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Research and development activities of the Fusion Research and
Development Center (Division of Thermonuclear Fusicn Research and
Division of Large Tokamak Development) from April 1979 to March 1980
are described.

In Plasma physics research two experiments both related to radio-
frequency power injection into tokamak plasmas are to be noted. One is
the demonstration of current drive by lower hybrid waves in JFT-2 and
the other high efficiency ICRF heating at two-ion hybrid resonance in
JFT-2a/DIVA. A multi-MW neutral beam injection system was installed
and tested at JFT-2 with heating experiments expected to start shortly.
JFT-2a/DIVA was shutdown to make space for the injector. A new ingre-
dient in this area is the initiation of dee plasma experiments in Doublet
IIT at SanrDiego, USA by JAERI team under US-Japan cooperation agreement.
Progress was rapid achieving all experimental objectives planned for
this period. In theoretical area emphasis was placed on high beta
tokamak plasmas. Development of the TRITON computer code system is in
progress,

Construction of JT-60 is in progress as planned. Major components
of the device were ordered by the end of this period. A Mukoyama site
where JT-60 and other new facilities will be located was procured in
October 1979, which was fellowed by the construction starts of JT-60
buildings. The completion of JT-60 is expected in fall 1984. A design
study of JFT-2M was carried out. The device is a modification of JFT-2,
whose main objective is experimental studies of advanced concepts in
tokamak research.

In heating technology efforts are focussed on the development of
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neutral beam and radiofreguency heating systems for JT-60. In the former
area three injector test stands were fully utilized for the above purpose.
A notable achievement is the demonstration of high power hydrogen ion
beam at 65 keV, 4 A and 30 sec with a maximum output energy of 7.8 MI.

In the latter area the improvement of plasma-wave couplers were pursued
together with a heating experiment in JFT-2. Design studies of JT-60

and JT-60 orototype heating systems are in progress.

In superconducting magnet technology a major development is the
installation of the cluster testing facility with two 1.5 m diameter NbTi
field coils. In conjunction with the TEA LCT agreement a JAERI's LCT
coil was ordered together with its test facility to be used before its
shipment to CRNL.

In tritium technology development experiments were carried out on
basic technologies using hydrogen and deuterium. A simulation study of
a reactor tritium facility and a design study of a tritium handling
facility were conducted.

Tn surface technology hydrogen and helium bombardment studies on
low 7 materials and Mo were made as well as plasma-wall interaction
studies in JFT-2. In association with the JT-60 program studies of low
7 first wall of JT-60 were initiated and test facilities JVX were ordered.

Activities in reactor design studies were shifted from those on
JXFR and PETF to INTOR studies, which is an international joint studies
under the auspice of IAEA., Its first stage called the Phase Zero was

completed.

Keywords: Annual Report, Plasma Confinement, Plasma Physics, JFT-2
Tokamak, JFT-2a(DIVA) Tokamak, Diagnostics, Neutral Beam
Injector, RF Heating, Surface Study, Superconducting Magnet,
Reactor Design, JT-60 Tokamak, Doublet III, Impurity Emission,

Tritium Production, INTOR.
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PREFACE

A brief summary of activities in the Fusion Regearch and Develop-

ment Center during the fiscal year 1979 is as follows:

Procurement of the Naka site:
A new site for fusion activities at JAERI was procured in October
1979. The site is located 6 km west of the Tokai Research Estab-
lishment.

JT-6Q:
This is the second year since JT-60 entered the construction phase.
Tts tokamak machine, power supplies, and central ceontrol system
are under fabrication. Constructicn of the experimental and the
power supplies buildings has begun.

JFT-2:
Remodelling work of JFT-2 was completed in July 1979. Emphasis was
placed on the following two experiments. One on the current drive
by lower hybrid waves showed an efficiency of 110 A/kW. The other
on the multi-MW neutral beam injection heating experiment will begin
early in the next fiscal year,

JFT-2a/DIVA:
An ICRF heating experiment by the two-ion hybrid resonance process
was completed showing an absorption of coupled power into the plasma

3

at 85 % and an efficiency of 8.2 eV/kW normalized to the plasma

0!3 em=?, JFI-2a/DIVA was dismantled in September to

density of 1
evacuate the space for neutral beam injectors for JFT-2.

Doublet ITI:
US-Japan cooperation in Doublet ITI was initiated in August 1979.
A team of Japanese physicists mainly composed of JAERI's started
dee plasma experiments using the upper lobe of the vacuum chamber.
The progress made since then was rewarding in that all target
values of the density, current, elongation and others were attained
or surpassed.

JFT-2M:
As a timely successor to the aging JFT-2, JFT-2M was conceived,
and its definition and design studies were carried out. Emphasis
is placed on the operational flexibility combined with the experi-

mental objectives of simplified divertor, ICRF heating and current

XiX
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drive, among others.
Plasma Heating Technology:
The activities in this area were primarily focussed on the develop-
ment of heating technologies for JT-60. In neutral beam technology
a two-stage hydrogen ion source of 65 keV and 4 A was operated for
a duration of 30 sec compared to 0.1 sec achieved in the previous
year, For the lower hybrid heating the power density in the coupler
in the JFT-2 experiment was railsed to 2 kW/cm? from 1.2 kW/cm? in the
last year.
Surface Science and Vacuum Technology:
Works are conducted on three activities, surface bombardment studies
by means of accelerators,. observations of first-wall surfaces in
tokamaks, and development of low-Z first wall materials for JT-60.
JVX, test facilities for JT-60, are under constructiomn.
Superconducting Magnet Technology:
A cluster testing facility is being installed, which is made of
two NbTi coils of 1.5 m in bore. A LCT coil, JAERI's contribution
to the IEA LCT program was ordered together with an associated
facility for a domestic test before shipment to ORNL.
Tritium Technology:
Experimental studies were carried out on basic processes using
hydrogen and deuterium. A simulation study of a reactor tritium
system and a design of a tritium handling facility were performed.
Reactor Design: '
Activities in this area focussed on JXFR and PETF in the proceding
vears were shifted to the INTOR studies, an international effort

under TAEA., Its first stage, Phase Zero, was completed,

Yasuhiko ISO

X X
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[, PLASMA THEORY AND COMPUTATION

1. Introducticon

The main theoretical and computational works in this period were
devoted to understand, comprehensively, evolutions of a tokamak plasma
to stable high beta equilibria. For this burpose MHD stability problems
were solved from the viewpoint of kinetic theory. As for computational
study on this problem a linearized ideal MHD code ERATO was investigated
minutely and it was applied to analyze stability of an INTOR-like plasma.

Toroidal drift mode, drift Alfven mode, and collisional tearing
mode were studied in detail. An idea of RFFC was proposed and investi-
gated. Characteristics of a scrape-off layer were studied computationally
by a particle model simulation code,

The first versions of almost all codes in TRITON system were brought
into completion. These are the ballooning mode analysis code BOREAS,
nonlinear MHD code AEQLUS-R, and several supporting codes PARIS, ARGUS,
HARMONIA, PLUTQ, and EOS. They are being used very effectively to solve

practical problems.

2. Stability and Transport
1)

2.1 Evolution of stable high beta tokamak equillbria
The pressure limitation due to MHD instabilities in an INTOR-like
plasma is investigated. An equilibrium—trénsport calculation yields
attainable B realizing the marginally ballooning stable pressure profile.
The dependence of critical-f on the plasma parameters is studied. For
typical INTCR parameters, the critical-f is about 4 %, The finite larmor
radius effects stabilize the high-n ballooning modes, and give the higher
§ state., Low-n internal modes are also investigated numerically and the
results are consistant with the high-n mode analyses. The low-n kink
modes are stabilized completely by the shell placed near the plasma
(Fig. I.2-1).

2
2.2 Beta-limit of large tokamaks )
The dependence of stabilizing effect of a conducting shell on a

poloidal beta value (Bp) is investigated as to instabilities with low

._1_
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toroidal mode numbers (n = 1 and 2) for tokamaks such as JT-60 and INTOR.
The n = 1 mode is completely stabilized by the conducting shell which
is located at a practically possible position and the critical position
of the shell becomes closer to the plasma surface with increasing Bp.
The stabilizing effect on the n = 2 mode is remarkable for higher 8p
when the shell is placed sufficiently close to the plasma surface but
the shell far from the plasma surface has hardly an effect on the sta-
bility property of a higher 8, plasma.
It is concluded that critical 8 of about 2 % is attainable even in
a standard circular tokamak such as JT-60 and higher 8 value is also
expected by taking advantage of the closely located conducting shell.
2.3 Anomalous ion loss due to low-frequency instabilitiea3)
An ambipolarity formula for the cross-field flux in non-uniform
plasma in the presence of low-frequency electromagnetic fluctuations is
derived. It is shown that, owing to the ion polarization drift, ions
are pulled out by diffusing electrons.
2.4 Toroildal effects on nonlocal collisionless drift instabilitya)
Toroidal curvature effects on the electrostatic collisionless
drift instability in a sheared magnetic field is investigated. The
magnetic curvature drift of ions causes the reduction of the ghear con-
vective damping and the mode ballconing. It is found that the universal
mode is stable so long as the convective damping remains finite, and the
critical current density for the current-driven drift instability becomes

lower.

2.5 A scaling law for high density tokamaks and its application to
J.I.,P.P. T-0O devices)
A scaling law for high density and high current tokamaks is pre-
sented on the basis of the nonlocal thecry of electrostatic current-
driven drift instability in both collisionless and collisional regimes
with the assumption of quasilinear saturation level, It is shown that
the energy confinement time scales as Tgp « nq/JE {(n ant T are the averaged
density and temperature) in relatively lower density region and Tg = B//H
(B is the toroidal magnetic field) in higher density region where a com-—

bined effect of the electron collisions and of a plasma current works.

Trapped particle effects are assumed to be negligible and no magnetic

-7 —
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fluctuation is considered. A test experiment of the scaling law on the
J.I.P.P. T-TI device where both tokamak 6peration and the operation with

superposition of helical fields are possible is proposed.

2.6 Critical conditions feor drift, drift-Alfven and drift-tearing
instabilities of finite-R plasma in shered magnetic field6)

Kinetic theory on low frequency instabilities of current carrying
finite-8 plasma in a sheared magnetic field is investigated. Drift mode,
drift-Alfven mode and drift-tearing mode are identified and stability
boundary is discussed. It is shown that in the absence of the plasma
current, any electromagnetic localized mode which is propagating in the
direction of the electron diamagnetic drift is stable in the collision-
less limit. For collisional mode, stability holds if w>w, (electreon
diamagnetic frequency). The critical conditions for the drift, drift-
Alfven and drift-tearing instabilities are obtained for collisionless
and collisional plasmas,.

2.7 Radio-frequency flux control of toroidal‘plasma7)

A new method to reduce the cross field plasma loss in magnetic con-
finement device by use of a radio-frequency (RF) field is proposed. An
RF field with momentum density in the direction of the electron diamag-
netic drift appreciably reduces the cross field loss, if wrw, (w, is the
electron diamagnetic drift frequency) and the wave ig absorbed by elec=
trons.

2.8 Spatial structure of toroidal drift instabilitys)

Nonlocal electrostatic drift mode in a rotoidal plasma is investi-
gated. The growth rate as well as the two dimensicenal mode structure
is obtained. The stabllization effect of the magnetic shear is complete
in a slab geometry but is reduced or even annihilated in a toroidal
geometry. It has been shown, with the aid of strong coupling approxima-
tion, that the. reduced shear stabilization is still enough to suppress
universal mode unless completely annihilated. We give a growth rate in
1/n ~ 0 limit, and further develop the two dimensional (2D) wvariational
principle method to obtain the eigenvalues as well as mode structure of

toroidal mode, confirming the results from the strong coupling limit.



1)

2)

3)

4)
5)

6)

7)

8)
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3. Computing
1}

3,1 Particle simulation of scrape-off layer

In order to understand the characteristics of the scrap-off plasma
in a large tokamak with the poloidal divertor, a two-dimensional electro-
static particle simulation code is developed.

We consider a device with a rectangular cross—sectional metalic
wall, The one-component plasma is confined by the magnetic field ﬁ,
which consists of the strong solenoidal field and the poloidal field
produced by a line current I, and by a divertor current T4. The particle
motions parallel to the magnetic lines of force and the electric field
E = -V are self-consistently calculated by using the PIC method.

Effects of the external electric field and of the gradient of the magneic
field are neglected. On the other hand, the cross—-field diffusion of
particles is simulated by using the Monte Carlo methods. The particles
reaching the wall are absorbed there, and the reflection and secondary
emissions are net taken into account.

Results of a simulation are obtained for the case of the system
size L = 64AD (AD denotes the Debye length in the main plasma) and the
mass ratio my/m, = 100. The ions are assumed to be cold, and the diffu-
sion coefficient is chosen as D} = 107 %Lcs (Cs = VTE7EE). The potential
¢ and ion flow velocity V¢ along a magnetic line in the scrape-oiff region
are shown in Fig., I.3-1. The loss flux along a magnetic line in the
scrape—off layer is balanced by the diffusion flux from the main plasma.
The density profile perpendicular to the magnetic field is of the form

exp (-r/%) with 2=0.03L, which agrees with the expected value YDiL/Cs.

3,2 Nonlinear Monte Carle simulation for NBTI heating

A nonlinear Monte Carlo simulation code is developed in order to
understand the slowing-down process of beam ioms and the heating of main
plasma in high-power neutral beam injection of tokamak plasmas. We con-
sider only the velocity space (v, ,vl) with orbit-loss region, Classical
collosions are described by using a binary collision modelz). Electrons
are treated as field particles with shifted Maxwell distributiomn.
Effects of the toroidal electric field and charge-exchange reactions
are also simulated.

The results shows that the slowing-down of beam ions agrees with

that for the case of linear calculation, while the energy spread is
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much faster than that for the linear case. The back-ground ions are
effectively heated without significant tail formation.
3.3 Numerical study on multichannel MEM3)

A new spectral analysis method, the maximum entropy method (MEM),
has been investigated numerically by applying to plasma simulations.
The results show that both power and cross.spectral estimates obtained
by MEM from a short data record length yield much higher resolution and

accuracy than the conventional method.

References
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Along a Magnetic Line

Fig.I.3-1 The potential ¢ and the ion flow velosity Vf along a magnetic

1ine in the scrape-off regiom.
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4. TRITON Y

4.1 Introduction
As for the project TRITON we are now making efforts on detailed
investigation of the codes, necessary improvement of them, and applica-
tion of them to actual problems. In this year and the next, one of the
most important objectives of the project TRITON is to establish the
method to analyze the linear and nonlinear MHD system comprehensively,
and most efforts are devoted to understand and improve the linear MHD
codes ERAT02’3), BOREAS and nonlinear MBD codes AEOLUS. An APOLLO code
was combined with.BOREAS and equilibria optimized with respect to the
ballooning instability were searched (see also 2.1).
The following supporting codes were also developed in parallel with
the above,
(1) An eigenvalue and linear equation solvers in the PARIS subsystem for
large-scale asymmetric matrices were developed, which are to be
used for the AEQLUS codes.
(2) The second version of the ARGUS subsystem (ARGUS-V2) was developed.
(3) Supervising code of the TRITON system (HARMONIA), code analyzer
(PLUTO), and a preprocessor for OLYMPUS-like programs with extended
Fortran statements (EQS) were developed and they are being used very
effectively to manage, analyze, and run codes.
4.2 Convergence of solutions of the MHD stability code ERATOA)
Convergence of solutions of the ERATO code is studied numerically.
Some irregularities of data on a convergence curve are observed in our
investigation, It is conjectured that the irregularities are due to
inaccuracy of the equilibrium or inappreopriate choice of the equilibrium

calculation meshes.

4.3 Optimization of the ERATO code with respect to I/0 operations and
for an array processors)

Optimization with respect to I/O cperations is very important for
codes with large-scale matrix handling. Improvement by rewriting basic
I/0 routines reduces the USE time considerably. TFor the ERATC code we
succeaded to reduce the I/0 time by factor 4.

In order to demonstrate the full effectiveness of the vector com-

puters, it is required to optimize the codes for vector operations.
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We started to optimize several codes for an array processor (FACOM 230-

75 APU) by taking account of;

(1) rewriting of Fortran source program in vector-operation-oriented
Fortran language.

(2) separation of arithmetic operation blocks and T/0 operation blocks.

(3) separation of scalar operation blocks and vector operation blocks,

(4) efficient use of 'vector temporaries" (vector registors) for tem-
porarily obtained results.

Among the above items, (2)-(4) are important in the case of FACOM 230-75

APU because of its hardware architecture. For the FRATO calculation 3-4

times faster speed has been attained compared with calculations by the

conventional FACOM 230-75 CPU,

4.4 Two-dimensional tokamak code "APOLLO"

In order to study the evolution of a tokamak to high beta, the two-
dimensional tokamak code APOLLO has been developed. The basic structure
of this code is the combination of the transport step and the equilibrium
step, and these two steps are solved alternatively. In the transport
step, the surface-averaged transport equations are solved by the finite
element method and the implicit time-integrating scheme. The former
makes it easier to introduce the variable mesh without reducing the
accuracy, while the latter guarantees the numerical stability. In the
equilibrium step, the Grad-Shafranov equation is solved under the
adiabatic conditions: p(y) = p(w)(%%JY and q{¥). We developed two kinds
of equilibrium solvers with high speed and high accuracy. The one,
SELENE-30, employs the finite element method and the mesh structure based
on the constant ¥ surface. The other cne, SELENE-40, solves the free
boundary equilibrium, by using the Buneman solver of the Poisson type
equation and the method of the surface Green function, which gives the
magnetic flux on the artificial boundary of the Buneman solver., Both
equilibrium modules automatically check the localized modes,

Using this code, the adiabatic compressions and the FCT heating
scheme are tested and the numerical results are in good agreement with
the theoretical predictions.6) Figure I.4-1 shows an example of the FCT

heating of JT-60.

4.5 TFinite-n and w, corrections on ballooning mode

The 8 limit obtained from the infinite-n ballooning mode analysis

_9_
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igs too restrictive. The growth rates of the modes are reduced by
decreasing n number. In order to estimate the reduction in the growth
rate due to the finite n effect, we employed the W.K.B. method7), because
the correction derived by Conner et al. is too stabilizing. Another
stabilizing effect is expected from the kinetic effects. The finite ion
larmor radius can be included in the MHD eigenmode equatiom simply by

replacing w? to w(w4—w*i), where w is the ion diamagnetic frequency.

5
Taking account of these two effectsf we can write the growth rate in the
form y2(n) = Yi - Y%n - wii/ﬁ, where Yi is the growth rate for infinite
n, Y%ﬁ the finite-n correction and the last term corresponds the stabi-
lization due to the finjte ion larmor radius, respectively. It must be
noted that this formula gives the n-value and the corresponding growth
rate for the most unstable mode because Y%n scales as n"l, while
wii/4mn2. We applied this theory to the critical beta analysis of the
standard INTOR parameters, which gives the critical beta value of 5 %

and the corresponding n number of (klpi)z’b0.2.

4,6 High-speed numerical code AEOLUS-R1 for resistive MHD instability
with single helicitys)
The nonlinear resistive MHD code AEQLUS-R1 solves a set of Z-dimen-
sional equation with helical symmetry, which is derived from full MHD
equations. Finite difference method for radial direction and Fourier
expansion with respect to angular variable are emploved. Combination
of Crank-Nicolson implicit method and leapfrog method are used for the
time integfation. This numerical scheme reduces CPU time to 1/10~ 1/15
that'by simple explicit method. Using this code, sawtooth oscilation

due to m=1/n=1 mode and island formation due to m=2/n=1 mode are

recovered.

4,7 Numerical code AEOLUS-P for the analysis of positional Instability
Before a fully three-dimensional nonlinear code we are developing

a two-dimensional axisymmetric one to investigate the nonlinear behavior

of the tokamak with a pol?idal divertor such as JT-60. The Arbitrary

9

is adopted. We construct the meshes under

10)

Lagrangian-Eulerian grid
the constraint where the Jacobian is spatially constant We represent
the grid point in the polar cocrdinate (p,8) in a poloidal plane, where

p is the distance between the magnetic axis and the grid point. For

convenience we introduce the parameters r and x by
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p = po()f(r) _ (1)

8 = 6(r,%) (2)

0<rs<1 and 038 S 27 , (3
where f(r) is the monotonously increasing function with £(0) = 0 and

f(1) = 1. The equation p = py{8) glves the plasma surface which is
deformed by perturbation and the function po(B) 1is obtained by dividing
the poloidal cross-—section in equal area. Using the relations (1)-(3),
the constraint that the Jaccbian is spatially constant yields the
differential equation

de

b0 = e/ )

where

27
_ 4 df
C =5 JO 0,(8)d8 dr!r=l ) (5)

Equations (1) and (4) give the mesh points (pj,ej) for the equi-intervals of

Ar and Ay. The simplest choice of £(r) is f(r) r where 8 depends only

X
The ideal MHD equations are expressed in a weak form by the finite
element method and the resultant equations are in conservative form,

All equations are solved by the explicit scheme.

4.8 Graphic I/0 subsystem ARGUS-V2

Tn the process of development and utilization of large-scale com-
puter codes it is very effective to use graphic I/0 functions of computer
system.

The ARGUS subsystem of the TRITON is developed for efficient writing
of fusion codes which include both graphic input and output processes.
This subsystem‘is subdivided into three groups, i.e., ARGUS-V (a basic
graphic output subsystem), ARGUS-W (an advanced graphic output subsystem
which includes an option to produce a motion picture), and ARGUS-I (a
graphic input subsystem). Presently, the first version of ARGUS-V
(ARGUS-V1) was developed and used efficiently for development and utili-
zation of the TRITON codes.
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In this year a new subsystem ARGUS-V2 was developed as an extended
version of ARGUS-V1l. The ARGUS-V2 has several new functions and it can

be used on the new computer system (FACOM M200) of JAERI computer center.

4.9 Supervisor of the TRITON system and utility code packages

The TRITON system is not a conventional closed modular code system
but a growing open system which has no definite boundaries. This is a
natural consequence of the fact that production of new fusion codes are
progressing and they are being improved rather comstantly. In order to
maintain these code effectively we applied the following concept to the
TRITON, In this concept rules which define relations between constituent
codes are first prepared, and actual codes and relations between them
are put into the system according to the rules. This is the marked
difference between this system and conventional modular code systems in
which a set of constituent codes are first prepared, and relations
between the elements of the system are looked for by considering the
structure of original codes.

Te realize this kind of code systems we are developing three types
of supporting codes for manageable maintenance and easy development of

numerical codes.

HARMONIA

HARMONIA is the supervisor code of the TRITON system., This code
manages a set of complete programs, subprograms, job control programs,
series of input data, and series of output data. Each element of the
set is related, doubly, to other elements by a longitudinal tree struc-
ture (a family line of the codes) and by herizontal functional relations.,

When one would‘like to analyze a certain phenomenon by using some
computer codes in the TRITON, one can find most appropriate codes by
sorting codes in the longitudinal tree structure and after that retrieve
a group of elements (programs, job control programs, input data, and so
on) which are ¢onnected each other by the horizontal functional relation.
Relations between the elements and attribute of the elements are stored
in INDEX FILE defined on a magnetic disk and the elements of the set are

stored in magnetic tapes serially,
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PLUTO

To facilitate maintenance, improvement, and adaptation of codes
PLUTO was developed. The main functions of the PLUTO are semi-automatic
documentation of a code, and extraction of necessary parts of a large-
scale computer code. By using the former function of the PLUIO exchange
of computer codes with other researchers becomes very easy and by using
the latter function one can write a new code easily by reconstructing

parts obtained from other codes.

EOGS

E0S is a code which facilitate development of new codes. Originally
the EOS was designed to be similar to the Olympus Systemll). Present
version of the EOS is, however, different from the Olympus System in
that the EOS has no rule which defines the program structure. The EOS
code has functions of insertion and extraction of COMMON blocks and

evaluation of argebraic expressions in declaration statements.
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[T, TOROIDAL CONFINEMENT EXPERIMENT

1. Introduction

JFT-2 (a conventional circular tokamak) has been operated with
relevant development on diagnostics. The high power neutral beam injec-
tion system was installed to JFT-2 and tbecexperiments were commenced,
in addition to the RF heating experiments. JFT-2a/DIVA was shutdowmed
on September 1979.

Sﬁcceeding the promising first result of lower hybrid heating in
1978, the ion heating efficiency of 2+ 3 ev/kW at the plasma density
in the range of 10'3 em™? was demonstrated with detailed diagnostics.
Another important result of RF scheme is the demonstration of current
drive of 110 A/kW by 125 kW net input of lower hybrid wave, as is de-
scribed in section 2.3. This agrees well with a theoretical prediction
and suggests the capability of steady state operation with realistic RF
power in future tokamak reactors.

The high power neutral beam injection experiment om JFT-2 was
started April 1980 and characteristics of high beta tokamak plasma of
circular cross section were investigated. The result is described in
section 2.4, with recent experimental results of additional heating by
[CRF obtained in JFT-2a/DIVA.

The design of JFT-2M (a medium-sized noncircular tokamak) had been
advanced expecting its operation by the end of 1982, The main objectives
of the device is reactor-relevant optimization of tokamaks such as,
optimized RF heating, current drive by LHW, high beta plasma with profile
control, low-q discharge, helium exhaust with simple divertor, fueling

etc.

2. JfT-2
1)

2.1 Modified JFT-2 tokamak and plasma position control
The JFT-2 tokamak was converted to a circular shell-less tckamak
with a active control system of plasma position. Vacuum chamber consists
of 14 sectorial cylinders (9 mm thick) which are connected by bellows
(1.2 mm thick) and one turn resistance is 2.6 mfi. The cylinders have

40 large ports including two tangential ports for neutral beam injection
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and stainless steel O-ring seals are used to be bakable up to 350 °cC.
The ultimate pressure of 3x10~% Torr was obtained after the bakeout
with two turbomolecular pumps accompanied by a 18 °% cryo-trap. Surface
conditionings under operation are a low power discharge cleaning (10 KA,
~1 pulse/sec) and a in-situ titanium coating (two RF-sputter system and
one Ti-ball set). These equipments offer a clean plasma free from both
light impurities and metal impurities. A circular fixed limiter of SUS
with minor radius of 28 cm and a movable rail-type limiter of Mo are
installed customarily, but limiters made of other materials are also
usable. Basic parameters of the modified JFT-2 are listed in Tabkle
I.2-1.

A stable tokamak plasma requires a external vertical magnetic field
for equilibrium Begq (Beqﬂ)300 G/ 100 kA in our case) and a suitable
decay index n (0 < mn < 1.5). 1In tokamaks with an iron core 1ike JET-2,

a vertical field more than half of the Boq is supplied from the irom

core (200 G/100 kA). The iarge attraction force of it and its direct
proportionality to a discharge current are favorable to obtain a plasma
equilibrium, but the large decay index of it (n~2.0) is unfaverable
from the destabilizing effect. Then the decay index of vertical field
from primary windings was decreased to be negative so that total decay
index may satisfy the condition. The total vertical field from the iron
core and the primary windings was chosen to be a little less than the

Beq and the residual field was fed from a control vertical field By,
installed inside the toroidal coils. Precise control of plasma position
is conducted by the active control system composed of magnetic probes,

a digital computor for calculation of plasma position and control command,
a microprocessor as pulse phase shifter and a thyristor rectifier. The
sampling time is 1.67 ms, the total processing time is 2.3 ms and the
time constant of the By, circuit is nearly 5 ms. The obtainable By,
field is 0 - 480 G and its decay index 1s 1.0. On the other hand, a

time constant of the vacuum chamber for a vertical field is about 0.5 ms,
which resulted. in a fast plasma shift of about 1 cm/ms. The gap between
two time constants was covered by a passive circuit consisted of a induct-
ance (0.7 md) and a resistance (15 mQ). FEach value has nearly the double
of the By, coil and they are inserted parallel to the active circuit.

So the passive éiréuit wastes one third of active circuit current, but
the long time constant (w40 ms) of it plays a more important role to

obtain a plasma equilibrium. Owing to above mentioned arrangements,
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a stable plasma similar to one with a shell was obtained. Moreover
adjustment of the reference position and the feedback gain (PID control)
and the preprogramming enabled us to obtain a stable high density plasma
(Ee =6 x 101? em™3, qy = 2.5), which is sufficient as a target plasma
for MW neutral beam injection. Typical plasma parameters in JFT-2 are
listed in Table II,2-1.

2.2 Lower hybrid heatingz)

Previous results of lower hybrid heating3)4) have indicated that

a good coupling efficiency of 90 % is obtainable with a 4 waveguide
launcher and the efficient ion heating (ATi/Ti = 50 - 60 % or ~ 1 eV/kW)
on application of 135 kW RF power is possible and the high energy ion
tail observed on perpendicular CX spectra correlates with parametric
decay instabilitles at the boundary plasma region. In the recent experi-
ments, the RF power scurce has been increased from 200 kW to 320 kW

(4 % 80 kW klystron). As a coupling system we employed the array of 4
rectangular waveguide and its size was changed from 1.4 cm x 29 cm to
3.3 cm x 29 cm to obtain a favorable refractive index N, spectrum, The
N, spectrum calculated from the Brambilla theory peaks at N, = 5 with
the half width of AN, = 3 at the phase difference A¢ = 180°. This
spectrum must be effective for ion heating. Another improvement of the
fauncher is that the inner surface was coated by titanium to reduce the
breakdown at the front edge. Typical target plasma used for ilon heating
experiment is as follows; By = 16 kG, Ip = 110 kA, a = 25 cm, Eé =1 -

3 x 1013 em™3 and vy = 1.5 - 2.0 V. Main diagnostics are two CX neutral
analysers tangential and perpendicular to By and a VUV spectroscopy to
measure Doppler broadening of impurity lines (OVII, CV). They are shown
in Fig., 1I.,2-1 together with usual ones.

Good coupling efficiency of 70 — 90 % was obtained up to input RF
power of 320 kW with a optimized launcher, so net RF power more than 200
kW was launched into a plasma at A¢ = 180°, Duration time of RF pulse
used is 15 - 30 ms..

Tangential CX spectra with and without RF power are shown in Fig.
I.2-2. Thermal ion temperature tangential to By was in good agreement
with that perpendicular to By. Noticeable point of tangential CX spectra
is the existance of the high energy ion tail and this is in contrast to
other experimental observations in which the high energy ion tail has

5
not been distinguished )6). But the decay time of the high energy ions
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was 1 - 2 ms, which is longer than that of perpendicular spectra of
about 0.3 ms and is comparable to the slbwing time of energetic ions
near the plasma center. Therefore these energetic ioms existing near
the plasma center must be responsible for the bulk ion heating.

Time evolution of various ion temperatures at RF power of 200 kw
and Eé = 1.9 x 10'3 cm? is shown in Fig. @I.2-3. Tangential ion tem-—
perature at the plasma center increased from 400 eV to 700 eV, Doppler
ion temperatures from OVII and CV increased from 220 eV to 330 eV and
from 130 eV to 170 eV respectively. From these data radial profile of
ion temperature was determined, where the radial position of Doppler
temperature was deduced from the radial distribution of each line inten-
sity. It is noted that the central ion temperature during RF pulse is
nearly the same as the electron temperature by the laser scattering.

One-turn voltage was rather decreased within 10 %, this decrease
corresponds to the increase of electron temperature from 630 eV to 690
eV by the laser scattering. The increase of electron temperature seems
not due to the direct electron heating by RF power, but due to the
decrease of energy transfer from electrons to ions, because the deposited
power to electrons may be a little from the optimized N, spectrum for
ion heating. Electron density was not changed in almost cases with Ti-
gettering, still more in cases with intense Ti-gettering it decreased
by 10 - 20 % during RF pulse7). On the other hand, in cases without Ti-
gettering it increased by 20 - 30 Z. Light impurities (0,C) and metal
impurities (Fe, Ti, Mo) both iIncreased to some extent, but it is not
serious because of originally low impurity level.

Ton heating efficiency calculated at a steady state under assumption
of the neoclassicél transport reached to 50 - 60 % as shown in Table
TL.2-2. Dependence of ion temperature increment on normalized RF power
is shown in Fig. I[.2-4 together with the previous data. Improvement
of ion heating efficiency by more than 2 times of‘previous one is clearly
demonstrated. This result confirms the importance of the X, spectrum.
Flectron density dependence of ion heating efficiency was also investi-
gated and showed that at a density less than ;é = 1.0 x 10!3 cm? the
efficiency decreased abruptly and this critical density agrees well with
the requirement to the turning point to exist in a plasma. Above the
critical density the éfficiency keeps almost constant and decreases only
a little even at'Eé = 3 x 1013 c¢m™3, where the turning point exists in

the outer région of plasma. These features of ion heating efficiency
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can not be explained only by the linear theory of LH heating and some
non-linear processes take an important role in the bulk ion heating.
This wide density window of ion heating efficiency is very favorable for
ILH heating itself.

Perpendicular CX spectra have shown the existence of high energy
ion tail with the fast decay time (0.3 ms in our case) and their counts
correlated with the intensity of lower side band of electro-static wave
spectra. Therefore parametric decay instabilities excited at the outer
region of plasma are responsible for the production of the high energy
ion tail and it seems to be a major loss channel of RF power. Fast loss
channels through parametric decay instabilities are a resistive loss of
the accumulated decay waves, a ripple loss or an orbit loss of energetic

jons accelerated by the decay waves, and the conduction and convection

loss of the power deposited near the surface. We do not have any detector

to measure these losses separately, but a bolometric detector to measure
total wall loss power showed sudden increase of loss power of 30 - 70 kW
on application of 200 kW RF power, Further investigations are necessary
to reveal fast loss of RF power.

In present experiments, it was observed that the electron tempera—
ture of peripheral plasma has a large effect on the bulk ion heating.

At a comparatively high electron temperature, the efficient ion heating
was observed. So this result suggests that more efficient ion heating
may be possible by increasing the peripheral electron temperature which
affects the parametric decay instabilities. From this point of view,
hybrid heating experiment with neutral beam injection of about 300 kW
was carried out. Preliminary data showed decrease of the side band
intensity with increase of peripheral electron temperature coming from
the neutral beam heating. This result is also favorable to LH heating
in future large tokamaks.

2.3 Observation of the RF-driven current by the iower hybrid waves)

The experimental setup and the discharges were reported in detail
in ref. 4, hence will be described briefly here. In the present experi-
ment, the following discharge was used as a magnetohydrodynamically
stable operation; toroidal magnetic field By = 14 kG, plasma current
IP = 30 kA, mean—line;of—sight elec?ron density n = 3 x 1012 em™3,
central electron temperature T,n = 250 eV and effective ionic charge

Zegf of 2 to 5. The working gas was deuterium.
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Data from a typical plasma experiment for applied rf power of P,g =
100 kW and A¢ = 90° are shown in Fig. II.2-5. Tﬁe dotted curves of Fig.
IL.2-5 correspond to no rf conditions. The rf pulse is found to produce
a marked decreases in the loop wvoltage Vq and the hard X-ray emission
Hy,
effect on the electron density and the plasma current. The cyclotron

a dramatic enhancement of the electron cyclotron emission I. and no

emission was detected by a heterodyne radipmeter having the local oscil-
lator with frequency corresponding to the second harmonic cyclotron
frequency at the major radius of R =~ 101 cm. The hard X-ray emission,
which radiates from the limiter hombarded by accelerated electrons, was
measured by a Nal scintillator. The detectable energy range was 10-100
keV. The loop voltage falls to nearly its time-asymptotic level in
about 0.6 msec after the rf pulse is turned on. The cyclotron radiation
increases linearly in time until sudden increase is seen in intensity,
which is accompanied by a rise of the loop voltage, and then the cyclo-
tron radiation saturates soon after this sudden increase. Note that the
emissivity of the electron cyclotron radiation is proportional to a
mean-perpendicular energy, which increases linearly in the time in a
plasma with anisotropic distribution function of electrons because of
pitch angle scattering., The abrupt increases in the loop voltage and
cyclotron emission seem to result from an anomalous diffusion in perpen-—
dicular velocity space which is driven by unstable plasma waves. The
signal decay time of the cyclotron emission is about 20 msec which is
very long compared to the electron energy confinement time. Figure IL.2-6
shows the relative changes in the loop voltage AVl/Vlo, the cyclotron
emission AIC/ICO and the hard X-ray emission AHX/HXO versus the phase
difference. The subscript O denotes the value for the discharge with
no rf pulse and A the difference with the rf pulse. The experimental
peints were obtained from data just before the termination of the rf
pulse, having a width of t; = 10 msec, during whicﬁ the sudden increase
in the cyclotron emission was not observed. In this case the decreased
loop voltage relaxed in about 0.2 msec to its level for the discharge
without the rf pulse,

The effective linear Landau damping to heat the bulk electroms with
T, = 250 eV would require vpz/ve <3 or n, Z 15, which is far above the
expected one where‘vpz is the parallel phase velocity of the waves and
ve is the thermal velocity of electrons. Therefore, the decrease of the

loop voltage seems to result from the generation of the rf-driven current
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carried by the suprathermal electrons rather than from the bulk electron
heating. This is because the decay time of the total plasma current,
L/R = 100 msec (where L and R are plasma inductance and resistance,
respectively), is so long compared with the duration of the rf pulse
that the total current does not change during the rf pulse, although the
inductive electric field is effectively shut off. The rf interaction
with the suprathermal electrons is also supported by the time evolution
of the cyclotron emission. As a result, the rf-driven current I,.f can
be estimated as Iyf = Ip AVI/Vlo. It is also expected theoretically,
from the viewpoint of the calculated power spectrum, that the waves
excited at A¢ = 90° should couple more effectively with the electrons
producing the rf-driven current than the waves at A¢ = -90°, This agrees
well with the experimental results shown in Fig. II.2-6. This agreement
strongly suggests that the waves having a power spectrum nearly equal to
the calculated one are excited in the plasma. The relative changes of
the loop voltage, the cyclotron emission and the hard X-ray emission as
a function of the applied rf power for A¢ = 90° are shown in Fig. I.2-7
All relative changes are found to saturate at the applied rf power of
120 kW. When the applied rf power is 125 kW a rf-driven current of 15
kA is obtained.

