77 language and uses only basic plotting subroutines in the 
CALCOMP library, it can be installed with a few alterations in various 
computer systems. 

By following the basic idea of the ARGUS code-group, we start 
designing the advanced graphic subsystem ARGUS-V5 which deals with more 
complicated objects on a 3D color graphic terminal. 
<HARMONIA-IPF> 

The TRITON system is supervised by the use of the HARMONIA code 
which is almost completed in the previous fiscal year. In this fiscal 
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year the IPF (Interactive Programing Facility) is made most of and the 
procedures of indexing TRITON codes and storing the codes become 
extremely efficient. 
<GAEA and GAEA-MT> 

We have continued development of supervisors of a data base on 
numerical results GAEA and GAEA-MT: the former deals with comparatively 
small amount of data to be stored in magnetic disks and the latter deals 
with a large amount of data to be stored in magnetic tapes. The sub
systems supervise data by the three key parameters, i.e., run group 
name, run name, and automatically generated run number. The subsystems 
have three modules : data files, preprocessor and editor. The sub
systems store data of numerical results and key data. By using the key 
data, the subsystems can refer, sort and retrieve the numerical results. 
Users can write the data on data files of the subsystems through the 
preprocessor. By the editor a user can submit a job, refer data of 
numerical results and display tables and the graphs of them on a 
terminal. 
<PLUT0> 

The interactive version of PLUTO was developed, to make document 
and user's mannual of a program written in FORTRAN77. The result of 
the analysis of a source program is stored in disk files. Comments 
for variables, COMMON blocks and subroutines can be added interactively 
on the screen of a terminal with the help of IPF. The processed data 
is stored in a disk file. 
<ISP and APPLE> 

For realization of efficient man-machine interfaces in the compu
tational studies within the framework of the project TRITON, we are 
developing basic output softwares which make output data interchangeable 
among various output devices, such as CD (Character Display terminal), 
GD (Graphic Display terminal), and NLP (Nihongo Line Printer usable as 
plotter). 

In this fiscal year two such basic software, ISP (IPF Screen 
Plotter) and APPLE (dot pattern editor of NLP-formatted data) are 
developed. The former makes it possible to extract data from the CD 
screen buffer of the IPF module and plot them by an NLP. By this 
procedure "ruled lines" and "inverted characters" displayed on the CD 
screen are also plotted faithfully on the NLP output. The latter ex
tracts dot patterns from a SYSOUT file of an NLP and rearrange them to 
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be acceptable by a GD. By this program overlay, insertion, rotation, 
shift, and zooming of a figure are made possible and it becomes very 
easy to combine figures, tables, and texts on a single screen. 
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Fig. 1.3-1 
(a) Dependence of critical beta, B c, on q s for different 
values of 6. Elongation K=1.6 (solid line) and K=1.0 
(dashed line). The safety factor at axis, q a is 1.0. 
(b) Dependence of 6 C on q s for different values of qa. 
Triangularity 6=0.4 (solid line) and 6=0.0 (dashed line). 
For both the subfigures the aspect ratio A is chosen to 
be 3.375. 
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Fig. 1.3-2 
Critical beta value vs. anisotropy defined 
by £=(Px-Pa )/Po- The upper line and the 
lower line correspond to the case qs=1.5 
and qs=2.5 (qs: safety factor at the plas
ma surface), respectively. 
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Fig. 1.3-3 
Stability diagram of the internal 
kink node in qo-0p piane. In the 
enclosed region the mode is un
stable. 
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(a) 

(b) 

Cc) 

Fig. 1.3-4 
Nonlinear evolution of the helical 
flux contours of a free boundary 
kink mode. The bold lines denote 
plasma surfaces, and the subfigure 
(c) shows the saturated state. 

Fig. 1.3-5 
Maximum value of -SMQ V S . 
M for OI*/YX=3. This value 
scales as M . 
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II. TOROIDAL CONFINEMENT EXPERIMENT 

1. Introduction 

After 11 years operation, the JFT-2 tokamak had been shut down on 
June 1982. On the other hand, installation and commissioning of the 
new tokamak named JFT-2M had been completed on April, 1983. Successive
ly, the plasma experiment was commenced. The standard Joule heated plasma 
was achieved in June, 1983, even though the plasma parameters were not 
the full rating of the JFT-2M tokamak for the sake of limitation in 
poloidal power supplies. These results are described in Subsection 2. 

From July, the 2nd ICRF heating combined with the NBI heating was 
carried out. The key results of this experiment were intence electron 
heating by the 2nd ICRF and some sort of recover on the gross energy 
confinement time from a NBI heated plasma, nevertheless, such an 
intence electron heating could not be explained by a simple theory. In 
addition, we recognized that even in an electron heating mode of ICRF, 
there was a severe impurity problem. This suggests that a near field 
of antennae should be carefully re-examined to overcome an'impurity 
problem in the ICRF heating scheme. Along this line, some refinements 
of loop antennae are continued. These results are described in 
Subsection 3. 

From September to October, the lower hybrid current drive experi
ment had done using the old RF generator and the new tokamak. Improve
ment of a current drive efficiency and current ramp-up by LHCD were 
demonstrated. These results are described in Subsection 4. 

From November, 1983 to February, 1984, an extended experiment on 
the 2nd ICRF and the NBI heating were continued. The NBI heating result 
was basically the same as that of the JFT-2 tokamak, that is, a soft 
saturation of the poloidal beta in any sense was observed with increas
ing the heating power up to 2 MW. The data on the 2nd ICRF heating 
were also obtained in this period. These results provided our previous 
preliminary result of the 2nd ICRF in more detail. 

In order to give reasonable estimation on physics study of the 
tokamak plasma, continuous improvement of diagnostic quality is quite 
crucial. One of those developments in the JFT-2M program is a high 
counting pulse height analyzer, which is described in Subsection 5. 

On March, 1984, installation of a high power RF generator of ICRF 
was initiated. A graphite toroidal limiter and a single pellet injector 
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were also installed for the poloidal magnetic limiter experiment. 
An ECRH generator of 60 GHz, 200 kW will be installed in September, 

1984. Manufacturing of the poloidal field power supply is now ongoing to 
get full rating of the JFT-2M tokamak, such as, 500 kA plasma current and 
variety of noncircular plasma shaping. Installation of this power 
supply is to be in February, 1985. 

2. Joule Heated Plasma of the JFT-2M Tokamak 

2.1 Introduction 

The JFT-2M Tokamak was brought into operation for joule heating 
experiments in the end of April. After the conventional cleaning pro
cedures such as the baking and TDC, extensive studies of plasma start
up, feedback control of plasma position, plasma shaping and Ras puffing 
allowed for JFT-2M to produce plasma with reasonably low q without 
titanium gettering in a re .atively short time of operation. After the 
power up of poloidal field power supplies a non-circular diverted plasma 
with the higher plasma current will be studied. 

2.2 JFT-2M 1 ) and diagnostics 
w H The D-shaped vacuum vessel (415mm x595mm ) was made of SUS-304L 

stainless steel of 25mm thickness with two Teflon breaks which were 
shunted by SiC nonlinear resistors. The skin time of the vessel is 
nearly 7ms and baking temperature is 120I>C. Plasma radius is limited 
by back-up limiter (350mm x530mm ) and/or by three movable limiters 
(outer, upper and lower sides). The maximum toroidal field is 14.5kG 
with 16 toroidal coils. The poloidal coil system is composed of 4 
coils inside the toroidal coils and 4 coils outside the toroidal coils 
as shown in Fig.II.2-1, and each coil has several taps so as to optimize 
the plasma position and shape. Power supplies for poloidal coils are 
2 capacitor banks for plasma start-up and 5 thyristor power supplies 
for plasma current and position controls. A feedback control system is 
composed of an analog computer, magnetic probes, and a mini-computer 
for producing reference commands. Main diagnostics in operation are 
conventional magnetic measurements, 4mm (vertical path) and 2 mm 
(horizontal path) microwave interferometers for n e, Laser scattering, 
2d) c e and soft/hart X-ray for T e(r), C.X. and neutron detectors for T^, 
visible and vacuum ultraviolet spectrometers for impurity analysis and 
bolometers for radiation monitor, in start-up of JFT-2M. 
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2) 2.3 Plasma position control 

As a horizontal position control, three methods such as <Bg> method, 
3) <B„>+<BP> method and iso-flux method were examined subsequently. From 

viewpoints of simplicity and flexibility for non-circular plasma, the 
iso-flux method might be useful. Horizontal field coils for vertical 
position control are usually independent of the vertical field coil, 
but in JFT-2M, the hybrid control of vertical and horizontal position 
was examined with upper and lower vertical field coils. The horizontal 
position is controlled by the vertical field of these coils and the 
necessary horizontal field is generated by unbalance of coil currents 
between the upper and lower vertical field coils. By this method, it 
is possible to decrease number of poloidal coils, and it is not required 
for a thyristor power supply to generate both positive and negative 
currents. In order to obtain non-circular plasma, a feedback control 
of vertical position is necessary to suppress a positional instability. 
The instability of plasma with non-circularity of 1.37 was suppressed 
by this operation. The observed growth rate without the feedback control 
was 70s--1' and this value is consistent with a calculated one, taking 
account of passive feedback effects of the vacuum vessel and poloidal 
coils. 

2) 2.4 Joule heated plasma results 

For the initial experiment, JFT-2M was operated as a circular and 
weakly non-circular tokamak with the following parameters, Bj<14.2kG, 
K=l-1.37, R0=l.21-1.31m, a=0.25-0.35m, Ip=130-300kA, q a=2-5, ne=l-3.5x 
10 1 3cm - 3, Z=2.5-6, and pulse length^0.5s. Typical time evolutions of 
plasma parameters for a weakly non-circular hydrogen discharge of 200kA 
are shown in Fig.II.2-2. The ellipticity of this plasma was determined 
as 1.16 from the numerical calculation of equilibrium configuration 
including effects of iron core as shown in Fig.II.2-1. The electron 
temperature was measured by 2toce emission of 70.6 and 78.4 GHz and its 
absolute value was calibrated by Thomson scattering measurements; 
Te=1200+200eV at 250ms. The ion temperature was measured at z=0 and 
z=-10 cm from perpendicular direction and its maximum value is 670+70eV, 
which is in good agreement with the Artsimovitch scaling. The maximum 
electron density determined by microwave interferometer is 3.5xl0 1 3cm~ 3 

which corresponds to the Murakami coefficient of 3.5. Radiation loss 
power monitored by boloroetric detectors was fairly constant during 
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discharge period. Impurities observed hy yuy spectrometer are C, 0 and 
FelX-FeXX and their time behaviors of CVI, OVI and FeXIX are shown in 
Fig.II.2-3. The absolute values of the impurity concentration are now 
under calibration. 

The electron temperature profile of 2uice at t=300ms measured by 
scanning the toroidal field strength is shown in Fig.II.2-4 with ion 
temperatures at z=0 and z=-10cm. Using these profiles and electron 
density profile assumed as parabolic distribution, the gross energy 
confinement time and effective ion charge, Z could be obtained as shown 
in Fig.II.2-2, and these values at 300ms are Tg=23+5ms and Z=4.5+l. 
This confinement time is almost the same as that expected by ALCATOR 
type scaling (T E=10" 1 8na 2). The position of q=l surface calculated 
from the electron temperature profile is in good agreement with that 
from q=l surface determined from the sawtooth oscillation. 

An attempt to obt.-sin low q discharge was carried out with careful 
control of plasma current built up, position control and gas puffing. 
Thus we could obtain a discharge of q a=2. In this case, the current 
rise time and plasma position was adjusted so as to pass through the 
unstable region of q a=3 at the speed of q=1.2/50ms. Typical parameters 
of this discharge were Ip=300kA, VL=1.8V, n 6=3.5xl0 1 3cm~ 3, Te(0)=lkeV, 
and Tg=15-20ms. Its electron temperature profile is fairly broader than 
that of q a=3 discharge as shown in Fig.II.2-4 (dotted line). 

In the initial operation, intense hard X-ray emission was detected. 
In order to decrease runaway electrons, we attempted to pre-ionize the 
plasma with a small capacitor bank (50yF) at 5ms before main capacitor 
bank discharge. With this pre-ionization, a breakdown voltage decrease 
from 15V to 10V (Fig.II.2-5) and hard X-ray intensity was reduced to 
less than one hundredth. 2<uce intensity without pre-ionization is 
larger than that of with pre-ionization. This may suggest that the 
production of high energy electrons is suppressed by sufficient pre-
ionization. 
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Fig. II.2-1 
Calculated magnetic configura
tion for typical 200 kA plasma 
with ellipticity of 1.16. 
Plasma region is shaded and the 
poloidal coil system is also 
shown. 
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Fig. II.2-3 
Typical impurity line 
intensities for 200 
kA plasma 

Fig. II.2-4 
T e, Ti and estimated q 
profiles. Solid line 
for 200 kA, dotted for 
300 kA. 
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Plasma parameters for 
200 kA discharge 

60 t(ms) 
Fig. II.2-5 
Effect of pre-ionization 
by a small capacitor bank 
So. Solid line with So 
bank, dotted line without 
So bank. 
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3. Ion Cyclotron Range of Frequency (ICRF) Heating 

3.1 Introduction 

The second harmonic ICRF heating is successfully demonstrated in a 
NBI heated plasma. Both electron and ion temperature increases by 
applying rf power, and the increase is consistent with a magnetic 
measurement. Enhanced impui-ty contaminations were observed during the 
rf heating and the contamination may be due to sputtering of materials 
of wall near the antenna and the Faraday shield by ions accelerated by 
the rf electric field near the antenna. 

In the following, these results are briefly described. 

3.2 RF system and antennae 

The rf generator is operated at 38 MHz which is the second harmonic 
cyclotron frequency of protons with the toroidal magnetic field Bj=12.5kG. 
The output power of generator which has single TH116 power triode is 
about 0.8NW at the 50Q dummy load, and the maximum pulse duration is 
50ms. There are two types of loop antenna, those are, low field side 
(LFS) and high field side (HFS) antennae. They are shown in Fig.II.3-
1(a)-(b). The LFS antenna is bent to the toroidal direction so as to 
avoid an interference with a horizontal port section. The radiative 
part of these antennae is 50 cm long, and the width of center conductors 
is 7 cm. The design of the Faraday shield which is made of titanium is 
optimized so as to minimize an ohmic loss at the shield screen. 

The coupling resistance is critically dependent on the horizontal 
position, and is about 1 SI for LFS antenna and 2 K for HFS antenna in 
an ordinary operation, where plasma is shifted about 4-5 cm inward 
during the heating phase. The circuit loss in the antenna is about 
0.3S2, which is mainly attributed to an ohmic dissipation in the feeder 
between the vacuum feedthrough and the radiative part. 

1 2) 
3.3 Heating experiment ' 

In a tokamak plasma, it is known that the minority hydrogen in a 
deuterium plasma produces two-ion hybrid resonance layer at the higher 
magnetic field side of the fundamental cyclotron resonance layer of 
mi ority protons. The impressed ICRF field generates a fast magneto-
sonic wave beyond the evanescent region in the peripheral plasma. This 
wave propagates to the hybrid resonance layer and is converted to an 
ion Bernstein wave near the layer. The energy of the wave which is 
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converted to the ion Bernstein wave is efficiently transferred to the 
three species of particles, deuterons, protons, and electrons. 

In second harmonic heating case, in which minority component is 
absent, a mode coupling layer also exists at the high field side of the 
second harmonic cyclotron resonance layer as in the two-ion hybrid 
scheme. The thickness of this layer is proportional to B^Rg, where 6-̂  
is the local ion toroidal beta value and RQ is the major radius. In 
this layer, mode coupling to ion Bernstein waves and enhanced harmonic 

3) cyclotron damping can occur . Ke can thus expect a plasma heating in 
the second harmonic regime. 

Typical experimental conditions are as follows; the plasma current 
I =150-170kA, the toroidal magnetic field BT=12.5icG, in which a second 
ion cyclotron layer is at the center of plasma, and the line average 
electron density n e=2-3 x 10 I 3cm - 3. Target plasma for ICRF heating is 
heated up by 500kW neutral beam co-injection. 

In the case of the second harmonic heating, the following merits 
are expected in the NBI heated plasma; (i) a higher temperature and Bi 
plasma absorbs the rf power more effectively, (ii) a high energy ion 
component produced by NBI enhances the absorption of rf power, (iii) 
power deposition from the neutral beam stabilizes the disruption by 
compensating the radiation loss. Thus, 600kW of rf power has been 
coupled to the plasma by the assist of NBI. In the following experi
ments, the rf power is applied to the 30ms after the NBI on, when the 
increase of ion and electron temperature are almost saturated. The NBI 
heating power is 500-550kW. 

Figure II.3-2 shows increment of electron and ion temperatures as 
a function of the rf input power, and A(A + 1/2). The increment of 
electron and ion temperatures increases almost linearly as the rf power 
increases. The increment of the plasma pressure measured with magnetic 
probes also increases linearly up to the maximum power. Appreciable 
difference between the case of high field side and low field side 
excitation was not found. 

Clear dependence of the heating characteristic on the hydrogen 
beta value can be obtained in a hydrogen plasma with deuterium impurity. 
Because the second harmonic ion cyclotron frequency for hydrogen is the 
fourth harmonics for deuterium. The mixture of deuterium slightly 
changes the propagation characteristics of the fast wave, but it mainly 
changes the absorption characteristics through the hydrogen beta value 
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which control the mode coupling hetween the fast wave and ion Bernstein 
wave. Figure II.3-3 shows the increment of the electron and ion 
temperatures and (A+1/2) as a function of hydrogen concentration ratjo 
of hydrogen-deuterium two ion plasma with the injection of a hydrogen 
neutral beam. AA increases with the increase of a hydrogen component. 
This means that the absorption of the rf power is determined by a 
hydrogen component which has the second harmonic resonance at the 
center. The electron temperature also increases with the increase of 
the hydrogen concentration. On the contrary, the increment of the 
hydrogen temperature decreases as a hydrogen concentration. This 
observation indicates that the rf power is absorbed by electrons with 
the increase of hydrogen pressure. 

Time evolution of plasma parameters before and during the NBI and 
ICRF heating are shown in Fig.II.3-4. The rf power is applied 30ms 
after the initiation of the NB co-injection. With 540kW of the NBI, 
the plasma is heated up to T-j^O.SkeV and Te=0.65keV. 

Then 550kW of the ICRF power heats the plasma up to Tj^l.05keV and 
Te=1.0keV. The increment of plasma pressure A6„ from the joule phase 
to the NBI heated phase is 0.2 and from the NBI heated phase to the 
ICRF heated phase is 0.4. The electron density increases by about 20% 
during the ICRF phase, compared to the NBI heated phase. The loop 
voltage V L increases about 0.5V compared to the case without the NBI 
but immediately decreases. The increment of a radiation loss is less 
than 70% of the rf input power, but still too large compared to the NBI 
heated phase. Figure II.3-4(c) shows the electron temperature profile 
before and during the rf heating. Large sawtooth activities can be 
observed in the figure, and those are also observed in (A+ 1/2) signal. 
The sawtooth oscillation suggests that the electron absorbs the rf 
power in a relatively narrow region. 

The dotted line in Fig.IT.3-4(a) shows the case that the NBI is 
stopped at 405ms. The (A+ 1/2) signal decreases only 0.1 compared to 
the case where the NBI is fully combinated, and significant difference 
is not observed in the loop voltage. Applying 500 kW of the rf power 
to the joule plasma, the plasma is disrupted within 5ms. On the other 
hand, if the plasma is sufficiently heated up, the plasma is not 
disrupted by the rf power even without the NBI and the plasma pressure 
continues to increase. This indicates that the pressure of the target 
plasma is a very important parameter for the second harmonic heating. 
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3.4 Summary of second harmonic heating 

The second harmonic ICRF heating was successfully demonstrated in 
the JFT-2M tokamak. The heating results are summarized as follows. 
1. Both electron and ion temperatures increase by applying rf power. 
The increase of the plasma energy is confirmed in the magnetic 
measurement of the poloidal beta. 

2. There is a tendency that the more hydrogen pressure increases, the 
more percentage of rf power is absorbed by electrons. 

3. If the plasma is sufficiently heated up, the plasma pressure 
continues to increase after the turn off of NBI heating. This 
suggests that very gradual increase of the rf power can lead to the 
high power second harmonic ICRF heating. 

4. Significant differences are not observed between LFS and HFS 
excitation. An appreciable part of the rf power is absorbed by 
electrons. This results is inconsistent with the theoretical works 

3) 
using 1-D kinetic full wave equation in a bounded plasma . The 
electron heating may be due to Landau damping via mode converted ion 
Bernstein wave. The above results suggest that the mode conversion 
might be stronger than the present theoretical predictions. 

4) 3.5 Impurities during the ICRF heating 
The line-integrated emissions from low ionization state impurity 

o 
ions, which are, OIV (wave length X=238.4A, ionization potential IP= 

° o 
77.4 eV), CIV a=312.4 A, IP=64.5 eV), FeX (A=174.5 A, IP=271.7 eV) 
and TiXI (X=386.1 A, IP=279.9 eV), were radiated at the peripheral 
region of the plasma. For example, a radiation profile of FeX shows 
that this state exists in a shell about 5 cm width at the radial 
location r=25 cm. 

Figure II.3-5 shows a typical time evolution of the line-integrated 
intensities of FeX, TiXI, OIV and CIV lines measured along the central 
chords. The intensities of the line emission are the function of the 
electron density and temperature, and the impurity ion density. In 
this experiment, the change of the electron density and temperature, 
in the region where the emission from those metal ion concentrates is 
small compared with that of the intensities of these impurity spectral 
lines. Thus it was considered that the change of the intensities are 
due to the density change of the impurity ion (Fe 9 +, T i 1 0 + ) . In the 
first approximation, the change of impurity ion density is due to the 
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influx of the impurity ions. 
Figure II.3-6 shows an increment of those line emissions during 

ICEF heating phase, as a function of the rf power. Increases of these 
line emissions are saturated within 10 ms after the start of the rf 
pulse, so the increment of the line emissions are plotted at that time. 

Increases of impurity emissions during the additional heating were 
compared between the ICRF and NBI with almost the same heating power. 
From these figures we can see that the increment of light impurity 
emission during the ICRF heating is about two times as large as that of 
NBI heating phase. On the other hand, an increment of metal impurity 
emissions is five times for LFS and seven times for HFS as large as 
that of the NBI. 

