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Annual Report of the Fusion Research Center

for the period of April 1, 1984 to March 31, 1985

Fusion Research Center

Tokai Research Establishment, JAERIT

{(Received November 25, 1985)

Research and development activities of the Fusion Research Center
{(Department of Large Tokamak Development and Department of Thermonuclear
Fusion Research) from April 1984 to March 1985 are described.

The JT-60 program progressed as scheduled. Commissioning of the
JT-60 tokamak was completed by the end of the period under review. 1In
parallel with installation and test of the tokamak machine, installation
of basic diagnostic instruments and examination of the procedure for
experiment had been made to meet the first phase Joule heating experiment.
(The first plasma discharge was recorded on April 8, 1985). Construction
of auxiliary heating systems had continued,

A medium-sized tokamak, JFT-2M, had been operated for high-power
ICRF heating and ECH assisted LH current drive experiments. Installatiocn
of a power supply for plasma shaping in JFT-2M was completed. In the
field of plasma theory, detailed analysis had been made on nonlinear
kink/tearing modes in a plasma with free boundary and alsc on ICRF
heating.

Development of a high-voltage, high-current He ion source for
JT-60 plasma diagnostics had proceeded successfully, and tests of JT-60
1B and ICRF luanchers as well. Surface ercosion of a new ceramics, SiC
with BeO addition by proton bombardment was studied.

Tn TEA's Large Coil Task, three coil test was made at ORNL. A 11
T experiment of TMC-1, a large-bore Nb3Sn coil was completed. Commis-

sioning tests of tritium handling facilities had proceeded in the

T at present, Naka Fusion Research Establishment, JAERI
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Tritium Process Laboratory.
Design studles of the Fusion Experimental Reactor (FER) and INTOR

had been advanced.

Keywords: Annual Report, Activities, Fusion Research, JT-60,
Commissioning, Joule Heating Experiment, JFT-ZM, Plasma
Diagnostics, Plasma Dischange, ICRF Heating, Design Stadies,

Fusion Experimental Reactor, INTOR
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I. PLASMA THEORY AND COMPUTATION

1., Introduction

During the period from April 1 1984 to March 31 1985, emphases of
the theoretical works are put on analyses of (1) the beta limit and
related problems, (2) the disruptions, (3) the rf heating, and (4) the
divertor plasma.

As for the beta limit analyées a remarkable result is establishment
of the practical beta scaling laws applicable to a standard tokamak with
a moderate noncircular cross section. An effort to clarify the mechanism
which limits maximum beta in a realistic tokamak plasma is also made by
solving a nonlinear model equations and analyzing the saturation state
of ballooning modes. '"Pseudo-vacuum' model is found effective to carry
out a nonlinear simulation of a resistive MHD system with a free
boundary, which will be a powerful computational method for the disrup-
tion analyses. Several new features of a surface tearing mode and
magnetic bubble formation process are being clarified. By using the
previously developed numerical codes a lot of analyses on the rf heating
are carried out. Some basic processes concerning the rf heating are
also studied. Divertor plasma analyses are mainly carried out on the
basis of the particle model simulation. Basic processes in the divertor
plasma are discussed and problems concerning applicability of the fluid
model are commented.

Some physics codes in the TRITON system are under improvement and
standardization. By these refinement of the codes they are widely
usable as basic codes of the new codes developed for application to
a new problem. Development and improvement of the supporting codes In
the TRITON system are now being continued. Some of the codes are

published and used for various purposes.
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2. Transport and Heating Studies

2.1 Introduction

It is important to know the role of ballooning mode and other kinds
of high~mode-number instabilities on transport and beta limitation of a
tokamak plasma. Frowm this viewpoint motion of electrons due to high-
mode-number electrostatic waves is extensively studied. In order to
clarify the relations between the plasma beta and the magnetic fluctua-
tion nonlinear behavior of the Eallooning mode is also examined on the
basis of simplified model equations. Diffusion flux across disrupted
magnetic surfaces is estimated in relation with the rapid density
decrease observed at the major disruption.

Studies on a divertor plasma are carried out by using a particle
simulation technique and several features of the plasma are clarified.

As for the analyses of the rf heating excitation of the ICRF waves
by a waveguide launcher and origin of impurities during the heating
process are studied extensively. And some basic processes relating the

rf heating are investigated.

2.2 Transport

2.2.1 Motion of electrons due to high-mode-number electro static waves
in tokamak!’

Guiding-center motion of electrons due to a high-mode-number
electrostatic wave (poloidal mode number is m) in a tokamak is studied.
Effects of the toroidicity and magnetic shear are considered. Radial
displacement by ExB drift is investigated. Motions of untrapped
electrons are almost periodic. Motions of trapped electrons are also
perodic if the amplitude ¢ is small enough. The island width At of
trapped electrons is independent of ¢, but Ay of untrapped electrons
is proportional to %;; When v is so large that conditions, (xRu,/u)
(mgr/r){p/r)(meeg/E)>0.25 and «A¢<2(r/R)(E/me¢), are satisfied,
stochastic motions of trapped electrons are observed, (k=q~ldg/dr;

g: safety factor, R: major radius, r: minor radius, p: Larmor radius,
E: energy). The radial flow, e (E: time), can be induced when ¢

becomes much larger kAp>2(r/R)(E/mey).
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2.2.2 Simulation of ballooning instabilities

Nonlinear evolution of ballooning modes in tokamaks is examined by
the two-fluids model with resistivity in two-dimensional geometry. All
the purterbed quantities are assumed to be localized along the field
line with the scale length of order Rg (R is the major radius and g the
safety factor of the tokamak). Time evolution of density, electrostatic
potential and the parallel component of the vector potential is solved
numerically.

At low beta region, drift waves become unstable due to the toroidal
curvature and the system becomes.weakly turbulent, in which each mode
haé a frequency spectrum with a peak at the druft frequency. As beta
value increases, large scale magnetic fluctuation appears and at high
beta regicn (B>a/Rg%, a: minor radius) the eddy of the largest scale

becomes deminant.

2.2.3 Cross field particle diffusion in plasma disruptionz)

A mechanism of cross field diffusion of plasma particles induced
by the parallel electron heat flow is discussed. The diffusion
coefficient in the disrupted magnetic field in tokamaks is estimated
to have the Bohm-like dependence. Particle can diffuse much faster

than streaming along field lines.

2.2.4 Particle simulation of divertor plasmas)

Characteristics of divertor plasmas are studied by using a one-
dimensional electrostatic particle simulation code with a bimary
collision model. Dependence of plasma parameters, such as temperature,
flow speed, pre-sheath potential, etc., on the collisionality is
investigated in detail. Collisions play an important role in supplying
electrons with large velocity parallel to the magnetic field, which can
pass through the sheath potential barrier near the divertor plate. The
pre-sheath with the scale length of the system size is formed by the
collisional relaxation of the velocity distribution as well as by the
particle source. The [low speed is increased by this potential and

exceeds the sound speed.

2.2.5 Thermal conductivity in divertor plasma
We investigate the property of divertor plasmas by particle

simulations. The cold particle source near the divertor plate is
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introduced in the simulation as well as the hot particle source. We
perform simulation runs for the wide range of R¢ and Imfp/% (Rg: ratio
of cold particle flux to hot particle flux, lmfp/L: ratio of electron
collision mean free path to system size). Thermal conductivity parallel
to the magnetic field is studied in detail. Electron thermal conduc-
tivity obtained by particle simulations is almost the same as that given
by Braginskii, while ion thermal conductivity is much different from
that by Braginskii, especially, when R, »1 and the flow speed is much

smaller than the sound speed.

2.2.6 Alfvén loss cone instability driven by thermonuclear alpha
particles

The Alfvén loss cone instability by a-particles produced by D-T
reactions is investigated. The instability is caused by anisotropy in
the o-particle distribution which is obtained numerically by solving
the Fokker-Planck equation without the use of the Legendre expansion
with respect to the pitch angle variable. The time evolution of the
instability growth rate is calculated, and the relation between the

growth rate and the energy anisotropy is studied.

2.3 Heating
2.3.1 Excitation of ICRF waves in tokamaks by waveguide launcher™)
Excitation of ICRF (ion cyclotron range of frequencies) waves in
tokamak plasmas by using the waveguide antenna is investigated. 1In
order to obtain the surface impedance of the plasma, the wave propaga-
tion equation for the fast wave is solved. The reflection/transmission
coefficient is calculated for the parallel plates launcher which
simulates a ridged waveguide. Dependences of the transmission coef-
ficient on geometrical and plasma parameters are studied. It is found
that the transmission coefficient can be of the order of 10 %. comparable

to that of the loop antenna. Non-plasma loss of the launcher is also

discussed.

2.3.2 A possible origin of metal impurities in ICRF heating
experimentss)

A model of possible origin of metal impurities in ICRF heating
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experiments of tokamaks is presented. Scrape-off ions are directly
accelerated by the reactive electric field of the radic frequency (rf)
wave near the antenna and cause the sputtering of impurities. Using
the wave form which is obtained by solving the wave equation, the

threshold power for the onset of rf-induced sputtering is estimated.

2.3.3 Radio frequency conductivity of plasma In irhomeogenecus magnetic
field®)

Nonlocal conductivity tensor is obtained to study the kinetic
effects on propagation and absorﬁtion of rf waves in dispersive plasma.
Generalized linear propagator in the presence of the inhomogeneity of
magnetic field strength along the field line is calculated. The
influence of the inhomogeneity to the rf-energy deposition is found to

be appreciable. Application to toroidal plasmas is shown.

2.3.4 Differential form of wave propagation equation in inhomogenecus
plasma7)
Differential formulation of the wave propagation equation in thé
inhomogeneous and dispersive plasma is derived by employing the nonlocal
and kinetic conductivity tensor. The expressions of the associated

power deposition and wave energy flux are also presented.
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3. Equilibrium and Stability Analysis
3.1 Introduction

In the computational MHD studies of a tokamak plasma we have made
effort to develop highly accurate computational method of equilibrium,
derive reliable beta scaling according to the high-n ballooning and n=1
external kink modes, and study new disruption scenario based on the
magnetic bubble formation in the vicinity of the resonant value of
safety factor.

In order to attain accurate equilibria for linear stability
analysis we are developing an inverse FCT equilibrium code with high
beta tokamak ordering. We obtained practical beta scaling laws which
are represented by the proportionality with a normalized plasma current.
The results are almost consistent with experiments and also with
theoretical results by other authors. To analyze the disruption process
we made an extensive study by the numerical simulation of the nonlinear
MHD model based on the "pseudo-vacuum' model. From the results we found
the importance of the surface tearing mode and the consequently obtained

magnetic bubbles.

3.2 Equilibrium analysis

3.2.1 High beta tokamak ordering FCT equilibria

For an accurate MHD stability analysis an inverse solution of the
Grad-Shafranov equilibrium equation is an attractive method because by
the method positions of the magnetic surfaces are determined as R=R(¥,8),
and z=2z(¥,8) and the metric quantities necessary for the stability analy-
sis are obtained on the determined magnetic surfaces with high accuracy.

When we calculate a series of equilibria under the FCT (flux conserving

iﬁi
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tokamak) condition, however, we encounter a difficulty due to highly
nonlinear feature of the FCT condition and the fact that the boundary
condition on R and Z are only given implicitly in the inverse solution
with the FCT condition.

Tn order to cope with the difficulty we use the approximate me thod
%nown as the high beta tokamak ordering: g=0(c}, eBp=O(s), g=0(1),
instead of using the exact equation of the FCT equilibrium. Then the
FCT condition is transformed to a constraint on Jacobian and it gives
the boundary conditions on R and Z in an explicit form. The partial
differential equations obtained Ey the high beta bokamak ordering are
reduced to two-points boundary value (TPBV} problems for the nonlinear
ordinary differential equation for O(1) approximation and a linear one
for 0(c). They are much easier to solve and we can solve these TPBV
problems for nonlinear ordinary differential equation by using Newton's

method (the method of quasilinearization).

3.2.2 Equilibrium database CLIO-VZ

We have updated the equilibrium database CLIO-V1 and developed a
new database CLIO-V2. Both the databases are usable under a new version
of database supervising code GAEA-MT. The CLIO-series database is a
kind of an encyclopedia of the tokamak plasma equilibria and one can

consult it how much are the values of parameters to calculate a desired

equilibrium.

3.3 Linear MHD instabilities

3.3.1 Scaling of beta limit!)

The scaling of the beta limit was obtained for n=c ballooning mode
and n=1 external kink mode, where n is the toroidal mode number, For
the ballooning mode analysis, the profile of the safety factor was
fixed as q(¥)=qp(1-9)*, and the pressure profile was optimized to the
ballooning instability in FCT sequence of equilibria. The optimized
pressure profile was multiplied by a constant for the analysis of the
external kink mode. The obtained scaling laws (Fig. I.3.1) are

B(Z) = & Iy for ballconing mode,
B(Z) = 3.2 Iy for kink mode,

where Iy is the normalized toroidal current defined by
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Iy = T(MA)/a(m)B(T) .

3.3.2 Linear stability analysis of a free boundary system with a
”pseud0nvacuum”2)

In order to simulate a monlinear MHD behavior of a free boundary
plasma we studied a resistive MHD model with a "pseudo-vacuum'. The
"pseudo-vacuum” model essentially consists of combination of a main
plasma with a high conductivity and a "pseudo-vacuum" region simulated
by an extremely highly resistive plasma. Before the nonlinear calcula-
tion applicability of the ”pseudo—vacuum" model to the study of a free
boundary kink mode was carefully investigated by the linear stability

analyses. Some featurés of the newly found surface tearing mode have

been also clarified through the séries of linear stability analyses.

3.4 Nonlinear MHD instabilities

3.4.1 Magnetic bubble formation due to surface tearing mode?2)
Nonlinear calculation of a free boundary mode in a cylindrical
tokamak plasma with finite conductivity is carried out by using the
conventional reduced set of resistive MHD equations with the "pseudo-
vacuum" model. In Fig. I.3.2 we show the stability diagram for kink,
surface tearing and tearing modes (m/n=2/1 and m/n=3/1 modes) in the
shear strength (gs/q,;) versus gz plane with the equilibrium currend
profiles corresponding to the shear strength and the saturation states
obtained by the nonlinear calculations. The other parameters are the
ratio of the position of plasma surface to that of shell a/b=0.66 and
the equilibium plasma resistivity profiles n€r)«g(r)" with n(0)=10"°.
In the figures of the saturation state, the bold lines denote the
plasma surfaces, which are chosen to be circle in the initial states.
By this figure, we can see that the vacuum bubbles are formed due
to surface tearing mode as well as free boundary kink mode for the
condition that the safety factor at the plasma surface, g4, 1s around
2, This bubble formation is a candidate of the major disruptions in

the tokamak discharge with g, nearly equal to 2.
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3.4.2 Numerical study of m=1 resistive internal kink mode 1n a
cylindrical tokamak ?)

A numerical analysis of nonlinear behavior of m=1 resistive
internal kink instability in a tokamak is presented in a cylindrical
approximation. A two-dimensional nonlinear code which sclves incompres—
sible resistive MHD equations with helical symmetry has been developed.
For the case of small longitudinal wave number k, the magnetic axis
moves outwards until it reaches the critical surface where the value of
helical magnetic flux has the same value as the one at the magnetic
axis. On the other hand, as %k is increased, the shift of the magnetic
axis saturates before touching this critical surface. This result
gives a possible explanation of suppression of internal disruptions

observed in high power neutral beam injection experiment of tokamaks.
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4, TRITON System
4.1 Introduction
As for the physics codes in the TRITIN system imprevements and

standardizations are made. According to these changes the codes become

inteligible and can be easily benchmarked. Several extensions of the
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.codes to new problems are attempted, which is more easily carried out
by an appropriate standardization. Many supporting codes are developed.
Some of them are the improved version of previously developed codes and
the others are newly developed ones. They are being effectively used

to development of codes and analyses of physics problems.

4,2 Physics codes

4.2.1 Standard version of ERATO-J code, ERATOS

A standard version of the ERATO-J code (ERATOS) has been developed
for general use. It is compiled after the preprocess by E0S77 and
outputs automatically a detailed user's mannual. The code ERATOS has

reference data to helpful for updating the code for user's own purpose.

4.2.2 Linear resistive MHD code NOTUS-CL

The primitive set of resistive MHD equations was solved in the
cylindrical model. In this calculation, asymmetric eigenvalue equation
was solved by using EISPAC package, and the mesh points, Nr, was limited
up to about 30 (matrix size 360 x 360) in usual computations. A new
eigenvalue solver was developed by using the inverse iteration method.

The mesh point available becomes NpS1000 by using this solver.

4,2,3 Standard version of nonliﬁear resistive MHD code AEOLUS-RT

A standard version of nonlinear resistive MHD code AEOLUS-RT has
been developed for general use. This code is based on the conventional
reduced set of resistive MHD equatioms. As a benchmark test of the
code a disruption scemario due to monlinear destabilization of tearing

modes by an island overlapping is well recovered by this cede.

4.3 Supporting codes

4.3.1 Eigenvalue solver of an asymmetric matrix for resistive MED
analysis
A matrix method to solve a reduced set of linear resistive MHD
equations of a tokamak plasma has been developed. A complex eigenvalue

of an asymmetric block tridiagonal matrix derived from the equations is
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calculated by the inverse iteration method. Combination of determinant
method and bisection method is sometimes effectively used to determine
initial guess of the eigenvalue.

Several applications of the subroutine to analyze the resistive

MHD problems are considered and tested,

4,3.2 Versatile preprocessor system for inclusion and extraction of
Fortran statements, ECS77
The extended OLYMPUS preprocessor system (EOS) has been updated so
as to generate a FORTRAN77 source program (E0S$77). EOS77 preprocessor
has several mew functions: it handles character variables, it changes
the name of variables in common blocks into the specified name and
users can use the parameter statement and the include statement in the

F0S77 source program.

4.3.,3 Integrative graphic subroutine package ARGUS-V4 1)

Development of an integrative graphic subroutine package ARGUS-V4
is comﬁleted and the concept of the package has been published. The
basic idea is that any single graphic procedure is composed of three
elementary processes, i.e., registration of a graphic data set, proces-—
sing of the data to matchwith the required graphic format and plotting
of the graph. The package based upon the concept_contained various
subroutines clearly classified according to the above elementary
processes. By using the package'graphic procedures in a scientific or
engineering programs can be coded very easily and the program becomes
intelligible. As the package ARGUS-V4 is written in the standard
FORTRAN77 language and uses only basic plotting subroutines in the
CALCOMP library, it can be installed with a few alterations in various

computer systems.