2.4 High power density heating experiment

In order to study a high-8 tokamak and develope high power heating
technology, NBI of 2.5 MW and ICRF of 1 MW experiments in JET-2 are
being prepared.

The NBI system was developed and prepared by Plasma Heating Engi-
neering Laboratory and Facility Operation and Engineering Section from

April 1979 to March 1980 and was installed to JFT-2. Major parameters

of the system are as follows:
Power supply : 40 kv, 2.5 MW x 2, 200 ms

Ton source : 30 kv, 25 A x 4 1980
' 40 kv, 30 A x 4 1981

NBI power inte Terus : 1 ~ 1.5 MW 1980
2~ 2,5 MW 1982

A few days experiment with 1 MW was successfully done in March and
the major results are as follows: Max. Ti = 1.1 keV, Max. Volume average

B =2 Z.
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The ICRF system has been designed and will be completed at the

beginning of 1981. The major parameters.are as follows:
Generator : 1 MW, 20 MHz, 50 ms

Antenna : all metal, outside & inside

2.5 Summary
Recent results obtained in the modified JFT-2 are summarized as
follows;

(1) Plasma position control in a shell-less tokamak was successfully
achieved by adjustment of primary windings and by addition of the
passive circuit to the active control system,

(2) A stable high density plasma of;e =6 x 1013 cm™3 was obtained at
Bg = 10 kG, q4 = 2.5. This plasma is sufficient as a target plasma
for MW neutral beam injection.

{(3) Efficient ion heating of 2 - 3 ev/kW-10'3 cm™3 was obtained with
the optimized launcher on application of 200 kW RF power.

(4) Tangential CX spectra showed the existence of high energy ions with
the decay time of 1 - 2 ms at the plasma center, which must be
responsible for the bulk ion heating.

(5) It was found that the electron temperature of peripheral plasma

' plays an important role for the bulk ion heating. Preliminary results
of hybrid heating experiments with neutral beam injection showed a
possibility of suppression of parametric decay instabilities at the
outer region of plasma.

(6) It was observed that the waves launched from a phased array antenna
of four waveguides couple effectively with electrons under the
condition of wd/wlh(o) z 2.0.

(7) The coupling generates a rf driven current, rather than heating of
the bulk electrons, and the current/rf-power ratio of 110 A/kW was
obtained with a rf power of 125 kW radiated into a plasma which

included appreciable suprathermal electrons.
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Table II.2-1 Parameters of the modified JFT-2 and RF
(lower hybrid wave) system.

Modified JFT-2 Machine Parameters

Major Radius R = 90 em
Minor Radius ‘ap, £ 28 cm
Minor Wall Radius a,;, = 31 cm
Toroidal Magnetic Field By 2 16 kG
Time Constant of Control Field | -5 ms
Bakable Temperature 350 °C

Typical Plasma Pgarameters
Plasma Current Ip £ 170 kA
Loop Voltage Vi =1.5-2.5V
Central Electron Temperature Teg= 0.5 = 1.0 keV
Central lon Temperature Tio= ¢.25 - 0.5 keV
Mean Electron Density Eé =1-6x10!% cn™?
Effective Z Zegg = 1.0 - 5.0

RF Heating System
RF Frequency fo = 650 & 750 MHz
RF Power Pry = 320 kW
Coupling System Phased Array of Four

Waveguides

Size of Each Waveguide 3.3 cm x 29 cm
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Table IL,2-2 Energy balance with and without the RF power. Pp is
the deposited RF power. Heating efficiency n = PD/PRF'

Without RF With RF
Ppp = 200 kW

ng (m™?%) 1.9 x 1012 1.9 x 10%°
Ly (V) 2.1 . 1.9
I, (ka) 110 110
Pg (kW) 231 209
Teg(eV) 630 690
T4 (eV) 400 700
We () 985 1010
Wi (J) 540 870
Qe— i (KW) 53 6
T%%)(ms) 5.5 3.0
st (ms) 10.2 7.5
T (ms) 6.6 5.9
Pp (kW) - 110
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Previous results are also shown and improvement of ion

heating efficiency by more than 2 times is clear.
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3. JFT-2a

3.1 ICRF Heating Experiment

In the early experiment [1], we obtained the ion heating efficiency,
N4 (E?if/PNet) < 40 % even for the optimum majority heating conditions,
where P%f and Pyep are respectively the RF power absorbed by ions in the
plasma core and one excluding the circuit loss. In that case, a Faraday
shield was not used. Later, a full Faraday shield was installed to
cancel the potential gap between the antenna and the wall {(the photograph
of the Faraday shield is shown in Ref.[3].) As a result, the heating
efficiency has increased by a factor of 2.3. The central temperature
of bulk jons increased from 160 eV to 430 eV in application of Pyet =
115 kW with the heating efficiency of 80 Z%.

3,1.1 Majority and minority heatings

Figure II.3.1-1 compares charge-exchange neutral spectra for the cases
of (a) ep s 5 % and (b) gp = 510 7. The other parameters and the RF
net powers were almost same in these cases, i,e. the average electron
density Eé = 3.5 x 1013 cm_3, the base ion temperature Tijo = 160 eV,
the base electron temperature Tgo ~ 330 eV, the plasma current i, = 33
kA and Bp = 18 kG. The Faraday shield was not used in this experiment.
These spectra were measured by the analyser which was not capable of
mass—discrimination. So they contain both contributions from deuterium
and hydrogen.

Tt is shown that a remarkable high-energy tail was built up for
ep 5 > . It is quite natural that we assume the origin of the high-
energy tail as the minority protoms. On the other hand, for g5 = 5~ 10%,
a high-energy tail became very small, but the slope of the bulk component
in the range of 0,5- 1.5 keV was rather larger than that of the case of
ep £ 5 % The results indicates that majority heating is dominant for
£p
electron temperature were within 10 % in both cases.

5~10 %, while minority heating for e5 % 5 %. Increases of the

The critical wvalues of €p for the mode conversion and for the

maximum proton damping are given in Ref.[5].

s (= + 8,) for the mode conversion (1)
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1
2

ep = [BgSo(4+52) (3 + 52) /4 (2)

for the maximum proton damping

where § = kc/mpD, with wpD the plasma frequency in deuterium, and kg

and k are wave numbers along the toroidal and total magnetic fileld,
respectively. These critical values are calculated.to be 4~ 7 % for

the mode conversion and ~2 % for the maximum proton damping, using the
measured value of ky ~ 0.15 cm™} [2]. These provide theoretical evidence
for our experimental results. It has been confirmed that the majority
heating occurs when the condition of the mode converéion is fulfilled.

It was shown that the majority heating was sensitive to g, and By
in Ref.[l]. These parameter dependence was well explained by the mode
conversion theory [2].

The excited fast wave is converted to the ion Bernstein wave near
the two-ion hybrid resonance layer. The ion Bernstein wave is strongly
damped by the plasma particles via ion cyclotron resonance and electron
Landau damping. Therefore, we can estimate the power absorbed by the
plasma as that transferred from the fast wave to the ion Bernstein wave,
using the Budden tunneling parameter n [6].

When the proton-to-electron density ratio ng/ng is much smaller

than unity, n is given as follows,

R E WD
g m X BB (3)
c8+6SZ

=
e

where R and c are respectively a major radius and speed of light.
Figure II.3.1-2(a) shows the power flow schematically for the fast wave
incident from the lower field side. Some of the wave power is absorbed
and the rest of the power is tunneled through or reflected near the two-
ion hybrid resonance layer, and goes to the plasmé periphery where the
power is again reflected back to the plasma center with the effective
power reflection coefficient .

Figure T.3.1-2(b) is an example of the comparison between experiment
and theory. The increases of the bulk ifon temperature AT; divided by
the RF net power are plotted as a function of the proton-to-electron
density ratio. The solid lines are the total absorption coefficient

calculated on the basis of the above medel with the parameter £.
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These curves are normalized at their maxima. Experimental results and
calculated ones are in agreement with each other when & = 0.80.95,
which is consistent with the one derived from the measured wave power
evolutions in the toroidal direction [2]. The BT—dependence of the
heating and the wave amplitude is also well explained by the above model.
We can conclude that the optimum heating conditions for the lower
fieid excitation are to select 1 to be ~0.5, for which the total power
absorption coefficient takes the maximum value, and to adjust Br s0 as
to locate the two-ion hybrid resonance layer near the plasma center.
In our case, ep = 5v10 % and By = 17.5~ 18 kG corresponding to the

optimum heating conditions.

3.1.2 Increase of the heating efficiency

The equivalent antenna loading impedance Rg is divided into three
components,

Rg = Ry + Rp + Re

Ry, Ry and R, are impedances related to a core heating, a surface heat-
ing and a circuit loss, respectively. The surface heating is due to
the acceleration of plasma particles by the potential gap between the
antenna and the wall as well as due to the direct wave heating if the
wave has a large damping decrement in the surface. We can write the
heating efficiency ny as Rj/(R} +Ry). Therefore, reduction of Ry is
necessary to improve the heating efficiency. The Faraday shield played
an important role for this purpose. The loading impedance was reduced
from 67 2 to 2+ 3 @ by using the Faraday shield.

Figure I.3.1-3(a) and (b) show increase of the central ion tempera-
ture AT{ and that of the boundary electron temperature ATgh, Versus Pyet
for the cases with and without the Faraday shield.

The proportional coefficients are written as

_ R]
AT{ = RyI& = R TRy Phet

(4)
R2
ATeb o« Rzlg = "_"—"_—‘RS ” Rc PNet

where I, is the antenna current.
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From the ratio of the proportional coefficients between the cases

with and without the Faraday shield, one can evaluate the heating effi-

ciency.
o u(l - v)
L u- v
(5)
' 1l-v
| ST

where u and v are respectively the ratio of the proporticnal coeffi-
cients'of ATy and ATgp, and the prime denotes the quantity without the
Faraday shield.

We obtain nj = 61+ 85 % and ni = 2733 % for By = 17.5~418 kG and
Ep = 5~ 10 %. Thus, the Faraday shield increased the heating efficiency
by a factor of 2.3. In spite of the limited data with large error bars
for the case without the Faraday shield, the result ni = 27~ 33 % 1is
reasonable in comparison with the one derived from the decay of the ion
temperature [1]. Tt will be shown that ny agrees well with that evalu-

ated with a 1-D tokamak simulation code in the next sectiom.

3.1.3 Power balance in the optimum heating conditions

Figure IL.3.1-4 shows the charge-exchange neutral spectra for the

optimum conditions, i.e. gy N9 %, Bp = 17.5 kG and with the Faraday
shield. Although this is the majority heating case as is shown in Fig.
IT.3,.1-1(b), a significant high-energy tail appeared since the effective
RF power increased by a factor of three from that in Fig., I.3.1-1.
The spectrum is well separated into the deuteron and proton compomnents
as is shown in the figure, using a one-component Maxwell distribution
for deuterium and the steady-state solution of the Fokker-Planck equa-
tion derived by Stix [4], for hydrogen. We obtain Tp v 430 eV and the
average proton temperature <Tg> ~ 740 eV from the spectrum,

Heating power densities to each species are determined from point-
model power balance equations including the collisional power transfer
between each species and the neoclassical thermal conduction in the
plateau regime. The thermal conduction is an order of magnitude larger
than the other loss channels such as the ion-electron power transfer
and the charge-exchange loss in the present conditions. The results

are pgf v 7.3, pgf v 3.5, pge v 0.4, pPgp v 1.1 W/cm3 where PHe and pyp
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are power densities transferred from protons to electrons and deuterons,
respectively. The ratio pgf/(pgf + p%f) is about 0.7. The increase of
the electron temperature was within 20 %, which is fully explained by =
the ion-electron power transfer.

Figure m.3.1-5(a) and (b) shows the radial profiles and time evolu-
tions of the ion temperature, respectively. The solid lines are results
of the computer simulation. The ion heat conduction coefficient is taken
to be neoclassical in the plateau regime with an anomaly factor of three.
The electron héat conduction and the particle diffusion are assumed to
follow the Alcator scaling. We further assume a rectangular power
deposition profile with a radius of 3 cm for the majority deuterons.
Presense of the proton component is ignored for simplicity. The con-
tribution of protoms to the deuteron power balance {(about 10 %) is in-
cluded in the RF heating power to deuterons. The radius of 3 cm is
easily deduced from the consideration of the RF power density required
to be balanced with the thermal conduction loss. The heating efficiency
is taken to be 83 Z.

The simulation results agree well with the experiment. The combina-
tion of the above assumptions is unique choice to match the simulation
with the experiment.

In summary, in the optimum conditions, the majority deuterons are
heated mainly by the RF power (90 Z) and partly by the minority protons
(v 10 %) with the heating efficiency of 80 %. The RF power is concen-—
trated in the central regions {(r~~ 3 cm}). The transport of the RF-heated
ions is well explained by the neoclassical theory with the anomaly factor
of three even when the input power density is 10 times larger than that

in the Ohmic heating.
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Fig. M.3.1-2(a) Model of the wave power flow. 3, = e~ MN(1-e"%"),
a, = e N and a, = (1- e"2M? are coefficients of
absorption, tunneling and reflection, respectively, for
the wave incident from the lower field side.
by = 1-e"20 and by = a, are respectively those of
absorption and tunneling for the wave from the higher
field side. £ is the effective power reflection
coefficient at the plasma periphery.

(b} Increase of the bulk ion temperature divided by the
RF net power, ATj/Pyer, versus the proton-to—-electron
density ratio, ny/n,. The solid lines are total power
absorption coefficients Py 1 = (a°+a1b0£)/(l—azi-albliz)
derived from the abcove model. These are normalized at
their maxima,
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Fig. I.3.1-3 (a) Bulk ion temperature increase, ATj, versus RF net
power, Pyars for the cases with and without the Faraday

shield.

{(b) Boundary electron temperature increase, AT .+ versus
PNets for the cases with and without the Faraday shield.
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Fig. W.3.1-4 Charge-exchange neutral spectra for the majority heating
averaged over the latter 2 ms of the RF pulse shown in
Fig.5(b). The deuteron temperature was determined in
the energy range of up to 1.5 keV where the centributien
from the proton component wWas negligibly small. The
theoretical curve for hydrogens are for Tg = 330 eV,
Ng = 7% 10'? em™?, Zoff = 1 and the local heating power

density <P> = 1.3 W/em?.
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Fig. T.3.1-5 (a) Radial profiles of the ion temperature obtained by
combining data of the charge-exchange neutral, the
impurity Doppler broadening and the multigrid enerzy
analyser (Faraday cup) at 11~12 ms; O with RF, @ without
RF.

The solid lines are the results of the numerical
simulation.

(b) Time evolutions of the perpendicular icn temperature
measured by the charge-exchange analyser; (O with RF,

® without RF,

The solid line is the result of the numerical simulatien.
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3.2 Carbon limiter and wall experiment
The following three kinds of carbons were tested as the limiter
surface in DIVA.
1) Pyrolytic graphite (P.G.) (dideal carbon surface),
2) Preccated carbon filmS) (pulverized carbon surface),

3) Carbon film produced in-situ by methane discharges.

Next, the carbon surface produced by the rf sputtering method and
P.G. were applied to the DIVA tokamak as a first wall and poldéidal rail
limiters respectively. Confinement characteristics and impurity con-

centration are studied there.

3.2.1 Sputtering characteristics of carbon surfaces

Figure I.3.2-1(a), (b), (c) are SEM pictures of three kinds of
carbon. Precoated carbon has the form similar to powder. The carbon
produced by methane discharges has smooth surface similar to the P.G.
surface. In the methane discharges, the carbon ions which flow onto
the surface have energy of about 100 eV because they are accelerated by
the sheath potential. This mechanism is same as ion plating. Thickness
of a few 2 on the limiter surface is obtained by one discharge. The
discharge current is 20 kA, the duration is 30 ms and the filling methane
pressure is 1 x 10~% Torr.

To study the sputtering characteristics of three types of carbon
surfaces, a retractable target mounting which can be biased up to ~1200
V and heated up to 750 °C is prepared. Each carbon surfaces are degassed
and exposed as a limiter in the scrape-off plasma, whose electron tem-—

perature, T and electron density, n.y, are Ta = 50 eV and npg = 3 %

es?
1042 Cm_a, respectively.

The target limiter is negatively biased in the room temperature.
The limiter current and the intensity of CII line radiation near the
limiter are observed. The emitted carbon is ionized within 100 psec.
Therefore the intensity of CII line is proportional to the efflux from
the limiter surface. Figure 11.3.2-2 shows the results. Arcing is fre-
quently observed on the pulverized carbon surface even in a stable phase,
e.g. the probability of arcing is 17 % with -400 V of applied voltage.
This situation simulates the surface which contacts to the plasma with
To ~ 200 eV. Arcing is observed only in a disruptive phase of discharge
on the P.G. surface and the carbon film produced by methane discharges.
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This result is very similar to those of metal surfaces(l). Relation
between ALy and V is also investigated and ion sputteriﬁg is shown to
be the dominant process of the carbon efflux from the normal surface,

The next problem is a chemical sputtering at a high temperature
regime. The target limiter is heated up to 750 °C and the above method
is employed to measure the relative sputtering yield. Figure I.3.2-3
shows that sputtering yield is enhanced at a high temperature, probably
due to the chemical sputtering. However, the temperature dependance
disappears after the first heat cycle. Therefore, the chemical reaction
is eagily suppressed. A similar result was also obtained by T. Abe

(3).

et al.

3.2.2 Properties of obtained C-wall

The titanium coated shell surface of DIVA is coated with carbon by
rf sputtering method. Coated area is about 70 % of the shell surface.
The obtained surface differs from precoated carbon surface used above
as a pulverlized limiter but is rather similar to the P,G. surface with
the observation of SEM pictures. The AES spectrum of the carbon surface
"is compared with the titanium surface as shown in Fig. T,.3.2-4., The
surface of carbon is very pure, i.e., contaminated oxygen level is less
than 0.2 %Z. Implanted argen used as working gas of rf sputtering and
the oxygen contamination by air leakage can be easilly eliminated from
the surface to the negligible level by several tens of discharge clean-
ing shots as shown in Fig. I.3.2-5. The surface is still clean after
500 discharges or more. This life time is ten times longer than that
of the Ti-wall surface. Residual gas analysis shows that the methane
formation arises in the first several discharges and the partial pressure

decreases within a hundred discharges.

3.2.3 Low-q discharges in C-wall

Low-q plasmas are studied with the P.G. limiters and the carbon
wall. Fxchanging the first wall from titanium to carbon, the effective
ionic charge, Zggs, rises from 1.2 to about 2.0. It is estimated that
an carbon density is equal to about 2.4 % of the electron density and
is reasonable with the content estimated from the sputtering yvield. A
typical profile of radiation and charge exchange power loss (Pr + Pyl
T. and ng of the case of C-wall is shown in Fig. IoI.3.2-6, This profile

is similar to that of the case of Tj-wall except the boundary temperature
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and Py +.ch' The radiation loss is dominated by oxygen impurities in
the case of T{-wall but is dominated by carbon impurities with the carbon
wall. The total line radiation of carbon impurities is concentrated in
outer layer than that of oxygen. In addition to these facts, the line
radiation of the partially stripped metal impurity ions decreases three
to four times when metal surface is ccated. In the case of C-wall, the
boundary temperature is rather low due to peripheral peaked radiative
cooling. These situations are analogous to self boundary cooling.
Therefore, we can obtain fat plasmas such as scaled by previous

(2)

experiments with T;-wall Consequently, good confinement character-
istics such as the factor-improved Alcator scaling are obtained as shown

in Fig. II.3.2-7,
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Fig. I.3.2-1 Scanning electron microscopic (SEM) picture of (a) pylolytic graphite
surface, (b) precoated carbon surface (pulverized surface), and (c)
carbon surface produced by methane discharges.
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3.3 Role of runaway electrons in the formation of arcing on the
electrically isolated target in tokamak
In this section, we discuss the role of runaway electrons in the
formation of arcing. Figure II.3.3-1 shows the cross-sectional view of
DIVA and experimental set-up. Divertor region is distinguished as the
electron side and the ion side of the divertor with respect to the
1)

median plane Runaway electrons appear in the main plasma are well

guided to the electron side along the diverted magnetic field lines,
and disappear after colliding with the divertor platez). We use two

kind of test aluminum targets located normal to the toroidal magnetic
field., The target {(a} of 16 cm? 4in area is in the ion-side and the
target (b) of 40 cm? in area covers the both side (i.e. the ion sode

and the electron side), across the median plane. The target (b) well
simulates the poloidal limiter in the normal tokamak., Plasma parameters
of the scrape-off layer are as follows; Ty = 50-60 eV, Ty = 60-80 eV
and ne = 2 X 1012 ¢m™?, Figure I.3,3-2 shows the distribution of arc
tracks and melted area on the target (b), which was exposed to the plasma
in only one shot of a normal discharge. Each of those is made on the
surface faced to the main plasma. The arc track is found along the
separatrix magnetic surface in the ion side and the melted area is found
in the electron side on the same target. Figure TI.3.3-3-a and 3-b show
the scanning electron micrograph pictures of target (b) shown in Fig.
T.3.3-2. While, we can seldom find the arc tracks on the electrically
isolated target (a) in one shot of normal discharge. ZEven if there
appear arc tracks on the target {a), they are shallower compared to those
on the target (b).

In the following we discuss the reason why the arc track is found
in the ion side and the melted arez is found in the electron side on
the target (b}.

Figure I.3.3-4 shows the profiles at R = 40 cm of floating potential
¢f and space potential Y4 measured with the Langmuir probe in the queit
phase. We find that the most negative peak of V¢ always appears along
the separatrix magnetic surface in the electron side3 and the most
positive peak of yg always appears along the ceparatrix magnetic surface
in the ion side. If the target (b) covers the both side across the
median plane, the target (b) has a common floating potential y¢ and the
effective sheath potential ¥4 - Yy along the separatrix magnetic surface

is slightly increased in the ion side and slightly decreased in the



JAERI-M 9421

electron side, Thus, the ion sputtering is enhanced in the ion side

and the ion sputtering 1s mitigated in the electron side. The large
amount of runaway electromns produce the same effect as the large negative
biased potential used in the previcus experimenta). That is, the runaway
electrons offer the sufficient sheath potential to the target {b) along
the separatrix in the ion side to produce an arc spet and supply the
circulating current to sustain an arc. The melted area is produced by
the heat flux due to runaway electrons. These model well explain the
arcing phenomena observed in the normal tokamak. That is, in the normal
tokamak, arcing is observed in the current rising phase and in the dis-

5’6). In the current rising phase, the production rate of

ruptive phase
runaway is large because of large loop voltage and low plasma densities.
In the disruptive phase, large amount of runaways are extracted from

the main plasma because of poor confinements due to m.h.d. instabilities.
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Fig. 1I.3.3-3 (a) Melted area; melted area is produced by the heat flux
due to runaway electrons.

(b) Arc tracks; the tracks run orthogonal to the magnetic
field in a direction opposite to the expected J x Brp
force, where J is the arc current and By is thas
magnetic field.

Ion-5%ide Electron—-Side
(7<0) (Z >0)

+ +50

Fig. IL.3.3-4 Typical profiles of floating potential g and space potential
Ug at R = 40 cm in the divertor region.
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4, JFT-2M

The JFT-2M is now scheduled to be operational at JAERT in later
1982. It has a plasma major radius 1.3 m, and minor radius 0.35 x 0.5 m
with D shaped cross section; a maximum plasma current of 0.5 MA; a
toroical field at major radius of up to 15 kG and capable of 45 kG with
the upgraded power supply system.

The main purpose of JFT-2M is research on the improved high perform-
ance tokamak reactor. The following issues are included.

1) Improvement of the additional heating system

Ion cyclotron range of frequency heating is very attractive to heat
a reactor level plasma because of its clear understanding of physical
mechanisms and the high heating efficlency demonstrated. In order that
ICRF heating be employed as & main additional heating, it is necessary
to get a high ion temperature up to several keV. For this purpose, the
following research and development are necessary, i.e., I) quantitative
understanding of heating mechanisms and optimization of heating condition
in a reactor like plasma; II) optimization of launching structure to get
a high coupling efficiency and high power feeding.

2) High beta, non circular plasma

The JFT-2 has demonstrated stable plasma with beta about 3 %. This
values is higher than the critical values predicted from the balooning
analysis. Therefore, it is very interesting to know the eritical wvalue
of beta by optimizing the heating condition and plasma cross section.

3) Steady state current drive

Preliminary results in JFT-2 show that a plasma current is driven
by the excitation of lower hybrid wave. This result should be extended
in more powerful MW level experiments with optimized high power system.
4} Impurity control and ash exhaust

Diverter experiments in JFT-2a/DIVA indicate the reduction of
impulities levels and the possibility of Helium pumping out. Divertor
should be tested in a reactor like plasma with the more simple configu-
ration.

5) Control of plasma with simple, high reliability technique

Very low q (qa < 2) discharge is attractive with respect to the
control of the plasma disruption and to obtain the high beta plasma as
demonstrated in JFT-2a/DIVA. The accessibility to the low ¢ discharge
should be established in the larger machine in order to suppress the

plasma disruption and to obtain the high beta plasma. The hybrid control
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of poroidal coil system is also necessary technique in the future reactor.
The research objectives mentioned above have been preliminary
demonstrated in JAERI tokamak experiments, and should be developed under
reactor level conditions of heating power density, The JFT-2ZM also
provide flexible, easily modified facility for studies relevant to the

improved advance concepts of the tokamak reactors in mid 1980s.
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II1. OPERATION AND MAINTENANCE

1. Introduction

Facility Operation and Engineering section has been engaged in
Operation and maintenance of J¥T-2 and JFT-2a (DIVA) Tokamaks and a
flywheel motor-generator, and development of auxiliary equipments aﬁd
instruments,

Modification of JFT-2 started in December 1978 and finished in July
1979.

Operation of JFT-2a was terminated on September 27, 1979 after 5
years Operation. A high power neutral beam injection system was

installed on JFT-2 in April 1980.

2. Operation and Maintenance

The JFT-2 and JFT-2a Tokamaks and flywheel motor—generator (M-G)
were operated on schedule as shown in table mr-1.

Modification of JFT-2 was completed at the end of July, 1979.
Table II-2 shows specifications of the modificated JFI-2 Tokamak. A
cross-sectional view of the device is shown in Figs. M-1,2.

Operation of JFT-2a was brought to the end in September 27, 1979.
Cumulative shot number of JFT-2a amounted to 131, 122 without no major
troubles.

The MW-class neutral beam injector system was installed on JFT-2

in April 1980. Table II-3 shows the specifications of the system.

3. Development of Equipment and Instrument

During the period under the review the following developmental
works have been performed.

A diagnostic instrument for malfunction of tokamak devices was
completed, and installed on JFT-2.

The control system for plasma positioning in JFT-2 was completed.
The power supply of the system is controlled by the direct digital
control using a digital process computer and a micro-processor-controlled

regulator for the 0.8 MW thyristor of double 3-phase bridge conection.
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The new vacuum pumping system of JFT-2 consists of two systems,
turbomolecular pumps with Liq-N, traps and with 20°K cryo-traps. The
total pumping speed at the port of the vacuum pumping has been upgraded
to 1,800 1/s (N,). Metal seals are employed for the vacuum seal. These
improvements have resulted in that the final base pressure decreases down
to 6x107? Torr without installing diagnostics devices into the vacuum
chamber.

In the modified JFT-2, RF sputter technique has been successfully
applied to generate fresh titanium surfaces. The chamber wall was kept
clean through a whole day with five minutes operation of the RF sputter

instrument.
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Table II-1

Operation of JFT-2 ,JFT-2a and motor-generator (M-G)

( h) 1979 {e80
mont 3456 7.891011121,23 45
JFT - 2 Under Operation and Maintenance
Modification
JFT - 2a Operation and (Shut down )
Maintenance ‘
M -G Operation and Maintenance

Detail of the operation (JFT-2,JFT-2aand M-G)

.. {1979
( fisical year ) | 1978 F———r— | [ ———T_— "]
hpr-gunpuL-SEP [0CT-DECUAN-MAR Total
Number of dissharges | 15,179 1,644 |3,359 (2,106 17,109
Total days of operation
{days ) 106 28 30‘ 27 85
1) Baking (times) 8 2 1 3 6
JFT-2 85 | 25 7 117
Dischscn'ge cleaning |07 Shots ( hours)| (hours)| {hours) | (hours }
( Shots or hours) Tayler- type discharge cleaning
Vent of vacuum chamber
(Times) 24 2 2 4 8
Number of discharges | 23,627 (7,0499,134 16,184
Total doys of operation TR a4 43' 87
{days)
2) - Boking (_fimes) .
JFT_2G(NOTe:ﬂ'mes ina parentheisis) o4 +(38) 12 +(15)11+(12) 23+(27)
are on the vacuum
pumping system }
Titanium gettering
{ hours ) 20 S 25
vent of vacuum chamber
( times) 31 |2 8 20 |
3) M-G (#1) (hours)} 969 330 | 440 |1 307 | 194 |27 1
M-G
M-G (£2) (hours)| 967 | 330 | 439 | 307|195 |27
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Table TII-2

Specification of the modificated JFT-2

Vacuum Vessel
Major radius
Minor radius
Material
Electric resistance
Baking temperature
He leak rate
Number of ports
Limiter
Fixed limiter
Movable limiters
Vacuum pumping
Pumping speed
Final base pressure

Surface coating system

RF spatter system {Ti)

Ti ball

Toroidal field coil
Number of coil
Maximum field
Primary winding coil
Number of turns
Maximum current
DC vertical field
Number of turns

Maximum current

Control and pulse vertical field coil

Number of turns

Maximum current
Horizomtal field coil

Number of turus

Maximum current

Toroidal field power supply (M-G)

Maximum current

'900mm

320mm

sUSs 304, SUS 304L
72.63m 0 (for 20°)

350°C

<5x10-10 Torr 1l/s
14

550%mm, SUS 304
Mo

1,800 1/s (d,), 2,150 /s (H,)
~6x10—9 Torr

two sets

one get

[gettered between individual discharge shots!}

14
Llexc

52/116/180
SKG (0.2s5/2.5min)

36turnsx?x2
5204 (0.2s/2.5min)

4turnsxd

2,5004 (0.2s/2.5uin)

100turnsx2
150A (5s/2.5min)

12.1KA (2.58/2.5min}

Primary winding power supply (coudenser bauks)

Stored energy

533087

DC Vertical field power supply {Thyrister rectifiers)

Cutput

196KW (377V, 5204)

Pulse vertical field power supply (condenser banks)

Stored energy

— 58 —_—

140KJ
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Table III-2 {continued}

14. Coutrol vertical Field power supply (Thyrister rectifiers controlled by a digital

computer HIDIC-80 system)

Qutput 3.6MW (480V, 75004)
15. Horizountal field power supply (Thyrister rectifiers)
Output . 50EW (413v, 1204)
16. System of position coatrol of plasma
Me thod direct digital control
Respounse time 3.6ms, 7500A/Sms (375G/5ms)

Computer system HIDIC-80 {4BKW), HIDIC-08E (16KW}

Table III-3

Specifications of the NBI systems for JFT-2

1. Acceleration power supply
Output DC 40KV, 65A, 300ms

Duty 1/30, two sets

2. Decelaration power supply
Qutput DC 5KV, 10A, 300ms

Duty 1/30, two sets

3. Arc power supply
Output DC 100V, 8004, 300ms

Duty 1/30, four sets

4, Filament power supply
Qutput e 10v, 1200A, 5s

Duty 1/10, four sets

5. Ion source

Qutput 40KV, 30A, four sets
6. Vacuum pumping system (IMP, two systems)

Pumping speed 3,700 1/s

Expansion chamber ZOm3
7. Cooling system

Water 800 1/min
8. Beam line '

Number of lines 2
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IV, US-JAPAN RESEARCH COOPERATION IN DOUBLET III

1. US-Japan Joint Program

Cooperative research between the United States and Japan using
Doublet TII started in August 1979 under an agreement between the United
States Depertment of Energy and JAERI, This ceooperation at the Doublet
IIT facility is the first project implemented under the US-Japan Fusion
Research Cooperation Agreement. The focus of activities on the bart of
the Japanese experimental team is to carry out experimental research on
higher beta tokamak plasmas with dee-shaped cross-sections. The Doublet
ITII research program 1s discussed and decided upon at the US-Japan
Doublet IIT Steering Committee which meets twice a year. Each side is
represented by two official members, and all decisions are made unani-
mously. The first Steerihg Committee Meeting was held in November 1979.

Doublet IIT is a tokamak device with elongated plasma cross-sections
located at the General Atomic Company, San Diego, California. This is
the largest tokamak device in the world presently operating. The machine
is almost spherical in appearance with a diameter of approximately 6 m,
as shown in Fig, IV.,1-1. It has a large vacuum vessel of incomel with
a crogss-section 3 m high and 1 m wide which was originally designed for
plasmas with doublet-shaped cross-sections. There are 24 poloidal field-
shaping coils surrounding the immediate exterior of the vessel. The
dee—shaped toroidal field ceils have demountable joints providing the
machine with operatiomnal flexibility. The major parameters of Doublet
IIT are shown in Table W.1-1. Each shaping ceoil is connected to a
terminal beard and can be connected with any combination of coils and
power supplies. By choosing a proper connection of coils and power
supplies, either a circular or dee-shaped plasma can be produced in the
upper half of the vesgsel.

A group of Japanese physicists called the JAERI team are working at
General Atomic Company as an independent group under their own leadership
and carrying out experimental research using one-half the machine time.
The JAFRI team is working on dee-shaped plasmas, while the General Atomic

physics team is primarily working on doublet-shaped plasmas.
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2. Experimental Results

The objective of the JAERI dee experiments in the present Joule
heating phase was to prepare for the forthcoming neutral beam injection
heating experiments. In this context the first priority was to obtain
high plasma density, and then to achieve highly elongated dee-shaped
plasmas. In order to have a less than 10 percent shine-through by the
neutral beam, a line-averaged plasma density of more than 6 x 1083 em™3
is required for the nearly perpendicular neutral beam injection at 80
keV, The rated pulse length of the beam is 0.5 sec.

The dee-shaped plasmas in the upper half of Doublet III were obtained
with various connections of shaping coils and power supplies devised by
the JAERI team. However, the elongation (height-to-width ratio) of the
cross-section was initially held at approximately 1.2 until the density
requirement was to be met. The density requirement was achieved in
December, after the machine was cleaned up and the plasma position control
and waveforms of plasma current and gas puffing were optimized. Almost
two months were required after a major summer vent to raise the plasma
density to more than 6 x 1013 cm~3, A titanium gettering system was
installed in February 1980 to improve the plasma characteristics.
Immediately after the start of gettering, a plasma density of 101" em—3
was attained, which surpasses considerably the minimum requirement
mentioned above. The density corresponds to the Murakami coefficient
N/(BT/R) of 6.

The elongation of the dee-shaped plasmas was then gradually increased
with the highest value of 1.5 obtained by March 1980, as shown in Fig.
W.2-1. As a result of the effect of the elongated cross-section, the
plasma current could be increased and the highest plasma current with
flattop of 1 MA was obtained with a toroidal field of 24 kG. Typical
waveforms are shown in Fig. W.2-2. 'This current is the world's highest
record for circular and dee—shaped plasmas and is twice the value of PLT
with 35 kG and FT tokamak with 70 kG.