The simultaneously measured boundary electron temperature (T e D) 
and density (nei>) are also shown in Fig.II.3-7 as a function of the rf 
power. T e b is 7-9 eV at OH phase and 13-14 eV at 540 kW NBI phase. In 
ICRF heating phase, Tej, increases with the increase of the rf power 
increases, and the increment of T e D by the rf is 1.5 times (for HFS) 
and 3 times (for LFS) as large as that of the NBI with the same power. 
n ej, decreases to about 70% of the NBI heating phase. 

We can consider a sputtering by ions accelerated by a sheath 
potential as a cause of impurity release from the wall. Thus it is 
significant to know the relation between the intensities of line 
emission from impurity ions and the boundary electron temperature, 
because the sheath potential is determined by the boundary electron 
temperature and given by 4 T e b . Figure II.3-8 shows intensities of the 
impurity line emissions as a function of T e D . This indicates that in 
an OH and NBI heating phase, all of those impurity emissions are closely 
correlated to the boundary electron temperature. In the ICRF heating 
phase, carbon impurity emissions are also proportional to T eb- On the 
other hand, metal impurity emissions such as TiXI, FeX are enhanced 
compared with the OH and NBI heating phase. 

From these results, we can conclude that the carbon impurity, which 
is limiter material, is released from the limiter mainly by the sputter
ing induced by the ions accelerated by the sheath potential in the OH 
and NBI heating phase. In the ICRF heating phase, a carbon impurity is 
also released by the same mechanism. On the other hand, another 
mechanism must be considered as a cause of the metal impurity release 
during the ICRF heating phase. 
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The difference between LFS and HFS excitation may be caused by the 
difference of the electron density, because the averaged line density 
in the case of the HFS experiments is a factor of 1.5 as large as that 
in the case of LFS experiment. 

A source of titanium impurities is mainly the Faraday shield of 
the ICRF antenna because titanium is not used in the other part of the 
vacuum vessel. On the other hand, the source of iron impurities is not 
directly identified from the instrumental materials, because the iron 
is used everywhere in the vacuum vessel. But we can infer the source 
of iron as follows; the emission of the iron impurity has the same 
dependence on the T e D as that of the titanium impurities. If the source 
of the iron is not localized near the an .una, the emission from carbon 
impurity should increase in the same way as the iron impurity, since 
carbon is a limiter material. However, the increase of the emission 
from a carbon impurity has the different dependence on the Tet, as that 
from an iron impurity. Thus, we can infer that the source of the iron 
impurities is the antenna and/or the neighbourhood of the antenna. 

3.6 Summary and discussion of impurity problem during the ICRF heating 

Impurity behaviour during ICRF heating is observed in JFT-2M. The 
experimental results are summarized as follows: 
1) In the ICRF heating phase, the increment of light impurity emissions 

such as OIV and CIV are a factor of 2 as large as that of the same 
power NBI heating. On the other hand, that of metal impurity emissions 
by the RF such as FeX and TiXI are a factor of 5-7 as large as that 
of the NBI. 

2) In the ICRF heating phase, a carbon impurity line emission intensity 
is roughly proportional to Teb> but metal impurity intensities are 
enhanced compared with the OH and NBI heating phase. 

3) The difference in impurity release between LFS and HFS exitation 
experiment is not recognized. 

From these results, we conclude as follows: 
1) A carbon impurity (limiter material) was released by sputtering 
by the ions accelerated by the sheath potential, and may not correlate 
to the additional mechanism induced by the rf power. 

2) Metal impurities such as titanium and iron are released by some 
additional mechanism by applying the RF from the antenna or near the 
antenna during the ICRF heating phase. 
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Sputtering induced by ions accelerated by the electric field near 
the antenna is one of the possible mechanise for the metal impurity 
release. Three dimensional ICRF full waye code shows that such an 
electric field is formed in the vicinity of the antenna edge by a 
reactive part of an antenna loading impedance . In that calculation, 
an ion energy inducing sputtering is proportional to the rf input power. 
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4. Lower Hybrid Current Drive in the JFT-2M Tokamak 

4.1 Introduction 

The current drive experiments by lower hybrid waves with V j V t c = 
4-5 were carried out in the JFT-2M tokamak. Two different tokamak 
operations, ACR and AVR modes were employed to investigate the plasma 
control during the lower hybrid current drive. In the ACR mode, the 
current of the poloidal field coils which produce the main magnetic 
flux is controlled by the thyristor power supplies, while the voltage 
of them does in the AVR mode. The ACR mode is the ordinary tokamak 
operation in the JFT-2M. 

A high current drive efficiency was obtained and the efficiency 
1 5-2 increases in proportion to I ' up to I p=150 kA. The interaction of 

the excited lower hybrid waves with electrons was investigated by the 
pulse height analysis of the soft X-ray signals. It is shown that the 
soft X-ray energy spectrum is consistent with that expected from the 
theoretical spectrum of the launcher. 

4.2 Tokamak operation for lower hybrid current drive 

The RF system employed in the lower hybrid current drive experi
ments is the same as that of JFT-2 . The RF power source generates a 
maximum power of 600 kW at a frequency of 750 MHz. The power spectrum 
of the waves excited by a four waveguides launcher has a peak near n^=5 

and a full half width of An z=7 when the phase difference between the 
neighboring waveguides is 90 degrees. The ratio of the parallel phase 
velocity of the excited waves to the electron thermal velocity at a 
temperature of 1 keV is about 5. The lower hybrid waves with the 
phase velocity of V_ n=5V t e are expected to interact with the bulk 

2) thermal electrons . 
The control of the poloidal magnetic field plays an important role 

in the RF current drive experiments. The RF power interacts with the 
power supplies of the poloidal field coils through the plasma. When 
the RF power is applied, the loading resistance of the plasma against 
the primary power supplies decreases because of the unidirectional 
acceleration of the electrons by the lower hybrid waves. Consequently, 
the voltage or current of the primary power supplies change responding 
to the RF pulse. The poloidal field power supplies of the JFT-2M can 
be operated in both automatic current regulation (ACR) and automatic 
voltage regulation (AVR) modes. 
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The time evolution of the plasma parameters, and the voltage and 
current of the poloidal field power supplies in the case of the ACR 
mode is shown in Fig.II.4-1. The solid line shows the results in the 
presence of the RF and the dotted line indicates those in the absence 
of the RF. When the RF is applied, although the plasma current shows 
a small increase, the loop voltage of the plasma as well as the voltage 
of the poloidal field coils drops nearly to zero responding to the RF 
pulse. The current of them stays constant. In the ACR mode, the 
current drive is shown mainly by the loop voltage drop. The cyclotron 
emission from r=-12 cm and r=-24 cm shows rapid increase as the RF is 
applied. This means the presence of the high energy electrons acceler
ated by the lower hybrid waves. The larger increase of the cyclotron 
emission from r=-12 cm indicates that the strong interaction between 
the lower hybrid waves and the electrons occurs at the center part of 
the plasma rather than the peripheral region. The effective driven 
current deduced from the loop voltage drop is about 100 fcA. The 
electron temperature measured from the energy spectrum of the soft X-ray 
signals shows an abrupt decrease. A decrease of the electron temperature 
is caused by a lack of the RF power compensating a reduction of the 
joule input power. The loop voltage drop is inversely proportional to 
the electron density up to n e=6xl0- I 2cm - 3. Above n e=l*10 J 3 c m - 3 no loop 
voltage drop is observed. 

In the AVR mode, the current drive is shown by the chang : of the 
plasma current. The time evolution of the plasma parameters, and the 
voltage and current of the poloidal field coils is shown in Fig.II.4-2. 
The plasma current rises slightly in contrast to the case of no RF. The 
loop voltage reduces to be nearly zero and the voltage of the poloidal 
field stays constant. The current of the plasma equilibrium field coil 
shows a large increase responding to the change of the plasma current. 
From the analysis of the tokamak circuit in current drive, it is 
indicated that the decay time of the joule current is about 50 ms, and 
after that decay time the plasma-, current is sustained only by the RF 
power. Therefore, if we have a CW power source the plasma current will 
be sustained up to the limitation of the power supplies of the tokamak 
machine. 

The efficiency of the current drive defined by n = I r f / p
r f - n

e 

(A/W 10 1 3cm~ 3) is shown in Fig.II.4-3. The efficiency increases with 
the plasma current both in the ACR and AVR modes. The same relation is 
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obtained in the cyclotron emission and the soft X-ray signals. From 
the experimental observations that the current drive efficiency does 
not depend on whether the high energy electrons exists just before the 
RF is applied or not, the plasma current dependence of the efficiency 
means that the higher plasma current leads the stronger interaction of 
the waves with the electrons because of the higher bulk electron temper
ature. And also the confinement of the fast electrons produced by the 
waves is considered to be dependent on the plasma current. 

4.3 Investigation of fast electrons by soft X-ray measurements 

The high energy electrons produced by the lower hybrid waves can 
be investigated by energy spectrum of the soft X-ray signals. We used 
a fast pulse height analyzer for energy spectrum analysis of the soft 
X-ray signals. The energy range of fast electrons is determined by the 
power spectrum of the excited lower hybrid waves. Typical energy 
spectra of the soft X-ray signals as a parameter of the phasing of the 
launcher are shown in Fig.II.4-4. The observed energy spectra agree 
qualitatively with those expected from the Brambilla theory. This 
agreement shows that the fast electrons are produced by the resonant 
absorption of the RF energy. The rise time of the high energy electron 
tail in the electron distribution function deduced from the time be
havior of the energy spectra coincided with the decay time of the loop 
voltage drop in the ACR mode. This characteristic time increases with 
increasing the electron density and decreases with increasing the plasma 

current. The electron density dependence of the characteristic time is 
3) 

i«n e. While a theory gives that the characteristic time of the modi
fication of the electron distribution function is inversely proportional 
to the electron collision frequency. This discrepancy indicates that the 
another mechanism has to do with the lower hybrid current drive. 

4.4 Conclusion 

In conclusion, we have obtained following results. 
1) Interaction of the electrons with the lower hybrid waves is 

consistent with the Brambilla theory. The fast electrons are 
produced by the resonant absorption of the waves. 

2) Efficiency of the current drive about n=l is attained and it is 
improved with increasing the plasma current. 

3) Tokamak operation in the lower hybrid current drive is investigated 
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and it is shovm that the control of the poloidal field is important 
in RF current drive. 
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Fig. II.4-1 Time evolution of the plasma parameters, and the voltage 
and current of the poloidal field power supplies in the 
ACR mode. The subscripts S, OH and V indicate the 
poloidal field coils of S-coil, OH-coil and the vertical 
field coil, respectively. The solid lines indicate the 
time behaviors with RF and the dotted lines show those 
without RF. The phase difference is Ai)>=75 degrees and 
the RF power is 65 kW. The toroidal field is 11 kG. 
The cyclotron emission (ly) from r=-12 cm is shown by 
upper curve and that from r=-24 cm is shown by lower one. 
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5. Development of a High Counting Rate Pulse Height Analyzer ' 

New type pulse height analyzer (PHA) was developed and tested for 
tokamak plasma diagnosis. Main developing targets are as follows. 
(1) Time resolving spectrum of X-ray or others can be measured at 
single discharge of tokamak plasma. 

(2) In the near future, this type PHA will have capability of real time 
mode operation. 

The trial PKA is the high counting rate 4 channel PHA by CAMAC standard 
interface, and the schematic diagram is shown in Fig.II.5-1. Each 
channel consists of lower level and upper level fast discriminators and 
main specifications are summarized in Table II.5-1. This PHA has abili
ty to measure pulse signals at the maximum counting rate of 20 MHz. 
Analyzing levels of input pulses can be preset with digital values from 
CAMAC bus. Integral nonlinearities are less than 1.5% for all channels. 

This PHA satisfied specifications in the measurement of the soft 
X-ray spectrum for the JFT-2M tokamak plasma. A typical time behavior 
of soft X-ray radiation is shown in Fig.II.5-2. The ordinate gives the 
counting rate of the analyzed soft X-ray signals. The detector was a 
lithium drifted silicon detector and four spectral windows (indicated 
as (IE) to (4E)) were preset in the range of 1.5 keV to 11 keV, The 
data labelled as (5E) are total counting rates of the detector signals. 
The spectral data can be measured at the total counting rate of more 
than 100 kcps. These results give good technical base for a practical 
fast PHA system. 
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Table I I . 5 - 1 Spec i f ica t ions of the t r i a l f a s t 4 channel pHA. 

Input signal level -30 mV^-1 V 

pulse width more than 15 nsec 

impedance 50 S2 

Window level programable in 8 bits digital value 

Output signal level -0.7 V 

pulse width 5 nsec 

Double pulse resolution (Dead time) 50 nsec 

Integral nonlinearity less than 1.5 % 

Packaging CAMAC #1 module 
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Fig. II.5-2 Time variations of the soft X-ray spectra in JFT-2. 
NBI : neutral beam injection heating 
ICRF : ion cyclotron range of frequency heating 
(1E)-(4E) : counting rates for four window outputs 

of the fast PHA 
(5E) : total counting rate 
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HE. OPERATION AND MAINTENANCE 

1. Introduction 

Facility Operation and Engineering Division has been engaged in 
operation and maintenance of JFT-2M tokamak. Neutral Beam Injection 
(NBI) system, Lower Hybrid Heating (LHH) device and flywheel motor-
generator (MG), and development of auxiliary equipments and instruments. 
On April 27th, 1983 the first discharge on JFT-2M tokainak was ignited, 
and then it has been operated smoothly with NBI system, LHH device and 
MG on schedule without major troubles. 

2. Operation and Maintenance 

In this fiscal year, JFT-2M tokamak was begun to operate on April, 
and has been operated from April to June for Joule-heated plasma ex
periments. At the end of June the vacuum chamber was vented and 
antennae of ICEF were installed. From July to September the additional 
heating experiments (NBI, ICRF, LHH) were performed. In October the 
primary cooling water system was remodelled for the reinforcement and 
purifying the water. After that the machine has been operated smoothly 
in spite of a few troubles on turbomolecular pumps and on primary 
cooling system. 

Complying with the operation schedule, NBI system has been operated 
smoothly during the experiments. For obtaining long pulse duration up 
to 200 ms beam dump, beam lines and drift tubes have been reinforced in 
heat resistance and control system has been remodelled. The waveform 
of 200 ms beam injection is shown in Fig.III.2-1. As the result of the 
remodelling, multiple-short-pulse injection experiments were accomplished. 

LHH device has been also operated smoothly mainly for current drive 
experiments. 

The operation schedule of JFT-2M, NBI, LHH and MG is shown in Table 
III.2-1. 

3. Development of Equipments and Instruments 

3.1 Pellet injection system 

Present tokamak experiments rely on gas puffing to maintain the 
plasma density. Injection of solid hydrogen pellets at high speed has 
been proposed as a method of fueling more deeply into the hot core of 
the plasma. A single pellet injection system has been developed in 
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JAERI. The schematic diagram of the system is illustrated in Fig. 
Ill.'3-1. Hydrogen gas is inlet to a disk-shaped stainless-steel pellet, 
carrier with a thickness of 1 mm. The pellet carrier is covered by a 
double heat-shield plate at liquid-nitrogen temperature outside and 
liquid-helium temperature inside to avoid the heat transfer. There are 
two holes of 1 mm in diameter on the pellet carrier. In the lower hole 
the hydrogen is frozen, then the disk is rotated by 180° to change the 
hole position in line with gun barrel. The pellet is propelled forward 
to the chamber by pressurized helium gas, maximum pressure of which is 
30 kg/cm^, admitted by a fast magnetic valve. The propellant gas is 
evacuated from the chamber by a 500 m 3/h mechanical booster pump and a 
100 l/s turbomolecular pump. 

The operation and experiment have been done and the preliminary 
results were as follows. The cooling time for producing the pellet 
environment was about 2.5 hours and cycle time of producing and inject
ing the pellet was 8 minutes. The probability of normal injection was 
over 80% and angular dispersion in pellet trajectory was within 5.3xl0 - 5 

sr. Velocity measured by time-of-flight method using two photodiodes 
was 800 m/s at the maximum velocity. 

3.2 In-situ titanium coating device 

It has been recognized to use an in-situ titanium gettering method 
for reducing the light impurities in tokamak experiments. A RF-sputter-
ing titanium coating device (Fig.III.3-2) has been developed and settled 
in JFT-2M. A titanium target is inserted in the vacuum chamber by motor 
drive and the chamber is filled with about 7xl0 - l t Torr argon as a 
working gas. A 13.56 MHz RF power is supplied to the target through a 
matching box. The argon plasma produced by RF power is confined near 
the target by the magnetic field generated by a coil current installed 
inside the target. After setting the device on JFT-2M, we measured the 
titanium evaporation rate, which was 11.36 A/min. at a point of 30 cm 
away from the target. 
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Table III.2-1 Operation of JET-2M NBI, LHH and MG 

(Month) 4 
1983 1984 

5 6 7 8 a 10 11 12 1 2 3 

JFT-2M Con- | 
struc-l 
tion ! 

Operation and maintenance 

NBI . . ! , .. ! Operation and Operation and maintenance ,remodelling ; m a i n t e n a n c e 

M-G Operation and maintenance 

LHH , Operation and maintenance 

Detail of the operation (JFT-2M, NBI, M-G and LHH). 

(Fiscal year) 1982 1983 1984 
AFR-JUN JUL-SEP OCT-DEC JAN-MAR TOTAL 

JFT-2M 

Total days of operation 
(days) 39 31 45 23 29 128 

JFT-2M 

Times of discharge 
(shots) 4611 1845 2696 1092 2024 7657 

JFT-2M Baking (times) 3 2 2 2 0 6 JFT-2M 

Discharge cleaning 
(hours) 47.1 30.6 83.1 51.2 54.4 219.3 

JFT-2M 

Vent, of vacuum chamber 
(times) 3 2 0 2 1 5 

NBI 

Total days of operation 
(days) 14 19 27 22 17 85 

NBI 
Flashing and injection 

(shots) 
A: 1498 
B: 1137 

A: 0 2779 257 578 
B: 0 5448 2081 5640 

A: 3614 
B: 13169 NBI 

Conditioning 
(shots) 

k: 2194 
B: 1309 

A: 7900 5396 2873 346 
B: 9663 6179 4658 1482 

A:16515 
B:21982 

NBI 

Vent, of vacuum tank 
(times) 2 0 0 1 1 2 

NBI 

Change of filament 
(times) 

\: 0 
B: 0 

A: 0 1 1 0 
B: 0 0 1 0 

A: 2 
B: 1 

M-G 
M-G (#1) (hours) 115 289 399 188 239 1115 

M-G M-G (#2) (hours) 115 287 394 186 237 1104 

LHH 

Total days of operation 
(days) 22 0 16 4 0 20 

LHH Times of power injection 
(times) 5780 0 720 734 0 1454 

- 4 9 -



( 

JAERI-M 85-006 

50 raS 

2 2 2 2 2 w w tyft 2 w w tyft 2 w w 
... | ... 

1 
1 

; 

*- plasma current 

plasma loop voltage 

*• NBI acceleration voltage 

Fig. III.2-1 The waveforms of 200 ms 
neutral beam injection. 
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RF Generator 
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DC Power Source 
0-I50V MAXI5A 

Valve Controler 

Fig. III.3-2 A schematic diagram of RF sputtering 
titanium coating device. 
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IV. JAPAN - US RESEARCH COOPERATION IN DOUBLET III 

1. Japan - U.S. Joint Program 

A cooperative program on thermonuclear fusion research between the United 
States and Japan was started in August 1979 using the Doublet III facility at 
GA Technologies, Inc. (GA) , California. A group of Japanese experimental 
scientists called the "JAERI team" has been staying at General Atomic and 
carrying out research as an independent group under their own leadership. 
They are sharing the Doublet III machine time with the American experimental 
team, the GA physics group. The first phase of the cooperation will be 
finished in Sept. 1984. 

The focus of activities on the part of the Japanese experimental team is 
to carry out experimental research on higher beta tokamak plasmas with 
dee-shaped cross sections. 

Until March '81, Doublet III was operated for Joule-heating experiments. 
It was then shut down for six months in order to install two tanks of neutral 
beam injection (NBI) heating with rating values of 80keV, 7»2MW and 0.5 sec 
pulse length. The NBI device started operation in Sept. '81 and gradually 
increased the power. 2MW was obtained in Dec. '81 and 5MW in July '82. The 
NBI heating experiment with two NBI tanks was continued until mid-February 
1983, and Doublet III was then shut down for five months to install NBI 
tank No.3. Fourteen months of experiments with three NBI (7-10MW) has been 
carried out through the end of August 1984, the end of the original 5-year 
cooperation in Doublet III. The cooperative program in Doublet III was 
extended four more years until Aug. 1988 to include the Big Dee Experiments. 
The vacuum vessel and a part of the poloidal field coils will be replaced with 
a new Big Dee device which will start operations in late 1985. 

Several noteworthy results had already been obtained in the Joule-heated 
Dee-shape plasma experiments. A volume-averaged beta value of 4.6% was 
obtained in Aug. '82 and reported at the 9th IAEA Conference on Plasma Physics 
and Controlled Nuclear Nuclear Fusion Reseach at Baltimore where our results 
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were one of the highlights. Since then the JAERI team has concentrated on 
getting n-T as high as possible, and T ±(0) and T e(0) higher than 5keV at iie 

> 7x10*3 c r a-3 w a s recently achieved with ~8MW NBI heating. The JAERI team 
owes much of these successes to the outstanding cooperation and friendship of 
their GA colleagues. 

2. Experimental Results 

2.1 High Pressure Dee-Shaped Plasma Experiments 

During the ohmic heating experiment phase, plasma properties were 
improved by Ti-gettering and TIC-coated carbon primary limlters; and high 
density, low-q discharges were stably obtained with dee shaped cross sections 
and a low toroidal magnetic field [1]. After the installation of the neutral 
beam injection system and during its power-up phase neutral beam heating 
experiments were carried out to investigate the dependence of B and tg on the 
discharge parameters as rig, I p, and elongation of plasma cross section K. The 
unique feature of Doublet III in this study was a very high plasma current of 
up to IMA and a dee-shaped plasma cross section. A scaling of <&]•> is 

<B T>U] = 3.3BT[T]-2 Ip[MA] (0.5+0.4P a b s[Mw])K a-°- 5 

which is shown in Fig. IV.2-1S This was obtained with up to 2.4 MW neutral 
beam injection. It was predicted from this scaling that <&]•> of 5% would be 
obtained when the machine stitus allowed plasma discharge with Bf = 0.6T, I p = 
350kA, K = 1.4 (q*=1.5), P abs = 3.4MW. As the beam power was increased, a 
record beta value of <BT> = 4.6% was obtained with Pi nj = 3.5 MW, BT = 0.62T, 
Ip = 340kA, K = 1.4 as was predicted, with one difference: a = 0.39m. 
Typical data is shown in Fig. IV.2-2 where q* ~ 1.7, T e(0) = 550eV, and T

E ~ 
20ms [2]. 