4.3.4 Three dimensional graphic system ARGUS-V)5

Basic system for interactive 3D graphics was developed. This
system is composed of two modules. One is for the management of the
data structure bases on GKS (Graphic Kermel System) and another is the
"driver" to manage the graphic terminals. By using this system, users

can interactively edit their numerical data by watching 3D pictures.
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4.3.5 Interfacing routines for graphic terminals

The common interfacing routines, JGSP, for the graphic terminals
in the nuclear fusion research center in JAERI were developed for
plotting two dimensional objects. The three dimensional version with

interactive commands are being developed.

4.3.6 Database supervising code GAEA-MI for numerical results of
simulation
We have designed the improved version of GAEA-MT. The structure
of data was reconsidered in such a way that the amount of the necessary
key data files can be reduced substantially and the locality of key

data can be kept.

4.3.7 Software information sorting code PLUTO-R?)

A software information sorting code PLUTO-R is developed as ome of
the supporting codes of the TRITON system for the fusion plasma analyses.
The objective of the PLUTO-R code is to sort reference materials of the
codes in the TRITON code system. The easiness in the registration of
information is especially persued. As experience and skill in the data
registration are not required, this code is usable for comnstruction of

general small scale private information system.

References

1) Takeda, T., Tsunematsu, T., Tokuda, S, Comput. Phys. Commun. 34.
(1984) 15.
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Fig. 1.3-2 Stability diagram of the external kink modes,
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IT. TOROIDAL CONFINEMENT EXPERIMENT JFT-2ZM

1. Introduction

The commissioning of a medium sized D-shaped tokamak JFT-2ZM was
completed in April, 1983, with a neutral beam injection (NBI) system of
2 MW, a second ion cyclotron range of frequency (ICRF) heating system
of 800 kW, and a lower hybrid (LH) wave heating/current drive system of
600 kW. After a typical ohmicaliy heated circular-discharge of plasma
current 300 kA was obtained in June 1983, experiments on second harmonic
ICRY heating, combination heating of NBI and ICRF, and current drive
with LH wave (LHCD) were done until March 1984.

Installation of a new high power ICRF (4.5 MW, 14 to 38 MHz) system
began in March 1984, Heating experiments with mainly the ICRF system
were conducted from April to September. Key results of the ICRF
experiment are the successful increase of plasma stored energy with
the heating power and the reduction of impurity release by cbntrolling
of incident I1CRF waves. Experimental results of the ICRF heating are
described in Subsection II.2. Plasma heating using Multi-Short-Pulse
neutral beams was also studied, whose results are described in Sub-
sections TI, .3 and 4.

After installation of a 60-GHz gyrotron (200 kW) system for
electron cyclotron resonance heating (ECRH) in September, RF current
drive and electron heating experiments were done with the gyrotron
system and the lower hybrid wave System. It was demonstrated that high
energy electrons generated by LH wave coupled with simultaneocusly
injected ECRH wave, and that then the LH wave-sustained plasma current
was significantly increased by the ECRH wave. Subsection IT. 5
describes results on these experiments.

During the present reporting pericd, improvements on diagnostics
went on steadily. Subsection II. 6 decribes two examples of them;
calibration of Thomson scattering measurement and FIR interfercmetry.

The development of pmeumatic pellet acceleration technology was
also done in collaboration with Mitsubishi Heavy lndustries Co., and
a pellet speed of 600 to 800 m/s for a pellet size of 1 mm dia. X 1 mm
length was confirmed.

For three months from the end of December, JFT-2M experiments were
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stopped by installation of the poloidal power supply for D-shaped
plasma discharges and magnetic limiter operation. Testing on generation
of D-shaped 500 kA plasmas has been successfully made. A full rating

D-shape experiment of 500 kA plasma current is now in progress.

2. High Power ICRF Heating Experiments in the JFT-2M Tokamak 1)
2.1 Apparatus

In the present ICRF heating experiment, target plasma has a
D-shaped cross section with the elongation ratio of about 1.2, Plasma
surface is determined by graphite limiters, and the vessel wall 1is
gettered by titanium.

The rf generator with 4.5 MW maximum power is operated at 15.2 MHz
in order to perform heating experiments in two-ion-hybrid regime. An
array of three loop antennae on the high field side is used. The length
of radiative part is 50 cm and the width of the center conductor is 7 cm.
The Faraday shield is made of titanium?). In order to perform the
electron heating experiments in a mode conversion regime, the density
ratio of hydrogen to deuterium ng/nyp is about 40 %, which is determined
by the spectroscopic measurement and the mass-separated charge exchange
neutral analysis. The toroidal magnetic field of 1.15T is determined
so as to obtain the maximum heating efficiency and the minimum increase

of the radiation loss power.

2.2 Effects of KU spectrum

The ICRF heating experiments on kjy spectrum have been carried out
by changing the phase relation of rf currents among the three antennae.
When all of the rf currents are applied in-phase (in-phase operation),
there is a peak of the ky spectrum at Kq=0. On the contrary, when the
rf current of the middle antenna is applied almost out of phase (out-of
-phase operation), kj/ spectrum has a peak at about %V=8 m~ b,

In both operations, the temporal evolutions of plasma parameters

with the net input power Ppp of 300 kiW are shown in Fig. 1. In these
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experiments the plasma current Ip is fixed to 150 kA. 1In the case of
the in-phase Operatidn, the electron density increased during the ICRF
heating. On the other hand in the case of out-of-phase operation, the
density decreased. So the gas puffing is controlled to obtain the
nearly same density.

The solid lines and the broken lines in the figure correspend to
the out-of-phase operation and the in-phase operation, respectively.
The increments of the central deuterium ion temperature, whose energy
spectrum has no high energy tail, are almost the same in both cases.
Main difference appears in impurity behavior between two operations.
The increase of the radiation loss power Pg in the in-phase operation
is larger than that in the out-of-phase operation by a factor of 1.6.
The increases of the line radiations of impurities in the in-phase
operation are also larger than those in out-of phase operation. Though
the loop voltage decreases with the heating in both cases, the decrement
is smaller in the in-phase operation. Furthermore, the loop voltage
increases gradually from 60 ms after the initiation of ICRF pulse in
the case of in-phase operation. The central electron temperéture
obtained by soft X-ray spectrum analysis and the poloidal beta
determined by magnetic measurement increase and are sustained during
the ICRF heating in the out—of-phase operation. On the other hand, in
the in-phase operation the electron temperature and the pololdal beta
increase in the initial stage, but thery begin to decrease at 60 ms
after the initiation of ICRF pulse. The 2wpe emission Ipcg at r=20 cm
indicates that the electron temperature in the peripheral region
increases and holds in the out-of-phase operatiom, but it decreases
gradually in the in-phase operation.

These experimental results indicate that the in-phase operation of
the loop antemnae causes the impurity increase and then the radiation
cooling. In the out-of-phase operation, however, the increase of the
radiation loss power is reduced by a factor of 1.6 and the radiation
cooling seems not to deteriorate the plasma parameters in this power
level. Therefore, the high power heating experiment is performed in

the out-cf-phase operation.
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2.3 High power heating experiment

The density limit is raised from about 4 x 1013 cm=? in the Ohmic
heating to 5-6 x 1013 cm™? with the 1.6 MW ICRF heating.

The temporal evolution of plasma parameters with 1.2 MW LICRF
heating are shown in Fig. 2. The plasma current is 228 kA, and the
ICRF heating is started at 600 ms. The line averaged electron density
has been raised from 3.1x10'? em™3 to 5.0x 103 cm™? during ICRF
heating by the gas puffing. The loop voltage decreases from 1.7 V to
0.8 V. The central electron teﬁperature measured by Thomson scattering
increases from 0.8 keV at 600 ms to 1.9 KeV at 640 ms and then decreases
gradually. The poloidal beta, however, continues to increase during the
ICRF heating. Therefore, the decay of the electron temperature is
considered as the result of the rapid increase of the electron density.
The central deuterium temperature obtained by charge exchange neutral
analysis increases from 0.5 keV to 0.9 keV. Strong electron heating is
observed in nH/nD==4O % plasma as expected with the mode conversion
theory3).

The profiles of the electron density, temperature measured by
Thomson scattering, and the ion. temperatures obtained by the charge
exchange neutral analysis, the neutron emission and Doppler broadening
of the spectral line (CV) at 720 ms are shown in Fig. 3. In this case,
the poloidal beta determined by the magnetic measurement increases from
0.35 to 0.9 in the ICRF heating, and then the averaged toroidal beta
reaches 1.1 %. The polecidal beta deduced from the profile data
increases from 0,31 to 0.89, where (nptnp)/n, of 0.8 is assumed.
Therefore, both of the poloidal beta are in good agreement within the
experimental accuracy.

Tn the case of ICRF heating of 1.6 MW, the poloidal beta of 1.0
has been obtained. .So the averaged toroidal beta of 1.2 % has been

achieved by only ICRF heating.

2.4 Scaling of confinement

The density dependence of the gross energy confinement time is
shown in Fig. 4(a). The gross energy confinement time and the total

input pewer are defined by TEsz/Ptot’ where Peoe=Pgrp+Poun and W is

— 18 —
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the stored energy of the plasma. In Ohmic heating, 1y has a linear
dependence on the liné averaged electron density up to 2.5 x 1013 em—3,
and then deviates a little. There is the same tendency also in the
case of ICRF heating. Here, the density dependence of the gross energy
confinement time can be represented approximately by np13{(1-0.083 ng;3)
with ngy3 in 10%% em=3.

The power dependence of the stored energy is shown in Fig. 4(b).
In order to eliminate the density dependence of the confinement time,
we define the normalized stored energy W* by W# = W/[ne;3(1-0.083 ney3) 1.
The figure indicates the degradétion of Tgg with the power in the ICRF
heating, but the degradation is not so large as in the NBI heating case.
We can not conclude that the deterioration of the energy transport or
the radiation cooling by the impurities causes this degradation of Tps.
Because there is another possibility that a part of the ¥f power is

absorbed in the peripheral region of the plasmaq).
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Fig. II1.2-3

The profiles of the ion temperature, the
electron temperature and the electron density
at t=600ms (the Ohmic heating) and t=720ms
(the ICRF heating). The ion temperatures are
measured by the charge exchange neutral anal-
ysis, the Doppler broadening of CV line and
the neutron emission. The electron tempera-
ture and the electron density are measured by
Thomson scattering. The electron tempera-
tures at the top and the bottom of the sawto-
oth oscillation are distinguished by &4 and ¥,
respectively. The experimental conditions
are the same as those of Fig. IT.2-2.

Fig. 11.2-4

(z)The density dependence of the gross energy
confinement time TEG=W/Ptot is shown in Fig.
TII.2-4(a), where W is the stored energy of
the plasma and Pro¢ is the total input power
of the Ohmic heating power and the net input
power of the ICRF. The density dependence of
Tpg can be represented approx1mately by neai3
(1-0.083n,13) with ney3 in 10!

1(b) The power dependence of the normalized stored

energy W*=W/[ne13(1~-0.083ne13)] is shown in
Fig. 4(b) in the cases of Ip=288kA and Ip=
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3. Plasma Heating by Multiple-Short-Pulse Neutral Beams!)

A neutral-beam injection (NBI) method has been developed to control
the averaged and maximum input power independently. The method,
multiple—short—pulse (MSP) injection method, is characterized by the
repetition period t, and pulse length t;, and is expected to be a useful
tool for the investigation of NBI effects on plasma confinement. The
method is also used to modify the velocity distribution function of
injected beam particles. In the JFT-2M tokamak, we have excited waves
with this method in the ion-cyclotron range of frequencies (ICRF) due
to beam-plasma interactions in a controllable manner as shown in Fig. 1.
The excited wave qualitatively agrees with the Alfven wave eigenmode in
ICRF and may contribute to the nonclassical energy transfer from the
beam ions to the bulk iens. We compared the charge-exchange spectra

during the MSP injection with those of ordinary continuous injection in

the low density regime.

Reference
1) S. Yamamote et al., in Plasma Physics and Controlled Nuclear Fusion

Research (Proc., 10th Inb. Conf. London, 1984), Veol.l, IAEA, Vienna
(1985) 665.
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4. Observation of ICRF Oscillation in the Tckamak Plasma during NBI

4.1 Discovery of beam driven ICRF oscillaticns

Oscillations in ion cyclotron range of frequencies (ICRF) have
been cobserved in the JFT-2M plasma during neutral beam injection.
Observation was made by using Langmuir probes and an ordinary
spectrum analyzer,

Figure II.4-1 shows an example of the frequency spectrum obtained
under the condition that hydr&gen beam in the codirection was injected
into the deuterium plasma. It can be found that peaks at 19 MHz and 38
MEz manifest, which are the ion cyclotron frequency of protons just at
the center of the plasma and its second hamronics. Another ome can be
found at 32 MBz. In the following, characteristics of these oscilla-

tions are described briefly.

4,2 O0Oscillations in a transient manner

Figure IT1.4-2 shows the time variation of the intensity of the

19 MHz/38 MHz oscillations. The most distinctive feature of this type

of oscillation is that it only appears at the initial phase of the beam

injection (hence, we called it "transient mode”). Other noteworthy

aspects of this mode are as follows;

1) The oscillation appears when the target plasma is deuterium but
hardly appears when the target is hydrogen plasma;

2) The second harmonics appears with the diminishing of the fundamental
as can bee seen in Fig. I11.4-2;

3) The plasma density affects the duration of the ogcillatien: the
lowering of the density lengthens the duration;

4) The frequency is definitly determined by the cyclotron frequency at
the center of the plasma;

5) The beam of counter injection less excites the oscillation than that
of co-injection;

6) Preliminary measurement of the wave length showed that the parallel
wave length is about 1 m. Thus the phase velocity roughly agrees

with the Alfven velosity.
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4,3 (QOscillation in the steady state

Figure II.4-3 shows the time behavior of the intensity of the 32
MHz oscillation. In contrast with the transient mode, the figure
exhibits rather gradual and continuous behavior (We would like to call
this "steady-state mode"). Furthermore, this mode appears although the
target plasma is hydrogen. Being summarized, this mode shows sharp
contrasts to that mode in all aspects observed (i.e. frequency, time

behavior, plasma species).

4.4 Remarks

Excitation of ICRF oscillation at the beginning of NBI has been
predicted by Stix!) long time ago. However, experimental evidence of
such oscillation has not been reported in the literature as yet. So,
the transient mode is the first evidence for Stix's prediction.‘ The
mode identification and the effects to the energy transport was
discussed in Sec. II.3.

Oscillations in ICRF during NBI has already been observed at the
TFR tokamak.2) This oscillation seems to correspond to our steady-
state mode because, although somewhat different, the oscillogram

signals showed rather continuous behavior.

References
1) T.H. Stix, Phys. Fluids 16, 1922 (1973).
2) Equipe TFR, in Plasma Physics and Controlled Nuclear Fusion Research

(IAEA, Vienna, 1980) Vol.2, p.547.
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5. RE Current-Drive (LHH+ ECH) and Electron Cyclotron Heating

Experiments on JFT-2M Tokamak
5.1 Introduction

The rf current drive using the ECW seems to have several attractive
features. TFirst, it is possible to place the antenna far away from the
plasma without the coupling problem. Second, the penetration of the ECW
in the high density plasma is possible by choosing the frequency above
the cutoff frequency. Third, as the resonant coupling of the ECW to the
electrons occurs in the parameter space in which the electron cyclotron
resonance (ECR) condition is satisfied, the power deposition {or the
current) can be controlled by choosing the ECR condition appropriately.
Fourth, the theoretical current drive efficiency by the ECW is as large
as 3/4 of that by the LHWI). Fifth, the thresheld power of the ECW
parametric decay instability is relatively large, which means that high
power density can be transmitted to the plasma core region to maintain
the current.

The difficulty higherto encountered to obtain the ECH driven
current by the bulk heating of the plasma lies in that the large single
path absorption sufficient for the emergy absorption to occur in one
side of the ECR layerz) is needed. And there is a possibility that the
drive effiéiency may deteriorate by the tranpped particle effect by the
bulk heating.

But by using the relativistically down shifted ECR of the high
energy electrons, these difficulties are avoided. The reflection at
the vessel wall may increase the power deposition at the shifted ECR
layer even if the absorption in single path is not large. Moreover,
it was revealed that the current drive efficiency J/Pd is improved by
the wave coupling to the high energy electronsl)’z).

The combined effects of LHH +ECH are studied on the JFT-2M tokamak
(R=1.31 m, a=0.35 m) experimentally. The frequency of the LHW is 750
MHz, and the spectrum of the parallel refractive index is controlled by
four waveguides“). The launcher spectrum concentrates dominantly around
ny =1~ 3 when the phase difference is -90°. The frequency of the ECW is
60 GHz. The second harmeonic X-mede with q”==—0.l7 of the narrow beam
divergence is launched in almost linear TE;; mode from the low field

side of the torus.



JAERI-M 85-205
5.2 LHH+ECH Current drive

Time evolutions are depicted in Fig. II.5-1(a). The toroidal
electric field is applied by the primary CH circuit in the initial 100
ms for the production of the target plasma, and then the primary voltage
is shut down and held zero (AVR operation). The application of the LHW
of pulse length 400 ms and power 70 kW starts before the shut down of
the primary voltage. In tbis way, the quick ramp-up of the plasma
current L, by the LHW is obtained. Ramp-up only by the LHW without the
initial OH field takes longer time with less stability to reach 10 kA
level of the driven current.

A saturation of the LHW driven current around Ip = 18 kA with the
efficiency 0.26 A/W is observed. The ECH pulse is applied for 100 ms
during the saturation phase. A significant ramp-up of the current
occurs almost linearly in time as shown in the figure. During the ECH
pulse, the loop voltage drops and the plasma density changes. In this
case, the 2nd harmonic ECR layer locates at ro=0.1m outside and the
plasma displacement is held inside of the center of the vacuum vessel
with Beg=1.15 T.