A sawtooth oscillation was found in the signals of the PIN diode
arrayrand the radiometer of the fundamental electron cyclotron frequency.
The sawtooth oscillation signal was used to find the position of the
g = 1 magnetic surface, and the results by both diagnostics are in
agreement. The JAERI-made five detector bolometer array was installed

in the machine and worked as one of the most effective diagnostics.



JAERI-M 9421

The bolometer data shows that the radiation power profile becomes flatter
as the wvacuum vessel wall becomes cleaner, and plasma contamination by
metal impurity is suggested. For more conclusive evidence, it will be
necessary to use a bolemeter with more detectors and other impurity
diagnostics.

A signle null poloidal divertor configuration was conceived and
realized by the JAERT team. - The shape of the cross-section is shown in
Fig. W.2-3(a). It has unique features in that the shape is controlled
solely by coils outside the wvessel, and the divertor action such as
impurity reduction hasg been experimentally demonstrated even though
there is no particular divertor chamber or throat. Several typical
properties of this configuration are shown in Fig. W.2-3(b). Two of
the inside shaping coils shown by black squares are used as divertor
coils. When the ratio of the sum of the currents through those two
coils to the plasma current exceeds 0.35, this divertor coanfiguration
is produced. In the case of the configuration shown in Fig. W,2-3(a),
the divertor coil current is increased during a discharge and the
divertor action appears at approximately 0.3 sec. TV observation also
shows that when this divertor configuration is produced, the plasma no
longer touch the limiters but only touches the lower inner walls of the
vessel where the separatrix magnetic surface intersects with the wall
(Fig. W.2-4). The plasma deﬁsity is half that of the non-diverted
discharge for the same gas puffing pulse. Radiation loss from the
central part of the main plasma decreases to about 50 percent, which
shows that the deleterious effect of impurities in the central plasma
is decreased, Spectrometer observations of NiXT and 0OV lines which
indicate influx of these impurities show a decrease by more than a
factor of 5. Future research plans are to obtain higher elongations as
well as higher plasma densities with lower toroidal magnetic fields in

order to make higher beta experiments easier.
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Table TW.1-1 Doublet IIT parameters

Major radius R 1.43 m
Height of cross-section 2b l.4m
for dee—shaped plasmas
Width of cross-section Za 0.2 m
Toroidal field B 24 kG
Ohmic heating flux 5 v-5 {(7.5)
Flattep 1 sec
NBI power 7 MW (14)
Plasma current - 1 MA (1.5)

{ ): Upgrade
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Fleg., W.1-1 Schematic of Doublet ITI
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V. DEVELOPMENT OF PLASMA HEATING SYSTEM

1. Introduction

Neutral beam injection and radiofrequency (RF) heating systems are
under development,

In the neutral beam injection system, ion source development and
beam line studies for JT-60 injectors have been made using test stands
ITS-1, IT8-2 and ITS-3. Especially, progress has been made in the
development of a long pulse ion source. Hydrogen beams of 65 - 75 keV,
4 - 6 A, 6 - 30 sec were extracted in a two-stage lon source of 10 cm
in diameter. A new type ion source with backstream electron beam dump
(Lambdatren) has been developed. A 1.5 MW, 35 keV neutral beam injector
for JFT-2 was completed and is now in operation. Design work of the
prototype unit of neutral beam intectors for JT-60 was finished, and
the construction éf the prototype unit was ordered to twp firms in March
1980,

In the RF heating, the phase IT lower hybrid experiment on JFT-2
has been made'up to 300 kW, and the fon heating efficiency was doubled
as compared with that in the phase I experiment. An improved waveguide
coupler can transmit RF power density up to 2 kW/cm?. Design work of

the lower hybrid heating system for JT-60 has continued,

2. Neutral Beam Injection System
1

2.1 1Ion source development
2.1.1 Long pulse beam extraction

To study problems associated with long pulse beam extraction at
high energy, we fabricated and tested a quasi-dc ion source. This
source is a modified duoPiGatron with a two stage accelerator, as shown
in Fig., V.2.1-1, which can produce ion beams of 5 A at 70 keV for 10
sec. The extractiomigrid of the source is made of a oxygen free copper
disk in which 191 apertures with 4 mm diam are drilled over the central
10 em diam. area, and is provided with copper coeling tubes of 1.8 mm
diam. alternately aleng rows of apertures. The cooling water was circu-
lated at a flow rate of 10 I/min per each grid.

Figure V.2.1-2 shows the ratio of the heat loading on the grids to
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the total beam power Igccx Vp as functions of ion beam current I ..,
where beam energy Vy is 75 keV and the gas pressure at the entrance of
the neutralizer cell P, is 1 mTorr. The heat loading shows minimum at

a beam current of 5 to 6 A, where the beam divergence also becomes
minimum. These heat loadings increase almost linearly with Pp. The

heat loading at the minimum peoint amounts to 125 W/cm® at grid surface
and 143 W/cm? at cooling surface of pipes. This heat flux is sufficient-
ly lower than our design value for quasidc operation as indicated in

Ref., 3.

The heat loading due to the backstream electrons on the back plate
of the plasma generator is shown in Fig. v.2.1-3, where the beam energy
and the beam current are fixed at 75 keV and 35 A, respectively. The
heat loading increases linearly with the pressure.

To avoid damage to the back plate we had to keep the heat loading
below 2.5 % of the beam power by limiting the pressure in the accel gap
below several mTorr. Under such condition ion beams of 5 A at 70 keV
for 10 sec was obtained repeatedly without any deleterious problems.

We have also operated the source at 75 keV, 6 A for 6 sec, where the
pulse length was limited by the cooling of the beam target.
2.1.2 TImpurity measurementa)

Impurity concentration in the beam is an important problem. We mea-
sured the impurity level of the ion beam extracted from the quasi-dc
ion source with a magnetic deflection mass analyzer. The line density
of the drift space of the beam was fixed to 0.39 Torr-cm, which gives
90 % neutralization for 75 keV proton beam.

Table V.2.1-1 shows a typical beam composition at 75 keV, 6.2 A,
These data were measured at 0.5 sec after the beam initiation. The
pressure in the arc chamber was 8 mTorr. The ion beams produced by the
duoPIGatron contains light impurities of 1 to 2 % (C+, 0+, H20+) and
heavy impurities of up to 0.02 % (Cu+, Zn+, Ag+). From these resulfs
the neutral beam is estimated to contain light impurities of 3 to 6 %
and heavy impurities of up to 0.04 %. However, the ion beams generated
by the magnetic mutipole line cusp source contains higher level of
impuritis, typiclly heavy impurities of 0.15 %Z. The impurities associ-
ated with oxygen decreased with time during a 10 sec pulse, while those
related to carbon, copper and tungsten increase slightly with time.

The time dependence of H20+ impurity level is shown in Fig. V.2.1-4.
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5)

2,1.3 Beam focusing by aperture displacement

The injection power into the JI-60 is estimated to be increased by
about 13 % of the total beam power by focusing the individual beamlets
to the injection port. As one of the most promising methods, we have
studied experimentally the focusing by aperture displacement. In the
experiment with 4.0 mm diam aperture the deflection angle increased
linearly with the displacement of the aperture. Figure V.2,1-5 shows the
dependence of each deflection characteristic on the field intensity
ratio. Here, the triangular, rectangular and circular points indicate
the displacement of apertures in the plasma, gradient and suppressor
grid, respectively. The lines indicate the analytical results obtained
by thin lens approximation for each case. From this figure, 1t 1s seen
that the displacement of aperture in the suppressor grid is most adequate,
since the deflection characteristic is insensitive to the field intensity
ratio, that is, the focal point does not change over a wide range of

the source operating condition.

2.1.4 Lambdatron ion source

Numerical calculation showed that the back plate of the arc chamber
is exposed to a high heat flux of the backstream electrons of up to 1
kw/cmz, which will be more increased due to focusing of the beam by the

6) This is the case for the plasma generator such

source magnetic field.
as ducPIGatron and bucket source (magnetic multipole line cusp source)
where a spatially inhomogeneous magnetic field is applied for efficient
production of the source plasma. In the quasi-dc source operation, it
is quite difficult to remove such a high heat flux without any signifi-
cant modification of the source structure. The major deficiency of the
conventional ion sources such as the duoPIGatron and bucket is that they
may not be able to handle such a high heat flux. To overcome this
problem, a new source with a electron beam dump in the arc chamber is
devised, which is named Lambdatron.7)
In this source the back plate is modified with A-shaped beam dump
to reduce the surface heat flux due to the backstream electrons. This
beam dump increases ion loss area approximately two times than that of
a bucket source of comparable size, resulting in a reduction of arc
efficiency and in an increase of operable gas pressure in the arc

chamber. The characteristics of this new source were compared experi-

mentally with those of the conventional bucket source, using a circular
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grid system with 18.5 cm diam as shown in Tig. v.2.1-6, énd a rectangular
grid system with 12 x 27 cm? as shown in Figs. V.2.1-7 and 8.8)

In the circular case, the line cusp field arrangement is composed
of 18 columns of Co-Sm magnets of 20 cm long which produce the maximum
magnetic field of 1.2 KG on the wall surface. The cathode is 9 pileces
of hairpin tungsten filaments. The plasma densities obtained are uniform
within * 5 % over the grid area. Table V.2.1-2 shows typical operating
parameters of these sources for ion beam currents of 30 A at 30 kV.

Here the gas pressures in the arc chamber are 3.5 and 6.0 mTorr for the
bucket and Lambdatron ion source, respectively, which give the maximum

arc efficiencies. We had to permit 40 % decrease of the arc efficiency
when we used the Lambdatron instead of the conventicnal bucket source,

while no significant change in atomic fractiocn was observed,

In the rectangular case, the line cusp of 24 columns of 25 cm long
was attached on the chamber with 21 x 33 x 28 em®. The cathode is made
of 16 pieces of hairpin tungsten filaments. Ion beams of 27.5 and 20 A
were extracted from the bucket and the Lambdatron source, respectively,
which were limited by the capacity of the arc power supply. The arc
efficiency of the Lambdatron also showed 40 7% decrease from that of the
bucket source. Consequentry, it is envisaged that this source is a
candidate for the source plasma generator of the JT-60 ion source.

2.1.5 Coaxial DuoPIGatron ion sourceg)

We have developed a new meodified duoPIGatron ion source. Figure
V.2.1-9 shows a coaxial ducPIGatron ion source originally designed and
developed at JAERI. The characteristlc of this cource is expressed as
follows. A magnetic center pole located at the center of the nozzle
actualizes hollow feeding of primary ionizing electroms to the arc
chamber. Then it widens the plasma production area by diverting the
arc column from on-axis to off-axis, therby contributes to the uniform
plasma distribution. The shapes and structures of both the magnetic
center pole and nozzle were optimized by numerical calculations of the
magnetic field pattern. The density profiles of the source plasma is
uniform to + 10 % over the 18.5 cm grid area with the ion saturation
current density of up to 0.27 A/cm? at an arc current of 370 A. The
source has been operated reliably producing hydrogen beams of 30 A at

30 kV.
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2.1.6 HollOW'cathodel)

TLong pulse operation of ion sources with high current arc requires
a high degree of reliability and durability to cathodes. A hollow
cathode such as designed and developed at UCLA seems to be most adequate
for a long pulse ion source. And we have fabricated and tested hollow
cathode with the bucket source as shown in Fig. V.2.1-10. A cylindrical
impregnated tungsten was used as an electron emitter, which is heated
from the inside by a noniductively wound tungsten coil. While a con-
siderable gas flow rate (more than 20 Torr l/sec) are required to start
a hollow cathode discharge, we found that the gas flow rate can be
reduced below 5 Torr I/sec if once arc discharge is turned on. Therefore
the gas feed line was modified so that the flow rate can be reduced
stepwise as shown in Fig. V.2,1-11, Using this hollow cathode with a
10 mm diameter aperture stable arc discharges were obtained for 1 sec with
arc current up to 380 A. Consequently this hollow cathode will be used

as the cathode of the JT-60 ion source.
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Table V.2.1-1 Ton beam fraction after passage of
90 % equilibrium cell
(1.38 x 1016 molecules/cm?).
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TABLE V.2.1-2 TYPICAL PERFORMANCE CHARACTERISTICS OF THE
BUCKET SOURCE AND LAMBDATRON FOR ION BEAM

CURRENT OF 30 A AT 30 kV.

BUCKET LAMBDATRON
FILAMENT CURRENT 720 A 1080 A
ARC CURRENT 260 A 460 A
ARC VOLTAGE 100 v 95 v
PRESSURE 3.5 mTorr 6 mTorr
H+:H;:H; 20 : 20 : 10 70 : 20 : 10
ARC EFFICIENCY 1.1 A/KW 0.7 A/kW
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Fig., V.2.1-8  Schematic of rectangular Lambdatron ion source
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2.2 Development of the JT-60 neutral beam injection system
Neutral beam injection is expected to play an important role in the
stage of additional heating of JT-60 plasma beyond 5 keV. Performances
of the injector are specified as follows.
(1) Beam energy: 30 - 100 keV
{2) Total neutral beam power: 20 MW
(3) Pulse width of injection: 10 seconds
{4) Number of injector unit: 14 units
(5) Permissible cold gas influx into the torus: a value correspending

to 153 % of the fast neutral atoms.

Prior to fabrication of the fourteen units, a prototype unit will
be constructed to test and demonstrate a single unit performance. The
prototype injector unit consists of a beam line unit, a power supply
unit, a target chamber and auxiliary systems. A scheme of the beam line
and the target chamber is shown in Fig. V.2.2-1. A cylindrical main
vacuum chamber made of stainless steel contains all the necessary com-
ponents. Two ion sources are installed to the chamber and the ion beam
extracted from the source is introduced to the subsequent neutralizer
cell., A reflecting magnet 1s placed behind the neutralizer cell to
separate and guide unneutralized ions to a forced water cooled beam dump.
Crypoumps are used to pump out almost 98 % of the cold and dumped hydro-
gen gases. A retractable calorimeter is mounted behind the reflecting
magnet and is used as a neutral beam target during source conditioning.
To prevent excessive backward cold gas from entering into the main
vacuum chamber, a fast shutter (valve) is considered and is housed in a
drift pumping room.

The remained design work of this unit has been done during the
period under review, especially, R & D work about a few components in
the beam line which relate with the reflecting magnet, with the stray
magnetic field from the JT-60 tokamak and with cryopumps. The construc-—
tion of this unit has been ordered tc two manufactures in March 1980,

then this unit will be fabricated and installed by the summer of 1981,

{1) Reflecting magnet and beam dump design

Compared with a bending type magnet, a reflecting type magnet
effectively reduces a heat flux to the beam dump. But because of its
diverging effect on ion orbits, a part of ions hit the water jacket

which is placed near the surface of the pole piece and the heat flux



JAERI-M 9421

there becomes over a permissible level. To solve this problem, a shape
of the magnet has been designed by trial and error method using a com—
puter codel) which traces every ion trajectories in a magnetic field
starting from the multi aperture extracting grids and calculates the
heat flux at every position where any ion impinges.

After extensive calculations, magnetic field intensity at the gap
was altered from 1.2 KG to 1.32 KG for a 75 keV beam, and the gap
distance was changed from 38 cm to 40 cm, and then two pole pieces were
shifted by 5.5 cm towards the neutralizer. By shifting the pele pieces,
the center of the magnetic field is also shifted, then iomns are reflected
without deeply penetrating into the gap region of the magnet, which leads
to the reduction of the heat flux at the warer jacket surface.

Since the ions are diverged when passing through the magnetic field,
the beam dump has a top view shape like a winner's cup. By using the
computer code, the shape was designed to suppress surface heat flux in
a level of less than 500 w/cm2 at every position and to keep the thermal
stress below a permissible level. The dump is composed of many finned
tubes which are made of oxygen free copper with 0.2 % silver added.

The fin plays a role of reducing temperature gradient across the tube
by absorbing heat on its surface.
(2) Canceling magnetic field coilz)

In the absence of magnetic materials along the beam line, strength
of the stray magnetic field from the JT-6C tokamak is expected to be at
most 210 G around the position of the reflecting magnet. In the presence
of magnetic materials such as the refiecting magnet and the magnetic
shields for neutralizer and for ion sources, the stray field is absorbed
by them and the field in the space between the neutralizer and the
reflecting magnet is strengthened by a factor of 2 to 3. This field
strongly influences the orbits of unneutralized ions and shifts the
beam axes to one side, then heat flux at some places easily overcome
the permissible level.

To reduce the influence of the stray magnetic field, we decided to
employ the canceling magnetic field whose vector ig almost antiparallel
to that of the stray field and almost the same in strength. This cancel-
ing field is generated by the current passing through the coil wound
around the reflecting magnet. Using 1/10 models of the magnetic materi-

als, we carried out the experiment and confirmed the effectiveness of
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the canceling field. Since the distribution of canceling magnetic field
is not perfactly the same as that of stray field in the presence of
magnetic materials, still remains a definite field distribution even
after the canceling. The absolute value of the canceled field is much

smaller than that of stray field itself.

{3) Cryopumps

The compatibility of cryopumps with the high energy beam in neutral
beam line is one of the important problems. To investigate this problem,
hydrogen ion beams of 5 A at 75 keV were introduced for 10 sec into the
6 x 10% 1/s cryopumpB) in which a beam dump was installed. From this
experiment, it was found that beam injection did not affect the pumping
performance essentially. However, a little decrease of the pumping
speed was observed during the beam injection as shown in Fig. V.2.2-2,
This decrease of pumping speed was attributed to the temperature rise

of spot welded area of quilted liquid helium panel,
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Fig. V.2,2-1 A cross-sectional view of the prototype unit of the JT-60 NBI
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2.3 The neutral beam injection system for the JFT-2

The neutral beam injector for JFT-2 was developed and is now in
operation., This injector was designed, fabicated, assembled and tested
within about cne year. Main efforts to develep this system were made
to achieve high reliability and high availability of operation and
effective experiments of plasma heating.

The NBI system was designed and constracted by members of plasma
Heating Laboratory, Facility Operation and Engineering Section and
Experimental Plasma Physics Laboratory. In this section, outline of

the NEI system is described.

2.3.1 DuoPIGatron ion source for JFT-2 neutral beam injector

The neutral beam injector consists of four ion sources each of
which can deliver a hydrogen ion beam of more than 20 A at 40 kV for 0.1
sec. To satisfy these gpecifications, we have developed an axigymmetric
18.5 cm diam. duoPlGatron ion source with a water-cooled button located
in the neighborhood of the Intermediate electrode and a set of line cusp
confinement magnets around the arc chamber wall (See Fig. V.2.3-1).

Each beamlet is focused to a point 2.5 m apart from the source by
the aperture displacement technique. The source performance is shown
in Table V.2.3-1., The calorimetrically measured power fraction to the
target which simulates the injection port of the JFT-2 tokamsk is up to
80 %Z. Consequently, we expect the total neutral beam power to the torus

will be up to 1.7 MW with the neutralization efficiency of 0.6.

2,3,2 Beam line

In order to obtain higher beam transmission efficiency, the beamline
was designed as short as possible., The fundamental specifications and
design features are as follows (Fig. V.2,3-2).

1} Injection power. This injector is specified to inject 1.5 MW of 30
kV neutral hydrogen atoms for 30 msec., through two beamlines connected
to a single port. Twe sets of duoPIGatron ion sourcel) are mounted
in each beamline. The efficiency of injected neutral/extracted ion
is about 45 7.

2) Beamline components. The beamline consists of an expansion chamber,
beamline steering mechanisms, neutralizer, a deflection magnet, a
beam dump, a calorimeter, a high speed shutter, beam limiters, a

drift tube and so on., These components are arrvanged within 2.5 meter
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along the beamline.

3} Vacuum system. The vacuum system consists of a large expansion

chamber and two sets of turbo-molecular pump. This expansion chamber
is about 20 m® in volume and is connected to two drift chambers
theough metal bellows. Thirty sets of Tl flasher are provided in

the exparsion chamber, drift chambers and drift tubes to clean the

vacuum surface.

4) Magnetic Shields. Ion sources and the neutralizer were enclosed by

large magnetic shields made of soft magnetic iron and high permeabil-

ity material to reduce the effect of external magnetic field.

2.3.3 Power supply system

To supply power tc four ion sources, the system consists of two

sets of accel and decel power supplies and four sets of PIG power sup-

plies. The fundamental specifications and design features of each

power supply are as follows.

1) Accel power supply (10~ 40kV 65A 300msec duty 1/30)

2)

3)

4)

Main components of the accel power supply are an ac-thyristor switch,
a converter transformer, a diode rectifier, de-filter capacitors, a
thyristor crowber switch, a series regulator tube and a surge block-

ing core.

PIG power supply. A set of PIG power supply consists of an arc, a

filament, a source coil and an auxiliary power supply. The rating

of the arc power supply is 180V 800A 300msec duty 1/30. This power
supply has an arc snubber cirecuit using GTOs, which reduces an arc
current to 1/10 of the rated value for a short time and return it to
the rated value in accordance with the turn on of the accel voltage.
This is to decrease the possibility of break downs in the beam
initiation phase.

Grounding system. The grounding system of the power supply is
separated into two sections: an ac-grounding system and a de-ground-
ing system. Main components in the dc circuit such as a ﬁhyristor
crowber switch, a series regulator tube of accel power supply, PIG
insulating transformers are put on a common de-grounding conducting
plate which is insulated from the floor of the building. This system
is effective to reduce malfunctions of the control circuits in the
case of breakdowns of the ion source.

Control system. The contrel system has functions for control,
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monitor and protection of power supply system and beam line system.
The power supply system is controlled by a sequential controller

consists of IC timer and IC logic circuits,

Reference

1) Y. Arakawa et al. "The Present Status of Ion Source Development at

JAERI," JAERI-M 8869, (May 1980)

Table V.2.3-1 Performance characteristics of a modified
duoPICatron ion source with 185 mm
diameter accelerator

FILAMENT CURRENT 60 A x 12
ARC VOLTAGE 80 V
ARC CURRENT 250 A
ACCEL VOLTAGE 30 kv
ACCEL CURRENT 25 A
DECEL VOLTAGE -1.6 kv
DECEL CURRENT 2.8 A
DURATION TIME 0.1 sec
POWER FRACTION

TO TARGET 80 %

H' : H) @ H) 59:28:13
IMPURITY (C,0) 1 %

ARC EFFICIENCY 1.25
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3. Radiofrequency Heating System

3.1 Development of waveguide coupler
A phased array of waveguides can be used as a wave launcher for

1)

lower hybrid RF heating, The launcher is one of the most important
components of RF heating system because it faces directly at a plasma
and heating efficiency of plasma depends on its design. We have been
studing characteristic of it and improving its design to obtain good
coupling and good plasma heating, A phased array of multi-waveguides
will be used as the launcher of RF system for JIT-60.

A phased array of four waveguides has been used in lower hybrid

2),3),4) In the first

range of frequencies heating experiment on JFT-2.
phase of the experiment (1977-78), the narrow launcher (L4dom % 290mm)
made of aluminium was used. In the early experiment, the power was not
well transmitted to the plasma due to the breakdown near the ceramic
window. Improvement of the ceramic window brought the transmitted power
of ~100 kW. Power reflection coefficient depends on phase difference

A¢ between the adjacent waveguides. This dependence is an important
property of the launcher. The experimental results were shown in Fig.
v.3.1-1. At low power (~5 kW), power reflection coefficient agrees with
that from linear theory.l)’B) At high power (v100 kW), the discharge,
presumably multipactoring discharge, had been likely to limit the trans-
mitted power since the traces of discharge were found at the front tip
of the launcher. Power reflection coefficient became very small and

did not agree with calculated value from linear theory. But the dis-—
crepancy is explained well by taking the resistive loss part due to the
discharge into consideration as shown with the dotted line in Fig.
v.3.1-1.”

In the second phase of the experiment (1979), the wide launcher
{33mm x 290mm) optimized for ion heating was used. It was made of
stainless steel plated with copper and further coated with titanium so
as to suppress the secondary electron emission. Heating efficiency of
ion was doubled as compared with that in the first phase of the experi-
ment. The dependence of power reflection coefficient on phase difference
A¢ is shown in Fig. V.3.1-2. Power reflection coefficient varies with
Ad, which means the reduction of the discharge loss. Its dependence,
howevér, is different from that expected from linear theory. But the
difference is explained well by nonlinear effect such as the modifica-

5)

tion of density gradient due to the ponderomotive force. Power
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reflection coefficient versus transmitted power is shown with circles
in Fig. V.3.1-3. Tt was possible to couple stably up to the transmitted
power of 200 kW. |

Furthermore the similar dependence shown with x in Fig. V.3.1-3
was obtalned up to more than 280 kW with the narrow launcher (15mm x
290mm) made of titanium. It corresponds to the transmitted power density
of 2 kW/em2. Since this limitation is due to the capability of the
present power source, it is expected that transmitted power density more
than 2 kW/cm? will be obtained with increasing the maximum output of
power source,

We are planning to input a RF power of 10 MW to the plasma core in
JT-60, It requires RF power density of 3.5 - 4 kW/cm?. Test of the
material and design of the optimum geometrical structure for the launch-
ing system of wave are now being conducted to achieve the above require-

ment,
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3.2 Radio-freguency heating system in JT—601)
3.2,1 Introduction

Design study of radio-frequency heating system in JT-60 has been
further advanced during the period under review. In the JT-60 project,
the energy deposition in the plasma of 10 MW - 10 sec is planned for RF
heating experiment. This requires 40 MW RF power as total out put of
amplifiers. The projected frequency range is of lower hybrid waves.
Thirty-two klystrons will be employed as the amplifier having 1.25 MW
out put power per one unit. The design studies summarized here have
been made with the cooperation of Nippon Electric Co. Ltd., and Tokyo
Shibaura Electric Co. Ltd..

In §3.2.2 the low power drive train for the high power klystron is
presented and in §3.2.3 the high power klystron. The control system of

the JT-60 RF heating a-paratus is presented in §3.2.4.

3.2.2 Low power drive train

The low power drive train consists of the signal source and low
power amplifiers.,
(1) Signal source

The signal source produces the initial RF pulse, and regulates the
level of final RF power, phase relation and operation mode. The signal
source has also a function to compensate the linearity of the amplifier
and the distortion due to the AM-PM transformation. The block diagram
of the signal source is shown in Fig. V.3.2-1. The standard signal
generator drives carrier wave which is sent to the excitation modulator.
The modulational signal generator produces the modulation wave which
modulates the carrier wave in the excitation modulator.

Then the drive signal thus generated is divided into eight by the
RF distributor and is sent to the RF exciter, which consists of the RF
phaser, amplitude compeunsator and phase compensator, to be amplified up
to 100 mW by pre-power amplifier. This is the jnput to the low power
amplifier. The excitation processor controls the whole processes de-
scribed above.

The level diagram of the signal source is shown in Fig. V.3.2-2.
The out put power from the standard signal generator is 5 mW and the
peak power of the modulated signal about 20 mW (CW). This is divided
by the RF distributor to be 1.6 mW in each channel. After amplified to

4 mW by the RF phasers, the pre-amplifiers amplify each signal to 100 mW,
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which is the output power of the signal source.

In each RF exciter, amplifiers and attenuators are employved to
provide prescribed RF power stably in each channel.
{2) Low power amplifier

In the low power amplifier, the RF signal from the signal source
is amplified to necessary power level (200 W) before it enters into high
power klystrons., Klystron, travelling wave tube (TWT), and transistor
amplifier are candidates of the low power amplifier. The transister
amplifier above 200 W power per one unit exceeds the present technologi-
cal level. The distortion due to AM-PM transformation is larger in TWT
than in klystron. There is much heat generation both in the klystron
and in the TWT because of large back-off power. The design study de-
scribed here assumes klystrons as the low power amplifiers.

The system of the low power amplifier is shown in Fig. V.3.2-3 and
the level diagram in Fig. V.3.2-4. The RF signal from the signal source
is first sent to the isolater which optimizes VSWR viewing from ‘the
signal source side. Then the phase shifter determines the phase of the
RF signal as prescribed. Finally, the power of the RF signal is arranged
by the variable attenuater,

Then the RF power is amplified by the power klystron up to 200 W,
The gain of the klystron is 40 dB and the saturation level of the out
put power is 1 kW. Hence there may be no distortion of the signal in
power amplification and the AM-PM transformation. The output power
from the klystron is finally led to the circulator to improve the output
USWR. When, large back-off power is reflected during vary short time,

the reflected power is completely absorbed in the circulater dummy load.

3.2.3 High power klystrons

The RF wave preamplified in the low power amplifier is sent to high
power klystrons and amplified up to 1.35 MW per one unit. The design
study of the high power klystron was described in detail in the previous
annual report.

The klystron is about 2.7 m in length and is about 1.5 tomn in
weight. The drift chamber must be fabricated using non-magnetic metal.
The inner part of the drift chamber is exhausted by ion pumps below 10~7
Torr.  The collector must be cooled by evaporating water to avoid large
heat damage due to high power electron beam from the cathode. The

cathode is immersed in an oil tank for cooling and electrical insulation.
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The efficiency of the klystron is about 50 % in the present design.
The specifications of the klystron are summarized in Table V.3.2-1.
Fabrication and tests of the proto-type klystrons will be initiated
from 1980.

The power supply consists of high voltage power supply for anodes
and cathodes of the klystrons and low voltage power supply for filaments,
ion pumps etc. The collector and anode circuits equip the protecting

circuits preventing the damage of the klystron from accidents.

3.2.4 Control system

The control system of the JT-60 RF heating system consists of the
control and display section, monitoring section and data processing
section. The control and display section performs the operation of the
RF heating apparatus and the surveillance of the operating condition.
The monitering section supervises each apparatus during experiment and
maintenance. The data processing section performs the processing of
control and diagnostic data.
(1) control and display section

The RF heating apparatus is one of the block equipments of JT-60,
and basically governed by ZENKEI, a top hierarchy control system in
JT-60. '

l In usual experiments {(denoted by ZENKEI mode) the control system

of the RF heating system obeys the setting command from the central
console of ZENKEI on the operating conditions, and controls the RF heat-
ing apparatus. The RF control system can also independently operate
without interference of ZENKEI when necessary. Namely the RF heating
apparatus can be controlled from the central control panel of the RF
control system even during the ZENKEI mode. The CAMAC system is adopted
except in the protection interlock, in which hard-wired circuits are
used, Optical cables are employed for signal transmission between
building.

The operating conditions of the RF heating apparatus are set by
the RF control system. The feed back control provides the power setting
with an accuray below *+ 3 %. The range of RF power is more than 26 dB
and the response time is below 10 msec with feed back and below 1 msec
without feed back.

There are three setting modes, i.e., preset mode, program mode and

dynamic control mode. In the preset mode, phase difference of injected
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RF waves from grill is fixed during discharge., The time variation of
the phase difference is prescribed in the program mode, In this case
the pluse shape is generated by using N rectangular pulses (N<100) as
shown in Fig. V.3.2-5(a). 1In the dynamic control mode, the pulses are
controlled with the time constant below 100 msec following the variation
of the plasma parameters as shown by B loop of Fig. V.3.2-5(b).

The block diagram of the control system in the RF heating apparatus
is shown in Fig. V.3.2-6. The control system has the central controel
panel and the RF mini-computer placed in the control building, and the
local panel and the appararus control unit for klystrons placed in the
JT-60 building.

{2} Monitoring section

The diagnostic data necessary for the control, experiment and main-
tenance are sent to the central control panel or the RF mini-computer in
the controlling building through the optical fiber after A/D conversion.
The subjects of the diagnostics amount to 1500 items, e.g. input and
reflection powers, phase relations at the top of the launcher, frequency,
modulaticonal wave form etc.

(3) Data processing section

As shown in Fig. V.3.2-6, the computer for the RF heating apparatus
intermediates with ZENKEI control system and processes the control and
diégnostic data from the central panel. All informations are displayed

on CRT and recorded in printer.

References
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Table V.3.2-1

ELECTRICAL

Heater Power

Qutput Power (Saturation)
Bandwidth (Instantaneous 1 dB)
Efficiency

Power Gain

MECHANTICAL
Input rf Coupling
output rf Coupling
Dimension Length
Weights
Klystron
Magnet

OPERATION

Frequency

RF Pulse Length Maximum
Repetition Period

Qutput Power

Driving Power

Beam Voltage

Beam Current

Body, Collector, Anode Voltage

Body Current

Mw
MHz
%
dB

kg
kg

GHz
sec

min

The specification of the high power klystron.

450
1.35

43.6

Type—N
WR-650
2700

1500
400

1.7

10
10
1.25
160
87
30
87
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Fig. V.3.2-2 The level diagram of the signal source.
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Fig. v.3.2-3 The system of the low power amplifier.
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Fig. V.3.2-4  The level diagram of the low power amplifier.
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Fig. V.3.2-6 The block diagram of the control system in the RF
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VI. SURFACE SCIENCE AND VACUUM TECHNOLOGY

1. Introduction

The particle-surface interaction research program in the Division
of Thermonuclear Fusion Research was started in April 1975, and has been
continued in close connection with the JT-60 project and with the JFT-2
and DIVA experiments. The main objectives of this program are to investi-
gate the individual phenomena in plasma-wall interaction which can occur
in present and near-term tokamaks and to develop related vacuum techniques.

In this fiscal year of 1979, an emphasis was laid on low-Z materials
and low-Z surface coatings for the first wall because results from recent
plasma experiments with additional heatings raised serious questions about
the use of conventional, high-Z liners and limiters in forth-coming exper-
iments. Chemical sputtering yield of various types of carbon was intently
measured with hydrogen ions in the energy range of 0.1 - 6 keV. Total
sputtering yield of silicon carbide coatings with different atomic frac-
tion of silicon was also determined with a 3.0 keV H3+ (equivalent to 1.0
keV H+) beam at temperatures around 500°C by using a newly constructed
high-current, duoPIGatron ion source. Reactive ion plating of silicon
carbide on molybdenum was done in National Research Institute for Metals.

The mechanism of blistering is still a controversial topic.
Practically, it is important to find out how to reduce the surface ercsion
by blistering and flaking in actual and possible conditions. From this
point of view, experiments were made on the helium ion bombardment with
multiple energies from 60 to 200 keV.

Unipolar arcs in a tokamak plasma was studied in JFT-2. Measurements
were made by using a limiter and a test piece mounted on a surface statiom.
A possible cause of the arc initiation has been proposed.

Particle induced desorption from molybdenum was also studied with low
energy hydrogen/deuterium ions. Tt has been concluded that the hydrogen
concentration in the tokamak first wall increases with increasing time of
operation because of the radiation damage increase.

As to vacuum technological studies, vacuum systems data base assess-
ment anﬁ evaluation of the principal vacuum parameters for INTOR-J concepts
were made after the First Session of TAEA INTOR Workshop. &ince the INTOR
concept tries to sustain 100 - 200 second burning, impurity control,

especially pumping helium is one of major issues of the vacuum systems.
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Therefore, emphasis was laid on helium pumping by cryopumps. Regenera-
tion cycle and tritium inventory of the cryopumps were evaluated from

the published data.

2. Instrumental Development

2.1 Construction of medium energy sputtering testing accelerator with

high ecurrent, light fon source

The construction of a Medium energy SPuttering testing accelerator
(MSP) with high current, light ion source was completed in September
1979. Special intention was directed to the following points:

{1) MSP should cover the energy raﬁge lacked in LSP and HSP,

(2) MSP should produce two orders of magnitude larger current than LSP
so that the absolute values of erosion rate of materials could be
obtained by measuring the weight change of the materials induced by
ion bombardment.

From these requirements a duoPIGatron type jon source was employed and

the available accelerating voltage ranged from 0.1 to 30 kv.

A schematic diagram of MSP was shown in Fig. VI.,2-1. TIons in the
duoPICatron ion source were extracted through three grids, each of which
had 37 holes of 2 mm in diameter. Ion bheams were analjzed with a sector
magnet (radius 30 cm, deflection angle 45°) and intreoduced into the
target chamber after being focussed with two sets of einzel lens.

A 1800 %/sec oil diffusion pump and two 1400 2/sec oil diffusion
pumps with two liquid nitrogen traps serve to evacuate the system
differentially. A base pressure of 1 % 10~% Torr and an operating
pressure of 2 x 10~% Torr were recorded in the target chamber, respec-
tively,

A dominant composition of the hydrogen lon beam was H3+ ion, typi-
cally of 80 7%, so that an analyzed H3+ ion beam was used for the experi-
ment. Beam current of H3+ ion with 1 keV was 1 mA at the target.

Some experimental results obtained with MSP will be reviewed in

Section 3.2.