In the experiments between late 1982 and early 1983, a new discharge mode 
was found with an elongated single-null divertor configuration where the 
energy confinement time during neutral beam heating is proportional to ne (on 
the INTOR scaling) and shows no deterioration with increasing injection power. 
The result of analysis shows that a low particle recycling at the edge is the 
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key to a good discharge. Figure IV.2-3 shows the central ion temperature 
T^(0) measured by the neutron counter and Doppler (OVIII) method as a function 
of absorbed power P a D S for n,, ~ 4.5-7.2xl013 cm - 3 and BT = 23-24kG. The 
highest stored energy of i500kJ was also obtained with Ip~900kA, Pat,s ~ 7MW 
and Tg ~ 70ms. 

2.2 Pellet Injection Experiment 

Continuous pellet fueling experiments were performed in D—III using the 
ORNL centrifuge injector which can inject 1.3mm diameter "2 pellets up to 32 
pellets per second at a speed of 800m/s. For example, seven pellets were 
injected into an estblished diverted plasma which had an np of 2.5xl0'3 cm - 3 

increasing the density to 1x1014 cm""3. The energy confinement time also 
increased up to ~120ms at % = 1.1 x 1 0 ^ cm - 3. Even in a limitered discharge 
with NB heating of ~2 4MW, good confinement was observed at high density 
(P-mode: T

E ~1.6 T
E S a s , i>e 1 x 1 0 1 4 c m - 3 ) . Figure IV 2.-4 shows a 

comparison of the waveforms of pellet- and gas-fueled limitered discharges. 
The plasma density shown in the second box increases step-wise with injection 
of each pellet. The neutron production rate during NB heating with pellet 
fueling is aproximately an order higher than that of the gas-fueled discharge, 
which shows better heating efficiency. 

2.3 Remote radiative cooling with neutral beam heating in diverted plasma 

Impurity suppression and helium ash exhaust were demonstrated in the 
single null poloidal divertor experiments in Doublet III 14]. With the 
increase of the main plasma electron density, radiative cooling at the 
divertor region was also observed to increase which resulted in a reduction of 
the heat load to the divertor plate. All of these results, the impurity 
reduction with open divertor geometry, the helium ash exhaust, and the remote 
radiative cooling give a bright forecast to the solution of the crucial points 
of a future reactor design. 
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The power balance of the beam-heated divertor discharge is shown in Fig. 
IV.2-4. The radiative power In the divertor increased with the increase of 
the main plasma density, while the radiative pwoer of the main plasma stayed 
almost constant over the whole electron density range. As a result, the heat 
load of the divertor plate was observed to decrease by a factor of two in the 
high density condlton. The heat load of the divertor plate is measured by the 
28 thermocouple array embedded in the divertor plate. The reduction of the 
heat load of the divertor plate was also observed with an infra—red camera and 
the widening of the divertor channel in high density condition was also 
observed. With the increasing plasma density of the main plasma, the 
electron dnesity of the divertor is observed to increse non-linearly to 
2.8x1014 cm~3 (n e = 3.4 x 1 0 ^ C m - 3 ) . Simultaneously, the electron tmperature 
at the divertor plate is reduced to 3.5eV as the electron density of the main 
plasma increases. This dense and cold divertor is obtained with Bj = 20kG, It. 
= 290 kA. Out of the 1.5MW absorbed power, 0.5 MW is radiated in the main 
plasma and another 0.5 MW is radiated in the divertor in high density 
condition. 

In a high density and high temperature diverted discharge with 4-5MW NBI 
heating, the radiative cooling power was 25-40% (~30-50% of the radiative 
power comes from the divertor) of the heating power and was almost constant 
over the electron density range investigated. The divertor plate receives 
40-60% of the heating power (thermocouple meausrement). The enhancement of 
the radiative cooling power in the divertor and the resultant reduction of the 
heat load have not been observed up to % • 7x1013 cm~3. This is probably 
because of the suppressed particle recycling and the high injection power. 
However, even with 4-5MW beam injection, the Langmuir probe measurement showed 
that the plasma near the divertor plate is still dense and cold (n e ~ 1x10^ 
cm _3 and T e < 20eV). 

This work was performed under a cooperative agreement between the Japan Atomic 
Energy Research Institute and the United States Department of Energy under DOE 
Contract No. DE-ATO3-80SF11512. 
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Fig. IV.2-5 
The power balance of the beam-heated 
divertor discharge. P I N : the total 
absorbed power, P r™§£ n and P r

dJ£: t h e 

radiation power in the main plasma 
and in the divertor, PjJij?: the power 
to the divertor plate (sum of conduc
tion and convection). 
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V. DEVELOPMENT OF PLASMA HEATING SYSTEM 

1. Neutral Beam Injection System 

1.1 Ion source development 

1.1.1 Improvements of the ion source for JT-60 

The ion source for JT-60 NBI is designed to produce ion beams of 
40 A at 100 keV for 10 sec. The maximum cated ion beam was obtained 
in March 1983. Based on the test performed so far, we tried further 
improvements in the characteristics and the reliability of the ion 
source. Among the improvements, a development of long life filament 
cathode is described. 

The most significant cause of consumption of directly heated 
tungsten filament is arc spotting on the filament. Damages due to the 
occurrence of the arc spotting on the filament can be minimized if the 
overcurrent is detected and cut off as fast as possible. For this 
purpose, an electric circuit as shown in Fig. V.l-1 was devised . 
The arcing detector is set on the current limiting resistance (R^) in 
the arc current circuit. If there arises unbalance among the discharge 
current flowing into the respective filaments, the maximum unbalance is 
measured as the difference between the maximum and the minimum voltages 
on the positive terminals of these resistors. When the difference 
exceeds a preset value, the discharge current is immediately cut off. 
The delay time necessary to cut off the current is less than 1 ms. 
Before employing this circuit, it took about 20 ms for cut off. Figure 
V.l-2 shows the damages left on the used filaments before and after 
employing this circuit, respectively. It is apparent that a formation 
of craters on the filament is almost completely prevented by this circuit. 

2) 1.1.2 Development of ion source for 200 keV, 3.5 A helium beam injector 

A 200 keV, 3.5 A helium beam injector will form part of a diagnostic 
system to measure the central ion temperature for JT-60. The required 
performance characteristics of the ion source for this injector are 
tabulated in Table V.l-1. The energy level of this system is of 
interest since it enables us to foresee the high-voltage problems 
associated with future plasma heating injectors. The injector beam 
line was installed in a test bay to facilitate ion source development 
prior to installation on JT-60. A schematic figure of the ion source 
for the injector is shown in Fig. V.l-3. In the source of system 
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debugging, the source was gradually conditioned to produce a 195 keV, 
3.5 A, 0.1 sec helium beam so far. The improvements of the ion source 
are now being continued to raise the characteristics and the reliability 
of the ion source untill installation on JT-60. 

3) 1.1.3 Development of negative ion source 

In order to achieve an acceptable power efficiency at energies in 
excess of 200 keV, injectors based on negative ions will be required 
for future devices. Out of many methods to produce negative ion beams, 
volume production method is the most attractive one, because this method 
needs no cesium handling and the structure of the ion source is simple 
enough to scale up. 

As a first step of the development of negative ion source, the 
yield of volume produced H ions was investigated in several configura
tions of multiple line cusp plasma sources as a function of plasma 
density, gas pressure, electron temperatures and other operating para
meters. At optimum conditions, H - ion beam with a current density of 12 
mA/cm was extracted at beam energy of 10 keV for 0.2 s. Since the gas 
pressure in the plasma source was as low as 0.5 Pa, high gas efficiency 
is expected. The low-z impurity content in the beam was less than 1-2%. 
Scale up of the extractor is now under planning. 

1.2 Performance tests of the prototype injector unit for JT-60 ' ' 

The prototype injector unit was constructed to test and demonstrate 
single beam line unit for JT-60. Operation of the system was started 
in December 1981, and ion beams of 75 keV, 70 A, which is the standard 
design conditions for JT-60, were extracted for 10 sec in February, 1982. 
This beam produced a total neutral beam power of 1.43 MW. Reionization 
loss was 4% of the total neutral beam power and no beam chocking effects 
were observed even when the stray magnetic field was applied to the 
neutral beam drift region. An attempt to increase beam energy up to 
100 keV, resulted in successful operation at 100 keV, 70 A, 10 sec 
in March 1983. Through these tests, design performance of the ion 
sources, beam line components, and cryopumping system was confirmed. 
The typical performance characteristics obtained so far are summarized 
in Table V.l-2. 

In parallel with these tests, a new advanced source plasma genera
tor was developed to provide a high proton ratio exceeding 90% . 
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Performance tests on this new source were initiated at the prototype 
injector unit in August 1983. Ion beams of 100 keV, 40 A were extracted 
for multi-seconds using one advanced source. The neutral beam power of 
0.73 MW, which corresponds to 20 MW neutral beam injection from 14 
injector units, was produced with a beam energy of 70-100 keV and a 
reionization loss of 4-5%. The advanced source has been adopted as the 
production ion source for the JT-60 neutral beam injection system. 

1.3 Improvement of accel power supply 

The switching/regulating tube used in the accel power supply causes 
an unnegligible amount of power loss and it often causes problems such 
as oscillation, internal spark, water leak, etc. Thus the tube intro
duces unreliability and complexity in the control and protection system. 
To avoid the power loss and to simplify the system, a gate turn off 
thyristor (GTO) valve instead of the tube was proposed. However, GTO 
valve is lacking in voltage regulation. In particular, the no-load 
voltage just after the breakdown becomes higher than the rated voltage, 
which in turn produces overshoot in the beam recovery phase and induces 
unneccessary breakdown. To solve this problem we devised a voltage 
regulated GTO valve as shown in Fig. V.l-4. A 100 series thyristor 
stack (GTAS) is dedicated to switch on and off the DC current only, 
while a 20 series stack, each provided with a parallel non-linear 
resistor (GTAE), serves a role of holding overcharged voltage and 
becomes conducting one by one as the load current starts to rise again. 

This system was applied in the accel power supply of the prototype 
injector unit for JT-60 with particular intension to check its applica
bility to the JT-60 NBI power supplies. High reliability and applica
bility were confirmed by performance tests. Based upon test results, 
we decided to use GTO valve in accel power supplies for JT-60 NBI. 
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Table V.l-1 Specification of ion source for 
200 keV He beam injector. 

BEAM He 

BEAM ENERGY 40 ~ 200 keV 

BEAM CURRENT 3.5A 

BEAM DIVERGENCE 0.4° ( l / e ) 

PULSE LENGTH 0.1 sec 

DUTY 1/200 
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Table V.1-2 Typical performance characteristics of JT-60 protorype NBI, 

——_____ DESIGN VALUE ACHIEVED VALUE 

BEAM ENERGY (keV) 75 (50 — 100) 75 75 100 100 

BEAM CURRENT ( A ) 70 (80) 
TWO SOURCES 

70 
TWO SOURCES 

71 
TWO SOURCES TWO°S0URCES 41 

ONE SOURCE 

PULSE LENGTH (Sec) 10 10 10 10 10 

GAS SUPPLY INTO ION SOURCES(IS) 
AND NEUTRALIZER(N) (Pa-m3/S) 

-=2.67X2 INTO IS 
<2.67X2 INTO N 1.30X2 INTO IS 0-93X2 INTO IS 

0.53X2 INTO N 
0.83x2 TO IS 
1.1 x2 TO N 

0.9 INTO IS 
1.0 INTO N 

BEAM DIVERGENCE 1/e (Deg) 1.0 (0.9~1.2) 1.05 '> 1.1 ') ~0.8 2> -0.8 2 > 

ION CURRENT DENSITY (A/cm2) 0.27 0.27 0.28 0.27 0.32 
ATOMIC FRACTION- , „ , 75:20:5 82:13:5 ?' 

77:12:11 "J 
ATOMIC FRACTION- , „ , 75:20:5 82:13:5 ?' 

77:12:11 "J 

IMPURITY IN NEUTRAL BEAMS Lo« Z :S 1 % 
High Z ;S0.1 I 

Low Z^0.3 % 3) 
<0.5 * ""J 

High Z-cO.l % 3) 
r- — IMPURITY IN NEUTRAL BEAMS Lo« Z :S 1 % 

High Z ;S0.1 I 

Low Z^0.3 % 3) 
<0.5 * ""J 

High Z-cO.l % 3) 
r- — 

SIMULATING STRAY FIELD ON OFF ON OFF OFF OFF 

RE-IONIZATION LOSS ( % ) 5 h RE-IONIZATION LOSS ( % ) 5 h 

COLD GAS FLOW THROUGH THE 
INJECTION PORT (Pa.m3/S) 0.05 0.07-^0.08 COLD GAS FLOW THROUGH THE 
INJECTION PORT (Pa.m3/S) 0.05 0.07-^0.08 

CRYO PANEL PUMPING SPEED, 
( m 3/S ) 1.37 x 10 3 1.U3X10 3 

REFRIGERATION CAPACITY ( W ) 300 at 3.7°K 280 ~ 300 at 3.6°K 

NEUTRAL BEAM POWER THROUGH 
THE INJECTION PORT ( MW ) 1.143 1.31 1.26 I.I1I1 1.43 0.740 
1) Beam divergence of 0.1 Sec neutral beam measured at the focal point 8 m apart from the ion source. 
2) Extrapolation by the data of 75 kV beam divergence. 
3) Measured by the magnetic mass analyzer. 
*) Measured by the doppler shift spectrometer at the beam current of 60 A. 
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FILAMENT 
POWER • 
SUPPLIES 

Fig. V.l-l Schematic diagram showing the arcing detector 
as well as the discharge circuit and power 
supplies. 
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Fig. V.1-2 Damages left on the used filaments 
before (a) and after (b) employing 
the circuit for fast detection and 
cut off of the arcing. 
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Fig. V.1-3 Schematic of the ion source for 200 keV He beam injector. 

-68 -



TLA QSWA ITA 

GTAR GTAS 

-m-i r - i -

0 
Control 
Unit 

DCL 
lOOkV 

80 A 

[-cy-\4- 0 :::)RTA2 

> 
pi 

i 
s 
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2. Radio Frequency (RF) Heating System 

2.1 Introduction 

From the recent experimental results on RF heating, it is very 
promising to realize the reactor level high temperature and high density 
plasmas in large tokamaks. However, in order to construct the RF 
heating system in 3uch a tokamak, we must make further research and 
development on many RF components because of high power operation in 
long pulse or steady state. Among them, the development of the high 
power RF source and the launcher is the most important. 

In JT-60, we plan to inject the 10 MW RF power into a plasma core 
for 10 sec. The JT-60 RF heating system consists of three heating units 
of lower hybrid range of frequencies (LHRF) at ^2 GHz and one heating 
unit of ion cyclotron range of frequencies (ICRF) at VL20 MHz. As for 
an LHRF launcher, we have been developing a phased array of waveguides 
in the RF test stand II because of successful heating results in JFT-2 
and other tokamaks with the same type of launcher. As for an ICRF 
launcher, we have studied a phased array of loop antennas as well as a 
T-ridged waveguide. Moreover, R&D works of 1 MW class klystron as a 
high power RF source for an LHRF heating unit has been completed in 
JAERI under contract with Toshiba Corporation (TOSHIBA) and Nippon 
Electric Company (NEC), individually. 

2.2 R&D works of launcher 

2.2.1 Introduction 

A launcher faces directly to a plasma to radiate RF power into it. 
Plasma heating efficiency depends on the design of launcher which is 
restricted by heat input due to plasma influx and joule loss of RF 
power, electromagnetic force associated with plasma disruption, trans
mission prwer density, port sizes and so on. To increase the transmi
ssion power density of the launcher also simplifies RF heating system. 
Therefore, R&D works of launcher aiming at the increase of power density 
under such restrictions are the most important among those of the RF 
components. 

2.2.2 LHRF launcher 

As for an LHRF launcher, a phased array of waveguides has been 
studied . RF test stand II (RFTS II) was constructed to develop 
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transmitting of high power density and aging techniques in the launcher. 
Overview of the RFTS II is shown in Fig. V.2-1. In the RFTS II, the 
launcher is bakable up to 500 °C by means of gas loop to reduce the 
outgassing of the launcher. The gas loop is also usied for cooling the 
launcher in the high power long pulse test. Power density of T<4.5 kW/cm 2 

for 10 sec is required in order to inject the 10 MW -10 sec power through 
four RF ports in JT-60. In the RFTS II, RF power of 1 MW at 2 GHz can 
be obtained by using the developed 1 MW klystron as an RF power source. 
Plasma load which simulates the scrape-off layer plasma in JT-60 will 
be prepared in the middle of 1984. 

Two types of launcher were fabricated. One of them is a four 
waveguide launcher which consists of the similar cross section of 
waveguide to that of the JT-60 launcher. The other is a two waveguide 
launcher. The four waveguide launcher has been tested in the RFTS II. 
Low outgassing rate of ^2 x 10 _ 1*torr 1/s cm 2 was obtained after the 

2^ 400 °C baking for 3 days . Transmission power density of 5 kW/cm2 for 
10 sec in the dummy load termination was achieved in February, 1984. 

The two waveguide launcher is as long as the JT-60 launcher and is 
also a separable type as shown in Fig. V.2-2 line the JT-60 one. The 
launcher was baked at 250 °C for 2 days. We have no trouble in mechani
cal distortion. Pressure in the launcher reduced to ^4 x 10" B torr. 
The test of high power transmission will be conducted in the early 
summer of 1984. 

2.2.3 ICRF launcher 

As for an ICRF launcher, we have studied a phased array of loop 
antennas as well as a T-ridged waveguide. Loop antennas have been 
widely used in the ICRF heating in i;he present tokamaks and efficient 
plasma heating was observed. However, the high power long pulse 
operation like the one in JT-60 has not yet been performed. Length of 
the present loop antenna is comparable to a minor radius of tokamak, 
which results in unreliability against the electromagnetic force 
associated with major plasma disruption, difficulty in maintenance of 
installation and removal and so on. The phased array of loop antennas 
designed for JT-60 consists of 4 short length loop antennas, 2 rows x 2 
columns, and has the casing as shown in Fig. V.2-3. Therefore, it is 
relatively strong against the electromagnetic force and is easily 
installed and removable in radial direction like the LHRF waveguide 
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launcher. Its coupling properties including phase control Between the 
3 4) antennas is calculated with three dimensional model of loop antenna ' 

From the calculation results, the sufficient coupling and efficient 
plasma heating by phase control can be expected. 

The characteristics of a T-ridged waveguide also has been investi
gated in cooperation with Prof. N. Goto of Tokyo Institute of Technology. 
A simple T-ridged waveguide for testing RF characteristics was made. 
The experimental results on RF propagation in the ridged waveguide well 
agreed with those of calculation, which indicates that the ridged wave
guide designed for JT-60 has the possibility of the power transmission 
of about 5 MW. However, according to the numerical results by the 
method of parallel plate approximation, the coupling efficiency of the 
ridged waveguide for JT-60 with the simple open mouth is not enough in 
the present JT-60 condition . In order to improve the coupling effi
ciency, we are now investigating the shaping of the mouth of the ridged 
waveguide. 

2.3 R&D works of 1 MW class klystron 

R&D works of the high power klystron has been intensively performed 
under contract with TOSHIBA and NEC ' . Key features of the klystron 
for JT-60 are (1) high power output (1MW), (2) long pulse (10 sec), 
(3) wide mechanical tuning range (1.7-2.3 GHz), (4) strong endurance 
against the reflected power (VSWR of 2), which are required for the 
fusion application not for the broadcasting and the accelerator. 

The JT-60 Klystron Test Facility was constructed in order to age 
the klystron and make the output power test. In the Test Facility, the 
programmed operation can be made by the control system with a micro 
computer so as to test the klystron sufficiently and efficiently. 

Both klystrons manufactured by TOSHIBA and NEC have achieved the 
output power of 1 MW for 10 sec. The typical performances and waveforms 
are shown in Table V.2-1 and Fig. V.2-4, respectively. Through the R&D 
works of the klystron for 3 years, it is found that main cause which 
limits the output power is the discharges on the ceramic window. 

References 
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(1983). 

2) T. Fujii, et al., in the proceeding of 10th Symposium on Fusion 
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Table V.2-1 Typical performances of 1 MW class klystrons. 

TOSHIBA NEC 

Frequency 2.01 GHz 2.09 GHz 

Output Power 1 MW 1 MW 

Pulse Width 10 sec 10 sec 

Beam Voltage 83.0 kV 84.7 kV 

Beam Current 26.5 A 25.2 A 

Power Gain 53 dB 48 dB 

- 7 3 -



WR-510 W/G, 

^CIRCULATOR 

AIR EXHAUST 

> 
pi 

Overview of RF Test Stand II . 



8000 

separable junction 
vacuum pump 

> 
pa 

(T~^ 
=J 

d:i HUh 

Fig . V.2-2 LHRF tes t launcher which i s separab le type l i k e the JT-60 one. 



Central Conductor 
Return Conductor 

© Gas /Water Cooled Faraday Shield 
® Guard Limtler 
© Coaxial Line 

Fig. V.2-3 JT-60 ICRF launcher, 
phased array of 2 x 2 
loop antennas. 

BEAM VOLTAGE [ I 40 kv 

BEAM CURRENT 
10 A > 

OUTPUT POWER 
1000 kW 

2 se 

Fig. V.2-4 Typical waveforms observed in the 
output power test of the klystron 



JAERI-M 85-006 

V I . SURFACE PHYSICS AND VACUUM TECHNOLOGY 

1 . S u r f a c e P h y s i c s 

1.1 In t roduct ion 
Surface physics studies which are related to plasma surface 

interactions have been continued in close connection with the JT-60 
project, the design study of the next step tokamaks and the tokamak 
experiments in JFT-2M. Especially in this fiscal year, international 
cooperation was made in the TEXTOR ( KFA Jiilich, F. R. of Germany ) 
programme. The primary objective of these studies is to investigate 
the interaction of the plasma with wall and limiter materials using ion 
accelerators and tokamak machines to find conditions which minimize 
impurity production and control hydrogen recycling rate. 

In this fiscal year, progress was made with measurement of the 
effect of oxygen on sputter erosion of refractory metals, measurement of 
sputtered neutral Ti atoms from TiC and Ti targets by laser induced 
fluorescence, in-situ measurement of the hydrogen recycling constant of 
the TEXTOR liner, improvement of the modelling of hydrogen recycling at 
TiC wall surface, and the boundary plasma diagnostics in JFT-2M. 