The time rate of the current rise (d/dt) I, as a function of Bty
is given in Fig. II.5-1(b). I, has two peaks. A peak around Byg=1.0
T corresponds to the location of the ECR layer around the plasma core
which is shifted inside, and indicates the contribution of the current
rise. The second peak in Btg=1.1571.30 T seems to be due to the
coupling of the ECW to the LH sustained tail electrons. The drive
mechanisms are different between the two cases, namely, the coupling
to the bulk electrons causes an increase in the bulk electron tempera-
ture which enhances the damping of the LHW and then the plasma current.
The drive efficiency, however, stays constant. On the other hand, the
second case is due to the coupling of the ECW to the LH sustained tail.
There are marked different results between the two cases. In the former
case, the increased current does not decrease dfter the ECH pulse, which
implies that a new saturation level is set for the LHW current drive by
the effect of bulk ECH, for instance, by increase in the bulk electron
temperature. On the other hand, in the latter case, the current
decrease after the end of the ECH pulse, indicating that the increased
current is attributed to the ECW. The time behaviour of the density is

also different between the two cases as shown in the figure. The
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density drop of Bty =1.0 T case is larger than that of Bgg> 1.1 T case
in which a gradual increase in density occurs after the small density
drop at the beginning of the ECW pulse. The ECW coupling to the trapped
electrons at the ECR layer in the low field side may affect the particle
transport.

The resonant energy of an electron is obtained as shown in Fig.

I1.5~1(c) by the relativistic ECR condition
l_swce/m"QUWV/C =0 (s = 1, 2, 3, ...).

A divergence of the microwave beam from the horn antenmna gives a spread
of -0.26 <1y <-0.09. Owing to the 2nd harmeonic resonance (8 =2), ECW
couples to the tail electrons at the center of the vessel which have
the energy of 12727 keV in Byg=1.15 T (rp=.10 m) cese, 2045 keV in
Btg=1.20 T (rgp=.16 m) case and 4585 keV in Btg=1.30 T (rg=.28 m)
case. The resonant energy of the plasma core shifted inside is even
higher. The energy spectrum analysis of the soft X-ray radiation shows
that an increase of the photon counts of energy up to 80 keV occurs and
the increment is a few times as large as the radiation from the LH
sustained plasma. The contribution from the s =3 resonance seems to be
small which is derived from the negligible I in Bep<0.8 T cases. The
soft X-ray measurement shows also that the emission region is highly
localized inside of the center of the chamber during the ECH pulse,
implying that the current channel is localized inside. 1In the Bty =1.40
T case in which no bulk ECR layér exists in the plasma column, the
coupling to the tail electrons is detected by the ECE measurement in
spite of no increase in the current. The increase in Ip decreases as
the plasma density increases because of the decrease of the LH tail.

These observations show the coupling of the ECW to the high energy
tail electrons satisfying the resonance conditicn, and resulting
localized current channel. It brings the possibility of the formation
of the hot electron channel in the high temperature tokamak plasmas

which is proposed to stabilize the high beta tokamak plasmasS).

5.3 Bulk electron heating by the second harmonic X-mode ECH

Bulk ECH by a 28 GHz fundametal (s =1) wave was investigated on



JAERI-M 85-205

the JFT-2 tokamak by launching three different modese). In the JFT-2M,
the bulk ECH by the 60 GHz 2nd harmonic (s =2) X-mode is studied. The
calculated absorption in single path is given in Fig. II.5-2(a). The
absorption rate increases with plasma density ne and electron tempera-—
ture T, of the ECR layer. More than 80 % of the wave power is absorbed
in the parameter regiom of T, > 500 eV and ng >1.0x10'% m™3. Therefore
the local core heating by ECH is expected in the JFT-2M,

The experimental result of the density dependence of the increase
of the center electron temperature AT,, and the value AA EA(Bp-fli/Z),
where B, denotes poloidal beta value and 1i denotes the internal
inductance, are plotted in Fig. I1.5-2(b), Calculated cutoff density
of X-made and O-mode is expressed by arrows in the abscissa. It is
shown that the wave cutoff occurs above the right hand cutoff density.
The ATgo which is linear in rf power in ro=0 m case, depends much on
ro as shown in Fig. II1.5-2(c). In the off-center heating in which
ro=-0.13 m, +0.18 m, no increase in Teo is observed. However, a drop
in the loop voltage and increase of the laser electron temperature
around the ECR layer are obtained. Namely, the temperature profile
becomes broad. The change in 1j affects AA and the effect is not
negligible, because the increase in &; is small due to the decrease of
the joule power during the ECH pulse the power of which is less than
the jould power. The density drop by ECH was large in the off-center
heating and was proportional to the plasma density as were observed in
the 28 GHz ECH on the JFT-2. A comparison with the fundamental ECH
shows almost the same core heating efficiency n = ATep De/Prf/R=5X 101°
eV /kW/m".

These observations show the local heating and the possibility of
the profile control by the 2nd harmonic X-mode ECH. No impurity

problem is observed up to the power level of 80 kW, which is one of the

advantages of ECH.
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6. Diagnostics in JFT-2M

6.1 Rotational raman scattering of hydrogen for calibrating a thomson

scattering device

6.1.1 Raman Scatteringl)sz)

Hydrogen gas fills the JFT-2ZM tokamak, whose pressure is changed
from 60 to 200 Torr., Six different pressures in between are selected
for the Raman scattering calibration. The rotational anti-Stokes Raman
lines (6776 and 6671 &) of hydrﬁgen are used for the calibration. The
physical characteristics of these lines are tabulated in Table IT.6.

The 6776-A Raman line passes through the first spectral channel at the
four positions of scattering angle 80°, 84°, 88°, and 92°, and the first
and second spectral channels at the two positions of scattering angle
90° and 100°; another Raman line 6671 A passes through the second
spectral channel at the four positions and the second and third spectral
channels at the two positions. Therefore, the 6776-A Raman line is more
important for the electron density calibration.

The Raman scattered signal is

SR(0) = s (1) 1y SR pg gy, | ksl )Ty, o/h (1)
K = Ty R dp “Ma*oYe "k, 8Pk, 9 "R’ ‘k,0’ "VR"

Ne, 6
Substituting ny, = 0.114, Iz=8x10% erg, dop/d2=(2.26 and 2.86) x
10731 emZesr™i, Ay = 2.07 x 1077 sr, fg=1.67 cm, vy =0.96, (Sk,e/Nk,8)=
1.5 count, nk’8==0.08, pkse(kR==6776 Ay =0.72, Ty ¢=0.06, and hvg =
2.97x 10712 erg into Eq. (1), the theoretical value at the scattering

angle 80° is
SEZI(SO) = (0.41 and 0.52)NH2 count. (2)

The theoretical wvalue of Eq. (2) is shown in Fig. II1.6.1 with the thin
solid straight line and the broken line corresponding to cases A and B
in Table II.6.1, respectively; the theoretical value (0.74 and 0.94)Ny,
at the scattering angle of 100° is shown in Fig. IIL.6.1. The difference
below 10% between experiment and theory is due to the uncertainty of
each Raman scattering cross section 13 % which is derived from the

quoted value of vygp, and the signal per photoelectron *3 7 and the

error of the vignetting or plasma spillage 2 %, the transmittance of
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observation window and light collection opties +10 %, and the gas
filling pressure *2 % in Eq. (2). The uncertainty of laser power is
negligible. The resulting uncertainty in theory is #11 %Z. The
representative error in the experimental value in Fig. I1.6.1 is due
to the photoelectron statistics. This agreement between experimental
and theoretical values in Fig. II.6.1 shows the evidence that signals
from hydrogen gas are caused by the Raman effect. The Raman scattered
signals are proportional to the relative laser energy as shown in Fig.

11.6.2, which also shows that the signals are caused by the Raman effect.

6.1.2 Calibration constant and estimation of electron temperature and
density

In the calibration experiment for a simultaneous six-position
Thomson scattering device, the closely related two light sources,
namely, Raman scattered light and LED light, are available to get the
calibration constants for all channels: A detailed report of calibra-
tion constant Ki g was published recentlyS). This calibration
experiment is performed simultanecusly at six positions with six LED
lights, whose incident light intensity is changed by the neutral
density filter. The wavelength intensity of the LED light source is
calibrated by a W-standard lamp. The experimental results of the
normalized sensitivity Kj g and the signal per one photoelectron
created at the PM tube photocathode are described in refs. 1-2).

Next, we discuss the calibration constant CR,B obtained from the
Raman scattering.

Substituting total Thomson cross section UT==(8W/3) 7.94 x 10726 cmz,
S£=1(80)/HH2(2) = 3.60 count x Torr—* from Fig. 1I1.6.1, ERj=140 counts and
total Raman cross section oy from Table IIL.6.1 into the following equa-
tion:

dc

DR,B T Sk(e)/[nHZ(J)ER ao Dk’eo\R)]

the Raman constant Cg g at the position of scattering angle 0 =280 is

given by
Cg,p = 1.9x1071% emd, (4)

The uncertainty based on Photoelectron statistiecs is *4 %. The resulting
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uncertainty in the Raman constant is given by

2
ASE(B) by, (3) 2 Aoy \ 2

~ e + | — + | — = i0.0g, (5)
Cgr, 8 sﬁ(e) ny, (J) ap

[+

where the Raman cross section and the number density of hydrogen
occupying th Jty rotational level in one gas filling pressure are
constant since the room temperature is almost constant during the
Raman scattering experiment.

In the JFT-2M plasma with additional heating, both neutral beam
injection heating (NBI} of 500 kW from 330 to 450 msec and ion cyclotron
range frequency heating (ICRF) of 500 kW from 380 to 430 msec, typical
electron temperature and density profiles are measured at the top and
bottom of the sawtooth oscillation as shown in Fig. IT1.6.3, During all
the additional heating shown in Fig. 1I.6.3, one can find large sawtooth
oscillation with a 300-eV change in electron temperature, a sharp
electron-temperature profile at the top of the sawtooth oscillation
compared with that of NBI heating only, and an increase in electron

density during the ICRF heating.

Explanation of symbols:

nHZ(J) : the number density of hydrogen occupying the J¢j rotational
level

Iz : the laser energy

dOR .

a0 the differential Raman cross section for anti-Stokes
radiation

AR : the effective solid angle of scattering light collection

g : the effective length of scattered light

Yo : the loss ratio due to vignetting or plasma spillage into

the vessel observation window

Sk,S/Nk,e : the output signal per one photoelectron

Nk, 8 : the quantum efficiency of the PM tube

pk’e(kR) : the k¢p channel response normalized to the integrated Raman
line

Tx,0 : the transmittance of the kg spectral channel

th the phcoton energy

Ny, : the number density of hydrogen moleculars
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Ep the relative laser energy for the Raman scattering
measurement

n : the principal quantum number

J : the rotatiomal level

Yoo : the anisotropic pelarizability for the initial and final
states in the ground vibrational level

Av : the frequency shift

Tg : the total cross section for the pure rotational lines in
terms of the number of photons scattered for unit incident
photon flux .

By : the rotational constant for H; gas

¥ : the rotation partition function
the nuclear-spin:quantum number

g1 the statistical weight factor dependent on the nuclear spin

g : the scattering angle

References

1) T. Yamauchi and I. Yanagisawa : Appl. Opt. 24 (1985) 700.

2) T. Yamauchi, I. Yanagisawa and H. Kawashima : Jpn. J. Appl. Phys 23
(1984) 1389.

3) R.W. Carlson and W.R. Fenner : Astrophys. J. 178 (1972) 551.

4) N.J. Bridge and A.D. Buckingham : Proc. R. Soc. London Ser. A295
(1966) 334.

5) I. Yanagisawa and T. Yamauchi : JAERI-M84-186 (1984) (in Japanese).



Table 11.6-1

JAERT-M 85-205

(Case A is derived from the experiment of

Carlson and Fenner>

and case B is derived
from the experiment of Bridge and Buckingham.

Physical characteristics of two Raman lines

4)

panon 1inetir[n] 0 ltem™ D ¥ ootem® | Soten?) gyt My [Boten™t 0| 1 o
\ 6776 0l2 L 01354.6 [0.353-10724/3.43.10730] 0.114 59.3 |6.89[1/2] 1
6671 ol3—11587.3 |0.373.10724]5.24.1073C] 0,082 59,3  |6.89(1/2] 3
6776 012 501 354.6 ul2.71.10730] 0.1 59.3 16.89]1/2| 1
B 0.314-10"2 30
6671 ol3 —11587.3 3,71-10] 0.082 59.3 |6.89]1/2|3
(at 293 K)

Table TI.6-2

Calibration constant CR,G by the

Raman scattering experiment.

Position CR,e (cm3)
1 1,98 - 10743
2 1.68 - 10712
3 1,78 - 10713
1 1,93 - 10713
5 1.48 - 10713
6 3.4 - 1071

_.387
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6.2 TFar infrared laser interferometer in the JFT-2M tokamakl)

6.2.1 Introduction

A HCN laser interferometer with three vertical chords was installed
in the JFT-2M tokamak for electron density measurement. The optical ar-
rangement of the interferometer i1s a Mach-Zehnder type and mechanically
independent of the JFT-2M in order to suppress the mechanical vibrations.
Two HCN lasers are employed for direct reading of the electron density
by means of the beat modulation method. The beat frequency of two
lasers is stabilized around 500 kHz by adjusting the cavity length.
Transmission characteristics of a dielectric waveguide are investigated
and the optimum configuration of the waveguide and TPX lens for compen-

sation of the refraction and divergence of the laser beam is obtained.

6.2.2 HCN laser interferometer

The optical arrangement of the interferometer is shown in Fig.
11.6-4. A probe laser beam is splitted into three vertical beams. Two
matching concave and convex mirrors are used to transform a divergent
beam into a convergent one with its beam waist at the meridian plane of
the plasma. The diameter of the beam waist iIs 17 mm. Crystal quartz
plates are employed for vacuum windows. A combination of the Pyrex
waveguides and TPX lenses are employed to compensate the refraction and
divergence of the beams. TPX lenses are designed to place the crossing
point between the optical axis and the laser beam at the center of the
waveguide mouth.

The HCN laser is a waveguide laser with a cavity length of 2.5 m
and a discharge length of 2 m. To avoid thermal expansion of the cavity,
mirror mounts are fixed by four invar rods and comnected with the laser
tybe by bellows. The axial discharge is maintained by a DC power supply
of 5 kv, 1.5 A. The output power of the laser is about 40 mW. The
Schottky barrier diode™) is emploved for detection of the beat singals.
The output beat signals of three channels and the reference beat signal
are introduced to the counter circuit to convert the phase modulated
beat signals to the time variation of the electron density.
6$.2.3 Characteristics of the waveguidez)

In this interferometer, the waveguides of Pyrex glass are used to

compensate the refraction and divergence of the laser beam. It is-
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expected that TPX lens bends the refracted beam to the optical axis and
the waveguide compensates the inclination between the beam axis and
optical one, and suppresses the beam divergence. The transmissicn
coefficient of the waveguide as a function of the distance between the
beam waiste and the waveguide mouth is shown in Fig. IL.6-5. The
incident beam is Gaussian and the incident angle is 0°. The transmis-—
sion has a weak dependence on Z since the beam diameter (d) at the
waveguide mouth is much smaller than the waveguide diameter (D). The
beam profiles are shown in Fig. II.6-6, taking the incident angle as

a parameter. In the present expériments, the plane of the polarization
is parallel to the incident plane. The beam profile near the waveguide
exit (% =2 cm) show complex patterns caused by the higher modes of the
waveguide. When the incident angle is oblique to the guide axis, the
peak moves toward the beam axis as shown in Fig. I1.6-6. However, the
beam profiles at =70 cm apart from the waveguide exit show that the
peak comes close to the guide axis. From these observations, it is
concluded that the waveguide compensates the deviation of the beam from
the optical axis. The transmission of 75 % is obtained within the

incident angle of 1°,

6.2,4 Summary
HCN laser interferometer was installed in the JFT-2ZM tokamak. The
main features of the present experiments are as follows;
(1) The interferometer has a simple structure of Mach-Zehnder type and
is not affected by mechanical vibrations.
(2) The compensation of the refraction and divergence of the laser beams

can be done by a combination of TPX lens and dielectric waveguide.
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III. OPERATION AND MAINTENANCE

1. Introduction

Facility Operation and Engineering Division has been engaged in
operation and maintenance of JFT-2M tokamak, Neutral Beam Injection
(NBI) system, Lower Hybrid Heating (LHH) device and flywheel motor-
generator (MG), and development of auxiliary equipments and instruments.
NBI, LHH and MG have been operafed smoothly on schedule and also done

the maintenance of those devices.

2. Operation and Maintenance

JFT-2M tokamak was operated on schedule in spite of a few troubles
on a toroidal field coil, vacuum system and poloidal field power supply
owing to the suitable treatment of members. Modes of operation were
that in the first half ICRF and/or NBI heating experiments were done
and in the latter half current drive experiment used by LHH and ECH
were accomplished.

NBI system was operated smoothly on experimental schedule and has
been remodelled in gas injection system for reliable beam injectionm.

Power supply of LHH device was remodelled in the crowbar circuit
for protecting klystron tube from spike voltages and in the control
circuit for obtaining the long duration (0.5 s) of oscillation, and
the device was operated on schedule. The operation schedule of JFT-2M,

NBI, LHH and MG is shown in Table III. 2-1.

3. Development of Equipments and Instruments
3.1 Pellet injection system

Pellet injector of which speed was 600~ 800 m/s and diameter and

length were 1 mm¢ and 1 mm, respectively, adjusted and operated, and a

— 4_5 —
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fueiling experiment in JFT-2M was performed. Tts results were as
follows that a mean electron density increased to 57 x 1012 em™?

and judging from the observation of H, intensity the pellet arrived
into a half diameter of the plasma. For increasing the pellet volume
the diameter and length of the pellet carrier have been increased to

1.65 mm¢ and 1.65 mm, respectively.

3,2 TV monitoring of plasma

High speed video (color) and optical system which can record and
play 200 field per second and can shorten its exposure time at 20 us
has been installed. It was able to show a cross section of noncircular

plasma as shown in Fig. IIL.3.2-1.

