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JAERI-M 83-132

Annual Report

of
the Fusion Research Center
for the period of April 1, 1982 to March 31, 1983

Fusion Research Center, Tokal Research Establishment, JAERT

(Received October 6, 1983)

Research and development activities of the Fusion Research Center
(Department of Thermonuclear Fusion Research and Department of Large
Tokamak Development)} from April 1982 to March 1983 are described.

The JFT—-2 tokamak was shutdown after 10 years operation. Operation
test of a new device JFT-2M was near completion. In the joint JAERI-USDOE
experiment on Doublet-ITI a record value of beta, 4.6 %, was achieved.
Major efforts in theory and computation was on high beta tokamak stability,
second stability regions being found for low m internal modes.

The JT-60 program progressed as scheduled, installation of the tokamak
machine being initiated in February 1983. A 100 kV test was completed
of prototype unit for JT-60 NBI. In the development of a high power
klystron for JT-60 LH heating, a test fabricated tube generated 1 MW,

10 s RF pulses. Development of TiC coatings for JT-60 first wall was
successfully concluded.

In the superconducting magnet technology, the Japanese coil for
IEA Large Coil Task was installed in a test facility at ORNL after
successful performance test at Naka site. A 10 T experiment of a Nb3Sn
coil with 60 cm inner bore was made., Construction of the Tritium Process
Laboratory was started in February 1983.

Design studies of the Fusion Experimental Reactor and INTOR were

continued.

Keywords: Annual Report, Plasma Confinement, Heating, Tokamak, JFT-2,
JFT-2M, Doublet-III, JI-60, NBI Heating, RF Heating, Plasma-wall
Interaction, Superconducting Magnet, Tritium Technology, Reactor

Design, Fusion Experimental Reactor, INTOR
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I. PLASMA THEORY AND COMPUTATION

1. Introduction

Theoretical program at JAERI aims at developing methods for compre-
hensive theoretical analyses of a tokamak plasma under realistic conditions
and analyzing the plasma to attain the basic understanding of the tokamak
and contribute to the experimental programs of the JIT-60 and JFT-2M tokamaks,
and future fusion reactors. These objectives are pursued by developing
the computer code system TRITON and solving physics problems on the plasma
confinement, heating, and transport on the basis of the combined use of
the fluid, kinetic, and particle models.

The most notable studies of this fiscal vear are the comprehensive
analyses of the MHD and kinetic stabilities with low toroldal mode number
and introduction of a new model for resistive MHD instabilities which
concern with disruption processes in a tokamak. Studies of heating
processes by the kinetic and MHD models, development of high-performance
equilibrium codes, and studies of various ideal MHD meodes are carried out
extensively. Studies concerning new numerical methods, development of
various supporting codes and construction of the TRITON-I code system

have been also continued.
2. Kinetic Studies

2.1 Introduction

In a high temperature plasma, kinetic effects often play important
roles in stability properties and heating processes.

Previously developed techniques for a stability study of high-n
ballooning mode (n: toroidal mode number) are extended to be applicable
to longer wave length problems, i.e, analyses of low-n stability and
heating processes of ICRF and shear Alfvén waves. It is found that the

n=1 tearing mode is stabilized by the kinetic and toroidal effects.
2.2 Stability

2.2.1 Stability of Vlg-driven microscopic drift-tearing mode 1)

Stability of the kinetic drift-tearing mode with a short wave length
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is investigated by employing an energy-dependent electron-ion collision
model. The electron temperature gradient can destabilize the mode in the
range of the collisionality l<<v/m*<:20 (v: collision frequency, wg:
drift frequency). The instability appears in a parameter range of inter-—
mediate 8 values, and the mode is stabilized by the magnetic shear when

g value becomes 0(1%) {(8: plasma pressure/magnetic pressure).

2.2.2 Kinetic theory of global n=1 instabilities in torcidal plasmasz)

The kinetic theory of the global n=1 instabilities of finite-pf tokamak
plasma with circular cross sections is investigated in the collisionless
limit. The wave-particle interactions and the finite gyro-radius effect
are included as kinetic corrections. The toroidal effect is incorporated
up to first order of ¢ = /R, the inverse aspect ratio. The radial-
poloidal eigenmode equations are directly solved numerically in the para-
meter range q(0) ~ 1 (q: safety factor). Analytical studies of the modes
are made by use of the energy integrals and compared to the numerical
results., Special attentions are paid for studying the transition between
the MHD-type mode and the kinetic instabilities.

The m=1 internal/tearing mode, n=1 ballooning mode and m=2 tearing
mode with a fixed boundary condition are identified in connection with
the MHD mode. When the gq=1 mode-rational surface exists in the plasma,
the m=1 internal mode has large growth rate in a finite-§ toroidal plasma;
this mode turns out to be the m=1 collisionless tearing mede in the low 8
regime. The transition occurs around the parameters where the condition
B2 v e2pj/a is satisfied (pi/a: ion gyro-radius divided by the plasma
radius). The pressure driven ballooning mode, which becomes unstable
when gq-value becomes large and Bi>a/2q2R in the MHD limit, is connected
to the electrostatic-like ballooning mode which is unstable with the growth
rate of the order of drift frequency. The m=2 tearing mode is destabilized
by the parallel current and is stabilized due to the coupling with the
drift bhranch when B value increases. The toreidal coupling further

stabilizes the m=2 tearing mode (Fig. I.2~-1).
2.3 Heating

2.3.1 Kinetic Alfvén wave propagation in cylindrical tokamakg)

Propagation and absorption of kinetic shear Alfvén wave, which 1is

launched by a helical oscillating current sheet, are examined in a
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collisionless, current-carrying cylindrical plasma in a sheared magnetic
field, Kinetic effects, such as effects of the finite gyro-radius, Landau
resonance and collisionless resistivity, as well as finite-B effects,
density, temperature and current inhomogeneity effects are included.

We find that the propagating shear Alfvén wave excites drift wave
around the resonance layer, and the wave is absorbed through Landau
resonance. The propagation is strongly affected by the magnetic shear,
and the spatial distribution of the absorbed power is determined by the
kinetic effect near the resonance layer. The calculated coupling coeffi-
cient to the antenna and heating efficiency are found to have strong

dependence on locations of the antenna and shell,

2.3.2 Energy deposition profile of efficient heating by shear Alfvén

wavel*)

The energy deposition profile of the shear Alfvén wave in a cylindrical
tokamak is obtained. 7The radial propagation and absorption are solved by
use of the kinmetic equations for collisionless inhomogeneous plasmas. '
The absorption is mainly by electron Landau damping, and occurs not only
at the resonance surface, k,{(r)V,(r) =w, but also in the propagation
region, lk"(r)ivgﬁr) < <[k”(r)|ve(r) (Vp: Alfvén velocity, ve: electron
thermal velocity, k,: parallel wave number and w: frequency). The para-
meter dependence is studied and the magnetic shear and plasma profiles
have important roles for the deposition profile. The efficient heating
is possible if the condition k,Vp~vw is widely satisfied in the propaga-
tion region, The bulk heating does not always correspond to the good
antenna coupling, which often causes an unfavorable edge heating. For
some typical pafameters the emnergy input Wl watt/em® is expected when

the wave amplitude By is several gauss.

2.3.3 Kinetic theory of RF wave in a plasma in an inhomogeneous magnetic

field")

Kinetic effects on propagation and absorption of radio frequency (RF)
wave in inhomogeneous and dispersive plasmas are studied, where effects of

finite gyro-radius and wave-particle interactions are included. The

generalized linear propagator in the presence of the Inhomogeneity of
magnetic field strength along the field line 1s calculated for obtaining
the nonlocal conductivity tensor. TInstead of a plasma dispersion func-

tion a new function is introduced. The influence of the inhomogeneity to

igi
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the RF wave-energy deposition scheme is found to be appreciable in high
temperature plasmas. Parameter dependence of this new function is studied.
We derive a kinetic wave equation taking the corrections due to the plasma
inhomogeneity and dispersion. Nonlocal effects on the wave energy flux
and on the power deposition to each plasma species are examined. This

approach is applied to toroidal plasmas.

2.3.4 Kinetic analysis of propagation and absorption structure of ICRF

wave & )

Propagation and absorption of waves in the ion cyclotron range of
frequencies (ICRF) are investigated using the kinetiec theory in a high
temperature plasma, The wave equation which includes kinetic effects
(such as finite gyro-radius effect and wave-particle interactions) is
solved as a boundary value problem for a two-ion-component plasma
(majority deuterium and minority hydrogen) with one dimensional inhomo-
genelties. The global structure of the wave field and the absorption
mechanism is clarified; the power deposition profile for each plasma
species and the coupling to the antenna are obtained. Mode conversion
of the fast wave occurs associated with the two-ion hybrid resonance and
the latter is absorbed by electrons and deuterium via Landau and colli-
sional damping, respectively. Hydrogens absorb the wave which tunnels
through the cutoff layer (or for low-field-side excitations) by cyclotron
damping. Existence of cavity resonances is also confirmed, which makes

considerable influence on the energy abscrption.

2.3.5 Three dimensional structure of ICRF waves in a tokamak plasma7)

The three—dimensional structure of the ICRF waves in a tokamak plasma
is studied. The toroidal field gradient, radial density inhomogeheity
and the poloidal-toroidal localizations of antenna current are incorporated.
The ICRF wave propagation and absorption in the two-ion species plasma
(majority deuterium and minority hydrogen) are obtained by numerically
solving the propagation equations in collisiomnal cold plasmas, Two cases
of the heating mechanisms, the ion-ion hybrid resonance and the cavity
resonance (i.e., the forced excitation of damped eigenmode) are found
in a three-dimensional configuration. Owing to the lack of homogeneity
in the up-down direction, the global wave form, energy deposition profile

and total enerpy absorption are affected, and considerable differences
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from the two-dimensional calculations are found. In the case of the ien-
ion hybrid resonance, the energy deposition profile is localized near

the hybrid resonance surface; the energy absorption integrated over the
plasma column is independent of the damping rate, On the contrary, the
cavity resonance realizes a strong heating over the whole plasma column
by a coherent wave, which satisfies the cavity resonance condition. This
heating occurs in the absence of the cyclotron and the hybrid resonances.
When we calculate the loading impedance by the poloidal current antenna
with Faraday shield, we find that the cavity resonance can centribute to
the wave absorption as much as (or more than) the ion-ion hybrid resonance

for wide range of plasma parameters.
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3. MHD Studies

3.1 Introduction

The two main objectives of the computational analyses in the project
TRITON are, presently, the clarification of the stability limit scaling
‘and the mechanism of distruptive instabilities, especially, in a high
beta tokamak plasma. As for these probliems we have carried out wvarious
kinds of analyses and obtained new results concerning the internal kink
mode, the second stability region of finite-n ballooning modes, parameter
dependence of the positional instability, and effects of toroidicity and

finite beta on the resistive MHD phenomena. In this section we describe
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the results of MHD equilibrium studies, ideal MHD instabilities, and

resistive MHD instabilities.
3.2 MHD equilibrium analysis

3,2.1 SELENE-ERATQ interface module

Several equilibrium codes (SELENE codes) have been developed by the
two different algorithms, the ordinary algorithm which solves the Grad-
Shafranov equation in the (R,Z) plane (SELENE-40) and the inverse
algorithm which solves the equation in the flux coordinates (SELENE-10,
SELENE-50, SELENE-1F). An interface module which computes the metric
quantities is necessary to analyze MHD stability of the equilibria obtained
by the SELENE codes.

The interface module of the SELENE-40 code and the ERATO code (ERATOT)
was proviously developed and used to analyze the stability of the internal
kink and ballooning modes. A new interface module of the SELENE-10 code
and the ERATC code was developed. Thls module computes the metric
quantities by using the 3rd order spline interpolation in the flux
coordinates; R = R{yY,x), Z = Z{¥,x). The metric quantities obtained from
the new interface module are shown to be as accurate as those obtained
from ERATO! for the Solv'ev equilibria. The eigenvalue, vZ (= -w?),
computed by the ERATO code with the new interface module has the same
convergence curve as that computed by using the ERATOI interface
mocule (Fig. I.3-1) and the extrapolated values of the eigenvalue agree

in high accuracy (< 0.05%).

3.2.2 MHD equilibrium with anisotropic pressure distribution

The code for the equilibrium with anisotropic pressure has been
developed to study the equilibrium of the intensely heated tokamak plasmas.
The pressure p, and p, are given as the functions of the poloidal flux y
and the magnetic field strength B. The interface with the stability code,
TERA, has also been developed,

3,2.3 MHD equilibrium without axisymmetry

The code for the equilibrium without axisymmetry to the toroidal
direction has been developed. The finite beta effect on this class of
equilibria has been studied and the self-stabilization effect due to the

increase of the well near the magnetic axis has been simulated.
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3.3 Ideal MHD instabilities

3.3.1 Internal kink mode in high Bp tokamak plasmal)

By using the ERAT0O code, the linear stability of internal kink mode
(poloidal mode number m=1 and toroidal mode number n=1) is studied in
wide range of poloidal beta value. The effects of the shear and ellipitic-
ity on the stability of the mode are investigated. The internal kink
mode becomes stable in high Bp region. However, the mode has wider un-
stable region for the high shear amd/or elliptic tokamak plasma than the

low shear and circular tokamak plasma (Fig. I.3-2).

3.3.2 Second stability region of finite-n ballooning mode?)

By using the ERATO code with the quasi-mode representationz), the
dependence of the squared growth rate, v, on the poloidal beta value,
Bpy was studied for n=3,10,50, and =. The stability diagrams in the
(qO,Bp) plane (Fig. I.3-3(a) and (b)) were obtained for different pres-
sure profiles. For the equilibrium with the flat profile, the second
stability region was found for lower n modes. In higher n modes (n =50

and «), the localized modes remain unstable.

3.3.3 Positional instability3)

The stability of axisymmetric modes of a tokamak plasma (positional
instabilities) is analyzed for the Solv'ev equilibrium by using the linear
ideal MHD code ERATO-J. The dependence of the stability on various para-
meters, i.e. the ellipticity and triangularity of the plasma cross section,
the aspect ratio, the safety factor at the magnetic axis, and the distance
between the plasma and a conducting shell is investigated. Comparison
of the results with those by the rigid model shows that the stability
condition derived from the rigid model in terms of the decay index
{n-index)} of the external equilibrating‘field is a good approximation
for the plasma with small triangular deformation (Fig. I.3-4). Also
the results are compared with those of the rigid displacement model and
applicability of the various models on the pesitional instability analysis

is discussed.
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3.4 Resistive MHD instabilities™’

3.4.1 Development of linear resistive MHD code

The accurate and efficient code for studying the linear stability of
resistive mode in a tokamak has been developed. The basic equation is
the reduced set of the resistive MHD equations, and the combination of
the determinant method and the inverse iteration method is employed to
solve the eigenvalue and eigenfunction. By using the mesh accumulation,
growth rates of the resistive and the resistive internal modes in a
cylindrical tokamak show good agreement with theoretical values in the
wide range of resistivity. The combination of this code with the non-
linear MHD code AEQOLUS saves the CPU time of the monlinear simulation

of the resistive mode.

3.4,2 FEffects of toroidicity and ellipticity on major disruption

process in a tokamak

The effects of toroidicity and ellipticity on the major distuption
in a tokamak has been studied by using the linear stability code NOTUS
and the nonlinear evolution code AFQOLUS. The modification of the surface
averaged current density due to the toroidicity and ellipticity has the
stabilizing effect for tearing modes with n=2/n=1 and m=3/n=2, while the
mode coupling has the destabilizing effect. Although both the toroidicity
and ellipticity broaden the mode spectra and enhance the stochastic
region of magnetic field lines, the essential behavior of the major

disruption in a low B tokamak is the same as in a cylindrical plasma.

3.4.3 Tinite-beta effect on tearing mode

The beta effect on the destabilization of the m=2/n=1 and m=3/n=2
tearing modes was studied by using the full set (the linear compressible
code: NOTUS-C1) and the reduced set in helical symmetry (the linear
code: NOTUS-1] / the nonlinear code: AEQLUS-IT) of the resistive MHD
equations., The compressibility increased the growth rate but the
dependence on Bp and the resistivity n, was the same for both the com-
pressible and incompressible cases. When the ideal mode was near the
marginal point, the scaling of the growth rate with n was given by
Y¢n3/5~csBp/s, where ¢ and s were the inverse aspect ratio and s=rq'/q.

The effect of B on the nonlinear evolution of the m=3/n=2 magnetic
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island 1s shown in Fig. 1.3-5. The saturated island width increased as
BP and decreased as the mode became close to the ideal ome in high Bp

region.

3.4.4 New reduced set of resistive MHD equations in a tokamak with

finite poloidal beta

In order to study MHD activities in a tokamak with finite Bp, the new
reduced set of resistive MHD equations has been derived under the assump-
tion of the toroidal incompressibility, %(3/R2)==0. Because no tokamak
ordering is employed in this derivation, the resultant equations can
express both resistive and internal modes In a tokamak with finite
aspect ratio and finite Bp. Based upon the new set of MHD equations, the
linear stability analysis code has been developed and the stability of
the m=1 resistive internal mode has been studied in detail. Figure L.3-6
shows the dependence of the growth rate on the poloidal beta value for
the analytic equilibrium correct up to second order of the inverse aspect

ratio.
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4. TRITON System and Computational Methods

4.1 Introduction

Before the completion of the first phase of the project TRITON
(TRITON-I) 4in the next fiscal year various codes in the TRITON-I code
system have been developed and some new physics results have been

obtained through the analyses by using these code.
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As for the code development the emphasis was put on the equilibrium
codes and interface modules with high accuracy, resistive MHD codes
based on the newly derived incompressible resistive MHD equations as
described in the previous subsections, and various supporting codes for
code development and maintenance. A matrix method for the analyses of
a kinetic ballooning mode is developed and applied successfully to the
analyses. A new difference method for advection-diffusion equation was

devised and studied minutely.

4.2 TRITON system

In the project TRITON various kinds of numerical codes are being
developed. These codes are classified into several code groups, i.e.
the physics code group ASTRAEAl), the numerical analysis code group
PARIS, the graphic I/0 code group ARGUS, and the supervisor and other
supporting code group PEGASUS. TIn order to facilitate maintenance and
use of the codes the TRITON-I code system is now being constructed by
registering these codes to the index file supervised by the HARMONIA
code.,

Tn this fiscal year the MHD stability problems are studied extensive-
ly by putting emphasis on the relation with the disruption and the TRITON
codes are used to analyze these problems as described in the previous

subsection (see also Table I.4-1).

4.3 Supporting codes

Several supporting codes which facilitate development of codes in
the TRITON system and supervise the system, are developed or being
developed in this fiscal year. These codes are HARMONIA-200 (the super-
visor code of the TRITON system), PLUTO-77 and PLUTO-R (codes for program
analysis and documentation), GAEA-VT and CLIO-V1 (data base management
codes for results of numerical simulations), and ARGUS-V4 (a graphic I/0
subsystem). As for the numerical analysis program package PARIS, vector
processing algorithm is studied extensively in order to improve the
performance of the linear and nonlinear MHD stability codes in a super-—
computerz). In the following some of the above codes are described

briefly.
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<HARMONIA-200>

The TRITON codes are registered in the index file of the HARMONIA
code by recording Information and storing the codes themselves in a
magnetic tape. The main part of the code was almost completed in the
last fiscal year and in this fiscal year an additional medule for

automatic generation of documentation has been developed.

<PLUTO-77 and PLUTO-R>

PLUTO-77 is the code for the analysis and documentation of the
programs written in FORTRAN/7. The analysis of the statements charac-
teristic in FORTRAN77 is added to the previously developed PLUTO-F (the
analysis code for the standard FORTRAN program). The INCLUDE statement
is replaced by the corresponding statements registered in the SYSINC
file as is dome in FORTRAN77. The documentaiton of a given source program
is automatically produced by using the results of the analysis and the -
user's comments can be included in the document.

PLUTO-R is the code to make the list of the references of a computer

code, The references are selected and sorted by key words.

<GAEA-V1 and CLIO-V1>

The GAEA-YT and CLIO-V1 codes are supervisors of a data base on
computational results, which facilitate to store, sort, and retrieve
numerical results of large-scale simulations. The former code is developed
to deal with comparatively small amount of numerical data which can be
stored in a magnetic disk and the latter is developed to deal with a
large amount of data which can be stored only in a magnetic tape. The
features of these codes are; (1) necessary information for subsequent
utilization of the data is automaticallv recorded and (2) the stored
data are easily retrieved and, especially by the GAEA-V] code, graphs
or tables are easily displayed on a graphic display terminal by using a

set of special TSS commands.

4.4 Computational methods

4,4,1 A new difference scheme for advection-diffusion equation

The advection—-diffusion equation of the following form appears in

the MHD equations, tokamak-transport equations, and Fokker-Planck.
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equation.

3f +u 3L _p iii = 0.

at 9X Y32

This equation is usually solved numerically by using the finite-
difference scheme. When the cell Reynolds number R; =uAx/D is much
greater than unity, the numerical static-instability fvexp{kx)cos(mx/Aix)
can occur. This instability has been avoided by introduclng an artificial

diffusion. Therefore, the effects of real diffusion are screened.

A new difference scheme is pfoposed;

§f | 6f 62F Ax 8%f §°F

et P T A2 Grem U g
G 8f _ f{t + At) - f(t) 8f _ f{x + Ax) - f{x - Ax)
WREIes st At > §x 25%

1

§2f _ f(x + ax) - 2f(x} + f(x - %) £(t + at) + £(t)
§x2 hx? ’ 2
exp(R.) + 1 2

exp(Re) — 1 - EE

and A =

This scheme assures the numerical stability (both dynamic and static
stabilities) for all values of Courant number (c =uAt/Ax) and R.. The
numerical diffusion is as small as that of the Lax-Wendroff method.

4.,4,2 Matrix method for kinetic balleoning node 3)

A matrix method is developed to solve numerically the kinetic high-n
ballooning mode. The method approximates directly the difference-
differential equation by a finite difference method. Toroidal mode
coupling effects and full electron and ion responses are described in
the correct forms. Performance, convergence property and accuracy of

the method are investigated.
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Fig, I.2-1 Stability and mode transition diagram on gO—S(O)
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and m=2 tearing mode is stabilized if R(0)>0.02.
Other parameters are: R/a=3, s=2.25, q(a)/q(0)=
2.52, Di/a=l/200, <B>0.4R(0), Te=Ti, M;=1836Ms.
n is always chosen to be unity.
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Fig. T.3-1
The convergence curve of
the eigenvalue, yz, of
the n=2 internal mode for
the Solove'v equilibria.
The flux coordinates used
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IT. TOROIDAL CONFINEMENT EXPERIMENT

1. Introduction

After 11 years operation, the JFT-2 tokamak had been shut down on
June, 1982. The last experiment of JFT-2 in this period were, transport
study with intense additional heating, thereby, extended ICRF heating
study, especially on electron heating by Bernstein wave mode conversion,
was examined. Current drive study with lower hybrid wave was also made.
Main concern in this study is shift down of wave phase velocity in the
plasma column and its effect on driven current profile, The results of
theses studies are described in subsections 2, 3 and 4.

On the other hand, manufacturing of the JFT-2M tokamak has been
initiated from April, 1981. Installation of JFT-2M instead of JFT-Z is
almost completed in March, 1983. In other words, this means 1 month is
dedicated to removing the JFI-2 tokamak, 3 months to spadeworks on
tokamak itself and poloidal field power supply, 5 months to assembling
and preoperational test of all components including 2 MW NBI.