1.2 Effect of exygen on sputter-erosion of refractory metals 

The sputtering yield of molybdenum and tungsten due to the bombard-
+ + + ment with 7 keV Ar , Ne and CO ions has been measured between room 

temperature and 1500 °C by means of the weight loss measurement. For 
+ + + 

Ar and CO ion bombardment of tungsten and Ar ion bombardment of 
molybdenum the erosion yield shows a weak temperature dependence, whereas 
for CO ion bombardment of molybdenum the erosion yield increases up to 
a factor of three in a complicated manner as the temperature rises. 
These results are shown in Fig. VI.1-1. 

Auger electron spectroscopy was applied to measure the content of 
carbon and oxygen as a function of depth in the CO ion bombarded 
molybdenum and the results are shown in Fig. VI.1-2. It is clearly seen 
that carbon and oxygen remains in the targets after bombardment at 25 °C 
and 500 °C, whereas they completely come out after bombardment at 1000 
°C. These results strongly suggest that the increase of the erosion 
yield of molybdenum bombarded with CO ion at temperature above 500 °C 
is due to the chemical reaction between molybdenum and the implanted 
oxygen, since molybdenum oxide becomes volatile above 500 °C. 
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In order to get a further insight of the effect of oxygen on the 
sputtering properties, Ar sputtering of molybdenum under the oxygen 
exposure was carried out at various temperatures. Figure VI.1-3 shows 
the sputtering yield as a function of the ratio of the impinging oxygen 
to Ar ion flux. It is clearly seen that the sputtering yield is 
strongly dependent on oxygen pressure as well as temperature. It should 
be pointed out that the sputtering yield is almost constant above 1000 
°C, but total erosion rate increases above 1000 °C because of the addi
tional contribution of the oxide vaporization which is not the beam 
induced component, 

Present results indicate that tungsten is superior to molybdenum 
in the sputtering properties under the oxygen atmosphere because of 
lower volatility of oxides. 

1,3 Plasma-wall interaction study in cooperation with IPP of KPA 

There were cooperative works with Institute of Plasma Physics of 
KFA (Kernforschungsanlage) under the international cooperative prograimiie 
of TEXTOR (Torus Experiment for Technology Oriented Research). The 
first six months were used for the in-situ measurement of the hydrogen 

2) recycling constant of the TEXTOR liner . Another six months were 
devoted to the measurements of neutral Ti atoms from TIC and Ti targets 

+ + 3) 
sputtered hy low energy H and Ar ion using laser induced fluorescence 

The recycling constant R c = D/2o k r of the TEXTOR liner has been 
determined by in-situ observation of the wall pump and release effect, 
where D is the diffusion constant, o is the surface roughness factor and 
k r is the recombination constant. The results indicate that R c is about 
2 x l 0 i ^ cm~2 for the well conditioned clean surface of the liner. A 
thin carbidic layer on the liner surface was obtained by radiofrequency 
assisted glow discharge in E^-CH^O. 0 at%) mixture. The value of R c on 
that surface is 3 x 1 0 1 4 cm - 2. The above results shown in Fig. VI.1-4 
suggest that R c, which can be determined by the in-situ measurement of 
the pressure of H 2 gas in a tokamak device, is a good measure to estimate 
the surface condition. 

The sputtering of Ti from TiC and also from pure Ti targets for 500 
eV H and Ar ion Irradiation at normal incidence has been ir: yestigated 
by means of laser induced fluorescence. The sputtered neutral Ti atoms 
in the ground state were observed as a function of fluence and target 
temperature. This technique is shown to be applicable for in-situ 
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sputtering investigations of TiC. The obtained results are as follows. 
1) There are strong fluence dependences of the fluorescence intensity 

for Ti targets bombarded with Ar ions, which are considered to depend 
on the surface conditions related on the chemisorption of impurities 
(i.e. oxygen). On the other hand, the rather small fluence dependences 
for TiC targets indicate that the TiC surface is less active for the 
chemisorption than the Ti surface (see Figs. VI.1-5,6). 

2) In the case of TiC target bombarded with H ions, the fluence de
pendence of the fluorescence intensity shows that the depleted layer 
of carbon atoms due to the chemical sputtering influences the tran
sient period of the sputtering of Ti component of TiC. 

3) After the steady fluorescence signals were obtained during 500 eV 
Ar ion bombardment, the ratio of fluorescence intensities between TiC 
and Ti targets is about 0.6±0.1, which suggests the physical sputter
ing yield of the Ti component of TiC is about half of the yield of Ti 
targets if the mean velocities of Ti atoms sputtered from TiC and Ti 
targets are assumed to be the same. 

4) No significant temperature dependence of the Ti-sputtering yield of 
TiC for Ar - and H -ion bombardment was found after the steady fluo
rescence signals were obtained as shown in Figs. VI.1-7,8. 

1.4 Modelling of hydrogen recycling at TiC wall surface 

The effect of hydrogen trapping action of the TiC wall on hydrogen 
recycling area in a limiter configuration of the JT-60 tokamak was 

4) previously discussed for the case of 20 MW neutral beam injection used . 
All wall and limiter surfaces of JT-60 will be coated with TiC of 20 um 
in thickness. Surface compositional changes of the TiC wall are expected 
to occur by the bombardment with energetic charge exchange neutrals. 
One of them is carbon atom depletion from the TiC wall surface, which 
is mainly due to chemical sputtering to form CHi, and preferential sput
tering of C atoms. It finally makes the TiC wall surface a Ti-rich one 
at a high fluence of hydrogen, vLxlO^' H/cm2 . The Ti-rich surface 
reacts with the residual oxygen impurity. Thus the effect of the chemi
cal sputtering and titanium oxide formation on hydrogen recycling was 
estimated by model calculations . 

Figure VI. 1-9 shows the calculated recycling rates as a function 
of discharge time, when the energy distribution and the flux of charge-
exchange neutrals are assumed to be 400 eV Maxwellian and lx 1 0 1 6 H/cm 2s, 
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respectively. The corresponding recycling coefficient E g in the steady 
state is approximately 0.75, above which we need to pump an excess amount 
of hydrogen gas. It is found in Fig. VI.1-9 that the recycling coeffi
cient in Ti is less than the R s value at any temperature. The most 
practical case is the one for T1O2 after a number of discharge shots. 
The suitable wall temperature regions at which the recycling coefficient 
is less than 0.75 are, for 10 s discharge, 150 °C < T < 220 °C (TiC) 
and 60 °C <; T <; 80°C (Ti0 2), and, for 5 s discharge, T s 370°C (TiC) 
and T s 100 °C (Ti0 2). 

From a viewpoint of machine operation, it is not practical to 
thermally desorb hydrogen atoms trapped at relatively low temperature 
(^100 °C) by baking the wall at ̂ 500 °C every time after a discharge 
shot. In the case of Tie, however, it is possible to desorb 60-70 % f 
trapped hydrogen atoms during 10 min interruption by keeping the wall 
temperature of 300-370 °C , and this percentage will become higher for 
longer interruption. Therefore, it is possible to keep the recycling 
coefficient less than 0.75 by using such a hot TiC wall for 5 s dis
charge. But it will be impossible for 10 s discharge, because a rela
tively low percentage (20-40 %) of hydrogen atoms trapped in TiC wall 
can be desorbed during 10 min interruption at wall temperature of 
150-220 °C , On the contrary, such a hot wall discharge to keep a low 
recycling coefficient will be of no significance in Ti02 wall. However, 
it should be noted in T102 wall that thermal desorption of hydrogen 
atoms trapped during a discharge will become an essential procedure 
after every discharge. Thus the oxidation of Ti-rich wall surface will 
eventually add the wall baking procedure to the machine operation. 

1.5 Plasma-wall interaction study on JFT-2M 

A possibility of an intrinsic impurity control by using character
istics of drift motions of impurities in a tokamak was studied in JFT-
2M. The basic idea has already been proposed by Alcator group but 
the verification has not yet been made experimentally. 

The plasma was forced to contact with limiters asymmetrically with 
respect to the median plane: namely, the dominant contact was made on 
top or bottom lintfters. The released amount of limiter material which 
was estimated by VUV spectrometer was compared between the two cases. 
When the direction of the loroidal drift of the impurity ion was upward, 
the impurity level of the top-side contact was found to be 20-30 % lower 
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than that of the bottom-side one. These results agree with the effect 
expected and we concluded that the method Is promising for impurity 
control in toroidal devices. 
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2. Vacuum Technology 

2.1 Introduction 

The JT-60 device creates a necessity for solving new problems in 
the vacuum and surface technological area. They include elaborate wall 
preparation processes such as coating of low-Z materials and discharge 
cleaning, development of leak locating techniques applicable to large 
vacuum vessels, and improvements of vacuum components . In this fiscal 
year, significant progress was made on the preparation and characterization 
of TiC-coated first walls to be installed in the JT-60 vacuum vessel, and 
the development of an in-situ coating device and leak locating devices. 

2.2 Preparation and characterization of TiC-coated first walls for JT-60 

The small sample test for selecting coating materials and methods 
in FY 1981 and the improvement in coating technique for making large-
sized first walls in FY 1982 were followed by the construction of large 
coaters at industries to mass-produce nearly 10,000 first walls and the 
characterization of the coated walls in FY 1983. The material and thick
ness of the coatings are titanium carbide ( TiC ) and 20 um, respectively. 

2) 
A plasma-assisted CVD method named TP-CVD was used for the walls of 
molybdenum substrate, and an activated reactive evaporation method named 

3) HCD-ARE was used for the walls of Inconel substrate. The respective 
temperatures of TiC deposition were 900 CC for molybdenum substrate and 
500°C for Inconel substrate. Figure VI. 2-1 shows the TP-CVD coaters, 
and Fig. VI. 2-2 shows the HCD-ARE coater. 

Material characterization of the walls was done by X-ray diffrac
tion analysis, electron probe micro analysis, X-ray photoelectron 
spectroscopy ( ESCA ) , Auger electron spectroscopy and metallurgical 

2 3) micrography ' . Some characteristics of the coatings determined by 
these analytical methods are summarized in Table VI. 2-1. The XPS 
analysis showed that the chemical shif 
equal to those in TiC single crystals. 
analysis showed that the chemical shifts for Cls and Ti2p, ,„ are nearly 

2.3 Development of an in-situ coating device for JT-60 

An in-situ coating device for TiC deposition is also being developed 
for the repair of TiC-coated walls. In FY 1981 the coating method was 
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decided to be reactive evaporation, i.e., evaporating titanium in a low 
pressure acetylene atmosphere. In the JT-60 device, four vertical ports 
20 cm in diameter are provided to mount titanium evaporation sources. 

In FY 1983, the performance test was made of different types of 
4) ohmic-heating titanium evaporators . The evaporator which exhibited 

the best performance consists of three tungsten wires twisted as the core 
of the composite, three titanium wires and one molybdenum wire densely 
wound around the core, and a thin tungsten wire coarsely wound at the 
outermost side of the composite. A typical size of the evaporator is 
4 mm in diameter and 14 cm in length. In this case, 2 - 2.5 g of titanium, 
which corresponds to 70 - 80 % of charged amount, can be evaporated at 
a rate of about 0.14 g/min. Figure VI. 2-3 shows the novel evaporators 
prior to and after titanium evaporation. 

The design of a prototype coating device was also developed in 
cooperation with industries. 

2.4 New leak locating techniques for large vacuum systems 

New techniques for leak checking large vacuum vessels are being 
extensively developed since FY 1981. For the in-vessel leak sensor method, 
fabrication and testing of a prototype manipulator with built-in motors 
and a small ionization gauge are steadily advanced. 

A new helium sniffing method was also developed . The low sensi
tivity problem of the conventional helium sniffing method has been overcome 
by increasing the gas draw rate from around leaks into the detector up 
to about 0.1 Pa-m 3/s. The devised system consists of a flexible stainless 
steel capillary tube 0.6 mm in inner diameter and 10 m long, a sorption 
pump using molecular sieve and a helium leak detector in series, as shown 
in Fig. VI. 2-4. This method is particularly useful for locating very 
fine leaks down to 1 0 - 1 1 Pa-m 3/s, and has been successfully applied for 
leak checking the magnetic limiter coil cans of JT-60. 
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Table VI. 2-1 Some characteristics of the TiC coatings determined by X-ray 
diffraction analysis, EPMA, AES and metallurgical micrography. 

Coating 
method 

Substrate 
material 

Thickness 
< um ) 

Composition 
C/Ti 

Cristal orientation 
( Relative intensity ) 

111 200 220 311 222 

Lattice 
constant* 
(A) 

TP-CVD molybdenum 20 ± 5 0.97 79 100 79 44 28 4.328 

HCD-ARE Inconel 625 20 + 5 0.97 17 58 100 6 2 4.33 > 

* The value appeared in ASTM is 4.3285 A. 
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Fig. VI. 2-1 TP-CVD coaters for depositing TiC on molybdenum substrates 
( Courtesy of Sumitomo Electric Industries ) /* 

Fig. VI.2-2 HCD-AEE coater for depositing TiC on Inconel substrates 
(Courtesy of ULVAC Corporation). 
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Fig. VI. 2-3 A new type of ohmic-heating titanium evaporators. (a) prior 
to titanium evaporation, (b) after titanium evaporation . 
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Fig. VI. 2-1; Schematic diagram of a new helium sniffing device for locat
ing very fine leaks of large vacuum vessels. 
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VII. SUPERCONDUCTING MAGNET DEVELOPMENT 

1. Introduction 
The objective of superconducting magnet development in JAERI is 

to establish the design, fabrication and operation technique for Tokamak 
Fusion Experimental Reactor. As toroidal coil development, two projects 
are being carried out. One is Cluster Test Program for high field 
generation and another is Large Coil Task, an international collaboration, 
for scaling-up. As poloidal coil development, high current pulsed conductor 
has been developed. Cryogenic technology, structural material, measurement 
and control technique are intensively being developed. Main achievements 
in FY 1983 in JAERI Supercondcting Magnet Laboratory are as follows. 
1) The Japanese LCT coil war installed in ORNL's LCTF and partial 
cool-down was carried out. 
2) Extended test of Nb 3Sn Test Module Coil was successfully performed. 
3) Three different type poloidal conductors of 15 - 30 kA were fabricated 
and tested. 
4) 4K fatigue test machine of structural material was installed and 
automatic Ji c measurement system was attached. 
5) New stainless steel and manganise steel, which have yield strength 
over 1500 MPa and K^c ° v e r 2 0 0 MPat^, have been develop:, i . 

2. Cluster Test Program 

2.1 The second test on the TMC-I 

The Cluster Test Program (CTP) was started at 1977 as the develop
ment of high field toroidal coil in tokamak device. The first Test 
Module Coil (TMC-I) was completed in July of 1982 and was set in the 
Cluster Test Facility (CTF). This CTF is compost of a helium liquefier/ 
refrigeration, a power supply with protection^ a vacuum vessel, a com
puter, and a pair of the Cluster Test Coil (CTC) which produces toroidal 
magnetic field on the TMC-I. The first test of the TMC-I was carried 
out in October of 1982 and a magnetic field of 10.2 T was successfully 
generated. Table VII.2-1 shows the parameters of the TMC-I and Fig. 
VII.2-1 shows the TMC-I being installed in the CTC. 

In April of 1983, the second test of the TMC-I as the extention of 
the stability, the manual dump and the out-of-plane force mode tests, 
was carried out. Under this severe test, the TMC-I was operated without 
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any damage. Thus, we have demonstrated that a Nb3Sn conductor has the 
feasibility to apply large and high field superconducting coils for 
fusion. The following is the main results. 
(1) Current charge and mechanical behavior 

After the TMC-I was reconfirmed to be in a magnetic field of 10 T 
at 6 kA with a back-up field of 3.3 T from the CTC, the observation of 
the mechanical behavior of the coil was performed with a number of strain 
gauges attached on the conductor and on the coil case. Figure VII.2-2 
shows the measured strain curve on the conductor during the TMC-I charge 
with a background field of 3.3 T from the CTC. The maximum strain due 
to electromagnetic force at 10 T on the Nb3Sn conductor in the innermost 
turn is 0.13 %. The total strain of Nb3Sn is 0.67 % including a bending 
strain of 0.54 % during winding. These values are in good agreement 
with the calculated ones. 

In the out-of-plane force mode operation using one of the CTC, 323 
MPa which is 80 % of yield strength of S.S. 316 L at 4 K appears in the 
outer ring of the helium vessel. In the practical experiment, the TMC-I 
was stably operated under high stress condition. 

(2) Stability test 
The extended stability test was carried out using 192 cm length 

heater which was located in the innermost one turn. Figure VII.2-3 
shows the tap voltage and the temperature profiles of the conductor at 
10 T and 6 kA. After the innermost turn became normal and the tempera
ture reached more than 20 K by heating, the normalcy recovered sponta
neously to the superconducting state in 5.7 second. This result shows 
that the cold end recovery to superconductivity was practically demon
strated in 10 T on the Nb 3Sn coil. The measured generation heat flux 
level is 1.08 W/cm 2. 

(3) Manual dump test 
A manual dumping test of the TMC-I was carried out to check possible 

damage due to high voltage, and to measure the dump losses, the tempera
ture rise of the conductor and the pressure rise of helium in the coil 
due to the losses generated by the charging field. Figure VII.2-4 
shows the -•mperature rise and the pressure rise during the manual 
dumping from 5.4 kA with a time constant of 4.0 second. The measured 
maximum temperature is 8.5 K, which is below the critical temperature 
of Nb3Sn, and no significant normalcy appeared. In this case, the dump 
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loss is around 150 kJ. 
Figure VII.2-5 shows dump loss vs. dump decay time constant. The 

dump losses are proportional to an inverse of the dump time constant. 
These measured dump losses agree well with the analyzed values and the 
advantage of Nb barrier for ac loss has been verified. 

2) 2.2 Research and development for the TMC-II 

For the TMC-II which is the second test coil in the Cluster Test 
Program, a 12 T-10 kA Nb 3Sn forced flow cooled conductor was designed 
in the last period, as shown in Fig. VII.2-6 (a). To develop this 
conductor, two verification test programs were started in this period. 
One is the Segment TEst Program (STEP) whose purpose is to measure 
precisely Nb 3Sn critical current characteristic with conductor strain, 
and to study a stability of the conductor and a behavior of coolant in 
a large size conductor (10 kA, 12 T). In this program, two test coils 
(STEP-1,11) were fabricated in the end of 1983. The experimental 
arrangement of these coils is shown in Fig. VII.2-1 . The STEP-I con
ductor has been designed to simulate the form of the TMC-II conductor, 
as shown in Fig. VII.2-6 (b). This test coil was charged up to 10 kA 
at 8 T without quench, and the coolant behavior in this conductor was 
measured. The stability tes»t by the heate* technique will be carried 
out in the next period. The key characteristic of STEP-II (Fig. VII.2-b 
(c)) is that its conductor is stabilized by high purity aluminum. The 
measured critical current density of this conductor is 400 A/mm 2 at 12 
T, and nearly equal to that of the usual conductor. The STEP-II will 
be tested in the next period. Another is FC-100M program whose purpose 
is to study a behavior of coolant in.a long length conductor, as shown 
in Fig. VII.2-6 (d). The test coil of this program was completed, and 
will be tested in the next period. 

3. Large Coil Task of IEA 

3.1 Status of the Japanese test coil in ORNL 

In this year, the installation work and preliminary cool-down test 
were performed in Oak Ridge National Laboratory (ORNL). The installa
tion work of the Japanese test coil in the Large Coil Test Facility* 
ILCTF) at ORNL v-as performed under the supervision of JAERI's staffs. 
During the work, the US-GD coil was delivered to ORNL in June, ly83, 
and the installation work was started in parallel. The two-coil instal-
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lation was completed in December, 1983. Figure VII.3-1 shows th~ roils 
in the LCXF vacuum tank. Preliminary two-coil cool-down was started on 
January 10, iy84. Figure VII.3-2 shows the cool-down characteristic of 
the Japanese coil. In the test, the minimum temperature of the coil 
reached around 120 K. The Japanese coil showed the same performance 

3) during the cool-down as that in the domestic test . On the other hand, 
the leakage of helium gas was found in the GD coil. Therefore, GD coil 
was removed from the vacuum tank and was repaired. In the meantime, 
the Swiss coil was delivered to ORNL in February. Considering these 
conditions, the Project Officers agreed to the installation of the Swiss 
coil in the vacuum tank and to the three-coil test in which only the 
Japanese and GD coils are charged. The preparation for the three-coil 
test is under way. 

3.2 Test plan of LCT coils in ORNL 

Major objectives of the preliminary two-coil cool-down test were, 
(1) to obtain cool-down characteristics on the pool-cooling coils 
(Japanese and GD coils) and.large amount of structures (bucking post, 
upper and lower colors, torque rings, etc.), and t2) to do the shake
down of the cryogenic system and data acquisition system in the LCTF. 
In the test, some important results were obtained on both items above. 
And it was demonstrated that two pool-cooling coils had almost the same 
characteristic of the cool-down in spite of different configurations of 
the windings. As the next step to the six-coil test, three-coii test 
is scheduled as shown in Table VII.3-1. In this test, the Swiss coil, 
which is forced-cooling type, is cooled down with Japanese and GD coils. 
Further informations on the refrigeration technique are expected. 
4. Pulsed Poloidal Coil Development , 5 ' 6 ^ 
4.1 Highlights 

New technology for superconducting poloidal coils has been under 
development for the Fusion Experimental Reactor (FER). In 1933, large 
sized samples for testing of three high-current poloidal conductors, 
JA-50, JB-50, and JF-30, were fabricated and tested. These conductors 
have already been developed by 1982. By testing of these samples, char
acteristics of these conductors were measured and in addition, operating 
experiences of high-current pulsed coils up to 30 kA and a forced-flow 
supercritical helium up to 60 g/s were obtained. 
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4.2 Verification tests for pool-cooled conductors UA-50, JB-50) 

As the maximum capacity of the DC power supply in the Superconduct
ing Engineering Test Facility (SETF) is 30 kA, 3/5-sized pulsed conduc
tors of 50-kA, JA-50 and JB-50 were fabricated and wound in 30-kA, 12-
turn windings. The inner diameter of this winding is 500 mm, and the 
outer diameter is 820 mm. These windings were attached to a pulsed 
coil, Pulser-C, one by one. Figure VII.4-1 shows the combination of 
Pulser-C and the winding of JA conductor. The maximum field at the 
windings was about 2 T under this arrangement, and both windings of JA 
and JB conductors were successfully charged up to 30 kA in 18 sec. Fast 
discharge experiments were carried out from 30 kA by the discbarge time 
constant of 60 msec, which is to be compared to 10 - 100 sec for DC 
coils. Loss energy generated by such a fast discharge is expressed by 
the following equation: 

x c 

(Pulsed loss energy) : Q p = — (Magnetic Energy within the Coil) 
v T p c 

Here, T is the discharge time constant and T c is the loss time constant 
of the winding. Loss time constant corresponds to a decay time of 
induced current in the superconductors, and this value for pulsed coils 
has been decreased down to 1/100 of DC pulsed coils. Therefore, any 
problem was not found during 60-msec discharge. 