3. Sputtering Experiments with Low Energy Hydrogen lIons

1
3.1 Chemical sputtering of various types of carbon )

The energy and temperature dependences of methane production rates
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of various types of carbon, i.e., pyrolytic graphites, isotropic graghite
and glassy carbon, were measured at the bombardments with low energetic
hydrogen ions whose energies ranged from 0.1 to 6 keV. In Fig. VI.3-1.
are shown the results of pyrolytic graphite purchased from Nippon Carben
Co., Ltd. The features of dependences are almost the same among the
various types of carbon, even though there are large differences in the
properties, such as structure, thermal and electrical conductivities and
strength between them. The reason of it should be attributed to the
surface damage by bombardment with energetic ionms which leads various
types of carbon to have the same surface condition for methane production.
As there are no difference in the chemical sputtering between them, the
types of carbon for limiters and liners can be selected by another
properties such as thermal conductivity, strength, etc. The dose depen-—
dence of methane production rate was very influenced by hydrogen concent-
ration in a target prior to bombardment, but the steady rate was obtained
after the target was bombarded with protons at the dose more than 1 x 1018
H+/cm2 in the energy range used (see Fig. VI.3-2).

The maximum rate at the steady state is 0.07 + 0.0l atoms/ion at which
the target temperature is about 525°C and incident energy is about 1 keV.
Not only the temperature dependence of chemical.sputtering but also yields
themselves become smaller for bombardment with lower incident energy. If
small chemical sputtering is necessary, the incident energy of hydrogen
ions should be lessen in the same manner for physical sputtering.

3.2 Total erosion of SiC coatings on molybdenumz)

Total sputtering vield of various types of silicon carbide coatings
was measured with a 3.0 keV H3+ (equivalent to 1.0 keV H+) beam at tem~-
peratures around 500°C by using MSP, Reactive ion plating of silicomn
carbide on molybdenum was done by glow discharging a mixture of silicon
vapor and acetyvlene with an RF coil in National Research. Institute for
Meta153). Figure VI.3-3 shows the experimental results, in which the
total sputtering yield is plotted as a function of atomic fractionm of
gilicon. As the extreme cases, we also measured the yield for pyrolytic
graphite and pure silicon. It should be noted in Fig. ¥W.3-3 that the
sputtering yield has the lowest value of 1.2 x 10-2 atoms/H+ at the
stoichiometric SiC. As the stoichiometry deviates from this point, the
sputtering yield shows larger values. The temperature dependence of the

sputtering yield in stoichiometric samples is almost negligible below
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600°C. No surface topography change occurs in stoichiometric samples

even at a high fluence of 2 x 1020 H+/Cm2, while severe erosion takes
nlace In non-stoichiometric silicon carbide and graphite. By Auger
electron spectroscopy, carbon exists on the surface in the form of carbide
in stoichiometric SiC before and after bombardment, while it exists in the
form of graphite in carbon rich samples, which suggests that the bound
state of carbon in the form of carbide should correspond to the low sput-

tering yield in stoichiometric SiC coatings.

4)

4. Surface Erosion Experiments with High Energy Helium Ions

The study on the surface erosion due to helium blistering, so far,
has been made by employing monocenergetic helium ion in a certain energy
range. From the practical point it 1s necessary to know whether the
bombardment of helium lons with a continuous and broad energy distribu—
tion can induce the surface deformation such as blister and exfoliation
or not.

We have already showns) that the pre-treatments of the samples
including irradiation and annealing influence the surface deformation
mode of the succesively bombarded molybdenum. In the previous experiment
we have used the special scanning electron microscopeﬁ)'which enables us
to observe the sample surface continuously under ion bombardment.

Tn April 1979 a video recording system for a continuous recording
was constructed so that we could examine the development processes of
the surface deformation of the sample repeatedly after bombardment.,

Here we observed the detailed development processes of the surface defor-
mation in molybdenum as a function of irradiation dose under bombardment
of helium ions with different energies using the special scanning electron
microscope with the video recording system. In order to know the effect
of multiple energy implantation, three types of irradiaticen modes were
employed. The first was simple monoenergetic irradiation with 100 keV

and 200 keV helium ions. The second consisted of the single sequential
irradiation of samples to different pre-impléntation helium concentraticns,
and then observing the effects of these pre-implantations on subsequent
200 keV bombardment. The third consisted of multiple sequential irradia-
tion of the sample with 60 keV, 100 keV, 140 keV and 200 keV helium ions,
implantation ratio of which was 3.0: 1.4:2.7:6.0, Two different anneal-

ing temperatures (800°C and 1300°C) of the samples were employed.
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The main results were as follows:

(1) Blister formation and exfoliation of surface layer take place at a
rate faster than the video scan rate (16.6 msec).

(2) The peak helium concentration at the critical fluence for blistering
agrees well between 100 keV and 200 keV implantations for single
energy implantation, whereas those obtained from sequential irradia-
tion are distributed around that from single implantation.

(3) Surface deformation mode depends strongly on the annealing tempera-
ture and irradiation mode as shown in Figs.VL.4-1 and VI.4-2.
Annealing of the sample at 1300°C, which causes the recrystalization
of the sample, enhances the exfoliation. Multiple sequential irradia-
tion, in which a relatively broad implanted helium profile is attained,
reduces the occurence of exfoliation but still induces the formation
of blister.

(4) The average thickness of the exfoliated layer lies nearly at the peak
in the depth profile of implanted helium and this is independent of

irradiation mode and annealing temperature.

5, Unipotar Arcs in JFT-2 Tokamak

Unipolar arcs in a tokamak plasma have been studied in JFT-2.
Measurements were made by using a limiter and a test piece which were
mounted on a surface station. An in-situ SEM on the station was used
to observe arc traces and other surface damages. Frequency of arcing
and the timing of the occurrence were determined by electrical and
optical methods. A schematic diagram of the surface station and an
experimental set up for electrical/optical measurements are illustrated
in Fig. VL,5-1,

A detailed study has been made on the problem of the real time obser-
vation and a method how to identify unipolar arcs has been presentedT).
It has been also shown that the occurrence of unipolar arcs in the
tokamak is closely related toc runaway electrons and high flux plasma
flow to the first wall. A possible cause of the arc dnitiation has

been proposedg)’g).
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6. Particle Induced Desorption from Molybdenum by Low Energy Hydrogen

Ions10)

The ion induced desorption of deuterium trapped in molybdenum at
room temperature was investigated by subsequent bombardment with protons
using the incident energies ranged from 0.5 to 6 keV for deuterons and
protons. The decay of release rate of deuterium pre-implanted at 1 keV
due to proton bombardment at energies from 1 to 6 keV consisted of two
exponential decay curves, but only one exponential decay curve was
observed at 0.5 keV H+.

The two decay constants, i.e., desorption cross sections, decreased
with the increase of the dose of implanted deuterium (see Fig. VL.6-1).
The two distinct peaks were observed in the release spectra of deuterium
pre—implanted at energies from 3 to 6 keV due to proton bombardments at
the corresponding energies (see Fig. VL.6-2}. From the results of the
thermal desorption of deuterium implanted at energies from 1 to 6 keV
and the ion induced desorption it seems clear that there are two different
kinds of trapping sites.

The desorption cross section decreased with increasing deuteron dose,
i.e., the implanted deuterium became difficult to be emitted from the
surface according to the increase of dose of implanted deuterons. The
result can be explained by the Increase of trapping sites and the expan-
sion of saturated region into the target with the increasing deuteron
dose, which lead deuterium atoms to take a long path to reach the surface
with random jumping among trapping sites. Some of them are also unable
ro reach the surface, only wandering among the trapping sites, if the
deep trapping sites are highly produced by radiation damage. It can be
concluded from our results that the hydrogen concentration in first wall
of torus increases with increasing time of operation because of the
increase of radiation damage due to energetic ions and neutrals from

the plasma.

1)

7. Some Considerations on Helium Pumping by Cryopumps]

Since the INTOR concept tries to sustain 100 - 200 second burning,
telium exhaust from a.tokamak plasma is one of major issues of the INTOR
vacuum system,

Helium is considered to be the most difficult gas to pump of all

gases in fusion reactors because of its physicochemical nature. The
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difficulty in helium pumping by cryopumps arises from the small heat of
condensation and adsorption of helium. Only cryosorption panels {using
porous materials such as molecular sieves, charcoals and frozen gases)
at 4.2 K are capable of pumping helium at a reasonable rate,

At the beginning of the D-T burn, the torus vacuum pumps will remove
a mixture of deuterium and tritium, and during the burn and the dwell
time, the pumps must remove a mixture containing as nuch as 10 % helium.
If the mixture directly arrives the sorption panel, the pores of the
adsorbent may be blocked with hydrogen isotopes. Thus, the cryosorption
panels for helium will be surrounded by two chevrons, one at 77 K and
the other at 4.2 X, In this case the expected maximum speeds per unit
projected area are about 30 m3/sec-m? for helium and about 78 m3/sec.m?
for deuterium (at 300 K) assuming the unity sticking (or condensation)
coefficient and the chevron baffle transmission coefficient being 0.25.
The ratio of helium speed to deuterium speed will be smaller than 0.4.

A preliminary design of the torus vacuum system for INTOR-J has

been made under following conditions:

® burn time 100 sec
o dwell time 30 sec
o duty 0.77
o He production rate 1.6 x 1029 gsec”!=0.6 Pa-m?/sec
{during burn) at 300 K
o pumping rate of hydregen 1.6 x 102! sec”!=3.0 Pa-m¥/sec
isotopes (during burm) at 300 K
y . 20 -3
¢ average ion density 1.2x10Y m } 45 Pg.m3 per one
o plasma volume 200 m® dwell time

The torus pumping system is composed of 12 cryopumping units, 4
roughing units, and 4 regeneration and fuel recovery units. 5ix cryo-
pumping units are alternately operated at an interval of 6 hours. The
cryvosorpticn panels for helium pumping are surrounded by two chevrons,
one at 77 K and the other at 4.2 K. Hydrogen isotopes are accumulated
mainly on the 4.2 K chevron. Table VI.7-1 summarizes a preliminary

design of the torus pumping system.
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Table VI.7-1

A preliminary design of a torus
cryopumping system

Duct conductance (total)
He & DZ(TZ)

Pumping speed per unit projected area
He
D2(T2)

Projected area of cryopanels (total in

operation mode)

Number of pumping units

in operation mode

in regeneration mode

Pumping speed at 77 K chevrons (total)
He
Dy(Ty)

Effective pumping speed (total)
He
Dy(Ty)

Regeneration cycle
Operating time

Regeneration time

Pumped amount after 6-hour operation (total)

He

hydrogen isotopes

Tritium inventory in cryopumping system

~1,000 m3/sec

" 30 m3/sec-m2

73 m3/sec-m2

~36 m2

~1,080 m3/sec
~2,800 m3/sec

"'500-m3/sec
~700 m3/sec

12 hr
& hr

< 6 hr

~1.0% lO4 Pa-m3

2

(~2.8x10 Pa'mB/mz)

~5.8x% 104 Pa-m

3

3

(~1.6 x10 Pa'mS/mz)

~5.8X lO4 Pa'm

(~0.15 kg)

3
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Fig. VI.4-2 SEM micrograph after six times repeated sequential irradiation
with 60 keV, 100 keV, 140 keV and 200 keV 1nc1dent energles
of molybdenum. Total fluence was 11.6 x 1017 HeT/em?. The
target was annealed at 1300 °C for 1 hour.
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Fig. VI.5-1 A schematic diagram of the experimental set up
for the study of unipolar ares.
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VIT. SUPERCONDUCTING MAGNET DEVELOPMENT

1. Introduction

The main objective of research and development of superconducting
magnet and its system for fusion research is the construction of a super-
conducting Tokamak machine, for example, Plasma Engineering Test Facility
(PETF) after JT-60.

For this purpose, JAERI has been engaged specially in toroidal coil
development since 1976, The following works have mainly been done in

FY 79;

1. stability study of LCT 1/4 model conductor,

2. realization of 10T - 15cm bore Nb3Sn solencid,

3. realization of 1T/sec - 13cm bore pulse solenoid in 8T,

4, final stage of fabrication and construction of the cluster test
facility, including helium liquefier / refrigerator and data acquisi-
tion computer system,

5. fabrication of the Japanese LCT (Large Coil Task) coil including
verification test, |

6. fabrication of the domestic test facility for the Japanese LCT coil,

7. construction of the building for the domestic test facility,

2. Cluster Test Program

2.1 Construction of the cluster test facility

The construction of the cluster test facilityl), in which a model
toroidal coil can be tested for fusion research, was started in 1979,
{(Fig. VIL.2-1) The cluster test facility consists of five systems
described below,
{1) The cluster test coils (CTC)

Inner diameter and outer diameter of CTC are lm and 2m respectively.
Maximum field is 7T and operational current density is 30 A/mmz.
(2) Cryogenic system

Liquefire/refrigerator is designed for helium liquefaction and
cooldown and steady state refrigeration. The refrigerator system has
a closed turbine cycle, which is separated from liquefaction/refrigera-

tion circuit in order to avoid contaminations and damage of turbine

— 118 —



JAERI-M 9421

expanders.(Fig. VI[.2-2) Its capacity is 100 liter/hour or 220W at 4.4K
refrigeratiocn.
(3) Vacuum system

The vacuum vessel is 5m in height and 3.4m in diameter. The speci-
fication value of the base pressure is less than 1 X 10~% torr,
(4) Electric and electrenic system

The capacity of DC current supply for CIC is 10v-3,000A. A circuit
breaker of 1kV-3,000A and a pair of 0.233 ohm resistance are provided
for coil protection.
(5) Data acquisition system

Two computers and CAMAC system are used for the coil current and
voltage, magnetic field, strain, pressure, vacuum condition and helium

level. (Fig. VI.2-3)

After some initial checkouts on dimension, insulation, coll resist-
ivity, vacuum tightness and sensor connection, the cluster test coils
were carried into JAERI and were assembled in the vacuum vessel in March
1980. Helium leakage check, proof pressure check and magnetic field
check were carried out after jointing work of current leads, cryogenic
pipes and sensor lead. Cryogenic system, electric and electronic system
and data acquisition system are now being construction and the test of

whole systems will be started from May 1980.

2.2 Test module ceil

The first test module coil (TMCal)z), which will be tested in the
cluster test facility, has been designed by taking accout of recent
trend in design studies of engineering test tokamaks in which the maximum
magnetic field on the troidal field coil is higher than 10T with cryo-
stability. Therefore Nb3Sn has been selected as superconducting material
and the coductor has a roughened surface to provide a high heat flux to
liquid helium in the pool boiling method. The operating current is
6,000A with the current density of 30 A/mm? to generate 10T on the back-
ground field of CTC. Figure I.2-4 shows the field distribution.
Double pancake and edge wise winding method is employed using multifila-
mentary Nbi3Sn conductor reacted before winding. Main parameters of TMC-1
are shown in table VIL.2-1.

In the begining of 1980, the work on hardware of the TMC-1 was
started and the test will be done in the end of 198I1.
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Table WI.2-1 Main Parameters of TMC

Maximum Magnetic Field 10T

Rated Current 6 KA

Coil Shape Circular
Winding Bore 0.6 m
Winding Cross Section 0.5x0.3 m?
Average Current Density 30 A/mm?
Stored Energy (including CTC) KVARIN]
Superconductor : Nb3Sn 4 Nb-Ti
Wire Length 2.6 km
Cooling Method Pool Boiling
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Fig. VI.2-1 Two cluster test coils assembled in vacuum vessel

| |
© & wr}“@_ --4.; @© é

(f) FEEDERECOVERY
COMPRESSOR (420Nm */Hr !

(B RECYCLE COMPRESSOR
(1650 NmI/Hr)
@ IMPURE GAS TANK
{1800Nm?)
(@ PURIFIER (420NmYHr)
) GAS BAG (60 m%
(& WARMER (150 Nm3/Hr)
(7) LIQUID HELIUM
DEWAR (3000L )
(8 WARM TURBINE
3 i (E) COLD TURBINE
) @ G0 BUFFER TANK(4 m
Ty-35m—- : i) GAS CARDLE(210 m®x8)
[ S S I @HAND INDICATOR
TET ALVE CONTROLLER
l COL.O=80X @ PRESSURE INDICATOR
CLUSTER TEST FAGILITY 3000 LIQUID ME LIQUEFIER/REFRIGERATOR CONTROLLER
g TEKPERATURE INDICATOR
: HELIUM DEWAR CONTROLLER
LEVEL INDICATOR
CONTROLLER

LNz

i
@ A@

Fig., VI.2-2 Helium Liquefier/refrigerator Flow Diagram

— 121 =



JAERI-M 9421

l; HOST SEYSTEM |
SN
£y r&
[
[ ;
| Grephic
H Memary | : Gonsale TRpRLE \
. D
Conput Unic { | Tarminal ispiay Nagnetic
uisr N
| | Printar/ Taps
: | . Ploteer
] ‘}EKTA‘ ACQUTSITION
|
1

: ( FRONT SYSTEM BREAKS DOWN )

VOLTAGE, CURRENT
MAGNETIC FIELD
TEMPERATYURE
STRAIN
PRESSURE, VACUUM

Switch K CAMAC
DATA  ACQUISTTION ( NORMAL )

L FRONT SYSTEM i

ﬂ;m
i3t
Manary selar
Front

| nit
Computer
Keyboard

Fig., VII.2-3 Data Acquisition and Analysis System of the Cluster Test Facility

ANIT YIISHVYHL Viva

— 122 -



JAFRI-M 9421

3. Large Coil Task of IEA

3.1 LCT coil
3.1.1 Design concepts

Detailed design of LCT coil was finished in March 1979 and review
works from the view point of actual construction has been carried out.
According to the final design thus compiled, major characteristics of
the Japanese LCT coil are shown in Table VIL.3-1.

Tn this design, NbTi is selected as superconducting material and
one of the most important design goals is to make a coil which has as
much stability margin as possible based on the practical reliability
and industrial experiences of NbTi. The conductor current is 10,220A
and the total number of turns is 658 to get the maximum field of 8T.
The surface of the conductor is both mechanically and chemically treated
so as to get high heat flux to liquid helium. Thus the conductor is
effectively cooled by pool cooling methoed. The conductor is wound "edge-
wise"” and "double pancake". A cross sectional view of this winding is
shown in Fig. VII.3-1.

Between pancake is a glass epoxy flat bar spacer whose thickness
is 2.9mm. This spacer is stuck on pancakes and covers 30 % surface of
the conductor flat side as is shown in Fig. VII.3-2.

As is described in later, the maximum stress intenéity reaches
almost 70 kg/mm2 at the corner part of the winding cavity, 304LN stain-
less steel, which is nitrogen strengthened, is employed based on the

mechanical property test at 4K,

3.1.2 Conductor design and development

One of the objectives of the Japanese LCT coil is to pursue as much
stability margin as possible using Nb-Ti superconductor and pool cooling
method. Based on this principal, the conductors were designed as shown
in Table VI.3-2,

The degree of conductor stability depends upon the relation between
the heat generated in the conductor and the capacity of the conductor
to dissipate by heat transfer. After a lot of meésurements on boiling
helium heat transfer characteristics3), three types of conducter surface
structures were chosen for these high cooling capacities. As the next
step, three test soleﬁoids with 1/4 size model conductors., Each of

4)

which had cooling'surface chosen above, were made and tested. It was

found that these solenoids are all enough stable against heat disturbance
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of almost 1 J/cm® at nominal current of 2.55 kA at 8.0 T field and that
these solenoids can be stable against disturbances of a certain spatial
extent in the condition exceeding the maximum nucleate boiling heat flux.
As the result of this experiment, chemically treated Thermoexcel surface
was selected for the cooling surface structure of the Japanese LCT coil's
conductors, because of its high cooling capacity and its weak azimuth
angle dependency. EHqual area heat flux of this surface with narrow
cooling channel was measured to reach 1.05 W/em?,

The c¢ritical current density of the strands were measured and both
strand for 8T and that for 5T showed the critical current density around
1x 10° Afecm? at 8T. Degradation by stranding was also measured and no
particular signs of degradation was measured.

1/2 hard copper was selected for the conductor stabilizer because
the maximum stress value calculated under condition of the normal test
was 12.5 kg/mm?. .

Conductor stability was analyzed with one dimensional models).

Fig. VI.3-3 shows the calculated propagation velocity of normal zone.
Both 8T conductor and 53T conductor are expected to be stable up to the
current of 12 kA. It was also calculated that within 140 msec supercon-
ductivity recovers after 100 mJ/em? energy input over half turn of coil

on the condition of maximum 8T field and of nominal current.

3.1.3 Stress analysis and verification

. The review of the stress analysis which were performed in the
detailed design of the Japanese LCT coil have been carried out for
several test conditions. In order to evaluate the peak stress of the
helium vessel in the most critical test condition "ALT-B", 1/4 size
model experiment of the helium vessel have been carried out.6) The
force applied to the test piece was controlled to simulate ALT-B test
condition and measured values of the stfess distriBution,have been
compared with two dimensional FEM calculations. Both were in good agree-
ment under the uniform electromagnetic force distribution as is shown in
Fig. VIE.3-4 and the peak stress on the corner of the vessel was 67 kg/mm?.
With the practical electromagnetic distribution, two dimensional cal-
culation showed that the peak stress is 63,5 kg/mm?. On the basis of
these results version of the Japanese helium vessel have been carried
out on material and structural geometry, stainless steel 304LN (nitrogen

enriched) was selected for the structural material. The mechanical
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properties of stainless steel 304LN have been critically studied at room
temperature, liguid nitrogen temperature and liquid helium temperature.
Table VI.3-3 shows experimental results of the temnsile test of stainless
steel 304LN at liquid helium temperature.

On the other hand, in order to investigate the effect of conductor
composition on the mechanical properties of the whole conductor which
consists of OFHC housing and the composite material of stranded cable
and solder, the tensile test of 1/4 size model conductor and full size
conductor of the Japanese LCT coil have been performed at liquid nitrogen
and room temperatures. Test results show that the contribution of the
composite material to its strength at plastic strain of 0.2 % is 24.0 X%
of the whole conductor at each test temperature., According to these
results it is considered that the composite material which consists of
stranded cable and solder can be considered to be the supporting member

of the electromagnetic forces.

3.1.4 Coil protection
When one of the LCT coils quenches, the others are rapidly dumped.

In that case electric losses are caused by the transient magnetic field B,
Fstimated electric loss in the conductor in Japanese LCT coil are

as follows, where the dumping time constant is assumed to 24 sec..

It

Energy loss in 8T region : ¢ 316 J/m per conductor length

689 kJ

Energy loss in the coil : ¢

Power loss in 8T region : Wy_, = 26.3 w/m
The power loss in 8T region corresponds to the heat flux

0.2633 w/cm

MeeUAd WL e = 2
S 68 om 2 0.0491 w/cm

Tt leads to a temperature difference between the conductor and Liq. He
of 0.02 K, which would be negligible.

Secondly, the final temperature and pressure rise are calculated
in the condition of He inventry of 1,200 1 Liq. He and 500 1 gaseous He,
and are 1.0 K and 1.0 kg/cmz, respectively, The Liq. He level remains
almost constant or slightly increased. On the other hand, the dumped
current and the magnetic field decrease, so that the critical current

of the conductor increases,(Fig. VI[.3-5) Since the critical current
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exceeds the transport current, the transition to normal state would not

take place.

3.2 Domestic test facility

The domestic test facility for the LCT coil consists of a helium
liquefier/refrigerator system, a vacuum system, a power supply with
protection system, and a data acquisition system. Detailed design of
these systems has been finished and manufacturing of the systems has
already started. The new building for domestic testing of the LCT coil
is now under construction at JAERI. The surface area of the building
is around 3,000 m?. The design and specification of each system is
described below.

The capacity of the liquefier/refrigerator system is specified as
300 1 of liquefaction per hour, or 1 kw of refrigeration at 4.5 k, to
accomplish cool-down of the ICT coil from 300 K to 4 K in 120 hrs.

A gas flow diagram incorporating the main components is shown in Fig.
VI.3-6. The system is composed of two separated circuits; turbine
circuit and liquefaction circuit (LCT circuit). The purpose of this
scheme is to promote long term operation of the turbo-expanders by
decoupling them from contaminated He gas recovered from the LCT coil and
also from thermal disturbances in the LCT coil. In addition, the flow
rate and temperature of He gas, which is supplied from cold-box to the
LCT coil, can be controlled to avoid excessive thermal stress within

the LCT coil during cool-down and warm-up.

The vacuum chamber, with Lig. N, shield, is 8 m in height and 5 m
in diameter. The LCT coil, which is set into the vacuum chamber, is
supported by four thermal insulated legs and four earthquake-proof stays
on the bottom of the vacuum chamber as shown in Fig. VI.3-7. The capa-
city of the rotary pump and diffusion pump are designed to be 7,500 1/min
and 20,000 1/s respectively, in order to evacuate the vacuum chamber to
1 x 107" torr in 40 hours,

The capacity of the DC current supply for the LCT coil is 12V-30KA,
A circuit breaker of 1KV-30KA and 0.1 ohm resistance are provided for
colil protection.

A data acquisition system has been designed to measure the LCT coil
performance during several operational modes. The main CPU, which is
specified as a PDP 11/70, can record several signal from Hall probes,

Pt resistance thermometers, strain gauges, Liq. He indicators, pressure
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gauges and voltage tapes. In addition, the system is designed to control

the temperature and flow rates of He gas.

Table VI.3-1 Characteristics of the Japanese LCT coil

SC Material Nb-T1

Coil Bore 2.5m x 3.5m
Maximum Field 8.0 T
Operational Current 10,220 A
Number of Turns 658

Ampere Turns 6.725x10% AT
Winding Cross Section 0.253 m?
Averaged Current Density 25.56 Alcm?
Self Inductance 2,11 H
Conductor Type Roughened Surface

Copper Stabilizer
Soldered Cable

Superconductor
Cooling Pool Cooling
Winding Concept Edge Wise, Z Gradings

20 Double Pancakes

Structural Material 304LN Stainless Steel
Assembly Welded Case with Boleos
Weight 39 - 40  ton
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Table VII.3~-2 Parameters of the Japanese LCT conductor

Conductor Width
Conductor Thickness
Aspect Ratio

Cross Section
Operational Current
Current Density
Strand Diameter
Number of Strands

Copper Ratio
(Strand)

Filament Diameter
Number of Filaments
Twist Pitch

Critical Current
Density

Critical Current

Yield Strength
Effective Heat Flux

Strand Pitch

8T Conductor

12.6
26.8
2.13
337.7
10,220

30.26

2.3

15

150
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5T conductor

12.6
21.3
1.69
268.4
10,220
38,08
1.73

11
1.0

38
1,060
25

14.9
(5T)

19,700
(5T)

27
0.8

90

mm

1im

10% A/cm?

kg/mm

W/em?
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1

Table VIL.3-3 Tensile Characteristics of Stainless Steel

304L (N : 0.10 %) a

t 4,2K

measured at JAERI

Sample I Sample II Sample TII
Cross Section 50.0 50,0 50.0
(mm*)
Length of Straight 100.0 100.0 100.0
Part {(mm)
Ultimate Strength ‘
154,0 154.0 154.0
(Kg/mm?)
Yield Strength
.6 .2 .8
0.2 % (Kg/mmz) 67 67 62
Elongation (%) 38.0 38.0 38.0
Contraction
of Area (%) 58.0 51.0 51.0
Young's Modulous
(x 10% Kg/mmz) 2,11 2.21 2.09
599
65 478 55
1.6 452 4 10
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4, High Field Superconducting Magnet Development

As the first step on the development of high field magnet,7) a 1l5cm-

winding diameter coil has been constructed under the following conditions

a. use of multifilamentary NbzSn
b, field more than 10T
¢. winding after reaction

d. cryvostable state

A monolithic conductor fabricated by the bronze method was used. The
conductor 1.3 x 8.5 mm? in cross section contained 42,037 filaments,
each approximately 3um in diameter. OFHC copper for stabilization
occupies 77 % of the conductor cross-section. Because of high aspect
ratio of conductor, cooling channel between turns is indispensable for
cryogenic stabilization. The spacer of 0.4 mm thickness is put on the
surface of conductor with 50 % covering. Fig. VIL.4-1 shows the mul-
tifilamentary Nb3Sn coil and main parameters are shown in Table VIL.4-1.
The experiment on the coil was carried out with an external Nb-Ti coil
in series connection with a power supply and a field slightly above 10T
was successfully obtained with 817 A.

The successful test demonstrates the potential feasibility of mul-
tifilamentary Nb3Sn conductors in the construction of large high field

magnet.
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Table VI.4~1 Cryostable MF KNb3Sn coll parameters

Conductor size 8.5 x 1.3 mn?

Winding inner dia. 150 mm

Winding cuter dia. 221.4 mm

Winding lsngth 304 mm

No of double pancakes 16

- No of turns 672

Geometorical factor 24.45 gauss/Amp

Inductance 32.4 mH

Cooling channel
turn to turn .. mm (50 % ccoling

surface)

pai to pail 7.0 mm

Fig. VII.4-1  10T-15c¢m cryostable multifilamentary NbsSn coil
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5. Pulsed Field Magnet Development

Using the conductor test facility installed in 1978, JAERT has been
developing many kinds of superconducting cables to fit the requirements
of tokamak coil systems.

A pulsed coill, called "Pulser-A", was fabricated as an additional
equlpment to the conductor test facility and succeeded in pulsed opera-
tion in 1979, The conductor for Pulser-A was also selected according
to the results cobtained by the existing test facility.

Major parameters and winding cross section of Pulser-A are shown
in Table VI,5-1 and Fig. WII.5-1 respectively. A resistive CuNi shield-
ing layer is placed around NbTi superconducting filaments. This shield-
ing layer is employed to reduce the coupling eddy current between fila-
ments and was effective as shown in Fig, VI[.5-2. 1In this figure, the
ratio of the measured loss energy to the magnetic energy of pulsed field
is shown as a function of the characteristic time of pulsed field in a
half cycle. The resulting coupling time constant without this shielding
layer is estimated to be 67ms. The total loss of Pulser-A in its 22.7
T/s operation from 1T has been measured to be 7J. Tf a CuNi layer is
not employed the loss energy should have been about 507.

Pulser-A is now being operated under conditions of 1 T/s from 7T,
and 25 T/s from 1T, for pﬁlsed field loss measurements of many cables

under development in JAERT.
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Table VI.5-1 Major Parameters of Pulser-A

#.Coil #.Conductor

Maximum Field 9T Material NbTi : CuNi : Cu
Original Field 1T 1.0 : 0,52 : 1.73
Pulsed Field 25 T/s Filament Dia. 11 ym
Winding ID 170 mm Num, of Filaments 10,920
Winding OD 215 mm Operating Curr. 300 A
Winding Length 350 tm Coupling Const. 4 ms
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VIIT. TRITIUM

Tritium engineering technology includes a number of subjects rele-
vant to fuel cycle in fusion reactor. The development of tritium process
technology and the design of tritium process laboratory are being per-

formed as a first stage of R & D.

1. Development of Tritium Process Technology

1.1 Gas chromatographic measurement of hydrogen isctopes

In order to develop hydrogen isotope separation technology, the
establishment of quantitative analysis of hydrogen isotopes, i.e., the
separation and the.measurement of Hy, HD, D,, HT, DT, and T, mixture,
are required. As analytical methods, gas chromatography and mass—spectro-
metry are used for this purpose. The gas chromatographic analysis is
firstly chosen to study. For the analysis by gas chromatography, the
selection of proper columns and the application of a new device for
detector were made.

The chromatographic apparatus consists of Moore type column and
catalytic combustion type detector. A chromatographic condition is;
column temperature -196°C, carrier gas helium, reactant gas dry air and
measurement tube volume 20 ml. A typical chromatogram is shown in Fig.
VI.1-1. <Calibration curves obtained by using H,, HD and D mixture are
showvm in Fig. VI.1-2. The good linearity is obviously found in the
concentration range between a few microlitre and 500 microlitre(STP) in
each component of hydrogen isotopes. The lowest detection limit 0.4 - 1
microlitre is 100 times lower than the ordinary value cbtained with a
conventional thermal conductivity detector(TCD) using helium as carrier

gas.

1.2 Hydrogen recovery experiment

In the facility for handling a large amount of tritium, excellent
tritium recovery system is required to protect radiation exposure of
operators and to prevent tritium release to the environment. For the
recovery system the selected process consists of catalytic oxidation of

tritium gas following adsorption of tritiated water. As shown in Fig.
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VII.1-3, the equipment consists of a tank of 300 1 which simulates the
glovebox, a gas circulation pump whose maximum flow rate is 4 m3/hr, a
catalytic oxidizer of 53.3 mm I.D,, 388 mm L. filled with 0.8 kg of the
catalyst, and a water adsorber of 83,1 mm I.D., 920 mm L, filled with
molecular sieve type 5A. The highest changing rate of the atmosphere of
experimental system is 13 times per hour. The temperature of the cataly-
tic oxidizer is elevated up to 600°C to study the decomposition of
organic wvapor.

A typical example of the experimental results is shown in Fig.
VIE.1-4, where a fixed amount of Dy gas is put into the tank and gas in
the system is circulated by pump. This experiment simulates abrupt
release of tritium gas from the experimental apparatus to the glovebox.
Initial gas component is Dy : 1 %, Op : 5 %, and Np : 94 Z. The oxidizer
temperature is maintained at 100°C and the changing rate is varied as
variables.

The results show that the conversion factor reached 99.99 7 at the
catalytic oxidizer; D, concentration in the tank decreased exponentially
with the operating time in the concentration range from 10% to 10! ppm,
and the recovery‘rate increases with the increase of changing rate.

If the changing rate is 12 times per hour, D, concentration decreased

to 1/10% within 50 min.

1.3 System analyéis

Fuel cycle of fusion reactors is_made up of (i) fuel gas circulation
system, (ii) blanket cooling and tritium recovery system, (1ii) tritium
production system, (iv) tritium containment system and (v) waste treat-
ment system. In order to establish the design and operation method of
the fusion fuel cycle systems, it is necessary to make both experimental
studies and com@uter simulation studies. Computer simulation studies
include development of model system components for mathematical simula-
tions, derivations of model equations, application of various numerical
analysis techniques and optimization techniques, development of computer
codes, investigations of fundamental data, detailed analyses on charac-
teristics in both steady state and unsteady staﬁe, etc. These computer
simulation studies were initiated for such components as cryogenic
distillation systems for hydrogen isotope separation in the fuel circula-
tion system and in the blanket cooling system, a falling liquid film

condenser for separation of helium from hydrogen isotopes in the fuel
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circulation system, a catalytic oxidizer and a tritiated water adsorber
in the containment system.

As an example of these studies, a steady state computer simulation
for the cryogenic distillation system is briefly summarized. A simula-
tion was performed on the assembly of four distillation columns and two
isotopic equilibrators as shown in Fig. VII.1-5 (this model is a candi-
date process in the fuel circulation system). The equilibrators are
located to decrease the percentage of HT. The survey calculations were
made on separation performance of each column to optimize the system.
The principal parameters were reflux ratio, number of total theoretical
stages, feed location, top product flow rate, decay heat of tritium,
pressure drop of the column, etc. The design conditions established by
the survey calculations and the predicted composition distribution in
liquid phase of the lead column (Column (1)) are shown in Fig. VOI.1-6.
And the calculated material balances in the system are shown in Fig.
VIL,1-7.

One of the significant results of our study is that effect of decay
heat. TIf the tritium concentration in the column is considerably high
as in the case of Column (3), both vapor and liquid flows decrease
especially in the stripping section due to tritium decay heat effect,
which results in significant lowering of the column performance. The
design margin (overestimation of reflux ratio or number of total theo-
retical stages) or adequate improvement such as refrigeration of the

stripping section of the column are required in this case.
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2. A Conceptual Design of Tritium Handling Facility

2.1 Introduction
A design study was carried out to construct the facility where grams

of tritium is to be used. In the Tritium Process Labdratory (TPL}, basic

engineering experiment is programmed to study following subjects;

(1) hydrogen isotope separation by cryogenic distillation and thermal
diffusion, _

(2) purification, recovery and storage of tritium gas with metal getters
and Pd-Ag membranes,

(3) safe handling of tritium, e.g. containment and removal, waste treat-

ment, monitoring and accountability

In the design of TPL, the concépt of "as low as reasonably achieva-
ble" is applied to prevent radiation exposure from tritium activity.
Main characteristics of the design are;
(1) to apply multiple barrier containment system equipped with tritium
removal system,
(2) to make zoning division clear and install proper ventillation system,
(3) to select materials and components compatible with tritium,
The basic design conditions for radiation protection are as follows;
(1) average tritium concentration at the outlet of the stack is less
than 2 x 1077 uCi/ce,
(2) Permissible level of controlled area is less than O.Ol(MPC)ggr in
vear's average, and less than O.l(MPC)iir in week's average,

(3) permissible level in uncontrolled area is less than 30 mrem/w.