Initial start up of JET-2M is to be commence on April, 1983. In
addition ICRF upgrading to 4.5 MW, fabrication of ECRH system of 60 GHz
200 KW and some diagnostics are on going in 1983. The experimental
study with these is supposed to be commence on the early spring, 1984,
when beta study with ICRF heating, and current startup and drive with
THRH and ECRH are main objectives.

Construction of poloidal field power supply for non-circular plasma
shape are now on schedule. So that, we will achleve full modernization
from JFT-2 to JFT-2M in about the early spring, 1985, when 500 kA D
shape plasma with optimized additional heating will be in our hand.
Another interest in the JFT-2M study is to cast some lights on behavior
of edge plasma. Open type magnetic limiter configuration of JET-2M is
useful for this study. Furthermore, pellet injection and pump limiter
system are also planned and prepared in 1983 for studing some versions
of edge plasma control. Construction and commissioning of the JFT-2M

tokamak is described in subsection 5.
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2. Transport Study with Intense Additional Heating
2.1 Plasma properties of intense additional heatingl)

The effects of intense heating with neutral-beam injection (NBI) and
the ion-cyclotron range of frequency {(ICRF) on transport processes have
been studied in the JFT-2 tokamak, and the following results are obtained:
(1) Typical global energy confinement time Tg 1is about 10 ms in beam-
heated discharges of 0.3 to 1.7 MW, and about 20 ms in only Ohmically
neated discharges under optimum conditions. The glohal energy confinement

1/2, as

time in beam-heated plasma depends weakly on plasma density (= ne
shown in Fig. II.2-1), and the toroidal magnetic field, but increases
with plasma current (= Ip5/”). Up to an additiomal nef power level of
2.2 MW (1.7 MW NBI and 0.5 MW ICRF), the increase in poloidal beta is
roughly proportional to the additional input power. (2) The global
particle confinement time in beam-heated discharges is 20-30 % lower than
for Ohmic heating. (3) The density clamp observed during beam heating is
due to decreased recycling rate of neutrals from the plasma boundary.
(4) The toroidal plasma rotation induced by the momentum input associated
with NBI is unimportant in global confinement of high-f plasma. (5) Slow
impurity accumulation occurs during counter—injectionq). {(6) Sawtooth
oscillations change into the continuous mode when Bp exceeds a critical
values. (7) Significant plasma heating is observed with simultaneous NBI
and ICRF heating. With a net additional power of 2.2 MW (1.7 MW NBI and
-3
s

0.5 MW ICRF) into D+ plasma at a plasma density of 6x101% cm the central

ion temperature increases from 0.4 to 1.4 keV.

2.2 Role of scrape-off and/or boundary layer on plasma confinementl’z)

The experimental results obtained in JFT-2 show that intense
neutral beam heating does not significantly affect the hydrogen ion
conduction near the plasma centre. However, even with the low beam
injection of 0.3 MW comparable to Ohmic input power, apparent deteriora-
tion in Ty was observed. ‘

In this section, we discuss the role of scrape-off and/or boundary
layer on the global plasma confinement in the beam-heated discharges.

In both cases of beam-heated and Ohmically heated discharges,

gsubstantial increases in a plasma density n, are achieved via gas

— 18_
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puffing. Neutral injection into discharges with linearly rising Ee (fed
by a constant gas puff) results in a "clamp" of n, shortly after the
beam turned on. Intense constant gas puffing can restore the slope of
ﬁe(t) to its original value before the neutral beam injection, and this
puffing has been used for the high density operation.

The density clamp phenomenon is explained by the following mechanism.
A relatively large amount of injected power is deposited arcund the plasma
boundary and increases the plasma boundary temperature, compared with the
Ohmically heated discharge. The increase in sheath potential decreases
the reflection coefficient of.the incident ion flux onto the wall (or
limiter). In addition, the low temperature neutral gas via the gas
puffing is ionized mear the plasma boundary, including the scrape-off,
because the ionization rate of hydrogen increases with the temperature
in the range (T, ¢ 100 eV). Thus, the density clamp occurs. To over-
come the density clamp, the intense gas puffing is necessary as mentioned
above. The cooling effect due to low temperature neutrals is much less
than for Ohmically heated discharges and the boundary temperature is
still high enough to ionize the low temperature neutrals, because the
birth profile of fast ions depends on plasma profile and the large amount
of the injected power is deposited around the boundary, including the
scrape-off. Thus, broader density profiles are inevitably obtained in
high density regions. At the same time, the scrape-off density in beam-
heated discharge becomes much larger than for the Ohmically heated dis-
charge, as shown in Fig. II.2-2, The higher plasma density at the plasma
boundary region increases the deposition power near the boundary and
decreases the deposition power of the plasma centre, as shown in Fig.
IT.2-3.

Thus, the density profile control may be one of the key factors in

improving tp in beam-heated discharges.

2.3 Thermal load test of a TiC coated Mo limiter with beam-heated

discharge3)

A TiC coated Mo material has been tested as a limiter in the JFT-2
tokamak. The surface temperature of the limiter is measured with an
infrared scanning camera. The maximum surface temperature rise during
a steady state discharge with a neutral beam power of 0.7 MW is around
230°C in 25 ms and the heat flux demsity to the limiter is 1-4 kW/cm?.

The maximum temperature rise during a current disruption with the beam
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power of 1 MW is about 100°C in 100-600 ps and the demsity is the order
of 50 kW/cm?., The TiC coated Mo material can be proof against such a

high lcad.
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3. Study of the Current Drive by the Lower Hybrid Wave in the JFT-2
Tokamak

In this section, we decribe the calculation model indicating the
coupling between the lower hybrid wave and electrons in a tokamak and
then compare with the experimental results which were obtained in the
JET-2 tokamak. In particular, we investigated numerically the rf power

deposition and the generated current by using a Fokker-Planck equation.

3.1 Calculation model

The rf interaction with electrons in tokamaks depends onm a sub-
stantial amount of the rf power density and application of a large
amplitude LH waves can strongly modify the electron velocity distribu-
tion function in the region of resonant electrens. However, binary
collisions and/or losses of the resonant electrons tend to restore
thermal equilibrium, thus is establishing startionary distributien
function and wave absorption. The evolution of the distribution function
in a tokamak is described by a coupled quasilinear Fokker-Planck equation

with the loss term resulting from magnetic fluctuations?s>3), Solving
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the Fokker-Planck equation and wave damping in the WKB approximation at

a local position under the steady state condition, we calculated the rf
power density absorbed by the resonant electroms Pup{(r) and the generated
current density J.p(r) with t being the distance from the minor axis in
eylindrical co-ordinates. The ny-spectrum of the rf power flux at a
boundary of the plasma column is calculated from the Brambilla Grill
theory.

The value of n, varies in space for propagation. The propagation
of the LH waves in a tokamak plasma is described in a geometric optics
limit by means of ray tracing fechnique. For simplicity, we take account
of only spatial variation of ﬁzo' Then the n,-spectrum at the minor
radius of r is approximated by P ¢(r, nz(r)) = Prf(r, ngy + Aﬁzo(r) where
nzg is the initial n, and Afi;5(r) is the increment of fi,, for the pro-
pagation. The n, of the slow wave must satisfy certain accessibility
conditions (ng > ny. with being critical value), otherwise, it will be
converted to the outward propagating fast wave't)

We also use a cylindrical model of tokamak density and temperature
profiles given by no(r) = neg{l—(r/a)z}an and Ta(r) = TeO{l—(é/a)z}uT,
respectively and spatial variation of toroidal magnetic field B (1)
= Bto ROI(RO 4+ ). TZe total power absorbed and czrrent generated in
the torus are Py, = {) Pab(r)4W2 Rordr and I, = L) Jpe(r) 2mrdr,
respectively. The total power balance on the rf power is represented
as Prf(a) = Pap + Pp + Py where Pe is the rf power converted into the
fast waves and Py is the slow wave power undamped until the center.

Tt should be noted that power abscrbed by the resonant electrons
goes into increasing the thermal emergy Py(r,n,) and enmhancing the dif-
fusion losses by the magnetic fluctuations. The ratioc of two powers

is given approximately by their respective time scales,

Pab(r,nz) - Pd(f,nz) B (‘UITE* VTE‘._)_

P4(r,n,) Vg (v/vre) 2

where v and Vpe are the velocities of resonant and thermal electrons,

respectively. vy is the collisicn frequency and T;

finement time. This effect reduces the efficiency of the bulk electrom

is the energy con-

heating if the confinement of electron energy is poor compared with the

collision time.
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3.2 Calculated results and comparison with the experimental results

To compare with the experimental results obtained in the JFT-2
tokamakS) the calculation was made under the following conditicns; B

= 1.0 T, ngg = 0.9 x 1019 w3 oy = 2.0, T,y = 550 eV, «

to

= 1.5, Prf(a)

el t

= 130 kW and ﬁzo = 5.5 (corresponding to fO/flh = 2.3 and c/(ﬁzO -VTe(O))
= 5.8 with ¢ and Vpo(0) being the velocities of light and the central
thermal electrons, respectively).

Figure I1.3-1 shows the poloidal projection of the LH wave ray
trajectories and the radial variation of the n,. It is found that the
waves penetrate to the center of the plasma column and then propagate
outward. It should be noted that the radial variations of n, with the
initial Ny = 3, 5.5, 8 are nearly in parallel shift each other. This
indicates the reasonable approximation on the radial variation of the
ny—spectrum mentioned above. Calculated spatial development of the rf
power spectrum and the relevant electron distribution function are shown
in Figs. IT1.3-2(a) and (b), respectively. It is noted that the waves
having low n, (high phase velocity) interact effectively with electrons
in the periphery plasma and most of the rf power with low n, components
is absorbed outside of the plasma. The gquasilinear plateau on the dis-—
tribution function is formed responding to the n,-spectrum of the rf
field. Figure IT1.3-2(c) shows the radial profile of the rf power,
deposited power on the bulk electrons and the rf driven current,
Considerable rf power is seen to be absorbed outside of the plasma.
Resultingly, the main rf driven current flows near the boundary of the
plasma. The total driven current, which is integrated over the minor
radius, is 39 kA which is in rough agreement with that estimated from
(QVE/VR)?IP. While the total deposited power on the bulk electrons is
comparable to amount of the decrease in the Ohmic heating power due to
the drop in the loop voltage. This result seems to be reasonable because
a little change in the electron temperature during the rf pulse provided
that the energy confinement time of the electron does not change.

The scoft x~-ray energy spectrum estimated from the calculated dis-
tribution function shown in Fig. II1.3-2(k) is illustrated in Fig. TI.3-3.
In the calculation, the cross section for Bremsstrahlung was taken from
rf. The intensity of the soft-x~ray was integrated along horizontal
chord through the center of the plasma6). The calculated spectrum is

in good agreement with the observed one. For reference, the spectrum
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without the loss term is also shown in Fig. II.3-3. The present calcula-
tion model shows that the effective and central CD and/or FEH can be
expected if the confinement time of the electrons coupled to the LH
waves is sufficiently large compared to the collision time of the coupled

electrons.
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4. Ion Cyclotron Range of Frequency (ICRF) Heating

ICRF heating experiment in JFT-2 was finished at June, 1982. 1In
JFT-2, pure high field side excitation was investigated in deuterium
majority with hydrogen minority plasma, at frequency 18 MHz which is near
fundamental cyclotron frequency for hydrogen. 1In the following, the

results of ICRF heating in JFT-2 are briefly described.

4.1 Antenna and the lcading impedancel)

Loop antenna in JFT-2 is a pair of quarter turm coils located at
the inner side of the torus. The antenna is made of all metals and the
center conductor plate is separated from the plasma by a double layer
Faraday shield.

The loading resistance is critically dependent on the plasma posi-
‘tion and weakly dependent on the plasma density. TInward shift of the
plasma decreases the radius of the plasma, but the distance between the
antenna and the plasma does not change. On the other hand, outward
shift increases that distance. The loading resistance decreases from 1 @
to 0.3 @ by the outward plasma shift of 5 cm, The measured values well

agree with the calculated values.

_23 —
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4,2 Heating mechanism3™5)

The mode conversion theory predict that hydrogen concentration in a
deuterium plasma nH/nD is a key parameter to determine absorption
mechanism. The nH/nD scan, where the toroidal magnetic field is optimized
so0 as to place the mode conversion layer near the center of plasma,
indicates that the heating efficiency defined (ATeO-+ATiO) Ee/pnet is
irrespective of nH/nDl). The results are consistent with a mode conver-
sion theory, which predict that almost all of the wave energy is converted
to the ion Bernstein wave in the case of high field side excitation?),
However, absorption mechanism changes by the hydrogen concentration, as

follows.

4.2.1 Ton heating regime (ny/np % 10%)3)

The most prominent feature in this regime is change of the power
partitioning among deuterium and hydrogen as a function of nH/nD. From
the relatively low density and low power experiment (ﬁe = 3 x 1013 cm 3,
P ot = 100 kW), we obtained the following results.

a) In the very dilute minority region (ng/np = 2v4%), second harmonic
deuterium heating is dominant. Significant proton high energy
tail also appears, but the rf power coupled to protons is much
smaller than the one to deuterons according te the power balance
analysis with the Fokker-Planck calculation.

b) The rf power to protons increases with increasing nH/nD and has

the maximum value at ny/npv10Z. At last, half of the absorbed

power goes to the proton component at nH/nDWIIOZ.

In fact, in the case of nH/nD = 2n4%, a deuterium high energy tail
is detectable. Figure II1.4-1 shows the deuterium and hydrogen energy
spectra before and after the rf heating. The charge exchange analyzer is
oriented slightly off perpendicular with respect to the toroidal magnetic
field. A high emergy tail is observed in the deuterium spectrum. The
population of the high energy tail of deuterium increases as decreasing
the plasma density, and as increasing the ICRF power.

The calculated distribution functions for the deuterium and hydrogen
by two dimensional Fokker-Planck code are also shown in Fig. IT.4-1. By

comparing the experimental results with the calculation, rf power sus-
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taining the high energy tails of deuterium and hydrogen are estimated,
and the power of collisional transfer from electron to deuterium and the
ion loss power due to conduction and convection are also estimated by
1-D tokamak code. The results of ilon power balance study are summarized
in table I1I.3-1. The input power and loss power are almost equal within
permissible error. Thus, it is shown that in the dilute minority case,
the second harmonic cyclotron damping is the dominant mechanism of ion
heatingu).

The neutron measurement also reveals the high emergy tail of deuterium.
The correlation between the neutron count rate and the deuterium tempera-
ture is shown in Fig. I1.4-2, The neutron emission is roughly propor-
tional to TiDq) for maxwellian distributien. But in the case of Fig.
I11.3-1, the neutron counts are enhanced compared to other cases.

This shows that the deuterium high energy tail enhances the neutron
emission. The enhancement factor is consistent with the population of
high energy tail in the deuterium energy spectrum”).

Figure II1.4-3 shows temperature prafiles of the ion and electron in
the case of ny/np = 2v4%Z, ng = 5x10'3 cn™? and P . * 500 kW. 1-D tokamak
code is employed to analvze experimental electron and ion temperature
profiles by assuming the ion and electron heat conduction ceefficient to
be neoclassical and 2x1019/ne(m_1s_1), respectively. From this analysis,
it can be said that at least 60 7 of rf power is absorbed by fon within
7 cm radius and electron does not absorb the rf pewer. Thus, the centrally
peaeking deposition profile is confirmed from the temperature profile

5)

analysis

4.2.2 Mode comversion regime (nH/nD=:BO%)3!5)

In this region, the mode conversion is a dominant heating process.
In order to obtain information about the power deposition profile, B
was scanned from 12+ 15.5 kG with fixed ny/np = 30%, which correspends

to 0 < (Rgr-Ro)/a s 1.13, where R, is major radius position of the

CR
cyclotron resonance layer.

Figure II.4-4 shows the increase of the central electron and ion
temperature normalized by P, ., as a function of Bp. Tt is found that
both electron and ion temperatures have the maximum at Bp =15 kG, where
the mode conversion layer is 7 cm out from the plasma center. 1In contrast
to the ion heating regime, the maximum increase of the temperature is

obtained when the mode conversion layer is shifted by a certain length
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out from the vessel axis.

The reason of this shift can be explained by the propagation charac-
teristics of ion Bernstein waves, The fast wave excited from the high
field side propagates to the mode conversion layer, and is converted to
the ion Bernstein wave., The ion Bernstein wave propagates and returns
back to the high field side. During wave propagation, the wave is
absorbed by electron Landau damping. Therefore, the electron absorption
region shifts slightly toward higher field side of the mode conversion
layer. This explanation is confirmed by a ICRF ray tracing code and
full wave kinetic code. .

As is shown in Fig. II.4-4, significant increase of ion tempera-
ture at By =15 kG cannot be explained by power transfer from electron to
ion., Some mechanisms of the ion heating must exist in this regime. It
becomes evident that the ion heating is sensitive to the amount of
impurity ions such as Fe and Ti.

4.,2.3 Origin of impurity during ICRF heating3)

Origin of impurity production was examined in the mode conversion
regime (ny/np=30%), where no energetic tail of minority species are
observed in the plasma core. Figure II.4-5(a) shows By dependence on
increment of Ti XII line intenmsity. Other impurity lines such as OVL, CIV,
FeXV and MoXIII and total radiation loss showed similar behavior.

At the same time, we observed a fast ion flux(Ig) in the scrape
off layer as shown in Fig., II1.4-5(b), using an ion semnsitive probe which
can extract ions with energy higher than 1 keV. The probe was located
at R=95 cm and was scanned vertically. It is worth while noting that
there is strong correlation between Iy and Ipixrr-

It seems that Iy begin to increase when the cyclotron Jayer across
the antenna, that is, By =12 kG. The probe signal I had a peak wvalue
at Z=27 =29 cm by scanning the probe in the z direction., This indicates
that the fast ions are localized in the scrape-off layer.

It can be concluded that the significant increase of impurity in
lowering Br has a strong correlation with fast ions localized in the
plasma periphery. Taking into account the Bp-dependence and the electron
density in the production region of the fast ions (ne==SNZOXI010 cm” 3),

coupling to the slow wave may be a possible explanation of these observa-

tion.

— 26w
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5. Construction and Commissioning of the JFT-2M Tokamak

5.1 Tokamak machine

The phote of the completed JFI-2M tokamak is shown in Fig. II1.5-1,
including diagnostics. The vertical cross section is shown in Fig.
11.5-2. The D shape vacuum vessel (415x595 mm) is made of stainless
steel of 25 mm thickness, with two Tefron breaks which are shunted by
54C nonlinear resistors. The skin time of the vacuum vessel is nearly
7 ms and the baking temperature is 120 °C. The vacuum condition in the
preoperational test without plasma is 5.5x107% torr of base pressure and
3-5x10"% torr 1/sec of He leakage in each gaskets. Plasma radius is
limited by back-up limiter (350x530 mm fixed) and by three movable
limiters (outer, upper and lower side, graphite). Maximum toroidal
field is 14.5 kG on geometrical center of the vacuum vessel and this
toroidal field is produced by 16 colls. Poleoidal coil system is composed
by sub coils inside the toroidal coil (Vy, V;, Q) and Qs in Fig. IT.5-2)
and main ceils outside the toroidal coils (S;, S,, S3 and OH). Power
supply system for this poloidal coil is shown in Fig. II.5-3. The 5 coil
power supply feeds the current to S}, S, and Sy. The OH power supply to
OH coil and the Vup to the upper coils of Vy and Vp. The Vg4, to the
lower coils of Vy and V,. Power supplies for Q series coils are supposed
to be constructed in 1985. Each poloidal coil has several taps so as to
optimize the relation among the plasma current, vertical fileld, the
plasma position and shape. The S and OH coils power supplies are

composed with capacitor bank for current start-up and thyrister rectifier

j— 27 —
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unit for constant current phase. A circular plasma of 300 kA plasma

current will be achieved by this scheme of poloidal coil power system.

5.2 Plasma position control

The thyrister power supplies have minor current and voltage feed
back loop themselves. Preprogrammed reference command for these power
supplies are produced by mini digital computor and combined with the
signal from plasma position sensers, such as flux probe (¢) magnetic
probes (Be,Bp), etc. This combingd signal drives the PID controllers.,
All systems are composed with analog type operational amplifyers. A
schematic example of this position control system is shown in Fig. I1.5-4,
where the hybrild-control of vertical and horizontal position scheme is
also described. That is, the difference of the vertical field of the

two power supplies V ., and Vy,. generates the horizontal field. This

P
method does not need a particular control system for horizontal posi-
tion control. In this method, it is not required for a thyrister power

supply to generate both positive and negative currents. Therefore, we

can symplify the coil arrangement near tokamak.

5.3 Test of poloidal coils and power supplies

Poloidal magnetic fields produced by each coil were measured with
hall detectors to estimate the fields by image current of the iron core.
Experimental data showed a good agreement with values calculated by both
analytic and computational methods. Coupling characteristics between
different series of poloidal coils are also examined with measurement
of the induced voltages of open circuit coils. On this basic data, we
can estimate the magnetic configuration of flux swing, position, shape
and so on.

Power supplies for OH and S coils are composed of a capacitor bank
and thyrister unit as is shown in Fig. TT.3-3. 1In this case thyrister
unit should be protected from the high voltage from the capacitor bank.
Meanwhile, capacitor bank should be fired under the condition of strong

coupling between OH and S coils. Therefore, protective diode stacks
are inserted between capacitor bank and thrister unit, and appropriate
inductance between each capacitor bank and coil. Final check of system
operation without plasma was carried out with simulating Q3 coil as a
plasma ring. All of system worked satisfactory and preoperational test
was finished in March.

— 28_
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Fig. IL.3-1 (a); wave trajectories in poloidal sec-
tion at n,g=5.5. (b); the spatial
evolution of n, as function of the ray
for three initial values of n,p=3, 5,5
and 8.
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Table I1.4-1 lon Power Balance

Input power = 035~ (.56 Wicm?

RF 021~ 041 Wicm?
Hydrogen 0.08~ 0-09 W/cm?3
Electron ~ 0.06 W/cm?3

Loss power. = ~ 0.47 W/cm?3
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Fig. IT.3-1 Photograph of the JET-2M tokamak.
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[T, OPERATION AND MAINTENANCE

1. Introduction

Facility Operation and Engineering Section has been engaged in
operation and maintenance of JFT-2 tokamak, Neutral Beam Injection
(NBI) system, Lower Hybrid Heating (LHH) device and flywheel motor-
generator (MG), and development of auxiliary equipments and instruments.
On Junme the 18th, 1982 the JFT-2 was shut down with 279,711 times of
the discharge since the beginning of its operation on April, 1972,
Meanwhile JFT-2 has heen remodelled into JFT-2M with partially using
power supply, cooling system, pumping device and gas inlet device. NBI,
LHH and MG were also adapted to JFT-2M, JFT-2M is to operate from April,
1983,

2. Operation and Maintenance

In this fiscal year JFT-2 was operated only for three months, but
a lot of experiments (NBI, ICRF and LHH heating experiments) were
achieved without big troubles. After shutting down JFT-2, power supply
equipments, cooling device, vacuum equipments and peripheral device were
overhauled. NBI system and LHH device were operated smoothly in the
three months, however there were some troubles which were that a regula-
tion tube of B-line and also the vanes of turbo-molecular pump in NBI
were broken and changed. After shutting down JFI-2, four ion sources
were adjusted to JFT-2M and improved the ratio of proton species. The

operation schedule of JFT-2, NBI, MG and LHH is shown in Table III.Z2-1.
3. Development of Equipments and Instruments

3.1 Remodelling of JFT-2 (JFT-2ZM)

JFT-2 tokamak has been remodelling into JFT-2M tokamak in coopera-
tion with this Section and Experimental Plasma Physics Laboraotry. Here

we déscribe the works which were charged the Section.
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3.1.1 Removal of JFT-2

Toroidal and poloidal ceoils, vacuum chamber, iron core and base of

JFT~2 were removed and parts of them have been exhibited in Naka site.