4.3 Verification tests for a forced-cooled conductor (JF-30) 

A 4-turn, 15-kA loop with the diameter of 2.3 m was fabricated, 
using a 1/2-sized pulsed conductor of 30-kA JF-30. This loop was in
stalled in the 5-m-dia., 8-m-high vacuum tank of the SETF and the 
cryogenic characteristics of JF conductors were measured. Figure 
VII.4-2 shows external view of the forced-cooled loop. A normal zone 
was artifi.cially generated by a heater attached to this loop and its 
propagation characteristics were measured. Figure VII.4-3 shows a 
result of this experiment. It was confirmed that no destructive expan
sion of normal zone does occur and its propagation is under control of 
helium flow. 
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5. Cryogenic System Development 

5.1 Introduction 

Refrigeration of superconducting magnet for fusion machine requires 
helium liquefier/refrigerator which has bigger capacity and higher relia
bility. In JAERI, such a big refrigerator has been investigating. 
According to the plan of development of refrigerator, in this period, 
technique of forced-cooled was accomplished through the construction 
and the experiment of the forced-cooled test facility and, in regard to 
the development of cryogenic devices, cryogenic helium pump and new type 
of current lead were fabricated and tested. 

5.2 Experiment of forced-cooled superconducting test loop 

Forced-cooled superconducting test facility was designed and con
structed in order to advance the forced-cooled technique in JAERI. 
After construction, the experiment was performed and then it succeeded 
in generating supercritical helium of 60 g/s, 10 atm, and 4.5 K. By 
using this facility, 15 kA superconducting test loop which aims to de~ 
velop the forced-cooled type of pulsed poloidal coil was experimented 
and it gave us a lot of data which are, for example, stability of con
ductor under forced-cooled helium and flow characteristics of super
critical helium. As an example of these data, pressure drop character
istics of supercritical helium is shown in Fig. VII.5-1. 

5.3 Development of cryogenic helium pump 

It is necessary for forced-cooled technique that the coolant of 
helium should be compulsorily circulated by a certain circulator. 
Cryogenic helium pump which might have a higher thermodynamic efficiency 
is needed to develop in this point. In JAERI, cryogenic helium pump 
was designed and fabricated as the flow capacity of about 100 g/s and 
adopting the bellows type. Figure VII.5-2 shows the appearance of this 
pump. 

5.4 Development of new type of current lead 

Fusion Experimental Reactor requires the current lead whose capac
ities are more than 30 kA of charging current and more than 20 kV of 
insulation voltage. Heat load of current lead is big problem for 
cryogenic system because it is connected from about 4 K to room temper
ature. As a new type of current lead, the type of cable-in-conduit 

- 100-



JAER1 - M 85 - 006 

is employed to extend the surface of copper conductor to get a good 
heat transfer to coolant of helium. The new current lead, which was 
designed as 3 kA of charging current, was fabricated and tested. 
According to the results, it required only 0.05 g/s of helium coolant 
for every 1 kA of charging current. JAERI intends to perform the veri
fication test of new current lead at 6 kA, 15 kA, and finally 30 kA of 
charging current in future. 

6. Development of the New Cryogenic Structural Material 

We have been developing the new cryogenic structural materials, 
which have yield strength of more than 1,200 MPa and fracture toughness 
of more than 200 MPav'm, for Fusion Experimental Reactor (FER) . 

The kinds of steels were selected from the results of tensile and 
9) 

Charpy impact tests at 4K . Fracture toughness test and fatigue test 
on these materials are necessary to develop the new cryogenic structural 
materials in future. Therefore, cryogenic fatigue test machine which 
has the capacity of ± 5 ton in condition of dynamic loading and ± 10 
ton in condition of static loading was installed. TheLi Jic measurement 
system was prepared in order to measure fracture toughness Kic (J) 
efficiently at 4 K. This system consists of the cryogenic fatigue test 
machine, mini computer PDP/11-70 and interface between them. 

Up to now, fracture toughness Kic (J) using computerized unloading 
compliance method of three kinds of high manganese austenitic stainless 
steels and two kinds of austenitic stainless steels were measured. 
Figure VII.6-1 shows the relation between fracture toughness and yield 
strength at 4K. One austenitic stainless steel satisfies very high 
requirements, which are yield strength over 1,200 MPa arid fracture 
toughness over 200 MPavS. Other steels also have high fracture tough
ness compared with existing stainless steels which have the same yield 
strength. 

7. Design Study for a Medium Sized Superconducting Tokamak 

7.1 Necessity of a medium sized superconducting tokamak 

Along the progress in the scientific research of plasma initiation 
and control, the verification of a long pulse tokamak has become a sig
nificant and realistic target in the fusion research. For the realiza
tion of a long pulse tokamak, steady state magnetic field generation by 
superconducting coils is indispensable. For this purpose the Fusion 
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council in Japan proposed a development plan for superconducting coils 
and the construction of a medium sized tokamak, called Superconducting 
Tpkamak Test Assembly (STTA). Along this plan, JAERI has made develop
ment step by step towards the, realization of superconducting toroidal 
field (TF) coils. 

7.2 Management of the design study 

JAERI started the design work of the STTA based on the technical 
experience obtained through the development of Cluster Test Coils (7T), 
IEA LCT coil (8T), and the Test Module Coil (11T). Four companies were 
involved in this work and design meetings were held monthly at JAERI. 
JAERI's role in this meeting was not only to indicate the design require
ments but also to make design proposals to the meeting as well as the 
industries. Five design proposals from JAERI and industries were com
pared through discussion in the design meeting, and the unified design 
was selected at each intermediate step. 

7.3 Major results of the design 

In 1983, design work was carried out on the following items; 
*1 Basic design of coil systems 
*2 Structural design and analysis 
*3 Thermal system design and analysis 
*4 Power supply circuit and coil protection 
*5 Arrangement of material data at 4 K 

Table VII.7-1 shows the tentative parameters for the present design 
of the STTA, and Fig. VII.7-1 shows a bird's-eye view of the coil system. 

Evaluation of electromagnetic forces indicated that the centering 
force is 9554 ton/(one TF coil) and turning force is 1035 ton/(upper 
half of one TF coil) at the moment of the plasma flat top. Stress 
analysis of the torus composed of 12 TF coils was carried out based on 
5 different mechanical model which covers wide variety of mechanical 
interactions between structural elements. As a whole result of the 
analysis, the inner bore width of TF coils at the mid plane is estimated 
to increase by 3.5 mm (1.5 % of original width), the maximum stress on 
the stainless steel conductor conduit is 410 MPa, and the maximum stress 
on the structure is 750 MPa. Yield strength of new structural material 
being developed at JAERI is more than 1200 MPa with high fracture tough
ness of more than 200 MPa m. Therefore, these materials can be applied 
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to the STTA with sufficient margin and thus, also from the structural 
view point, it was indicated that the STTA has become a feasible target 
for the construction at JAERI. 
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Table VII .2 -1 Main parameters of the TMC-I. 

COIL SIZE 
WINDING INNER OIA. 
WINDING OUTER OIA. 
WINDING WIDTH 

WINDING CONCEPT 
COOLING CONCEPT 
GRADING CONCEPT 
MAX. MAGNETIC FIELD 
OPERATING CURRENT 
AVE. CURRENT DENSITY 
SELF INDUCTANCE 
SUPERCONDUCTOR 
MATERIAL 
SIZE 
CRITICAL CURRENT 
Cu/NON-Cu 

STRUCTURAL MATERIAL 
FINAL ASSEMBLY 
LIQ. HELIUM INVENTORY 
COIL WEIGHT 

600 mm 
1854 mm 
300 mm 
10 DOUBLE PANCAKES 
POOL COOLING at 4.2 K 
TWO GRADES (10T/6.2T) 
10 T 
6 kA 
30 A/mm (in WINOING) 
0.46 H 

Nb Sn / Nb Ti 
12.6 mm x 15.0 mm 
10 kA at 10T / 6.2T 
5.36 / 10.1 
304L. 3I6L 
ELECTRON BEAM WELDING 
191 liter 
7.71 ton 

-.-•...*:.~.ZJ*!?Z 

Fig. VII.2-1 Installation of the TMC-I in the Cluster Test Facil i ty. 
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Fig. VII .2-6 R & D conductors for the TMC-II conductor. 



PDP11/70 

COMPUTOR SYSTEM 

30 kA DC 

POWER SUPPLY 

350 l/hr - 1.2 kW 

HELIUM LIQUEFIER 

/REFRIGERATOR SYSTEM 

TEST COIL 

> 

SUPERCRITICAL HELIUM. 

CRYOSTAT 

Fig. VII.2-7 Diagram of the Segment Test Facility 
for R & L of the TMC-II. 



Table VII.3-1 Progress and schedule of the Large Coll Task. 

FISCAL YEAR FY 83 FY 84 

MONTH 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 1 8 9 10 

INSTALL 
JAPANESE COIL 

US-GD COIL 
INSTALL REPAI R & REINSTALL 

US-GD COIL 
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US-GE COIL 

US-HH COIL 

DOMESTIC TEST 
EURATOM COIL 0 -O 

INSTALL 
SWISS COIL SWISS COIL 

TEST 
PRELIMINARY 2-COIL TEST 3-COIL TEST 
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Fig. VII.3-1 The Japanese coil (left) and US-GD coil (right) 
were installed in the LCTF vacuum tank in ORNL. 
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Fig . VII .3-2 C h a r a c t e i i s t i c of the prel iminary cool-down of the 
Japanese LCT c o i l in ORNL. 
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Fig. VII .4-1 External view of a 30-kA winding 

of JA conductor with Pu lse r -C. 

Fig. VII .4-2 External view of a 15-kA forced-flow loop. 
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Fig. VII.4-3 Propagation of hot zone generated artificially 
in a forced-flow loop of JF conductor. 
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Fig. VII.6-1 Relation between Fracture Toughness 
and Yield Strength. 

- 114-



JAERl - M 85-006 

Table V I I . 7 - 1 T e n t a t i v e Parameters o f STTA 
C o i l System. 

Major Radius Ro 2.70 m 

Minor Radius a 0.70 m 
b 1.05 m 
k(ref) 1.5 

Toroidal Field Bo 7.1 T 
Plasma Current IP 3.6 MA 
Safety Factor Qa 2.7 
Cycle Duration CT 100 sec 
Number of Operation NOP 2 x 1 0 5 

Maximum Field Bmax 12 T 
Number of TF Coils 12 
Number of PF Coils 12 
Maximum Current Density 

T F Coil JTF 30.0 A / m m 2 

Pr Coil J p F 20.0 A / m m 2 

Support Leg 

Fig . VI I .7 -1 B i rd ' s - eye View of STTA Coil System. 
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VIII. TRITIUM TECHNOLOGY 

1. Development of Tritium Processing Technology 

1.1 Fuel purification 

1.1.1 JAERI-LANL (DOE) fusion technology cooperation 

"Testing of Small Scale Tritium Handling Components" program (LQ3) 
has been carried out under the JAPAN-DOE-Fusion Technology Cooperation 
in Development of Improved Components for the Fuel Cleanup Systems. 

A palladium alloy membrane diffuser and a ceramic electrolysis 
cell are the key components for an alternative fuel cleanup system 
proposed at JAERI. The former component can separate hydrogen isotope 
from all other impurities assumed to be included in a plasma exhaust 
gas, the latter will decompose tritiated water vapor for recovery of 
fuel. 

Various efforts such as design, fabrication, delivery tests, pre
liminary performance tests without tritium, and shipping have been 
performed for both components by JAERI. Assembling of each components 
and installation to Tritium Systems Test Assembly (TSTA) have also 
started at Los Alamos National Laboratory. 

1.1.2 Demonstration test of a small detritiation system 

A performance test of a small detritiation system composed of a 
catalytic oxidation bed with domestic Pd-Al203 catalyst and molecular 
sieve bed with MS-5A has been carried out during the In-pile Tritium 
Recovery Experiment (See 1.3.2). Decontamination factor 101* of tritium 
was obtained at 200 °C of the catalyst bed temperature. The experimen
tal conditions are as follows: catalyst; 5wt%Pd-Al203 (4.0g), flow rate; 
360-436 cm 3 (STP/min), space velocity; 2400-2900 h r - 1 , tritium concen
tration; 0.1-125Ci/m3, gas composition; He 48.6-40.1 %, air 51.4-59.8 %, 
H z 140-115 ppm, CO 700-570 ppm. 

1.2 Hydrogen isotope separation 

As part of a research program to explore the characteristics of a 
hydrogen isotope distillation column, the authors have performed a pre
liminary experimental study using a cryogenic distillation column 
separating N2 and Ar. The experimental column simulates adequately 
some significant features of the hydrogen isotope distillation column : 
the inner diameter and the sizes of the packings are both very small ; 
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and the column is operated at cryogenic temperature. A significant 
result obtained was that the dynamic column behavior predicted by com
puter-aided simulation was in close agreement with the experimental 
observation. The HETP value was measured for Dixon Ring under a vari
ety of vapor flow rates within the column. The measured value was 
approximately 5.5 cm, and it remained constant in the range from 20 
mol/h to 70 mol/h. Thus, the effect of the vapor flow rate on column 
behavior was studied by using Dixon Ring. 

Another important subject which should be studied is the effect of 
the packing species on column characteristics. For this purpose, four 
different packing species were tested in terms of the pressure drop and 
separating performance under the same operational conditions. 

Figure VIII.1-1 illustrates a schematic diagram of the distillation 
column. The inner diameter and the packed height of the column are 1.94 
cm and 50 cm, respectively. The packing species tested in the present 
study were Dixon Ring, Helix, Coil Pack and Heli-Pak. The specifications 
of the packings are summarised in Table VIII.1-1. The sizes of the 
packings are about -1/6 of the inner diameter. 

Figure VIII.1-2 shows the relation between the pressure drop across 
ihe column and the vapor flow rate. Dixon Ring presents the smallest 
pressure drop. Additionally, the inflexion point indicating the flooding 
is not observed for Dixon Ring and Helix. 

Figure VIII.1-3 shows the HETP values for the four packings measured 
for a variety of vapor flow rates. The value for Dixon Ring and Coil 
Pack is approximately 5.5 cm and that for Helix and Heli-Pak is about 
6 cm. Dixon Ring and Coil Pack pvesent slightly higher separating 
performance. As another result observed from Fi^, VIII. 1^3, the HETP 
values for all the packings are not affected by the vapor flow rate. 

The packing species to be used are required to -atisfy the follow
ing conditions : the HETP value is smaller ; and the flooding velocity 
is larger. Accordingly, Dixon Ring is the excellent among the four 
packing species. 

1.3 Blanket technology 

1.3.1 Tritium recovery from lithium-based materials 

In aspects of tritium recovery from a fusion reactor blanket, the 
thermal release behavior of tritium produced by the Li(n,a)T reaction 
in solid materials such as Li^O, Li3N, Li2C;j, LiAl and Li7Pb2 has been 
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investigated. The results of kinetic studies in the tritium release 
process have suggested that the HT release from I/L2C2, LiAl and Li7Pb2 
is controlled by the diffusion of tritide anion (T~) in the solid. On 
the other hand, the rate-determining step of the HTO(g) release from 
LI2O crystals was suggested to be the diffusion of cationic tritium 
(T+), although HTO molecules would eventually be evolved resulting from 
the thermal decomposition of LiOT at the solid surface. 

For further understanding of the tritium release mechanism, it is 
required to elucidate the chemical state of tritium in solids. Chemical 
states of tritium existing in neutron-irradiated solid lithium compounds 
were analyzed by using a radiometric method. Table VIII.1-2 lists the 
results obtained for several lithium compounds. Nearly 100 % of tritium 
was found in the T + state in LiOH, Li202 and Li3N, while the T~ state 
predominated in LiH, Li7Pb2 and U.2C2. Tritium incorporated in L12O, 
Li 2S, LiF, LiCl, LiBr and Lil was distributed over the T +, T - and T° 
states. In Li20 crystals, the distribution of tritium in the T state 
increased from 58 % to 81 % with neutron fluence from 2.5*10 1 6 c m - 2 to 
6.3x10 1 7 cm - 2. 

1.3.2 In-situ tritium recovery experiment from Li20 

In-pile experiment for tritium recovery from sintered lithium 
oxide pellets was performed under high neutron fluence as a feasibility 
study of Li20 for the tritium breeding material. The experiment, which 
was conducted by Fuel Property Lab., was carried out with JRR-2 (irra
diation hole; VT-10, thermal neutron flux; 1 x 10 1 ! > n/cm 2 -sec). The 
effective irradiation time and total tritium production were 990 hr and 
31 Ci, respectively. The average tritium concentration in helium sweep 
gas from in-pile capsule was about 5 x 1 0 - 6 Ci/cm3. In this work, two 
types of ionization chambers were employed to measure comparatively 
high concentration tritium gas stream. Figure VIII.1-4 shows a monitor
ing result of tritium concentration under various operating conditions 
of JRR-2. 

In order to reduce tritium release to the environment and to keep 
safety in tritium handling, the experimental i-^aratus was equipped with 
a detritiation system composed of a catalytic oxydizer and two molecular 
sieve dryers in a hood. Figure VIII.1-5 shows a typical monitoring 
result of the hood ventilation air and the inner surface of the hood. 
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Table VIII.1-1 Specifications of packing materials. 

name mat' 1 dimen. void fraction descript. 

Dixon Ring Sus-316 $ 3 x 3 mm 92* wire net coils 
#42 100 mesh 

Coil Pack Sus-316 3 mmtf x 
3 mmH 

83% wire coils 
0,3 mm<]> 

Helix Sus-316 3.0 mm0 82% metal rings 
#30(0.315 mm) 

Heli-Pak Sus-316 1.25 x 2.5 
x 2.5 mm 

80% flattened helices 
#36(0.2 mm) 

Table VIII.1-2 Chemical states of tritium in solids irradiated 
with neutrons at ambient temperature. 

Material Neutron 
fluencs 

-2 cm 

Distr ibution, % Neutron 
fluencs 

-2 cm 
T + T~ T° 

Neutron 
fluencs 

-2 cm 
T + T~ 

- HT T 2 Hydrocarbons 

LiOH 2.5xl0 1 6 ^100 0.01 0.02 n.d. n.d. 

L i 2 o 2 2.5xl0 1 6 •\,100 0.01 n.d. n.d. n.d. 
Li 3N 2.5X10 1 6 98.2 1.4 0.3 n.d. 0.1 

LiH 2.5xl0 1 6 1.3 97.8 0.9 n.d. n.d. 

r.i7Pb2 2.5xl0 1 6 1.5 97.3 1.0 n.d. 0.2 
L i 2 C 2 2.5X10 1 6 14.9 80.2 2.1 n.d. 2.8 

Li 20 2.5xl0 1 6 58.3 34.3 5.7 0.9 0.8 
6.3xl0 1 7 81.1 18.4 0.3 0.2 0.1 

Li 2S S.OxlO 1 5 78.5 17.6 1.2 1.7 0.9 

LiF 5.0xrl015 58.7 39.2 0.5 0.1 1.5 

LiCl S.OxlO 1 5 74.5 11.1 12.6 0.1 1.7 

LiBr 15 5.0x10 3 30.8 46.8 18.1 0.7 3.6 

Li I 5 . 0 x l 0 1 S 39.2 22.0 32.3 0.3 6.4 

n.d. not detected. 
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2. System Analysis 

2.1 Development of simulation procedure for stage processes 

2.1.1 Great improvement of computer simulation procedure for hydrogen 
isotope distillation columns 

The previous simulation procedure treated all the basic equations 
simultaneously and utilized the Newton-Raphson method where a set of 
temperatures and liquid flow rates were chosen for the independent 
variables. However, for narrow boiling mixtures like hydrogen isotope 
solutions, there is no need to treat the overall material and heat 
balances simultaneously with the other equations. Hence, the main 
iterative loop has been divided into two loops : an inner loop for 
temperature corrections by the quasi-Newton method and an outer loop 
for flow rate corrections by the successive iteration approach without 
any matrix calculation. As a consequence, the total computation time 
has been shortened by almost one order of magnitude. 

2.1.2 Development of new simulation procedure for water distillation 
columns 

An efficient simulation procedure has been developed for water 
distillation columns. The atomic balance for two of the three elements 
(H, D and T) are linearized by using the approximation that the isotopic 
exchange reactions in the liquid phase are equilibrated. As a result, 
the Jacobian matrix has a block-tridiagonal form and the order of 
the arrays is just two even in cases of the six component system 
(B2<', HDO, HTO, D 20, DTO and T20.). Thus, although the column has 
hundreds of stages and the number of unknown variables is extremely 
large, the procedure does not require any large computer storage and 
long computation time. 

2.1.3 Development of new dynamic simulation model for equilibrium 
stage processes 

It has first been pointed out that the contribution of the vapor 
holdups is great in cases where very volatile components are present 
within the column. Basic equations have been derived by accounting for 
vapor holdups so that the numerical integration techniques can directly 
be applied. The new dynamic simulation model thus developed has been 
used in the analysis on the helium effect on dynamic behavior of hydrogen 
isotope distillation columns. 
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2.2 Static and dynamic analysis of cryogenic distillation columns 

2.2.1 Effects of helium on column behavior 

Effects of helium on static and dynamic behavior of hydrogen iso
tope distillation columns have been analyzed on a digital computer by 
choosing the TSTA cascade (Fig. VIII.2-1) as an example. Column (2) is 
mainly affected by helium. The effect on dynamic column behavior is 
much larger than that on static column behavior. If the helium percent
age in the feed to the cascade has a significant value (> 1 %) , it will 
be impractical to perform all the three controls successfully : controls 
of the tritium level in the top gas, column pressure and liquid level 
in the reboiler. If it has only a small value, no special heli lm 
separator may be needed, but a larger condenser must be considered in 
the design stage. 

2.2.2 Start-up analysis for cryogenic distillation column cascade 

A start-up analysis has been performed for the TSTA cascade to 
write a scenario indicating how the full-normal composition profiles 
are achieved within all the four columns. As a result, two successful 
scenarios have been found out. In any case, the compositions of the 
gas mixtures first charged into the columns affect the start-up charac
teristics to a remarkable extent, so they must carefully be prepared. 