3.3 Electron cyclotron resonance discharge cleaning (ECR-DC)

Reducing light impurities (carbon, oxygen, etc.) on the first wall
is very important in tokamak for producing the better plasma, and a
baking and a discharge cleaning have been usually employed for the
procedures. As discharge cleaning Taylor-type discharge cleaning (TDC)
has been used usually, however, has some demerits which are bad access
to the tokamak device for generating X-ray and expensive power supply.
For improvement of these demerits ECR-DC method has been developed and
the equipment was installed in JFT-2M, of which main parts are RF power
supply (2.45 GHz, 5 kW CW) and two launchers with helical antenas.

Effects of ECR-DC were experimented as observing volatile gases-—
water vapour, methane and carbon menoxide-produced by chemical reactions
of hydrogen atoms and metal oxide con the wall, and the result was the
very effective producing of water vapour. In-situ observation of the
surface on Mo sample used by Auger electron spectroscopy was performed,
and the resultant figure as shown in Fig. IIL.3.3-1 showed that oxygen
reduced and disappeared for an hour and Mo substrate was exposured.
The experiment indicated moreover that ECR-DC was the same effect as

TDC on producing the tokamak plasma.
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3.4 Monitoring of NBI power

A calorimeter as shown in Fig. ITI.3.4-1 was settled in JFT-2M for
measuring real injection power into the plasma, which was also able to

measure the spatial distribution of the beam by only one injection, and

the result is showed in Fig. III.3.4-2.



Table ITI.2-1
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Operation of JET-2M, NBI, LHH and MG.

¢ - 1984 1985
Mont 4 5 6 7 8 9 10 11 12 1 2 3
— || ||||\]|l||1\l
: - td
JFT-2M — operation and maintenance Iconétruc ;ope?a ion and
I tion I malntenance
) |
NBI operation and maintenance
M—G operation and maintenance
LHH operation and maintenance

Detail of the operation (JFT2M, NBI, M-G and LHH)

. 1984 1985
(Fiscal year) 1983 | \bR_JUN JUL-SEP OCT-DEC JAN-MAR| O &0
Total days of 128 29 38 45 20| 132
operation (days)
Times of
discahrge (shots) 7657 1694 3428 2935 1238 9288
SFT |Baking (times) 6 3 1 1 1 6
M —
Discharge 219.3| 72.3  54.8  45.1  17.6| 189.8
Cleaning (hours)
Vent. of vacuum
chamber (times) 2 2 2 0 2 6
TotalAéays of 35 17 14 0 14 45
operation (days)
Flashing and A: 3614 | A:2460 809 0 1815 1 A:5084
Injection (shots) | B:13169 B:2406 1172 0 148 1B:3722
NBI |Conditioning A+16151 | A: 2464 910 0 2218 | A:5592
(shots) B:21982 | B: 2483 2662 O 1758 | B:6309
Vent. of vacuum
tank (times) Z 3 L 0 L 3
Change of As 2 1 0 0 1]A: 2
filament (time) B: 1 1 1 0 0|B: 2
| M-G (#1) (hours) 1115 257 348 307 192 1104
M-G
M-G (#2) (hours) 1104 255 345 304 192 1096
Total days of
operation (days) 20 0 0 34 5 39
LHH - :
Times of power 1654 0 0 2397 o| 2397
injection (times)
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Fig. II1.3.2-1 Photograph of cress section of
plasma by TV monitoring.
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IV, DEVELOPMENT OF PLASMA HEATING SYSTEM

1. Neutral Beam Injection System
1.1 ZIon source development

1.1.1 Improvements of the ion source for JT-60

The ion source for JT-60 NBI is designed to produce ion beams of
40 A at 100 keV for 10 sec. The maximum rated ion beam was extractred
in March 1983. Based on the test performed so far, we tried further
improvements of the ion source. ‘The effect of the magnetic field on
the uniformity of the source plasma is reported.

influences of an external magnetic field and a field produced by
the filament current on the performance of a magnetic multipole ion
source were experimentally studied. In the central region of the
source plasma, there is a residual field of 10 to 20 Gauss generated
by many permanent magnets. When directions of the filament currents
were arranged to produce an axial field which directed opposite to the
residual field, the ion production efficiency of the source was higher
(good direction case). TFor the reversed direction of the current, the
efficiency became lower (bad direction case). When the external field
generated by a set of additional coils was imposed to the source and
the field strength was changed step by step, the arc efficiency varied
as shown in Fig. IV.1l-1. Measurements of ion saturation current density
profile mear the plasma grid surface showed that the more uniform the

density profile, the higher the arc efficiency becomes.

1.1.2 Development of a 200 keV, 3.5 A ion source for the helium beam
injector

A 200 keV, 3.5 A helium beam injector will form part of a diagnostic
system to measure the central ion temperature for JT-60. The required
performance characteristics of the ion source for this injector are
tabulated in Table IV.1-1. The energy level of this system is of inter-
est since it enables us to foresee the high~voltage problems associated
with future plasma heating injectors. The injector beam line was
installed in a test bay to facilitate ion source development prior to

install on JI-60 on Sept. 1985. A schematic figure of injector is shown
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in Fig. IV.1-2. As a result of extraction-grid improvement and power-—
supply debugging, ion beams of 3.5 A at 200 keV was obtained for 100 ms.
Ton beams with 1/e divergence of 0.25 was also obtained at 140 keV. The
improvement of the ion source are still now being continued to obtain

sharper beam for raising the accuracy of the temperature measurement/1/.

1.1.3 Development of negative ion source

The negative ion based neutral beam system will be required for
future fusion reactors in order to achive an acceptable injection
efficiency at beam energy higher than 200 keV. Out of sevaral methods
of producing negative ion beam, volume production is the most attractive
hecause of no cesium handling and very>good extracted beam quality.

The volume production ion source now under study is a tandem multi-
cusp plasma source. This source is composed of piled short chambers so
that the chamber depth and the magnetic filter position are variable.
This chamber enabled us a systematic survey of ion current density
dependence of the depth, filter position, and mean electron temperature.
The survey indicated that the negative ion current density increased
with the chamber depth in the case of no magnetic filter, but it
increased with a decrease in the depth in the case of the filter con-
figuration. Results obtained with 15> cm deep chamber is shown in Fig.
IV.1-3. The current density with magnetic fiiter {dashed line) reached
as high as 12 mA/cm?, but the density without filter (solid line) stays
low. When the depth was increased, the dashed line decreased while the
solid line increased, reaching nearly equal conditions in the case of
30 cm deep chamber. Ion current demsity of 15 mA/cm’ was obtained
further reducing the depth to 13 cm.

A temporal variation in the negative ion current density was also
.observed during the arc pulse. The current density is considerably high
for the beginning of the arc discharge of several mili-seconds. This

phenomenon is now under investigarion/2/.
1.2 Performance test of JT-60 neutral beam injector

In order to deliver neutral beams of 20 MW into JT-60 plasma, the
neutral beam system consists of 14 injector units with 28 ion sources

and other systems of power supply, water, vacuum, and control. This



JAERT-M 85-205

system is so large and complicated that careful inspections as well as
ion beam conditioning of every injector unit are necessary for favorable
start of the system for the tokamak experiment. The inspection started
on April 1985 followed by ion beam extraction test on June, mounting the
first unit on the test stand to which the proto-type injector facility
was converted. The test was conducted at a rate of a injector per four
weeks. Within this period the ion sources were operated approximately
5000 shots and conditioned to the standard operation level of 70 A at

75 keV, 10 s. Extracted beam characteristics were also tested using the
optical beam monitor system, the power flow monitor system, and movable
calorimeters. The test results indicated that the performance of the
injector is satisfactory. Nine injectors were tested and conditioned
in this fiseal year. The last unit is scheduled to be performed on

August 1985.
1.3 Development of optical beam monitor

In neutral beam injectors, measurement of the spatial and energy
distribution of the neutral beams is important to optimize the injection
performances. Such a measurement has been done calorimetrically or
electrically with probes that are inserted into the beams. As the beani
power and the pulse length increase, however, it becomes difficult to
use such methods because of thermal destruction. Therefore, optical
beam monitoring system has been developed for JT-60 NBI.

The system is composed of a beam profile monitor and a spectroscopic
monitor. The beam profile monitor /3/, which aims to monitor the beam
divergence and the beam axis deflection angle, employs a charge coupled
device (CCD) image sensor as a detector. The beam is imaged by £/2.4
lens on the CCD sensor, which has 384 x 389 picture elements within the
area of 12.7x9.7 mm. As the camera is placed so that the scanning
direction is perpendicular to the beam axis, the intensity profile of
the electric signal of the scanning lines corresponds to the beam
profile. The image information is stored in a digital video memory
with a time interval of 1/60 s and the stored information is analyzed
by a computer system. In JT-60 NBI, two CCD cameras for horizontal and
vertical profiles are installed at the entrance of the beam drift tube.
On the opposite side of the camera, a blackened plate with honeycomb

board is installed to suppress the reflected light. On the center of
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the board, a marker light is guided with a optical fiber cable to
indicate the geometrical center of the beam axis.

The neutral beam contalns three dominant energy components (H(E),
H(E/2) and H(H/3)) and relatively low energy components such as H(E/18)
which result from the fragmentation of impurities such as Hz0+. In
order to monitor the ratio of these energy components, the spectroscopic
monitor with a optical fiber has been developed for JT-60 NBL. The
doppler—shifted Balmer alpha light from the fast hydrogen atoms is focus-
ed by a telescopic lens and introduced to a optical fiber. The diameter
of the core of the fiber is as 1érge as 0.8 mm. The fiber is guided to
the accessible room about 100 m from the beamline, where the light is
introduced to the spectrometer.

These optical beam montiors have been tested In the test bed of
the JT-60 NBI and demonstrated high sensitivity, high resolving power

and good reliability.
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Table 1IV.1-1 Specification of ion scurce for
200 keV He beam injector.

BEAM He
BEAM ENERGY 40 ~ 200 keV
BEAM CURRENT 35A
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2. RF Heating System
2.1 Introduction

The RF heating is a very promising method for high temperature and
high density tokamaks. In JT-60, three units of lower hybrid range of
frequencies (LHRF: at 2 CHz) heating and one unit of ien cyclotren
range of frequencies (ICRF: at ~i20 MHz) heating are planned. There
aré many items to be researched and developed to establish the efficient
plasma heating. Above all, the launcher and high power RF source at
2 CHz for LHRF heating (klystron) are the most important compoments.

As for the klystrom, we had finished the R&D successfully in 1983.1),2)
However, we need further studies about the conditioning technique and
the reliability of the klystron. In this year, the R&D works of the
~launchers for lower hybrid range of frequencies (LHRF) heating and ion
cyclotron range of frequencies (ICRF} heating and the conditioning

experiment of the klystron had been continued.

2.2 LHRF launcher

The phased array waveguide launcher of 8 columns x 4 rows is
adopted for LHRF heating on JT-60. It was demanded that the transmitted
RF power power density in the launcher of more than 4.5 kW/em?, pulse
duration of 10 sec in ouder to attain the 10 MW RF power injection into
the plasma. We have been carrying out the RF power transmission experi-
ment since 1981. Until March 1983, the power transimission density of
5.0 kW/cm?, 10 sec was achieved in vacuum with dummy load terminatiom.
Tn 1984, the study has been done laying stress on the affection of the
residual magnetic field from the tokamak on the RF power transmission.
The experiment was performed using the evacuated test waveguide of RF
test stand (RFTS—II)I) on which the magnetic field was superimposed.
When the strength of the magnetic field satisfies the condition £ =f.,,
where f is RF frequency and f., is a cyclotron frequency, and Hy gas
was filled up to 1% 10~"% torr, the discharge in the waveguide due to
the electron cyclotron frequency (ECR) has occurred. ECR breakdown
caused an increase in the reflected power. However, this discharge

had been suppressed after several shot of RF conditioning, and finally,
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the RF power transmission of 10.0 kW/cm? with 10 sec was attained
without any discharge up to 2 X 107" torr of H, gas. This result shows
that the ECR in the launcher will not be a serious problem if the pres-
sure in the launcher is kept less than about 1 10=% torr.

On the other hand, an unipole multipactoring discharge3) had been
observed around f=2 f.o. The unipole multipactoring is a resonant
type discharge which occurs on a single electric plate in the presence
of RF electric field when the magnetic field of about £=2 f., is
imposed, The experimental result is shown in Fig. IV.2-1 as ratio of
RF power absorption in the waveguide against the strength of the magnetic
field. About 25 % of the incident power is absorbed at fpo/f =0.5. This
power deposited into the waveguide wall so that the temperature of the
waveguide wall is increased drastically. The maximum increase rate of
the temperature at Pj, =200 kW was 100 °c/0.1 sec, which is very danger-
ous for waveguide because it is far beyond the cooling capability of the
launcher, so the waveguide wall will melt by the long pulse RF injection
like in JT-60. To suppress the unipole multipactoring discharge, we
tested the carbon coating having the low secondary emission ratio since
the multipactoring depends on the secondary emission ratio strongly.
Then, no increase in the temperature of the waveguide wall nor absorption
of the incident RF power occurred. The carbon coating method is rela-
tively easy to apply to the launcher and gives little affection on the
RF power transmission. Therefore, the adoption of the carbomn coating

on the launcher of LHRF heating in JT-60 has been decided.

2.3 ICRF launcher

For the coupling system of ICRF heating on JT-60, the launcher of
2 columns X 2 rows—-loop antenna is adopted. The configuration of the
launcher is so complicated that we need to understand a radiatiom
pattern of the launcher experimentally. Therefore, we constructed
a test launcher of 2-looped antenna having the same size with JT=-60,
i.e. the loop size is 23 cmx 8 cm, and studied about it. The figure
of the launcher is illustrated in Fig. IV.2-2. This antenna is short
in length compared with a conventional one. Moreover, a Faracay shield
attached in front 6f the launcher is single layer type (open Faraday

shield) because it suffers from a large heat lcad from a plasma and
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omhmic loss of the RF furthermore it receives a large electromagnetic
force during plasma disruption. At first the launcher was baked up to
250 °C with high temperature air for two days with no trouble and its
mechanical reliability was assumed. Next, we measured the electromag-
netic field pattern inside/outside of the Faraday shield with a static
electric probe and a magnetic probe. RF power loss at the Faraday
shield is mainly determined by the magnetic field in the axis direction
of the launcher Byx. The value of By is compressed at gaps of the Faraday
shield. Compression ratio Bx/Bxo is in proportion to the ratio of the
total length of the gaps to the whole length of the Faraday shield in
the poloidal direction. Magnetic field in poloidal direction By is
also modulated significantly with the current flowing on the Faraday
shield. However, Faraday shield gives no significant modulation to the
magnetic field in toroidal drection B,. On the other hand, the RF
electric field in toroidal directiom E, is fully cancelled even for

the open Fraday shield. Moreove, thermal distribution due to the RF

loss on the Faraday shield was directly observed by infrared camera.

2.4 Conditioning of 1 MW klystron for JT-60

The specification of the klystron is shown in Table IV.2-1. 1In
1984, we have continued its quality test and conditioning experiment.
In the process of conditioning, it was found that a ceramic window for
the power output is the most important section since the crack of the
ceramic window sometimes occurred. Also, it was found crack of the
ceramic window occurs when the temperature of the ceramic increased
abruptly. Therefore, we monitored its temperature directly with
an infrared camera during conditioning to study the phenomena of tem-

perature increase.

References

1) T. Nagashima, et al., in Proc. of 10th Symp. of Engineering,
Philadelphia, U.S.A. (1983).

2) S. Miyake, et al., in Proc. of 1984 IEEE Inter. Electron Devices
Meeting, San Fransisco, U.S5.A.

3) K. Sakamoto, et al., to be published.



JAERI-M 85-205

Table IV.2.1 Typical performances of 1 MW class klystrons.

Frequency 2.01 GHz
Qutput Power 1 MW
Pulse Width lQ sec
Beam Voltage 83.0 QV
Beam Current : 26.5 A
Power Gain 53 dB8
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V. SURFACE PHYSICS AND VACUUM TECHNOLOGY

1. Surface Physics
1.1 Intoduction

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

In this fiscal year, progress was made with measurement of the
sputtering yield of silicon carbide by low energy light ions, measure-
ment of the effect of oxygen-exposure on sputtering by light icn
irradiation of molybdenum, and new finding of plasma-limiter interaction,

tion, i.e. limiter induced convecticn, in the JFT-2ZM.

1.2 Measurement of the sputtering yield of SiC by low emergy light

ionsl)

New silicon carbide with high thermal conductivity is a promising
candidate material for the first wall of fusion devices. Sputtering
vield measurement for this material has been made by the bombardment
with hydrogen, deuterium, and helium ions in a low energy region (350
eV - 2.5 keV) at room temperature. The present results are illustrated
in Fig. V.1-1 together with other experimental data by Bohdansky and
Rothz) and Sone et al.3) The silicen carbide material used here was
made by sintering with BeQ addition of 2 wt%”). The present results
except for helium ions show very low sputtering yield compared to the
German data. The ratio of our data to them ranges between 1/2 and 2/3.
The reason of this big difference has not been clarified up to now, but

it is obvious from the deuteron sputtering yield data for wvarious
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concentrations of the BeQ addition that there exists no relationship
between the sputtering yield and the BeO content (see Fig. V.1-2).

This means that the addition of BeO does not decrease the deuteron
sputtering yield of SiC matrix within en experimental accuracy. Thus,
the big difference may be due to the difference of the matreials used,
e.g. stoichiometry/non-stoichiometry, or atomic structure, and to the
difference of the target temperature. 1t should be noted in Fig. V.1-1
that there exists no difference between the present data and the German
ones in the helium ion sputtering yield. It is thought that both silicon
carbides have different chemical reactivities with hydrogen isotopes.

But the details are still unknown at present.

1.3 Oxygen exposure effect on sputtering yileld for light ion

irradiation of molybdenums)

Sputtering yield of molybdenum and angular distribution of
sputtered molybdenum under oxygen exposure have been measured for Dt -
and “Het -ion irradiation in the energy range of 2.5 to 6 keV at ambient
room temperature (150 °C or less). The deuterium and helium irradiations
were performed with high current ion irradiation facilities EVITA in KFA-
Jilich and 10 kV accelerator in Garching, respectively. Sputtering
vields were determined from the weight loss of the targets. The angular
distributions were measured by ccllecting the sputtered material on a
hemi-cylindrical carbon collector (Papyex), which in turn was analyzed
by Rutherford backscattering of 1 MeV Het ions. The measured sputtering
yields are shown in Fig. V.1-3 as a function of the impinging oxygen-to-
projectile flux together with the previous argon data®) for comparison.
It is clearly seen that for helium bombardment with both the normal
and oblique incidence, the sputtering yield decreases with increasing
oxygen—-to-helium flux ratio as observed in argon bombardment,
while the sputtering yield for deuterium bombardment show almost a
constant value not depending on the oxygen-to-deuterium flux ratio.