3.1.2 Remodelling of toroidal field power supply

Because of changing the toroidal coils, the controller of toroidal
field power supply had to be remodelled. The points were that in build-
ing up the toroidal current the generating voltage of MG was forced at

1.7 kV ("forcing" effect) and new control board was made.

3.1.3 Reinforcement of vacuum pumping system

Because of enlarging the volume of the vacuum chamber (v6,000 2)
the speed of exhaust of vacuum system had to be reinforced to get 21076
Pa. as ultimate pressure. New vacuum plant is shown in Fig. II1.3-1.
It consists of a port of vacuum chamber, a 660 mm dia ceramics isolation
flange, a manifold, A-line TMP, B-line TMP,. C-line TMP and D-line Cryo
pump of which measured speed were 3,300 &/s, 1,050 %/s, 800 &£/s and
1,580 %/s, respectively, and the total speed of four lines was 6,790 Lls,
And further the system coqsists of measuring manifold and pumps, sputter

ion pump for maintenance and roughing pumps.

3.1.4 Remodelling of poloidal power supply

Poleidal power supply in JFI-2ZM consists of s, OH, V, H and B coil
power supply as shown in Fig. II.5-3. Within the power supply S and H
thyristor power supply had been remodelled through By, and By in JFT-2M,
and S’OH capacitors were also adjusted to JFT-2ZM. The details are descibed

in section II.

3,1.5 Adjusting NBI system to JFT-2M

Because major and minor radii of JFT-2ZM are larger than those of
JFT-2, the beam lines of NBI system had to be adjusted. The point was
that twe beam lines were moved backward and new vacuum tank was made and

settled.
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3.1.6 Remodelling of peripheral equipments

In gas inlet system new piezo-electric valves (v100 TorreL/sec) and
pipe lines were settled. And further some utilities (broadcasting system,

preumatic pipe lines and power source) have been newly equipped.

3.2 Stop pulse generator

Plasma current disruption in tokamak often happens as neutral beam
injection heating, and if neutral beam is injected to the vacuum chamber
without plasma, the chamber will be possible to be injured. For protec-
tion against the accident we invented a stop pulse generator. It con-
sists of mainly Input Amplifier, Schmitt Trigger circuit and power supply.
As input signals we use a one-turn loop voltage of plasma and a plasma
current. The Input Amplifier provides six isolated and amplified signals,
The Schmitt Trigger circuit compares the input signal amplitude with the
pre-setting level, When the input signal gets over/down the threshold
level, a 30 V p-p and 30 usec pulse generates. This pulse stops the
neutral beam injection. As using the instruments, the stop pulse gene-
rates and beam injection stops after 0.4 msec when the loop voltage gets

over the threshold level. The same usage applys to LCRF heating operatiom.
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Table ILI.Z-1 Operation of JET-2, NBI, LHH and MG.

8

1

i Il

9 10 11 12 1
H

3

[

‘under remodelling

under remodelling

under remodelling

. 1982
(Month) . 5 é 7
: L | 1 {
operation and
JeT-2 || oPS i
maintenance |
operation and |
NBI pe |
maintenance
M—G operation and |
maintenance |
operation and )
LHH Pe !
maintenance |

under remodelling

Detail of the operation (JFT2, NBI, M-G and LHH)

, . 1982 1983
(Fiscal year) 1981 APR-JUN JUL-SEP OCT-DEC JAN-MAR | TOTAL
Total days of operation 131 39 39
(days)
Times of discahrge .\
15024 4611 4611
(shots)
Baking (times) 4 3 3
J¥T-2 . PR
Discharge Cleaning 260 47 47
(hours)
Vent. of va;uua chamber 19 3 3
{times)
Ti coating (hours) 109 60 50
Total days of operation 43 14 14
(days)
Flashing and Injection | A: 6034 A: 1498 A: 1498
(shots) B: 8138 B: 1137 B: 1137
Conditioni (shots) A: 7932 A: 2194 A: 2194
ypp | Condrtioning LSRobs B: 7563 | B: 1309 B: 1309
Vent. of va?uum tank 5 9 2
(times)
Baking (times) 5 1 1
Change of f%lament 0 0 a
(times)
M-G (#1) (hours) 1158 115 115
M-G
M-G (#2) (hours) 1173 115 115
Total days of operation 0 99 29
LHH (days)
Times of power injection 0 5780 5780
{times)
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IV, JAPAN-US RESEARCH COOPERATION IN DOUBLET III

1. Jdapan - U.S. Jdoint Program

A cooperative program on thermonuclear fusion research between the
United States and Japan was started in August 1979 using the Doublet III
facility at the GA Technologies, Inc., California, A group of Japanese
experimental scientists called the "JAERL team" is staying at GA and
carrying out research as an independent group under their own leadership.
They are sharing the Doublet IIT machine time with the American experi-
mental team and the GA physics group.

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

Until March '81, Doublet III was operated for Joule-heating experi-
ments. Tt was then shut down for six months in order to install two tanks
of the neutral beam injection (NBI) heating with rating values of 80 keV,
7.2 MW and 0.5 sec pulse length. The NBI device started the operation
in Sept. '81 and gradually increased the injection power. The Z MW
injection power was obtained in Dec. '8l and 5 MW in July '82. The NBI
heating experiment with two NBT tanks was continued until mid-February
1983, and Doublet ITT was then shut down for five months to install NBI
tank No.3. Fourteen months of experiments with three NBI (7-10 MW) are
planned through the end of August 1984, the end of the present 5-year
cooperation in Doublet ITII.

Several noteworthy results had already been obtained in the Joule-
heated Dee-shape plasma experiments as was reported in the last issue.

A volume-averaged beta value of 4.6% was obtained in Aug. '82 and
Nuclear Fusion Research at Baltimore where our results were one of the
highlights. The JAERI team owes much of these successes to the outstand-

ing cocperation and friendship of their GA colleagues.
2. Experimental Results

2,1 High B Dee~Shaped plasma experiments

During the ohmic heating experiment phase, plasma properties were
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improved by Ti-gettering and TiC-coated carbon primary limiters; and
high density, low-q discharges were stably obtained with dee shaped cross
sections and a low toroidal magnetic fieldl). After the installation of
the neutral beam injection system and during its power-up phase neutral
beam heating experiments were carried out to investigate the dependence

of § and Ty on the discharge parameters as ng, I and elongation of

p!
plasma cross section Kgz. The unique feature of Doublet III in this study
was a very high plasma current up to 1 MA and a dee-shaped plasma cross

section. A scaling of <G> is
<Br>[%] = 3.3Bp[T172 T,[MA] (0.540.4Pp¢ MW])K, ™05

which is shown in Fig, IV.2-1. This was obtained with up to 2.4 MW
neutral beam injection. It was predicted from this scaling that <Bp>
of 5 % would be obtained when the machine status allowed plasma discharge

with By = 0.6T, T, = 350 kA, K; = 1.4 (q*=1.5), Phpg = 3.4 MW. 4s the

beam power was inireased, a record beta value of <Br> = 4.6 % was obtained
with Pinj = 3.5 MW, BT = 0.62T, I, = 340 kA, K; = 1.4 as was predicted,
with one difference: a = 0.39 m. Typical data is shown in Fig. IV.2-2
where q¢ v 1.7, Te(0) = 550 eV, and 1p ~ 20 ms. This result was reported
at the Baltimore IAEA conference?),

In the experiments between late 1982 and early 1983, a new discharge
mode was found with an elongated single-null divertor configuration where
the energy confinement time during neutral beam heating is proportional
to Ee {on the INTOR scaling) and shows no deterioration with increasing
ijection power. The result of anmalysis shows that a low particle re-
cycling at the edge is the key to a good discharge. Figure IV.2-3 shows
the electron temperature measured by Thomson scattering T,q¢ and the
central ion temperature T;(0) deduced from the neutron counter as a
function of absorbed power P, for He nv 5,5x10103 em™3 and By = 23-24 kG,
In good low-recycling diverted discharges (open points), T.pgq and T;(0)
are proportional to Pgpg. The difference in Tgpg and T4(0) between the
divertor and limiter discharges becomes larger at higher injection power.
As shown in the figure, Ti(O) " Te(O) n 3 keV are attained at Ee v Bx1013
cm 3. The highest stored energy of 280 kJ was also obtained with I =

750 KA, Py v 4 MW and 1, v 70 ms3),
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2.2 Remote radiative cooling with neutral beam heating in diverted

plasma

Impurity suppression and helium ash exhaust were demonstrated in
the single null poloidal divertor experiments in Doublet ITI*), With
the increase of the main plasma electron density, radiative cooling at
the divertor region was also observed to increase which resulted in a
reduction of the heat load to the divertor plate, All of these results,
the impurity reduction with open divertor geometry, the helium ash exhaust,
and the remote radiative cooling give a bright forecast te the solution
of the crucial points of a future reactor design.

A high power hydrogen neutral beam up to 2.8 MW (P g < 3.1 MW)
was injected into a diverted deuterium plasma to investigate the divertor
characteristics in closer proximity to the reactor plasma, Experiments
are done with By = 2.4T, Iy = 500 kA, and an average electron density in
the main plasma Ee =1 ~6 x 10!3 ¢cm™ 3. The radiation power distribution
measured by a 2i-channel bolometer array shows a clear peak at the
divertor region and the radiated power from the divertor region reaches
as much as 0.9 MW, or ~30 % of the total absorbed power of 3.1 MW,

Figure IV.2-4 shows the spatial profile of the electron density and
temperature along the vertical divertor plates measured with a Langmuir
probe array for three different main plasma densitiess). Two peaks of
each profile correspond to the upper {(electron drift side) and lower
(ion drift side) separatrix. The profiles of n,4 become broader as ﬁe
is increased. In the high density case, electron density of as high as
A3x104 em™3 is actually observed and the electron temperature at the
same location is cooled to 3.5 eV which is 30 eV for the low density
case. These results indicate the radiative cooling is very effective
and the dense and ccld plasma obtained in a single-null poloidal divertor
provides the solution for the wall erosion problem,

2.3 Vertical stability of dee-shaped plasmaB)

Stability of the vertical position of the plasma in an elongated,
dee-shaped plasma is an important consideration for the design of a
future reactor system. Plasma stability theory predicts that beyond a

certain critdcal elongation the plasma column will become vertically

unstable, resulting in an uncontreollable motion of the plasma toward the

top or bottom of the vacuum chamber. In Doublet III, the parallel-
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connected field shaping coils surrounding the plasma acts as a stabiliz-
ing shell., In normal Doublet III operation, the vertical position of
the plasma is stabilized by active feedback control of the field shaping
coils. TFor the stability experiment, the feedback control signal was
turned off after stable elongated plasmas were established. A series of
experiments were dome to investigate the stability limit of the elonga-
tion as a function of the plasma minor radius, or the distance between
the plasma surface and the stabilizing parallel-connected coils. The
result is shown in Fig. IV.2-5. "Vertically stable region” indicates
that a plasma in this region is completely stabilized by means of active
feedback control. In an "unactievable region', it is impossible to
produce an elongated plasma. The stable region of an elongation is
greatly decreased from 1.8 to ~1.25 as the minor radius is reduced from
241 em to 33 em. A fat plasma (low aspect ratio) is superior in increase

of elongation and decrease of vertical instability,
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Fig. IV.2-5 Controilable elongation vs. minor radius with

active feedback control. ''Marginal region" means
that a plasma is producible but vertically un-
stable and the discharge terminates before the
programmed termination.
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V. DEVELOPMENT OF PLASMA HEATING SYSTEM

1. Neutral Beam Injection System

1.1 Ion source development

The ion source for JT-60 NBI is designed to produced ion beams of
40 A at 100 keV for 10 sec. The maximum rated ion beam was cobtained
in March 1983. To raise the reliability of the ion source, improvements

of the ion source are being continued.

1.1.1 Tomn source for the prototype injector unit for JI-60

Operation of two ion sources installed on the prototype injector
unit started in November 1981. The rated ion beam of 75 keV, 70 A, 10
sec was firstly extracted in February 1982. The system, however, had
been designed to handle a 100 keV, 80 A, 10 sec ion beam for expanding
the operation region. In March 1983, a 100 keV, 70 A, 10 sec iom beam
was successfully extracted. Figure V.1-1 shows the various waveforms
during the shot. The gas flow rate into each lon source and neutralizer
are 0.88 Pa m3/s and 1.1 Pa m%/s, respectively, which gives about 90 %
equilibrium neutralization line density for 100 keV proton.

The percentage power depositions on the beam line components are
shown in Fig. V.1-2 as a function of pulse length. It should be noted
that the power deposition to each component dees not change during 10 sec
pulse. This means that the beam divergence does not change during the

pulse.

1.1.2 Improvements of the ion source for JT-60

The ion source used in the prototype unit satisfies our original
design values for JT-60 NBT. Based on the test performed so far, we
tried further improvements in the characteristics and the reliability of

the ion source.

i) Improvements in proton ratio
An ion source with higher proton yield is desirable in order to
reduce the surface heating and to deposit higher neutral power in the

core of the plasma. The proton ratio can be improved with increasing

— 54_
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ion confinement time in the arc chamber. To realize thié, the magnetic
field strength at the inner surface of the arc chamber was increased from
1.4 kG to 2.7 kG and also the volume of the chamber was increased by 50 %
compared with that of the prototype ion source. The proton yield measured
both with the magnetic mass analyzer and doppler shift spectrometer
indicated more than 90 Zl). The comparison of species ratio with that

of the prototype source is shown in Fig. V.1-3.

ii) Improvement of plasma grid

The plasma grid is expose& to the highest heat flux of the four
acceleration grids due tc the impingment of backstreaming electrons and
the irradiation from the source plasma. In the ion sources for the proto-
type unit, some deterioration in beam optics during 10 sec pulse was
observed. This may be due to thermal distortion of the plasma grid. Im
order to reduce such distortion, the thickness of the frame around the
aperture region was increased from 1.5 mm to 5.0 mm, and large manifolds
were attached to shield the frame from the irradiation. The cross
sectidnal view of the improved plasma grid is shown in Fig. V.1-4 as well
as that of the prototype grid. This grid was tested at the maximum heat
loading in our operation region and occurred no significant deterioration

in beam optics during the pulse.

iii) Tapered fllament for long life cathode

Burn-out of a filament due to the concentration of arc discharge on
the negative leg may be inevitable when the filament is heated directly
by DC current. In order to overcome this problem, the tapered filament
was developed.

A tungsten rod of 2.7 mm in dia. and 24.0 cm long is tapered such
that the cross section of the filament increases gradually from the
positive leg to the negative leg. The time dependent temperature distribu-
tion along the filament was calculated?) .

The result indicates that the overheat of the negative leg occurs
during a long pulse discharge in the case of a conventional filament,
while it does not occur in the case of the tapered filament. Thus, we
can expect that the cathode life, depending on the evaporation at the
negative leg, will be appreciably lengthened. This filament is now under

test.
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1.2 Performance test of the prototype injector unit for JT-603)

Figure V.1-5 shows a detailed cross sectional view of the prototype
injector unit and the target chamber. There is no major difference in
the design comncept and the structure between the prototype injector unit
and the actual JT-60 neutral beam injector. (Details of the system have
been reported elsewhere”).)

The rated ion beams of 75 keV, 70 A, 10 sec were extracted repeated-
1v with two ion sources in February 1982,

The injected neutral beam power to the target was over 1.4 MW, which
satisfies the design value. 1In an attempt to expand the operating region
up to an energy of 100 keV, the system was designed to handle a 100 keV,
80 A ion beam. In the operation performed in March 1983, we obtained a
100 kev, 70 A, 10 sec.beam with two ion sources. TFigure V.1-6 shows the
power flow at 100 keV, 70 A, 10 sec operation.

The measured heat loads are within our design values. The inspection
of each component after the operation showed no serious damage such as
distortion, warp, or surface melting. During one and a half years test
on the prototype injector unit, no serious troubles in the beam line have
occurred.

The cryopumps have alsoc been operated successfully.

References

1) Y. Okumura, et al., To be submitted for publication in Rev. Sci.
Instrum,

2y §. Tanaka, et al., To be submitted for publicationm.

3) M. Akiba, et al., Rev, Sci. Imstrum. 53 (12), 1864, 1982.

4) M. Kuriyama, et al., Proc. Symp. Eng. Problems of Fusion Research,

Chicago 1981.



JAERI—M 83— 182

100 k¥ 70 A 10 sec OPERATION 830311

FILAMENT VOLTAGE 11~ ( 4 V/div)

FILAMENT CURRENT II {100 A/div)

FILAMENT VOLTAGE I * ( av/div)
FILAMENT CURRENT 1 (100 A/div)
*) Cable drop of 0.8 V is included

ARC VOLTAGE T {50 V/div)
ARC CURRENT II (250 Asdiv)
ARC VOLTAGE 1 {50 v/div)
ARC CURRENT 1 {250 A/div)

TUBE INPUT VOLTAGE (20 kV/div)

ACCELERATION VOLTAGE (20 kV/div)

GRADIENT GRID VOLTAGE{20 kv/div)

SUPPRESSOR GRID VOLTAGE (-2.5 kV/div)

ACCELERATION CURRENT (20 A/div)

GRADIENT GRID CURRENT ( 0.5 A/div)
SUPPRESSOR GRID CURRENT (5 A/div)

Fig. V.1-1 Typical waveforms of the 100keV, 70A, 10sec ion beam.



JAERI—M 83 — 182

83031
60 100 kV 70 A .
- oo o o 7
BEAM DUMP
LOF 1
BEAM TARGET
20F i £ # & 4

3L
1)

<o
T
I

PERCENTAGE POWER DEPOSITION (%)

8l WATER JACKET <
6r 7 A NEUTRALIZER)
sf &8 NEUTRALIZERT -
101 _
5—b—| [MITER

0 4 6 3 10
PULSE LENGTH (sec)

Fig. V.1-2 Percentage power depositions on
the beam line component vs.
beam pulse length.

DOPPLER SHIFT SPECTROSCOPY
—— PROTOTYPE SOURCE
100 - -~ ADVANCED - SOURCE h

< i R .

o B + |

= H

}é i { / |

50

) i i

o | Hs { ]

a

o . ~. T

W TooTseEIoooo ===

0 10 20 30 40

ACCELERATION CURRENT (A)
|

{ 1 1 1 1

0 50 100 150 200 250 300
SATURATED ION CURRENT DENSITY {mA/cm?)

Fig. V.1-3 Comparison of the ion beam species ratio between
the prototype ion source and the advanced ion
source.
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Fig. V.1-4 Cross section view of the advanced plasma grid.
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Fig. V.1-5 Cross section view of the prototype injector unit for JT-60.
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Fig. V.1-6 Power flow diagram at the 100keV, 70A, l0sec operation.
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2. Radio Frequency Heating System

Recent experiments on RF heating are very promissing to realize
the reactor level high temperature and high density plasma in tokamaks .
In order to make the RF heating system in the large machine, we must
further research and develop many renewed RF heating technologies.

Among them the RF power source and the RF coupler system are the most
important components in the RF heating facility.

In JT-60 project, we are pianning the 10 MW - 10 sec power deposi-
tion into plasma core as an additional heating, which consist of LHRF
and ICRF heating facilities. In the LHRF, a phased wave guide coupler
was being developed on the basis of successful results in JFT—ZI’Z) and
the test stand experiments3). As for the ICRF, the design study of the
ridged wave guide has been researched in cocperation with Tokyo Institute
of Technology and Toshiba Electric Company (Toshiba). R & D work of high
power klystron for LHR¥ of course continues under contact with Nippon
Electric Company (NEC) and Toshiba in also this FY 1982.

Other R & D works are large gate valve of 750 mm diameter of double
metal seal type (this work was performed in cooperation with Mitsubishi
Heavy Industry Company), and high power and wide band (1.7 - 2.3 GHz)
microwave circuits such as phase shifter, power divider and flexible
waveguide. Results of these R & D are very successful and satisfied

most of our final requirements.

2.1 R & D work of high power klystron

R & D work of the high power dlystron is the main Item to complete

the LHRF facility in JT-60. Key features of JT-60 klystron are (1) high

- power output (1.1 MW} (2) long pulse (10 sec) (3) wide range tuning

(5 MHz, instant; *150 MHz, mechanical) (4) high speed response to the
mechanical tuning (%150 MHz/500 ms) (5) strong endurance against the
reflected power (3 of VSWR), which 1is equiped for the heating object of
fusion plasmas not for the broadcasting and the accelerator.

The power supply (named JT-60 Klystron Test Facility) is
constructed for the aging test and the output power test of this
klystron having DC 100 kv, 35 A, 10.3 sec, 1/15 duty power activity. In
this Test Facility, programmable operation of DC and RF aging is made

using the control system with a micro computer.
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RF power source klystron of 1.0 MW for 4.0 sec and 0.59 MW for
9.6 sec was now obtained at the beam of 66.7 kV, 17.7 A for 10 sec.
The instant band width of *6 MHz and the £150 MHz mechanical tuning

with 300 msec were already obtalned successfully.

2.2 R & D work of coupling structure for RF heating

R & D work of the coupling structure is one of the most important
items on the RF heating technology. TFrom now, we have developed the
satisfactorily coupling system in-the JFT-2 lower hybrid heating experi-
ment and RF test stand I experiment. Furthermore, RF test stand TT

experiments have started for the study of the JT-60 coupling structure.

2,2.1 The conditioning experiment of waveguide launcher on RF test

stand.I

We have already succeeded in the 2 kW/cm?, 40 msec power density
with real plasma leoading in JFI~2. In RF test stand I, which is equiped
by reconnecting the transmission line of JFT-2 lower hybrid system to
the test stand and RF power source is JFT-2 klystrons. Following results
are obtained in RF test stand I. (1) Input power density of 4 kW/cmz,
with 80 msec was achieved without breakdown in the H gas and in vacuum
using SUS and Cu cecated SUS launcher. .(2) The multipactering breakdown
was found in a certain power range. However it is shown that the
multipactering effect can eliminate with increase of the RF power and
the frequency. (3) It is shown that the sufficient aging about a
thousand shots and high temperature baking about 200 °C with several
days may lead the suppression of outgas going and the RF breakdown.

(4) The inner wall of the used launcher was observed by Scanning
FElectron Microscope (SEM) to investigate the effect of the breakdown
on the surface. Figures V.2-1(a) and (b) are the pictures of the inner
wall of launchers. Figures V.2-2(a) and (b) are the SEM pictures of
launchers. On the SUS launcher, the arc track (Fig. v.2-1(a)) and
severe erosion (Fig. V.2-1(b)) are found with SEM (X 3000). On the
other hand, the polished like discharge tracks are widespread (Fig.
Vi2-2{(a)), and the local severe damage is not seen on the Cu coated SUS

launcher (Fig. V.2-2(b)) with SEM (X 500}.
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2.2.2 RF test stand IT experiment for JT-60 coupling system

The RF test stand IT facility for JT-60 is bakable up to 500 °C to
suppress the outgassing during RF pulse and is capable to test the
power density up te 7.5 kW/cem? during 10 sec with four waveguide array,
which is shown in Fig. V.2-3. Ceramic window to seal vacuum is the pill
box type which is the same window as that of 1 MW klystron. Preliminary
experiment of transmissible power density after the baking has been done,
using a 1 MW klystron under development. Base pressure of launcher
before and after the baking, power test is performed with dummy load
termination. Power density of 2 kiW/cm?, 1 sec is so far achieved after

half day RF conditioning.
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(a)

P
W
P

Fig, V.2-1 Pictures of inner wall of the launcher
{a) SUS launcher; The arc tracks are seen at the center
(b) Cu coated SUS launcher; The polished like arc tracks
are seen in the center area.
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(b)

Fig., V.2-2 SEM pictures of the inner wall of the launcher
{a) 5US launcher; The melting surface corresponds to the
arc track in Fig. V.3-1(a)
(b) Cu coated SUS launcher; The light area corresponds to
the arc tracks in Fig. V.3-1(b).
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VI, SURFACE PHYSICS AND VACUUM TECHNOLOGY

1. Introduction

The plasma surface interaction studies for fusion materials have
been continued in close connections with the JT-60 project and the design
study of next step tokamaks. The primary objective of these studies is
to investigate surface processes such as sputtering, hydrogen recycling
and gas desorption by using ion accelerators and high vacuum apparatus.