The design of TPL is in the final stage and the detailed design of
the multiple barrier containment systems and the safety analysis are
being made.

The building is made of reinforced concrete to withstand the seismic
forces., The building is 48m x 26m. There is a large experimental room,
basement and second floor. The controlled area of this building is about
1080 m?. 1In the experimental room, which is 15m high, there is a glove-
box room in which tritium handling gloveboxes are arranged, and an equip-
ment room where various types of tritium removal systems are furnished.
The both rooms are of airtight sturcture with air lock systems. ALl
ventillation systems in the controlled area are designed to be operated
in once through mode and the exhaust is released from the stack of 30m

high,
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2.2 Multiple barrier containment systems

The concept of the multiple barrier containment system is shown in
Fig. VL. 2-1. Glovebox Purification System (GPS) and Air Detritiation
System (ADS) are furnished to maintain tritium concentration in the
controlled area less than the permissible level. Effluent Removal System
(ERS) is equipped for the detritiation of various effluents from the
experimental apparatus. By the application of multiple barrier contain-
ment system, tritium release from the building is fully decreased to
safety level in the populational area, even though the accidental tritium
emission from the experimental apparatus is taken into account., Another
characteristics of this design is an alternative use of each tritium
removal system; in other words, each tritium removal system can be used
for multi-purpose operafion. Those systems are provided for the case of
deterioration of the performance or some troubles of each system.

As an example of the contalnment system, the outline of glovebox
and GPS are described.

(1) Gloveboxes

In TPL, ten gloveboxes are dispesed as shown in Fig. VIL.2-2 and
classified by 5 blocks according to the purpose of the experiments and
the convenience of the experimental operation,

To satisfy the operational and maintenance requirements, each block
of gloveboxes has a function of individual ventillation and pressure
control. Therefore, each block is independently operated in prescribed
pressure and ventillation rate. To transfer samples between two blocks,
a leak-proof tunnel mechanism is established. At the sides of all blocks
except block 1, there are pass boxes for loading and unloading the samples.
Tn the block 1, evacuable boxes are arranged at the both sides for load-
ing and unloading big samples or components and for decontaminating the
parts of the experimental apparatus. Under each glovebox, there are
airtight boxes which accomodate vacuum pumps. The atmesphere in the
airtight box is cooled with heat exchanger, because the temperature of
the atmosphere is elevated by heat generation of vacuum pumps. Inleak
air to this box is treated by the ERS. 1In order to decrease the leakage
of tritiated water through gloves of the gloveboxes to the operation
area, the glove ports are covered with port covers. If the glove is
used, the stagnant gas between the port cover and the glove is previously
substituted with freshlair and the exhaust is introduced into the ERS

for tritium removal.
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(2) GPS (Glovebox Purification System)
The GPS is installed to satisfy the following two functions. One

is to remove tritium and air in eight helium atmosphefe gloveboxes.
The other is the pressure control of each block individually and/or
simultaneously in order to prevent tritium leak from the gloveboxes and
to avoid the deterioration of gloves during handling. The GPS reduces
the radiation exposure of operators in the operation area, during normal
and off-normal operation. The feed flow to the GPS is a mixture of
glovebox atmosphere and sweep gas. The latter is used as a cover gas
of jacket space in getter cartridges operated at high temperature. The
design of the GPS is based on the consideration of safe handling of
tritium in the following conditions;
(1) tritium leak rate from the primary containment

«leak rate of tritium from the experimental apparatus to the

glovebox atmosphere 1 Ci/hr,

.leak rate of tritium to sweep gas 4.9 Ci/hr,
(2) the changing rate of the airtight room 3 times/hr,
(3) tritium leazk rate from helium atmosphere gloveboxes, 80 % of all

the tritium leak rate to the ailirtight room.

A schematic flow diagram of the GPS is shown in Fig. VII.2-3, and
the designed performance criteria in Table VOI.Z-1.

Helium gases from the gloveboxes pass through a filter to remove
dusts and circulates by a low leakage rotary blower. The flow rate is
controlled with a by-pass flow valve attached to the blower, because
the flow rate changes according to the number of gloveboxes used in the
experiment. If necessary, oxygen gas is added. The helium gas heated
up to 473K is treated with a catalytic reactor filled with precious
metal catalyser. The tritium gas concentration is reduced to 1/200 with
the reactor. The gas is then water-cooled to 298K, The water vapor 1is
added to become ZOOlppm of water concentration at the inlet of the dryer.
Two dryers are installed in parallel and if the water concentration of
outlet of the operating dryer become higher than 5 ppm, the dryer is
exchanged. After oxidation and adsorption processes, one half of the
helium gas flow is sent to the cryogenic adsorber system. In the
cryogenic adsorber system, helium is cooled in a gas-gas heat exchanger,
and passes through the cold trap cooled with liquid nitrogen, removing
impurities such as 0;, Ny, Hp0, €O, and hydrocarbons. The helium gas

is then heated successively in a gas-gas heat exchanger, and returned
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to the main loop. In the case of regeneration of cryogenic adsorber,
heated dry helium is supplied to the previously heated adsorber. The
exhaust gas is treated by the ERS. 1In the main loop, the helium gas is
monitored and returned to the gloveboxes after filtration with HEPA
filter. If the deterioration of the GPS occurs, the experiment is paused,
and the ADS or the ERS is used for treating the atmosphere of the glove-
boxes in an once through mode. If the acc¢idental high concentration is
detected by the glovebox monitor, the ventilation of that block is
changed from the GPS to the ADS or the ERS. 1In each block of the glove-
box, there is a dry air supply system provided for these abnormal event.
Fach block of glovebox has a precise differential pressure control system
which actuates two flow control valves for feeding and exhausting helium
gas. There are on-off valves which are used for out of control of the
flow control valves. In Fig. VOI.2-4, the principle of the pressure
control system of the glovebox is {llustrated. Each block of the glove-
box has a bubbler system which is operated at +80 mm H,0 to prevent the
deterioration of gloves. The exhaust gas from the bubbler is treated

by the ERS.

2.3 The other systems

The experimental apparatus are installed in each glovebox respeec—
tively. Projected experiments are cryogenic distillation of hydrogen
isotopes, thermal diffusion of hydrogen isotopes, purification of impu-
rities contained in hydrogen isotape gas, leakage test of tritium handl-
ing components, tritium removal test to develop containment technology,
tritium recovery from used gas in TPL, analysis and measurement of
tritium gas, measurement of low temperature properties of hydrogen
isotope gas, etc. _

The other supporting systems consist of monitoring system, tritium
liquid waste storage tank system and utility supply systems such as

cooling water, liquid nitrogen, helium gas, etc.
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Table VIIL.2-1 GPS Design Criteria

Processing capacity; Main loop 150 m®/hr
Bypass for cryogenic
system 75 m®/hr

Catalytic reactor;

Operation temperature 473 K
Catalyst Precious metal

Tritium gas concent-

ration reduction 200 per pass

Dryer;
Capacity 35 Kg water
Operation temperature 298 X
Adsorbent : Molecular sieve type 5A
?iiineration cycle 1440 hr

Cryogenic adsorber;

Capacity 4.5 Kg nitrogen
Operation temperature 77 K

Adsorbent Molecular sieve type 54
Régeneratlon cycle 72 hr

time

System leak rate limit; 2 x 1073 cc(STP)/s

.

Glove Box Room Equipment Room

ol

2 He > (He) F—F+——6PSf—

EC Sh-—

» Stack

ERSp—=
I >
Dry Ai > GB
"y ( Air ) [ ADS
L e e ————— |
DRS

t ¥

¥ig, VIOL,2-1 Multiple Barrier Containment System of TPL
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Feed Exhaust
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Fig. VvIOIL.2-4 Principle of Pressure Control System for Gloveboxes
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IX. DESIGN STUDY OF FUSION REACTOR SYSTEM

1. Introduction

Preliminary design study of JAERT Experimental Fusicn Reactor (JXFR)
has been carried out for five years from 1975 to 1979 with basically
unchanged design specifications. The design study progressed as planned
at its begining to elucidate the reactor concept, indentify the problematic
area, evaluate the overall design and establish plans on fusion reactor
development, Design techniques of reactors were also established during
this period.

In 1979 the design study of INTOR (International Tokamak Reactor),
which is planned to be developed by IAEA, was carried out as one of the
evaluation studies of experimental fusion reactor and the data base for
selecting the INTOR design parameter was completed.

The study on fusion power reactors was also conducted. A new reactor
concept was proposed to simplify repair and maintenance scheme, which is

very important for realizing fusion reactors.

2. Preliminary Design of JXFR

The design was completed and evaluated, and the problematic area was
identified. The key items of the related research and development were
classified, and development schedule is examined projecting the construc-

tion of JXFR ten years later.

3. Design of Repair and Maintenance

In order to relieve the difficulties of repair and maintenance which
are the most serious problem in a tokamak reactor, a concept of swimming
pool type reactor has been proposed. A preliminary étudy on the feasibility
of the concept has been carried out. Because blankets may be easily replaced
in this reactor, this concept will have a wide applicability for an experi-
mental reactor which seems still have many ambiguities remaining in plasma
physics and reactor structure design.

The items coveredrare (1) reactor concept, (2) plasma vacuum boundary,

(3) blanket structure, (4) tritium breeding, (5) shielding, (6) induced
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radioactivity, (7) repair and maintenance and (8) overall evaluation.
Judging from the results obtained, this concept is promising and

deserves a more detailed study.

4. Design Study of a Fusion Power Reactor

Recent progress in tokamak confinement and heating allows us to
presume higher B8 value which leads to larger fusion power with the same
machine. On the other hand we had in anticipation studied the problems
accompanying the increase of blanket power density in the preliminary
design study of JXFR. 1In 1979 a proto-type reactor design was also carried
out without changing major part of JXFR design employing a high power density

blanket.

5. Development of Design Techniques

A number of computer programs used for the reactor design have been
developed and improved. Among them a brief description of those developed

for plasma and neutronics designs is given below.

5.1 Plasma design

Major issues in plasma design are power balance, impurity control,
ash exhaust, fueling, alpha heating, additiomal heating, start-up, burn
control, MHD equilibrium and configuration of poloidal coils. At the
outset of the JXFR design the plasma parameters were determined on the
basis of simple models. The detailed analysis of plasma characteristics
has been made thereafter by developing and improving successively computer
simulation codes. Major items for which the codes have been newly

developed are as follows.

" (1) Zero-dimensional power balance

The slowing down of high energy lons is analyzed on the basis of the

Fokker-Planck model.
(2) Confinement of 3.5 MeV alpha particles

CAn orbit-following calculation code based on the drift kinetic

equation has been developed.
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(3) Gas blanket
Impurity comntrol, ash exhaust and gaé fueling by gas blanket are

analysed based on a simple one—dimensional model

(4) Zero-dimensional start-up and shutdown analysis

This code is fit for an extensive survey of the characteristic of

start-up and shutdown.

(5) Burn performance _
The region and growth rate of thermal instability, burn dynamics and

controllability are obtained by a zero-dimensional model.

(6) MHD equilibrium and poloidal coil configuration

Magnetic field configuration is calculated by a fixed-boundary model.

(7) Steady-state spatial distribution of plasma density

Steady-state density distribution for a given temperature distribution
is obtained for various transport coefficients. This code is fit for a
survey of the confinement time of full and alpha particles, recycling and

particle fluxes.

(8) One-dimensional tramsport simulation
Simulation of energy and particle transport including start-up, burn
control, fueling and heating is performed by one-dimensional model.

A non-equilibrium transport model of impurities is incorporated.

5.2 Nuclear design

Nuclear design(l) of ENTOR—J(Z), the JAERI proposal for the Internatiomnal
Tokamak Reactor (INTOR)(3) has been carried out using one dimensional (1D)
Sy code ANISN(”), two dimensional (2D) Sy code DOoT-3.5¢5) and three
dimensional (3D) Monte Carlo code MORSE-T(6), A 42 group-neutron 21 group-
gamma coupled cross-section library for 40 nuclides GICX40(7), which is
based on ENDF/B-III and 1v(8) for meutron data and POPOP4 Library(g) for
gamma-ray productlon data, was used.

The 1D calculations were used in preliminary calculations and para-
metric surveys on tritium breeding(lo) and magnet shielding design.
Neutron and gamma-ray fluxes, radiation damage rates and nuclear heating

rate distributions were calculated with cylindrical models.
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Gamma dose rates after reactor shutdown were also calculated using 1D
model and THIDA code system(ll). THIDA is a code system which calculates
Transmutation, Hazard potential, Induced activity, Dose rate and Afterheat.
It consists of the following: induced activity calculation code; activation
chain, activation cross section, radionuclide gamma-ray energy/intensity
and gamma-ray group constant files; and gamma-ray flux to exposure dose
rate conversion coefficients.

The 2D calculations were carried out to investigate the effect of
neutron streaming through the divertor chanmel. As a result, the streaming
effect is found to cause about two times as much nuclear heating rate in
the magnet than the case without divertor channel.

Poloidal distributions of 14 MeV neutron flux, helium production,
displacement damage and nuclear heating rates in the first wall system
were calculated(lz) using Monte Carlo transport code MORSE—I(B). The peak-
ing factors of 14 MeV neutron flux and helium production rate distributions
were found to be about 1.3 and those of displacement damage and nuclear
heating a little smaller. The peaks were always in the outboard side of
the first wall.

An élbedo Monte Carleo method was developed in order to evaluate the
neutron streaming through neutral beam injector (NBI) ports(l3>. Preliminary
results of the evaluation suggest that nuclear heating and radiation damage
in the NBI seems to be tolerable but the induced activation necessitates
remote operation for the repair and maintenance of NBI components around
the ion source.

The Monte Carlo Transport Code MORSE has been improved.

MORSE-I is a revision of the MORSE-GG code(lu). The following

improvements are made.

(1) MORSE-I can treat a torus geometry which is represented by using
surface of fourth order while original MORSE-GG treats those which
can be represented by surfaces of second order. The number of

surfaces allowed in a block is increased from 17 to 35.(5)

(2) Point-detector technique is improved
(2)-1 Computational time required is reduced significantly by the Score
Point Selection technique.(ls)
(2)~2 Specular reflection boundaries can be used as symmetric boundaries.
Proper usage of this boundary also reduces computational time

practically.(le)
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(2)-3 1Infinite variance is eliminated by the Small Density Perturbation

technique.(17)
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X, DEVELOPMENT OF LARGE TOKAMAK — JT-60

1. Introduction

A new site of Japan Atomic Energy Research Institute for fusion energy
development was procured in October 1979, where JT-60 is to be located.

The construction of JT-60 buildings was started; the experimental building
in February 1980 and the powef supplies building in March.

The construction of the JT-60 Tokamak machine and the peoleidal field
coil power supply is in progress at Hitachi, Ltd. and Toshiba Corporation,
respectively. Contracts were concluded with Mitsubishi Electric Corporation
for the construction of the toroidal field coil power supply and with
Hitachi, Ltd. for the manufacture of the central céntrol system. The
construction of the secondary coeling and power distribution systems 1is
expected in the next year. JT-60 completion is planned in 1984. Develop-
ment works on the diagnostic system were continued vigorously. <Construction
was started for the prototype of JT-60 neutral beam injectors, which is
described in more detall in V Development of Plasma Héating System,

With the JT-60 operatien anticipated in the near future and the
assessment of the next-generation devices being made here and elsewhere,
emphasis was placed on the review of JT-60 experimental program and plasma
physics and control analysis. Possible upgrade programs were explored in
line with long-range development program towards tokamak reactors and also

recent progress made here and abroad in tokamak research.

2. Outline of the Progress of JT-60

The fiscal year of 1979 is characterized for JT-60 as the initial
yvear of the full scale construction.

The new site for JT-60 was formally determined and the ground-breaking
ceremony was held on December 6, 1979. The new site is called Mukouyama
Area in Naka-machi which is an westward adjacent town to Tokai-mura. It
is flattend-T-shaped as shown in Fig., X.2-1 with the total area of about
1.5 km* of which the central area of about 0.6 Km? was purchased and the
site will be expanded in the following years., The lay-out plan of JT-60
site is shown in Fig. X.2-2. There are three major bouildings, Experimental

Building, Power Supplies Building and Control Building. TFlat and cross
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sectional plans of Experimental Building are illustrated in Figs. X.2-3 to
X.2-4.

Construction of Experimental Building and Underground Ducts connecting
buildings were initiated from February, 1980 by Joint Venture of three
construction companies, Kajima Corporation, Shimizu Construction Co. Ltd.
and Takenaka Kokuten Co. Ltd.

Contracts for almost of major components of JT-60 have been concluded
by the end of the fiscal year of 1979. Construction of tokamak machine

"and its auxiliary components have been on schedule. Six toroidal field
coils were accomplished. The manufacture of the vacuum chamber, poloidal
field coils, the primary coolant system and the vacuum system were initiated.
The construction of the poloidal field coil power supplies was started
from the final manufacturing of the thylister convertor and other components.
In March, 1980, contracts for the toroidal field coil power supplies and
the central control system were concluded with Mitsubishi Electric Corpora-
tion and Hitachi, Ltd., respectively.

The organization related te JT-60 program is shown in Fig. X.2-5.
Division of Large Tokamak Development (DLTD} is directly responsible to
development and construction of JT-60. DLTD has one administrative section
and three project offices and every project office has a few technical groups.

To cover systematically the whole JT-60 program, the engineering
coordination was actively initiated since construction of major components
were started. Planning and Coordination Group of JT-60 Program Office is
directly responsible to coordination among various JT-60 activities.
Hitachi, Ltd., as the coordinating company assists JAERT by coordination
among manufacturers of JT-60 components. In Fig, X.2-6, the coordination
mechanism are schematically illustrated.

The master schedule of JT-60 program is shown in Fig. X.2-7. The
accomplishment of JT-60 is scheduled in September of 1984. The main reason
for its delay was the prolonged negotiation on purchasing the land for JT-
60 site. The major critical paths are the construction of the experimental
building and the assemble and test of the tokamak machine.

Experimental program was reviewed in the light of recent progress in
fusion research and from the perspective point of view for requirements
from the next generation tokamak device. Reassessment of JT-60 objectives,
improvement of JT-60 for higher beta value and acceleration of the schedule

of secondary heating experiment have been executed.
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Division of Large Tokamak Deve]cpm.ent
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A Co. pe—
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2 B Co.
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3. Status of Tokamak Machine

Tokamak machine of JT-60 is composed of a 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 supply system, ajustable movable limiters and ﬁachine control
system.

The design conditions for each operation mode are summarized in Table
X.3-1. Main design conditions are as follows. (a) Total number of full
power pulses does not exceed 5 x 10%. TIn addition to the full power
operation, 1.5 x 10° shots of 50 % rated operation are taken into account
in the design life time. (b) The number of such pulses that the plasma is
of abnormal plasma disruption with time constant of at least 50 msec is
not generated in the build-up phase is 5 % of total pulses. (c) The number
20 % of total pulses, and furthermore that with time constant shorter than
50 msec {(at least 1 msec) is 103. (d) The total exposure, the maximum
exposure intensity per shot and the maximum energy of X-rays due to runaway
electrons are 2 -x 10% R, 10° R and 10 MeV, respectively. (e) The negative
spike of plasma induces the one-turn voltage of 3 kV with the pulse length
of 100 - 400 psec. <{f) The maximum acceleration of the earthquake does not

exceed 0,2 G at the base of the machine.

3.1 Time schedule and major activity

JT-60 will be in operation in October, 1984 as shown in Table X.3-2.
The heavy lines in this Table mean the critical path.

After the contract completed on April 17, 1978 with Hitachi, Ltd., the
construction design and the fabrication of the machine and its auxiliary
systems have been carried on as planned in these two years.

Through reexaminations of the recent experimental results from other
currently operating devices and the experimental program of JT-60, the
necessity of design changes was recognized for ensuring the experimental
and operational flexibility. Therefore, several changes of the design
specifications were proposed and determined, especially in connection with
the design of the wvacuum vessel.l) The contract for the design changes
above mentioned was completed in June, 1979.

Further, there are some unsolved.problems concerning the heat load
from plasma. These prbblems are under investigation. Most difficult one
seems to be how the inner surface of.vacuum vessel can be protected from

the heat load caused by Ripple Loss.
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18 TF coils are located around a torus axis at regular intervals.
Therefore 18 ripple well regioms are formed. Some of NBI particles are to
be trapped in these wells. The trapped particles go up {or down) caused

by B drift. Consequently these particles hit the inner surface of vacuum

vessel this is called Ripple Loss.

Computer simulationz) shows that total ripple loss is 0.4 MW and
maximum heat flux at the plasma surface is 60 ~ 80 W/em? in the condition
of 0.35 % ripple rate at the plasma surface and 75 keV NBI energy. It is
difficult to design a heat removal structure because of the complicated
inner surface of vacuum vessel. In order to protect the vacuum vessel, the

protection plates made of 20 mm thick molybdenum plate are proposed.

Thermal and stress analyses in detail are planned in the next fiscal year.

3.2 Status of machine components

3.2.1 Vacuum vessel

The basic design of the vacuum vessel was almost complecated in the
last fiscal yearl) and in this fiscal year the fabrication design of the
vacuum vessel, ports and support arms etc. were performed in details. The
specifications are summarized at page 186 of Reference 1). And the cross
sectional view of the vacuum vessel is shown in Fig. X.3-1.

The vacuum vessel consists of eight rigid rings and eight bellows.

The thickness of the bellows was changed from 2.5 mm to 2.7 mm in order
to decrease the primary stress.

The vacuum vessel is provided with a demountable section for assembly
and disassembly of the machine. In the first design, the demountable
section consisted of a welded seal with thin plate and clip joints. But,
the clip joints were thought to become loose by cyclic thermal expantion.
Hence the structure of the demountable section was changed from the clip
joints to the welded joints. In addition to the seal method, the thickness
of the section was reduced to an appropriate value for easy demountableness.

Ports have welded bellows in order to absorb the deflection of the
rigid ring by thermal expansion and electro-magnetic force. The bellows
structure is twisted around the port axis by the electro-magnetic force of
the port. A test was planned to evaluate the bellows strength against the
twisting moment. The result will be used for the final design of the ports.

The temperature of the vacuum vessel is controlled by electric heater

for heating and by N, gas and water for cooling. The control system
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including monitoring sensors was almost decided in consideration of safety,

reliability and efficiency etc. of the componenté. The cooling capacity

of the magnetic limiter plate was upgraded from 5 MW x 5 sec to 20 MW x 5 sec.

The surface temperature of the vacuum vesgssel was designed to be less
than 200 °C in natural convection in order to protect the poloidal field
coils closely located around the vacuum vessel, And in addition, fans are
to be mounted at the lower support structure, in order to cool the coils
in emergent condition.

Fabrication of the rigid rings was started. The rigid ring is
fabricated from 65 mm thick Inconel 625 plates by hot press and electron

beam welding.

3.2,2 First wall

In this F.Y., the design conditions of the first wall, mainly the
heat lecads, were reviewed in respect of the plasma-machine interaction and
the design modifications were discussed. Main items are as follows, (a)
the Increase of the heat removal capacity of the magnetic limiter system,
(b) the design modification of the liner around the magnetic limiter coil,
{c) the estimation of heat load to the liner around the magnetic limiter
coil in case of magnetic limiter operation, (d) the design modification of
the toroidal fixed limiter, and (e) the provision for the localized
deposition of the ripple loss.

Details are as follows.

(a) The original design specification of the heat load to the magnetic
limiter plate is 5 MW x 5 sec (guaranteed). This specification was
modified to 5> MW (guaranteed value) and 20 MW (target value).

According to thermal analysis, the maximum temperature of the magnetic
limiter plate in the case of 20 MW % 5 sec is about 900 °C. In this
condition, the deterioration of Mo plate strength due to recrystalliza-
tion is occurred. Further study as the thermo-mechanical analysis is

necessary.

(b) In case of the plasma disruption with the time constant of 1 msec,
the induced electromagnetic force at the liner around the magnetic
limiter coil is very large, which overhangs the magnetic limiter
coll from the v.v.. Therefore, the design was modified for the liner

to attach directly to the magnetic limiter coil can.

— 170 —~



JAERI-M 9421

(c) 1In case of the modified heat load to the magnetic limiter plate
(20 MW), the heat load is estimated to be about 80 W/cm?2. Because
this value exceeds the permissible heat flux of the liner, the
provision to reduce the heat load is necessary. Therefore, the

design of the poloidal fixed limiter is under investigation.

(d) At the present design, seventeen toroidal fixed limiters are attached
to the rigid ring by bolts from the plasma side. But, this attaching
method is not desirable from the point of view of evaporation and
arcing. Therefore, the toroidal fixed limiter is modified as shown
in Fig. X.3-2.

In case of plasma disruption with the time constant of 1 msec, the
mechanical stress of the toroidal fixed limiter overhanging the
bellows is greater than the yield stress of Mo. At the positions of
these limiters, the temperature differences between the surface and
the back side of the vacuum vessel exceed 200 °C after several shots
due to the heat flow from the limiters and the thermal stress becomes
serious problem. Therefere, the toroidal fixed limiters overhanging

the bellows were removed.

(e) According to the estimation of the ripple-loss by K. Taniz), the loss
particles localize in a specific area of 20° ~ 50° poloidal angle.
The average and peak heat deposition reach about 20 ~ 30 W/em? and
60 ~ 80 W/cm?, respectively. Therefore, thick molybdenum plates are

attached to protect the vacuum vessel.

3.2.3 Toroidal field coils

Fabrication techniques have been established through R & p3) carried
out from 1975 to 1976. A flow chart of the fabrication process is roughly
shown in Fig. X.3-3. And main fabrication processes are shown in Photo.
X.3-1 - Photo. X.3-4,

At present day in March 1980, nine TF coils have been fabricated.
Though the specified tensile strength of the conductor material containing
0.2 % silver is 33 kg/mm?, the measured value have an average strength of
35.3 kg/mm? and can be fitted by the normal distribution whose standard
deviation is 0.7 kg/mm?.

Mechanical strength of the brazed joints with initial defects was
discussed on the basis of Fracture Mechanics theory and results of the

fatigue crack growth test) . According to the ultrasonic inspection
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results for the brazed joints more than 1,300, only eighteen defects of

6 mm - 410 mm and only one defect of ¢10 mm - ¢15 mm were detected, and
most of the brazed joints had no defect. An error in measurement in wind-
ing conductors is measured only 2 - 3 mm. This error is consistent with
the assumption in error field.

The inspection and test results comvinced us that TF coils satisfy
sufficiently the requested performance.

And the reliability tests, which are the preload test of a pancake
coil without ground insulation, and a simulation test using the first coil
block composed of two pancake coils and a supporting case were performed.
In this simulation test, four different modes of load were selected.
Through the preload test and simulation test, the followings have been

confirmed.
(1) The preload test has a useful effect to the brazed parts.

(2) It is possible to understand the soundness of the layer insulation

by the strain distribution of the conductor at the preload test.

{(3) It was observed that the load on the ground Insulation was transmitted

to the supporting case.

(4} The maximum temperature rise of the conductors at the wedge-shaped

section was never false to the expected value.

(3) The reliability of the TF coil system has been confirmed.

3.2.4 Poloidal field coils

The poloidal field (PF) coils consist of five coil systems; ohmic
heating coils (OH coils), vertical field coils (V coils), quadrupole field
coils (Q coils), horizontal field coils (H coils), and magnetic limiter
coils (M coils). The first four coils are placed between the toroidal
field (TF) coils and the vacuum vessel (VV) to satisfy the required
mangetic field conditions and provide access to the VV for the diagnostic
perts. Each turn of the PF coils must have a welded joint on site caused
by the geometorical relation with TF coils. The coils are attached to the
frames in such a way that they can expand in the radial direction and the
vertical force acting on the coils is transferred to the frames. The hoop
force is supported by the conductors themselves.

The M coils are placed inside the VV and composed of 3 coils; one
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8-turn main coil and two 4—turn subcoils. The coils are incased in the
vacuum—tight Inc 625 case, consisting of bellows and 32 rigid rings with
which the coils are supported inm the vessel,

The construction design of the PF coils has been continued. The
specifications and the arrangement of the colls are not changed from those
reported in ref. 1) and shown in Table X.3-3 and Fig. X.3-4, respectively.
The magnetic fields and the electromagnetic forces were estimated on the
basis of the éb0ve arrangement. Stress analysis and thermal analysis were
also performed not only for the regular part of the coils but also for the
welded ioint and the turn—to-turn connecting part of the coils. The design
of the monitoring system, the grounding system, the electrical protection
system and the feeders for the PF cecils were started.

Together with these design works, the outline of the fabrication
procedures and inspection methods were established., The arrangement and
the cross-section of the conductors which are placed immer side of the
torus were determined through these considerations.- The specification
documents for the purchase of the conductors and the cooling pipes were
prepared. The orders of the conductors which are used for the coils less
than 3 mm in diameter were finished. The fabrication of the conductors
was started on July, 1979 at HITACHI Cable Co., Ltd. Following inspections,
the completed conductors were transported to HITACEI Co., Ltd. The trans-
portation of about 20 % of the conductors has been completed by the end of
March 1980. The fabrication of the smallest diameter coil (F-13) was
started.

The MIG welding technique of the copper conductors has almost been
established and applied to the fabrication of the F-13 block. The develop-
ment of the TIG welding techmique for the connection of the joint on site
are now underway.

Mecahnical and electrical tests of the coil insulations were performed
for the samples which were irradiated up to 10° rads by 60Co-gamma rays.
The results are shown in Fig. X.3-5, indicating that no significant change
in tensile strength and breakdown voltage occurred, while elongations
decrease as the increase in the irradiation dose. Preliminary fatigue
test of the irradiated samples have also been performed and showed that
the irradiated samples have almost the same properties as those of the non-
irradiated ones. -

The extensive examinations have been made on the magnetic limiter such
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as the magnetic field configuration in the vicinity of the M coils, scrape-
off layer width, heat flow to the liners attached to the cans, the effect
of the fixed limiter position on the divertor efficiency, plasma contrel
and monitoring system, and so on. As a result, the value of about 10 em

for the throat width was determined.

3.2.5 Support structures
Construction design of the support structures was almost completed.
All of the components'of the support structures are made from non-magnetic
steel which has superior mechanical properties except the ball-jointed
section of the support column of the vacuum vessel. The designed stress
of each component is far below the allowable one except the central column.
Fabrication is now in progress without any trouble and will be

completed by May in 1981.

3.2.6 Vacuum pumping system

(1) Functional requirements

Requirements for JT-60 vacuum pumping system are as follows;

1) to evacuate the torus in ultra high vacuum

2) to remove impurities liberated during bake-out, high temperature
oxidation and hydrogen reduction, and discharge cleaning of
vacuum vessel interior

3) to pump the past plasma constituents within the interval between
plasma pulses —— the interval is ten minutes

4) to operate continuously and reliably for long periods of time —-
at least two weeks

5) to minimize contamination of the torus by the vacuum pumps

(2) Configuration _

In order to fulfill the above requirements, a turbomolecular pumﬁ

system have been selected. Its configuration is schematically shown in
Fig. X.3-6.

This system has four identical sets each connected to é pumping port
of vacuum vessel. One set consists of a manifold, main pumping sub-
gsystem, rough pumping subsystem and maintenance pumping subsystem. Total
pumping speed of each subsystem is required as shown in Table X.3-4.

The main pumping system has the pumping speed of 13,600 liters/sec
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for nitrogen and 29,000 liters/sec for hydrogen. This system is used in
the pressure range of less than 1072 Torr.

The rough pumping system evacuate the vacuum vessel from atmospheric
pressure to 10-2 Torr. Its pumping speed is from 120 liters/sec to
1,400 liters/sec. This subéystem is also used in oxidation and hydrogen
reduction of vacuum vessel interior.

Maintenance pumping system keeps the vacuum vessel in high vacuum
during suspension of operation. In addition, peripheral subsystems such
as compressed air supply subsystem, cooling water supply subsystem, dry
nitrogen supply subsystem, liquid nitrogen supply subsystem, pressure
measurement subsystem and control subsystem are to be provided in order to

support each pumping subsystem.

(3} Problems related to the components
There are 2 main problems. One is related to large bakable gate

valves. And the other is related to turbomolecular pumps.

1) 40-cm ID all metal gate valve
40—cm ID all metal gate valves are needed to isolate the pumping
system from the vacuum vessel. The specific requirements for valves
are as follows;
—— bake out over 250 °C
—- helium leakage across the seat seal of less than 1 x 1077
Torr-liters/sec

— operating life over 200

2) Turbomolecular pump

We selected Leibold-Heraus TurboVac 3500 TMPs as first stage omnes
and Leibold-Heraus TurboVac 430 TMPs as second stage ones.

Possible disadvantages of the use of the pumps in JT-60 include
the heating of the rotor caused by eddy current induced in high magnetic
field and fear about endurance in rather high pressure (especially for
second stage TMPs).

In JT-60, the magnetic .field at the position of turbomolecular
pumps in JI-60 is about 200 Gauss. And moreover tests in TFTR were
examined. Therefore the turbomolecular pumps cén be used safely.

Turbomolecular pumps evacuate the torus.from the pressure of

1072 Torr. It is caleulated to take 20 minutes to evacuate the torus
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to the pressure of 1073 Torr.

The tests of turbomolecular pumps in high pressure of about
102 Torr were carried out. From the results as shown in Table X.3-5,
we can use the turbomolecular pump from the pressure of 10”2 Torr in

JT~-60.

3.2.7 Primary cooling systéml)

In this F.Y. the rationalization of the cooling system was advanced,
Specifications of the primary cooling system are summarized in Table X.3-6,
and flow diagram of the cooling system is shown in Fig. X.3-7.

Total flow rate for coil cooling subsystem was reduced from 200 m3/hr
to 1480 m®/hr by separating the purification system and the maximum pres-
sure was also reduced from 16 kg/cm® to 14 kg/cm?.

Fabrication of heat exchangers and other components was started.

3.2.8 Fast movable limiter

Fabrication design is now in progress to be completed in Oct, 1980.
Because that the most of details on design and fabrication techniques were
established in the engineering development, main efforts have been made
for the geometrical interference with the diagnostic instruments and
support stractures. The analysis of wvibration due to impulsive electreo-
magnetic load excerted on support structures is now carried out. The
design about the controller of movable limiter is little behind the schedule.

But, fabrication will be expected to start without any delay.

3.2.9 Adjustable movable limiter

In accordance with the experimental and operaticmal necessity a pair
of adjustable movable limiter is to be installed in the vicinity of the
sub—magnetic limiter coils. It provides the protection of the submagnetic
limiter coils, the control of the plasma diameter and the research on the
limiter materials.

The schematic view of the adjustable movable limiter is shown in
Fig. X.3-8. The limiter head, which is to be made of the same material as
the fixed limiter, is cooled by air forcedly and easily remountable with
the vacuum vessel kept in ultra high vacuum circumstances,

Adjustable limiter contracted in June 1979 is now under the fabrica-

tion design to be completed in Oct. 1980.

=176 —



JAERI-M 9421

3.2.10 Gas feed system

The gas feed system consists of four subsystems: a main feed system,
an auxiliary feed system, and two impurity feed systems. The gases (H ,
He, Ne, 0 , and Ar) feed to the vacuum vessel are centrolled by fast
magnetic valves (FMV) and pilezo-electric valves (PEV).

In order to examine the applicability of the PEV to JT-60, which was
developed for use in TFTR (PPPL), one valve was loaned from PPPL and
arrived at JAERT in June, 1979. However, its piezo element was broken
during transportation. After the repair work was completed in February
using repair parts received from TFTR, the performance test was carried

out successfully.

3.2.11 Preionization system
Preionization system aims at producing a weekly-ionized plasma before
discharge. Two types of preionization methods are adopted, i.e., electron

- ->
gun type and J x B plasma gun type.

3.2.12 Machine control system

In this F.Y., the design of control system was reexamined. Carrying
out the work, micro~computarized CAMAC system was introduced for interface
between Zenkei and machine control system, as shown in Fix. X.3-9. The

main features of the machine control system are as follows:

1) The micro-computarized CAMAC system is constructed in a serial
high-way configuration,

2) The STU (Serial Signal Transmission Unit) system is used as a
back up to the CAMAC system.

3) The subconscle, man-machine interface of the machine contrel
system, has cathode ray tube (CRT) to display the entire system
informations.

4) Control system including CAMAC system has to work under severe
electric serge and noise conditions.

3) The interlock system is made of hard-wired circuit aries.