The possible explanation of the constant yields for deuterium can be
due to that the implanted deuterium could react with the adsorbed
oxygen at the surface to form Dy0 which easily desorbs from the target
in the present condition resulting in the reduction of the oxygen

exposure effect on the yield so that the critical value could shift

.764 —_
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towards higher values.

In Fig. V.1-4 the angular distribution of molybdenum bombarded at
an angle of incidence of 70° obtained at room temperature are shown for
two typical oxygen partial pressures, 5 x 1078 Torr and 2 x 107> Torr.
For oxygen partial pressure of 2 x10™° Torr the angular distribution of
oxygen is also shown in the figure. For the light-ion bombardment at
oblique angle of incidence the angular distribution generally shows a
strong anisotropy with a preferred emission in forward direction with
respect to the beam, which is mainly due to direct ejection of primary
recoils by incoming projectiles: The present results that the oxygen
exposure does not influence the angular emission distribution shape hut
only reduces the emission yield indicate strongly that the main sputter-
ing process under oxygen exposure at room temperature is due to the
physical collision process not to the chemically assisted process,

because the latter leads to a more isotropic distribution.

1.4 Plasma wall interaction studies on JFT-2M

A new type of plasma-limiter interaction, "limiter-induced convec-
tion" has been found in the JFT-2M tokamak. The observation was made
for a Ohmically heated plasma by taking photographs around an inside
rail limiter and by monitoring the plasma near the limiter with
Langmulr probes, _

Figure V.1-5 shows photographs of plasma light around the limiter
(L), where the difference of the condition between (a) and (b) is the
direction of the toroidal magnetic field By. It can be seen in the
figure that the light emission takes place anti-symmetrically with
respect to the center of the limiter. Furthermore, the pattern of the
light emission reverses with the reversal of B. The probe measurement
is shown in Fig. V.1-6 where (a) and (b) correspond to those Fig. V.1-5.
The probes were located on the right hand side of the limiter and on
upper/lower side of the median plane (designated by U/L): that is, each
probe monitored bright or dark region of the light emission. Figure

V.1-6 exhibits that the plasma demsity at the bright region is about 2

orders of magnitude larger than that at the dark region. These results
indicates that radial convection takes place near the limiter.

The convection can be explained by "obstacle-induced convection"
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known in the multipole experiments; depletion or blockage of drift
motions of charged particles by the limiter induces cross-field electric
fields and, then plasma convection. An important consequence of the
present observation is that the mechanism we dicussed can be extended

to a cause of the deterioration of the confinement during NBI (L-mode).
This model can demonstrate agreements with all experimental results
known at the L-mode. TFurther studies on the limiter-induced convection
during radio frequency heating as well as NBI are planned on JFT-2M

experiments.
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2. Vacuum Technology
2.1 Introduction

The operation and experiment of JT-60 and the design study of the
next generation device create a necessity for solving new problems in
the vacuum and surface technological area. They include research and
development of wall preparation processes suited for plasma generation
and confinement, leak locating systems applicable to large and compli-
cated vacuum vessels, and key vacuum components such as novel pumps and
valves.

In the fiscal year 1984, significat progress has been made on the
development of an in-situ coating device for JT-60 and the study on
microwave-wall interaction. The development of leak locating techniques

is also continued. A feasibility study has been initiated for develop-



JAERI-M 85-205

ing turbomechanical pumps for fusion applicationms.

2.2 TFabrication and performance tests of the prototype in-situ coating

device for JT-60

The development plan to invent an in-situ cocating device was
started in FY 1981. The device is intended to use for the repair of
TiC-coated walls of JT-60 which will be eroded or damaged by plasma
particle irradiation and/or heat shock. At first, the coating method
was determined to be a kind of reactive evaporation, i.e., evaporating
titanium in a low pressure acetylene atmosphere. Then, performance
tests were carried out for different types of titanium evaporators.

In FY's 1983 and 84, a prototype coating device was designed and
fabricated in cooperation with Mitsubishi Electric Corpeoration. It
basically consists of an ohmically-heated titanium evaporator and a
vacuum manipulator to be mounted in one of four vertical ports about
20 em in diameter of the JT-60 vacuum vessel. Movement is introduced
into the vacuum vessel through rotary motion seals using a low vapor
pressure magnetic fluid seal. The major engineering issues come across
in the R & D phase were solid lubrication of movable parts at elevated
temperatures (up to 300 °C) in high vacuum and mitigation of outgassing
from construction materials. TFigure V. 2-1 shows the prototype in-situ
coating device installed in the JVX-IT vacuum vessel. The performance

tests of the device were successfully carried out by the end of FY 1984.

2.3 Microwave-wall interaction study

The understanding of the interactions between RF wave and wall
surface becomes increasingly important as the additionmal RF heating
power increases. On the other hand, it is very interesting to know
the mechanisms of gas desorption from wall surface through the inter-
actions because they might be utilized to obtain low outgassing rate
of wall materials without high temperature baking. An outgassing rate
measurement has been made for Inconel 625 and TiC walls with and without
microwave (2.45 GHz) power introduction into a vacuum vessel (JVX-1).

Figure V. 2-2 shows variation in total pressure and mass filter signals
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of Hy, H,0 and CO, which occurs by the microwave-wall interaction. It
can be seen that the gases desorbe intermittently. This may be due to
the impact desorption by charged particles locally produced and accel-
erated in the strong electromagnetic field.

In this connection, an Auger electron spectrometer has been
employed to determine the secondary electron emissien coefficient of
various wall materials. The coefficient of a material relates closely
to the surface composition which is modified by surface treatments
including baking, argon ion etching and methane glow discharge.

Based on these results, some measures have been taken to reduce
outgassing rate and secondary electron emission coefficient of the

walls of vacuum vessels and R¥ components.
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Fig. V.1-5 Light emission near the limiter; in {a) the direc-
tion of By is from right to left and in (b) Bt is
reversed. The dashed lines indicate the position
the median plane and L refers to the limiter.
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Fig. V.1-6 Probe current Tg of the upper/lower side probes
designated U/L, respectively, where (a) and (b)
correspond to those of Fig. V.1-5.
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Fig. V.2-1 Prototype in-situ coating device installed
in the JVX-IT vacuum vessel.
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VI. SUPERCONDUCTING MAGNET DEVELOPMENT

1. Introduction

The objective of superconducting magnet development in JAERI is to
establish design, fabrication and operation technique for Tokamak Fusion
Experimental Reactor. As toroidal coil development, two projects are
being carried out. One is Cluster Test Program for high field demon-
gtration and another is Large Coil Task, an internationél collaboration,
for scaling-up of size. As poloidal coil development, the unit pancake
program has started. Cryogenic technology and structural material are
being intensively developed. The highlights in FY 1984 in JAERI Super-
conducting Magnet Laboratory are as follows.

1) The Japanese LCT coil was tested in 3 coil condition in Dak Ridge
National Laboratory.

2) Nb3Sn Test Module Coil was operated in 11T and cold end recovery was
demonstrated with 30 A/mm? at 11T.

4) Fabrication of 30 kA poloidal unit pancake was started.

4) Expansion turbine test was installed.

5) New structural material development is in continuation.

6) Design of medium sized superconducting Tokamak is in continuation.

2. Cluster Test Program

2.1 Upgrading of the Cluster Test Facility and an extended test on

the TMC-I!)

In order to study the behaviour of the TMC-I at more than 10 T,
upgrading of the Cluster Test Facility (CIF-U) has been performed by
installing two supplimentary coils, so called the Cluster Background
Coil (CBC) in the bore of each CTC as shown in Fig. VI.2-1. Therefore,
the CTF-U consists of five coils including the TMC-I. Fig. VI.2-2
shows the CBC being installed in the CTF vacuum tank. The CBC, which
has a winding inner diameter of 400 mm, is composed of a pair of pool

cooling coils wound with MF Nb3Sn conductor. The cooling surface of
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conductor was grooved and coated with Cup0 to cbtain a high heat fulx.
A designed operating current is 2,145 A, which is the same as that of
CTC because of a comnection with CTC in series with one power supply.
A current lead between CBC-1 and CBC-2 was directly conmected with
Nb3Sn superconductor soldered on copper bar to decrease a heat load.

A total cooling weight of coil system, which is composed of five
independent helium vessels, is 28 ton including the support structure
of 4 ton. The cool-down time of five coils is 148 hours to 5 K with
almost uniform temperature of them in parallel. This parallel cool-down
technique will be usefully applied to the operation of toroidal coil
system, having more than 10 coils. The current charge test of TMC-I
in the CTF-U has been performed the following procedure; firstly, four
background coils, connected in series, were energized to 2,145 A and
next, the TMC~I was emnergized up to 6,000 A with a sweep rate of 300
A/mm. The maximum magnetic field on the TMC-I is 11.1 T with a back-
ground field of 4.3 T as shown at #1 point in Fig. VI.2-3. The maximum
magnetic field on the CBC and the CTC are 9.6 T and 6.7 T, respectively.
The measured strain on Nb3Sn conductor due to charge-up of TMC-T to
11.1 T is 0.16 %Z. Therefore, the toral strain is 0.7 % of Nb3Sn after
heat treatment since bending strain during winding is 0.5 %. The total
stored energy of five coils is 46 MJ.

In order to investigate the stability of TMC-I, the heater test
has been carried out in two cases of TMC-I with and without the back-
ground field, using the manganin heaters embedded in Nb3Sn conductor.
Input heater power is 4.7 kW with a period of 0.2 s over a length of
192 cm, corresponding to ome turn. At 6,000 A and 11 T, the normalcy
returned spontaneously to superconducting state in 6.3 s after the immer
most turn became nmormal and temperature increased over 20 K by heating.
On the other hand, the heater test of TMC-I without the background field
has been carried out up to 7,200 A (#2 in Fig. VI.2-3). The TMC-I
recoverd to superconducting state up to 6,800 A (#3 in Fig. VI.2-3) for
one turn normalcy. However, the recovery to superconducting state was
not observed at 7,000 A and 7,200 A. From those results, the maximum
stable current of TMC-I with the background field of 4.3 T is extra-
polated on 6,300 A at 11.5 T.

This achievement shows that Nb3Sn superconducting coil can be

surely applied to toroidal coil in fusion machine.
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2.2 Research and development for the TMC-I12)

For the second test coil (TMC-IT) in the Cluster Test Program,
the Segment Test Program (STEP) and FC-100M program are progressed
from 1983. The STEP-I, which is the first test coil of the STE?P
program, has been charged up to 10 kA at 8 T without quench, in 1983,
In summer of 1984, the STEP-II, the second test coil, was charged up
to 20 kA at 8.7 T, and its heater test was carried out, as shown as
Fig. VI.2-4., 1In order to test the STEP-TI and STEP-II at 12 T, we
started fabrication of the new sﬁlit back-up coil (Spliter-15}, whose
maximum field and average current density were 15 T and 75 A/mm?
respectively. For the Splitar-15, the R & D coil was fabricated and
charged up to 15.25 T with average current density of 140 A/mm®. This
result is enough for the Splitar-15. The cross sectional photograph of
conductor of this R & D coil is shown in Fig. VI.2-5. In the next year,
STEP-I and STEP-II will be tested at 12 T by using the Splitar-15. As
a forced flow conductor test, the charging test of FC-100M was carried
out with 8 T back-up coil. A normal zone appeared at 3 kA and 9.6 T.
As the nmext step, we started to fabricate the FC-150M, which will
generate a magnetic field of 12 T with 8 T back-up coil. This coil

will be tested in the next period.

3. Large Coil Task of IEA
3,1 General

The Large Coil Task (LCT) as an international work is being
carried out under the auspice of the International Energy Agency for
the purpose of fusion superconducting magnet development. Each
perticipant, the United States of America, EURATOM, Switzerland and
Japan, designed and fabricated an unique test coil and brought it to
the International Fusion Superconducting Magnet Test Facility (IFSMTF)
operated by the United States. Six test coils (Us:3, Japan, EURATOM,
Switzerland:1) arrayed in a compact torus will be tested. For the
facility shake-down and the primary coil test before the six coil test,

the three coil test was planned and carried out successfully in 1984,
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The General Dynamics coil (GD coil), the Swiss coil (CH coil) and the
Japanese coil (JA coil) were cooled down to 4 K, and GD and JA coils
were charged up to the rated current (a little over 10 kA) in the
single and the two coil conditions as planned. After the three coil
test, the EURATOM coil and the General Electric coil were imstalled in
IFSMTF. The Westinghouse coil was almost completed, and the six coil

test was scheduled to be started in 1985.

3.2 Three coils test in ORNL

Three test coils (GD, JA, CH) were tested in IFSMIF constructed
in Oak Ridge National Laboratory. At the time, CH coil had no current
leads, so, CH coil was only cooled down. Fig. VI.3~1 shows the three
test coils installed in the vacuum tank of IFSMTF.

After several inspections, the cooling down work from 300 K to 4
K was started in July, 1984. This work took about five hundred hours
because the pressure drop in the gas return line from the coils was
larger than designed value and the allowable temperature difference
in the coil was limitted by other participants. .

The charging test was performed with several troubles; miss
cabling, power supply trouble, main helium tank trouble, power failure
by heavy thunderstorm, etc.. JA coil was charged up to and dumped '
from 10.22 kA, the rated current, at the single coil test. GD coil
was also single charged up to its rated current of 10.2 kA.

The two coil test (test coil:100% current, background co6il:40%
current) was also carried out successfully. Fig. VI.3-2 shows the
result of the dumping test; JA coil was charged up to 70% current and
was in persistent mode, and GD coil was dumped from 40% current, At
that time, the transport current of JA coil increased 485 A. At the
two coil charging state, the two coils are pulled by each other and
the coil cases are bent. Fig. VII.3-3 shows the strain appeared on
the corner part of JA coil case. At the two coil test, the strain
value reached 550 ppm. In order to investigate the stability, a half
turn of each conductor was heated and normalized. GD coil was recovered
itself from normal conducting state to superconducting state at the
singly 100% charging condition. JA coil was also recovered at the two

coil test condition (JA 100% and GD 40% charging). Fig. VI.3-4 shows
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the voltage profiles of JA coil after a half turn heating.
The coils and the facility were warmed up to the room temperature

in October, 1984, and the three coil test was finished.

4, Pulsed Poloidal Coil Development

4,1 Highlights

New technology for superconducting poleidal coils has been under
development for the Fusion Experimental Reactor (FER). 1In 1984,
verification tests for both forced~flow-cooled and pool-boiling-cooled
coils have been carried out. For forced-flow cooling, the maximum
allowable disturbance to keep the stability of a sample coil was
measured, demonstrating high feasibility of this cocling for large
coils. For pool-boiling cooling, heat transfer characteristics from
large-sized conductor was measured, and the perfect stability up to
116 % of the operating current was confirmed. Based on the whole
results of verification tests, it has become ready to start the
development of a large pulse coil, called Demo. Poloidal Ceoil, from

1985.

4.2 Measurement of the stability margin of a forced-flow-cooled

conductor

A model coil wound with a subsized conductor of JAERI forced-flow-
cooled conductor (JF-30) was fabricated and tested under the magnetic
field of 7 T. So as to simulate a disturbance to this coil, this coil
was heated for 20-30 ms with energy density up to 1.5 J per unit volume
of helium in the conductor. Fig. VI.4-1 shows major result of this
stability test. At the nominal current, it was verified that the
conductor is stable against the thermal disturbance up to 0.7 J/ccHe
without helium flow and up to 1.3 J/ccHe at the 1.5-g/s helium flow in
the conductor. Design requirements for this stability margin is around
0.45 J/ccHe, therefore the sufficient stability of the JF-30 conductor

was demonstrated.
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4.3 TFabrication of 30-kA Poloidal Unit Pancake

In order to demonstrate the feasibility of a pool-boiling-cooled
large-current pulsed conductor for poleidal coils, a 30-kA large-bore
Poloidal Unit Pancake (PUP) is designed and under construction. PUP is
wound in one double pancake with a 30-kA pulsed conductor, whose super-—
conducting strands are supported by the inner stainless steel core.
Fig. VI.4-2 shows the dimensions and testing arrangement of the PUP and
two backup coils. Operating current, current density, and stored energy
of the PUP are 30 kA, 18 A/mm?, and 1.5 MJ, respectively.

Tn the process of the fabrication, a number of verification tests
are carried out to support the design. Fig. VI.4-3 shows the experi-
mental results of heat transfer characteristics of the conductor at
various position on the subcables. In this experiment, cooling
conditions were exactly simulated to that of the actual winding. As
a result, the worst cooling characteristic is found at the uppermost
position., Even in this position, however, equal area heat flux is
0.479 W/cm and corresponding stable current becomes up to 34.8 kA.

This indicates that the PUP is designed fully cryostable at the opera-
tion current of 30 kA.

The fabrication and subsequent performance tests at 7 T will be

carried out in autumm, 1985,

5. Cryogenic System Development
5.1 Introduction

A Superconducting TOKAMAK fusion machine requires the large scale
helium refrigeration system which has a maximum refrigeration capacity
more than 10-20 kW as a unit at 4 K. For technological realization of
such a large refrigeration system, JAERI has been investigating not
only the cryogenic technology but also cryogenic devices which will be
applied to the system.

In this period, according to the cryogenic development plan, the
experiment of the forced-cooled superconducting test loop was carried

out as an advanced varsion of the previous experiment at last period.
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With regard to the development of cryogenic devices, turbo-expander
with mass flow rate of 100 g/s was designed and assembled, and the

current leads with 15 kA was tested.

5,2 Experiment of forced-cooled superconducting test 100p3)

Stability test of 15 kA superconducting test loop (JF-15) was
carried out by using inductive heating technique which is newly
developed by JAERI to initiate normal zone on the conductor. By this
new heating technique, we have experimentally found the relation
between stability margine of forced-cooled conductor and its operating
current as a function of helium coolant conditions such as pressure,
temperature, and mass flow rate. Fig. VI.5-1 shows a stability
characteristics of JF-15 obtained at 6 atm and 4.8 K.