2.3 System synthesis for cryogenic distillation column cascades 

2.3.1 New column cascade in the main stream fuel circulation system 
for fusion reactor 

A new cryogenic distillation column cascade (Fig. VIII.2-2) has 
been developed as a possible alternative to the TSTA cascade. Although 
the new one has a shortcoming of a larger amount of tritium inventory, 
it has great flexibility to the feed condition : even if the feed com
position is rather greatly changed, the same performance can be assured 
just by adjusting the top, sidestream and bottom flow ratss with the 
other parameters unchanged. 

2.4 Pressure response analysis of glovebox system 

In tritium handling the glovebox atmosphere is circulated through 
tritium removal system to reduce tritium concentration. The pressure 
balance is the important factor to lower tritium leakage from gloveboxes 
to working area and particularly the pressure of the gloveboxes must be 
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continuously maintained slightly negative than that of working area. 
In order to maintain the pressure of the glovebox atmosphere in 

the range of 0 ^ 40 mm Aq., pressure response analysis to the glove 
operation is carried out. Following the results of this analysis, a 
header device in the exhaust pipe of the gloveboxes is designed to 
moderate the pressure response caused by ordinary glove operation. 

2.5 Design of fuel circulation and purification system of Fusion 
Experimental Reactor (FER) and international TOkamak Reactor 
(INTOR) 

The design of tritium systems such as fuel circulation and purifica
tion system, tritium recovery system for blanket, the enclosures and 
tritium removal systems, tritiated waste disposal system, etc. for FER/ 
INTOR has been successively conducted. A concept of chemical flow sheet 
for each system and images of each equipment are obtained, and prelimi
nary safety analysis is carried out. The investigation of mass transfer 
in Li20 blanket caused by LiOH formation has been performed. 
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3. Present Status of Tritium Processing Laboratory 

The construction of the building and its auxiliary systems such as 
the ventilation, the electricity, the cooling water, the liquid waste 
tanks, etc. has been completed in May 1984. 

The major components for safe handling of tritium, that is the 
detritiation systems, the gloveboxes, tritium storage system and tritium 
monitoring and control system, are being fabricated. 

Effects for the final design of the experimental apparatus and for 
obtaining of transport licence of tritium gas have been carried out. 
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IX. DESIGN STUDIES OF FUSION REACTOR SYSTEM 

1. Design Study of Tokamak Power Reactor 

Synthetic evaluation taking account of long-term strategy is neces
sary for planning effective research and development program of fusion 
reactor system. 

The major design features of tokamak power reactor-are : steady 
state operation, RF wave for plasma heating and current drive, and 
pumped limiter for ash exhaust. The key functions of fusion power re
actor are tritium production for fuel self-sustaining and energy supply 
for electricity generation. 

The feasibility of blanket structure for power reactor is clarified 
in this study. Major design parameters of fusion power reactor are 
shown in Table IX.1-1. The conceptual design of water-cooled solid-
breeder blanket for simultaneous tritium breeding and electricity gener
ation is shown in Fig. IX.1-1. The major conclusions and design 
features obtained in this study are as follows : 
(1) Steam conditions for electricity generation at a level of a PWR 
for water-cooled blanket and a steam power station for helium-cooled 
blanket are achievable, and breeding materials (Li 20) can be maintained 
within the allowable temperature range for in-situ tritium recovery. 

(2) First wall structure exposed under intense heat flux is integrated 
to the blanket wall from the view point of obtaining high breeding 
performance and avoiding the complexity of its own support system. 

(3) Net tritium breeding ratio of about 1.1 is obtained by adoption of 
Li?0 breeder and beryllium neutron multiplier. 

(4) Breeding materials are formed into small spherical pebbles in order 
to avoid the serious problems of thermal cracking and mass transfer, 
and to make assembling of blanket structure easy. 

(5) From the safety points of view, two independent cooling systems 
in blanket region and double-wall cooling tube structure are adopted. 
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Table IX.1-1 Major Design Parameters of Fusion Power Reactor. 

Operation mode 

Fusion power (MW) 

Net electrical power (MW) 

Neutron wall load (MW/m2) 

Plasma major radius/minor radius (m) 

Plasma current (MA) 

Toroidal field on axis (T) 

Maximum toroidal field (T) 

Net tritium breeding ratio 

Tritium breeding material 

Structural material/coolant 

Steady state 

3200 

1000 

3.3 

6.9/2 

16 

5.2 

12 

>_ 1.05 

Li20 

PCA/H20 
Mo alloy/He 
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X. DEVELOPMENT OF A LARGE TOKAMAK J T - 6 0 

1. Introduction 

Efforts made by the JT-60 Project was rewarded by the progress 
achieved in this year. Assembling and installation work of its major 
components - tokamak machine, power supplies, and central control 
system - were advanced at the Naka site. Construction of JT-60 build
ings and other facilities advanced as planned. The completion of JT-60 
is expected in April 1985. 

Efforts are also focussed on detailing experimental and operation 
programs to raise productivity of the JT-60 Project. 

2. Outline of the Progress of JT-60 

P.emarkable progress of the construction of JT-60 was achieved in 
the fiscal year 1983: Assembling and installation of the JT-60 tokamak 
machine started in February 1983 made good progress during the year to 
complete the assembling of most of its major components such as the 
toroidal and poloidal field coils, the vacuum vessel and the vacuum 
pumping system. Preoperational testing of the power supplies and the 
central control system has been well advanced. The auxiliary facilities 
(secondary cooling system, power distribution system/emergency power 
supply) were completed and delivered to JAERI in November 1983 as 
scheduled. They have been in operation for testing of other JT-60 
subsystems. 

Construction of the experimental building was completed lastly 
among the major buildings for JT-60, and the 275 kV power substation 
was also completed in December 1983. 

Fabrication of the JT-60 diagnostic system was well under way and 
several of its subsystems have been under testing at the Naka site. 
Construction of both the neutral beam injection heating system and the 
radio-frequency wave heating system was started in November 1983. The 
completion will be in the middle of 1986. 

The experimental program of JT-60 was reviewed on the basis of the 
current progress in fusion plasma research, and a detailed program for 
the first OH plasma experiment was established with emphasis on the 
poloidal divertor experiment. The operation program was also examined 
in detail with respect to operational procedures, manpower needs, 
operation and maintenance costs and the organization for operation. 
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The time schedule of the JT-60 program is shown in Fig. X.2-1. 
The completion of JT-60 is expected in April 1985. 
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3. Status of Tokamak Machine 

3.1 Major activities 

The JT-60 tokamak machine is composed of vacuum vessel, 
toroidal field coils, poloidal field coils, support structures, 
a primary cooling system, a vacuum pumping system, fast 
movable limiters, a preionization system, a gas-feed system, 
adjustable limiters and a control system. 

Fabrication of these components was finished including 
performance tests. The vacuum vessel in which the magnetic 
limiter coil was attached passed many kinds of tests includ
ing heating, cooling and helium leak tests. The poloidal 
field coils, grouped into five blocks, was assembled with 
support structure. Fabrication of the gas-feed and preion
ization system was almost finished. The toroidal field coils, 
the vacuum pumping system, fast movable limiters, adjustable 
limiters, support structure, and control system were finished 
in the factories. 

Installation of the machine components at Naka site 
started in February 1983. The poloidal field coils and the 
vacuum vessel were installed on the lower support structure 
and were connected by welding, except for the gap which was 
left for installation of the toroidal field coils. Each 
toroidal field coil was inserted through the final connec
tion part of the vacuum vessel and the poloidal field coils, 
and moved in the toroidal direction through the narrow space. 
After installation of all the toroidal field coils, the 
final segments of the poloidal field coils were welded and 
the final segment of the vacuum vessel was installed. The 
tests of the machine control system have continued with 
the central control system. 
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3.2 Status of machine component 

3.2.1 Torus 

(1) Structure of machine 
The main components of JT-6 0 are shown in Fig. X.3-1. 

The support structure is composed of a base support structure, 
lower and upper structures, a center column, support columns 
of the vacuum vessel, and star-shaped trusses. These struc
tures support the machine weight of 4500 tons, several types 
of magnetic forces and earthquake loads, etc. 

The vacuum vessel, inside which three magnetic limiter 
coils are located, has an egg-shaped cross-section with a 
major radius of 3 m and a bore of 2 mx2.8 m. It is composed 
of eight rigid rings and eight bellows made of Inconel 625. 
It has 182 ports, about 9000 first wall tiles, electrical 
heaters and cooling channels and magnetic sensors etc. It 
is supported by horizontal support arms fixed to the support 
columns of the vacuum vessel and to the poloidal field coil 
supports. 

The poloidal field coils contain 176 turns installed 
outside the vacuum vessel and 16 torus installed inside the 
vacuum vessel. The outside coils are inside the toroidal 
field coils and are held by the 18 circular support struc
tures which are supported by the lower support structure. 
The outside coils are able to be divided into four blocks. 

The toroidal field coil system consists of 18 coil 
blocks with a circular shape which is shaved at the inner
most side of the torus. The coil bore is about 4 m and its 
outside diameter is about 6 m. The weight of one coil block 
is about 90 tons. The coil blocks are supported by spacers 
fixed to the upper and lower support structures and by the 
center column. 

(2) Assembly 
Fabrication of the vacuum vessel and the poloidal field 

coils in a factory were completed. After the magnetic limiter 
coil was attached inside the two 180° sectors of the vacuum 
vessel, heating, cooling and leak tests of the vacuum vessel 
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were carried out. The results of the tests show good per
formance . Work on the titanium carbide coating of the 
first wall tiles continued. Poloidal field coils were 
assembled in five blocks — the inside one, the lower outside 
one of two 180° blocks in the toroidal direction, the upper 
outside one of two 180° blocks. Each block successfully 
passed the withstand voltage test etc. 

The assembling of the torus started in February 1983 
and will continue until September 1984. The outline is as 
follows. First, a base and lower support structures were 
installed on the floor. The poloidal field coil blocks 
— the inside coil block and the lower outside pair of coil 
blocks — were installed on the lower support structure and one 
of the two connection part at the site was welded and 
electrically insulated. Withstand voltage tests etc. were 
done for the connection part. The two 180° sectors of the 
vacuum vessel were installed and supported by support columns 
standing on the floor. One of the two connection part was 
welded and covered with thermal insulator. 

The upper outside poloidal field coil blocks were 
assembled in the same way as the lower outside ones. 

The installation of the toroidal field coil was started 
in October 1983 and continued for about five months. Each 
toroidal field coil was inserted through the final connection 
part of the vacuum vessel and the poloidal field coils, then 
moved in the toroidal direction. (See Fig. X.3-2) 

Ports for diagnostics and heating etc. were welded to 
the vacuum vessel in the eighteen gaps between the toroidal 
field coils. 

The connection of the final connection part of the 
vacuum vessel and the poloidal field coils started in February 
1984 and will continue to the next fiscal year. The upper 
support structure was installed and connected to the wall 
of the torus hall by the star shape trusses. (See Fig. X . 3 - 3 ) . 
The vacuum pumping system, fast movable limiters, adjustable 
limiters and machine control system were installed. For the 
assembly of each component, many kinds of test and examina
tion were carried out. The assembling schedule of each 
component is shown in Table X.3-1. 
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Investigations of a electrode for the electron beam 
gun of the preionization system was carried out and useful 
results were obtained. 

(3) Test 
In order to confirm the justification for the assembling 

of each component, many kinds of tests and examinations, for 
which the procedures had been investigated carefully by 
experts, were carried out. 

The main results of the tests and examinations are as 
follows. 

a) Visual test 
All components were visually inspected in order to 

check whether there was any technical fault on the surface 
of the components such as defect, crack, dirt, dust, stain 
and so on. No faults were found. 

b) Size examination 
It is important to assemble the Tokamak machine with 

correct dimensions. For example, the largest cause of 
magnetic field error is the measurement error in the struc
ture of the coils. The dimensions of each component were 
measured after assembling. The measurement results indicate 
good agreement with the design drawings. 

c) Tests after connection of the poloidal coils 
The welded parts of the poloidal field coils were 

checked by both ultrasonic test and liquid penetrant test 
to determine whether there was any technical defect in the 
conductor or on the surface. 

Only a few conductors were re-welded because the 
defects larger than 10 mm diameter had been detected in the 
conductor by ultrasonic test. 

The electric insulation integrity of the connection 
parts was also certified by a high voltage test. 

Test voltages were 42.4 kV(DC) for the F coil, 35.4 
kV(DC) for the V coil, 8.5 kV(DC) for the H coil, 16.8 kV(DC) 
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for the Q coil and 8.5 kV(DC) for the M coil, respectively. 

d) Helium leak test 
Welded parts inside of the vacuum vessel, magnetic 

limiter coil cans and ports were leak checked using helium 
gas. A helium leak rate higher than 5 x l 0 ~ 1 0 Torr-2,/s, 
which is the leak detection sensitivity, was not found at 
any welded parts. 

3.2.2 Primary cooling system 

Installation of cables and pipes was completed. Sequence 
check and adjusting of the meters, the transducers and the 
sensors were carried out continuously. Pressure proof test 
was completed in March 1984. Cooling pipes without the 
clean up machine elements (heat exchangers, filter tanks 
and sensors) are now being flushed out by circulating 
demineralized water. 

3.2.3 Fast movable limiters and adjustable limiters 

After the final inspection test was completed in September 
1982 in the factory, the fast movable limiter system, 
which was being stored in the factory, was installed in Naka 
site. The following installations and inspections have been 
carried out. 
1) Shafts and bearing worked smoothly with the pre-operation 

testing system in the preparation building. 
2) Oil pressure equipment to put the monable limiters in 

motion has been set up in the machine auxiliary equip
ment room. 

3) The movable limiter system and the pre-operational 
testing system comply with the high pressure gas 
control safety regulations. 

4) The lower movable limiter unit was installed into the 
vacuum vessel in the JT-60 machine room. 

The upper unit is waiting for installition into the Vacuum 
Vessel in April 1984. The adjustable limiter system has 
also been installed in the site. Its performance alone was 
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tested before the installation into vacuum vessel at the 
installation room. The lower unit was installed into the 
vacuum vessel in October 1983. The upper unit is waiting 
for installation into the vacuum vessel in April 1984. 

3.2.4 Gas feed and preionization system 

The major components of the gas feed and preionization 
system have been fabricated and are being assembled without 
the manifold which is located near the Tokamak machine. 
Performance test at the factory had been carried out after 
assembly of the Piezoelectric valves (PEV) and Preionization 
devices (Electron Beam gun and JxB gun) using the power 
control panels in Aug. 1981. 

Test results of the preionization device satisfy the 
design specification, such as 1.0 A emission current of EB 
guns, and 80 A discharge current of JxB gun. About 15 % 
rates decrease of PEV throughput had been observed for a 
long time. Efforts to improve the performance of the 
throughput have been carried out in this fiscal year. In 
order to get a good throughput performance, improved PEVs 
have been developed which have the following improvements: 
(1) the plastic deformation for the seal material has been 
reduced. (2) The nozzle was coated to avoid adhesion between 
the nozzle and the seal materials. 

3.2.5 Tokamak machine control system 

Interface test of the machine control system and Zenkei 
have been completed at Feb. 1982. Tests of the sequence, 
interlock, and safety action have been continuing in this 
fiscal year and the performance tests concerning the vacuum, 
baking and cooling characteristics using the machine control 
system were started in Aug. 1984. 

- 139-



JAER1 - M 85 - 006 

3.2.6 Vacuum pumping system 

The installation at Naka site of the vacuum pumping 
system (VPS) started in February 1983. The assembling and 
installation of periphral subsystems were completed and 
inspection of those subsystems finished in July 1"983. 
Assembling of the manifold and manifold structures started 
in Nobember 1983, and installation of main pumping systems 
were completed in March 1984. A leak test was made and a 
leak was found at $1000 flange. It was repaired perfectly 
because the position of it was expected. After the installa
tion at Naka site of VPS completed , the inspections were 
finished in July 1984. 

3.3 Related studies 

3.3.1 Development of the electrode for the Electron Beam 
Gun preionization 

Preionization systems of JT-60 are composed of the types 
such as electron beam gun type and JxB plasma gun type. 
The nathode filament of electron gun which is made of 
Tungsten may fail due to the electromagnetic force 
produced by the filament current and the toroidal field. 
A new type of electrode which adopted LM materials (Lanthanum 
oxide doped molybdenum) has been developed in this fiscal 
year. The performance of the new electrode is as follows. 
(1) Emission current obtained much greater than 1.0 A. 
(2) Reproducibility of the emission current is satisfactory. 
(3) Failure of the electrode has not occured under the 1.7 

times actual electromagnetic force. 
(4) The new type of electrode is interchangeable with the 

fabricated EB gun using the Tungsten electrode. 
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Fig . X.3-2 Assembling ( 1 2 . 1 , 1983), 

F ig . X.3-3 Assembling (3 .24 , 1984), 

- 1 4 3 -



JAER[-M 85-006 

4. Status of Power Supply 

4.1 General status 

The assembling and installation of the poloidal field power supply 
(PFPS) were completed in March 1983. Preoperational testing on site 
was started from the beginning of April 1983. 

The circuit of PFPS is highly complicated, and it may be changed 
according to the operational modes. Prior to the connection to the 
tokamak machine, various tests should be performed on the power supply 
system to understand the system behavior and to demonstrate required 
performance of the system. These tests should be a complete test which 
can evaluate all the operational characteristics of the system. 

In order to achieve high reliability of the control system and 
avoid any trouble to load coils and tokamak machine, an electro-magnetic 
simulator which simulates almost a complete function of PFPS and JT-60 
machine with reduced voltage and current ratings has been used to check 
the computer hardware/software in real time operation. The simulator 
test was carried out from July to September 1983. 

A test using a dummy coil was carried out from November 1983 to 
March 1984. The dummy coil was used to check the DC circuit breaker 
operation in the ohmic heating circuit, and also used as a poloidal 
field coil to examine the controllability of the output current of 
thyristor convertors. The dummy coil test is essentially a full load 
test of PFPS, and the results will be mentioned briefly in the following 
section. 

The installation of the generator with large flywheel of the 
toroidal field power supply (TFPS) was started in the generator building 
in April 1983. The flywheel is connected under the lower shaft of 
generator and is composed of six 100 ton-6.6 m diam. disks. All 24 
units of diode rectifiers of TFPS with a total capacity of 53 kA-7 kV 
were installed, and successively the assembling and installation work 
on DC buses, AC cables, treys and the control system have also been 
completed. The short-circuit current test of the system will start in 
April 1984. 

The inspection test of the third generator of 400 MVA-2600 MJ to 
be used for the neutral beam injection heating system and the radio-
frequency wave heating system was finished in December 1983. The assem
bling and installation in the generator building was started in January 
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1984. 

The JT-60 power supply is now deeply into the installation and test 
phase. It shows generally excellent schedule performance. 

4.2 Poloidal field power supply 

The assembling and installation of PFPS has been completed and the 
preoperational testing was successively started: component tests were 
continued till July 1983. A dynamic characteristic test of 500 MVA MG 
set was begun in early September 1983. As a result of the test and 
adjustment, we verified that the rotation loss was comparatively small 
and the vibration of the MG shaft was small enough for operation in 
70-100 % revolution speed. Operational mode test for direct digital 
control (DDC) CAMAC system and protection interlock test for thyristor 
phase controller (PHC) were performed throughout the summer of 1983 
using PPPS simulator having characteristics of 1/25 voltage and 1/4000 
current. This was made to check almost all functions of the control 
system before the load test of PFPS. At the end of October 1983, all 
the PFPS components were brought to be ready for successive dummy coil 
test. 

The purpose of the dummy coil test is two-fold: (1) To demonstrate 
the operation with maximum voltage and current ratings. (2) To verify 
the total controllability of DDC and timing system. Several topical 
test data are reported below. 

Photograph 1 shows a commutation current through DC circuit break
ers by the commutation capacitor CI. Since the peak current reaches to 
98 kA with CI charged at 25 kV, the rated current of 92 kA of the ohmic 
heating coil could be interrupted easily. Photograph 2 shows an inter
rupted current shape of 92 kA. The purpose of this experiment was to 
verify that the current decreasing rate at the zero crossing point did 
not exceed the limiting value. The result of 120 A/usec is well below 
the maximum design value of the current decreasing rate of the DC 
circuit breaker. Photograph 3 shows a typical operation of the ohmic 
heating power supply (0HPS). The discharge conditions are : the pre-
magnetization of the ohmic heating coil is 92 kA and the restriking 
voltage is 25 kV. It shows about 25 VSec of flux swing performance 
of the ohmic heating coil. Photograph 4 shows a typical operation of 
Taylor discharge cleaning power supply which is included in OHPS. The 
current peak reaches to the rated current of 8 kA. Photographs 5 and 
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6 demonstrate the controllability of the vertical field power supply 
with the minimum time control method. It shows a current response of 
about 5 kA/10 ms without overshoot and undershoot. Photographs 7 and 8 
also demonstrate the current controllability with the non-interactive 
control method. It is clear that the circulating current has no inter
action with the coil current. On the other hand, the circulating current 
has some spikes in spite of constant reference, but this brings no prob
lem in the actual operation. 

All the self-closed tests of PFPS as a single subsystem were 
completed in March 1984. Through those tests, both the reliability and 
the controllability of PFPS were fully demonstrated and found to be more 
fantastic than designers' expectation. 
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Photo 1. coaiutation condenser bank CI 

discharge test 

Rogovski coil output of VCBl total current 

couutation current [40KA/div] 

Photo 2. 92KA current interruption test 

Rogowski coil output of VCBl total current 

interrupter current [40KA/div] 

Photo 3. Typical operation of 
Ohiic Heating PS 

OH-coil current (duaay coil) 

preiagnetization current :92XA 
Rl :0.259 Oha 

Photo 4. Typical operation of 
Taylor discharge cleaning PS 

OH-coil current [4.0KA/div] 

OH-coil voltage [2.0KV/div] 
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Photo 5. demonstration of current 
controllability of vertical field P/S 

VF-coil current [30KA/div] 

VF-coil voltage [5.0KV7div] 

Photo 6. Magnified shape of Photo 5. 

50KA level 

45KA level 

Photo 7. demonstration of current 
controllability of vertical field P/S 

VF-coil current [30KA/div] 
VF-coil voltage [5KV/div] 

circulating current [3.48KA/div] 

Photo 8. aagnified shape of Photo7. 
53KA level 

" • ) 

43KA level 
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4.3 Toroidal field power supply 

Main components of the toroidal field power supply (TFPS) have been 
manufactured in the works and tested under inspection of JAERI. The 
assembling and installation work of TFPS was carried out throughout this 
fiscal year. 