3.3 Related Studies

3.3.1 Dynamic response analysis of the vacuum vessel
Eddy currents induced on the vacuum vessel have generally shorter

time duration than the natural period of the vacuum vessel, so the dynamic
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response of the vacuum vessel against the electromagnetic force is of
great concern for machine design. Especially, saddle-like electromagnetic
force —— caused by the interaciton between the poleoidal component of the
eddy current and the toroidal magnetic field — is predominant among all
and is predicted to cause a high stress of the bellows.

Therefore, dynamic response analysis against the saddle-like electro-
magnetic force was carried out using three dimensional finite element
method. The dynamic response of the bellows was computed by dividing it
into three components; the first caused by the forced deflection due to the
displacement of the adjacent rigid ring, the second caused by the saddle-
like electromagnetic force acting on the bellows and the last caused by
the inertia force acting on the bellows5).

The results of the dynamic response analysis showed that the maximum
deflection of the rigid ring, whose time behavier is shown in Fig. X.3-10,
is about 3.2 mm in case of plasma disruption with time constant of 1 msec®)
and computed stresses of the vacuum vessel are below the allowable one from

the view point of fatigue fracture’’.

3,3.2 Studies of eddy currents induced on the vacuum vessel

Continuing efforts for the study of eddy current have been made in
JT-60 design calculations with aid of numerical codes EDDYTORS and EDDYACT
which were checked on the experimental results using a scale mode18’9'10>.
A suitable model for 1 msec current disruption provides the reasonable
results of eddy currents on the vacuum vessel and the structural component
installed inside within a desired accuracy.

The eddy currents due to 1 msec current disruption on the vacuum
vessel were evaluated including the shielding effect of passive poloidal
coils, i.e. the ohmic heating coil and the vertical field coil, and those
are shown in Fig., X.3-11. Figure X.3-11 shows that the shielding effect
of the vertical coil largely suppresses the saddle-like current on the
rigid section of JT-60. Because that the vacuum vessel acts as a main
shield against a rapid change of the magnetic field, structural components
installed inside the vacuum vessel, such as a liner, the magnetic limiter
plate and the magnetic limiter can, receive different electromotive forces
from those without the current shield of the vacuum vessel. Figure X.3-12
shows the distribution of the magnetic field without the shielding effect

of the vacuum vessel and Fig. X.3-13 shows that with the shielding effect.
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One can easily find out from those figures that the larger electromotive
force due to 1 msec current disruption loads on the component placed at
outside of torus!l),
3.3.3 Wire type strain gauge under high temperatures and strong
magnetic field

Development of resistance wire type strain gauges usable for JT-60
at high temperatures and strong magnetic field have been carried out.
The developed gauges were tested at temperatures between room temperatures
and 520 °C and the change rate of magnetic field between 216 nc/sec and
1634 pe/sec; Zero drifts, linearities, change of gauge factors, insulation
resistance, creep characteristics and effects of fatigue were examined.

The following have been made clear.

1) Strain gauges with 6.25 mmR curvature and sensing element of
nichrome U have been developed.

2) 1Induced apparent strains by the change of the magnetic fleld
are dependent on the incline of the wire gauge to the magnetic
field line.

3) Maximum induced apparent strain of 100 ue was measured at the
magnetic field change rate of 1600 pe/sec. |

4) Twisted lead wire is more desirable to compensate the induced
apparent strain than the parallel ones.

5) Drift rate is less than 10 pe/hr at 500 °C.
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Table X.3-4 Total pumping speed of each pumping system

SYSTEM - PUMPING SPEED PRESSURE RARGE

MAIN PUMPING SYSTEM 13,600 1/sec ( Ny )

LE ,
29,000 1/sec C Hy ) SS THAN 1,33 Pa

{ 107¢ Torr )

ROUGH PUMPING SYSTEM 120 ~ 1,400 1/sec ATHOSPHERIC PRESSURE
~ 133 Pa { 107° Torr }

MAINTERAHCE PUMPTHG 5,300 1/sec (N, )
SYSTEM 10,000 1/sec ( Hy )

Table X.3-5 Test of TMP in the high pressure of 1.33 PA (10”2 Torr)

1TEM RESULT

1) TEMPERATURE RISE

o HOUSIHNG 3 DEGREES

» COOLING WATER 1 DEGREE

- ROTOR LESS THAN 100°C
2) ROTATING SPEED CHANGE OF LESS THAN 1%
3) PUMPING SPEED PLANNED VALUE IN JT-60

Table X.3-6 Specification of primary cooling system

Fleld coil system Vacuum vesssl system

Total removal energy MW 18.4 0.9
Toto! water flow rafe m3/hr 1480 130
Maximum gystem prassurs kg /em G 14 12
Number of pump 4 2
Number of neat exchanger 5 1
Max. outiet tempsrature from °C 42

heat exchanger
Resistivity of coolant N-om 10P
py of coolant 5~9
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Fig. X.3-2 Toroidal fixed limiter
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————
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TOROIDAL FIELD COIL

Fig. X.3-3 Fabrication procedure of TF coil
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Fig. X.3-4 Poloidal field coil configuations
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Fig. X.3-5 Mechanical and electrical characteristics of layer insulator,
each insulator and protection layer before irradiation and
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Fig. X.3-10 Displacement revolution of the rigid ring in case
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Fig. X.3-11 Saddle-like current due
to the rapid disruption
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Fig. X.3-12 The magnetic field without the shielding
effect of vacuum vessel
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Fig. X.3-13 The magnetic field with the shielding
effect of vacuum vessel
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Photo. X.3-1 Bended conditibns

Photo. X.3-2 A pancake coil waiting for
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Photo. X.3-3

ime fabricated coil -
A: Inlet and outlet

for cooling water
%: Connection between

two pancake coils

s Lead wire

o

Photo. X.3-4 Welding process in making space box between
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4, Status of Power Supplies

The status of JT-60 power supplies is described with emphasis on
the progress made since the last review period.

The contract for the manufacture of the poloidal field power supply
was awarded to Toshiba Corporation in March 1979. The fabrication of a
prototype thyristor convertor unit including high-precision current
measurement transformers and others was completed and their tests have
been well progressed.

The contract for the toroidal field power supply was also concluded
with Mitsubishi Electric Corporation in March 1980.

The systems design of the whole JT-60 electrical power systems has
been continued to examine and establish their overall consistency and
unification.

The design of the grounding system of the JT-60 systems was completed,
and its construction is started with the construction working at the new
site.

Table X.4-1 shows the majof milestones related to the JI-60 power

supplies and our progress to date.

4,1 Poleidal field power supply

The poloidal field power supply of JT-60 is shown schematically in
Fig. X.4-1. A motor generator supplies the necessary electric power for
all the poleoidal field coils, namely, the ohmic heating field coil, the
vertical field coil, the horizontal field coil, the quadrupole field
coil, and the magnetic limiter coil. TIn addition to the ohmic build up
coil, an inductive energy storage coil is used to make a stepped buildiup
of plasma current and is also energized by the generator as shown in
Fig. X.4-1. Fach of these coils is independently powered and controlled
by respective thyristor banks to meet various operational requirements
of the poleoidal field system,

The specifications of the generator are summarized in Table X.4-2
and a cross—sectional view is shown in Fig. X.4-2. Detailed reexamination
of the electrical and the mechanical design of the generator was completed,
and the manufacture is now started. The design and the specifications of
the ohmic heating power supply and other poloidal field power supplies
(thyristor.convertor systems) were also fixed (Table X.4-2). No major

modification was introduced into the design described in the last report.

S — 195 =
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The manufacture of a prototype unit of thyristor convertors and some
related equipment for the ohmic heating power supply (see Fig. X.4-3) has

been completed, and their tests are being carried out.

4.2 Toroidal field phwer supply

A composite electrical system which consists of a generator with
flywheel and the utility power network system was adopted for the toroidal
field power supply. The generator and the utility network system are
connected electrically at the dc circuit through rectifier equipment as
shown in Fig. X.4-4., A typical operation pattern of the toroidal field
power system is shown in Fig. X.4-5.

The specifications are summarized in Tables X.4-3 and X.4-4. A
major modification was made on the generator system; the driving system
of the generator was changed to a static starting system using thyristors
from an induction motor of the previous design. This change was motivated
by a closer examination of the overall energy efficiency of the generator
system and cost comnsideration including the operation cost, No engineering
problem seems to exist in the fabrication and operation of the static
starting system,
1
4.3 Control system of power supplies

The control system of JT-60 power supplies controls its own objective
devices and equipment of the poloidal field and the toroidal field power
supplies, and is controlled by the central contrel system of JT-60. As
shown in Fig. X.4-6, CAMAC system 1s used for interfacing all devices
and equipment to be contrelled to the computer system of the central
controller.

The systems design of CAMAC systems is almost completed and function
tests of CAMAC crates including a microprocessor crate controller are being

made.

4.4 Systems design of JT-60 electrical power system

The ac supply and distribution system for JT-60 is shown by the
simplified diagram of Fig. X.4-7. The electrical power required for the
operation of the entire JT-60 systems is supplied from the utility power
network at 275 kV, 50 Hz. It is then transformed to proper voltage

levels and distributed to various JT-60 loads through three distribution

-~ 196 —
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systems. The largest pulsed load is the toroidal field system which
requires 160 MW from the network. The second major loads are the three
generator systems and require about 20 MW during operation. A quasi-
steady power is also needed for the auxiliary devices and equipment to
support the operation of JT-60 facilities.

The design of the ac supply and distribution system has been almost
settled, and work is now being done on the design of protection system
which is compatible with the design of 275 kV substation at the new site.
Interferences to the utility power network induced by the pulsed operation
of JT-60 have been analyzed carefully on the basis of the presumed power
demand against the power network at the time of planned operation of JT-
60. It has been confirmed that the operation envisaged in the JT-60
electrical power system on the present design basis is possible under the
limitations which is laid down in the technical provisions between JAERI
and The Tokyo Electric Power Company TIncorporated.

The layout design of various devices and equipment of power supplies
is now almost completed. The three generator systems together with
auxiliary switchgear equipment, generator control equipment and others
‘are housed in the motor generator building (Fig. X.4-8). The rectifier
gystems for the toroidal field power supply, the thyristor convertor
gystems for the poloidal field power supply, the dec circuit interrupters,
and the control systems (CAMAC systems and auxiliary equipment) are placed
in the separate rectifier building. The transformer yard intervenes

between these two buildings.
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’ Table X.4-2 Specifications of major components of the poloidal
field power supply

_-E;;;;ator Vertical shaft salient pole type 1 set
pole 16 poles
Capacity ) 500 MVA
Voltage 18 KV
Current 16 KA
Frequency 78 - 54 HZ
Xd, Xq 1.84, 1.18 p.u
xd" 0.24 p.u
Power factor more than 0.453
Flywheel effect 5,500 ton-2¢
Revolution 585 - 405 RFM
Energy yield 1.3 GJ
Induction motor Wound rotor three-phase induction moter 1 set
pole i . 10 . pole
Capacity 7 b
Voltage i1 ‘ KV
Revolution 585 - 405 RPM
Speed-up time 10 Min,
Control Stationary scherbius system
and Water rheostat
D.C. tircuit Vacuum circuit breaker 2 sets
bresker Voltage ' ' 25 KV
Current 92 KA
Commutation capacity . 1.0 af
difdt, dv/dt 450A/us, (mean)l20A/us(at zero)
300v/us
I.E.S. coil Reactor of Iron core with air gaps . 3 gsets
inductance 1.12 / 2.32 / 4.56 mH
Connection Series
Total inductance 8 =i
Peak current g2 KA
Reaistance 7.5 il
R.M.S. current 92KA "2.9 sec
Rated voltage 25 [ 4]
Time constant Resistance 0.072 - 1.0 G
controller Variable in 20 steps
Maximum energy dissipation 78
Rated energy dissipation 50 .4
Allowvable temperature rise 70 ‘c
Thyristor OH coil and IES coil PSFL SCR 24 pulse 92XA-2500V
converter PSF2 SCR 24 pulse 92KA-2500V
Vertical field coil PSVF1 SR 24 pulse 58.0KA-5KV
PSVF2 SCR 24 pulset 58.0KA-5KV
PSVR SCR 24 pulse* B.6KA-5KV
Quadru-pole field coil PSQ SCR 12 pulse* +25KA-1800V
Horizontal field coil PSH SCR 12 pulse*  +22KA-300V
Magnetic limiter coil PSM SCR 12 pulase 95KA-1000V
= * bi-polar
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Table X.4-3 Specifications of the toroidal
field power supply generator

Required Energy
Maximum Speed
Minimum Speed
6DZ of MG Set
Repetition Time
Generator:
Output Power (Peak Value)
Qutput Voltage
Power Factor
Pole Number
Output Frequency
Gp2
Static Starting Equipment:
Capacity
Input Voltage
Input Freguency
Sfarting.Iime
Flywheel:
GD?
Weight
Diameter

Length

- — 200 -

4,020 MJ
600 RPM
420 RPM

16,000 T-M2
10 Min,

215 MVA
18 kv
0.85 lagging
16 poles
80 ~ 56 Hz
1,400 T-M2

19,000 kw
11 kv
50 Hz
20 Min.

14,600 T-MZ
600 Tons
6.6 M
2.9 M
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Fig. X.4-4 Circuit diagram of the toroidal field power
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5. Status of Control and Diagnostic systems

5.1 Major activities of control and diagnostic systems

Major efforts for the comstruction of the JT-60 Central Controller,
7enkei, were concentrated on the completion of the ordering specification.
On the basis of the work made in the last year, we added the readjustment
of the function and operation boundaries between Zenkei and sub-control
systems, and the results were reflected on the ordering specification.

The contract to construct Zenkei was concluded with Hitachi, Ltd. at the
end of March 1980. By this contract, total system of Zenkei were entered
into the stage of manufacture.

As for the diagnostic systems, the executive plan for the whole
diagnostic system was made, considering both the experimental plan of
JT-60 and the fabrication status of JT-60 device. The technical specifica-
tions have been studied and several.developmental items were extracted and

executed through the vear.

5.2 Present design of control system

5.2,1 System design

Control and monitoring system of the JT-60 is required to have large
data handling capacity, flexibility, future expansibility and maintenability,
because it is for the experimental device. Another requirement is imposed
to the system for easy implementation. The JT-60 is composed of several
subsystems; a mechanical structure, 2 toroidal field coil power supply, a
poloidal field coil power supply, etec. Each complete subsystem, including
its controller, is contracted with a respective industry separately, so it
must work well not only as one of a centralized system during experiment
but also as a decentralized system during test, commissioning and main-
tenance,

Hierarchical computer system utilizing CAMAC standards is adopted as
a solution for these requirements. The upper level of the system is
composed of several minicomputers and the lower level is microprocessor-
based distributed intelligence system. The consoles are driven by computers.

All protection sequences are realized by hardwired logics, except
the termination of poloidal field in certain cases where the computer
control is applied to minimize shock on the JT-60 machine. A timing
signal is transmitted directiy in real-time to proceed with sequence

control during a shot.
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Figure X.5-1 shows the architecture topology of the JT-60 computer
system which includes computers for data processing. The control system,
shown in left-hand of Fig. X.5-1 is grouped into three computer subsystems.
The first is to monitor continucus status of plant equipments such as
vacuum pumps, cooling facilities, motor generators for poloidal field coil
power supply etc. The second is to control and monitor such equipments
to perform discharges as a toroidal field coil power supply, a poloidal
field coil power supply, a preionization system, a gas injection system
etc. The third is to perform feedback-control during discharges. Power
supplies of air-core transformer, vertical field coil, horizontal field
coil and quadrupole field coil, the gas injection system and auxiliary
heating systems are controlled via this loop.

Three computer subsystems are assigned to functions above menticned.
Each computer has its own CAMAC highway to connect nodal crates of the
subsystems. The nodal crates contain microprocessors and serial drivers
for driving their subsystem highways. Furthermore, the subsystem highway
are possible to drive device highways in multi-level hierarchy.

A transversal highway is provided in each subsystem to perform test,
commissioning and maintenance. Tt connects those crates which belong to
different highway loops.

The computer proposed for the central controller is HIDIC 80E, whose
major characteristics are given in Table X.5-1. Actual structure of
computer system is given in Fig. X.5-2, where seven CPUs are used. Five
of them are positioned in the control building, while two are positioned
in the power supply building to be used exclusively for the feedback

control., Shared memories connect five and two CPUs, respectively.

5.2.2 Man-machine interface

The features of the man~machine interface in the JT-60 control
system are as follows: |
(1) hierarchical structure. As the control system of JT-60 has a

1)

hierarchical structure®’, the man-machine interface will be provided
corresponding to each hierarchy, whose role is assined accofding to
operation stage. .

(2) centralization. In the control room independent operation of each
sub-system will be carried out for preparation of the experments. Then,

discharge control will be performed for plasma experiments. Nine sub-
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system consoles for independent operation of each sub-system are provided
and a centralized and computerized comsole for the operation of discharge
control,

In the structure of JT-60 control system the man-machine interface,
i.e., control consoles and panels, is shown by thick lines in Fig. X.5—3..
At the top of the system a supervisor's éonsole is provided for monitoring
the overall status of the JT-60 eguipments. During the normal operation
a central console is provided for discharge control. To back up the above
two consoles, a hard-wired auxiliary graphic panel is installed.  Sub-
system consoles are provided for independent operation and test of each
sub-system. Local panels, which are not shown in this figure, are
installed for local operation of equipments and devices. Besides these
consoles and panels, a number of consoles will be provided for plasma
diagnoses.

As the organization for operation and experiment has not been
decided yet, the layout of consoles and panels in the control room has
been planned on the following assumptions:

First, the operation and monitoring for discharge control can be
carried out by several operators at the central console. Each sub-system
~console is limited to be used for independent operation of test and
preparatory operation before discharge. Secondly, the operators at the
central console have to communicate closely with experimentalisté at the
diagnostic consoles in order that the experiments may be carried out
smoothly. TFinally, the flexibility and the expansibility are considered
for the control consoles and panels of additional heating equipments
because their control systems have not been designed yet.

One possible layout scheme for the control room is shown in Fig.
X.5-4. The area of this room is about 900 m?. The central console is
located in the center of the room, where the operators will set the control
parameters for discharge and monitor the equipment status and the discharge
results. This console is connected to the plant support computer and the
discharge control computer. It is composed of twelve unit desks witﬁ CRT
displays, keyboards and push button switches and some cormer desks as
shown in Fig. X.5-5. The central console is surrounded with nine sub-
system consoles, such as consoles for machine systems I, II, toroidal coil
power supply, etc. The supervisor's console with two CRT displays is

located at the position where the shift supervisor can oversee the .
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activities of operators working at the central comsole. The graphic
panel is located in the same row where the sub-system consoles are
gsituated. The overall plant status, such as operation stage, shot number,
stage of discharge sequence, is displayed with hard-wired devices and the
summarized annunciation for each sub-system 1is displayed on this panel.

In addition to these, ten ITV sets and a wired radio system are prepared
for monitoring the entrance and inside of JT-60 machine room, etc. and
for announcing the information on the operation, respectively. The rest
area is used for racks invelving control devices of the sub-systems, such

as relays and CAMAC crates, and the power distribution boards.

5.2.3 CAMAC system

An actual CAMAC system for control and monitoring is shown in Fig.
X.5-6. The central highways made of dual serial highways of the plant
support computer and the discharge control computer connect several nodal
crates which belong to various subsystems. Optical fiber cable shown
by dashed lines are employed in the subsystem highways between the control
building and the power supply bﬁilding or the experimental building.
Each subsystem has a man-machine crate to perform test, commissioning and
maintenance locally, which is commonly connected to the nodal crates for
the plant support computer and the discharge control computer by its
local highway. Device highways dedicated to various subsystems such.as
a baking device, a vacuum pumping device, etc. are not fully shown in
Fig. X.5-6. Byte serial highways are applied to data transfer paths for
the real-time control.

Module configuration of a nodal crate used in the central highways
of the plant support system and the discharge control system is shown in
Fig. X.5-7. Dataway contrel of the crate is shared by three intelligences,
The first priority is given to the crate controller driven by the local
test highway, the second is assigned to the ACD (auxiliary controller with
D-port) connected to the central highway and the third is assigned to
the microprocessor housed in the ACM (auxiliary controller with micro-
processor).

An efficient protocol in the central serial highways is defined in
conjunction with function of the ACD. As the data transfer is featured
to be exclusively between a buffer memory module and an upper computer,
single command can be followed by a block of data with variable length.

The data transfer protocol is thus liberated from the CAMAC standard in
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spite of using the standard D-port for hardware compatibility. This data
transfer can obtain the speed 2.5 times faster than the case of the
standard protocol.

A lot of optical fiber cables are employed for data transfer among
buildings of the JT-60 and among devices in the experimental building
for the reason of its immunity from the difference of the ground level
and the influence of the electromagnetic field. Data transfer by using
single cable of the optical fiber pair is applied not only to the serial
highway but also to the byte serial highway defined in the serial CAMAC

standard.

5.2.4 Timing system

Timing signals delivered from the central system to various sub-
systems proceed with the control sequences and synchronize the diagnestic
measurements.

Figure X.5-8 shows a system configuration of the JT-60 timing system.
The central timing generators are controlled by the discharge control
computer and several timing receivers housed in CAMAC crates of the
various subsystems, which are connected directly by optical fiber cables
or twisted pair cables to the central timing generators. Another timing
generator placed in the power supply building is controlled by both of
the central timing generator and the feed-back control computer linked
to the discharge control computer.

As the timing signals control large and powerful devices, reliable
timing transfer systems are required. Handshaking and error recovery
procedure are shown in Fig. X.5-9 together with the outlined block diagram
and data format of the timing signal. The encoded signal with destination
channel bits and a parity bit is generated by the timing transmitter,
and the timing receiver in a subsystem crate decodes the signal to
distribute it to subsystem devices. The receiver checks the parity bit
and generates response signal upon the correct parity to the transmitter.
In the case of no response, the transmitter can try the signal generation
again. Input and output lines of the timing recelver are isolated by

optical couplers.
5.2.5 Safety and protection system
Briefly, four kinds of systems are considered; (a) a soft ware

protection system, (b) hardwired interlock systems, (c) back-up systems
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and (d) alarm systems.

These kinds of systems are in the central system and/or in the sub-
systems as observed in Table X.5-2. Among them, the first twec are being
mentioned in this sectiom.

The protection interlock system (hard wired) of the central system
takes signals from the subsystems, the building devices, the plasma
monitors and the discharge control computer in which the software

protection system is being established.

(a) Software protection system
It is being designed as one of the function of the central computer
system. It functions for failure diagnosis, pre-shot checks, post-shot

checks and operation mode transit checks.

i. Failure diagnosis:

As observed in Fig. X.5-10, the function of failure diagnosis is
triggered by a signal from the hardwired interlock system which informs
a failure to the computer system when it takes place. After triggered,

the computer takes informations about the conditions of subsystems and

diagnostics from the status of the hardwired interlock system and the data

obtained through CAMACs. The diagnosis will be performed in the way as

given in Table X.5-3.

ii. Pre-shot checks:
The computer system checks the following items;
(1) Find miss settings of discharge conditions,
(2) Conditions of the devices and equipments of subsystems,

(3) Prediction of a failure with present discharge conditions.

The last item is given because the probabilities that a runaway

electron mode or an unusual stress, vibration and temperature at the tokamak

machine would takes place are still left after the former two items are

cleared.

iii, Post-shot checks:

During discharge, subsystems are inhibited to be operated independently.
To release the condition after discharge has finished, it is to be performed

on the items; (1) confirm the finish of discharge, (2) logging of the alarms

which have taken place during discharge.

The confirmation is performed by comparing the table which gives the
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conditions of the discharge finish with the monitored data.

{b) Hardwired interlock system

The organization of the hardwired interlock system is that follows the
conception of hierarchy as well as the computer control system.

To make up the total hardwired interlock system, isolations according
to the respéctive groundings to keep off noise and protection of propaga-
tion of the ground fault of a magnetic field coil at the tokamak machine
are under consideration. For isolations, signals are sent by input
terminations.

Table X.5-4 represents the failure which would take place associated
with the discharge operation, the sensors to catch the phenomena and the
way to terminate the discharge operation. It is found to be important to
establish proper combinations of the terminating modes of the coil power
supplies to minimize the electro-magnetic stress on the tokamak machine.

The terminating modes of the power supplies are present in Table X.5-5.
In the table, C-stop is a termination of peloidal field coil power supply
with an optimum computer control; it is ruled out of the principle of the
"hardwired" protection system, however, considering the importance of
minimizing damage on the tokamak, this compromise is considered to be

acceptable,

5.2.6 Plasma control
Analytical study based on modern control theory is made on plasma

control upon the following conditions?):

1) Parameters to be controlled include plasma density, electron and ion

temperatures, major radius, etc.

2) Actuators to control those parameters are power supplies and neutral

beam injectors.

3) Only program control is applicable to the neutral beam injectors,
while real-time feedback control is superposed on the program control

in the operation of power supplies.

4) The program control can be corrected during intervals between two

successive shots.

Control rules are derived in the following manner. A linearized state

description is derived from circuit equations, particle balance equationm,
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energy balance equation, and equation of motion. Penalty is given for
the controlled plasma parameters in cost functional teo avoid the regime
where instabilities are easy to occur. The model adaptive technique is

applied to improve the state description during shot intervals.
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5.9 Present design of diagnostic system

5.3.1 System desigmn

In this year, we have reexamined the first plan of diagnostics and
selected optimal diagnostic instruments, in the light on the fabrication
status of JT-60 device and the experimental schedule and purposes. In the
large tokamak experiments, the diagnostics s-ould work not only for the
understanding of plasma behavior but also for the control of plasmas in a
broad sense, that is, for production of plasmas of high quality. The
diagnostics should be also the sensors of safety protection because the
thermal and electrical interactions will be large between plasma and
tokamak machine. On the other hand, the high accessibility of the dia-
gnostics to the plasma is not obtained in the large tokamaks and the duty
cycle of the discharge is very low; one discharge per 10 minutes in JT-60
case. So, each diagnostics should obtain the useful data with highly
temporal and spatial resolution simultaneously and the data processing
system should work efficiently. .

Diagnostic instruments for the JT-60 can be classified as follows:
for phase 1 experiments, Group A is diagnostics to use basic physical
information and control. This group is devided into nine classes as shown
in Table X.5-6. The second group (Group B) is advanced diagnostics to be
developed for phase II experiments as shown in Table X.5-7.

The greater part of the diagnostic ports have been assigned to the
diagnostic instruments and the space and the setting method are presently
under congideration. Figure X.5-11 shows the example of the arrangement
of diagnostic devices.

We have many items of experiments during short time but discharge
frequency is very low. So, the efficient use of every discharge shot is
essential. On the other word, the control devices and data processing
are essential. Figure X.5-12 is a flow chart of the decision process of the
experimental conditions of experiment, There will be four loops to let
the diagnostic data reflect on the experimental procedures, such as real
time feedback loop, shot by shot loop, day-unit loop and week-unit loop,
in which different analysis processes may exit. Diagnostics and data
processing system should be useful for each analysis process. We are going
to realize this experimental scheme with the hierachical computerized system
of control and data processing so that these control loops may work actively,

systematically, and efficiently. Fig. X.5-1 shows the computer system of
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JT-60 control and data processing. The data reduction system (the right
hand side of this figure) is composed of computers of three ranks: the
first is center computer system which is composed high level large universal
computers which service as a processor system of week-unit loop, the second
is inter—shet data processors which are located in the computer room of
JT-60 control building and act as processor system of day-unit and shot

by shot loops. This computer system is composed of large universal
computer or multi-minicomputers. The third is real time data processor
which can be connected to the device control system. This processor will
be composed of array processor or pipe line microprocessor. The data
acquisition computers are composed of micro-computers incorporated in the

CAMAC modules.

5.3.2 Electron density aﬁd temperature measuring systems

The electron density (ne) measuring system (A-1) contains mm wave and
sub-mm wave interferometers, which is intended to cbtain the spatial
distribution by performing the Abel inversion and to obtain the wide
monitoring capability of density range from pre-ionized low density plasma
to additional heated high dense plasma. The final object of this system is
considered to measure the absolute electron density and te use as the
sensor of density control by the real-time data processing. The mm waves
are used for the monitoring the density during pre-ionization‘period and
the peripheral plasma density, because of their high density resolution
and low cut off density. The sub-mm wave applied for the 5 independent
chordes is provided for the measurement of dense main plasma, and another
for the divertor. The CH30H optically pumped sub-mm wave (119 um) laser
oscillator is optimized according to the needs of high cw power availability
(about 100 mW) and the frequency of high cut off density (over 1013 cm'a).l)

The sufficient capability for measuring electron density 1s ensured

' by the time responsible interferometers combined with a multipulse laser

scattering apparatus which is included in the (A-2) system. Mychanical
vibration mbnitoring interferometer, which is aimed at elimination of
mechanical vibration signals generated from JT-60 device, were developed
and completed successfully in this year.

The electron temperature (T,) measuring system (A-2) contains the
cyclotron radiation measurements (FIR spectrometer and heterodyne radiometer)

and Thomson scattering measurement (multipulse laser scattering apparatus)
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as shown in Table X.5-6. The cyclotron radiation measurements are prepared
mainly to estimate the time evolution of T, (r) of the thermal equilibrium
plasma, and the Thomson scattering measurement is used as a precise
calibration system for the cyclotron radiation measurements and local Tg
with high spatial resclution over the peripheral low density region. The
soft X-ray measuring system (A-5) will also be used as auxiliary T, measur-
ing system.

The cyclotron radiation measurement will be performed by the following
two complimental methods in respect to time and spatial resolution.

1) Fourier Spectrometer of Rapid Scanning Michelson Interferometer

2) mm Wave Heterodyne Radiometer

For the Thomson scattering measurement, the conceptual specifications
of the scattering apparatus are as follows:

1) Multi-pulse laser; 5300 A, 1.5 J/pulse, 20 pps,

2) Optical system; fiber optics + spectrometer, alignment optics,

3) Detector; 2-D gated detector array.

We have been under developing some components, such as YAG laser oscillator,
low loss optical fiber and gated ICCD, for the multipulse laser scattering

apparatus.

5.3.3 Ion temperature and impurity measuring systems

The ion temperature measuring system (A-3) consists of neutral
particle analysers, an active beam probing apparatus, and neutron counters.
The specifications of thegse diapnostic instruments to be required are shown
in Table X.5~-6, Two kinds of neutral particle analysers will be installed
with an electrostatic energy analyser and with a magnetic momentum analyser
and electrostatic analyser. The former which is settled at the tangential
access port (T-port) can be used for the measurement of parallel component
of ion temperature through the divertor region, and the latter which is
placed at the vertical access port (Uy-port) can be used for the normal
component, An active method can be prepared for the measurement of central
ion temperature. By injecting a monoenergetic atomic beam into a plasma
and measuring the energy spread of the beam particle scattered through a
fixed small angle by particle collisions the energy distribution of the
neutrals or ions in the plasma can be determined. The PHA system with SSD

array or the E//B type 2-D detector will be installed in the oblique access
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port (IN,) for the measurement of radial distribution of high energy

neutrals (10v200 keV) escaped from a plasma relevant to neutral beam

injection and radio frequency wave heating. The SSD for the neutral

particle measurement is now under research and development. The mass
resolved PHA system with SSD array can be used as an analyser for the
small angle scattering method because the primary neutrals have high

enérgy (<200 keV).

Neutron counters such as a BF; proportional counter and a liquid
plastic scintillation counter, will be prepared for the neutron flux
measurement in the first phase experiments. Aithough JT-60 is primarily
designed for non D-T experiments, D-D discharge may be carried out to be
limited to a small number of shots. The neutron counters will be used for
the measurement of photo neutrons due to the y-n reaction by runaway
electrons. The photo neutrons must be distinguished from fusion neutrons
even in the future reactor. Moreover, in the next step machine and a
reactor the neutron measurement is one of the most important diagnostics
for the D-T burning contreol. As we recognized the importance of the
neutron measurement, the neutron diagnostic instruments will be prepared
for the second phase experiments considering the energy amalysis.

The impurity measuring system (A-4) consists of spatial distribution
spectrometers (for VIS, VUV and USX ranges), standard spectrometers (to be
used for impurity control and calibration) and doppler broadening spectro-
meters (for VUV and USX ranges). Polychromators with array detectors will
be used extensively in JT-60, which will permit us simultaneous observation
of the whole wavelength region covered by each of the polychromator.
Combination of several polychromators will give us spatially resolved
informations of the impurity lines, which is indispensable for impurity
-control experiment by divertor. To ensure the polychromator design several
mounting methods have been examined and several gratings suitable for each
of the mounting have been manufactured. Test pieces of array detectors
with intensifying device have been manufactured, From even only one arréy
detector of 100 x 100 elements enormous amount data (10 Mbit/sec) are
produced. Memories with fast wfiting speed and large capacity is required.
At present, Video-Tape-Recorder is the most hopeful candidate for such
Temory.

Doppler broadening spectrometry for impurities is also one of the

useful methods for the measurement of fon temperature. Two kinds of
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spectrometers can be prepared corresponding to the wave length., One is

a normal incidence vacuum spectrometer in VUV range (100073000 ﬁ), and the
other is a crystal polychromator in USX range (0.1~10 R). The former is
for the line spectra of light impurities in the outer region of plasma

and the latter for metal impurities in the hot core region.

5.3.4 Radiation flux and peripheral plasma measuring systems

The radiation flux measuring system (A-53) consists of high counting
rate PHA and X—ray.wave measuring apparatus. Up to the present time, PIN
diode array and bolometer array are planned to be used for wave measurement.
A-Type PIN array will be used for the analysis of the radial distribution
of the X-ray emissivity, and B-Type PIN array will be used for the mode
analysis. A pair of two type array will be mounted one port (IN,} and two
pairs will be mounted in one toroidal section. From PIN array data, modes
up tom < 4, n < 3 will be expected to be resolved. Thin film bolometers
responding to 0.5 W/cm? within 1 ms have been developed in JFT-2. Bolo-
meters of the same type will be used in JT-60. Table X.5-6 shows the
conceptual characteristics of MHD measurement. The electromagnetic
probing system (A-7) is also used to measure MHD oscillations. About 24
pick up coils are arranged in the poloidal divertor both inside and outside
the vacuum vessel. From the arrangement of coils modes at least m < 6,
n < 2 will be expected to be resolved. The coils outside the vacuum
vessel will measure the eddy current.

The peripheral plasma and wall surface measuring system (A-6) consists
of probes, thermocouples, TV, gas analyzers and wall surface analyzers.
For the power balance studies of the peripheral plasma, floating liner,
limiter, magnetic limiter, and various types of probes will be used
extensively as in usual divertor experiment. Several liners, 1imiters, and
magnetic limiter plates are specially designed to be floating in JT-60.
Particle flux to the first wall will be monitored by such electrodes.
Several probes will be mounted on the so called moving probe scanning
plasma periphery at a speed of 1 m/sec. IR-TV cameras altogather will
view whole area of the inner. surface of the vacuum chamber. Periscopes or
optical fibers with heat proof structures will be required for all the
IR-TV cameras. At present various combination of periscope materials and
detectors is being examined. For the ion temperature measurement in the
divertor region, various kinds of probes will be used together with the

charge exchange neutral particle analysers. The probes are divided into
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two types, i.e. a movable probe and a fixed one. The movable probe,

which will be placed at the oblique access port (INi3), is suitable for the
scanning the divertor region. Langmuire probes, Katsumata probes and a
Faraday cup with retarding grids will be mounted on the head of the movable

probes.

5.3.5 Data processing and diagnostic support systems

Primary design of the JT-60 diagnostic data processing system (A-8)
was made in 1977. It had a structure of three level hierarchy; i.e., a
large computer, mini computers and a CAMAC system., The present design
aims at two destinations. The first is to enable any diagnostic signal
to be fed back to machine operation in order to produce a better plasma.
The second is to reproduce an experimental shot without help of a machine
operation. Though these are not fully attained, we believe that they are
improved over the preceding design. Some new hardware devices, video tape
recorders and a real-time processor, are introduced for these destinations.
Detail of the data processing system is shown in Fig. X.5-13. It consists
of the inter-shot processor, the real-time processor and the CAMAC systemz).
The inter-shot processor is either a general purpose computer or of linked
midi computers, while the real-time processor consists of pipelined signal
processors. The CAMAC system has microcomputers and pre-processors in its
modules. Locations of these components are as follows; the inter-shot
processor itself is settled in the computer room of the control building,
but most of its terminals are put in the control room of the same building
and a few of them are distributed in the diagnostic rooms of the experimental
building. The CAMAC system has two level hierarchical structure. Crates
at the higher level, or upstairs crates, are put in the diagnostic rooms.
While crates at the lower level, or downstairs crates, which directly
interface diagnostic devices, are put in the torus hall. The real time
processor is put in the diagnostic room. One of features of the system is
equipment of the real-~time processor. Conventional scheme has been data
gathering during a shot and processing during a shot interval.3) However,
the real-time processor processes signals during a shot, so its processing
procedure finishes at the moment when a shot finishes. The whole system
consequently has an unusual hierarchical structure; i.e., though the inter-
shot processor occupies the top level during a shot interval, it surrenders

the position to the real-time processor during a shot.
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The diagnostic support system (A-9) comsists of various diagnostic
stages and carriers, cables and pipes, vacuum connecting instruments,
shielding cases and diagnostic system control in construction and fabrica-
tion phase. The detail design of these interface devices has not been

carried out yet.