In this fiscal year, significant progress was made with the improve-
ment of a chemical sputtering model, the self-sputtering measurement and
the study on hydrogen recycling in wall materials. Outgassing rates from
TiC-coated materials were also measured.

As to vacuum and surface technological developments to be used in

JT-60, see Chapter X.
2. Improvement of Chemical Sputtering Model in Carbon Materials

We previously obtained an experimental result that chemical sputter-
ing (i.e. methane formation) by bombardment of various types of carbon
materials with energetic protons (0.1-6 keV) has a maximum yield at
approximately 1 keV incident energyl). It had not been explained so far
by any conventional model. We succeeded in explaining the energy
dependence by taking account of surface deposited energy and reflection

)

of pretons which are both dependent on the incident energy2 . Qur new

model predicts the chemical sputtering yield S as follows:

Jofn]g (1-B)exp (-1 /RT)

, %—s £ 21 (1)
Vo Jpo + fomlexp(wQZ/RT)

S = Al
where A is proportionality constant, J, incident flux of ioms, B back-
scattering coefficient, ¢ ion impact detrapping cross section, fp surface
deposited energy, Q1+ effective activation energy of the chemical reaction
rate for methane formation, v, = 10713 sec, and the term T,exp(Q1/RT)
surface residence time of hydrogen atoms. 1In Fig. VI.2-1 is shown three
comparisons between experimental and theoretical yields by giving the &

three different values. It is the best fit to give ¢ = 0.75.
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3. Selfsputtering of Molybdenum and Tungsten

It has been suggested that the selfsputtering yield is one of the
important parameters to assess the erosion rate of the first wall, such
as the divertor plate and the limiter, due to sputtering., In this
fiscal year, the selfsputtering yield measurement was made on molybdenum
and tungsten at normal incidence for the respective self ions in the
energy ranges between 0.1 and 10 keV by means of the weight change
measurement3). The selfsputtering yields are calculated from the

formula

N+ Am

M,on T 1 (2)

S = -

where N, is Avogadro's number, M, the target atomic mass, Am the de-
crease of the weight change of the target and N the number of incoming
projectile atoms. The selfsputtering yields obtained by using eq. (2)

are shown in Figs. VI.3-1 and VI.3-2 for molybdenum and tungsten,
respectively, as a functiom of the incident energy. Comparisons are

made between the measured yields and the calculated ones from two dif-
ferent empirical formulae proposed by IPP Garching group {(the IPP model”))
and Nagoya group (the MYT modelS)) and it is found that agreement between
the energy dependence of the measured yields and those of the calculated
ones from two different formulae is reasonable within a factor of three

for both molybdenum and tungsten.
4. Hydrogen Isotope Recycling in Wall Materials

4.1 Deuterium re-emission experiment

Re—emission measurements of deuterium were made in molybdenum,
Inconel 625 and titanium carbide to support the development of low-Z
coatings in JT-60. This experiment was made with close relations to the
model calculations {see the next section 4.2) on particle recyecling in
JT-60. The result is shown in Fig. VI.4-1 for cyclic bombardments with
6 kev D' ions. In the first bombardment a , the initial deuterium re-
emission rate in TiC increases more gradually than in Mo and Inconel 625,

which suggests that incident deuterium atoms are trapped in the bulk.

— 68 i
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During subsequent interruption of deuteron bombardment b , re-emission
rate in TiC decreases very gradually (especially at 500 °C) compared to
that in Mo and Incomel 625. In the second bombardment after 10 min
interruption ¢ , the initial increase of the re-emission rate in TiC

is quicker than in Mo and Inconel 625 especially at 100 °C, which in-
dicates that a considerable fraction of trapped deuterium atoms at the
first bombardment still exists in the surface layers. From this experi-

ment we estimated the diffusivity of deuterium atoms in TiC as
D(T) [em?/sec] = 9.2x10713 exp(-3.05%x103[cal/mol1/RT), (3)
which was used in the following calculations of hydrogens in JI-60.

4.2 Modelling of hydrogen recycling at wall surfaces

A model calculation on hydrogen recycling at the wall in JT-60 was
made for three different wall materials, molybdenum, Inceomel 625 and
5)

fitanium carbide®’. Recyeling coefficient should be suppressed below

the following criteriom value R with which keeping a constant particle

density n has to be satisfied when high energy neutrals of flux TNBI are
injected.
NBT
- T
R =1 1o (4)

T b(l-a) + a ) nv ’

where @ is the return fraction of charge exchange neutrals, b fraction
of the total flux of impinging ions on the wall, ™ particle confinement
time, n average particle density in the plasma, and V plasma volume.
When it is assumed that b = 0, o = 0.3, I"P1 = 2.5x102! H/sec and V = 60
m3, we obtain the values of R to be 0.75 and 0.92, for two different
ﬁfrp values of 3.9x1020 and 1.17x10%! H/m3 sec. By taking account of
back-scattering from the surface, diffusion from the bulk and saturation
overflow, the recycling coefficients for the three materials were cal-
culated using the diffusion coefficient measured (see 4.1) as a function
of time and wall temperature (for example, in TiC Fig, VI.4-Z). TFrom

the calculations for 200 eV/400 eV Maxwellian energy distributions of

charge exchange neutrals, we obtalined the following results.

(1) In Inconel 625, the above criteria can not be satisfied at any
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temperature except very low omnes below room temperature.

(2) In molybdenum, we can find suitable temperatures below 110 °C

which satisfies the above criteria for 10 sec discharge.

(3) In titanium carbide, we can find the suitable temperature between
150-500 °C for 10 sec discharge, except for low energies.
Saturation overflow occurs at relatively low temperatures which

abruptly increase the recycling coefficient.
5. Measurement of Qutgassing Rate from TiC-coated Materials

To support the development of low-Z coatings for JT-60, we measured
the outgassing rate from TiC-coated molybdenum and TiC~coated Incomnel
by a laboratory experiment. The TiC coatings on molybdenum were formed
by chemical vapor deposition and those on Inconel were produced by
activated reactive evaporation. Filgure VI.5-1 shows the rates at a room
temperature from these materials as a function of evacuation time. In
this figure outgassing rates from non-coated molybdenum and Inconel are
also indicated for reference. Compared with TiC-coated molybdenum,
molybdenum or Inconel, the TiC-coated Inconel exhibits a slower decrease
in outgassing rate with time. This may be due to the porous character
of the coatings whose deposition procedure was consciously controlled to
reduce internal stresses.

In spite of the different characteristics at room temperatures, the
outgassing rates from all these materials after a 18-hr bakeout at 250 °C
showed low values of less than 5x10™° pa-m3/s-m? (3.7’><10"lz Torr-1/s-cm?)

satisfying the specification of JT-60.
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VII. SUPERCONDUCTING MAGNET DEVELOPMENT

1. Introduction

The superconducting magnet development in JAERI is being carried
out for Fusion Experimental Reactor after JT-60 machine.

Cluster Test Program for high field generation and Large Coil
Task for scaling-up of coil are being evolved as toroidal coil
development. Practice fabrication of high current pulsed conductor
has been performed for peoloidal coil development. Main achievements

in FY 1982 in JAERI Superconducting Magnet Laboratory are as follows.

1) Success of the domestic test of the Japanese LCT coil and the
delivery to ORNL

2) 10T generation with Nb3Sn Test Module Coil in Cluster Test Program

3) Success of 10 kA pulsed conductor test for poloidal coil

4) Completion of conceptual design of Superconducting Tokamak Test

Assembly

As a whole FY 1982 brought a number of achievements after elaborate

work of previous several years.
2. Cluster Test Program

2.1 The first test on the test module coil (TMC~TI)

The cluster Test Program (CTP) was started at 1977 as the develop-
ment of toroidal coil in tokamak machine. A high magnetic field of
toroidal coil is required, because the efficiency of fusion machine
increases with higher magnetic field. For example, the Fusion Experi-
mental Reactor (FER) designed as a self ignition machine, proposes
a high field toreoidal coil of 12 T. Therefore, the main objective of
this program is Co demonstrate high field generation in large bore.

The Test Module Coil I (TMC-1) is the first test cedl in the CTP,
the main purpose of TMC-1 is to demonstrate that multifilamentary NbsSn
conductor is applicable to large-current and high field coll. A

fabrication of the TMC-I was started in the beginning of 1980 and was

_ 76 e
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completed in July, 19821). Table VII.2-1 and Fig. VII.2-1 show the

parameters and overview of the TMC-I. And the first test of the TMC-I

was carried out in September, 19822) .

{1) Cool-down and warm—up

Three coils system is composed of three independent helium vessels
which serve as coil case. The cool-down weight is 7.2 ton and 6.6 ton
for the TMC~I and ome CTC, respectively. The cool-down was carried out
using a refrigerator which has a capacity of 220 W at 4.2 ¥, A helium
gas flow rate of each coil was in 3-5 g/sec, automatically controlled
by the computor based on the data measured from a low temperature flow
meter, and the temperature difference between the TMC and the CTC was
controlled within 30 degrees as shown in Fig. VII.2-2. The warm-up of
three coils was also controlled by the computor on the same condition

as the cool-down for a total times of 75 hours.

(2) Current charge test

After a magnetic field of 6.9 T was generated without a back-up
field from the CTC, the TMC-T was achieved to be in a field of 10.2 T
at 6,050 A with a back-up field of 3.3 T from the CTC without any trouble.
The maximum strain due to electromagnetic force at 10 T on the Nb3Sn
conductor in the innermost turn was 0.13 %. Therefore, the total strain

of Nb3Sn was 0.67 % including a bending stress of 0.54 % during winding.

(3) Stability test

Stability test was carried out with use of 30 cm length heater
which is located in the highest field zone in the innermost turn.
Figure VII.2-3 shows a typical trace of tap voltage and the temperature'
rise of the conductor at 10 T and 6 kA. The input energy to the conductor
was 3.7 J/ce. A normal zone appeared in 0.1 second after the heat input

and disappeared in 2 second.

(4) Manual Dump test

A manual dump test of the TMC-I was carried out without charging
the CTC., After dumping with 14 seconds of time constant, liquid helium

losses were measured. Figure VII.2-4 shows the loss of energy by

. 77 -
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caleculation of latent heat on lost liquid helium (Qloss)’ and ratio of

the loss of energy to stored energy for all ranges of dumping current.

2,2 Research and development for the TMC-II

The research and development works for the Test Module Coil-II,
the second test coil in the Cluster Test Program, were started in this
period. The major parameters of the TMC-II are shown in Table VII.2-Z.
The key objectives of this work are high current density, high rigidity
of winding and low losses against poloidal field. One of the method to
achieve these objectives is use of a bundle type-forced cooling conductor
with high purity aluminium stabilizer. According to this guide line,

a 12 T-10 kA Nb3Sn conductor was designed by JAERL as shown in Fig.
VII.2-5. Two verification tests were carried out in this period. To
check the usefulmness of the Nb alloy thermal barrier in Fig. VII.2-5,
the stability tests of two test solenoid, wound by the conductors with
and without the barrier, were carried out by using the heater., From
these experimental results, it is indicated that the thermal barrier

is effective to the stability of the conductor. Secondly, it was found
that the electric resistivity of a high purity aluminium was lower than

that of a copper, even if applied in cyeclic strain.
3. Large Coil Task of IEA

3.1 Domestic test of LCT coil

The domestic test of the Japanese test coil for the Large Coil
Task was successfully carried out at JAERI in June, 19823), In the
Large Coil Task, six test coils, three of which are manufactured by
the United States and others are by Euratom, Switzerland and Japan,
are to be tested in toroidal array at Oak Ridge National Laboratory.
The Japanese test coil is the first coil which was completed and was
tested,

At the domestic test, the coil was set in the Superconducting
Engineering Test Facility, and then, was cooled down, charged up,
examined and warmed up. Figure VIT.3-1 and Table VII.3-1 show the
photograph and the major parameters of the Japanese LCT coil,

respectively.

—_— 787
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{1) Cool-down and warm-up

As shown in Fig. VIT.3-2, the coil was cooled down automatically
by the helium refrigerator which was controlled by the computer system.
The cool-down rate was dominated by the limit of temperature difference
in the coil of 96 K which was determined not to exceed the allowable
thermal stress. It took 120 hours to cool down the coil and 100 hours

to warm up.

{2) Charge up

During the domestic test, the coil was charged up to the nominal
current of 10,220 A four times without quenching. The fastest charging
rate was 10,220 A/hr. The measured maximum magnetic field was 6.47T.
The stored energy of the coil calculated from the self-inductance and

the transport current is 106 MJ,

(3) Stability test

The Japanese LCT coil is designed to be stable even if a half turn
of the conductor is suddenly normalized. To investigate the stability
of the coil, the normalcy was observed. Figure VII.3-3 1s the voltage
and temperature profiles achieved when a half turn of the conductor was
normalized at fully charged state, and this shows that the coil is
cryostable. The estimated stability limit of the coil is 12,700 A at
8 T which is in good agreement with the preliminally calculated value,

whereas the normal operating condition at ORNL is 10,220 A at 8 T.

(4} Strain measurement

In order to observe the mechanical behavior of the ceil, a number
of strain gauges are attached on the conductor and on the coil case,.
Figure VIT.3-4 shows the measured strain curve of the conductor which
is in good agreement with the calculated one qualitatively, but is
higher than the calculated one. This difference.is considered to be
mainly due to the complicated composite winding structure of the coil.
About the strain of the coil case, the measured values agree with the

calculated omnes.
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(5) Manual dump test

The manual dump test was performed in order to get the dump
characteristics and to confirm the safety of the coil when there
appears the state that the coil must be dumped. Figure VII.3-5 shows
the typical temperature trace measured when the coil was dumped manual-
ly from the fully charged state, and this shows that the peak tempera-
ture was 24 K, The initial dump voltage appeared at this test was 1 kV
which was just the rated value. The energy, extracted from the coil to
the external resistor, was more than 98 7 of the energy stored in the
coil, and around 2 % of the stored energy was consumed in the coil and
the liquid helium of about 800 1 in the coil evaporated as a result.

No damage was found on the coil after the dump test.

3.2 Status of the Japanese test coil in ORNL

After the domestic test in June 1982, the Japanese LCT coil was
removed from the test facility, packaged and shipped from JAERT in
September 22, for the delivery from JAERI to Oak Ridge Natiomal
Laboratory (ORNL). The test coil was arrived at ORNL in November 12,
and the acceptance tests at room temperature was carried out by ORNL.
No damage was found in the test coil, installation work was started in
the middle of December, 1982. Figure VIT.3-6 shows the Japanese test
coil installed in the vacuum tank in ORNL. The installation work of
the guide duct and the sensor leads are under way. The initial coil

test is expected to be performed in the end of 1983.
4, Pulsed Poloidal Coil Development

(1) Highlights

Research and development for superconducting poleidal coils of
the Fusion Experimental Reactor (FER) has been progressing. In 1982,
three pulsed coils, Pulser-C, Pulser-D, and Pulser-E were constructed
and succegsfully tested at the Superconducting Engineering Test Facility
(SETF) of JAERI. In addition, a 30 kA forced-ccoled conductor, JF=-30,
and two 50 kA pool-cooled conductors, JA-~50 and JB-50, were fabricated“’S).

Figure VII.4-1 shows cross sections of these conductors.
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(2) ©Pulsed coils

JAERI developed Pulser-C to generate pulsed background field for
testing of large-current pulsed conductors and coils. Pulser-C is a
3 kA, 5.4 T pulsed coil which has sufficient reliability at the pulsed
operation of 10 T/s. When JAERI started the development of Pulser-C,
some pulsed coils in the U.S., which employed CuNi in addition to NbTi
and Cu to reduce pulsed field loss, had showed very low stability.
However, through research and development of Pulser-C, a stability
problem of pulsed conductors, which employ CuNi, was revealed,

Tncrease in the resistivity of Cu stabilizer near CuNi thin layer (a
few micron thicknmess) was observed. This easily brings high joule
generation at the moment of normalization, and thus less stability

than designed. Therefore, in the design of Pulser-C conductor, major
part of Cu stabilizer was arranged to be separated from CuNi layers and
the decrease in the stability was avoidead,

Pulser-D and Pulser-E were constructed for verification eof 10 kA
pulsed conductors, JA-10 and JB-10, developed by JAERI. Major features
of these pulsed coils are the high stability by high cooling for Pulser-
D and the high reliability by mechanical rigidity for Pulser-E. Testing
arrangement and major parameters of these coils are shown in Fig. VIT.4-2,

At first Pulser-C was successfully tested and it was charged to
the rated current in 3 sec and discharged by the time constant of 0.7
sec, which corresponded to +1.8 T/sec and -7.7 T/sec. Even in the case
of the latter fast discharge, measured pulsed field loss was about 3 kJ,
which was about 0.2 % of the stored energy (1.3 MI).

In the second and the third experiment at the SETF, Pulser-D and
Pulser-E were tested under background field of Pulser~C. Test results
of both experiments were successful and major results are shown in
Table VII.4-1. Pulsed field losses of Pulser-D and Pulser-E were less
than detection level of thermal measurement, proving the designed low

pulsed field loss.

5. Cryogenic System Development

5.1 Develepment program

The construcltion of Fusion Engineering Reactor (FER) which is a

superconducting tokamak after JT-60 at JAERT absolutely requires a

..._8}_
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large, reliable and efficient helium cryogenic systema). Typical
characteristics required are 10-20 kW refrigeration power at 4 K,

reliable for more than 8,000 hours and high energy efficiency more

than 1/500. The energy efficlency is defined as a ratio of the refrigera-

tion power to the required input power at room temperature. Therefore,
extremely larger cryogenic system than the present one is indispensable
to construct the FER. For this purpose, JAERI has been developing
cryogenic system in accordance with the development program as shown in
Table VII.5-1. By using the Cluster Test Facility (CTF) and the Super-
conducting Engineering Test Facilify (SETF)7), JAERI has almost achieved

the second step toward the cryogenic system for the FER.

5,2 Liquid helium transfer test

Development of liquid helium transfer technology is impertant
requirement for the FER in which 100 m liquid helium transfer piping
will be installed. 1In order to verify flow behavior of liquid helium
in real size cryogenic piping, JAERI constructed Liquid Helium Transfer
Test Facility which was around 50 m in length with 1/2 B pipe. The

following items were measured in the facility.

(i) pressure drop of liquid, 2 phase and gas helium
(i1) Theat transfer coefficiency of liquid and 2 phase helium
(iii) thermal performance of ecryogenic piping

(iv) cool-down characteristics of cryogenic piping

Figure VII.5-1 shows measured heat leakage of the piping as a func-
tion of temperature of shield plate set between inner and outer piping.
The Liquid Helium Transfer Test Facility brought an appreciable amount

of technical information to comstruct the cryogenic system for the FER.
6. Development of the New Cryogenic Structural Material

We have been developing the new cryogenic material for the Fusion
Experimental Reactor (FER) which has yield strength of more than 1,200
MPa, Charpy absorbed energy of more than 100 J, fracture toughness of
more than 200 MPavm 8) . These are very high values compared with
mechanical properties of austenitic stainless steel 304 LN and 316 N?) .

Figure VIT.6-1 shows the relation between Charpy absorved energy

and yield strength at 4.2 K. There are twelve satisfactory materials
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which have the above requested values. These materials are devided
into austenitic stainless steel and high manganese austenitic stainless
steel. The best balanced material is the austenitic stainless steel
which has yield strength of 1,465 MPa and Charpy absorbed energy of
174 J. Fracture toughness test of the high manganese austenitic
stainless steel which has yield strength of 1,200 MPa and Charpy
absorbed energy of 126 J has been completed. This material has fracture
toughness of 202 MPavm and satisfies all the above requirements.

Since several excellent materials are produced by industrial
guantity such as 15, 70 ton meiting, it will not take a long time
before these mew cryogenic materials have practical application and we
will use ome of these new cryogenic materials as the structural material

of superconducting toroidal coils in the near future.

7. System Design of the Superconducting Tokamak Test Assembly

JAERT is developing the coil and cryogenic system for the Fusion
Experimental Reactor (FER) which is the next tokamak to follow after
JT-60. As a step to develop a large and reliable superconducting
tokamak coil system such as FER, construction of a medium sized tokamak
system is indispensable. On the basis of the tentative parameters chosen
through the design work in JAERI, design works on the coil system and
cryogenic system5) for the medium sized machine, maximum field of 8 T,
have been carried out.

The coil system is compesed of 12 superconducting toroidal coils
which have similar configuration to those of a test coil for the Large
Coil Task (LCT), and 12 superconductingrpoloidal coils whose diameter
is 1.6-10 m, and the other facilities for the power generation. The
major radius and plasma current is to be specified 2.4 m and 2.7 MAT
respectively; A cable—in-conduit type is selected for both toroidal
coil and peloidal coil conductor. Plate type structure with spiral slot
to accept the conductor, which is the same conception as a Westinghouse
LCT coil, is employed for the toroidal coil. The major parameters of
the coil system is listed in Table VII.7-1.

The capacity of the cryogenic system for the colil system 1is
specified to be 3,000 liters of liquefaction per hours or 12 kW of

refrigeration at 4.4 K, reliable for more than 6,000 hours and high
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energy efficiency more than 1/500. This cryogenic system is expected

as a unit of the cryogenic system for the FER.
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Table VII.2-1 Parameters of the Test Module Coil I {TMC-I).

Coil Shape Circular
Coil Size

Winding Inner Diameter 600 mm

Winding Quter Diameter 1584 mm

Winding Width 300 mm
Winding Method 10 Double Pancakes
Cooling Method Pool Cooling
Grading Method Two Grades (10/6.2 T)
Maximum Magnetic Field 10.2 T
Operating Current : 6,056 A
Average Current Density 30 A/mmz(in winding)
Magnetmetive Force 4.39 MAT
Self Inductance 0.46 H
Superconducting Materials ¥b3Sn / Nb-Ti
Structure Materials 304L / 316L
Final Assembly . Electron Beam Welding
Liquid Helium Inventory . 191 Liter
Coil Weight 7.17 Ton

Table VIT.2-2 Major parameters of the TMC-IL.

Coil shape oval

Winding size 0.76 m x 0.92 m
Maximum field 12 T

Operating current 10 kA

Current density 37 A/mm2

in winding

Stored energy 20 MJ
Superconductig Nb3Sn

material

Cooling method Forced Cooling
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Table VII.3-1 Major parameters of the Japanese LCT coil.

Superconductor
Cooling

Winding concept

Nb-Ti

Pool cooling at 4.2 K

Edge wise,

2 gradings

20 double pancakes

Rated current for 8 T 10,220 A

Current density

Self inductance
Number of turmns
Structural material
Assembly

Conductor type

‘overall

8 T grading
5 T grading
2.0H

658

26.6 A/mm2
24,2 A/mm2
30.3 A/mm2

304 LN stainless steel

Bolt and seal welding

Soldered cable in a rectan-

gular copper stabilizer with

roughened surface

Table VIT.4-1 Test results of 10-KA pulsed coils.