The motor generator with flywheel (MGF) was constructed in the 
generator pit by the end of 1983. (Fig. X.4-1) It has been under the 
rotation test since January 1984 to check the dynamic balance. 

The thyristor static starter of MGF accelerates MGF up to 600 rpm 
within 20 minutes. This includes thyristor convertor and invertor, AC 
and DC reactors, CR surge absorbers and a control panel. After the 
installation of them, the thyristor static starter has been tested in 
combination with MGF. 

The exciter of MGF changes MGF's terminal voltage to control the 
toroidal field (TF) coil current. To increase controllability for the 
generator and DC current of TF coil, we choose some DDC programs for 
AVR of the exciter. Final checks of these programs will be done in 
next fiscal year. 

The rectifier of TFPS consists of 24 units of water-cooled 6-pulse 
diode convertors, the output of which is carried to TF coil by the 
coaxial-type DC bus. (Fig. X.4-2) 

TFPS's control systems consist of several CAMAC crates and hard
wired sequential and protective circuits. The former includes micro
computers controller which is watching over the TFPS's main devices. 
Therefore these are divided into discharge control crates and plant 
support crates. These were accomplished at works in December 1983. 
The latter is made of many sequential and protective relay devices. 
The devices are distributed into central control panel, local control 
panels, and protection interlock panels. The manufacturing of these 
panels was finished at works in September 1983. 

These control systems were tested as a control subsystem from 
February 1984 and were put into linkage test with the JT-60 central 
controller, ZENKEI, in March 1984. 

In March 1984, no load test of TFPS was started. Short circuit 
test of TFPS and combination tests with other systems will start soon. 

4.4 Motor generator for plasma heating system 

After the contract in March 1982, the final design examination of 
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the motor generator with flywheel (MGF) has been continued and several 
components of MGF have been already fabricated and installed at the 
Naka site. 

The flywheel of MGF consists of three large disks having 6.1 m in 
diameter and 106 tons in weight each. In August 1983, its inspection 
tests of measuring the GD 2 value and checking the dynamic balance of 
the flywheel were carried out successfully. 

The manufacturing of the 400 MVA generator of MGF was finished in 
November 1983. (Fig. X.4-3) Its test under inspection of JAERI was 
carried out in December 1983 to examine its electrical and mechanical 
characteristics specified. 

The assembly and installation of MGF in the generator building 
were started in December 1983. (Fig. X.4-4) 
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Fig . X.4-1 I n s t a l l a t i o n of MGF's r o t o r of TFPS. 

F ig . X.4-2 Water-cooled diode convertors of TFPS. 
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Fig . X.4-3 The generator of motor 
genera tor for plasma 
hea t ing system. 

F ig . X.4-4 The ro to r of 400MVA generator 
being lowered in to the p i t . 
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5. Status of Control System 

5.1 Introduction 

In JT-60, each subsystem such as the poloidal field power 
supply, the toroidal field power supply and the tokamak machine has its 
own control system with proper intelligence (control subsystem), and the 
control of JT-60 is to be performed in combination with these several 
control subsystems. 

The installation and testing of Zenkei, the central control system 
of JT-60 were started first among other control subsystems at the Naka 
site. This was followed by the installation and testing of individual 
control subsystems, and then the linkage tests between Zenkei and each 
one of the subsystems were performed by and by according to its progress. 
A linkage test is a step of the physical integration process of the 
entire JT-60 control system. 

The performance of the control system is confirmed in four stages 
such as the single device tests of Zenkei and the subsystems, the link
age tests, the total performance test with no load and that with load. 
During this term, the first and almost the second stages have been 
completed. JT-60 is controlled through several routes which are driven 
by corresponding computer system of Zenkei, such as the plant support 
computer system, the discharge control computer system, the real-time 
control computer and the feedback control computer system. A subsystem 
is linked with Zenkei through one to three of the control routes. Then, 
the tests have been performed according to the control routes in either 
case of Zenkei or subsystems. However, the dynamic actions of the real
time control route or the feedback control route are observed only when 
Zenkei and the corresponding subsystem are tightly linked with each 
other, then the performance is confirmed. 

5.2 Start-up of Zenkei 

Zenkei has been almost completed as a single device. After the 
start of the linkage tests many trouble points have been found out, and 
the most of them have been improved. On the other hand, through those 
tests, the corresponding performances of Zenkei itself have been 
confirmed. Figure X.5-1 represents the configuration of the computer 
and CAMAC system that is the main part of Zenkei. As observed in the 
figure, seven computers share the four roles, and each computer system 
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links with corresponding performance of subsystem. Among them, one that 
is driven by the plant support computer system groups and controls the 
over all status being based on the constant informations collection, 
performs necessary recordings, controls the operation mode, etc. 

These performances is already running on the man-machine of the 
central console, the auxiliary graphic display, the linkage with the 
safety interlock system, etc. The linkage through this route is per
formed by serial highways. The communication protocols at the ACD 
module, which links the subsystems to the serial highway of Zenkei, have 
been tested at the factory of each subsystem with the use of a test 
module which is drived by a personal computer as if the communication 
were performed with Zenkei. Consequently it minimized the troubles at 
the stage of linkage test. 

Among the performances supported by the plant support computer 
system, non-standard status diagnosis function, which is tightly linked 
when the safety interlock system, is to be used for the cause identifi
cation when an interlock item functions. To utilize this function, 
trip sequences are necessary to be collected from the subsystems and 
edited in proper format, but at this moment, it is not clear in which 
way the trip sequence takes place at a practical event, or if the buffer 
memory is roomy enough for saving trip sequence in each subsystem, etc. 
Such unknown points are to be revealed in the total performance test. 

The discharge control computer system gives function parameters to 
the feedback control computer system through the optical data free way, 
to the timing system through a branch highway, to the actuators through 
serial highways or byte serial highways, to real-time control computer 
through the global memory, to NBI, RF and the data processing system 
through computer-computer communications with respective interfaces. 
On the contrary, it takes data from the devices about events and status 
of them. The computer system, as off-line functions, receives discharge 
parameters (as many as 3000 items), and manages the files of the para
meters. On the other hand, it drives the discharge sequence as observed 
in Fig.X.5-2 and corresponding functions such as pre-shot and post-shot 
inspections, parameter settings, collection of shot result data, etc. 
The configuration of the functions, of the computer system is represented 
in Fig.X.5-3, and the configuration for testing the functions is repre
sented in Fig.X.5-4. In this testing configuration, debug support 
functions as represented in double square in the figure are used. 
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Figure X.5-5 represents the progress of the discharge sequence 
which gives the present moment in the sequence with blue flickering. 
When the sequence has stopped on the way, the line color changes to 
red, and the cause is found as a changed colored representation in the 
list of the checked points, given below the sequence lines. The se
quence control has been used for linkage tests with the subsystems of 
the TFC and PFC power supplies and the gas injection system. 

The amount of the shot result data is estimated as 1.5 M words, 
and whether the handling of these data (collection, edition, display 
and transfer to the data processing system) finishes in 4-5 minutes or 
influences to the shot to shot interval is one of the points that are 
to be revealed later. 

About real-time control and feedback control, I/O simulations have 
been utilized for testing the function which is particular to the com
puters, however, the tests of dynamic characteristics which are partic
ular to plasma control, must be performed in the linkage test with the 
subsystems of PFC and gas injection system, and at the stage of total 
performance test. 

# 
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6. Status of Diagnostic System 

Design and fabrication of Group A (Table X.6-1) diagnostic instru
ments have been continued for the last fiscal year. 

6.1 Electron density and temperature measuring systems (A-l and A-2) 

Construction of A-l system has been continued and fabrication in 
the firm has been completed. The test of the sub-mm wave (119 m) laser 
subsystems (A-l-a) has been successfully carried out with the results 
of 240 hrs. continuous operation with the frequency stability of 
AAg e a t/X <_ 10 s. A-2-a subsystem was completed in March 1984. It will 
be tested for calibration and installed within the next fiscal year. 
Construction of A-2-c multipulse laser subsystem has been started and 
it will be completed within the fiscal year of 1985. 

6.2 Ion temperature and impurity measuring systems 

Construction of A-3 system except A-3-c system has been continued 
and it will be completed within the fiscal year of 1985. A-3-c sub
system was completed in October 1983 and test and development of A-3-c 
subsystem have started in JAERI to achieve beam parameters of 200 keV 
and 3.5 A. 

Construction of A-4 system has been continued and it will be 
completed within the fiscal year of 1985. 

6.3 Radiation flux and peripheral plasma measuring systems (A-5 and A-6) 

Design and fabrication of A-5 and A-6 system have been continued. 
A-5-a, A-6-b and A-6-c subsystems were completed in March 1984. All 
these subsystems will be re-tested in JAERI and installed within the 
fiscal year of 1984. A-6-d subsystem will be completed in March 1985. 

6.4 Data processing system and diagnostic support system (A-7 and A-8) 

Construction of A-7 data processing system has been continued and 
it will be completed in the fiscal year of 1984. 

Construction of A-8 diagnostic support system has been continued 
and it will be completed in the fiscal year of 1985. 
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Table X.6-l(a) JT-60 diagnostics (A group) (part 1). 
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Table X.6-l(b) JT-60 diagnostics (A group) (part 2) . 

System Symbol Diagnostics S p e c i f i c a t i o n Future 
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Table X.6-l(c) JT-60 diagnostics (A group) (part 3). 
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7. Status of Auxiliary Systems 

The construction of the secondary cooling system and the power 
distribution system/emergency power supply was finished in October 1983 
as scheduled. These auxiliary systems are now in operation for various 
tests of other JT-60 subsystems. 

7.1 Secondary cooling system 

The outline of this system is as follows. 

(i) Total circulation of water; 10,070 m 3/hr 
(ii) Outlet temperature of cooling water; 31 °C 
(iii) Inlet temperature of cooling water; 37 °C 
(iv) Constitution of cooling system; four separate cooling lines 

(tokamak secondary cooling 
line, power supplies second
ary cooling line, heating 
system secondary cooling 
line and auxiliary equipment 
cooling line) 

(v) Water treatment; the quality of water is maintained through 
scale prevention, slime prevention and 
corrosion prevention treatments. 

The flow diagram of this system is shown in Fig. X.7-1. 

7.2 Power distribution system/emergency power supply 

The specifications for the capability of the system are summarized 
below. 

(i) the power distribution system 13 MVA 
(ii) the emergency power supply 8.3 MVA 
(iii) the AC no break power supply 

static type invertor (CVCF) 500 kVA, 4 sets 
battery (HS-2500) 2500 AH, 2 sets 

(iv) the DC no break power supply 
rectifier device 250 kVA, 2 sets 
battery (HS-500) 500 AH, 2 sets 

The wiring diagram of this power supply system Js shown in Fig. 
X.7-2. 
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8. Status of Heating System 
1 2) 8.1 Construction of Neutral Beam Injector (NBI) for JT-60 ' ' 

In JT-60, 20 MW hydrogen neutral beam will be injected to achieve 
reactor-grade plasma using 14 injector units. Each unit is designed to 
deliver 1.43 MW neutral beam at energy of 75-100 keV for 10 sec using 
two ion sources rated at the 75-100 keV, 35A ion beam extraction. 

The JT-60 NBI system consists of 14 beam lines, 14 power supply 
units, a cryogenic system, a cooling water system, an auxiliary vacuum 
pumping system, a control system and a diagnostic system. The cryogenic 
system consists of a helium refrigerator and a liquid nitrogen supply 
for the cryopumps installed in the beam line chamber. The cooling water 
system removes the heat load from beam dumps, calorimeters, etc. in the 
beam line. The auxiliary pumping system is used as a roughing pump 
before the cryopumps operation. The control system supervises all system 
of NBI and manages beam injection under the JT-60 central control system 
called ZENKEI. 

A cross-sectional view of lower and upper units of beam line is 
shown in Fig. X.8-1. The basic performance characteristics of the JT-60 
NBI are tabulated in Table X.8-1. 

The significant features of JT-60 NBI are following. 
+ Long pulse beam up to 10 sec is possible. This is the longest beam 

pulse in the injectors for large tokamak devices now under construction. 
+ Beam energy can be changed within a pulse. This drastically alters 

the neutral beam injector concept and considerably increases availa
bility of the injector system, since the bear, energy can be matched 
at any instance to the plasma density. 

+ High proton ratio (more than 90 %) and low impurities beam can be 
extracted. 

Construction of NBI system was started in autumn of 1983. The 
test, which includes the beam extraction, of each beam line unit was 
started from April 1984 using a beam line test stand which was altered 
a part of prototype injector facility. All beam lines, after testing, 
will be installed on JT-60 device starting in July 1985, with completion 
of the whole system scheduled for the middle of 1986. 

References 

1) T. Shibata, et al., 10th Symp. on Engineering Problems of Fusion 
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Research, Philadelphia, 1983. 
2) S. Matsuda, et al., 4th Int. Symp. on Heating in Toroidal Plasmas, 

Rome, 1984. 

8.2 JT-60 radio frequency heating system 

JT-60 radio frequency (RF) heating system consists of three heating 
units of lower hybrid range of frequencies (LHRF) at ^2 GHz and one 
heating unit of ion cyclotron range of frequencies (ICRF) at M.20 MHz. 
Specifications of the RF heating system are listed in Table X.8-2. The 
RF heating system, as shown in Fig. X.8-2, is composed of high voltage 
power supplies, high power amplifiers, transmission lines, coupling 
system, primary water cooling system, vacuum pumping system and control 

1 2) system ' . In particular, the high power amplifier and the coupling 
system are the key components of the RF heating system.. A klystron in 
an LHRF heating unit is a 1 MW class amplifier which has been developed 
especially for fusion application in JAERI. A tetrode in an ICRF 
heating unit is also a 1 MW class amplifier which is one of the most 
powerful tetrodes at present. As a launcher which is a main component 
of coupling system to radiate RF power into a plasma, a phased array of 
waveguides (4 rows x 8 columns) for an LHRF heating unit and a phased 
array of loop antennas (2 rows x 2 columns) described in the section V.2 
for an ICRF heating unit are to be adopted. By feedback control of the 
phase difference between waveguides or loop antennas according to plasma 
parameters, more efficient plasma heating and current drive are expected 
in both LHRF and ICRF heating. 

Contract of the whole RF heating system was made and its construc
tion was started in November, 19.83. A part of the primary water cooling 
system was already made so as to keep step with other equipments of JT-
60. Moreover, main support structures and working stages of coupling 
system and transmission lines in the JT-60 torus hall are being made 
and will be installed in summer of 1984. The final design for production 
of main RF components Is intensively continued. 

References 

1) Annual Report of April 1, 1982 to March 31, 1983, JAERI-M 83-182 
(1983). 

2) T. Nagashima, et al., in the proceeding of 10th Symposium on Fusion 
Engineering, Philadelphia, U.S.A., Dec. 5-9, 1983. 
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Table X.8-1 Basic performance of the JT-60 NBI 

Beam Energy; 75-100 keV 
Ion Beam Current; 70 A x 14 
Beam Duration Time; 10 sec 
Cold Gas Flow to the Torus ; 0.84 Pa m3/s 

NEUTRALIZER 
CELL ION SOURCE n 

CRYOPUMP 

DEFLECTION MAGNET 

J T - 6 0 VACUUM VESSEL 

ftJ 

TOROIDAL COIL 

Fig. X.8-1 Cross sSctional view of the JT-60 NBI. 
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Table X.8-2 Spec i f ica t ions of the JT-60 RF hea t ing system. 

Number of un i t 

Frequency 

Injection power 

RF pulse length 

Duty 

High power amplifier 

Launcher 

LHRF ICRF 

3 1 

1.7 - 2.3 GHz 110 - 130 MHz 

10 MW 

10 sec 

1/60 

klystron tetrode 

(8 tubes/unit) (8 tubes/unit) 

Phased array of waveguides Phased array of loop antennas 

(4 rows x 8 columns) (2 rows x 2 columns) 
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Fig. X.8-2 Overview of JT-60 RF hea t ing system. 
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9. JT-60 Experimental Planning and Plasma Consideration 

9.1 Experimental program and schedule 

The experimental schedule was modified as shown in Fig. X.9-1, 
keeping original experimental programs. The objective of JT-60 is the 
study of a reactor grade plasma including plasma-machine interface 
phenomena. In other words, technology to generate and maintain a 
reactor grade plasma has to be investigated and it is necessary to 
show how we can build up and control a reactor core with realistic 
methods. The experimental programs are summarized in Fig. X.9-1 and 
are briefly summarized as follows: 

1. Preliminary Experiment 

2.7 MA discharge with and without divertor 
NBI, ICRF and LHF heatings 
RF current drive 

2. Reactor Like Plasma Experiment 
H T E = (2-6) x 10 1 9 m _ 3s 
f = 5 - 10 keV 
P h = 30 MW 
t = 5 - 10 s 
V = 60m 3 

3. R & D for Reactor Core Plasma Experiment 

a) Impurity Control with a High Power & Long Pulse Heating 
Simple Poloidal Divertor 
Boundary Plasma Control 
First Wall Material 

b) Long Pulse & High Power Heating 
NBI (20 MW/75 - 100 keV/10 s) 
LHRF (7.5 MW/1.7-2.3 GHz/10 s) 
ICRF (2.5 MW/Phase Array Antenna) 

c) Tokamak Plasma Improvement 

RF Current Drive 
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Hith g (with B t = 4.5 T, profile control) 
Disruption Control 

4. Advanced Experiment 

9.2 Plasma control 

In a large tokamak, careful plasma control is essential not only 
for production of a high quality plasma but also for safety and machine 
protection. From this point of view, as well as for the position and 
shape control of a plasma, the real time control system is employed for 
other important features, e.g. controls of deparatrix configuration, 
heating power, gas influx and disruption. All diagnostic instruments 
can be used as sensors for the real time control system to supply feed
back informations to the major actuators; the poloidal coil system, 
divertor coils, hydrogen and impurity gas supply systems, 14 NEI Injectors 
and 4 units of RF systems. Disruption control and soft plasma quenching 
will be intensively investigated as well as control of conventional 
plasma parameters. The compact poloidal divertor is one of the most 
essential characteristics of JT-60. The divertor is the promissing 
method for controlling plasma-rfall interactions and for optimizing main 
plasma parameters. Divertor plasma parameters, neutral pressure in the 
divertor and heat flux on the divertor plate as well as the divertor 
configuration will be controlled. 

A typical magnetic configuration with the divertor is shown Fig. 
X.9-2. In this configuration, the separatrix magnetic surface does not 
intersect any material except the divertor plate, and the following 
geometrical factors have to be controlled. 

R : plasma center position, 
6 : the minimum clearance between the separatrix magnetic surface 

and toroidal limiter, 
6 : clearance between the separatrix magnetic surface and the main 

divertor coil, 
x : position of the separatrix magnetic surface on the divertor plate. 

Control of these geometrical factors has been numerically studied in 
detail and the results are summarized as follows: The plasma center 
position R can be controlled by conventional Fourier analysis methods 
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such as the feedback control of vertical magnetic field B . The clearance 
630 is rather complex but. can be essentially controlled by changing the 
index n [n = -(R/B )3B /3R] which is a strong function of quadrupole 
coil current. ' Since the throat clearance 6 has a dependence on the 
magnetic field pattern in the divertor chamber, the poloidal field 
direction at a suitable position (B /B in Fig. X.9-2) gives a rather 
accurate value for 6 under a wide range of discharge conditions. The 
position of the separatrix on the divertor plate x is a linear function 
of S , i.e. x = 4.2(6 - 4)±1 cm. The separatrix magnetic surface, t p t 
therefore, can be controlled by using B /B in the divertor chamber. 

In order to reduce the time-averaged heat flux density on the 
divertor plate or to change the neutral particle conductance between the 
divertor and the main chamber (Fig. X.9-3), the separatrix magnetic 
surface can be moved from & = 2 cm to 6 = 6 cm or from'x =-9 cm to 

t t p 
x = +8 cm in 70 ms. In this swinging, the separatrix magnetic configura
tion in the divertor region can be controlled without changing the main 
plasma configuration. Therefore average heat flux or divertor plasma 
parameters can be controlled without changing the main plasma. If we 
take into account a finite width of the scrape-off layer, this scanning 
range has to be limited. For this reason, a direct measurement of heat 
flux profile onto the divertor plate will be done by using infrared 
cameras in the initial phase of experiment and the heat profile will be 
directly controlled in the heating experiment. Control of the divertor 
plasma, especially reducing electron temperature and remote cooling, is 
also very important to reduce plasma wall interactions and to pump out 
particles. From this point of view, divertor plasmas are analyzed by 
using a fluid model as shown in the following subsection. And cold and 
dense plasma is shown to be realized with reasonable conditions. By 
combining the remote cooling technique and the swing of the separatrix 
magnetic surface, a serious high heat flux can be reduced down to a 
reasonable flux as shown in Fig. X.9-3. 

9.3 Plasma consideration 

Divertor plasma in JT-60 is mainly investigated this year. A 
possibility to obtain an ideal divertor plasma in the compact divertor, 
i.e. cold and dense plasma in front of the divertor plate, is studied 
by a fluid model. In this analysis, fluid equations consisting of the 
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particle, momentum and energy conservation equations along magnetic 
field lines are coupled with neutral particle transport which is 
simulated by Monte Carlo method. Their interaction through ionization, 
charge exchange, and excitation process are solved self-consistently 
by using an iterative procedure. Impurity ionization and radiation 
loss is also taken into account assuming 1% oxygen impurity. 

The maximum total heat flux into both divertor throats, P = 20 WW. 
tn 

The total particle flux corresponds to a main plasma with mean density 
of 10 1 1* c m - 3 and average particle confinement time of 0.1 s. Net input 
power into the plasma is 20-30 MW in order to obtain a reactor like 
plasma. Then the total heat flux into the divertor of 20 MW is reason
able assuming some radiation loss in the main chamber. The results 
indicate a rather cold and dense plasma in front of the divertor plate 
with a relatively small heating power as shown in Fig. X.9-4, e.g. Te(j<20 eV, 
n e d = (2- 3) x 1 0 1 3 c m - 3 and P t h < 10 MW, where T f i d > n & and P h are 
electron temperature, density and the total heat flux into the both 
divertor throats, respectively. Increasing P , up to 20 MW, increases 
T , dramatically and n , decreases (Fig. X.9-4), because amplification 
of the plasma flux in the divertor is not enough for the high heating 
power. Wall erosion and heat flux on the divertor plates become serious 
in this situation. If the total particle flux into the divertor or the 
main plasma density increases, the plasma density n in the divertor 
increases non-linearly and the electron temperature T . decreases. In 
this case, however, a very high particle flux F , is required, e.g. 
F > 1 0 2 3 s - 1 . Therefore it is very important to control the divertor 
plasma without changing F . . In JT-60, two possible methods to increase 
particle recycling or density only in the divertor are considered as 
follows: Neutral particle back flow through the divertor throat reduces 
as the vacuum region between the scrape-off layer and the sub divertor 
coil is decreased (Fig. X.9-2). Then the plasma density as well as 
neutral particle density increases only in the divertor. The other 
method is gas puffing directly into the divertor. Combining these 
methods, plasma parameters near the divertor plate change strongly as 
shown by solid line in Fig. X.9-5. In this high compression case, T e d-9 eV and n = 1.45 x 1011* c m - 3 with the standard total particle flux of ed 
6x 1 0 2 2 s - 1 . By using this method, T , can be controlled at a low 
value, e.g., T . is kept at 7-9 eV when P . increases from 2 MW to 
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20 MW (Fig. X.9-5). In this operational scenario, radiation loss in 
the divertor increases linearly as increasing heating power, because the 
plasma density in the divertor increases linearly with a constant value 
of the electron temperature. Then a strong remote cooling reduces the 
heat flux onto the divertor plate by a factor of 2-3. 