On the other hand, we have developed a stability analysis code
"ALPHE-II" to theoretically calculate the stability characteristics of
forced-cooled conductor. The transient behavior of helium cooclant in
the forced-cooled conductor can be estimated by this analysis code as
shown in Fig.VI.5-2.

In these way, the design criteria of the stability margine for the
forced-cooled conductor is being able to establish by both experimental

and theoretical approach.

5.3 Development of helium turbo-expander

According to the cryogenic system thermal analysis code named as
"CRYO" which was developed by JAERI, a large helium turbo-expander with
the maximum mass flow capacity more than 1000 g/s is required to
construct 10-20 kW refrigeration system for fusion TOKAMAK machine.

For this purpose, JAERI has been developing large helium turbo-
expander and as a first step, the medium sized turbo-expander with 100
g/s was designed and assembled to investigate the dynamic performance
and the scalability. In this turbo-expander, dynamic gas bearing was
adopteéd to the journal bearing and static gas bearing was tc the thrust
bearing. The coverview and the design parameters of this turbo-expander

are shown in Fig. VI.5-3 and Table VI.5-1, respectively.
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The performance test at cryogenic temperature will be carried out

in 1985 by using the existing Superconducting Engineering Test Facility.

5.4 Development of new type of current lead")

Vapor-cooled current leads with large capacity more than 20 kV
and 30 kA are required for superconducting magnet for fusion. In such
a large current system, the thermal performance of the current lead is
extremely important since a small deviation of the coolant flow rate
from the ideal value gives a significant liquefaction load to the
cryogenic system.

Therefore, JAERI have been developing high-current vaporcooled
current leads with cable-in-conduit configuration which can be expected
to have ideal thermal performance, that is, heat leakage and coolant
flow rate per 1 kA are 1 W and 0.05 g/s, respectively.

In this period, 6 kA and 15 kA current leads were fabricated and
tested. Fig. VI.5-4 shows the measured thermal performance of 15 kA
current lead charged up to 20 kA, We have demonstrated in these
experiments that the new type of current lead has excellent thermal
and electrical characteristics and then the heat leakage and the
coolant flow rate are close to the ideal value., JAERI is intending to

perform the verification test up to 30 kA in 1985.

6. Development of the New Cryogenic Structural Materials

We have been developing the new cryogenic structural materials,
which have yield strength of more than 1,200 MPa and plane-strain
fracture toughness of more than 200 MPavm, for fusion Experimental
Reactor. Several steels which had four fundamental chemical composi-
tions as shown in Table VI.6-1 were selected from the results of
tensile and Charpy impact tests at 4 K. These steels divide into
three groups such as high Mn austenitic stainless steel, high Cr-Ni
austenitic stainless steel, and austenitic stainless steel which
chemical composition in middle of above two steels.

Elastic plastic fracture toughness Jic values of these steels
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have been measured using computerized unloading compliance method.
Reliability of J1c measurement system was verified by comparison between
results from this system and those from R-curve method according to ASTM

E813. Jie value is converted into Kjc value by following equation.
Kijeg = ¥ E-Jic

Fig. VI.6-1 shows relation between fracture toughness and yield
strength at 4 K. NBS trend line as shown in this figure is data base
of 304 grade austenitic stainless steels at 4 K. JAERI-Box, which was
named by U.S.A,, shows our target area. Thus, we requested high
strength and high fracture toughmness compared with ordinary stainless
steels and our development of the new cryogenic structural materials
has attracted attention of foreign countries. All data of the newly
developed steels is over NBS trend line. Fracture toughness 1is
improved compared with ordinary stainless steels which have the same
yield strength. The yield strength of high Cr-Ni stainless steels is
higher than that of high Mn stainless steels. S5ix steels are included
in JAERI-Box. One of these steels, 22 Mn steel, is supplied from 153
tons production heats.

Development of base metal has almost completed and we started to
develop welded part of these excellent steels. These material will be
used as structural materials of Poloidal Unit Pancake and Demonstration

Poloidal Coil which will be developed by us.

7. Design Study for Medium Sized Supperconducting Tokamak

For the realization of the Fusion Experimental Reactor (FER), the
construction and operation of medium sized superconducting tokamak
machine is necessary. For this purpose, design study of Superconducting
Tokamak Test Assenbly (STTA) is under way. Major objective of the work
is design and understanding of the superconducting coil system for a
long-pulsed tokamak. On the STTA, the design of 12-T toloidal coil
system has been carried out and current status comes to the design of
poloidal coil system. Fig. VI.7-1 shows the elevation view of STTA.

In September, 1984, US/JAPAN workshop on 'Superconducting Magnef



JAERI-M 85-205

Requirements for Intermediate-scale Long-Pulse Tokamaks' was held and
nearly fifty specialists on magnet technology and plasma phyisics
attended the workshop. Based on the common recognition that medium
sized superconducting tokamak is indispemsable for the construction

of large tokamak such as FER and TFCX, the designs of STTA and ALCATOR-

DCT were reviewed and a number of informations were exchange.
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Table VI.5-1 Design specifications of expansion turbkine.

INLET PRESSURE (ATM) 15.0
INLET TEMPERATURE ( K ) 20.0
EXPANSION RATIO 6.0
FLOW RATE CAPACITY (g/s) 100.0
DESIGNED REVOLUSION (rpm) 214000
BRAKING METHOD FAN-BRAKE
JOURNAL BEARING . DAYNAMIC

THRUST BEARING STATIC

Table VI.6-1 Fundamental chemical compositions.

Fundomental Chemical  Compositions

High Manganese Austenitic Stainless Steel

005C -22Mn - 13Cr - 5Ni - 0.2N
0.05C -25Mn - 15Cr - INi - 0.2N

High Cr—Ni Austenitic Stainless Stee!

002C -25Cr - 13Ni - 0.35N

Austenitic  Stainless Steel

0.02C -12Cr - 12Ni - 10Mn-5Mo-02N
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Fig. VI.2-1 Geometarical configuration of coils in the CTF~U and field
distribution on the TMC-I.

S

Fig. VI.2-2 GCBC being installed in the CTF-U vacuum tank.
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.S.C. FILAMENT

i BRONZE
S.C. Material {Nb-Ti};Sn
Diameter 1.1 mm
Filament Diameter 141 pm
Number of Filaments 37
Cu : non Cu 0.67 :1

Fig. VI.2-5 The cross sectional photograph of conductor of

R & D coil.
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Fig. VI.3-2 JA coil and GD coil currents during JA coil 70 % current
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VII, DEVELOPMENT OF TRITIUM TECHNOLOGY

1. Tritium Processing Technology
1.1 Fuel purification

1.1.1 JAERI-LANL(DOE) fusion technology cooperation

The "Testing of Small Scale Tritium Handling Components with
tritium" program(LQ3) has successfully been carried out under the
Japan-US Fusion Technology Cooperation in Develcopment of Improved
Components for Fusion Fuel Cycle. As the first step of this program,
a proto-type of palladium membrane diffuser (component for DT/
Impurities separation) and a ceramic electrolysis cell (for conversion
of DTQ vapor to DT gas) has been tested with tritium to confirm their
basic performance and integrity for long term operation. Table VII-1
summarizes the experimental conditions and operating performance of

both components.

1.1.2 Development of components

Design and construction of the double containment type of a
palladium diffuser having inner-heaters and thermal reflectors, and a
electrolysis cell with multi-tube electrolite of zirconia have been
carried out to meet the design criterion for the TSTA at Los Alamos
National Laboratory. These components will be tested with tritium at
the TSTA in the next step of JAERT-LANL(DOE) collaboration. Figures
VIiI -1 and -2 show these components.

Material tests of the palladium alloy membrane have also been
done to predict the effects of tritium gas exposure on the membrane
integrity. The test items are as follows: (i) crystallographic
analysis of Pd and Pd-alloy by X-ray diffraction analysis, (ii)
solubility in the Pd-alloy/H,, D, system, (iii) diffusivity of °He in
the Pd-alloy membrane, (iv) implantation of SHe with Van de Grraff
accelerator, and quantitative measurement of 3He implanted by making
use of 3He(n,p)T reaction, and (v) mechanical tensile tests of the

Pd-alloy tubes under the hydrogen atomosphere.
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1.2 Hydrogen isotope separation

1.2.1 Cryogenic distillation experiments

A series of separation experiments with N, and Ar have been carried
out by using a cryogenic distillation column packed with various types
of packings{(Dixon Ring, Coil Pack, Helix and Heli-Pak). Major results
obtained by these experiments are as follows: - (1) the HETP wvalue
remains almost constant in a wide range of the vapor flow rate, (ii)
the simulation procedure based on the stage model was verified to be
useful for predicting actual column performance, (iii} Dixon Ring
presented the best set of results in terms of separating performance

and pressure drop across the column,

1.2.2 Hydrogen isotope separation by gas chromatographic technique

In order to establish the control system for the cryogenic
distillation columns separating hydrogen isotopes, a precise and simple
technique for measuring the composition of hydrogen isotope mixtures
must be developed. Although the low temperature gas chromatography is
expected to be reliable for this purpcse, several subjects such as the
sensitivity to the slight amount of isotopic species and the measurement
time must further be studied.

As the first step of the development of this method, cryogenic
adsorption characteristics of Hy and D; on the alumina treated with
various conditions were expefimentally examined. The adsorption
igsotherms of Hy, at 77K(liquid nitrogen temperature) on the alumina

treated at 200°C and 500°C are shown in Figure VII-3.

1.2.3 Design and construction of an experimental device for hydrogen
isotope distillation

A design study has been performed for an experimental system
separating hydrogen isotopes (H;, HD and D;) by cryogenic distillation.
The items performed are to study the heat balance for the whole system
including the refrigerator, to make design caleculations for major
components {(packed distillation column; condenser, reboiler, wvacuum
jacket, heat shielding, heat exchangers, isotopic equilibrators,
cryogenic adsorption columns, chemical analysis system, ete.), to
determine specifications of the refrigerator, to list instrumental

apparatus, to examine the control methods and operation modes, etc.



JAERI-M 85-205

Principal subjects to be studied by using the experimental system have
also been determined. Construction of a preliminary experimental
apparatus based on this study has also been carried out, and its

instaliation will be completed by next autumn.

1.3 Blanket technology

1.3.1 Tritium recovery from lithium-based materials

The chemical fate of tritium produced by the 5Li(n,a)T reaction in
Li,0 have been studied with considerable attention paid to the thermal
release behavior. When neutron-irradiated Li,0 was heated to 870 K under
vacuum, the tritium was extracted into the gas phase in a sufficient rate.
The chemical form of tritium released from the Li,0 was mainly HTO(g)
and the rate-determining step of the HTO(g) release process in the
crystalline powder above 570 K was found to be diffusion of tritjum in
the solid. The diffusion coefficient determined for the sample
jrradiated to 8.1x10!€ cm™?2 was D=7.9X10'5exp[—77.4(kJ/mol)/RT] cm?/s.

At temperature below 570 K, however, the HTO(g) release process was
controlled by the thermal decomposition of LiOT at the solid surface.
The first—order rate constant of the reaction Li0T-LiOH(s)+T.i»0(s)+
HTO(g) was expressed as K=5.0x107exp[~120(kJ/mol)/RT] s™*.

In addition, the tritium species existing in the solid phase was
analyzed using a radiometric method. In Liy0 crystals dirradiated with
neutrons to 6.3x10'7 cm™? at ambient temperature, the tritium was
distributed in TT(81.1%), T~ (18.4%) and T°(0.6%). When the irradiated
sample was subjected to the thermal annealing, the Tt fraction
increased to nearly 100%. The results suggest that the interaction
between Tt and 02~ would be involved in the course of tritium diffusion
in Li,0 crystals.

In conclusion, the fundamental tritium release behavior of neutron-
irradiated Li,0 crystals can be interpreted in the mechanism illastrated
in Fig. VII-4 which consists of two major processes; the Tt diffusion

in the crystal and the evolution of T,0 molecules as a result of the

reaction 2LiOT (s)ZLi»0(s)+T,0(g).

1.3.2 In-pile experiment for tritium recovery from lithium oxide

Tn-pile tritium recovery experiment (VOM-21H) under the high
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neutron fluence and temperature conditions has been performed at JRR-2
from May, 1984 through March, 1985. This experiment is the second step
of a series of in-pile test program conducted by Fuel Property
Laboratory, and is focusing to examine the feasibility of the cylindrical
shape of sintered Lip0 pellet. The brief summary of the experimental
conditions of VOM-21H tests is shown in Table VIi-2 with the data of
the first step experiment (VOM-15H) and the TRIC-01 experiment
(conducted by ANL). 1In the VOM-Z1E test, effects of hydrogen addition
to the He sweep gas on the tritium release characteristics (equilibrium
time for steady state, chemical form of tritium), and the amount of
tritium retained at various irradiation temperatures had been measured.
The analytical work are now under way. Figure VII-5 shows a result of
the in-line gas chromatographic analysis of gaseous tritjum released

from Li,O0.

2. System Analysis

2.1 Development of solution algorithm for single-stage, multicomponent,

vapor-1liquid flash problem

A powerful solution algorithm has been developed for single-stage,
multicomponent, vapor-liquid equilibrium flash problems. The independent
variables and functions to be zeroed are chosen so that the Jacobian
matrix can be strongly diagonally dominant with the diagonal elements
close to unity. Hence, either the identity matrix or the unit matrix

can be used for all the iterations until the comvergence is achieved.

2.2 TInvestigation of comnvergence characteristics of solution procedures
using the Newton-Raphson methods for solving stage separation

problems.

Some representative solution procedures for solving stage
separation problems have critically been reviewed by a number of
numerical experiments performed under various conditions. It has been

clarified how the convergence characteristics of the procedures using
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the Newton—Raphson methods are related with the physicochemical
properties of the mixtures, types of the stage separation problems
(distillation-type or absorption-type), approximate treatments in
linearizing the basic equations, ways of choosing the independent
variables and defining the functions to be zeroed, ways of joint use of
the successive substitutions, and the input and output specifications
of the separation processes. As a product from the above-mentioned
study, the best solution procedure is now recognized for hydrogen
isotope distillation columns that are characterized by narrow-boiling
mixtures, low nonideality and presence of infinitesimal amounts of

components.

2.3 Drastic reduction of computing time in dynamic simulation of

hydrogen isotope distillation columns

Rather detailed reviews have been given to the integration
techniques for very stiff ordinmary differential equations with high
dimensionality to be integrated in dynamic simulation of hydrogen
isotope distillation columns. As a result, the technique developed by
Ballard-Brosilow has been chosen: when applied to distillatiom, it
requires only the solution of linear tridiagonal equations and scalar
bubble point calculaticns at each time step, Compared to the improved
Euler method, for example, it present a remarkable success: A typical
numerical example simulating column dynamics from a steady state to
another indicates that the calculation results can be obtained with

engineering accuracy in about two orders of magnitude shorter computing

time.

2.4 Design concept of cryogenic falling liquid film helium separator

The process characteristics of the cryogenic falling liquid film
helium separator are greatly improved by an idea of adding an Hp gas
flow to a point near the upper end of the packed section. The flow
rate of tritium lost from the top is kept extremely low (0.2 Ci/v under
the flow conditions of the Tritium Systems Test Assembly) with an

adequately short packed section (1.4 m), and the pressure is reduced to

— 100 —
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1 atm.

A design procedure using the Colburn-Hougen method is developed
for determining specifications for the refrigerated section. Control
schemes are also proposed and compared with schemes for the cryogenic
distillation column. The pressure rise that cannot readily be elimi-
nated by adjusting input specifications of the refrigerant gas is
avoided by increasing the top gas flow rate. The tritium concentration

in the top gas is controlled by the H; gas flow rate.
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Fig. VII-2 Appearance of a Tritium Compatible Pd-diffuser.
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Fig. VII-6 Line-up of Gloveboxes for Tritium Processing
Experiments at TPL.

Fig. VII-7 View from the Second Floor of the Detritiation
Room at TPL.
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VITI. JAPAN-US RESEARCH COOPERATION IN DOUBLET-TIT

The original 5-year program (phase one) of the experimental study
on D-shaped tokamak using the Doublet ILI facility at GA Tech., Inc.
has been terminated in Sept. 1984. The research program as part of the
US-Japan fusion research cooperation was extended for another four years
until Aug. 1988. The second phase of the experiment on Big D {(Large D
shaped vacuum vessel, shown in Fig. VITT-1) will start in late 1985.
Brief description on the results of the phase one is given here,

The highlights obtained during the first phase can be summarized
as follows:

(A) High beta plasma close to the reactor relevant (volume average
E=4.5 %) was realized as a result of low g discharge optimization.

(B) High temperature plasmas of Ty vTgv5-6 keV at electron density
of 6 -7%x10!'% m=3 and energy confinement time 70 ms were achieved with
divertor operation (so called iH-mode) as shown in Fig. VIII-2.

(C) By employing a pellet-injector, a high density (v102° m=3)
discharge mode without confinement deterioration during beam heating in
the limiter configuration was found (P-mode, shown in Fig. VIT-3).

The necessary conditions for the H-mode discharge are the relatively
high heating power to be deposited (above “3 MW in this case), the lower
edge recycling near the main plasma and accompanied high edge temperature
simultaneously. The central ion and electron temperature of H-mode
discharges increases almost linearly with the absorbed power (OH +
injected NBI power - calculated shine-through power) up to 7 MW and
attained more than .5 keV as shown in Fig. VITT-4. The amount of kinetic
energy stored in the plasma measured by the diamagnetism increases also
linearly with the increase of absorbed power. The volume averaged beam
component at high heating power is estimated to be 10 - 20 % in these
cases. The stored energy is plotted as a function of absorbed power in
Fig. VIII-5. Deuterium beam injection into deuterium plasma results in
larger stored energy. The highest stored energy for deuterium case is
7530 KJ. However, sufficient data were not available due to the high
neutron flux. The power deposition calculated for deuterium beam shows
‘a power density to ions higher than that for hydrogen beam in r/a> 0.4
and the total power to ions is larger by less than 20 %Z. The neutron

yield with deuterium injection into deuterium plasma reached more than
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1015 neutrons/sec. No H-mode was observed in the case of hydrogen beam
into hydrogen plasma with 4 -5 MW power level. The toroidal momentum
confinement inferred from the toreidal rotation velocity measurement by
the Doppler shift of a charge-exchange recombined 0 VITI line is also
increased by a factor of 2 in H-mode.