COOL DOWN SPEED
100-% CHARGING
PULSED GCHARGING

" FAST DUMP
Extended Charging

PULSER-D

-10 K/h

LOkA OK {(6.7T)
10kA/6sec OK
-13 T/s OK
Not Yet

PULSER-E

-15 K/h

10kA OK (5.8T)
10kA/6sec OK

-16 T/s OK

154% {(6.9T) ¥No Damage
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Table VII.7-1 Design parameter of STTA-LCT.

Given Major Radius of Plasma 2.39m
Condition
Clear Bore 2.5m=x3.3m
Plasma Current 2.7 MA
Number of Coils 12
Toroidal Field 5 T or more
Maximum Fieid 87
TF Cail Design Average Current Density 192 A/mm?2
o Assumpftion Operationat Current 16.4 KA
Conductor Material NbgSn
Cooling Method Forced Fiow
Wwinding Concept Spiral Pancake
in Disk Plate
Assembling Through Boit
Given Coil Diameter 08 m --50m
Condition Number of Coils 12
Ampere Turns 2.7 . 8.6 MAT
: A i 2
BE Coil Design veragfe Current Density 25.0 A/mm
o Assumption Operational Current 30 KA
Conductor Material NbTi
Coaling Method Ferced Flow
Winding Method Double Pancake
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Fig. VIIL.Z-1 Test Module Coil T (TMC-I).
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Fig. VII.3-1

The Japanese LCT coil being in-
stalled in the vacuum tank in
Superconducting Engineering Test
Facility (SETF) at JAERI.
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Fig. VIT.3-2 Cooi-down characteristics of the Japanese LCT coil.
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Fig. VII.3-3 Voltage and temperature profiles on the normalized harf
turn in the innermost of the middle pancake at 10,220 A.
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Fig. VII.3-4 Measured strain curves of the con-
ductor in a function of the coil
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JA~-50 ( 77, 50kA, Pool Cooled )

4_94i

JF-30
( 7T, 30kA, Forced Cooled )

JB-50 { 77T, 50kA, Pool Cooled }

Cross sections of JA-50, JB-50 and JF-30.

Fig. VII.4-1



JAERI—M 83— 182

270
y Lb e |
l - i B2Q - ey
‘ Pumer—D 10kA 7T 10T/s
Pumer E 10kA 6T 10T/s
Pulser—-C 3kA 547
# Total Stored Energy 1.6 MJ
Fig. VII.4-2 Testing arrangement at 10-KA pulsed
coils.
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VIIT, TRITIUM TECHNOLOGY

1. Development of Tritium Processing Technology
1.1 Fuel purification

1.1.1 Water decomposition by ceramic electrolysis cell

The characteristics of the solid electrolysis cell using a stabi-
lized zirconia have been studied for an application to the process of
the tritium recovery from tritiated water which will be produced in a
fusion fuel cycle.

Figure VIIT.1l-1 shows the schematic arrangement of experimental
apparatus for water vapor electrolysis.

Figure VIII,1-2 shows the theoretical characteristics of the cell
calculated by the Nernst's equation. Conversion ratio of water to
hydrogen depends on the open-circuit veltage. The ratio close to unity
is likely to independent on the operating temperature.

Based on the experimental and theoretical feasibility study of
this method, several new concepts of tritium recovery system composed
of the electrolizer were proposed for a fusion reactor fuel system.

Figures VIII.1-3 and VIIT.1-4 show the examples of the applicatien.

1.1.2 Water decomposition by catalytic reduction bed

Experimental and theoretical feasibility studies of a catalytic
reduction method were carried out for an application to the tritium
recovery processes in fusion reactor systems. Experimental conditions
of water decomposition were the following: temperature 350650 K; HZ0
vapor concentration 103710% ppmv; mole ratio of CO to H0 1v10; space
velocity 2%x102~2%x10% hr-!, The catalyst was a mixture of Cu0®, Zn0O and
Cro03. Tigure VIII.1-5 shows the theoretical conversion factor of water

vapor against temperature at various CO gas mole ratios.

1.2 Hydrogen isotope separation

Hydrogen isotope separation is one of the key processes in a fuel
circulation system for fusion reactors. Cryogenic distillation 1is best

suited to the process because of its many advantages that is simple
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cascade layout for multi-component hydrogen isotope separation, small
size of separation columms, short equilibrium time, low tritium per-
meation, etc..

As the first stage of the study for this method, separation
experiments of N, and Ar was initiated by using a cryogenic distillation
column. Principal objects of the present study are to compare the
experimental observation with the computer predictions and to examine
the column performance. Another objective is to find operational
problems. Useful information for the next stage of experimental work
with hydrogen isotopes can be obtained through this preliminary experi-
ment.

Figure VIIT.1-6 shows a conceptual flow diagram of the experimental
apparatus. The column dimensions are 1.94 emIP x 50 emfl, the type of
packing is Dixon-ring, which 1s one of the most popular packing. The
dynamic column performance is measured under the condition of total
reflux operation mode.

Figure VIII.1-7 shows an example of comparison between the calculated
values and experimental ones. The dynamic column behavior predicted by
the computer simulation agrees well with the experimental results. The
HETP value was measured under different vapor flow rates in the column.
The typical value was approximately 5.5 cm, and it remained constant in

the range from 20 mol/hr to 70 mol/hr.
1.3 Blanket technology

1,3,1 Tritium recovery from lithium-based materials

Tritium release behavior in neutron—-irradiated lithium compounds
has been studied with the purpose of accumulating the basic data for the
selection of blanket materials. When the neutron-irradiated materials
such as Li,0, LiOH, LiAl0,, Li,S8i0j3, Li,Ti0;, Li,Zr0;, LiH, Li,C,, LigN,
LiAl and Li;Pb, were heated under vacuum, the tritium was released on
the chemical forms of HT, HTO, CHgT and C,oHpp— T (n=1,2,3}. Table VIIL.1-1
presents the distribution of tritiated species. From the oxide materials
the tritium was released mainly in the form of HTO, while HT was the
major species released from the other materials which contained no

oOxXygen.

— 98 —
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Diffusion coefficients determined for the thermal release of
tritium from Li0, Li,C,, LiAl and Li4Pb, are shown in Fig, VIII.1-8.

The rate-determing step of the HTO release from Liy0 was found to
be diffusion of tritium (TT) in the solid, although HTO molecules would
eventually be evolved through the thermal decomposition of LiOT at
solid surface. In the sintered pellet, trapping of HTO molecules in
grain boundaries would affect to reduce the HTO release rate.

Diffusion of tritium was found to control the HT release from LizC»p
and LiAl. The Arrhenius parameters of tritium diffusion in Li,C, and
LiAl were comparable with that reported for self-diffusion of hydrogen

() in LiH crystals.

1.3.2 Water adsorption in Li;0-H,0~He sweep gas system

Adsorption characteristics of water vapor on Li,;0 pellets in the
helium gas stream were experimentally studied to give a technelogical
information on the tyitium inventory and operating conditions for sweep
type fusion blanket design.

The amount of water vapor adsorbed on the pellets was represented

by the following experimental equation;

= -2 .pl.64
Iy = 56.3 x 107 exp(13800/RT) Py

where Ip is the sorption amount (mol-H,0/ton-1i,0), R is the gas comnstant

{1.986 cal/mol*K), T is the temperature (K), and P is the partial

H20
pressure of water vapor (atm). 'The critical conditions of producing

LiOH, which will increase tritium inventory in the Li0 blanket, by the
reaction Li»0(s) + Hy0(g) == 2Li0H(s,1) were determined for the water

vapor pressure and temperature,
2. System Analysis

2.1 Cryogenic distillation column for hydrogen isotope separation

A computer-aided simulation procedure is established for a single
cryogenic distillation column with a feedback stream for separation of
protium and tritium (Fig., VITIT.2-1). It is shown that the error in
estimation of mole fractions of HT in the two products can be signifi-

cantly large unless special cares are taken in the simulation. This
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problem posed by the presence of the feedback stream is overcome by
solving a specific single-variable nonlinear equation introduced by
using the Newton method. The simulation results indicate that the
effect of the sidestream location on the column performance is markedly

large.

2.2 Dynamic analysis of cryogenic distillation column

Details of the dynamic behavior of a hydrogen isotope distillation
column is further investigated. Characteristics of proportional-integral
control modes for the column are also studied, and a great deal of I
information are obtained. A simple parameter setting method for the two
PI control parameters is proposed for designing a successful control
system. The method has the following advantages: the nonlinearity of
the column is taken into consideration; and the unstable region can be

predicted in the design stage.

2.3 Falling liquid film condenser for removal of helium from hydrogen

isotopes

Parametric surveys are made for a cryogenic falling liquid film
helium separator considering the tritium concentration in the top gas as
the most critical parameter. Higher operating pressure, larger flow
rate of the protium stream added to the feed and longer packed section
results in a lower tritium level in the top gas. The tritium concentra-
tion can be kept below an adequately low level, and the top gas can

directly be transferred to the Tritium Waste Treatment.

2.4 Multistage-type water/hydrogen exchange

A new simulation procedure is developed for a multistage-type water/
hydrogen exchange column (Fig. VIII.2-2). The procedure can be applied
to a column processing all the isotopic species, Hp, HD, HT, D,, DT, Ty,
H,0, HDO, HTO, D,0, DTO and T,0. A number of numerical experiments made
indicate that converged solutions are quite rapidly presented by this

procedure.

2.5 General simulation procedure for stage process

Developed is a new general simulation procedure which is applicable

- 100 —



JAERI—M 83— 182

to almost all types of stage processes essential in the fusion fuel
cycle and usual chemical engineering systems. FEven 1f the heat balances
are essential or chemical reactions are promoted, the algerithms of the
procedure remains unchanged. The application of the procedure is quite
successful even in cases where the equilibrium ratios are strongly
dependent on the composition and the liquid phase separation occurs,

The independent variables are always the mole fractions in one of the

phases considered.

3. Present Status of Tritium Processing Laboratory

The construction of the Tritium Processing Laboratory (TPL), which
specifications had been determined through the design study performed
for the last four years, started at December of 1982 and will be completed
in April of 1984.

Final design studies for major equipments, that is glovebozxes,
detritiation systems, tritium storage system, and tritium monitoring and
control system, were also in the stage of contract for construction.

For experimental apparatus the design study are successively carried

out.

Table VIII-1 Tritiated Species Released on
Heating under Vacuum.

Materiaf Upper % of total tritlum
teme ! oy HTO GH.T GC,H,T Reten—
°c . tion
LiM 750 99.5 0.2 03 003 0.1
LI,C, 700 95.9 1.2 04 25 0.01
" LigN 950 98.6 1.1 0.2 - 0.1
LiyPb, §00 89.8 5.4 1.2 oA 3.5
Lial 800 932 53 1.2 0.03 0.3
LiC1%)-Al 750 445  53.7 1.8 003  0.01
LiOH 500 0.3 994 0.1 0.2 0.01
Li,0 600 0.9 980 09 0.1 0.1
Li,O pellet 6§00 3.5 954 0.5 0.03 0.6
. (78.5%TD)
Li,CO, 600 1.7 g6.9 0.3 1.0 a.1
LIAlO, 750 8.1 87.1 1.2 3.8 0.03
Li,Si0, 750 2.5 @97.1 0.4 - 0.01
Li.TiO, 800 09 979 0.7 0.2 0.4
Li,Zr0, 2900 (0.7) (99.0) (0.2} (o.1)

1 The tempernture was ralsed sievpwlase from 200°C to the upper ona.

— 101 —



JAERI—M 83182

()2"“'_ (EE;’ . ]
e, —6@2|Ir @ T Potentiostat
2
| Quuri‘z;_ — 1 (1)
stabiized___ ||} | 1[I
Zirconia T Y
Pt - electrode
\
= 3 o
Electric | ° J o
Furnace @ Humidifier

5 Inert Gas
| Fy Fp: Mass Flow Meter

"Hy, Hz : Hygrometer

Fig., VIII-1 Arrangement of the experimental apparatus.
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of H,0 vapor to hydrogen at various temperature
(numerically calculated).
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Fig. VIII-3 Fusion reactor fuel cleanup
system(FCU) equipped with the
ceramic electrolizer.
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Fig., VIII-4 Blanket tritium recovery system
with the ceramic electrolizer.
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Fig. VITI-5 Equilibrium conversion factor of H,0
vapor in the catalytic reducing reac-
tion H,0(g) + CO(g) Z Ho(g) + CO,{g).
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Fig. VIII-6  Conceptual flow diagram of the

experimental apparatus.
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IX, DESIGN STUDIES OF FUSION REACTOR SYSTEM

1. Design Study of Tokamak Power Reactor

A design study of tokamak power reactor utilizing the deuterium/
tritium/lithium fuel cycle based on a swimming pool type reactor (SPTR)
concept was completedl). The objective of the power reactor design
(SPTR-P) is to develop an attractive reactor concept which is acceptable
as a commercial power reactor.

The SPTR concept has been developed: to simplify technologies for
repair and maintenance, to achieve a compact and light-weight reactor,
to reduce radivcactive waste disposal and to ease radiation streaming
shielding, The major design features are: steady state operation, RF
wave for plasma heating and current drive, solid tritium breeding
material (Li;0), modified austenitic stainless steel as first wall and
blanket structural material, pumped limiter for ash exhaust, unified
assembling of blanket and vacuum vessel and pressurized water cooling.
The huge and heavy solid shield structure pretecting superconducting
magnets which brings about great difficulties in repalr and maintenance
is eliminated by submerging the reactor in a water pool. The water
plays a role of shielding. The SPTR~P concept and the reactor building
are shown in Fig., IX.1-1.

The key parameters are listed in Table IX.1-1. The plasma current
of 16.0 MA is drived by an 80 MW RF-power launched into plasma and the
electric power required for the RF-system is 160 MW, The scenario
adopted for attaining stable equilibrium of the high By (7%} plasma is
based on low q and low B, which meets the stability criterion of high-n

ballooning mode.

References

1) Tone, T., et al.: '"Design Study of a Tokamak Power Reactor', Proc.
3rd IAEA Technical Committee Meeting and Workshop on Fusion Reactor
Design and Technology, Tokye, Oct. 5 - 16, 1981, II-8 (in press);
Tone, T., et al.: "A Study of the Reactor Structure Concept of the
Tokamak Power Reactor SPTR-P", JAERI-M 83-031 (1983), (in Japanese).
Fusion Reactor System Laboratory: ''Conceptual Design of Swimming
Pool Type Tokamak Power Reactor (SPIR-P)'", JAERI-M 83-120 (1983),

(in Japanese).
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Fig. IX.1-1 Reactor Building of SPTR-P.

Operation mode Steady state
Net electrical power (MW) 1000

Fusion power {(MW) 3200

Thermal power (MW) 3700

Average neutron wall load (MW/m?) 3.3

Major radius (m) ' 6.9

Minor radius (m) 2.0

First wall radius {(m) 2.2

Plasma elongation 1.6

Average plasma temperature {(keV) 20

Average plasma density n_ I 1.1x10%°
Plasma current (MA) 16.0

Safety factor q_/qq 1.3/2.3
Average toroidal beta 0.07

Poloidal beta 1.2

Toroidal field on axis (T) 5.2

Maximum toroidal field (T) 12.2

Plasma current drive method Lower hybrid RF
RF power for current drive (MW) 80

Plasma heating method Lower hybrid RF
Number of TF magnets 14

Toroidal field coil material Nb38n/NbTi
Poloidal field coil material _ NbTi

Blanket structural material PCA*

Tritium breeding material Liz0

First wall/blanket coolant Pressurized water
Inlet/Outlet coolant temperature (°C) 290/330
Coolant pressure (MPa) 16

Ash exhaust Pumped limiter
Power to pumped limiter (MW) 100

Average surface heat flux on first wall (W/cm?) 80 |

% Prime candidate alloy (titanium modified austenitic stainless steel)
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2. Design Study of Fuel Producing Blanket

Design study of the fuel producing blanket installed in a Swimming
Pool-Type Tokamak Reactor (SPTR), which began in 1980, has been completed.
The nuclear, thermal and mechanical aspects of the blanket were revised -
to improve its fuel producing capability. Preliminary investigations of
the fuel exchange scheme and safety of the blanket were also made. A
tritium breeding ratio of about 0.9 was achieved solely by the inboard
blanket loaded with Li;0 and Be at the mixing ratio of 1 to 9. The fuel
producing blanket covering 42 % of the plasma surface was loaded with U0,
and Li,0, and was cooled with helium gas. This blanket yielded the
supplemental tritium breeding of 0.1, energy multiplication of w2 L4 and
Pu production rate greater than 0.5. The productions of both energy and
fuel are shown to increase by as much as 40 % with the burn up to 4.6

years.

3. Safety and Environment

Understanding of fusion reactor safety has increased considerably
because the safety of the Fusion Experimental Reactor (FER) has been
studied in detall for the first time and a Japan - U.5. Workshop on
Fusion Safety has been held in JAERI on January 24-27, 1983.

As regards the tritium safety of FER, the fuel circulating system,
blanket tritium recovery system, primary cooling water processing system
and tritium containment system have been studied in detail. Tritium
inventory and its leakage to the reactor room and to the environment
have been estimated. However, the uncertainties in tritium data on
permeation, adsorption, release and oxidation have been found to be large

and need to be reduced.
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X. DEVELOPMENT OF A LARGE TOKAMAK JT-80

1. Introduction

Efforts made by the JT-60 Project was rewarded by the progress
achieved in this year. Assembling and installation work of 1ts major
components - tokamak machine, power supplies, and central control
system — were started at the Naka site. Construction of JT-60 buildings
and other facilities advanced as planned. The completion of JT-60 is
expected in March 1985,

Efforts are also focussed on detailing experimental and operation

programs to raise productivity of the JT-60 Project.

2. Outline of the Progress of JT-60

Development of the JT-60C project proceeded satisfactbrily during
the fiscal year 1982, Significant progress was made with the fabrication
and installation of major equipments for the JT-60 device. Many heavy
components were delivered to the Naka site. Assembling and installation
of the central control system and the poloidal field power supply
including its motor-generator were completed. The transformers for
the toroidal field power supply were also installed. Assembling work of
the tokamak machine started in February 1983, Fabrication of major
components of the tokamak machine at factory reached the final stage.
The power distribution system, the emergency power supply and the
secondary cooling system were installed and put under test; they will be
delivered to JAERI in October 1983.

Construction of the major buildings for JT-60 advanced as planned;
the power. supplies building and the control building were completed,
and comstruction of the experimental building entered the final stage.
Construction of the 275 kV power substation was advanced; it will be
completed near the end of 1983.

Specifications of JT-60 plasma heating systems were completed and
given to vendors for quotation. Fabrication of the diagnostic systems
was advanced as planned.

The experimental program was reviewed based on the current progress
in fusion research development. Concept of real time plasma control was
jntroduced and improvements were made of the JT-60 performance.

The operation program was also examined in detail concerning the
organization and persomnel for operation.

The time table of the JI-60 program is shown in Fig. X.2-1.
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3. Status of Tokamak Machine

3.1 Major activities

The 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—feed system, adjustable limiters and a
control system.

Fabrication of these components has been continued progressibly,
Assembling of two 180° sectorial vacuum vessels is nearly completed in
the factory. Magnetic limiter coils, electric heaters, cooling channels,
thermal insulators, and electromagnetic sensors were attached to the
vacuum vessels. Many kinds of tests such as baking tests and helium
leak tests are under way. All of the nineteen toroidal field coils have
been stored in the factory from 1981. All inner poleidal field ceils
were assemblied to the coil support structures. The vacuum pumping
system, fast movable limiters, adjustable limiters, and control system
have finished fabrication in the factories. Fabrication of the gas-feed
and preionization system is in progress.

Installation of the machine components at the Naka site started in
February 1983. The support structures including the foundation bases and
the bases for the support columns of the vacuum vessel were set up in the
tokamak hall. Primary coeling system was alsc set up at the site,

Investigations concerning the machine performance were also made
successfully., Computer codes for the eddy current analyses of a Tokamak '
machine have been developed. These codes provide the data necessary for
the evaluation of machine performance. Measurements of thermal contact
resistance, which is related to heat removal from the first wall
components, have been made for actual size samples. Measurements of
emissivity have also been performed for both molybdenum and Inconel 625
alloys at temperatures ranging from R.T. to 1500 K. Secondary electron

emigsivity has been measured in details,

3.2 Status of machine components

3,2.1 Vacuum vessel

The assembling of two 180° sectorial vacuum vessels was nearly
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completed in the factory. Electric heaters, cocling channels and thermal
insulators for the temperature control were mounted on the outer surface.
Various tests were carried out and main results are the following.

Helium leak was not detected within the sensitivity of about 10710 paemd/s
after baking. Temperature distribution of the vessel and the rising up
and cooling down times for the baking up to 500 °C respectively satisfied
the specification. After these tests, three magnetic limiter coils were
assembled inside the vacuum vessel. Figure X.3-1 shows the inside view
of the vacuum vessel. A half of ports were finished fabrication.

Thermal and mechanical stréss analyses of first wall have been
almost completed. The stress analysis shows that the maximum mechanical
stress is 13 kg/mm? in armor plates for a 3 msec disruption even 1f a
dynamic factor of 2.0 is assumed. A lifetime analysis which includes
thermal stress and fatigue are in progress and will be completed iIn the
middle of 1983. TFabrications of the Incomel 625 and molybdenum first
wa-ls advanced in this FY and will be completed in early FY 1983,

Figure X.3-2 shows molybdenum neutral beam armor plates. For the purpose
of detailed evaluations of the maximum heat removal capability, thermal
contact resistance and emissivity have been measured. Based on these
measured values, detailed analyses on the maximum capability of Ji-60

first wall will be performed in the coming fiscal year.

3.2.2 Toroidal field coil

Fabrication of the toroidal field coils was completed in July 1981,
All of the coil units are being stored in the factory. Careful considera-
tion has been given to the arrangement of the feeders and cooling pipes
and a few changes have been made to avoid geometrical interferences with

other components.

3.2.3 Polodidal field coil

The poloidal field (PF) coils consist of five coll groups; 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).

Tn this fiscal year, the design of the PF coils has almost been

completed and significant progress has been made in their fabrication
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and assembling in the factory.

Bending tests of model coil stacks were carried out to determine
both mechanical strain limit of the electric insulators and the allowable
bending stress of the welded joints of conductors which are to be con-
nected on site. It was found from these tests that the mechanical
strength of the coil stacks was influenced considerably by the bonding
effect of the epoxy-impregnated fillers inserted between each turm.
Based on this result, the stress evaluation was performed.

All PF coils were fabricated and their dimension inspections and
dielectric tests were completed. The PF coils to be placed near the
torus axis are in the final stage of assembling in the factory as shown
in Fig. X.3-3.

The fabrication of the bellows for the M coil jackets was completed
in August 1982. The winding and insulating works of the M coil con-
ductors were advanced and the assembling of the jackets, which were
composed of a large number of bellows and rigid rings, was completed in
February 1983. The M coils after completion were installed into the
vacuum vessel.

The assembling and installation of the feeders for both PF coils

and TF coils were completed.

3.2.4 Support structures

Fabrication of the support structures was completed in the beginning
of this fiscal year. They were delivered to the Naka site for assembling
one by one.

Assembling of the support structures started in February 1983 and
the central base, the foundation base, the base for the vacuum vessel
support column and the lower base were assembled with sufficient accuracy

at the end of this fiscal year.

3.2.5 Vacuum pumping system

Fabrication of the vacuum pumping system (VPS) was completed in the
factory except the vacuum diagnostic system.
After the VPS was assembled in the factory (See Fig. X.3-4), the

followlng inspections were finished in December 1982.