The analysis suggests that the ideal divertor operation can also 
be realized in JT-60 by optimizing operation conditions. 
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10. JT-60 Operation Program 

Basic data to plan and evaluate operation procedures, manpower needs 

and project costs in various operation phases were developed and refined in detail. 

During the initial OH plasma experiment, JT-60 operation will be performed 

by two week standard cycle (Fig. X.10-1) without midnight shift operation 

to save cost and manpower. In the JT-60 operation, large part of operation 

and maintenance of conventional facilities such as AC power supply systems 

and water cooling systems will be done by non JAERI peoples dispatched from 

industries by contract. 

System design of computerized maintenance management system which is 

essential to achieve effective operation was initiated and overall system 

skeleton was developed. Detailed design work was focused on management program 

for drawings and technical materials. 

Draft of JT-60 Safety Policy and related safety manuals were prepared 

for internal discussion. Preparation and integration of JT-60 operation and 

maintenance manuals are now proceeding aiming at completion in April 1985. 
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XI. DESIGN STUDY OF THE NEXT GENERATION DEVICE 

1. Fusion Experimental Reactor (FER) 

1.1 Introduction 

Continued from FY82 an in-depth design study of the pulsed operation 
FER which was selected as a reference option has been conducted. In 
parallel with the reference concept a conceptual design based on an 
advanced scenario of non-inductive plasma current drive has been 
developed . Its overview is described below. 

1.2 Reactor concept 

Two versions of plasma operation scenarios based on RF current 
drive have been developed. One is a quasi-steady state operation sce
nario with the same device parameters as those for the previous design 

2) of a pulsed-operation FER which employed a conventional inductive 
current drive. This operating scenario consists of alternating cycles 
of high density plasma burn during which time plasma current is main
tained by magnetic flux supplied from ohmic heating (OH) coils followed 
by a period of low density RF current drive during which time the OH 
coils are recharged for the next high density plasma burn cycle. A 
design study based on this scenario is conducted as a reference option 
for PER. Device and plasma parameters were optimized while meeting the 
requirements from the FER objectives under plausible physics data base 
and the engineering restrictions such as confinement scaling, beta limit, 
divertor configuration and maximum magnetic fields on superconducting 
coils. All the superconducting coils system is enclosed in a common 
cryostat vacuum chamber (belljar type) and the PF coils are placed 
external to the toroidal field (TF) coils. A poloidal divertor con
figuration (double-null) with a cold and dense divertor plasma is 
employed. The tritium breeding blanket is installed all around the 
plasma and at the back side of divertor chambers to enhance breeding 
ratio. The reactor structure design concept is the same as that of the 
pulsed operation FER, because magnetic flux supplied from OH coils and 
plasma parameters for burn phase are the same. 

The other is a steady state operation scenario on which an opti
mization of device parameters and the structure design have been newly 
conducted. The purpose is to demonstrate attractive features of a 
steady state operation FER, though its experimental data base is 
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insufficient. Major parameters for the above three operation scenarios 
are shown in Table XI.1-1. 

1.3 Plasma startup and current drive 

1.3.1 Quasi-steady state operation scenario 
3) Based on the experimental data base for current ramp-up and 

4) 
sustainment with oposing dc electric field by lower hybrid wave (LHW) 
current drive, quasi-steady operation is considered to be promising. 
In this operation scenario, the key issue is to shorten the current 
ramp-up time and the recharging time of OH coils during power-dwell to 
increase the duty factor and to reduce the total required RF energy for 
ramp-up and recharging. Since these times essentially depend on the 
L/R time of the plasma, the plasma temperature must be carefully evalu
ated by the power balance equation consistent with the deposited RF 
power for current drive. An analytic model based on a quasi—linear 
theory of current drive coupled with the point model power balance and 
equivalent circuit equations is developed to optimize both items . The 
minimization of both times can be attained by appropriately adjusting 
the parallel refractive index. The essential point is to drive large 
current without increasing plasma temperature so much to keep the one-
turn resistance small. The plasma and RF parameters thus optimized are 
summarized in Table XI.1-2. Impurity contamination and/or temperature 
decrease resulting from deterioration of energy confinement can greatly 
reduce these times due to an increase of the one-turn resistance. 

Major expected benefits for engineering design are (i) longer burn 
time, (ii) reduction of thermal and mechanical stress fatigue, (iii) 
reduction of magnetic energy loss during transfer between PF coils and 
the energy storage system. All of the benefits can be maximized by 
ramping-up the plasma current by LHW up to about 4 MA and then driving 
the current up to 5.3 MA by OH coils and sustaining it throughout the 
burning phase, and by sustaining the current at about 4 MA by LHW again 
during recharging of OH coils. Burn time can be prolonged to about 
2000 s by this operation scenario from 100 s for the pulsed-operation 
FER based on an inductive current drive. The reduction of the number 
of burn pulses mitigates thermal and mechanical stress fatigue. In 
particular, the time variation of the over-turning force on TF coils 
can be reduced by magnitude of order by appropriate changes of the 
plasma current and poloidal beta from burning phase to recharging phase 
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or vice versa. Magnetic energy consumption normalized by the burn time 
of 2000 s can also be greatly reduced by this scenario (12 GJ-»-3 GJ). 
Although the reduction of total energy consumption is lessened by the 
EF energy consumption, total reduction of energy consumption of about 
10 GJ (70 % reduction) for 2000 s burn can be expected as compared with 
the pulsed-operation FER. 

1.3.2 Steady state operation scenario 

Applicability of three candidate driver waves to a steady state 
operation FER has been examined. The waves envisaged are compressional 
Alfven wave (CAW), LHW and high speed magne;osonic wave (HSMW). CAW is 
chosen as a primary candidate wave for current driver due to its poten
tial advantages in a commercial reactor - theoretically highest driving 
efficiency and good accessibility to the plasma center even in high 
density plasma. Major radius is decreased down to 4 m from 5.5 m of 
the pulsed-operation FER by removing the innermost PF coils. Although 
the magnetic field on axis is reduced down to 4.5 T from 5.7 T by the 
reduction of plasma major radius with a fixed maximum field on the TF 
conductor, almost same plasma performance as the pulsed-operation FER 
can be recovered without increasing the minor radius by taking account 
of an additional heating input power from current drive and heightened 
beta value due to the reduced aspect ratio. Major benefits on the 
reactor design by the steady state operation are (i) smaller reactor 
size (R = 4 m ) , (ii) vacuum vessel with no bellows for common use of 
the shell for vertical position control, (iii) reduction of power supply 
capacity of poloidal coil system (2 GVA (pulsed FER) •* 0.2 GVA). 

References 
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Table XI. 1-1 Major plasma and device parameters for pulsed, 
quas i - s teady and s teady opera t ion s cena r io s . 

^~~~--—^Operat ion 
~~"-^_mode 

Pulsed 
(Ref.[2]) Quasi-steady Steady 

Burn time (s) 100 2000 o> 

Number of pulses - 106 ~5x 10" -
Current drive magnetic flux 

LrechargingJ 
magnetic flux 

(burn) 

CAW 

RF power of 
current drive (MW) - 15 18 

Ion temperature (keV) 10 13 
Ion density (m~3) 1.36 «102° 9 x 10" 
Fusion power (MW) 440 250 
Major radius (m) 5.5 4.0 
Minor radius (m) 1.1 1.1 
Toroidal field (T) 5.7 4.5 
Plasma current (MA) 5.3 6.4 

Table XI.1-2 Plasma and RF paramenters to minimize ramp-up 
and recharging t imes by lower hybrid wave 
cu r r en t d r i v e . 

Ramp-up Recharging 

Time (s) - 100 200 - 100 

Power (MW) 5-10 10 - 15 
Spectrum 1.0- (4.0~ 6.0) 1.0- (3.0-4.0) 

Density (xlO18 m 3) 3 - 5 3 - 5 

Temperature (keV) 1 - 2 3 - 5 
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The INTOR workshop of Phase 2A, Part 1 was completed in July 1983, 

and the workshop was then extended into Phase Two A, Part 2. 

The objective of the Phase 2A, Part 1 is that the major critical 

issues identified in the conceptual design during Phase I were concen-

tratively assessed aimi.ig size-minimization and high efficiency of the 

reactor. The work in the Phase Two A, Part 1 INTOR workshop is documented 

in the report. The major parameters of INTOR are shown in Table XI.2-1 

and its cross section is illustrated in Fig. XI.2-1. The major results 

are as follows. 

(1) The RF (Ion Cyclotron Range of Frequency) heating is adopted as 

a reference instead of the NBI heating, which was chosen for the 

conceptual design of Phase 1. This choice needs the strong 

promotion for the RF heating research and development, and also 

expects a steady improvement on the NBI heating as a back-up option. 

(2) The divertor concept is decided to be continued as a reference for 

impurity control, from concentrative comparative studies between 

the divertor and pump limiter. High density and low temperature 

divertor plasmas, which were demonstrated in the recent divertor 

experiments and are intensively analyzed theoretically, could ease 

engineering difficulties on the divertor plates. On the other hand, 

the limiter, which is a strong candidate in future tokamak reactors, 

has some difficulties in temperatures of scrape-pff plasmas and 

limiter materials. The research and development on the limiter 

should be continued in parallel with the divertor. 

(3) The breeding blankets employing lithium oxide were designed as a 

reference. 
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(4) The bore of the toroidal coils is reduced by 15% in their area 

compared with the conceptual design of Phase 1. This induces the 

reduction of the power supply for the poloidal coil system. Those 

reductions result in major factors cutting down the capital cost. 

The reduction in size of the toroidal coils is realized by increasing 

toroidal field ripple up to 1.2%, which enhances the loss of alpha-

particle up to around 10%. 

(5) A universal design concept, which can accomodate the divertor or 

the limiter as shown in Fig. XI.2-1, is adopted for future critical 

issues studies in the INTOR workshop. 

(6) The cost sensitivity analysis is performed changing major parameters 

such as toroidal field ripple, heating mpthod (NBI + RF), impurity 

control (divertor + limiter), and so fornh, from a reference of 

the conceptual design. It is found that the capital cost is reduced 

by 20 % by employing the reduced toroidal coils and the RF heating. 

Major objectives of the Part 2 are to study critical technical 

issues, and to assess scientific and technical data bases, and to finally 

upgrade the INTOR design concept, which will be completed in July 1985. 

To study critical technical issues that affect the feasibility or 

practicability of the INTOR design concept, the following five groups 

are organized. 

A : Impurity control and first wall 

B : RF heating and current drive 

C : Transient electromagnetics 

D : Maintainability 

E : Technical benefit 

In addition to those groups, the three disciplinary groups are 

organized to assess the worldwide scientific and technical data bases 
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that exist now and will exist 4—5 years to support the detailed design 

and construction of an INTOR-like machine, and to identify additional 

R & D that is required. 

F : Physics 

G : Engineering 

H : Nuclear 
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Table XI.2-1 Major deisgn parameters of INTOR. 

Plasma major radius (m) 

Plasma minor radius (m) 

Plasma elongation 

Plasma volume (m3) 

Axial toroidal field (T) 

Plasma current (MA) 

Average ion temperature (keV) 

Average ion density (102°/m3) 

Energy confinement time (sec) 

Average beta (%) 

Q value 

Peak fusion power (MW) 

RF heating power (MW) 

ICRF (85 MHz) 

ECRF (140 GHz) 

Burn time (sec) 

Duty cycle (%)/Availability (%) 

Neutron wall load (MW/mz) 

Toroidal magnetic field coil 

.Poloidal magnetic field coil 

Divertor 

Tritium consumption (kg/year) 

Initial tritium inventory (kg) 

Tritium breeding ratio 

5.3 
1.2 

1.6 

240 
5.5 
6.4 

10 

1.4 

1.4 

5.6 

ignition 

620 

60 

10 

200 

80/50 

1.3 

superconduc ting 

superconducting 

yes 

7 

4 

0.65 
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IIJIMA Tsutomu (General Manager) 
KISHIMOTO Hiroshi (Deputy General Manager) 

* Planning and Coordination Group 
AIKAWA Hiroshi (Senior Scientist) 
MIYA Naoyuki 
OIKAWA Akira 
OZEKI Takahisa 
SUZUKI Kunihiro 

* Experimental Planning Group 
HIRAYAMA Toshio 
HOSOGANE Nobuyuki 
KIKUCHI Mitsuru 
NAKANISHI Masahiro 
NINOMIYA Hiromasa 
SEKI Shogo 
SHIMIZU Katsuhiro 
SHIMOMUEA Yasuo (Senior Scientist) 
SHINTANI Kiyomori 
TANI Keiji 
TSUJI Shunji 
YOSHIDA Hidetoshi 
YOSHINO Ryuji 

* Doublet-Ill Experiment Group 
ABE Mitsushi 
KAMEARI Akihisa*J 

KITSUNEZAKI Akio (Senior Scientist) 
KONOSHIMA Shigeru 
NAGAMI Masayuki 
SENGOKU Seio 
SHIMADA Michiya 
WASHIZU Masao* 2 

* Operation Planning Group 
KODAMA Kozo 
KOIKE Tsuneyuki 
SEIMIYA Munetaka 
TAKEDA Takashi 
TOKUTAKE Toshikuni 
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JT-60 Project Office I 
TAMURA Sanae (General Manager) 
OHTA Mitsuru (Deputy General Manager) 

* Machine Group 
AKINO Noboru 
ANDO Toshiro 
ARAI Takashi 
HARA Yasuhiro 
HIRATSUKA Hajirae 
HORIE Tomoyoshi 
INOUE Hiromi 
ISAKA Masayoshi 
KASUGA Takemitsu 
KAWASAKI Kozo 
KOYA Kisei (Oct. 1983 — ) 
MASUDA Michio 
NAKAMURA Hiroo 
NAKAO Keizo 

*4 NISHIYAMA Takeji 
NOSHIROYA Syojx* 2 1 

OGIWARA Norio 
0HKUBO Minoru 
OTSU Kazuyoshi 
SERIZAWA Yasunori 
SHIMIZU Masatsugu (Senior Scientist) 
SHIMIZU Tohru 
SUNAOSHI Hidenori 
TAKATSU Hideyuki 
TANAKA Takejiro 
TOYOSHIMA Noboru 
URAKAWA Hiroshi 
YAMAMOTO Masahiro 
YANAI Munetoshi 
YASUDA Masaharu ( — Sept. 1983) 

JT-60 Project Office II 
TAMURA Sanae (General Manager) 
KONDO Ikuo (Deputy General Manager) 
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* Powr - Supplies Group 
AOYAGI Tetsuo 
ARAKAWA Kiyotsugu 
ICHIGE Hisashi 
MATSUKAWA Makoto 
MATSUKAWA Tatsuya 
MIZUNO Makoto 
NAGAVA Susumu 
SHIINA Minoru 
SHIMADA Ryuichi 
TAKAHASHI Shunji 
TERAKADO Tsunehisa 
TSUNEOKA Masaki 

* Control Group 
AHNO Katsuto 
ITOH Yasuhiro 
KIMURA Toyoaki 
MIYACHI Kengo 
TAKAHASHI Minoru 
TOTSUKA Toshiyuki 
YONEKAWA Izuru 

JT-60 Project Office III 
SUZUKI Yasuo (General Manager) 

* Diagnostics Group 
FUKUDA Takeshi 
HARUE Morihito 
KITAHARA Katsumi 
KURIHARA Kenichi 
MAEDA Hikosuke (Senior Scientist) 
NAGASHIMA Akira 
NAKAMURA Yukiharu 
NEYATANI Yuzuru 
NISHITANI Takeo 
NOMATA Hideyuki 
OHASA Kazuroi 
OHSATO Yukio 
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OHSHIMA Takayuki 
SATO Masayasu 
SHIHO Makoto (Senior Scientist) 
SHITOMI Morimasa 
SUGIE Tatsuo 
TAHIRA Shigeo 
TAKAHASHI Toranosuke 
TAKAYASD Toshio 
TAKEUCHI Hiroshi 
URAMOTO Yasuyuki 
YAMASHITA Osamu 
YOKOMIZO Hideaki 
YOKOOCHI Shxgeru* 2 3 

JT-60 Project Office IV 
SHIRAKATA Hirofumi (General Manager) 

* NBI Group 
ARAKI Masanori 
KAWAI Mikito 
KITAMURA Shigeru 
KURIYAMA Masaaki (Senior Scientist) 

*19 MIZUTANI Yasuhiko 
NAGAMURA Hidehiro 
OHGA Tokumichi 
OHUCHI Yutaka 

*8 SHIGEMATSU Hirotsugu 
*4 SUGAWARA Tadayoshi 

* RF Group 
HONDA Masao 
IKEDA Yoshitaka 
KIHARA Yoshihiko* 1 0 

SUGANUMA Kazuaki 
SUZUKI Norio 
UEHARA Kazuya 
YOKOKURA Kenji 

JT-60 Operation Division 
AKAO Yohichiro 
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IMAHASHI Koichi 
ISHIHAEA Masaru 
KUNIEDA Shunsuke (General Manager) 
NAOE Teruo 
HIRUTA Kazuharu 
HOSODA Ryujiro 
OHMORI Ken-ichiro 
OHMORI Shunzo 
SEKIGUCHI Shuichi 
TOMIYAMA Yoshimi 

Fusion Reactor System Laboratory 
YOSHIKAWA MASAJI (General Manager) 

FUJISAWA Noboru (Principal Scientist) 
*11 HITOKI Shigehisa 

IIDA Hiromasa (Senior Scientist) 
*18 MINATO Akio 

NISHIO Satoshi 
*4 OKAZAKI Takashi 

SEKI Yasushi (Senior Scientist) 
SUGIHARA Masayoshi 
TONE Tatsuzo (Principal Scientist) 
TACHIKAWA Katsuhiro 
TACHIKAWA Nobuo 
TSUJIMURA Seiichi*8 

YAMAMOTO Takashi 

Guest Scientist 
**5 MIYAMOTO Goro 
**S 

YAMAMURA Sakae 
**6 YASUKOCHI Ko 
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*1 Fujitsu Ltd. 
*2 Toshiba Corp. 
*3 Mitsubishi Atomic Power Industry Inc. 
*4 Hitachi Ltd. 
*5 GA Technologies Inc. 
*6 Fuji Electric Co., Ltd. 
*7 Kaihatsu Denki Co., Ltd. 
*8 Mitsubishi Heavy Indu., Ltd. 
*9 Nuclear Engineering Co., Ltd. 
*10 Sumitomo Heavy Ind., Ltd. 
*11 Mitsubishi Electric Co., Ltd. 
*12 Japan Steel Works Ltd. 
*13 Nippon Atomic Industry Group 
*14 Kobe Steel Ltd. 
*15 Saginomiya Johnson Controls Co., Ltd. 
*16 Nippon Electric Co., Ltd. 
*17 Hitachi Cable Co. 
*18 Kawasaki Heavy Ind., Ltd. 
*19 Nissin Electric Co., Ltd. 
*20 Touyo Information System Co., Ltd. 
*21 ULVAC Co. 
*22 Nippon Kogaku Co., Ltd. 
*23 Osaka Vacuum Ltd. 
*24 Nissei Sangyo Co., Ltd. 
*25 Century Research Center Co. 
*26 Yokokawa Electric Works Ltd. 
*27 Irie Koken Co., Ltd. 
*28 Ishikawajima-Harima Heavy Ind. Co., Ltd. 
*29 Kishikawa Special Valve Co., Ltd. 
*30 Mitsui Engineering & Shipbuilding Co. 
*31 Japan Information Service Ltd. 
*32 Nuclear Data Corporation 
*33 Nuclear Energy Data Center 
*34 Nippon Steel Co. 
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**1 Hiroshima University 
**2 Nagoyo University 
**3 Okayama University 
**4 Tohoku University 

, **5 The University of Tokyo 
**6 Nihon University 
**7 Osaka University 
**8 Tokyo Institute of Technology 
**9 Kyoto University 
**10 National Research Institute for Metals 
**11 National Laboratory for High Energy Physics 
**12 Power Reactor and Nuclear Fuel Development 
**13 Confederation Suisse, Ecole Polytechnique Fed£rale de Lausanne 
**14 Oak Ridge National Laboratory 
**15 Culham Laboratory 
**16 FB-National Magnetic Laboratory 
**17 Argonne National Laboratory 
**18 University of Wisconsin 
**19 Princeton Plasma Physics Laboratory 
**20 Max-Planck Institute fiir Plasmaphysik 
**21 Centre d'Etude Nucieaires, Fontenay-aux-Rose 
**22 Bell Laboratories 
**23 JET Joint Undertaking 
**24 Institute fiir Angewandte Physik II, Universitate Heidelberg 
**25 Academia Sinica, Peking, The Peoples Republic of China 
**26 The Institute of Fundamental Technological Research, 

Warsaw/Poland 
**27 Institut fUr Plasmaphysik (Garching) 
**28 Lawrence Berkeley Laboratory, Univ. of California 
**29 Tsukuba University 
**30 Toho University 
**31 Los Alamas National Laboratory 
**32 KFA-IPP, Jiilich 
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A.3 Budget of the Center 

(unit : Million ¥) 
*1 FY 1981 *1 FY 1982 ± *1 FY 1983 

*2 JT-60 Construction 23,943 28,936 26,020 
Research & Development 3,619 3,117 3,348 
Japan-US Cooperation 3,875 3,042 1,436 
Site Construction 4,100 5,633 7,771 

"̂ l From April to March 
*2 Including cashing of the financial obligation in each FY 
*3 Excluding fusion-related R&D in other divisions than the Center 
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