On the plasma-wall interaction and the divertor plasma character-
istics, following results were obtained:

1) The central radiation loss was reduced to a low value by strong gas
puffing. Strong gas puffing resulted in smaller impurity production
and more efficient suppression of backflow of impurities from the
divertor.

2) The remote radiative coocling (radiative cooling of the divertor
plasma) increased with electron density of the main plasma. The
radiative power of the main plasma was constant for the whole
electron density range investigated. The remote radiative cooling
power in high density divertor discharge was 24 %Z of the total
absorbed power (4.5 MW).

3) The electron temperature at the divertor plate became Jower with
high electron densities in the main plasma. An electron temperature
of 8 eV was observed with an absorbed power of 4.5 MW, which
suggests that unacceptably high erosion of the divertor plate can
be avoided by operating the divertor at high demsities.

4} The ion saturation current increased with main electron density.

An electron demsity of 3 x10%Y m™® was observed with an absorbed
power of 4.5 MW. This suggests that the pumping requirements of
fusion reactors can be relaxed in high density divertor operation.

5) Though complicated by the perturbations made to the main and
divertor plasmas by the probe insertion, the measurements of the
electrostatic potential in the divertor plasma suggest that there
is a possibility of a significant difference in the electrostatic
potential between good-heating modes and poor-heating modes.

6) Experiments of divertor configuration with a small mirror ratio
suggest that the magnetic mirror might not be important in H-mode

physics.
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IX. DEVELOPMENT OF LARGE TOKAMAK JT-60

1. Introduction

A great effort made by JAERI and industry for the JT-60 project was
rewarded by successful progress and completion of installation and tests
of the JT-60 device. The contractual completion is expected in April
1985, to be immediately followed by the initiation of experiments.

The fabrication of the heafing and diagnostic devices has progressed
as planned. Emphasis during this year was also placed on preparing for

the experiment and device operation in the coming year.

2. Outline of the Progress of JT-680

Construction of JT-60 except heating devices and diagnostic system
was completed at the top of FY 1985 after its full performance test in
FY 1984. The commissioning activities feature this fiscal year.
Control system integration test was carried out from June to November
of 1984 after linkage tests between the subsystem controllers in the
previous fiscal year. During this test, the JI-60 hardwares and
softwares were checked and reviewed by the task force team which
consisted of the members of JAERT and industries. About 600 items were
pointed to be improved or modified for the coming system integlated
test and the operation. Installation of tokamak machine continued day
and night for 20 months was completed on October 1984, The wvacuum
tests of the vacuum vessel at the room temperature as well as a baking
one of 350°C followed installation. Tokamak machine was subjected to
the power test from December 1984 to the end of February 1985. The
integrated performance test was continued during March. These tests
were successfully performed at the full power- ratings. Technical
problems were solved each time then they appeared. Reliability and
performance of the JT-60 system were fully certified as the result of
the these test.

The operation aiming at the first plasma formation in JT-60 was

expected successfully. On the other hand, construction of the heating
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devices, i,e., NBT and RF, and the diagnostic system progressed in this
fiscal year. The diagnostics equipments required for the initial OH
experiment were assembled. Beamlines for NBI and klystrons as well as
launchers for RF were continued assembling and preconstruction tests.
They are expected to be installed around the Tokamak machine after the
initial OH experiment. Comstruction of the NBI and RF power supplies
building and the high pressure gas and compressors building was completed
in this fiscal year. Installation of the NBI and RF power supplies was
started. Construction of JT-60 made significant progress in this fiscal

year along the project schedule shown in Fig. IX.2-1.

3. Status of Tokamak Machine
3.1 Assembly

Assembling and installation work of JT-60 tokamak machine were
started in February 1983 and progressed to complete the assembling of
most of its major components such as the toroidal and poloidal field
coils, the vacuum vessel, the mechanical support structure and the
vacuum pumping system. Following the progress achieved in the last
year, assembling and installation work were continued in this year.

During the first four months efforts were focussed on welding
works of the poloidal field coils (including the magnetic limiter coils
and casing) and the vacuum vessel at the split section, through which
eighteen toroidal field coils had been inserted. As the poloidal field
coils were consisted of 188 turns of conductors and the space for welding
work was limited, strict inspection was carried out a2bout the dimension
and integrity of the welded joint such as the penetrant testing,
ultrasonic testing and withstand voltage test. As the welded joint of
the vacuum vessel and magnetic limiter casing constitute the vacuum
boundary, emphasis of inspection was laid on helium leak test as well
as the dimensional check and the welded joint integrity test mentioned
above.

Installation of the first walls was carried out together with the
welding work of the poloidal field coils and the vacuum vessel. First

walls are consisted of the fixed limiters, liners and so on, amounting
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up to around 10,000 pieces. In this work, attention was paid to
minimizing the dimensional dispersion and the contamination of the
surfaces of the vacuum vessel and the first walls themselves. Specical
care was directed to the radial dimension of the fixed limiters, whose
dispersion was limited within £1.5 mm.

87 sets of the gate-valves were installed at the edge of the ports
after installation of the first walls. Installation work was carried
out in the temporary dust free room not to degrade the vacuum sealing
property of the gate valve by dust.

Qutside the vacuum vessel carried out were a huge amount of piping
work of the coolant channels and wiring work of the electric heaters
and several kinds of semsors such as thermocouples, strain gauges and
so on, which required a long period over half a year. Assembling and
installation work of the tokamak machine were completed in November 1984.

Gas injection and pre-ionization systems were also installed in
September 1984, followed by their performance tests. Performance tests
of the other components such as vacuum system, primary cooling system,
heating and cooling systems of the vacuum vessel were also started from
September 1984 one by one after completion of installation and completed
in November, followed by the power tests. Outline of the performance

tests is summarized in the following sectiom.

3.2 Test

3.2.1 Vacuum system test

JT-60 vacuum vessel is a toroidal chamber made from Inconel 625
with a large volume of around 200 m3 and inner surface of about 2750 m’.
It consists of rigid rings and bellows welded together into a torus and
is bakable at a temperature over 350°C. It is required to satisfy the
vacuum properties listed in Table IX.3-1 from physical requirements,
and extensive effort was made to meet them throughout fabrication and
installation processes.

Helium leak detection was carried out at any welding seal and
bolt-jointed flange, so far as it constitutes the vacuum boundary,
which amounted to 1500 .locations. Several leakages were observed at the
electromagnetic probes and thermocouples installed inside the wvacuum

vessel and port flanges. Some of the leaked electromagnetic probes
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were backed up by differential pumping, and others were repaired by
re-welding or re-fastening the bolts. Tinally no leakages were observed
within the sensitivity of the detector.

Each component including vacuum vessel itself was carefully cleaned
and baked out in the factory, and strict attention was also paid to the
installation work and inspection at the site so as to minimize the
contamination of the vacuum vessel inner surface., After completion of
installation the vacuum vessel was washed internally again with Aceton
rinse and Freon jet spray, followed by two cycles of baking at the
temperature over 350°C and for the hold time over 24 hrs per cycle.

And finally vacuum properties listed in Table IX.3-1 were obtained,

which were far below the specifications.

3.2.2 Baking test

Following completion of vacuum vessel installation, baking test
was carried out to confirm temperature control characteristics by
heating and cooling systems and also to confirm structural integrity
of the vacuum vessel and its support system.

JT-60 vacuum vessel is heated by electric heaters attached on its
outer surface and cooled down by nitrogen gas and water (possible under
the condition of the vacuum vessel temperature less than 200°C) flowing
through the square pipes fastened on the outer surface of the vacuum
vessel with cleats and stud bolts. Major specifications of heating and
cooling systems are summarized in Table IX.3-2.

Baking test was classified into temperature control characteristics
test, vacuum pressure measurement and displacement measurement due to
thermal expansion. The results of the former two tests are shown in
Fig. IX.3-1 and Table IX.3-2. As shown, all of the specifications
conserning temperature control characteristics were satisfied. In the
present test, baking temperature was suppressed in the vicinity of the
lower limit of the specification taking necessary baking effect and
machine security into consideration. Change of the cooling from
nitrogen gas to water was carried out without any problem at the
vacuum vessel temperature of 200°C,

Time evolution of the vacuum pressure is also shown in Fig. XI.3-1.
Vacuum pressure was reduced from 2 x 107° Pa (before baking) to 4 x 107°
Pa (after baking) by a cycle of baking shown in Fig. IX.3-1. After

another cycle of baking the pressure less than the specification, which
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is listed in Table IX.3-1, was achieved.

Each rigid ring of JI-60 vacuum vessel is supported from outside
by two support arms, one of which has one pin-joint and the other has
two. When the rigid ring expands due to the temperature rise, the
former corresponds to the fixed point and the latter movable point,
Figure IX.3-2 shows the relation between the mean temperature of the
vacuum vessel and the displacements of the movable points of two 60° -
sectorical rigid ring named #1 and #5. Solid and broken lines denote
the designed displacement and blank circle and triangle the measured
ones. They showed good agreemehts with an error less than 1 mm, And
it was concluded that pin-joint structure fulfilled its function
expected in the design without sticking even at elevated temperature

and thermal expansion of the rigid ring was not restrained excessively.

3.2.3 Cooling system test

Cooling system of JT-60 tokamak machine is consisted of the primary
cooling system and gas cooling system. The former is utilized to cool
down the toroidal and poloidal field coils and the vacuum vessel with
water, and the latter to cool down .the vacuum vessel and the magnetic
limiter plate with nitrogen gas.

The primary water cooling system is composed of four pumps, four
heat exchangers, five filters, a strage tank, pipings and many valves
including three flow requlation valves. Four pumps are designed to have
a capacity of the total flow rate of 2500 m?/hr and the outlet pressure
of 1.6 MPa. In addition, the system is provided with a purification
subsystem capable of maintaining the extremely pure water with the
electric resistivity more than 10° Qem. This system is controllable
both in the primary cooling system room and in the center control room.
After the cooling loop had been flushed with water in order to remove
all dusts left inside the pipes, the cooling system test began in
October 1984. The purposes of the test are to adjust the regulation
valves, to confirm the effect of the water Cemperature rise on the flow
rate and to confirm the functions of the instrumentation and safety
interlock system.

The results of the regulation valves adjustment are listed in
Table IX.3-3 and an example of the relationship between the flow rate
and the valve opening is shown in Fig. IX.3-4. From the above results,

it is clear that the regulation valves can control the flow rate of the
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JT-60 coil cooling water with sufficient accuracy. Instrumentations
such as the flow meters and interlock system fulfilled their functien
as expected in the design.

For the gas cooling system which is composed of the vacuum vessel
cooling system and the magnetic limiter plate cooling system, similar
tests were carried ocut and sufficient characteristics were confirmed.
Natural and forced drain operations functioned well in the exchange
stage of the coolant from water to nitrogen gas, though several times
of repetition was found to be necessary to remove water in the piping

line.

3.2.4 Gas injection system test
(1) Fundamental test

The primary purposes of the fundamental test are to verify the
throughout equation, to examine the throughput characteristics and to
obtain the response time of the PEV gas injection system. Setup for
the fundamental test is shoﬁn in Fig. IX.3-4. Relation between the
throughput rate and impressed voltage of the crystal was determined by
the pressure buildup in the vacuum vessel of around 1.0 m3, TFor the
injection gas, hydrogen and nitrogen were used to examine the applica-
bility of throughput equation to various gases.

Comparison between the calculated throughput and the measured one
is shown in Fig. IX.3-5. Throughput was observed at the impressed
voltage over 60 V, though 25 V was expected by throughput equation.
Measured throughput was larger than the calculated one at the impressed
voltage over 110 V. The discrepancy between them was thought to be
caused by neglecting the arresting force of the spring, which might
reduce the throughput area and then make impressed voltage larger. It
was concluded that the throughput equation was applicable at the
impressed voltage over 110 V with an error less than 20Z.

Response time of 2,5 msec from open to completely closed was
obtained, which was less than the designed one. And seat leakage rate
less than 1.33 x1078 Pa.-m3/sec was obtained with the helium gas at the
pressure of 0.2 MPa.

(2) Performance test

Performance test was carried out during power tests to verify the
reliability of PEV gas injection system under the strong magnetic field

and at the elevated temperature.
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Seat leakage rate less than 1.33 x 1078 Pa-m’/sec was achieved
before baking using helium gas at the pressure of 0.2 MPa. After baking
seat leakage rate over the designed value by a factor of 16 was found
at three small valves, which were exchanged with spare omnes.

Typical examples of throughput rate is shown in Fig. IX.3-6. The
maximum throughputs of 53.7 Pa-m3/sec and 5.33 Pa:m°/sec were obtained
under the inlet ﬁressure of 0.2 MPa for large and small flow rate type
PEVs, respectively, which showed good agreement with the injection
CAMAC command of 53.3 Pa.m3/sec and 5.33 Pa-m®/sec, respectively.

Dependence of the throughpﬁt rate on the toroidal and vertical
magnetic fields is typically shown in Fig. IX.3-7. Throughput rate of
the large flow rate type PEV was increased by 7% and 5% under the
maximum toroidal and vertical magnetic fields, respectively. And that
of the small flow rate type PEV was increased by 10%Z under the maximum
toroidal field. As the PEV has virtually an error of throughput rate
of around 6% because of the inaccuracy of the inlet pressure, dependence

of throughput rate on the magnetic fields is negligible.

3.2.5 Power test of tokamak machine

Following the completion of the tokamak machine, JT-60 power tests
were carried out from Dec. 10, 1984 to Feb. 20, 1985 to demonstrate, in
advance of actual plasma operation, satisfactory performance of tokamak
machine, power suppliers and control system in combination. The tests
began with low-power tests of individual coil systems and progressed
to full-power tests and tests of all coil systems in combination. At
the final stage of the power tests the vacuum vessel temperature was
raised up to 350°C and full-power tests of all coil systems in combina-
tion were demonstrated. The coil current was raised step by step,
monitoring the mechanical, thermal, electrical and vacuum data.

Power tests were concluded almost on schedule with successful
results, All of the coil systems were raised up to full-power operation
in combination and verified was the system performance including the
structural integrity of tokamak machine.

Principal results are shown in Figs. I1X.3-8, 1X.3-9 and IX.3-10.
Figure 1X.3-8 shows the comparison between measured circumferential
strain of the toroidal field coil casing and designed one. Strain was
measured at the location indicated in the figure for nine toroidal

field coils and expressed by the average and standard deviation of nine
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measurements. As revealed in this figure, measured strain, which had a
linear relationship with the square of toroidal field coil current, was
less than the designed one. This might be caused by the presence of
the gap between the conductor and the casing. In the design of toroidal
field coil, it was assumed that there was no gap between the conductor
and the casing, and electromagnetic force and thermal stress acting on
the conductor were directly transferred to the casing. However,
fabricated toroidal field coils had actually the gap between the conductor
and the casing to some extent and the loads shared by the casing might
be reduced. Accordingly, the strain observed in the casing was less
than that expected in the design. Increase of strain in the conductor,
which was afraid with increase of loads shared by the conductor, was
proved to be negligible small by FEM analysis.

In the case of combined operation of toroidal and poloidal field
coils, overturning moment of toroidal field coils up to 140 MN:m was
supported by the wall of the building through the upper support
structure and trusses. And the maximum displacement of 3.0 mm was
expected at the periphery of the upper support structure. Figure IX.3-9
shows the comparison between the designed displacement of the upper
support structure and that measured by transit. Abscissa represents an
electromagnetic force parameter £ defined by the following equation,

perx EEN
where T, F and V denote the ratios of the toroidal field, ohmic heating
and vertical field coil currents to their full-power ones, respectively.
Measured displacement showed a linear relationship with £ and a good
agreement with the designed one over the whole range of £,

Noticeable vibration of the vacuum vessel was observed in case of
combined operation of toroidal and poleoidal field coils. Acceleration
and displacement observed at the gate-valve attached on the lateral
port named P1l4S1U, whose location is indicated in the figure, is shown
in Fig. IX.3-10. They also showed a linear relationship with the
electromagnetic force parameter f and reached the maximum of 50 m?/sec
in acceleration and 0.5 mm in displacement at full power operatiom.

As the vibration observed at the lateral port gate-valve was excessive
over the permissible level of the gate-valve, vacuum leakages were

observed at the gate-valve.flanges of ten out of twenty lateral ports
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during power tests. As larger acceleration was afraid to be observed

in case of rapid plasma disruption, it was necessary to take measures

such as structural modification of gate-valve.

The results obtained in the power tests are summarized as follows
from the mechanical and thermal viewpoints of JT-60 tokamak machine;
(1) All of the coil systems were raised up to full power operatien in

combination and system performance was verified including thermal

and structural integrity of tokamak machine.

(2) Measured strain and deflection showed good agreements with those
predicted in the design, wﬁich was an evidence that electromagnetic
loads were supported adequately as expected In the design.

(3) Vibration of lateral port was found to be large up to 50 m/sec2
and caused excessive vibration of gate-valves., It was found to be
necessary Lo take measures such as structural modification of
gate-valve.

(4) A few limitations to machine operation was made clear quantitatively.
Allowable period of continuous TDC operation was limited by
temperature rise of the vacuum vessel bellows, and rapid start-up
caused excessive vibration of the lateral port gate-valves attached
to the vacuum vessel directly.

(53) Tt was found that the existing detectors were insufficient to
monitor the machine integrity and a few kinds of detectors were
necessary to be installed, e.g. the deflection detector of the

magnetic limiter coil feeder and the vibration monmitor of the lateral

port gate-valves.

3.3 Comnstruction of auxiliary devices

3.3.1 Glow discharge cleaning system

Glow discharge cleaning is a effective cleaning method of the
surface of internal components attached inside the vacuum vessel. The
JT-60 glow discharge cleaning system is composed of a main cleaning
device and a sub cleaning device.

The main cleaning device is attached to the upper slow movable
limiter port. The head of the device is made of molybdenum tiles coated
with titanium carbide. The device is also designed to function as a

pumped limiter to study density control in the fixed limiter operation.
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Therefore, the head is provided with the exhaust throat and duct.