(a) Pumping speed measurement (Hp,, N;, Ar)

(b) Ultimate pressure measurement
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(c) Leak test

(d) Residual gas analysis

(e) Bake out test and cool down test
{f) Pressure proof test

(g) Withstand voltage test

(h) Operation test by control system

These results show that the VPS satisfies sufficiently the requested
performance. The installation at the Naka site started in October 1982,
The roughing pump system, forepump system and peripheral systems were

installed in February 1983,

3.2.6 Primary cooling system

The major components of the primary cooling system including pumps,
heat exchangers, filters and others have been installed in the primary
cooling pump house. The motor control center has also been installed.

Cabling and piping works are now in progress.

3.2.7 Fast movable limiters and adjustable limiters

The final inspection test of the fast movable limiters was completed
in September 1982. Its performance was tested before the installation
to the tokamak machine in the beginning of 1983. The adjustable limiter

system was also completed at the factory in September 1982.

3.2.8 Gas feed and preionization system

The fabrication design of the gas feed and preionization system has
been completed. Its subsequent fabrication is now in progress. The
gas throughput for the piezoelectric valve (PEV) and fast magnetic
valve (FMV) and the ionized current from the electron gun (EB) and JxB
gun were checked and good results were obtained. The performance test

of them under the CAMAC control system will be finished in September 1983.

3.2.9 Tokamak machine control system

The fabrication of the control panels including CAMAC system has
been completed in FY 1982, Testing for the control panels and CAMAC
softwares in the factory progressed well. Installation of the control
panels and cabling work of the control system will be continued till

August 1983.
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Fig. X.3-1 Tnside view of vacuum vessel with magnetic limiter coils.
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Fig. X.3-2 Several tvpes of neutral beam armor plate, 5 mm
thickness of molyhdenum.
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Fig. ¥.3-3

Fig. X.3=4

Assembly of inner poloidal field
coil in factory.

R

Assembly of VPS in factory.
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3.3 Related studies

3.3.1 Eddy current analysisl)

Many kinds of numerical analyses were carried out using the newly
developed computer program (EDDYMULT) for solving the eddy current
problem in a multi-torus system. Because the developed numerical
model includes most of the JT-60 main components such as a vacuum
vessel, toroidal magnet system, a central support structure and the other
support structures, reasonable results were obtained within the required
accuracy. TFor the control analysis of JT~60 plasma, the magnetic
structure of each eddy current mode was individually studied. Figure
X.3-5 shows an example of the magnetic structure due to one of the
obtained eigen modes of JT-60 eddy current.

Our expansion technique of distributed eddy current into eigen modes
is useful for the study of plasma control analysis by the linear state-
space approach. Efforts are now being centered on the development of
the computer package for the analysis and synthesis of tokamak control

system including an eddy current effect.

3.3.2 Thermal contact resistance measurement of first wall component

Continued from FY 1981, measurements of thermal contact resistance
have been done in 10™% Torr and at 200 ~ 600 °C with using actual size
samples.

Molybdenum samples are 50 mn in diameter and 5 mm (armor plate) and
20 mn (limiter, magnetic limiter plate and beam limiter) in thicknesses,
respectively. The samples were fixed to an Inconel pedestal by a bolt,
which simulated first wall component.

Results show that the thermal contact resistance varies from
4.5 to 9 x 10~2 m?h °C/kcal at 86 kg/cm? for 20 mm® samples and from
1 to 4 x 1073 m?h °C/kcal at 297 kg/cm® for 5 mm® samples. It appears
furthermore that the thermal contact resistance has a strong temperature
dependence. For example it varies from 4 x 107% to 1 x 1073 m?h °C/kecal
with decreasing the temperature from 600 °C to 200 °C in 20 mmt samples.
With these results, detailed evaluations of the maximum heat removal

capability in JT-60 first wall will be done in FY 1983.
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3.3.3 Emissivity measurement of first wall materials

Measurements of emissivity have been performed for molybdenum and
Inconel 625 at R.T. v 1500 °K.

The emissivity of Incomel 625 depends slightly on temperature and
varies from 0.1 to 0.2. On the other hand, it depends strongly on tem-
perature for molybdenum and vary from 0.03 te 0.2, These measurements
have revealed relations of emissivity versus wave length and temperature.
Emissivity spectrum of both materials strongly depends on wave length.
Therefore, a heat conduction code which includes the wave length and
temperature dependences is necessary for detailed evaluations of the
maximum heat removal capability planned in FY 1983. The emissivity of

TiC coated molybdenum will be measured in FY 1983.

3.3.4 Secondary electron emission rate under the electron bombardment

Plasma—wall interaction is one of the important problems for plasma
fusion devices such as JT-60. This interaction includes several funda-
mental processes. We have studied the secondary electron emission, which
is one of the fundamental processes. The secondary electron emission
rate and the electron temperature of a plasma boundary determine the
sheath potential which is one of the most important parameters of the
edge plasma. In cases of SUS 304 and Mo we have confirmed the universal
curve for the yield of secondary electron emission. In accordance with
cleanliness of the surface, the secondary electron emission rate is
decreased gradually to a constant value. In an energy range of 200 eV ~
1 keV, we have the secondary electron emission rate larger than 1 for
the clean surfaces of both $US 304 and Mo, as shown in Fig. X.3-6. The
maximum secondary electron emission rate vy, and the corresponding energy
E, are followings; vp, = 1.12, E, = 360 eV for S5US 304 and v, = 1.23, Ep

= 410 eV for Mo, respectively.

References

1) Nakamura, Y. and Ozeki, T.: "Eddy Current Analysis in JT-60", 12-th
SOFT, Jilich, 1982,
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4., Status of Power Supplies

4,1 General status

The assembling and installation of the poleidal field power supply
(PFPS) including a 500 MVA motor gemerator, thyristor convertors and
transformers were started in April 1982, and now have been almost
completed except a small part of its control subsystem. The component
test of PFPS started recentlj and is expected to expand its scope rapidly
in the next year. The control system of PFPS is now at the final stage
of manufacturing.

A half of the electric power required for operation of the toroidal
field coils is supplied by another 215 MVA-4000 MJ flywheel generator.
The manufacturing of this generator has been finished in the factory.
Its assembling and installation work in the JT-60 generator building
will be started shortly. Among the major components of the toroidal
field power supply (TFPS), the rectifier-transformers were already
installed in the transformer vard. The power conversion diode system
is now under testing in the factory. The systems design of the control
system of TFPS has made progress and the manufacturing of hardwares was
started partly.

The manufacturing of the third generator of 400 MVA-2600 MJ to be
used for the meutral beam injection heating system and the radio-frequency
wave heating system is underway.

The construction of the generator building, the rectifier bullding
and the transformer yard were completed., The construction of the JT-60

grounding system will be finished in June 1983.

4.2 Poloidal field power supply

The poloidal field power supply of JT-60 is shown schematically in
Fig. X.4-1, and the main characteristics of the main components are
summerized in Table X.4-1. The inspection test of the motoy generator
(MG) of poloidal field power supply was carried out in February 1982
and after that it was delivered to the JT-60 Naka site. The assembly
and installation of it in the generator building were started from April
1982. Figure X.4-2 shows the 500 ton rotor of 500 MVA MG of poloidal

- field power supply. This MG is expected to be in operatlion from September
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1983, The other components of poloidal field power supply were
completed in the factory day after day and delivered according to the
schedule of the installation on site. Poloidal field power supply has
many high power thyristor convertors. To carry out the inspection test
in the factory, the limit of the electric power available to the no-~load
rated current test greatly affected to the schedule. Because these
tests demand the electric reactive power of several MVA, actual test
days were always ahead or behind of schedule. Figure X.4-3 shows the
largest transformer of poloidal field power supply, which is a reactor
for induetive energy storage (IES), 4 mH-92 kA 150 tom, being moved to
the place in the transformer yard.

All essential components for the- poloidal field power supply were
delivered at the end of 1982 with one exception (control system), and
successively the assembly work on DC buswork, AC cables and trays, AC
distribution/switch gears and its control wires were started. The
installation of all the poloidal field power supply were finished by
carrying out the Hie-Pot test of total system at the beginning of April
of 1983. This means the end of installation phase and the start of the
preoperational testing of poloidal field power supply. Figure X.4-4 and
X.4-5 show the installed DC interruptor for OH coil and the thyristor

convertors in the JT-60 rectifier building.
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Table X.4-1  Specifications of major compoments of
the poloidal field power supply.

Generator Vertical shaft salient pole type 1 set
Fole 16 poles
Capacity 300 MVA
Voltage 18 kv
Current 16 KA
Frequency 78-54 Hz
Flywheel affect 5,500 Ton-m
Revolution 585-405 REM
Energy yleld i.3 GJ

D.C circulte Vacuum circuit breaker 2 set

breaker Voltage 25,15 Kv
Current . 92 KA
Commutation capacity 1.0/1.7 nF

Inductive energy Reactor of iron core with air gap . 2 set

storage coil Inductance 1.12,2,32/4.56 mi!
Total inductance 8 mH
Current 92 KA
Resistance 7.5 ]
Thyristor,Diodae 0 coil and IES coil PSF1 SCR 24 pulse 101KA - 2500V
convertor PSF2 SCR 24 pulse 10lKA - 2500V
Vertical field coil PSV11,12 SCR 24 pulse 58KA - 5000V
PSv13 SR 24 pulse 58KA - 5000V
PSVR SCR 24 pulse*B.6KA - 5000V
Quadru-pole field coil  F3Q SCR 12 pulse*t25SKA 900V
Horizontal fleld coil PsSH SCR 12 pulse*+22KA 500V
Magnetic limiter coil PSM SCR 12 pulse 120KA - 1000V
*bi-polar

| i

1 75MW | SOOMVA 80-36 Hz

;

A Dk A T ]
-2500Y = -2500V =
D.C Circuit Breakers 25KV
_+92KA 3KV
| 8mH
[ES coil . _
. + .
rozka | |7TS8KA | |+osKa | [t25KA | | t22xa
| 83mH 9.9mH || LOmHK (| 32mH || |[O45mH|]
OH coil Vertical coil M coit [ 1 Q coil M_coil
Fig. X.4-1 Schematic diagram of the poloidal field

power supply.
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Fig. X.4-2 500 ton retor of 500MVA FFPS
generator being lowered into
the pit.

Fig. X.4-3 The largest transformer (150 ton) being
moved to the place in transformer yard.
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Fig. X.4-4 DC interruptor of OH coil.

Fig. X.4-5 Thyristor convertor of poloidal field
power supply,
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4.3 Toroidal field power supply

After the contract in March 1980, the ratings of the compenents
of the toreidal field power supply (TFPS) have been reexamined, and the
manufacturing of them in the works has been going on. Several components
of TFPS have been fabricated and installed at the new site already.

The manufacturing of the 215 MVA generator of TFPS was finished in
November 1982 (Fig. X.4-6). Its test under inspection of JAERI was
carried out in December 1982 to examine 1ts electrical and mechanical
characteristics required to meet the various operations of TFPS.

The flywheel of TFPS consists of six large disks having 6.6 m in
diameter and 107 tons in weight each. They have been forged and machined.
The inspection tests by the ultrasonic and magnetic particle methods were
carried out to search small defects of the disk. Furthermore, in February
1983, the inspection tests of measuring the GD? value and checking the
dynamic balance of the flywheel were carried out (Fig. X.4-7).

The installation of the generator with flywheel will be started at
the new site in April 1983.

The transformers for the 24-pulse diode convertors and the auto-
transformer for the discharge cleaning operation of TFPS were tested
under inspection of JAERT in November and in December 1982 respectively.
The AC and DC reactors for the thyristor static starter of TFPS and all
the transformers mentioned above have been installed at the transformer
yard of the new site by the end of this fiscal year (Fig. X.4-8).

The reexaminations of the control and protection scenarios of TFFPS
have been going on.

In the next fiscal year, the other components of TFPS (diode con-
vertors, thyristor static starter, etc.) will be installed at the new

site and then the systematic test of TFPS will be started.
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Fig. X.4-6 Fig. X.4-7
The generator of the toroidal The flywheel of the toroidal field
field power supply. power supply.

Fig. X.4-8 The transformers for
the 24-pulse diode con-
vertors of the toroidal
field power supply.
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4.4 Motor generator for plasma heating system

The motor generator for the plasma heating system of JT-60 is
shown schematically in Fig. X.4-9. This motor generator with flywheel
(MGF) supplies electric power for both the neutral beam injection heat-
ing system and the radio-frequency heating system. The peak power
required by the loads is about 400 MVA with released energy of abéut
2600 MJ during a pulsed operation of 10 sec. The specifications of the
MGF are summarized in Table X.4-2.

After the contract was made in March 1982, the final design examina-
tion has been continued. The mechanical design of the MGF has been
determined. The cross section of the MGF is shown in Fig. X.4-10.

The manufacture of the MGF was étarted and the forging of three
large flywheel disks having 6.1 m in diameter and 106 tons in weight
each has béen almost finished. At the new site the bases of the MGF
were set in the MG pit in October 1982. The installation at the new

site is expected Lo start at the end of 1983.

Table X.4-2 Specifications of 400 MVA motor gemerator with flywheel for plasma
heating system.

Generator Vertical shaft salient pole type 1 sat
Capacity 400 MVA
Voltage 18 KV
Current 12,8 KA
Frequency 7.6 = 54,2 Hz
Power factor 0.62
Plywheel effect {with Flywheel) 11600 ton-m?
Revolution 582 - 406.5 RPM
Energy yield 2,65 aJ
Inducticn motor | Capacity 15 MW
Control Stationary scherbius system
and Water rhecstat
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Fig. X.4-9 Schematic diagram of 400 MVA motor gemerator with
flywheel for plasma heating system.
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5. Status of Control and Diagnostic Systems

5.1 Major activities of control and diagnostic systems

Since JT-60 central controller, ZENKEI, was contracted in March 1980,
the manufacturing design and the fabrication has been actively carried
out.

All the functions of ZENKEI, such as plant support, discharge, real
time and feed back control, man-machine communication, data logging,
inter communication and fault analysis were finally set and the whole
devices, those are, computers, timing system, protective interlock, con-
soles and CAMAC interfaces were fabricated. The software for the com-
puters was also designed and made.

Testing programs were also made and used for the pre-test of ZENKEL
and the other control systems at both the factory and the site.

The control consoles and panels were installed in the central
control room and the other components of ZENKET were also assembled and
tested.

As for the diagnostic system, according to the executive plan which
was made in 1980, the whole diapnostic systems of A group were designed
and represented in the ordering specific forms and some of them were
ordered to manufacturers. The ordered systems are as follows; A-1
Flectron Density Measuring System, A-2 FIR Spectrometer Subsystem, A-3
Ton Temperature Measuring System, A-4 Impurity Measuring system, A-5
High Counting Rate PHA Subsystem, A-6 Signal Processing Subsystem for
Electro-Magnetic Probes, A-6 Visible TV Subsystem, A-7 Data Processing

System and A-8 Diagnostic Support System.

5.2 Present status of control system

During this term, ZENKEI has made its progress in establishing the
software covering the whole performance including plant support, dis-
charge control, real-time control, man-machine, data filing etc., and
the main hardware such as the computer system, CAMAC system, timing
system, protection interlock system etc., through inspection tests in
the factory, transportation to the site and positioning there.

This discharge control software has been established as a combination

of the following performances. They are,
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Handling of discharge condition and preprograms,

.

Discharge sequence control,

Checks before and after shot,

e N

. Handling of discharge data.

The discharge condition of JT-60, which is arranged for the operator
to be able to set it up easily, is hierarchically constituted of three
levels; the preparation condition (X), the executive condition (Yi) and
the subsystem condition (Zij) as shown in Fig. X.5-1.

The preparation condition X determines the preparation state of
devices necessary for executing the discharge. This condition is set up
in the discharge preparation mode. The mode shift to discharge mode is
permitted when the preparation of all devices are accomplished. The
operator can, hence, grasp the operation state of subsystems easily in
the discharge mode. This operation state is checked every 10 minutes by
the plant support computer la.

The executive condition Yi determines the total discharge sequence,
operation time sequence, repetition times of discharge, etc. There are
eight discharge types in JT-60 (experimental discharge with/without
inter-shot discharge cleaning, two types of long pulse discharge cleanings,
short pulse discharge cleaning, TDC and two types of test discharge
sequences), among which the discharge type permitted by the condition X
can be chosen, and the condition Yi is set up to the discharge control
computer {(Ib).

The subsystem condition Zij is constituted of the detail conditions
for the subsystems, the ZENKEI timing system, the real-time control and
the feed-back control computers (Ibr and IIb). The operater makes the
condition Zij in the form of physical parameter, which is converted to
the machine the operator is converted to the condition of tap exchanger
in the subsystem by using the conversion table of it. The operator can,
hence, make the condition Zij without knowledge of the detail items of
machine condition.

These conditions X, Yi and Zij are checked by the computer before
being set up to the computer Ib. The upper/lower limit, the logical
relations between their items, the comsistency of the combination of X,
Yi and Zij, etc., are checked. The table of permissibe operation range,

in which the maximum coil current, the maximum input power of NBI and RF,
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etc. are set up, is used to check the condition Zij. The items of this
table are set up according to the adjustment state to the subsystems,
the level of acquired control technique and the experimental planning.

The discharge control computer Ib supervises the total discharge
control according to the time sequence predetermined by the condition Yi,
and transmits the control commands to the subsystems, the ZENKEI timing
system and the computer Ta. The set-up of the condition Zij ('discharge
request sequence'’) and the collection of experimental data are also
conducted by the computer Ib, The ZENKEI timing system, which starts 1
minute before shot according to the command of 'start discharge', conducts
the detail time sequence before and during shot. FEach subsystem conducts
its own control sequence (NBI flashing, MG re-acceleration, etc.)
according to the command from the computer Ib and the ZENKEI timing
system, and answers the operation state to the computer Ib. The computer
Ta, which collects the plant monitoring data from the subsystems at the
constant period, collects parts of them necessary for the pre-shot checks
I and Il and the post-shot check mentioned in the following section.

Figure X.5-2 shows the safety control function of each computer and
the safety interlock system corresponding to the discharge sequence.

The items of the pre-shot check I, II and the post-shot check are
summarized in Table X.5-1.

Before starting the successive discharge sequence, the soundness of
whole system is checked in the pre-shot check I. The operation state of
the subsystems, which are determined by the condition X and the mode
condition, is checked by the computer Ia every 10 minutes, and the last
result is checked by the computer Ib in this process.

The pre-shot check IT is conducted in the discharge request sequence
(about 2 minutes before shot) where the devices of subsystems are preset
according to the condition Zij. All the answer-backs from the substems,
which check the preset state of their devices by themselves, are checked
by the computer Ib. The temperature of the vacuum vessel, the water flow
of primary cooling system, etec., necessary for machine safety, are
checked by using the process data table located in the shared memory.

The influence of discharge on the commercial power network (variation
of frequency, induction of higher order harmonics, etc.) is calculated
with the discharge condition. The prediction algorithm for an undesirable

state is under consideraticon.
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The post-shot check is conducted to confirm the soundness of whole
system after the discharge operation and to see if the discharge was
conducted as expected. Each subsystem checks the operation state after
shot, the items of which are defined in each subsystem. If all the
anwser-backs are normal and no alarm comes up, the computer resets the
"discharge alarm' status. The influence of discharge on the commercial
power network is calculated with the experimental data. This result is

to be reflected to the next discharge.
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5.3 Present status of diagnostic system

5.3.1 Introduction

Diagnostic instruments for JI-60 are divided into two groups,
Group A and Group B, according to their characteristics. The greater
part of efforts has been placed on the design and fabrication of Group
A instruments (see Table X.5-2) for the last fiscal year. Group A
instruments have been designed to meet the requirements of providing
high accessibility to the tokamak torus, Particularliy, spectroscepic,
bolometric and soft X-ray measuring units were so designed as to meet

the above requirements with sufficient compactness and standardization

in size.

5.3.2 Electron density and temperature measuring systems {A-1 and A-2)

Construction of A-1 system and A-2-a subsystem were continued and
completion will be within the fiscal year of 1984 and 1983, respectively.
The CO, laser oscillator for sub-mm wave (119 pm) laser was constructed
and the adjustment aiming at high operating power levels has started in

the firm.

5.3.3 TIon temperature and impurity measuring systems (A-3 and A-4)

A-3-c subsystem will be completed in summer 1983 and the other sub-
systems of A-3 system will be completed within the fiscal year of 1984.
The beam source test for A-3-c subsystem will be completed in FY 1983
in the firm and will be re-tested in FY 1984 at JAERI. A-4 system will
be completed within the fiscal year of 1984,

5.3.4 Radiation flux and peripheral plasma measuring systems (A-~5 and

A~6)

A-5-a subsystem will be completed in FY 1983. A-6-b, A-6-c and
A-6-d subsystems will be completed in FY 1983.

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

Data processing system for JT-60 except an inter-shot processor will
be completed within the fiscal year of 1984, The specifications for the
inter-shot processor including various softwares were fixed by the end
of FY 1982, and the inter-shot processor will be concluded within FY

1983, Diagnostic support system will be completed within the fiscal

vear of 1984,
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6. Status of Auxiliary Systems

6.1 Secondary cooling system

The manufacturing of machinery of the secondary cooling system was
finished in July 1982 as scheduled. After the inspection, it was
transported from the factory to the Naka site and the installation work
was started. The erection work of this system was finished as scheduled

in March 1983.

(i) Cooling tower

The comstruction work of the cooling tower was started in December
1981. After furnishing blowers, eliminators, and other components, it

was completed in November 1982,

(ii) Main pump of cooling system and water treatment system

The installation of pumps and water treatment system and the
construction work of piping were started in July 1982 and were completed

in February 1983.

(iii) Electric equipment and control system

Main electromotor (high voltage system) and cables were also
installed and the testing of individual compeonent was carried out.
After the installation of the central control system (ZENKEI), the
control subsystem of the secondary cooling system will be connected

with ZENKEI and linkage test will be started from April 1983.

6.2 Power distribution system and emergency power supply

The system of power distribution and emergency power supply were
completed in the factory in August 1982, After the inspection by JAERI,
this system was transported to the Naka site, and the installation was
finished in December 1982,

The power line diagram for the system is shown in Fig. X.6-1,
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6.2.1 Power distribution system

The installation of high tension system (6.6 kV M/C) and low
tension system (400 V, 200 V P/C) was begun in August 1982, and in
December, the electric endurance test was done. Receiving of electric

power from the central substation was started in December 1982.

6.2.2 Emergency power supply
High tension system (6.6 kV M/C), low tension system (400 v, 200 V

P/C) and no break power supply system were installed in January 1983.

The battery system was also installed in the rectifier building.

6.2.3 Control system

Control devices including operation monitoring system and CAMAC

system were already installed.

The component test of these systems were started in December 1982
and ended in March 1983. The static type invertor (CVCF) is now in the
long term test. After the component tests, this system is comnected
with other subsystems of JI-60 and various items will be tested to
verify its performance. This is scheduled to start in April 1983.

A schematic diagram of the power distribution system and the

emergency power supply is shown in Fig. X.6-2.
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7. Status of Heating System

7.1 Construction of neutral beam injectors (NBL) for JT-60

For additional plasma heating, 20 MW neutral beam injection system
is plamned. The number of injector units is 14. Each unit is designed
to inject a 1.43 MW neutral hydrogen beam into the plasma for 10 sec,
using two ion sources rated at producing a 75 keV, 35 A ion beam.