5.3.6 Phae II diagnostics (B Group)

Conceptual designs of the B group diagnostic systems have not been
carried out yet. However, the spectrum of far-infrared (FIR) laser
scattering for a high temperature plasma was analyzed in application of
the FIR-laser scattering method to measurement of ion temperature in a

large Tokamak plasma.“)
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Table X.5~1 Performance of HIDIC 80E

Item

Contents"’

Specifications

Main memory

Device

Ic

Capacity

64K to 512K words

Expansion unit

32K words /64K words

Access width 32 bits

Cycle time 0.48 psec

Interleave ‘2 ways

Device Mangetic core
Global memory Capacity 32K to 256K words

Cycle time 0.75 ysec

Arithmetic unit

Number of instructions

Standard, 137

Souble-precision floating option, 14

User firmware, 64 max.

Arithmetic registers

Standard, 2

Floating registers, 8

Base registers

3

Index registers

3

Address modification

Base index duplex modification

Operation time

Addition

0,48 usec (register-memory)

Multiplication

1.36 pysec (register—memory)

Floating addition

0.75 usec (register-register)

Floating multiplication

1.44 psec (register-register)

Address conversion

Number of mapping registers

1,024

I1/0 control

Number of imput/output devices

255

DMA transfer rate

MAX 4M words/sec (Read),
MAX 3M words/sec {Write)

PCMA transfer rate

40K words/sec

Interruption control

Number of levels

4

Number of sublevels

4 % 256

Distinction of interrupt

Hardware vectoring
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Table X.5-2 Classification of safety and protection systems

Central system Subsystems

Software protection

system
Hardwired interlock Hardwired interlock
system systems
Back-up Systems
Alarm systems
Table X.5-3 Failure diagnosis
A, Data Alarm record
compilation Interlock behavior record
History of data concerning failure
B. Cause Identification of failure source
analysis
Cause analysis in simple case
Display prediction of influence
C. Instruction Display points to check or repair
to operators
Display items to do for safety
and protection
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Table X.5-6 JT-60 diagnostics (A group) (part 1)

System | Simbol Diagnostics Specification
A-l-a | Sub-mm Wave Main Plasma
Interferometer Afig > 10'em™?, At ~ S
> I
u% Divertor Chamber
EriEr Afig > 4x1012em™3, At ~us
2o
~o | A-l-b | l-mm Interferometer Afig > 4x20 o™, At - us
£ o0 = 1l =3
S'ﬁ A-l-c 2-mm Interfercmeter Ang > 2x10° *em °, At ~uS
=1
8 A-1-d4 | 4-mm Interfercmeter Afg > 1x10'*em™?, At ~us
— @
= Aelo Mechanical Vibration A% 1um
€ Monitoring Interferometer o
ég o A-2-a | FIR Spectrometer At ~ 10mS, AX:20/R
poR
R A-2-b | Heterodyne Radiometer At ~uS, AX:10/R
HEED
oLwm .
Multipulse Laser
Em™u . -~ .
Too> A-2-c Scattering Apparatus 4t ~ 20/sec, AX‘ZO/B
eEE W
A_3_a |Neutral Particle £=0.1-30kev, 2£=0.05-0.1
g Analyzer (E.S.) At =10 - 104mS
g .
B E=0.1~ 30keV, D&H,
3; A-3-b Neutral Particle AE/E=0.1: electrostatic
Analyzer (E.S., M.A.) with mass analyzer
2 At =50 - 500mS§
Hal
; A-3- Neutral Particle E:10 - 200keV, AE/E=0.1-0.3
u ¢ Analyzer Array At =1-100mS, AX:20/R
M
& % | 4 |Neutral rarticle E =10 - 200keV, H,D & He,
. Detector (PHA, M.A.) AE/E=0.1, A6t =10-100mS
3
D : :
o Active Beam Probing N7 qu
é A-3-e Apparatus see "A-3-4
5 Ep = 30 - 200keV, H,D & He
= A-3-f | Neutral Beam Source (<0.1A) beam pulse: lO0sec,
8 choppable ~ uS
—
A-3-g | Neutron Counter Fn = Bth ~ 2. 45MeV

At =1~100mS
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Table X.5-6 JT-60 diagnostics (A group)} (part 2)

System | Simbol Diagnostics Specification
Light Impurity - _ o . .
A-4-a Spectrometer (Spatial 3t_‘-l?-lm§00h’ AX:20 points/R
Resoluticn) .
9
A-4-b Light Impurity 3 =100C - 3000A, Grating
Spectrometer (Doppler} At : ~1ms
Heavy Impurity = DTS-
B A-4-c Spectrometer gt P:imleA’ bX:20/R
By (Spatial Resolution} :
w
> ©
0 a_4_gq | Heavy Impurity A=0.1-10A
g Spectrometer (Doppler} At @ ~1ms
-~ E]
H A = 1000 ~ 30007, At : ~1lms
T 3 A-d-e Spg:ziorﬁgier for AX: several points/periphery
<3 phery Grating
=
I A-4-f | see "A-4-e" see "A-e-e”
- ]
M = - i
H Spectrometer for A =20 - 3004, nearlx points
o, A-d-g Divertor Grating
. E At i ~1ms
o
Visible Spectrometer A =2000 - BOOOA, AX:ZO/R.
A=4-h {Spatial Resolution) ) Grating
P At : ~1ms
A Visible Spectrometer . _ - 2
A-4-i (Standard) A= 2000 - 8000A
_,_s+ | Grazing Incidence - _ e
A-4-] Spectrometer (Standard) A =10-1300A
e : : Si(Li) or Ge(I), E=1~200keV
A-5-a | High Counting Rate PHA At ~ 1ms, AX:3/R
E High Counting Rate PHA Si(Li) or Ge(I), E=1-200keV
x g | A7S7R | Array : At ~ Ims, AX:10 - 20/R
5w (Spatial Resclution) !
>
w e PIN Diode or S5D
. io
.‘l: Eg A-5-c | PIN Diode Arrays At ~ us, AX:20/R
Lo
~a A~5~d@ | Bolometer Arrays At ~ lms, AX:20/R
g
E% A-5-e | Hard X-ray Monitor Hard X-ray, At:1lms
A-5~-f | Runaway Moniter see "A-5-f"
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Table X.5-6 - JT-60 diagnostics

(A group) (part 3)

System | Simbol Diagnostics Specification
g o E Speed 1lm/s
wog . Langmure Probe
oo -6-—
Efﬁ o A-b-a |Moving Prove Directicnal Double Probe
g w Katsumata Probe
— QA
o o .
oo 5 Faraday Cup
290 | a-6-p |Probe Magnetic Probe
aE 2 Target Probe
Lo
et a-6-c |Visible TV
T 6-d | IR-TV
1 -fH— -
h A
A-7 (L) Magnetic probes
Electro- {2) Rogowski coils
Magnetic (3) One turn coils
Probing (4) Diamagnetic loops
System
A-8 Inter-shot data processor

Data Process-
ing System

(1}
{2) Real time data processor
(3) CAMAC systems

A-9

Diagnostic
Support
System

(1) Diagnestic stages
(2) Carriers
{(3) Cabling and piping
(4) Vacuum connecting instrum
{5} Shielding cases
s Magnetic shield
o Radiaticn shield

ents
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Table X.5-7 JT-60 diagnostics (B group)

DIAGNQSTIC SYSTEM DIAGNQOSTIC INSTRUMENTS
B-1 (1) Energy analysis
Neutron Measuring

System

B-2 {1} Beam probing

Ion Pensity Measuring

System

B-3 {1} Ion temperature

FIR Scattering System | (2} Fluctuation

B-4 {1} FIR polarimeter

114

Current Density Profil

Measuring System

B-5
Resonance Scattering

System

— 230 —




JAERI-M 9421

swolsAs Bursseooxd ejep pue Toajuod (g-Ir Jo ASoyedol aanyoelTyday I-6°¥ 314

ﬂ
ﬁrw><3chI 30IA3G JJ g

SAVMHOIH

WI1SASHNS
N o

SAYMHIIH WILSASEHNS

a

W

J

IR

—

AYMHITH Y1vd
IWEL V3N

AYMHOTH YHINGD

=

AYMHOIH
1531
I01

SAVMHYIH
TYULNED

40SS300Ud
Vivd

I

Tﬂ

Sd3LNdW02

$S3304dd vlivd

LOHS-U3INI

WL 3

SYILNdWUI
J0YLNUD
AJvg 0334

wwhm

SYILNdWOI
104 1NOD
JOUYHIS 1A

-

SHALdHUY
Loddis
1NV 1d

— 231 —



JAERI-M 9421

uzlsds I2indwod Fo 8inionilg z-C°X 'S1g

Aomaaluy
|po1do

LLSWH
AI.__

P11

L] (]
2 < 29
», <
\/AH +—e
buipjing =— =  Buiping
jO4IU0D

Ajddns iamod \

Pl =
¢ 5

**_E

Aiﬁﬁ

——4-1
$

570
AVO All
L

——{—0—g—0-

_ ]01JU0D ¥oDQPe8)

M HBE
Ndo

M P BE
NdJ

!

74°)

M £ owews peioys

~

dn
-%0Dq [04}u0d ©B4DYISIP yjoddns juo|d
MM 962 mM9G2| [mxose MIZBE WMNZ6I
Ndd Nd2 Nndo Ndo Ndd
_ _ | _ _
MmIBZI Kiowaw paipys

— 232 —



JAERI-M 9421

wa3sds Toi3uod (9-I[ JO 2iINIdNII§ €£-C'¥ 914
SINIWNHLSN] JTLSONOVI( SWILSAG-GNS 40 SINIWAIND] ANV $IDIAI(] oNIa1INg
] K] r__ /
SIVWY) SIVWYD - \
/ \ﬂ / REVAF|
: AL3dVS
$370SNO .
oo | om0 | | [rawoseag
\J1LSONOV1(] “ang
40$53008q [ ——n | —} ——p| ¥31NdW0) _
STaNY( IR < 5i 0YLNO) —
W00
IW1|-1v3Y NIvEa33
911S0NOVI( | e 5 THAYY
WALSAS Q3Z1¥31NdW0Y | QIUIH-QAVH
! _
N ONTWI | ¥ . ==
40SS$3204d | _ _ 21 yainawoy |&— “
VIVl e “1041INO) _
T -
: LOHG-Y¥IIN] | 39uvHosI( _
wmqmwuou 310SNO) I
oon:moz _ e\| - f.ZEzmu “
! s Y Y
43LNdWO) N\l /1,
SSW HLIM 1804dNg 310SN0) {1 ]swoonu3iNg
¥3LNI !
) 1NV g ¥oSsIA¥3dngd | |NO11D3lo¥d
Y3 LNAWO?) N >

]

— 233 —



JAERI-M 9421

WOOX TOIJUoDd 8yl I0J JWdYdsS JnoAr a[qTrssed 2up) H-G¢*¥ *STJg

wol
T 1 abossoy
mopuim _
o v el
I 1= sajosuo)y d1ysouboig [ [ ][]
C 1 | ] P
Eal 25 B @
M | Sd '9]10su07) s1051As3dng i -
| | i ton | | ——
woed O[] r-w
sa4nduog - , =il —
210SU0Y [D4jUBY
$810su0) waiskg—qng —3
$910J0 JYWY) s —
104 $¥2DY | L I-WL| 21 Jd \
— _ |aund 9IGdDIg HV I
[ I L 11 J L ]
—r . ¥ y 1
spiobg  UOHNGILSI] - 1amog SIDI) JVAVD 10} sYo0y§ ... ...
SR || (T B

& pisa s@

- 234 —



JAERI-M 9421

_..:” m.ﬁomﬁou.ﬁmuunwuwouzo?ﬁmlm.x.mﬂm
-

Q SOOI OO0 [0]90101010

(1)
¥I140) Qv
(1)
VIV D1LSONOVIQ— (111 ) YOLINGY INd —__
( 111) " o — _ 1S3N0FY S, UOLVYIA]) -
(11 0w o —

( 1) SLWNSTY TVINININ] —

¥31d07) Qv

SWYHS0Ud Y 40 wz:._mm. / \ \

F0UVHISI{] 04 SYALIWVYV TOHINO) 40 ONILLFS
SISONOVI(] FWMIV4 GNY HOLING FONINOIS INUVHISI(

AUVWANG  NOTLVIONNNNY

¥31d07) QY

— 235 —



JAERI-M 9421

Wd3SAS DVWVD 9-¢°'X 814

ONILYIH INILVIH ONIGTINg YILIWIT “ZINOL *153CNI SNIdWNd T2SS3A
1 18N WINIWINIdX I7BYAON  34d SYD  WONDVA WANJVA

‘ 389044 i I SN100D [NOILYLS

! L] ] I [
EH_ _HD 91 LINOYW BOLINOMW EH_ EU EH_ D_,D ONINVE _HD_;«,E& ¥IMUd
: H *'S*d 1102 0442313 WWSYd _

e e eme s [ S, Leman Cemew S, bemm e,

R WAI0401 ' : b T T Ty T ’
00 000se - sseme 00T 00 00 000 000 000 000 00 00 oo
' ! ! ' '
L1 L, ONLLvK Wa1070d R S S S S S S G S "
A - P - - [ ' .. .n| N H I...lllllll..
S o o o
b ' WILSAS o ¥ - o ‘! “ D
i ¥ ONIWIL oo ¥ ' ' » " Bt
". "_ " ' "" o L] ". " ”"”
% “m_._au i (o L
A [l [o%g) - N L3 ONIQING
o be beesy oo teeo, SYILNdWOD | e ' v . ' 1) ATddNS ¥3IMOd
) o ” _ " Jod1nod | ¥ ' ¥ ! " b
' . _ . ', Xv8 0334 | " ' Vo ' : N
'y ." ] ' 0 " ¥ .._.UM.—.OW_& 1 ". "_ ." 'y " " '
¥ e I S e =T I et ¥ ol ". . ! I
b 2 X i o " % o T ! L1y ONII00D
1 ] 1 .. " t ] ] ' “ “ ".>I<QZCUMW
; : “ ! ! " " " m " " ' ALETIOVA
] nl. .l- "l. _l. " yut -t .lm " - m . -W,.&
WILSAS X '
ONIWIL[ |
‘ 1INV '
] []
i v [ITHdVED IR
T LRt R S P T M
08 0g 5 [ETIRERs] [T
ndd | [ ndd SY3LNdW0D | SuILNdKOD
44 | | 1N 0UINGD | 1¥0ddns
9N1aTINg
394vHISIO | INyTd ¥IATY0 HONYYE: Qg 104.1NO)

dIATHG TWIH3S 3144:0S9
d3AId0 TVIY3IS:dS

- 236 —



JAERI-M 9421

CENTRAL HIGHWAY

|
NODAL CRATE

ACB

L 1 ]
U S AlDL ALY C
P D CiPlCciPl C
A M M| D fA
0 D

LOCAL TEST HIGHWAY

SUBSYSTEM HIGHWAY

CC:CRATE CONTROLLER

ACD:AUXILIARY CONTROLLER WITH D-PORT

UPAD:U-PORT ADAPTOR FOR DUAL HIGHWAY

DPM:DUAL PORT MEMORY '

ACM:AUXILIARY CONTROLLER WITH
MICROPROCESSOR

SD:SERTAL DRIVER

UPAQ:U-PORT ADAPTOR FOR OPTICAL FIBER

Fig. X.5-7 Module configuration of a nodal crate
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CLOCK — ————
NTERRUPT =
— | _ _DATA I
CHANNEL ——= RESPONS = CHANNEL
eyT . T = e ] = QUTPUT
ENABLE  ——] SPARE_ T STATUS

TIMING EN/DE OPTICAL EO/OE TIMING
TRANSMITTER MODULE FIBER MODULE  RECEIVER

(a) CONFIGURATION

A1 1 A2l Aal A3 A16y M1 | M2 P

| L ; - (— I |
START CHANNEL MODE PARITY STOP
BIT ADDRESS BITS BITS BIT BIT

(b} BIT ARRANGEMENTS

INTERRUPT EXT SEQUENCE INTERRUPT
A Tw ] A v ol fNEXT SEQUENCE

P— NORMAL SEQUENCE -t RETRY SEQUENCE —

(c) ERROR RECOVERY

Fig. X.5-9 Transmission of timing signals
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HARDWIRED
COMMAND TO
v INTERLOCK v
SUBSYSTEMS
LogIcK SYSTEM

DiscHARGE CoNTrROL COMPUTER

PRE-SHOT CHECK -
8 <— (DATA LOGGING)
FAILURE DIAGNOSIS

( MAN-MACHINE )

P
PLASMA INDICATIONS CAMACs
MONITORS
BUILDING SUBSYSTEMS

Fig. X.5-10 Signal flow for safety and protection

— 240 -



— obg ~ e —

*8DT3SCUBRTpP JO SUOTIBOOTIV

TI-6'¥ "84

{yOoI-10)
d313IW0HLIIdS

437dd0(] XS

4
I L]

¥31NNOT) NOHLN3N

Al
au)l Ji0
en

-041034§ > L
414 aun 4o,
¥3L3u o
~diavy " s _
DYIL3Y T e
uxé e
ty 2005 - 20011 | T
¥313W0Y1234dS ¥3ILIWOYTAYILN] L , SOTLSONOYI(] .
IAvM-1T Wi ¥313WO0¥3JYILN] ﬂ :u , - 30v44nS 11V A. \ -
¥317dd0 f 'n| SYOSN3 N} SHOSN3
a >:@ ) EINZE TN ) . S W3 Q) & ay ) S W3 D
JONSAION] ONIZVd . ,
h mu%w&%ﬂ%ﬂwhm_>:> mm%urOmmu 374N0S Wy3g TvdLnay
b Hv.._m.hzﬁ ><m¢q Al AL
Jnym-T1 _ xuihmzoqom_( \ :__4 HO
c2n Wi il AvHEY | RN |7 bl w2
-4ng 3001Q NId Wil .
Y3dN YHd X AL ts
-XJ ! - Doaun o !
! A AL /
oc;)“u 0 x.w e aut] 4o 'S
360 (vhd
| " ._.mmy.. 1 20 ass) \~z4cz_ n the g2
Al Avady (dN
3804d | 4,y 510 KMHuzoaummmpmg —
L 3AvM-TE WW En
/2 378VA0Y | 3N W GRS (YHA+CSS) QN . SHOSNIS
") swosnag '3 © Y313WONISYIIN] - |
\szn @) @ ) m>@z-1 WW 7 ® (YHA+OSS) TaN @) \con D1LINOVWOELIITT (]
WHd XS _ (¥ GT-1 CY83IEWoaI03dS XA
s (¥ 005-0D) 1
¥313W04123dS ADA 38044
a3x14
Al
st o € -
A
Ul o
¥313Wo¥34¥3lL
e 231 pW0¥3 y I <
_ _ _ IAVM-TT WW T
AL -04¥123dS AL AL Voo
! sui po (Y 00§-02) _ 28181\ Ve agoyg J'1
(Y 0008 -0002} ¥3LIWO¥LIILS ANA ¥3WdN-XD 'y  S¥OSK3S ONI¥ILLVIG 378V wz_mwwpmmw
H313W08133dS 319ISIA m.gkuHhmzoqaomhquu NOSWOH | 38
® ® ®) = ® ® ®

TeHe W-I9IVL



JAERI-M 9421

Week-Unit F.B. Loop THEQRETICAL
ANALYSIS
~
Day-Unit | SIMPLE SIMULATION Storage
F. 8. | ON CONTROL MODEL

Shot by Shet
1 F.B.

CORRELATION
ANALYSIS

4__—W

EXPERIMENTAL BEEEEEE{CONTROL DEVICE}&EEl—IiTE_-.~ DATA REDUCTION
F. 8.
Preprogram DATA ACQUISITION
Required Physical Quantities
- Mile Stone Control Items Actuator for Contro]
A= Plasma Wall & Limiter
-2 g .
E ng + Pasition OH coil VL Ti(r) Tw
&l =lPrY Plasma radius |v coil Ip Hy(r) Ty
E .E ne(S)iTalS) ¥ Plasma shape h coil nelr) ne(S) Tl
B 1% 2ees ¢ Density q coil Tolr) TelS) H.F.
e :_c:lu Scrape of f Jayer {m coil jlry  PR{(S) H.F.m
"y
s Puff X(r} Bp Wall particle
Gas{n;/sec) nj(r) loss
Pellet Zosslr)

Pp+ Position OH coil VL Zose(r) | Ty
Eine(s)iTe(S) + Plasma radius |v coil Ip T;(r) N
Ene(rhTe(r)hTi(r)-r Plasma shape h coil ne(r) Ha(r) Tml
= ’ N .

- Ep+ {1ong pulse} Density q coil Talr) ne(S) Tng1

={Tpt : Scrape of f layer |m cofl . f{r) Te(S) H.F.1

= NBI, LHRH timing | Puff Pr(r} PR(s) H.F.ml

2 NBI Gas x(r) Bp(s) | wali particle
] NI (Ep» Th)[n;(r) toss

Fig. X.5-12 Flow chart of the decision process of the experimental

conditions of experiment
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INTER SHOT
PERIPHERALS PROCESSOR

CPU

UPA
1 optical transmission

T (D] [U[SIAUIL
Ml (I| |P|IDICIP{2 g_*
G Al MA
push buttons 1 | 1| REAL
thumbwheel switches I TIME
PROCESSOR

-0 O T

TTY FLOPPY

optical transmission

——————

|
tlvisiola] Jrlu|L
M ; k|0 g P{P|2 .
G i Y A ACM : guxiliwy controlier
¥ @ 5 with miroprocessor
| T T PP : preprocessor
OO \jiognosfic signals
VTR relays
slow signals

( pressure, temperature etc. )
DIAGNOSTIC DEVICE

Fig. X.5-13 Detailed structure of the data processing system

44 —



JAERI-M 9421

6. Status of Auxiliary Systems

6.1 Secondary cooling system

The secondary cooling system is to remove and dissipate heat generated
and transferred through its heat exchanger in each system of JI-60. Major
components of the system are a cooling tower, water pumps, valves and pipes,
water treatment device and water processing units.

The design was made under the following conditions; maximum wet
thermometer temperature 26.5 °C, magimum temperature of make up water 30 °C,
and its maximum allowable water supply 130 m3/hr. Some of the characteristic

values of the system are summarized below:

Total circulation of water 9,850 m?/hr
Inlet temperature at exchanger 31 °C

Maximum outlet temperature at exchanger 37 °C

Concentration cocefficient number 4
Make up water 130 m3/hr
Average heat removed 4.72107 kecal/hr

6.2 Power distribution system

The power distribution system receives electric power from the central
power station and distributes the power directly to the toroidal and the
poloidal field coil power supply and through power distfibution subsystems
to the vacuum pumping, secondary cooling, and other systems and to the

buildings. The distributed power is as follows:

1. Toroidal field coil power supply:
to motor-generator 25 MVA
to the oil directly 200 MVA
2. Poloidal field coil power supply:
to motor-generator 20 MVA

3. Supplementary heating power supply:

to motor—-generator 25 MVA
4. Operation distribution subsystem: 20 MVA
5. Bullding distribution subsystem: 15 MVA
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7. Vacuum Technological Development for JT-60

In June 1979 Vacuum Technology Group was started in the Large Tokamak
Development Division. This group has the responsibility for vacuum
technology and component development for the JT-60 comstruction and
experiment.

In FY 1979, two vacuum experimental facilities named JVX-1 and JVX-TI
were being designed and comstructed. Their completion is expected in
August 1980.

JVX-I is intended to use mainly for the optimization of in-situ
coatings of low-Z materials and for the demonstration of the surface
cleaning procedures for JT-60 including high temperature bakeout, chemical
treatment in oxidizing and/or reducing atmosphere, and discharge cleaning.
Tt will consist of a cylindrical vacuum vessel made of Incomel 625, 0.36 m
in diameter and 1.5 m long, a molybdenum liner which will be bakeable to
550 °C, an in-situ coating device, an RF discharge equipment, an atomic
hydrogen source, diagnostiés, and a turbomolecular pumping system with a
20 K cryopump. The surface monitor station will be capable of exposing
a sample substrate to the wall position. After coating or cleaning, the
sample can be retracted to an attached UHV system for SEM observation and
Auger and secondary ion mass analysis.

JVX-II is intended to use mainly for the development of the leak
detection and location system in JT-60 and for the testing of vacuum
components such as gate valves and vacuum seals. It will consist of a
bakeable vacuum vessel made of stainless steel, 1.0 m in diameter and
1.5 m long, a movable mechanism for leak sensors in three dimensional
vacuum space, various kinds of leak detection instruments, and a turbo-
molecular pumping system.

In JT-60, locating a leak to a specific seal will be accomplished by
introducing a tracer gas into each joint. This approach is typical of all
vacuum seals on the diagnostic, pumping and neutral beam ports, and some
welded joints on the vacuum vessel. Leak location would also be done by
detecting a local pressure rise within the vacuum vessel due to gas influx
from a leak. In this case a small pressure sensor must be moved inside
the vacuum vessel by a skilful manipulator. We also studied the possibility
of detecting only directional beams from leak points by using a molecular
beam detector under a contract with Imstitute of Industrial Science, The

University of Tokyo.
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Metal-sealed gate valves are needed to isolate the diagnostic, pumping
and neutral beam systems from the torus vacuum vessel. For the procurement
of the valves for diagnostic ports, we have been testing samples from
domestic and foreign manufacturers in cooperation with Hitachi, Ltd. The
test items include opening and closing operation up to 2000 cycles with
350 °C bakeout at open position and 250 °C bakeout at closed position.
Valves with polyimide gate seals were ruled out because of a difficulty in

procuring the material.
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8. JT-60 Experimental Planning and Plasma Considerations

8.1 Experimental program and schedule

Plasma expeirmental program were reviewed and revised in view of
recent status of tokamak research as well as the JT-60 project. The
revised schedule is shown in Fig. X.8.1-1., Since JT-60 is one of the
major critical paths for Japanese fusion program, high efficient operation
is required as well as well considered preparation. To realize the high
efficient operation, it is necessary to obtain reliable heating devices
as well as the reliable main machine including the control and diagnostic
system, and it is also necessary to operate the macine during 24 hours
a day., Concerning the preparation, training of excellent many staffs is
very important as well as preparation of excellent numerical codes.

Following experiments are scheduled.

1) Preliminary experiment

In the first phase of this experiment, plasmas only with ohmi heating
are studied. A suitable target plasma for heating has to be obtained with
and without the divertor (magnetic limiter). Discharges, however, will
not be intensively studied in a wide range of plasma parameters because
installation and/or test of heating devices, diagnostics and the real time
control system will be more important. A Q* = 1 plasma will be easily
obtained with 20 30 MW heating because the plasma will have been obtained
in the other large tokamak devices. The main objective in this phase is to
confirm the results in the other large tokamak projects and to prepare the

following experiments.

2} Basic experiment

In this experiment, the standard operation with 30 MW & 10 sec heating

is investigated with following items.

i} Build-up phase of Q* % 1 plasmas

Clean and stable current raising by using the poloidal divertor,
control coils, dynamic iimiter, gas puff and/or heating devices is
investigated. Heating expeirment with 20 MW NBI and 10 MW RF with
and without the poloidal divertor will be done. 14 Injectors and &
sets of RF devices are independently operated. It will be necessary

to control the scrape-off layer plasma as well as the main plasma.
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ii) Confinement characteristics of reactor grade plasmas

Detailed parameter study with and without the poloidal divertor.

iii) Steady state operation

Control of a long pulse plasmas by the real time contorl system
is studied. Not only the plasma position and shape but also the
major plasma parameters are controlled by employing various actuators

shown in 9.2.1-b with and without the poleidal divertor.

iv) High B operation

The maximum 8 value will be obtained and high B plasmas are
maintained during 5 ~ 10 sec. Build-up process will be intensively
investigated as well as characteristics of the high g plasma with
and without the poloidal divertor. Very-low-q operations are also

investigated.

v) First wall and impurity experiment

In order to obtain first wall data for a reactor, various kinds
of wall materials including low-z, middle-z and high-z materials are
tested as the first wall. The first wall material to be used in a
reactor will be intensively investigated with various wall temperature
upto 500 °C. Impurity control by coocling the scrape-off layer plasma

is investigated as well as by using the poleoidal divertor.

vi) Plasma operation to mitigate engineering difficulty

The following items will be studied: Disruption control; slow
current raise and shut down; slow heating; reducing the heat flux
density by using swinging divertor; edge cooling and/or viblating the
plasma column; conventional wall material; impurity control without
the poloidal divertor; systematic study of stress of coils, wvacuum
chamber and so on; easy cleaning method; simulation of easy ash
"exhaust system such as the simple poloidal divertor and/or mechanical
divertor; high efficient RF heating; very-low-q operation free from

disruption.

vii) High efficient heating

The maximum RF power into the torus is 23 MW. If the scrape-off

layer plasma can be controlled, the heating efficiency can be increased.

viii) Development of a control system for a reactor core

It is necessary to develop a reliable real time control system
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especially simple sensors for controlling plasma parameters including
temperature, density, B, impurity, heat flux and heating., This

problem is also planned to be studied.

3} Advanced experiment

After increasing NBI power upto 30 MW and RF heating efficiency, the
total heating power will be 40 v 50 MW, A Q* & 3 plasma will be obtained,
and is very similar to the reactor core plasma, The each experiment
listed in 2) will be also done with this condition. Extremely long pulse

operation will be also studied if it will be required.

4) PROTO ETR experiment

After finishing the detalled design of a reactor, JT-60 is planned
to be modified to a device similar to the reactor. Before operating the

reactor, the similar operation will be tested in the modified JT-60.

In order to do these experiments, following characteristics were
incorporated into JT-60: 1) high-g operation; 2) real time data processing
aﬁd real time control of heating devices as well as poloidal coil currents
and gas influx:; Therefore, the major characteristics of JT-60 are as
follows:

1} Hydrogen machine

2) plasma volume (60 m3),

3) long pulse operation with additibnal heating (3050 MW, 10 sec),

4) high- plasma with By = 4.5 T (4%, 5v10 sec),

5) poloidal divertor with a short and wide throat, and

6) easy changeability of the first wall material.

These characteristics are related with the research objectives and a brief

description of the each characteristics are shown below.

1) Hydrogen machine

It is important to demonstrate D-T burning, to study a-particle heat-
ing and to investigate neutronics in a D-T machine. The D-T operation,
however, induces various problems due te the activation. For example,

the first wall replacement after activation is difficult in a D-T machine,
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and numbers of shots are limited. There are, on the other hand, many
items of research to be studied in a hydrogen machine as discussed below.

From this point of view, the hydrogen plasma is planned in JT-60.

2) Plasma volume (60 m3)

It is reasonable to consider that the size of JT-60 is similar to

that of a reactor from plasma engineering point of view.

3) Long pulse operation with additional heating (3040 Mw, 10 sec)

The duration 10 sec is enough long to study a heating phase, a steady
state and plasma control by using a real time control system with a
reactor like conditions. Heating power is also enough to obtain a

reactor grade plasma.

4y High-g plasma with By = 4.5 T

In J7-60, behaviors of a reactor like circular plasma near critical
g will be examined in detail. Combining the experiment in JT-60 and the
experiment in a D-shape device, e.g. D-TII or JFT-2M, it is easy to

picturize a reactor core plasma.

5) Poloidal divertor with a short and wide throat

In a reactor, it is expected that a magnetic divertor is net required.
However it is not clear whether a magnetic .divertor is necessary or not.
A simple poloidal divertor with a short and wide divertor throat is the
most reliable divertor concept in a reactor. From this point of view, it

is very important to study the simple poloidal divertor im JT-60.

6) Easy exchangeability of the first wall material

By this time, it is impossible to decide the first wall material
of a reactor. Therefore it is wvery important to study various kinds of
wall materials in a large device. Neutron effects have to be studied in
another programme. The first wall of JI-60 is easily demounted or the

surface material is easily exchanged by using an in-situ coating method.

These characteristics of JT-60 are mainly given from design studies
of reactors. In order to make good use of these characteristics the
following diagnostic system and real time control system are being

developed.
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a) Diagnostic system
In addition to measurement of conventional plasma parameters, heat
flux and particle flux on each surfacé and peripheral plasma are also
measured. All the diagnostics are planned to be arranged so that they
may acquire spacial and time resclved informations within one shot.
Priority is given in the adoption of diagnostics to those which
do not require complicated data processing. For example, we appreciate
cyclotron radiation method best among electron temperature measurements,
because it gives spacial and time resolved information straight forwardly

without any processing.

b) Real time control and data processing system

Certain diagnostic informations are gathered, processed and fed to
the control system during a shot in real time.

Cbntrol items are plasma position, radius, shape, current, density,
radiation loss power, scrape-off layer, heating power and timing, tempera-
ture, B & Bp, heat flux and so on. Actuators are the poloidal coil system
including the magnetic divertor coils, hydrogen and impurity gas supply
system, 14 NBI injectors, 4 units of RF systems, the dynamic limiter and

S0 On.

In addition to these characteristics of the device, numerical codes
including divertor amalysis, high-8 operation analysis and so on are being
developed. Variocus first wall materials and coating methods are also being

tested,

8.2 Plasma considerations

8.2.1 Predictions of plasma parameters

Principal parameters of JT-60 are summarized in Table X.8-1. First
wall (liner and limiter) is made of molymbdnum. Some low-z material such
as carbon, titatnium, or other composites will possibly be coated on the
molybdenum base. JT-60 features a magnetic limiter for the control of
plasma current and impurity content.

Heating power required in JT-60 is predicted by a simple consideration
of power balance, and is given in Fig. X.8-2 in terms of energy confinement

time 7. Power input in ohmic heating is presumed Pag = 2 ~ 3 MW.
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Additional heating power of 20 - 40 MW is probably adequate for achieving
the expected parameters in JT-60 target region. The machine design
permits the poloidal beta up to 2.5 for standard operation mode and up to
1.5 for magnetic limiter operation mode. The later can be improved to
2.5 for specific divertor plasma behaviors.

A hybrid heating of NBI and RF wave is provided for the JT-60 addi-
tional heating. Power deposited on plasmas are expected 20 MW of neutral
beams and 10 MW of RF waves. Further increase up to 30 MW in neutral
beam power is being considered as an advanced program.

Evolution of parameters on ETE-T diagram is shown in Fig. X.8-3,

where the Alcator law
g = 2 % 10 21\/qa-ne(m—3)-a2(m)

is presumed as a scaling law of energy confinement and the density limited

by neutral beam penetration is defined as

Ep(eV)

ANV 10 -
ApL(m)ogfe

ﬁe(m 3y < %
Here Ep is the beam energy, Ay the atomic number of injected beam atom,
and I the beam path from the plasma surface to the plasma center, respec-—
tively. oOgff is an enhanced beam trapping factor due to ionization and
charge-exchange by impurity ions and Cg¢f = 1 for Zggg = 1. For the heat-
ing powers of 75 keV - 20 MW NBI and 10 MW RF, it can be expected that
ETE =3~ 4 x 1019 m3esec and T = 8 v 10 keV, which are in the JT-60
target region. Then the fusion energy gain Q* equivalent to D-T plasmas
can be reached unity and the breakeven condition is filfilled even though
the beam fusion effect is not anticipated. If fusion enhancement is
expected by deuterium beams with the same penetration as 75 keV hydrogen
beams, the equivalent fusion gain reaches Q% n 2,

Further improvement of parameters corresponding to Q* > 3 would be
achieved by increase of the beam energy (75 100 keV: operational in the
present design), heating power (30+40 MW) and wave heating efficiency

{50%>70~807%) .

8.2.2 Operation secenarios

Because JI-60 features a magnetic limiter, two types of operation
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mode are typically possible: standard mode and magnetic limiter mode.
Major parameters associated with these two modes are summarized in Table
X.8-1.

For desirable current build-up, various operation scenariosl"Z)

are
taken into accounts in the design, as shown in Table X.8-2 (a). They are
related principally to the control of plasma current distribution and
impurity content during the current build-up.