The total system consists of 14 beam line units, 14 power supply
units, a helium refrigeration system, a liquid nitrogen supply system,
a cooling water circulation system, auxiliary evacuating system, and
their control and diagnostics system. Figure X.7-1 shows a cross
sectional view of the JT-60 neutral beam injector, where two injector
units (a lower unit and an upper unit) are shown.

Each injector unit is composed of tweo ion sources, two neutralizers,
a reflecting magnet, magnetic shields, a beam dump, a water jacket, a
calorimeter, a fast shutter, and six plates of cryopump.

Refining the design is still continued. In 1982, a contract was
signed for the construction of liquid nitrogen transferlines, water
cooling lines, and the sole plates of the beam line chamber.

Construction of the lines were completed in March 1983. The sole

plates are now under construction, and will be completed in August 1983.
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7.2 Radio frequency heating system in JT-60

The specification of the RF heating system was accomplished in FY
1982. Specifications of the system are described in Table X.7-1. The
RF heating system consists of three LHRF units and one ICRF unit.

Recent success in the second hamonic ICRF heating experiment on the
RLTl) device have raised up the power and the frequency of ICRF unit in
JT-60. The latter item makes it possible to use the waveguide system in
ICRF system., BFight tetrodes per one unit is planned to equlp for the
ICRF power source in JT-60. ‘The frequencies are 110 MHz, 120 MHz and
130 MHz, which are for the second harmonic ion cyclotron frequency in
JT-60 toroidal magnetic field strength. Figures X.7-2 (a) and (bh) are
the top views of the ICRF ridged type wave guide launcher in JT-60 with
and without Faraday shield, respectively. The pessibility to use this
ridged waveguide structure in JT-60 depends on further theoretical
considerations of the ridged waveguide system and also the results of
the JFT-2M ICRF coupling experiments using the parallel plates similar
to the ridged waveguide system in JT-60,

A part of the primary water cooling pipes and the coupler system
for JT-60 RF heating facility were constructed by the end of March 1983,
not to interfere other JI-60 instruments, since other torus instruments
will be located prior to the additlonal heating facility itself. These
are the primary water coeling pipes in JT-60 underground ducts, the high
temperature nitrogen gas pipes and the vacuum pipes for the coupler
system in the pumping room and in the PIG power supply room, sole plates
for scaffolds of the coupler system in the torus hall and the cable trays

in the heating ducts I and II.

Reference :

1) D.Q. Hwang, et al., paper IAEA CN-41/11, at the 9th International
Conference on Plasma Physics and Controlled Nuclear Fusien Research,

Baltimore, September 1932.
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Table X.7-1 Specifications of the RF heating system for JT-60

LHRF LCRF
Number of unit 3 1
Frequency 1.7 - 2.3 GHz 110, 120, 130 MH=z
Injection power 10 Mw
RF pulse length 10 sec
Duty : 1/60
High power amplifier Klystron Tetrode
(8 tubes/unit) (8 tubes/unit)
Launcher Phased array of T-Shaped
waveguide ridged waveguide
(4 vows x 8 columns) (2 rows)
Wavegulde size 115 mm % 35 mm 496 mm x 320 mm
Baking temperature 400 - 500 °C

with Faraday shield

without, Paraday shield

~

guard limiter

= =)

—

51 0mn

370m

\\‘
(a) (b)

Fig. X.7-2 Top of the launcher in JT-60 ICRF.
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8. Vacuum Technological Development for JT-60

8.1 Introduction

The JT-60 device created a necessity for solving new problems in
the vacuum and surface technological area. They include elaborate
surface preparation such as coating of low-Z materials and cleaning,
and leak hunting techniques for the large vacuum vessel and componentsl).
In this fiscal year, significant progress was made with the deve lopment

and testing of full-sized TiC-coated walls, an in-situ coating device

and a leak location device,

8.2 Development and testing of TiC-coated first walls?)

From the small sample tests performed in FY 1981, titanium carbide
was chosen as the coating material for the first stage use in JT-60
since CVD-TiC on molybdenum and PVD-TiC on Inconel produced a favorable
result in both refractory character and coating - substrate adhesiom.
In FY 1982 the effort was mainly directed to the improvement of CVD
method to find out how to reduce the deposition temperature and to the
ascertainment of the industrial capability to massproduce coatings on
full-sized first wall structures for JT-60. 1In this development, the
temperature of TiC deposition could be successfully reduced to about
900 °C where recrystallization of molybdenum was found to be inconsider-—
able (see Flg. X.8-1). Figure X.8-2 shows TiC-coated first walls (a
fixed limiter and an armor plate) prepared after the new CVD method.

2)

8.3 Development of an in-situ coating device

Tn~situ coating techniques are also being prepared for the repair
of TiC-coated walls which will be eroded or damaged by plasma wall
interactions. This project is intended to develop a new device which
can work not only for the recoating of the first wall in its entirety
but also for the repair of small areas of the wall according to the cir-
cumstances. The coating method must fulfill selfish conditions such as
low deposition temperature (<400 °C) and low working gas pressure
(<5x10 ° Torr). Im the JT-60 device, four vertical ports of 20 cm in

diameter, about 90° toroidally apart each other, will be provided to

to mount coating devices.
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In FY 1981 a reactive evaporation method using Ti and CpHy was
found to fulfill the above conditions and te produce a favorable result
in chemical composition and structure of the coatings. TIn order to
apply this method to the JT-60 torus vessel, it is required to develop
a large Ti-vapor source which can be inserted from the port through a
vacuum lock and handled with ease in the vessel. Figure X.8-3 shows a
conceptual design of the in-situ coating device now under development

and testing for JT-60.

8.4 Development of a leak location device

Tf vacuum leaks occur during machine operation due to applied
stresses or plasma wall interactions, it will take a lot of time to
locate and fix the leaks and to recover a clean wall condition. After
the preliminary experiment in FY 1981 by using JVX-II, it was planned
to develop a small manipulator with built-in motors, improved unidirec-
tional gauges and their control systems. Figure X.8-4 shows a prototype
manipulator under testing in atmospheric pressure which was developed in

Fy 1982,

8.5 Performance tests of metal-sealed gate valves™)

Nearly 100 metal-sealed gate valves of 9 — 30 cm in gate diameter

will be installed in diagnostic ports of JT-60., Performance tests of a
prototype 20 ¢m valve were made from FY 1978 through 1982. The vibration
test in closed position showed that the maximum acceleration to the valve
is limited to about 3 G because the sealing materials suffer from frett-
ing corrosion at higher accelerations. Table X.8-1 shows a relation
between cleanliness in assembly rooms and a sealing characteristic after
assembly. These results were reflected in the design and fabrication of

the valves and will be considered for the JT-60 operation.

References

1) Y. Murakami, Proc. 9th Intern. Vacuum Congress (Madrid, 1983)

2y Y. Murakimi, T. Abe and H. Nakamura, J. Nucl. Materials 111 & li%
{1982) 861

3) T. Abe, K. Tnagawa, K. Obara and Y. Murakami, Proc. 12¢h Symp. on
Fusion Technology (Julich, 1982) p.221

4) K. Obara, T. Abe, Y. Murakami, M. Yamamoto, M. Shimizu, K. Chiba
and K. Itoh, J. Vac. Soc. Japan 26 (1983) 435 (in Japanese)
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Table X.8-1 Relation between cleanliness in
assembly rooms and leak amount
after assembly.

Cleanliness¥ Leak amount (Pa-m’/sec, He)

at lst closure at 100th closure
2.2 x10° < 1.3 x 10-!! < 1,3 x 1p7!¢
1.8 x 10° 5.7 x 107° 1.1 x107°
7.5 x 10° 1.2 x 1078 2.9 x 1077

* number of dusts (20.5 um) in a volume of 1 frl.

i Lol A

o

Ng.
)

AFTER COATING

Fig. X.8-1  Photomicrographs of the structure of
molybdenum plate befcre and after
ceating of TiC by a new (VD method.
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9. JT-60 Experimental Planning and Plasma Consideration

9.1 Experimental program and schedule

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

and are briefly summarized as follows:

1. Preliminary Experiment

2.7 MA discharge with and without diverteor
NBI, ICRF and LHF heatings

RF current drive

2, Reactor Like Plasma Experiment

nTp = (2-6)x10%% m3s
T =5 -~ 10 keV

Ph = 30 MW
t=5-10s
Vp =60 m?3

3. R & D for Reactor Core Plasma Experiment

a) Impurity Control with a High Power & Long Pulse Heating
Simple Poloidal Divertor
Boundary Plasma Control

First Wall Material

b) Long Pulse & High Power Heating
NBI (20 MW/75 - 100 keV/10 )
LHRF (7.5 MW/1.7 - 2.3 GHz/10 s)
ICRF (2.5 MW/Wave Guide) ——

L—s— Modification

c¢) Tokamak Plasma Improvement

RF Current Drive

— 157 —



JAERTI—M 83— 182

High B8 (4 % with By = 4.5T, profile control)

Disruption Control
4, Advanced Experiment

9.2 Plasma control

In a large tokamak, careful plasma control is essential not only
for production of a high quality plasma but also for safety and machine
protection. From this point of-view, as well as for the position and
shape control of a plasma, the real time control system is employed for
other important features, e.g. controls of separatrix configuration,
heating power, gas influx and disruption. All diagnostic instruments
can be used as sensors for the real time control system to supply feed-
back informations to the major actuators; the poloidal ceil system,
divertor coils, hydrogen and impurity gas supply systems, 14 NBI injectors
and 4 units of RF systems. Disruption control and soft plasma quenching
will be intensively investigated as well as control of conventional plasma
parameters,

A shallow poloidal divertor study is one of the most important
experiments in JT-60. Then a dynamic simulation code for the divertor
configuration control has been developed. The main flow of this code is
shown in Fig. X.9-2.

A typical magnetic configuration with the divertor is shown in
Fig. X.9-3. In this configuration, the separatrix magnetic surface has
not to intersect any material except the divertor plate and following

geometrical factors have to be controlled.

Rp*: plasma center position (Fig. X.9-3)

§3g9¢ the most serious clearance between the separatrix magnetic
surface and the toroidal limiter (Fig. X.9-3)

8¢ : clearance between the separatrix and the surface of the
main divertor coil (Fig. X.9-3)

Xp : position of the separatrix magnetic surface on the divertor

plate (Fig. X.9-3)

Control of these geometrical factors is numerically studied in detail

and the results are summarized as follows: The plasma center position
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R,* can be controlled by modifying a conventional method of a circular

P
tokamak and only by a method such as the feedback control of vertical
magnetic field By. The clearance 6§39 is rather complex but can be
essentially controlled by changing n index (n = 7%? 7;;) which is a
strong function of quadrupole coil current. Since the throat clearance

8¢ has a dependence of magnetic field pattern in the divertor chamber,

the poloidal field directlion at a sultable position (Bp/Bm in Fig. X.9-3)
gives a rather accurate value for &; under a wide range of discharge
conditions (Fig. X.9-4). The position of the separatrix on the dlvertor
plate Xp is a linear function of &g, i.e. xp = 4.2(8¢-4) + 1 cm. The
separatrix magnetic surface, therefore, can be controlled by using Bp/Bm
in the divertor chamber. Dynamic analysis shows that the magnetic
configuration with the divertor can be controlled by using magnetic
sensors and by regulating various poloidal coil currents during current
build-up phase, heating phase and also quenching phase. Even during a
disruption, the divertor configuration can be maintanined by shell

effect of the vacuum vessel when the plasma position and the reduction

of (Bp-kii/Z) are reasomable, e.g. A(Bp-kii/Z) < 0.6 and Rp* = 320 cm,
where Bp and %; are poloidal beta and internal inductance, respectively.
In a high Bp plasma cperation, A(Bp-kii/Z) becomes unity. Then the in-
ward shift of a plasma column is so large that the configuration moves
easily from a divertor configuration to a conventional ome. In this case,
the plasma position can be regulated to a correct position and the
divertor configuration is recovered during 20 msec by controlling vertical
field.

In order to reduce the time averaged heat flux density on the divertor
plate or to change neutral particle conductance between the divertor and
the main chamber, the separatrix magnetic surface can be moved from &, = 2
cm to §¢ =6 cm or from x,=-9 cm to x, =+8 cm during 70 ms. If we take
into account a finite width of the scrape-off layer, this scanning range
has to be limited. For this reason, a direct measurement of heat flux
profile onto the divertor plate will be done by using infrared cameras

from the initial phase of experiment and the heat flux profile will be

directly controlled in the heating experiment.
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9,3 Plasma consideration

Ripple transport of confined banana particles in a very low
collisionality regime.

Goldstone, White and Boozer have theoretically found a limit on
field ripple for particles with large banana sizel), which is approxi-

mately given by

- : | (1)

6 =
€ (Nemq/e) ¥ 20q"

where p is the gyroradius, e the inverse aspect ratio, ¢ the safety
factor and q' = dgq/dr. The particle whose banana tip is in the region

8 > 8¢ : (2)

is predicted to be lost in a very short time because of collisionless
stochastic orbits. The diffusion coefficient of banana particles in the

region § > 8, is given by the ripple-plateau diffusion, that is,

(Arm)?
RP o, 2
DRY v — (3)
where Arp is the radial displacement desecribed byl)
Arp = (Ntv/sineb)llz(qle)afzpé . (43

with 6}, the poloidal angle of the banana tip.

In a large tokamak with low field ripple or with high plasma current,
most of banana particles are in the region ¢ < &g (non-ergodiec). There-
fore, the ripple tramsport of those confined banana particles becomes
very important for the high energy (large banana size) particle confine-
ment. Here, we show the diffusion ccefficient pCB for non-ergodic banana
particles (confined banana particles) in Fig. X.9-5. The diffusion co-

efficient is defined as
1 d
pCB = E’EE'[ %(ri,— <r>) wi/EEWi] ,

where
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<r> = Trywi/ Ivj ,
L

th . the particle

i
density weight. It is found that DCB in this region is propertional to

ri is the radial position of the i test particle and w
the ion collision frequency v and 1s in the order of 107! m?/s which
is about 10 ~ 100 times larger than the axisymmetric neoclassical
transport coefficient DNC, but much less than DRT,

The pitch-angle change corresponding to the reduction of toroidal

angle Ay = m/Ny of a banana'tip can approximately be written as

rsinbp 1

ATy ™ Ry + r Nyq sin2g (3)
and the effective collision frequency is given by
Veff = [ﬂ/(ZAC¢)]2vi- (6)

Then the diffusion coefficient for confined banana particles is roughly
given by

C

DB w (28rp) vers

" W(Nt/sineb)3(q/e)5sin22c(p6)zvi . (7

The solid line in Fig. X.9-5 is the diffusion coefficient calculated by
the above expression. The analytical diffusion coefficient agrees well
with the numerical one. Tt should be noted that DP has a very strong
dependence on (q/e). The numerically derived diffusion coefficients are
shown in Fig. X.9-6 as a function of the safety factor (. These values
agree well with the analytical DB of eq. (7) (the soild line in Fig.
X.9-6). This dependence of pCB on q indicates that the plasma current
is a very important parameter for the containment of charged fusion

products.

Reference

1) R.J. Goldstonme, R.B. White, A.H. Boozer: Phys. Rev. lett. 47 (1981)
647 .
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Fig. X.9-2 Main flow of dynamic simulation code.
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§¢ vs. By/By in a wide range
of discharge condition.

8¢ ¢ clearance between sepa-
ratrix magnetic surface and
main divertor coil (see Fig.
X.9-3)

B /B, : magnetic field direc-
tion in divertor chamber

Ip, Iy and IQ : plasma cur-
rent, main divertor ceil
current and quadrupole field
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10. JT-60 Operation Program

The basic scheme of operation and maintenance was investigated
succeeding to the efforts made in FY 1981. The standard cycle of JT-60
operation was set as a perlod of two weeks. A yvearly plan of JT-60
operation is shown in Fig. X.10-1., Manpower and budget required for
operation and maintenance were estimated based on this JI-60 yearly
plan.

JT-60 is composed of a large number of equipments. They are
operated selectively in accordance with experiment. A computer code
was developed which can draw the operation schedule of selected equip-
ments for one cycle operation of JT-60.

Preparation of JT-60 operation manuals was started in 1982 which
would be used and revised in operation training during the performance

test. These operation manuals will be completed in March 1985.
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XI. DESIGN STUDY OF THE NEXT GENERATION DEVICE

1. Fusion Experimental Reactor (FER)

1.1 Introduction

Conceptual design studies of the Fusion Experimental Reactor
(FER)liz) have been performed at JAERT in line with a long-range plan
for fusion reactor development laid out in the new long-term program of
the Atomic FEnergy Commission issued in June 1982, The FER is an experi-
mental tokamak reactor succeeding the ltarge tokamak device JT-60 with
a major mission of realizing ignited DT plasma and demonstrating engi-
neering feasibility of fusion reactors including tritium breeding. The
objectives and characteristics of the FER have been identifiec¢ by the
Review Subcommittee of Long-Term Strategy established under the Nuclear
Rusion Council of the Atomic Energy Commission. The design of FER 1s
conducted under the following guidelines: (1) to reach a DT ignition
with a rather moderate neutron wall loading, (2) to obtain a breeding
ratio of above unity and (3) to be designed with cost/benefit considra-
tions.

The reference design of the FER is based on a D-shaped tokamak
plasma with a double-null divertor. The major design parameters are
listed in Table XI.1-1. The heating is provided by neutral beam injec—
tion (BNI) and radiofrequency (RF) heating. The superconducting coil
system with the poloidal coils placed external to the toroidal coils is
enclosed in a semipermanent common cryostat vacuum chamber (belljar type).
Plasma parameters were determined by optimization studies with plausible
plasma-physics and engineering restrictions such as confinement scaling,
beta limit, divertor configuration and maximum magnetic fields on super-
conducting magnet. Priority is given to the divertor concept for impurity
control and ash exhaust in view of its credible physics data base. A
double-null divertor configuraticn is employed to reduce the major reactor
radius and also to improve the coupling between OH coils and the plasma,
since it will have a thinner scrape-off layer at the inboard plasma sur-
face than a single-null divertor. Tritium breeding blanket, with Lis0
as breeding material, is installed all around the plasma and at the back

side of divertor chambers to enhanced breeding ratio.
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Three torus structure reference design options (4,B,C) are being
developed to evaluate their configuration and design impacts when con-
sidering requirements of shield structure, space reduction, plasma
vacuum boundary and assembly/disassembly. Figure XI.1-1 shows the
vertical view of the FER for option A in which the outboard shield is
separated into a TF coil shield and biological shield, and the plasma
vacuum chamber and the superconducting coil system cryostat chamber form
a common boundary in the inboard, top and bottom areas. For option B,
the shield is divided into a semipermanent inboard shield and removable
outboard sheild, the plasma—vacuum boundary is installed at the permanent
shield and the access door (based on the INTOR-J concepts)). The shield
of option C is integrated with the cryostat and the location of the
plasma vacuum boundary is similar to that of option B.

In parallel with the reference design studies have been initiated
to evaluate advanced reactor concepts such as pumped limiter and RF
current drive, and comparative studies for single-null divertor/pumped

limiter.
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Table XI.1~1 Major Design Parameters.

Power
Fusion power (MW) 440
Average neutron wall leading 1.0
(MW /m?)
QOperation
Burn time(s) 100
Duty factor(X) 50 ~ 70
Availability (%) 25 % 50
Neutron fluence (MW-y/m?) 3
Plasma

Major radius(m)

Plasma radius(m)

Plasma elongation

Burn average beta(total) (%)
Plasma current (MA)

Safety facotr{qy)

Average ion temperature(keV)

.

WA+ n

[V S EPR TR T RSP
- . O . . .
oW

Average ion density(m™3) 4 x 10%°
Energy confinement time(s) A
Toroidal field on plasma 7
axis(T)
Divertor Plates
Total energy(MW) 40
Particles(s™!) 1.4 x 107%*
Temperature near plate(eV) 30
Average energy of ions(eV) 135
Ratio of heat to outer to 4
. 1inner
Heating
NBI/RF power (MW) 30/30
Plasma Disruption
Disruption number 1000
Total Energy deposition(MJ}) 180
Energy to first wall(MJ) 120
Energy to divertor(MJ} 60
Time constant for energy 5/15
deposition to divertor/
first wall(ms)
Current decay constant(ms) 15
First wall/Blanket
Surface heat flux(W/em?) 12
Nuclear heating rate(W/cc) 10
Structural material 316 SS§
Maximum temperature{(°C) 350
Breeding material 11,0
Breeding temperature(°C) 400 v 1000
Tritium breeding ratio 1.05
Coolant HoO
Toroidal Field Coils(TFC) :
Number 14
Conductor Nb4Sn, NbTi
Maximum field(T) 12
Pololdal Field Coils(PFC)
Location external to TFC
Conductor NbTi
Maximum field(T) 8
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1.2 Plasma design

The major plasma parameters shown in Table XI.l-1 are the same as
the previous year, since no big changes in daté base emerged in the
reporting year. Some changes were observed in the plasma confinement
performance, i.e. confinement time and beta value. The high beta
results of 4.5 % obtained in Doublet III elongated plasmas consolidate
the data base of tokamak plasma, and the so-called H-modes obtained
diverted discharges improve the confinement time deteriorated by the
NBI heating of MW level. Those .changes, however, are not so remarkable
to reconsider the FER plasma parameters, and they rather approach the
expected one. Considerable improvements have been made in a noninductive
current drive using radio frequency waves, particularly lower hybrid
resonance range of frequency. The FER with the current drive concept was
preliminarily designed as an advanced option.

Small changes in plasma specification are in a disruption scenario
and divertor plasma parameters. New parameters of the divertor plasma
reflect recent results of both divertor experiments and improved theo-
retical analyses, i.e., high-density and low-temperature plasmas in
front of the divertor plates. The change in the disruption scenario
also reflects the recent observations of disruptions. During the
initial stage of the disruption before inward movement of the plasma
column, around a half of the plasma kinetic energy is specified to flow
into the divertor/limiter plates.

Major studies on the plasma design have been concentrated on
impurity control, plasma vertical control, and plasma design adopting
the RF current drive.

Both of the divertor and the pump limiter have been studied in
parallel as plausible candidates for impurity control and helium ash
exhaust in FER. The overall assessment on the limiter, including physics
and engineering, has been performed, e.g. scrape-off plasma parameters
realized in the limiter plasma, the necessary pumping speed, heat and
particle fluxes onto the limiter plate, the desirable limiter shape, and
the limiter life. The major results are as follows: (1) the electron
temperature in the scrape-off layer decays rather rapidly with the
typical decay length of about 2 cm, while the density distribution is
fairly broad, (2) This long density decay length ease the pumping require-

ment and the pumping speed less than 1% 10° 2/s could be enough to keep
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the helium accumulation less than 5 % in the plasma, (3) The electron
temperature at the separatrix is rather high, 400 - 500 eV, even with
a gas-puffing fueling, and the high temperature operation:. regime (700 -
900 eV) could be realized by large pumping and ideal pellet injection,
(4) limiter materials are limited to low-Z, and the life time of the
limiter plate could become very short, e.g. half a year.

The divertor plasma analysis code has been developed. The scrape-
off plasmas are described by the particle, momentum and energy balance
equations along the magnetic field line. The neutral particle behavior
is calculated by the Monte Carlo method. The self-consistent solution
can be obtained by the iterative procedure between the scrape—off plasma
and the neutral particles. The code 1s found to explain fairly well
the experimental results such as Doublet III, i.e. high-density and low-
temperature plasmas in fromt of the plate. The typical results of the
FER divertor plasma are shown in Fig. XI.1-2. The fairly low temperature
in front of the plate is expected to ease some difficulties on the
impurity control issue.

Studies on control of plasma vertical position, which is inherent
in the strongly eleongated plasma, have been progressed., The position
control needs both of the passive shell structure for fast motions and
the active control coils for slew motions. The former passive shell
structure must satisfy following various requirements: (1) multi-divided
structure ensuring maintenance and assembly, (2} not te deteriorate the
breeding efficiency, (3) to be consistent with the disruption scenario,
(4) to provide sufficient shell effect. The potential candidate for
the shell structure is illustrated in Fig., XI.1-3, and further detailed
studies should be necessary.

A continuous or quasi-steady operation of FER is desirable, and so
the possibility of steady FER was studied as an alternative. The most
realistic method for FER with a non-inductive current drive will be using
the lower hybrid range of frequency wave, which demonstrated experimental-
ly the current sustain, ramp-up, although it has difficulties in high
density plasmas as of now. The following two scenarios were studied in
detail; (1) Scenario I, in which the burn phase is the same as the
reference, i.e., inductively, and the start-up and the intermediate
between two consecutive burn phases are operated by the RF current
drive, (2) Scenario II, operated completely by the RF.

The plasma and RF parameters optimized for minimizing the recharge
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time of OH coils in the intermediate phase of Scenario I and for maxi-
mizing the energy multiplication factor in the burn phase of Scenario

II are shown in Table XI.1-2.

Table XIL.1-2 Plasma and RF parameters for advanced
alternative FER option with non-inductive
current drive.

Plasma and RF parameter. Scenario 1 Scenario I
Av. Plasma Temp. (keV) 6 22

Av. Plasma density (1/w?) 3.4 x 10** 5.2 x 10*®
RF current (MA) 28.5 5.3
RF power (MW) 14 38

RF frequency _(GHz) 3.8 13.2
RF refractive index 1.04-3.1 1.56-1.6
Recharge £ime (s/volt.s) 3.3 —

§ value . (s) e 4
Burn time (s) 1800 =
Dwell time 300 —_—
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Fig. XI.1-3 Structure of a new rectangular shell.
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1.3 Engineering design

1.3.1 Torus structure

Design of the torus structure must provide for a sound support
structure for all the reactor components, provide the proper wvacuum
topology, and allow a simple repair and maintenance scheme for the
reactor modules. The torus structure of option A can be explained as
follows with the help of Fig. XL.l1-1.

The centering force of the TF coils is conveyed to a center column
through support rings. Antitorque beams to support the overturning
moment In the TF coils are placed at the upper and lower parts leaving
all the openings between TF coils available for the maintenance procedure.

Both vacuum chambers for the plasma and the superconducting coil
system (cryostat) have a common boundary except in the outer region where
the access doors are located between TF coils. The major difference
between the common vacuum boundary concept and the separate concept, in
which the above chambers are installed independently, may appear in the
bakeout capability, the tritium leakage from the plasma chamber into
other regions (the cryostat and the reactor room) and most importantly
the radial build of the torus.

The blanket-shield system consists of fourteen sectors which is the
same number as the TF coils. FEach sector is divided into three mcdules
hecause of the limited space of the T¥ coils window. Construction of a
sector is shown in Fig. XI.1-4, The three modules include a large central
module of about 180 tons and two small side modules of about 60 tons
each. They are connected to each other by key structures maintaining
the necessary one—turn resistance by inserting ceramic coated metal
multilayer sheets. TFor disassembly of the blanket-shield system, after
cutting cooling tubes and lip welding for vacuum seal, the central module
is extracted by single straight line motion and, the side module is
initially rotated in the toroidal direction and then extracted by the
same motion as the central module.

The upper and lower divertor systems are divided into 21 modules.
Through & maintenance port located at the upper and lower regions on
every other TF ceoil window (other windows are for pumping ducts), three

modules (one central and two side) are extracted.

— 177 —



JAERI—M 83— 182

1.3.2 TFirst wall and blanket

A configuration in which the first wall is integrated with the
blanket is selected as a reference design. It leads to a simpler struc—
ture and higher tritium breeding ratio than the separated type. Figure
XI.1-5 shows the cross sectional view of the first wall and blanket.

The first wall is formed with a plate having rectangular shaped cooling
channels in it. The thickness of the first wall should be determined so

that the following requirements are satisfied,

1) The expected lifetime should be long enough tc avoid scheduled re-
placement of the first wall and blanekt. The first wall will be
eroded by about 6 — 9 mm during the reactor lifetime (depending on
scrape-off plasma conditions) due to sputtering by neutrals.
Evaporation caused by high heat flux accompanied with plasma dis~

ruption 1s not significant in our case.

2) Thermal stress due to temperature gradients in the first wall must
be lower than the maximum allowable stress which is determined by
thermal fatigue for A5 x 10° ecycles. This problem can be eased if
we employ grooved structure for the first wall. However, there is
some concern about the first wall (blanket vessel) ridigity against

the internal pressure (He purge gas pressure),

3} The thickness of the first wall should be thin enough to provide a

tritium breeding ratio larger than unity.

After completing detailed two and three dimensional thermal stress
analyses, an erosion rate evaluation and an extensive neutronics survey
calculation for tritium breeding ratio were also performed. Tt is found
to be rather difficult to satisfy all of the above requirements at the
same time. We selected a reference design which satisfies only require-
ments 2 and 3. The first wall and blanket need to be replaced once
during the FER lifetime.

The cooling system of the blanket is designed under the restriction
that the temperature of the breeding material (Li;0) be controlled within
the range of 400 - 1000 °C. The minimum temperature can be kept high
enough by the thermal resistance between cooling tubes and sleeves around
them. Although the design is made assuming 0.5 of duty factor, sound

temperature control is attainable even when the duty factor increases up
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to 0.75. Table XI.l1-3 shows the maximum and minimum temperatures of
breeding material in four cases of reactor operating scenario.

Another requirement for the first wall and blanket is to provide a
shell effect in order to control plasma position passively. A few
structural concepts are now investigated.  We show here one of the
concepts in which the conducting shell consists of a lead layer in the
front part and copper plates on the side wall of the outer blanket
vessel. 1In this conducting shell, which provides about 20 msec of plasma
vertical positional instability growth rate, large electromagnetic forces
are caused by the plasma disruption. The maximum electromagnetic force
is estimated to be 35 kg/cm2 which appears on the side wall of the outer
blanket. The stress in the first wall and blanket vessel caused by this
force is evaluated using the NASTRAN code. The maximum stress appears
on the inboard side first wall and is estimated to be 20 kg/mm? (membrane
+ bending), Since this value is marginal, further detailed analysis is

required.

1.3.3 Neutronics

Net tritium breeding ratio greater than 1.05 has been obtained with
the use of 5 cm Pb multiplier zone in front of the Li,0 blarnket. The
enrichment of °Li was 3¢ %. The impact of the blanket material hetero-
geneity effect on tritium breeding ratio was found to be small enough
by two-dimensional caleculations.

Bulk shielding design is conducted to protect the superconducting
TF coils from radiation damage and nuclear heating. The dose rate dis-
tribution around a TF coil for the option C design one day after shutdown
following 2 years of continuous operation is shown in Fig. XI.1l-6. The
neutron streaming effect through the insulator zone in TF coil prohibits
persomnnel access to the reactor. Additional shield or some change in

the design of the insulator zone is necessary.
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Table XI.1-3 Maximum and minimum temperature of

breeding material (Li,0)

t(sec) t(sec) duty T(°C) T(°C)
case
-burn- —dwell- factor max. min.
1 160 : 100 0.50 741 490
2 200 160 0.67 518 592
3 300 100 0.75 992 635
4 100 50 0.67 863 652
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2. INTOR

INTOR activity corresponding to INTOR Workshop of Phase 2A, Part 1
was continued. The major objective of this phase is that the major
critical issues identified in the conceptual design during Phase 1 were
concentratively assessed aiming size-minimization and high efficiency of
the reactor. The studies on them have been almost finished, and the
Japanese contributions to INTOR Phase 2A-1, which support the report of
INTOR to be published from TAEA, were compiled. The major parameters
are shown in Table XI1.2-1 and its cross section is illustrated in Fig.

XI.2-1, The major results of assessment are as follows.

(1) The RF (Ion Cycrotron Range of Frequency) heating is adopted as
a reference instead of the NBI heating, which was chosen for the
conceptual design of Phase 1. This choice needs the strong
promotion for the RF heating research and development, and also
expects a steady improvement on the NBI heating as a back-up

option.

(2) The divertor concept is decided to be continued as a reference
for impurity control, from concentrative comparative studies
between the divertor and pump limiter. High density and low
temperature divertor plasmas, which were demonstrated in the
recent divertor experiments and are intensively analyzed
theoretically, could ease engineering difficulties on the divertor
plates. On the other hand, the limiter, which is a strong candi-
date in future tokamak reactors, has some difficulties in tempera-
tures of scrape-off plasmas and limiter materials. The research
and development on the limiter should be continued in parallel with

the divertor.

(3) The breeding blankets employing lithium oxide were designed as a

reference,

(4) The bore of the toroidal coils is reduced by 15 7 in their area
compared with the conceptual design of Phase 1. This induces
the reduction of the power supply for the poloidal coil system.
Those reductions result in major factors cutting down the capital
cost. The reduction in size of the toroidal coils is realized by

inceasing toroidal field ripple up to 1.2 %, which enhances the
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loss of alpha~-particle up to around 10 Z.

(5) A universal design concept, which can accomodate the divertor
or the limiter as shown in Fig., XI.2-1, is adopted for future

critical issues studies in the INTOR workshop.

(6) The cost sensitivity analysis is performed changing major para-
meters such as toroidal field ripple, heating method (NBI - RF),
impurity control (divertor - limiter), and so forth, from a
reference of the conceptual design. Tt is found that the capital
cost is reduced by 20 % by employing the reduced toroidal coils
and the RF heatihg, and it seems that the major objective of the

Phase 2A-1 has been accomplished,

The INTOR Workshop will be continued the same way as the Phase 2A-1,
and the major critical issues, such as RF heating and current drive,
impurity control, transient electromagnetic analysis, maintenance and so
on, will be concentratively assessed aiming reasonable and efficient

INTOR durling the Phase 2A-2 in two years.
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Table XI.2-1 Major delsgn parameters of INTOR

Plasma major radius (m)
Plasma minor radius (m)
Plasma elongation -
Plasma volume (m®)
Axial torocidal field kT)
Plasma current {(MA)
Average ion temperature (keV)
Average ion density (10%°/m®)
Energy confinement time (sec)
Average beta (%)
Q value
Peak fusion power (MW)
RF heating power (MW)

ICRF (85 MHz)

ECRF (140 GHz)

Burn time (sec)

Duty cycle (%)/Availability (%)

Neutron wall load (MW/m?2)
Toroidal magnetic field coil
Poloidal magnetic field coil
Divertor

Tritium consumption (kg/year)
Initial tritium inventory (kg)

Tritium breeding ratio
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A,2 Persommel of the Center

A.2.1 Number of the Staff of the Divisions

FY 1980 FY 1981 FY 1982

Regular staff - 171 185 220
Staff on loan > 20 32 30
Guest scientist 3 5 3‘!:3
Scholarship fellow 5 1 1

%1 Including scientists, technicians and secretaries.
%2 From industry
#3 One from Nihon University

Two from University of Tokyo

A.2.2 List of Scientific Staffs and Officers during FY 1982

Fusion Research Center

(a)

TS0 Yasuhike (Center Director)

Division of Thermonuclear Fusion Research

OBATA Yukio (Head)
TANAKA Masatoshi (Deputy Head)
HAYASHT Takashi (Administrative Manager)

Plasma Theory Laboratory

AZUMI Masafumi (Senior Scientist)
HARAFUJI Kenii % (Scholarship Fellow)
ITOH Kimitaka
KUMAGAIL M:i.c‘nikazux2
KURITA Gen-Ichi

4,

TAKEDA Tatsuoki (Chief)
TAKIZUKA Tomonori
TOKUDA Shinji
TSUNEMATSU Toshihide
TUDA Takashi
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Experimental Plasma Physics Laboratory

TANAKA Yuji (Chief)
FUNAHASHT Akimasa (Principal Scientist)

% JFT-2 and JFT-2M
HOSHINO Katsumichi
KAWASHIMA Hisato
KIMURA Haruyuki
MATSUMCTO Hiroshi
MORT Masahiro
ODAJTMA Kazuo
SHOJT Teruaki
SUZUKI Norio

*-NBI
MAENC Masaki (Senior Scientist)
SENGOKU Seio
YAMAMOTO Shin
YAMAMOTC Takumi

* Diagnostics of JET-2M
KASAT Satoshi
KAWAKAMI Tomchide
MATOBA Tohru (Senior Scientist)
MIURA Yukitoshi
OCAWA Hiroshi
OGAWA Toshihide
UESUGL Yeshihiko
YAMAUCHI Teoshihiko

Facility Operation and Engineering Section

HASEGAWA Kouichi
KASHIMURA Takanori
KAZAWA Minoru

KIKUCHI Kazuo

KUNIEDA Shunsuke (Chief)
MATSUZAKI Yoshimi

OKANO Fuminori

ISHTBORT Tkuo
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KASHIWA Yoshitoshi

HONDA Atsushi

SHIBATA Takatoshi

SHIINA Tomio

SUZUKIL Kihachiro (Deputy Chief)
TANT Takashi

TAJIMA Yoshihiro

YOKOYAMA Kenji

YOKOKURA Kenji

Plasma Heating Laboratory I

AKTBA Masato

DAIRAKU Masayoshi
HORTIKE Hiroshi

ITOH Takao

KITAMURA Shigeru
MATSUDA Shinzaburo {Senior Scientist)
MATSUOKA Mamoru
MIZUHASHI Kiyoshi

OHARA Yoshihire

OKUMURA Yoshikazu
SHIBANUMA Kivoshi
SHIBATA Takemasa

TANAKA Masatoshi {(Chief)
TANAKA Shigeru

WATANABE Kazuhiro

Plagsma Heating Lahoratory IT

FUJIT Tuneyuki
HARA Mitsuru*16
IIDA Kazuhiro#9

IMAI Tsuyoshi

NAGASHTMA Takashi (Chief)
NAKAMURA Tetsurou*2
SAIGUSA Mikio

SAKAMOTO Keishi

SAWAHATA Masavuki
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Plasma Engineering Laboratory

MURAKAMI Yoshio (Chief)
NAKAMURA Kazuyuki
OHTSUXA Hidewe

SATDOH Masahiro

SONE Kazuho

YAMADA Ravji

Superconducting Magnet Laboratory

ANDG Toshinari
IIDA Fumiox
*13
DORESNER Lawrence
HIYAMA Tadao
KATO Takashi
KQIZUMI Koichi
NAKAZIMA Hideo
NISHI Masataka
OKUNO Kiyoshi
L %13
OSHIKIRI Masayuki
SANADA Yoshinao 2
*14
SHIMADA Masao
SHIMAMOTO Susumu (Chief)
TADA Eisaku
TAKAHASHI Osamu’ 1
TAKAHASHI Yoshikazu
TSUJI Hiroshi

YOSHIDA Kiyoshi

Tritium Engineering Laboratory

YAMADA Masayuki

YAMANISHI Toshihiko

KONISHLI Satoshi

KINOSHITA Masahiro

QKINO Kenji

VOSHIDA Hiroshi (Senoir Scientist)
MATSUDA Yuji

TACHIKAWA Ratsuhiroe
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TANAKA Kichizo (Senior Scientist)
NARUSE Yuji (Chief)

(B} Division of Large Tokamak Development

TOMABECHI Ken (Head)
YOSHIKAWA Masaiji (Deputy Head)

Large Tokamak Administration Section

NARUI Masac {Chief)
KAWAGUCHI Masahiro (Deputy Chief)

JT~60 Program Office

HTRAOKA Toru {Chief)
KISHIMOTO Hiroshi (Deputy Chief)

# Planning and Coordinating Group
OTKAWA Akira
SUZUKT Kunihiro
TOKUTAKE Toshikuni

% Experimental Planning Group
HIRAYAMA Toshio
SEKI Shoge
SHIMOMURA Yasuo {(Senicr Scientist)
TANI Keiji
YOSHIDA Hidetoshi
NAKANISHI Masahiro

* Doublet—I1T Experiment Group
ATKAWA Hiroshi
KASAT Masao*3
KITSUNEZAKI Akio {(Senior Scientist)
KOBAYASHT Tomofumi*4
KONOSHIMA Shigeru
MATSUDA Toshiaki
NAGAMI Masayuki
NINOMIYA Hiromasa
OHTSUKA Michio
SHIMADA Michiya
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*2
SHINYA Kichiro
YOKOMIZO Hideaki

* Operation Planning Group
XODAMA Kozo
SUNAOSHI Hidencri
TOTSUKA Toshiyuki

JT-60 Project Office I

IIJIMA Tsutomu (Chief)
OHTA Mitsuru (Deputy Chief)

* Machine Group
AKING Noboru
ANDO Toshiro
ARAT Takashi
HIRATSUKA Hajime
HORTE Tomoyeshi
INOUE Hiromi
ISAKA Masayoshi
KASUGA Takemitsu
KAWAMOTO Nobunari
KAWASAKT Kozo
KISHIDA Earuo -0
KOTKE Tsuneyuki
MASUDA Michio
NAKAMURA Hiroo
NAKAMURA Yukiharu
NAKAO Keizo
NISHIQ Satoshi
NISHIYAMA Ta]:(eji-k4
OGIWARA Norio
OHKUBO Minoru
QZEKI Takahisa
SATO Osamu
SEIMIYA Munetaka
SERTZAWA Yasunori
SHIMIZU Masatsugu {(Senior Scientist)
SHIMIZU Tohru
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TAKATSU Hideyuki
TANAKA Takejiro
TOYOSEIMA Noboru
YAMAMOTO Masahiro
YANAT Munetoshi
YASUDA Masaharu

* Vacuum Technology Group
ABE Tetsuya
HIROKI Seiji
OBARA Kenjiro
INAGAWA Konosuke 21

JT-60 Project 0Office II

TAMURA Sanae (Chief)

KA

* Power Supplies Group
AOYAGT Tetsuc
ARAKAWA Kivotsugu
IMAHASHT Koichi
MATSUKAWA Makcto
MATSUKAWA Tatsuya
MIYA Naovyuki
MIZUNO Makoto
NAGAYA Susumu
SATO Hiroshi
SEKIGUCHT Shuichi
SHIINA Minoru
SEIMADA Ryuichi
TAKAHASHT Shunji
TERAKADO Tsunehisa
TOMIYAMA Yoshimi
TSUNEOKA Masaki

* Auxiliary Facilities Group
AKAQ Yohichiro
HIRUTA Kazuharu
HOSODA Ryujiro
MURANAGA Hiromi*ﬁ
OHMORT Kenichiro
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JT-60 Project Office il

SUZUKI Yasuc (Chief)
KONDO Tkuo (Deputy Chief)

* Control Group
ANNQO Katsuto
HOSOGANE Nobuyuki
MIMURA Toyoaki
KURIHARA Xenichi
OHASA Kazumi
SATO Masayasu
SUGLIE Tatsuo
TAHIRA Shigeo
IAKAHASHI Minoru
fAMASHITA Osamu
YONERAWA Tzuru
YOSHINO Ryuii

* Diagnostics Group
KANBE Toshihiko *
KITAHARA Katsumi
MAEDA Hikcosuke (Senior Scientist)
NAGASHIMA Akira
NEYATANT Yuzuru
NISHITANT Takeo
OTKAWA Hisashi*23
OHSATO Yukio 2*
SHIHO Makoto
TAKEUCHT Hireshi
TOYOKAWA Ryoii
URAMOTO Yasuyuki

JT-60 Project Office TV

% NBI Group
ARAKI Masanori
KAWAT Mikito
KURUYAMA Masaaki

. . *19
OGUCHI Yoshiaki
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OHGA Tokumichi’
SHIGEMATSU Hi):otsugu*8
SHIRAKATA Hirofumi (Chief)
SUGAWARA Tadayoshi*4

b

RF Group
HONDA Masso
IKEDA Yoshitaka
KAMAKURA Akira*16
SUZUKIL Nerio
UEHARA Kazuyva

Fusion Reactor System Laboratory

FUJISAWA Noboru (Senior Scientist)
IIDA Hiromasa (Senior Scientist)
MINATO Akio*18

NISHIO Satoshi

SAITO Seiji

SEKI Yasushi (Senior Scientist)
SUGIHARA Masayoshi

TONE Tatsuzo (Principal Scientist)
TACHIKAWA Katsuhiro

TACHIKAWA Nobuo‘k2

YAMAMOTO Takashi*6

UEDA Koju -7

YOSHIKAWA Masaiji (Chief)

Guest Scientist

%
MIYAMOTQ Goro
Seke
YAMAMURA Sakae >

ok
YASUKOCHT Ko

- 217 —



*]1

%3
4
5
*6

ot
W

*8

%10
%11
%12
%13

%15
*16
%17
%18
%19
20
%21
%22
%23
%24
%25
%26
%27
%28
%29
*30
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Fujitsu Ltd.

Tokyo Shibaura Electric Co., Ltd.
Mitgubishi Atomic Power Industry Co.
Hitachi Ltd.

GA Technologies Inc.

Fuji Electriec Co., Ltd.

Kaihatsu Denki Co., Ltd.

Mitsubishi Heavy Indu., Ltd.

Nuclear Engineering Co., Ltd,
Sumitomo Heavy Ind., Ltd.

Mitsubishi Electric Co., Ltd.

Japan Steel Works Ltd.

Nippon Atomic Industry Group

Kobe Steel Ltd.

Saginomiya Johnson Controls Co., Ltd,
Nippon Electric Co., Ltd.

Hitachi Cable Co.

Kawasaki Heavy Ind., Ltd.

Nissin Electric Co., Ltd.

Touyo Information System Co., Ltd.
ULVAC Co.

Nippon Kogaku Co., Ltd.

Osaka Vacuum Ltd.

Nissei Sangyo Co., Ltd.

Century Research Center Co.

Yokokawa Electric Works Ltd.

Irie Koken Co., Ltd.
Ishikawajima-Harima Heavy Ind. Co., Ltd,
Kishikawa Special Valve Co., Ltd.

Mitsui Engineering & Shipbuilding Co.

Hiroshima University
Nagoya University
Okayama University
Tchoku University

The University of Tokyo
Nihon University

Osaka University
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*%8 Tokyo Institute of Technology

*%Q Kyoto iniversity

*%10 National Research Institute for Metals

#%11 National Laboratory for High Energy Physics

*%12 Power Reactor and Nuclear Fuel Development

*%13 Confédération Suisse, Ecole Polytechnique Fédérale de Lausanne

*%14 Dak Ridge National Laboratory |

*%15 Culham Laboratory

*%16 FB-National Magnetic Laboratory

*%17 Argonne Natijeonal Laboratory

*%18 University of Wisconsin

*#19 Princeton Plasma Physics Laboratery

®*20) Max-Planck Institute fiir Plasmaphysik

LA Centre d'Etude Nucléaires, Fontenay-aux-Rose

**%377 Bell Laboratcries

*k23 JET Joint Undertaking

*R24 Institute fir Angewandte Physik II , Universitdte Heidelberg

*%25 Academia Sinica, Peking, The Peoples Republic of China

x%26 The Institute of Fundamental Technological Research,
Warsaw/Poland
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A.3 Budget of the Center

(unit: Million ¥)

Fy 1980°%  Fv 198170 FY 19827
IT-60 Construction - 19,969 23,943 28,936
Research & Development*B 2,716 3,619 3,117
Japan-US Cooperation C 3,677 3,875 3,042
Site Construction . 2,520 4,100 5,633

#1 From April to March
*2 Including cashing of the financial obligation in each FY

*3 Excluding fusion-related R&D in other divisions than the Center
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