The plasma current is reaised in stepwise with aid of inductive
energy transfer technologies, as shown in Table X.8-2 (b). Plasma control
fields can be follows these step rampings of the plasma current. The
rising time of the plasma current is changeable between 0.1 sec and 2 sec,.
Optimum flux swing can be attained by the double-step or triple-step
ramping of the current. Schematic view of plasma during current build-
up is shown in Fig. X.8-4 for respective operation modes.

During the flat top with duration of 5 - 10 sec, the plasma current
and the plasma position and shape are controllyd by feedback or pre-
progamming system in accordance with the changes of plasma beta and current
profile in both cases of standard mode and magnetic limiter mode. Heating
by NBI and RF wave can sustain reactor-grade plasmas during 10 sec.

Configurations of the equilibrium magnetic field are investigated
for high beta operation of both standard and magnetic limiter modes.

At the shutdOwn of plasma, the plasma current and position are
feedback-controlled so that the plasma current decreases with a decay
time of about 1 sec. The device itself is designed to withstand the
electro~magnetic force, heat deposition and induced voltage associated
with major current disruption of 1 msec. However, control of current

decay time is also beam investigated.
8.2.3 Neutral beam injection heating

The injected neutral atoms are stripped to produce fast ions via
impact ionization and charge-exchange interaction with plasma particles;
electrons, protons and impurity ions. TIn respect to the charge-stripping
interaction between hydrogen atom and impurity ion, an empirical relation3),

=714
Uz Z (Op+0cx)’

is used here for the calculations of beam attenation, where o, 1s the
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effective stripping cross section of an impurity ion for hydrogen atom
(including impact ionization and charge-exchange), Z the impurity ion
charge, Tp the proton impact ionization cross section, oqyx the proton-
hydrogen atom charge-exchange cross section, respectively.

The beam power deposition profiles are calculated as shown in Fig.
¥.8-5 for wvarious electron densities). When the 75 keV beam is injected
into a low density plasma with ng £ 2x1019 m~3, the untrapped beam power
exceeds 20 % of the injected beam power. In the meanwhile the beam
injected into a high density plasma causes surface trapping of the beam
as shown in Fig. X.8-5 : for ng < 1x1020 m~3? the trapped beam power in the

plasma surface (0.8<r/a<l) becomes larger than 40% of the injected power.

(1) Loss of fast ions

To make detailed treatments of the fast ion behavior in a toroidal
plasma and the reionization effect on escaping charge-exchange neutrals.
Monte-Carlo techniques are employed as the most useful method to simulate
the collisional processes.

Three kinds of loss processes are accounted for the fast ions during
their slowing-down process; orbit loss, ripple loss and charge-exchange
loss. Quantitative studies of these losses have been made by the Monte-
Carlo simulation code. The radial profile of neutral atoms has been
calculated by sloving a one-dimensional integral equation5). Then the
Alcator law is taken as the particle confinement time Tps).

The choice of quasi-perpendicular injection results in a possible
enhancement of fast ion loss due to the effect of toroidal field ripple7)_8).

Drift orbit and collisional process have major influences on the fast
ion behavior in the ripples. One of important features is the collision-
less ripple-trapping. The ripple trapping zones are illustrated in Fig.
X.8-6(a). The central zone corresponds to the direct ripple-trapping
region defined by (v, /v)? < Saff> where Sggs 1s the ripple well depth and
vy, the longitudinal component of the ion velocity v. Side bands appear
even though collisionless, owing to the finite banana size effect associated
with the ripple well inhomogeneity.

The existence of ripple results in significant enhancement of banana
drift, which is much larger for fast ions than that predicted by earlier
investigationsg). The radial drift step of banana for a half bounce time

is shown in Fig. X.8-6(b) with the fast ion initial pitch angle. The radial
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step discontinuity occurs at the fast ion pitch angle of ripple trapped-
untrapped boundary.

The total energy loss of fast ions is examined and its density
dependence is shown in Fig. X.8-7, where the parabotic profiles are taken
for parameters and Te = 5 keV, Z,5f = 2 and g, = 3.5 are assumed here.

If we choose the plasma density in the range 3x10% m™3 ¢ n, 2 1x1020 m~3,
the total loss power can be held less than 10-15 % of the injected power.
Tt is expected that the ripple-trapped loss of fast ions G, is
sufficiently small even though a quasi-perpendicular injection geometry is

taken in JT-60. However it should be noted that the ripple-trapped loss
ions possibly concentrates on specific areas and causes a large heat
deposition on the first wall. Fig. X.8-8 shows the maps of heat deposition
due to the banana orbit loss ions and the ripple-trapped loss ions.

Because JT-60 employs toroidal limiters, the banana orbit loss ions hits

the limiters. On the other hand the ripple trapped loss ions enter

localized areas of liner.

(2) Impurity evolution by neutral beam injection

The impurity eveolution associated with beam injection is one of
serious problems in the present-day Tokamaks., Here we focus our considera-
tions on the sputtering effect as the impurity origin and do not refer in
detail to other processes such as evaporation, errosion and arcing.

Three types of beampassociated particles can incident onto the wall
and sputter the wall material. They are

{(a) uptrapped beam particiles,

{(b) escaping fast neutrals,

{c) escaping fast ions.

The escaping fast neutrals have a broad energy spectrum and their
population is large in the energy range where the hydrogen sputtering
vield exhibits its peak (1-10 keV). On the other hand, fast ions due to
banana drift loss and ripple-trapped loss, although their energy profile
is expanded during slowing down, have a small fraction in the 1-10 keV
range. In the expected parameter range (Ee = 2010%x1019 m™ 2 and Te = 2010
keV), it is obtained conclusively that the molybdenum fractions sputtered

by respective beam-associated loss particles become as follows:

Y,p & 5x107° . (by untrapped beam)
Yo, = 1nv7x107" (by fast neutrals)
Ye; = 0.301.5x107%  (by fast ioms).
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By the summation of Y Yen and Ygy the cumulated molybdenum flux becomes

)
Yp = 4n8x107H, the ma?or of which comes from the fast neutral bombardment.
The absolute flux of molybdenum atoms sputtered by fast particles 1is

Vg = 0.841.6x101% atoms/m2-sec.

In turn we need to predict the amount of molybdenum atoms sputtered by
plasma particles. For this, three kinds of processes are considered.
They are

(d) wall bombardment by thermal (hot) neutrals,

(e} wall bombardment by boundary plasma ioms,

(f) self-sputtering by molybdenum ions.

The outflow of the hot neutrals and its energy spectrum can be calculated
by the one-dimensional integral equation code for neutrals3), The
molybdenum flux sputtered by hot neutrals is estimated as yp, = 4n8x1016
atoms/m2+sec. The molybdenum flux Ypi and y,.1f caused from processes (e)
and (f) are somewhat difficult to estimate, and therefore we will give
here roughly the orders of them.

Ypi = 0.220x1016 atoms/m?-sec,
and  ygui5 = 5015%1018 atoms/m?-sec
for the boundary plasma temperature of 50-500 eV and the molybdenum ion
concentration in boundary plasma ﬁz/ﬁe = 0,05 %. From these estimations,
it can be seen that y,, ™ Ypi v Ygelf and the summation .of them Yp (= Yhn
+ ypi + yself) is around 10 atoms/m sec.

It appears that the impurity influx induced by beam injection yy, is
smaller by one order of magnitude than that by plasma particles Yp- This
situation is not changed in case of low-Z first wall material. It should
be noted however that the escaping fast ions due to the banana drift loss
or the ripple-trapped loss concentrate on specific arears of the first wall,

resulting in a possible errosion or evaporation of the wall surface especially

in case of the injection into high density plasmas.

8.2.4 Radio frequency heating

Both of LHRF and TCRF heating schemes are considered in the scope of
JT-60 wave heating program. At present, however, priority is placed of
LHRF heating scheme and technological efforts are mainly devoted to
design and development of LHRF heating system.

LHRF heating scheme has appreciable advantages in engineering aspects:

the hardware required for reactor grade tokamaks such as JT-60 is already
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state of the art and a simple wavegulde coupling system 1s used favorably.
Hence JT-60 employs phased-array-waveguides {(Grill) as the LHRF wave
coupling system, and aims to achieve effective heating of high density

plasmas (Eem1020 m °) at the power deposition of 10 MW on plasma.

(2) Plasma-wave coupling characteristics

Brambilla's theorylo) was employed for studying coupling characteris-
tics. Relation of power. reflection coefficient R versus phase difference

was calculated and is shown in Fig. X.8-9(a) for a few values of

density gradient 3n/3x. Power reflection is expected to be less than 20 %
for possible density gradient an/ax < 1020 m™* and for controlled phase
difference Ap = 90°0180°. According to the high power LHRF heating
experiment in JFT-2 (P,¢ = 100v200 kW), power reflection was reduced
considerably less than that predicted by Brambilla's theory, especially
in a range of A¢ = 0°v90°, It probably comes from a non-linear coupling
of the wave with plasmas. Thereby the coupling efficiency 80 % can be
expected in JT-60.

Power spectra of Ng, where N, is the refractive index parallel to
the magnetic field, are shown in Fig. ¥.8-9(b) in cases of the pump wave
frequency fg = 1.7 GH, and 2.0 GHj. Then the phase difference A¢ is set
at 180° and density gradient an/3x = 1020 w™% is assumed. Major part of
the wave power is assoclated with slow waves with Ny = 1.4v3 for both pump

wave frequencies.

(3) Accessibility and wave propagation

The slow wave, which satisfies the accessibility condition N% > N%A
1+ w%e/m%e, can propagate toward the higher density region of plasma.
Contours of Ny, are shown by dotted lines on a diagram of toroidal magnetic
field B¢ and electron demsity n, in Fig. X.8-10. The perpendicular wave
number increases as the wave with constant N,, satisfying the accessibility
condition, travels radially toward the plasma center. Then two fluid
equations were solved in the electrostatic approximations. The wave goes
through plasma with increase of perpendicular wave number and is reflected
at a turning point. The reflected wave moves toward the lower density
region of plasma. This reflected wave is trapped between two ilon cyclotron
harmonics layers after mode conversion into ion Bernstein mode. Turning

point of each wave is traced by solid lines on By-n, diagram in Fig. X.8-10

for £f3 = 1.7 and 2.0 GHy.
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When a parabolic profile is assumed for plasma parameters as shown
in Fig. X.8-10, the accessibility condition becomes N, > 1.471.5. Then
the slow waves with N, = 1.4n3 possibly propagate into a high density
region, and the power deposition area is predicted by the hatched =zone.
This zone moves outward radially as the density increase and/or the

frequency decrease.

(4) Wave power absorption

The slow wave propagating toward its turning point suffers from an
electron Landau damping and the wave energy is absorbed into plasma
electrons. On the other hand ion Bernstein wave trapped between the two
ion cyclotron harmonics layers converges finally to surface with stronger
magnetic field and its energy is absorbed by ions via ion cyclotron
damping.

Wave power deposition profiles are shown in Fig. X.8-11(a), (b}, and
(c). 1t becomes apparent that the power deposition region moves outward
with increase of density and/or temperature. The overall deposition rate
of the transmitted power (Pdep/Prf) is estimated as about 90 % in these
three cases of plasma parameters.

According to the recent results in JFI-2, effective ion heating has
been observed over a wide range of electron densities and its efficiency
has become 50 n 70 %.11)  These results predict that effective ion heating
is possible even when turning points do not locate near the plasma center.
From these considerations, effective heating of high density plasma will be

expected in JT-60.

8.2.5 Impurity caontrol

In recent yeafs, impurity control has become one of most important
problems in Tokamak research. TImpurity control are classified typically
into two groups, i.e., light impurity control and wall material impurity

control.

(1) Light impurity control

Most of light impurities come from the wall surface on which gasious
impurities such as C, N and O are adsorbed and absorbed. These kinds of
impurities can be reduced less than acceptable limits by providing proper
treatments of the wall surface before assembly and by in-situ conditioning

after assembly.
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(2} Wall material impurity control

Control of wall material impurity is essentially important in large
tokamaks such as JT-60 to achieve a reactor-grade plasma and maintain it
during a long discharge. Evaporation, arcing and sputtering cause the
origin of wall material impurity in actual tokamaks. Evaporation can be
excluded by spreading the heat flux. Arcing is serious in dirty,
unstable discharge and in an early stage of plasma formation. In the
steady-state of discharge, however, sputtering by neutral particles,
plasma ions and impurity ions become the dominant process of wall material
impurity generation.

We consider a simple model of impurity accumulation only due to the

sputteringlz), which is described by
dn n T n S
A Z e 4 P
— = - =+ (1- — + -2y + 1-2 +

where X, is the shielding factor for impurity sputtered by plasma ions and
impurity ioms, A, the shielding factor for impurity sputtered by hot

neutrals and fast neutrals, &  the plasma ion sputtering yield, &, the

P
impurity ion sputtering yield, ﬁz the average impurity ion density, To

the plasma ion confinement time, t, the impurity ion confinement time, Sp
the plasma surface area, and Vp the plasma volume, respectively. Notations
Yun and yp are defined in 8.2.3(2) and their magnitudes are estimated for
molybdenum.

In addition to the above equation, a simplified particle balance

equation
dn
e 1-v =
-— = = n_ + I
dt T e e

is introduced, where y is the plasma particle recycling ratio and II, the
particle source such as gas—-puffing and injécted beam.

By solving these two equations, the impurity accumulation time T,g
and the saturation level of the impurity concentration (leﬁe)s are

derived as:

Tz

Ty e
1_(1—A1)£Z-l(l_-Y)“—;; + ‘I:I"; Ty

and
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Ny _ EP EE
Fs = 1) 20 v (1-1,)

yhn+yb
—=—1 Tgs

The impurity accumulation time t,. 1is estimated as {1v5) x T, for
the 75 keV-20 MW injection. Long saturation times are associated with low
values of A; and y. Assuming that y = 0.8, Ty = Tz = BXIO_ZI/a;-ne a? and
Mg = 4.6x1019 m2.sec (corresponding to 75 keV-20 MW injection including
cold gas inflow), the saturated impurity concentrations (ﬁz/ﬁe)s are
calculated in cases of typical wall materials; molybdenum, titanium and
carbon.

Then the modification of the sheath potential owing to the secondary
electron emission is taken into account.13) The results are summarized in
Table X.8-3 for molybdenum, Table X.8-4 for titanium and Table X.8-5 for
carbon, respectively. The upper limits of impurity concentrations are
set at 0.1 % for molybdenum ions, 0.4 % for titanium ions and 10 % for
carbon ions from a view point of radiation loss.lu) The boundaries defined
by these limits are illustrated by dark lines in respective tables. From
Table X.8-3 and X.8-4 similar results are obtained for the molybdenum and
titanium walls: low boundary temperature and high shielding factor are
indispensable to reduce the metallic impurity concentration without magnetic
limiter. These results indicate that the plasma boundary should be cooled
strongly by some methodls) to obtain a low metallic impurity plasma.

On the other hand, when the magnetic limiter is operated with achievable
shielding factors of A; = 0.9%v0.99 and 3, = 0.9,16) the metallic dimpurity
concentration can be held less than the acceptable limits even if the
boundary plasma temperature reaches 1000 eV. This boundary plasma can be
formed with a low energy conversion rate ((ch+Pr)/Pin < 0.5). Conclusively
the employment of magnetic limiter is essential for achieving an impurity
free plasma and maintain it through a long discharge.

Sengolu, et al. investigated in detail the behavior of self-sputtered
molybdenum ions in JT-60,17) by using Monte-Carlo techniques. They obtained
relations of impurity growth rate g versus boundary plasma electron tem-
perature Ty,. The impurity growth rate with magnetic limiter does not exceed
unity in a range of T} = 0400 eV, which confirms the investigation in the
present report. In the mean while k becomes unity at Ty, = 50 eV in case
of no magnetic limiter and this critical temperature is somewhat smaller
than that given in Taﬁle ¥X.8~3. They investigated it further taking into
account of the effect of secondary electron emission and suggested that the

critical temperature with k = 1 would be 80-140 eV without magnetic limiter.
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This result corresponds well to the case of Ay = A = 0.6 (Tp=130 eV) in
Table X.8-4.

Carbon seems most favorable among three materials investigated here
as the JT-60 first wall. Table X.8-5 indicates that carbon impurity
concentrations do not exceed the permissible level ((EZ/EE)§IOZ) even
though the magnetic limiter is not operated. This situation can not be
changed by introducing the chemical sputtering effects at 500 °C into
the impurity evolution considerations if the boundary plasma temperature

Tb is less than about 1000 eV.

8.2.6 One-dimensional transport simulation

(1) Long pulse operation

A long pulse D-T burning is considered as the essential feature of
practical fusion reactor. Long pulse operation of a Tokamak is attended
with a number of plasma-physical and technological problems such as ash-
exhaust, fueling, impurity control, and others. JT-60 intends to simulate
some of these problems with hydrogen plasmas by lO-second operation of
both the Tokamak and heating devices., Among them two problems, impﬁrity
control and density control, are important, in terms of the JT-60 long
pulse operation. We treat here the problem concerning density control.

When the 20 MW beam injection is performed, the particle inflow
becomes I, = 4.6x101% m™3 sec™! in which the cold gas flow from the
injectors is included, toec, Density increase associated with beam iInjec-
tion results in the surface trapping of the beams. JT-60 has mo divertor
although a magnetic limiter is provided for impurity control. Then
density increase can be controlled by the surface pumping of first wall
material.

1-D simulation has been carried out with the 75 keV = 20 MW NBT by
taking account of the recycling effect. Density control operation starts
at 2 sec and is made by canceling the recycling particle flux correspond-
ing to the efflux from NBT. Some of results are shown in Fig. X.8-12.
Although the electron density at the plasma center increases gradually
during the 10-sec NBI (Fig. X.8-12(c)), the average density is maintained
at about (7.5%8.5)x10!'? n73, 1In the meanwhile the average ion temperature
can be sustained beyond 5 keV (Fig. X.8-12(a)). The boundary density is
rapidly eroded by the enhanced recycling effect, because of a small dif-

fusion particle flux from the plasma central region, where confinement is
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improved with the increase of n,. Therefore, it may be most important to
clarify the particle transport in the NBI-heated, long pulse operation

plasmas.

{2) Surface cooling by low-z impurities
According to DIVA experiment, the mean electron temperature of a

plasma in the scrape-off layer can be given by

T o= 0.2 Pin ™ Pex = Py (T =
es =~ P. e
in

where Pin, Peoyxs Ppo Te and Ti are the input power, cx-loss power,
radiation-loss power, mean electron temperature of the main plasma, and
mean ion temperature, respectively. This result indicates that effective
cooling near the plasma surface (Py " Pip) should be essentially required
for attaining high temperature bulk plasmas (T +T; = 10v20 keV) with a
material limiter.

In order to consider the possibility of edge cooling by means of
light impurities, calculations were carried out in the case of impurity
carbon (6%) taking account of impurity radiation and diffusion. Then the
radial profiles of temperature and density were fixed. Temperature and
its gradient were low and moderate in the boundary region, but high and
steep in the central region. For these profiles, significant amount of
partially ionized impurity ions is distributed near the plasma boundary
region and excitation loss in this region is much larger than breamsstrahlung
loss from the central region (see Fig. X.8-13). Ve see thaﬁ radiated power
density averaged over the edge reglon (arbitrarily taken to be 20 cm wide)
can be of order 0.42 w/cm3, whose value would correspond to a mean input
power density in the case of 20 MW injection in JT-60. It may, indeed,
be possible to radlate a substantial fraction of the power by means of
edge-region impurity radiation. This result can be reduced essentially
from temperature-screening effect: strong inward diffusion of impurities

must be suppressed by temperature gradient of plasma fons.
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Table X.8-1 Plasma parameter of JT-60
]
i STANDARD MAGNETIC LIMITER
OPERATION MCDE OFERATION MODE
Ip (MA) 2.7 2.1
R (M) 3.0 3.2
(M) 0.95 0.9
Br (T) 4.5 4.5
By (T) 0.38 0.32
Bp 2.5 1.5 (2.5)
Table X,.8-~2(a) Operaticn modes of JT-60

I

CURRENT BUILD-UP FLAT TOP ADDITIONAL HEATTNG
STANDARD OPERATION
MODE STANDARD NBL 20M
OPERATION
DYNAMIC LIMITER MODE .
OPERATION MODE |
RF  10MW

MAGNETIC LIMITER
OPERATION MODE

MAGNETIC LIMITER

OPERATION MODE

ROOM TEMPERATURE OPERATION MODE

OR

HOT LINEAR OPERATION MODE

Table X.8-2(b)

Variaties of c

urrent build-up

_i\\‘ ——-
T Ip PATTERN VOLT-SEC
1-\__\“_
SINGLE STEP RAMPING :: 12.7
t
DOUBLE STEP RAMPING C 25.4
t
TRIPLE STEP RAMPING 25.4
C |
t |
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Table X.8-3 Molybdenum impurity concentrations with and without
magnetic limiter. Conditions marked with * have no
steady state solution in the present model.

Without magnetic lmiter With magnetic limiter

Al = AZ Al ( A2= 0.9)
Tb(eV) 0.6 0.7 0.8 0.9 0.95 0.99
50 0.015% 0.01% 0.006% 0.0025% | 0.0024% | 0.0023%
100 0.0447 0.017% 0.008% 0.0029% | 0.0026% | 0.00237%
200 0.55% 0.031% 0.01% 0.0036% | 0.0028% | 0.0024%
400 * 0.173% 0.03% 0.0096% | 0.0053% | 0.0028%
800 * 2.077% 0.13% 0.031% 0.0135% | 0.0042%
: . 18)
Proton sputtering yield: H.Ohtsuka et al.
Self sputtering yield: P.Sigmund. 19)
Table X.8-4 Titanium impurity concentrations.
Otherwise, similar to Table X.8-3.
Without magnetic limiter With magnetic limiter
Ay lz ll { l2= 0.9)

T (eV) i1 0.6 0.7 0.8 0.9 0.95 0.99
50 . 0.066% 0.06% 0.05% 0.01% 0.01% 0.01%
100 i 0.163% 0.11% 0.08% 0.013% 0.01% 0.01%
200 4.6% 0.347 0.18% 0.019% 0.013% 0.015%
400 * * * 0.073% 0.028% 0.034%
800 * * * 0.25% 0.147% 0.055%

Proton sputtering yield:

Self sputtering yield:
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Table X.8-5 Carbon impurity concentrations.
Otherwise, similar to Table X.8-3.

(a) Physical sputtering( no chemical sputtering)

Without magnetic limiter

With magnetic limiter

A, Ay ( 2,= 0.9)
T, (eV) 0.6 0.7 0.8 0.9 0.95 0.99
50 0.46% 0.34% 0.23% 0.11% 0.07% 0.038%
100 0.47% 0.35% 0.24% 0.11% 0.07% 0.039%
200 0.48% 0.36% 0.24% 0.12% 0.075% 0.039%
400 0.48% 0.36% 0.24% 0.12% 0.075% 0.039%
800 0.427 0.31% 0.21% 0.10% 0.067% 0.037%

(b) Physical sputtering and

chemical sputtering(5000C)

Without magnetic limiter

With magnetic limiter

= Az ll( A2=O.9)
Tb(eV) 0.6 0.7 0.8 6.9 0.95 0.99
50 1.66% 1.1% 0.83% 0.47% 0.21% 0.07%
100 1.75% 1.17% 0.887% 0.44% 0.24% 0.07%
200 1.80% 1.20% 0.90% 0.51% 0.27% 0.08%
400 2.1% 1.40% 1.05% 0.70% 0.36% 0.10%
800 2.8% 1.87% 1.47% 0.78% 0.41% 0.11%

Proton sputtering yield:
Self sputtering yield:

Chemical sputtering yield:

D.L. Smith2l)
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STANDARD OPERATION 1 @ %
STANDARD OPERATION 11 % % @ &
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_OPERATION

Fig. X.8-4 Schematic view of plasma during current build-up
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Fig. X.8-5 Birth distribution of fast ions
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Fig. X.8-6 Collisionless ripple trapping zone (a) and radial

banana drift step (b) for fast ions at initial
position of r/a=0.9 in JT-60 neutral beam injection.

- 271 —



JAERI-M 9421

Te = 5 keV , Zotf = 2.0

0.5
Gcx (charge-exchange loss)
w
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Fig. X.8-7 Total beam energy loss as a function of plasma demsity
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Fig. X.8-8 Energv flux profiles of banana-drift loss particles
‘ (a) and of ripple-trapped loss particles (b) at plasma
surface in JT-60 neutral beam injection. The inejction
angle 0i54 is +73° with respect the magnetic axis.
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Fig. X.8-9 Plasma-wave coupling characteristics:
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(a) power reflection coefficient vs. phase difference (fy=1.7 GHZ)

(b) power spectrum of N,.
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Time evolutions of averaged ion
temperature, averaged iondensity and

n t.,. Density control operation is
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made after 2 sec.
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Fig. X.8-12(b), (c)

Temporal development of ion temperature and
electron density profiles. Otehrwise
similar to Fig. X.8-12(a).
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2.3 MM 8.5 My

Radial profile of carbon (6%)

impurity radiation from a plasma with

its parameter distributions (a), where
Ppr: bremsstrahlung loss, Pgy: excitation
loss, Pj: ionization loss. 2.3 MW is

the total radiated power over the central
region of 50 cm, and 8.5 MW over the edge
region (arbitrarily taken to be 20 cm
wide).
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XI. DEVELOPMENT OF THE NEXT LARGE TOKAMAK MACHINE

1. INTOR Activity

The most prominent acitivity on the next generation tokamak to JT-60
in the fiscal year of 1979 is the activities concerned with INTOR Workshop.
Hitherto, as the next generation machine, Plasma Engineering Test
Facility (PETF) has been proposed three years ago on rather conservative
standing point both in physics and engineering with the aimsg to achieve
the self-ignition condition and to demonsgtrate the feasibility of plasma
engineering. |

In these years, the step of development of plasma physics is large
as shown in pessible applicability of the experimental scaling law to
the higher plasma temperature region, improvement of beta-value,
establishment of low q operation or feasibility of divertor function. The
progress of engineering was also large as seen in superconducting coil
technology and neutral beam injection technology. A tendency has been
generated to aim the maximum reasonable step at the next generation machine
by the developments. One of such movement is INTOR activity. INTOR
{International Tokamak Reactor) workshop is an international activity to
assess a tokamak reactor assumed to be built as a next gemeration machine
by EC, Japan, USA and USSR. Workshop was initiated in September, 1978
and got through its Zero Phase of Data-base Assessment by the end of 1979.
From January, 1980, Workshop is in First Phase to accomplish its conceptual
design by June, 1981.

The scopes of INTOR are expected as:
(1) to be a maximum reasonable step from the present status towards

future reactors
(2) to consists of all essential reactor elements

(3) to be a test facility for future reactor development

INTOR activity in Japan was promoted by JAERI with intimate collabora-
tion with universities and industries. About 70 people of JAERI, 5 peoples
of universities and about 60 people of industries were directly involved.

In JAERI, it was performed by cooperation of Fusion Research and Development
Center (Division of Large Tokamak Development and Div. of Fusion Research),
Div. of Reactor Fuel, Div. of High Temperature Engineering, Div. of Physics,

Div. of Reactor Engineering and Div. of Health Physics. Big contributions
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from industries made engineering design of INTOR so successful. They are
fro Mitsubishi Group, Toshiba Co., Hitachi, Ltd., Xawasaki Heavy Industry
Co. Ltd., NATG, Fuji Electric Co. Ltd. JAERL could get cooperation from
Atomic Energy Research Laboratory of Kyoto University and Institute of
Plasma Physics of Nagoya University. INTOR activities in Japan in Zere
Phase are integrated in a compiled report.l)"lu)

At Workshop, Japan proposed a conceptual design of INTOR called
INTOR-J. Many Japanese contributions were taken into INTOR concepts
especially about physical engineering surveys of divertors, engineering
studies of the reactor structure design of power supply systems.

The concepts of INTOR are as follows:

(1) Achievement of self-ignition condition

(2) Long burning more than 100 seconds

(3) Neutron wall loading more than 1 MW/m?2

(4) Basically, nonbreeding blanket with possibility of its installation
(5) Superconduction coil systems

(6) Installation for test zone

(7) Neutral beam injection heating with very probable alternative of

RF heating
(8) High duty cycle (70 %) and availability (more than 25 %, max. 50 %)

(9) Demonstration of electricity generation { 10 MW.)

2. Study of INTOR Reactor Plasma

2.1 Particle and energy confinement

Data base assessments for INTOR plasma have been made on the
empirical scaling laws, detailed studies on INTOR parameters by zero and
one-dimensional model, heat and particle flux to the first wall and
divertor plate, effects of impurities on plasma, effects of toroidal
field ripple on plasma performance, confinement of alpha particles, level

of syncrotron radiatiom, and consideratjon of INTOR parameters.z)

2.2 Impurity control, fueling and exhaust

The data bases of impurity control, fueling and exhaust of INTOR
plasma are assessed. They include permissible levels of impurities,
expeirmental results of plasma-wall interactioms, specific means for

decreasing plasma contamination, impurity control and ash exhaust with
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and without divertor (a kind of mechanical divertor), fueling by gas
puffing and pellet injection, and related surface phenomena.s) Especially,
to simplify the structure of the tokamak reactor, an idea of the simplified
poloidal divertor was proposed.15) All coils of divertors can be located

ocutside of toroidal field coils without big increase of their ampere-turns.

2.3 Heating

On neutral beam injection heating, the required heating power, the
penetration of injected beam, and the ripple injection were evaluated.
On RF heating, its technical status and feasibility of lower hybrid

frequency heating at INTOR were assessed.“)

2.4 Stability control

The theoretical beta-limits, experimental results of current
distribution in DIVA, wide range of parameter study of plasma shaping,
effect of conduction shell on positional and ballocning mode, and the
method of disruption control have been assessed. Good shell effect of
the SS blanket was examined. Also shown was the possibility of the
equilibrium control of minor radius expansion. Design of hybrid peloidal

coil system with exterior coils was carried out.5)

2.5 Start-up, burn and shutdown

Number of problem areas from the generation of a plasma to the
termination of the discharge were investigated, which should be assessed
to develop a scenario for sustaining a plasma for the whole duration of

a pulse. The reactor relevant burn pulse was also assessed.®)

3. Design Study of INTOR-J 13),14)

In order to assess the INTOR design data base, consistent discussion
based on a systematic reactor design is required. Isolated surveys for
individual components tend to lack balance among them. Therefore we have
performed a fairly detailed reactor design based on the guiding para-
meters which had gained a preliminary agreement in the second Workshop
Session. The result of the design is presented in this report which we
hope will be used as a reference in the Workshop Session ITI. The main

objective of the study is to evaluate and assess the following five items.
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Validity of the guiding parameters (especially those related to
reactor size),

Feasibility of a reactor with peloidal divertors,

Design problems and R&D items of each component,

Feasibility of repair and maintenance, and

Design of test sections for tritium breeding and electric power

generation.

Fig. XI.3-1 shows overview of INTOR-J. The design study of the

following items are carried out. Design problems and R&D items were

enumerated simultanecusly with the design.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

(9)-

(10)
(11)
(12)
(13)

Overall concept of reactor with poloidal divertor
Neutronics design

Blanket design (breeding and non-breeding)
Shielding design

Divertor design

TF magnet design (for concept A and B)

PF magnet design (for concept A and B)

NBI design

Main vacuum pump design

Repair & maintenance of reactor, concept A and B
Repair & maintenance of divertor

Reactor cooling system

Blanket test section
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4. Related Technologies

4,1 Materials

For materials data base assessment, selected properties of the
materials important in TNTOR were evaluated on the basis of data obtained
in Japan. Materials covered were austenitic steels, non-magnetic steels,
and titanium alloys as structural materials: helium and water for cocolant:
1lithium oxide for breeder: aluminum and copper for stabilizer and organic

insulator as magnet materials: graphite for non-metallic materials.®)

4.2 Power supply and transfer

Current variatiom each superconducting coil of the hybrid poloidal
coil system located outside of the toroidal field coils was calculated
from the plasma start-up, through burning and to shut-down. Following
this evaluation, a new system for the poloidal field power supply for
INTOR was proposed. Its overall power supply system has been evaluated

including the operation scheme of generators.g)

4.3 Tritium

Tritium inventory of INTOR's fuel circulation system and recevery of
tritium from solid blanket of Li,0 were investigated. Chemical properties
of 11,0 and the results of tritium recovery from neutron—-irradiated were
summarized. Simulation codes for eryogenic distillation of hydrogen and

water distillation of hydrogen isctopic water was developed.lO)

4.4 Vacuum

Vacuum systems data base assessment and evaluation of the principal
vacuum parameters for INTOR-J concepts were made. Tt covered torus vacuum
vessel and its pumping system including vacuum wall location, pumping means,
available maximum pumping speed, and vacuum wall cleaning. Emphasis in the
conceptual studies was on helium pumping by cryopumps. Regeneration cycle
and tritium inventory of the cryopumps were evaluated from the published
data. Radiation effects on vacuum systems and remote leak detection were

also studied.ll)
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4,5 Diagnostics, data acquisition and control

Data assessment was made to consider diagnostics and reactor
instrumentations of INTOR. Also considered was how the diagnostics,
data adquisition and control should be for the next generation tokamak.
Especially, as one of the data assessments of radiation damage problems,

data of radiation damage of cables were compiled.lz)
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A.2 Personnel of the Center
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One
Two
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from
from
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KANAMORI Takahiroak3
KIMURA Toyoaki
KONDO Tkuo
KURTHARA Kenichi
MATOBA Tohru (Senior Scientist)
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NAGASHIMA Akira
x5/,

NAGAYAMA Yoshio
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(Scholarship fellow)

OCATA Atsushi (Senior Scientist)

SHIHO Makoto

JT-60 Project Office IT

TIJIMA Tsutomu {Chief)

TOMIOKA Hideo (Deputy Chief)

% Machine Group

ANDC Toshiro
KAWASAKT Kozo
MIKI Necbuharu
MIYAUCHI Yasuyuki
NAKAMURA Hiroco
NAKAMURA Yukiharu
NISHTO Satoshi
OHKUBO Minoru

OHTA Mitsuru (Senior Scientist)

OZEKI Takahisa
SATO Osamu
SEIMIYA Munetaka
SHIMIZU Masatsugu
TAKATSU Hideyuki
TOYQSHIMA Noboru
TSURUML Satoshi*3
YAMAMOTO Masahiro

* puxiliary Facilities Group

Lo

AMANO Shigeru"l2
ARAT Takashi
HIRUTA Kazuharu
HOSODA Ryujiro
KODAMA Kozo
TKAWA Ken*l
QGIWARA Norio
OTKAWA Akira

% Vacuum Technology Group

ABE Tetsuya
OBARA Kenjiro
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(C) O0office of Fusion Program

MATSUY Takashi (Administrative Manager)
INOUE Kenji

TAKEDA Takashi

KUROIWA Katsuhiko

TAZIMA Yasuhide

Guest Scientists

IEDA Masayuki (Nagoya University)
MIYAMOTO Goro (The University of Tokyo)
TUZI Yutaka (The University of Tokyo)
YASUKOCHI Ko (Nihon University)

On leave from

*1 Fuji Electric Co., Ltd.

*2 Hitachi Cable Co.

%3 Hitachi Ltd.

*4 -Kawasaki Heavy Ind. Ltd.

%5 Mitsubishi Atomic Power Ind. Inc.
%6 Mitsubishi Electric Co., Ltd.

®7 Mitsubishi Heavy Ind. Ltd.

*8 Nissin Electric Co., Ltd.

*9 Sumitomo Heavy Ind. Ltd.

*10 Tokyo Information System Co., Ltd.
*11  Tokyo Shibaura Electric Co., Ltd,
%12 ULVAC Co.

%*13 Fujitsu Ltd.

*14 Sumitomo Electric Co., Ltd.

*15 Century Research Center Co.

*16 General Atomic Co.

*17 Kozo Keikaku Eng. Inc.

KR] Kyushu University
x%9 Nagoya University
*%3 Nihon University

kY The University of Tokyo
*%5 Tohoku University

*%p Hiroshima University
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%] Kyoto University
*#%8 Princeton University
®%9 Dak Ridge National Laboratory

x%10 National Institute for Researches in Inorganic Materials

A.3 Budget of the Center

(unit: Million¥)

Fy'l 1978 py’ L 1979 FY' 1 1980
Scientific program 9,391.8" 22,751,272 28,813.9" 2
igzii;ZiZEtiizfiozt) (14,335.7) (25.558.7)  (24,147.0°°)
Building 1,155.5 16,900.1 19,968.7
Site 1,723.0 2,520.3

%] From April to March.

%2 TIncluding cashing of the financial obligation in
each FY.

*3 The total financial obligation from FY 1980 to FY
1983 for the construction of part of the‘components
of JT-60 and for the development of plasma heating

systems and superconducting magnet.
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