The exhausted gas is pumped out by the Zr/Al getter pump with a pumping
rate of 7.5 m%/s for hydrogen at 20 deg C. Langmuir probes, Hy and Hel
light detectors, thermocouples, fast vacuum gauges and a fast residual
gas analyser are installed in the device. The measured data are
transferred to the data acquisition system using CAMAC and processed by
personal computers.

The sub discharge cleaning device is attached to one of the 14
neutral injection ports to reduce gaseous impurity inside the port and
thus to improve the heating poﬁer deposited in the plasma.

The contract for the design, fabrication and installation of the
glow discharge cleaning system was placed in March 1985. The installa-

tion and testings will be finished in December 1985,

3.3.2 Pumping system in divertor chamber

Particle pumping is required in a long pulse operation to avoid
a serious density build up by the neutral beam injection and to get a
stable discharge termination [1]. High density in the divertor chamber
can be obtained in the divertor operation by reducing the conductance
from the divertor chamber to the main chamber. This effect makes it
easy to pump out the particles enough to control the plasma density.
The' divertor pumping system is installed in the JT-60 machine from this
point of view.

The JT-60 divertor pumping system is composed of 4 Zr/Al getter
pumps, each of which consists of 3 cartridges of SORBAC C-500. The
getter pumps are placed in the space close to the divertor chamber and
connected through the duct. The total effective pumping rate in the
divertor chamber is 20 m®/s for hydrogen at 20 deg C including the
pumping rate of the torus vacuum pumping system. FPressure gauges are
installed to measure the pressure in the getter pumps during discharges.
The data are also transferred to the data acquisition system mentioned
in 3.3.1.

Buffle plates are installed inside the vacuum vessel by welding in
order to reduce the conductance between the divertor chamber and the
main chamber.

The contract of the divertor pumping system was placed in March
1985. The completion of its installation and testings is scheduled

for December 1985.
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Reference

i) Y. Shimomura, et al. : J. Nucl. Mater. 128 & 129, 19-25 (1984).

4. Status of Power Supplies
4.1 General status

The assembling and installation of all JF-60 power supplies have
been completed and tests of the all power supplies have been continued.

Although the load tests. for poloidal field power supply have been
carried out by the end of last fiscal year, the size and complexity of
the poloidal field power supply would make it necessary to carry on
sub-system test in accordance with the ZENKEI (main control system) test.
Moreover the test using the dummy coil to examine the soundness of power
supplies have been carried out on occasion prior to the JT-60 coil load
test. Especially, the test of protective interlock with the rated
current level was intended to establish a safety of JT-60 machine.

The connection test to ZENKEI system was started from the beginning
of the June of 1984 and continued for six monthes, and load test with
JT-60 machine was started from the December of 1984. These tests have
been carried out really at full load level involving the protecticn
performance test such as the over current, ground fail protection.
All the preoperational testing activities, had to be completed before
a first plasma operation was finished till the end of March of 1985.
These load tests with JT-60 machine were an acceptance test of power
supplies that served the training of JT-60 operation and maintenance
personnel, thus JT-60 power supplies were given official approval by
JAERI at the end of March 1985.

All the construction effort of power supplies was finished and

finally the sufficient performance of it has been comformed.

4.2 7Poloidal field power supply

The several component tests of PFPS closed in itself were completed

on March 1984. According to JT-60 project program, the PFPS joined in
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system integration test which related to the all JT-60 facilities.
And the required various PFPS performances were finally comformed
through those tests.

The scheme of PFPS is illustrated in Fig. IX.4-1. The energy
storage M-G set has ratings of 500 MVA, 18 KV, and 1.3 GJ available
energy in 70 - 100% revolution speed. OH-PS has capacity to generate
about 25 volt-sec. V-PS can generate the vartical field of about
3.3K-Causs. In the dummy coil test, we tested each PS in the rated
voltage and the rated current independently. But we could not test
with all field coil PS. Therefofe the most interresting item under the
system integration test for PFPS was Power Test.

At first, the Power Test started for only one PS and field coil,
and the other field coil and PS were added to the test step by step.
Finally all PFPS powered each field coil at a same time. The typical
current pattern of the each coil are illustrated in photograph 2-6 of
Fig. IX,4-2,

In this case, the OH-PS generated about 75% volt-sec of rating by
swinging from maximum premagnetized current (92KA) to —46KA. The peak
current value of V-PS reached to 45KA at IP flat top period from
permagnetized current -8.7KA. The current of H-PS, Q-PS and M-PS were
reached to the rated current 20KA, 25KA, 95KA respectively.

PFPS were completed at the end of March 1985 successfully.
Through the long period of installat-om and test, it was lucky and happy

to be no accident.

4.3 Toroidal field power supply

Each component of the toroidal field power supply (TFPS) was
reviewed by checking its soundness after installation. The construction
of TFPS was completed by the end of last fiscal year, and no-load tests
of TFPS were started im March 1984. They included open- and short-
circuit tests and control system simulation tests.

Open- and short-circuit tests served to examine the electrical
reliability of the hardware with the DC output terminals of TFPS being
open and shorted respectively. The open-circuit test was a full voltage
test to check the all the 24-pulse diode convertor banks output voltage

up to the maximum value. 1In the short-circuit test, the equivalent
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maximum DC current (53kA-38sec) operation at intervals of 10 minutes
for about 7 hours was carried out. It was confirmed that the rise of
the temperature at any point in TFPS was within the reasomable level
according to the design value. Fig. TX.4-1 shows the DC current and
the temperature rise of DC aluminum bus in the equivalent maximum DC
current operation.

A dummy load and a simulator, instead of the toroidal field (TF)
coil and/or the motor-generator of TFPS, were adopted for the control
system simulation tests to check over the control and operation sequence
of TFPS. The dummy lead was a fesistor of 7kV-5A connected to the DC
output terminals, and the simulator was a electronic circuit to simulate
TF coil's and/or MG's electrical characteristics. It was also examined
that all the AVR (Automatic Voltage Regulator) computer programs of MG
were available for TFPS's operatioms.,

TFPS was under system integration tests from June 1984 to March
1985. After no-load tests and control system integration tests were
finished, tests of applying the rating current to TF coil were carried
out in power tests of coils from December 1984. TFPS could generate
continuous or pulse TF coil current successfully in the overall setting
range. Fig. IX.4-2 shows TF coil veoltage and current in the maximum
rating current operation of TFPS. On the same conditions, the harmonic
current from TFPS to the utility power network was measured and proved
to be lower than the allowable level.

All the tests of TFPS were finished by the end of this fiscal year.

TFPS will be in operation from April 1985,

4.4 Motor gemerator for plasma héating system

The assembly and installation of the motor generator with flywheel
(MGF) has been completed in August 1984. 1In September 1984, the
rotation test was started to check the dynamic balance. The static
Scherbius system was tested in combination with MGF. It controls the
rotational speed of MGF from 406.35 rpm to 582 rpm.

In February 1985, the three-phase sudden short-circuit tests were
carried out to examine the electrical characteristics of the generator

(Fig. IX.4~5). Maximum terminal voltage before the short-circuit was

50%.
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The combination test with the plasma heating systems (Neutral Beam
Injection System and Radio Frequency Heating System) will be domne in

next fiscal year.

5. Status of Control System
5.1 General status

The performance testing of the contreol system at the site was
continued according to the test schedule prepared by the JT-60 coordina-
tion engineering. program, and it was completed in March 1985.

Moreover, a feedback control algorithm for divertor plasmas was
additionally developed and its program installed in the feedback control
computer of the JT-60 central control system, "ZENKEI". It enables the
position of separatrix surface at the divertor throat to be controlled
by magnetic limiter coil current with the signals from a set -of the
magnetic probes near the divertor region.

On the other hand, quality assurance (QA) activities for improving
the softwares in the control system have been started in order to cope
with development of JT-60 operation and plasma experiments in the near
future.

The JT-60 control system has a hierarchical structure with "ZENKEI"
and subsystem controllers. Therefore, the performance of the control
system was confirmed by the following three steps: the individual test
of each controller, the linkage performance test between "ZENKEI" and
each subsystem controller and the system integration test with all
subsystems.

The linkage performance test that spent about one year was completed
in May 1984. Succeedingly, the control system integration test with
"ZENKEI" and the subsystem controllers of tokamak machine, gas injection
and preionization system, toroidal field coil power supply, poloidal
field coil power supply, secondary cooling system, power distribution
system and emergency power supply, and diagnostic system was started
for evaluating the total performance of the JT-60 control system prior
‘to the power tests of tokamak system,

The electromagnetic measurement system for plasma control and
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monitoring was totally evaluated at the power tests of tokamak machine.
The JT-60 integration performance test was carried out as the preopera-
tional testing to verify the total performance of the JI-60 operation

from starting up all of the subsystems to executing the full discharge

sequence including the protective interlock functions without plasmas.

5.2 ZENKEI, the JT-60 central control system

The performance testing of "ZENKEI" after completion of its
individual test was carried out according to the total plan for the
system integration test.

At the final stage of the linkage performance test, operational
characteristics of the feedback control computer system in "ZENKEI"
was evaluated in combination with the direct digital control (DDC)
CAMAC system in the poloidal field power supply (PFPS) by excitation
of the dummy coil. Tt was demonstrated that the feedback control
computer system located at the power supply control room runs without
trouble under the enviromment of the electromagnetic noise induced by
high commutation current in the DC circuit breaker operation in the
ohmic heating coil power supply. Figure IX.5-1(a) shows that a result
of linkage performance between the feedback control computer system in
"7ENKEI" and the DDC CAMAC system in PFPS at the power test with the
dummy coil. It was also proved that the time required from the data
input to the command output in the feedback contrel computer satisfies
the control cycle of 1 msec as shown in Fig, IX.5-1(b).

At the control system integration test it was verified for the
first time that “"ZENKEI" is able to supervise all of the subsystem
controllers. Its test procedures and results are described in section
IX.7-1.

The electromagnetic measurement system for plasma control was
totally evaluated at the power tests of tokamak system. The outputs
of the Rogowski coils for plasma current measurement were calibrated by
excitation of the primary magnetic limiter coil in the vacuum vessel.
The effects of the external magnetic field to the output signals of
the magnetic probes and their setting errors were also examined by
exciting separately the toroidal and each poloidal field coil, It was

proved that the signal processing system including the newly developed
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integration method is very useful. (See Fig. IX.5-2.)

At the JT-60 integration performance test "ZENKEI" was fully used
and finally tuned in consideration of the actuator performance. TIts
test procedures and results are described in section IX.7-3., The main

functions and performance of "ZENKEI" finally obtained are summarized

in Table IX.5-1.

6. Status of Auxiliary Systems

The construction of the secondary cooling system and the power
distribution system/emergency power supply was finished in Qctober 1983
as scheduled. These auxiliary systems are now in operation for various

tests of other JT-60 subsystems and JT-60 integrated parformance test.

6.1 Secondary cooling system

The outline of this system is as follows.
(i) Total circulation of water ; 10,070 m3/hr
(ii) Outlet temperature of cooling water ; 31 °C
(iii) Inlet temperature of cooling water ; 37 °C

(iv) Constitution of cooling system ; four separate cooling lines

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

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

Total time of operation at fiscal year (from April 1984 March 1985)
is as follows.
Tokamak secondary cooling line : 1,920 hour
Power supplies secondary cooling line : 1,734 hour
Heating system secondary cooling lime : 826 hour

Auxiliary equipment cooling line : 2,137 hour
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6.2 Power distribution system/emergency power supply.
6.2.1 Power distribution system

The outline of this system is as follows.

(i) the capability of the system. : 13 MVA

(ii) 6.6 kV M/C : 19 lines
(iii) 400 Vv P/C : 3 hanks
(iv) 20C V P/C : 3 banks

capacity of electric power at fiscal year (from April 1984 to March 1985)
used about 5000 MWH.

6.2.2 Emergency power supply
The outline of this power supply is as follows.

(i) the capability of the power supply : 8.3 MVA

(ii) 6.6 kV M/C : 11 lines
(iii) 400 V P/C : 3 banks

(iv) 200 V P/C : 2 banks

(v) the AC no break power supply static type

invertor (CVCF) 500 kVA, 4 sets

(vi) battery (HS-2500) 2500 AH, 2 sets
(vii) the DC no break power supply rectifier device : 250 kVA, 2 sets
(viil) battery (HS-500) 5300 AH, 2 sets

capacity of electric power at fiscal year (from April 1984 to March 1985)
used about 3,600 MWH.

7. System Integration Tests
7.1 Control system integration test

7.1.1 Planning of the control system integration test

Objectives of the control system integration test are the
improvement of reliability and the final check of JT-60 control system
design under the condition that the test should be done without energliz-
ing the tokamak device. The test plan was made according to the
following procedures:

(a) Te classify the functions and usage of control system.
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{(b) To decide the testing items according to the functions.
(c) To understand the testing boundary conditions.
{(d) To decide how to simulate the actuators and sensors.
(In principle, software simulation should be made at minimum).
(e) To select the abnormal conditions for checking the treatment of
the abnormal events.
(f} To decide the methods of data processing load test.
As a result, the conceptual contents of the test become as follows:
(1) Safety interlock system test
This test aims at checking, (a) whether proper protections are
executed when many abnormal events occur at the same time, {(b) whether
certain switches of the emergency power distribution system are
sequentially turned on according to the preset program when the power
of commercial line fails.
(2) Plant monitoring system test
This test aims at checking, (a) whether various plant monitoring
data of all subsystem are dcquired, (b) whether the treatments of the
illegal data are properly performed even if all subsystems send them.
(3) Discharge control system test
This test aims at checking, (a)} whether the proper discharge
sequence normally runs even if abnormal events occur before, after and
during discharges, (b) the transfer of the discharge conditions and the
result data, (c} whether the real time control is performed within the
cycle of 10 msec/l msec even if many events interrupt the real time
control computer, (d) whether the treatment of the illegal data is
properly performed, (e) whether the computer can received and send the
full data at the definite cycle, (f) whether the plasma control phase
is properly shifted according to the programmed schedule and the events.
In order that the normal sequence might ge forth, the dummy coil
for the poloidal field power supply, the toroidal field coil simulator,
the motor generator simulator, the movable limiter simulator, etc. were

used.

7.1.2  Result of the control system integration test

The test needed about 250 hours with 60 personnels in total and
163 problems were pointed out. As is shown in Fig. IX.7-1, half of the
problems are related to software which can be classified to 2 causes;

illegal design and illegal logic including careless bugs. An example
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of illegal design is that the meaning of the message in discharge
sequences was misunderstood by a certain subsystem. The illegal logics
including careless bugs are unavoidable mistakes in producing a software.
Since every control system communicates with each other according to the
sequence, values of timers counted in the computers were able to be
fixed. Hardware problems were soon sclved because most of the causes
were very simple such as insufficient electrical contacts, etc, Simula-
tion/operation and documents prepared incorrectly, occupy not so small
percentage in total problems. It is likely because the system is very
complicated and the personnel had not yet practiced to operate this
system. Thus, this test contributed the practice of operators as well

as the integration of JT-60 control system.

7.2 Power tests of tokamak system

The schedule of the JT-60 integrated system test is shown in
Fig. TIX.7-2. The power tests of tokamak system were performed after
obtaining the complete assembly of tokamak machine. The tests were

devided in following four steps.

lst ——=—- toroidal field (TF) coil excitation
2nd ~—m—— poloidal field (PF) coil excitation
3rd ——-—- simultaneous excitation of toroidal and poleoidal field

coils with room temperature vacuum vessel

4th —meeer simultaneous excitation of toroidal and poloidal field

coils with baked wvacuum vessel

In the lst and 2Znd steps, we raised the coil current step by step,
according as monitoring the temperature of cooling water, the stress
forces of coil supports, the circumstanical temperature of DC feeders,
the signals of pick-up loops, the current and voltage waveforms of coils,
effects to the commercial power line.

In the 3rd step, after the coll current reached the designed maximum
value in each coil, we made tests on simultaneous excitation of more
than 2 coils, At the last stage of this combined excitation test, we
excited simultaneously all of the coils with careful caution not to
produce plasma, In the final step, we ralsed the temperature of vacuum
vessel up to 250°C and excited all the coils up to the maximum current

levels, with the safety and protection system working and with the
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inter-rock system not to produce plasma.

The test required 533 days with 680 shots in total. Toroidal and
poloidal field coils were able to be excited up to the full rates of
currents and voltage. The tokamak machine could stand the stress forces
with the designed conditions. The power supply systems worked with the
expected controlability. Fig. IX.7-3 shows the typical current patterns
of each coil with the maximum current. In this power test, 212 technical
problems were pointed out. Some major items were as follows;

« air leak in vacuum vessel under pulsed magnetic field
+ damage in the filaments of electron gun under strong toroidal
magnetic field
» effect of eddy currents.
Most of problems were solved untill the integrated performance test.
Some of these problems were checked again in the integrated performance

test.

7.3 Integrated performance test

At the final construction stage, the JT-60 integrated performance
tests were conducted from 27 February to 20 March, 1985 as shown in
Fig. IX.7-4 succeeding to the power tests.

The purpose of this tests was to check the integrity of overall
system in JT-60 facilities and to verify the operational response
sufficient for plasma operation. This test was implemented without
plasma production by making the gas injection system dumb.

The test were conducted in seven parts as follows;

(1) preparation for tests

Prior to conducting the test sequence the machine verification
of preparatory works was performed.

(2) test of operational mode transition

JT-60 has nine modes according to its operational stage
including the suspension mode for all subsystems. The mode
transition test was performed for each mode.

(3) preoperational test of discharge cleaning and experimental

discharge
Discharge cleaning shots and experimental shots were performed

with no plasma. The poloidal coils and toroidal coil were energized
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at the same time up to the full rating as the typical plasma

discharge shots.

(4) test of safeguard

These tests ensured the integrity of the following major
safeguard items; 1) PF/TF coil ground fault safety verification
test, ii) test of emergency shutdown function works, iii) protec-
tive action test in an electricity failure, iv) secondary cooling
water flow protective action test, v) protective action test of
vacuum vessel gas cooling system.

{5) test of plasma controllabilities

The real time plasma controllabilities with feedback loop
were checked in experimental discharge shots.

(6) checking of data monitoring

We checked whether all the monitoring items indicate the
ordinary values in every step of operational modes.

{7) recovery from simulation

Recovering related to the hardware and software was implemented
and checked for all modifications which were requested in plasma
simulation and setting up for dummy signals.

The number of shots and the technical problems are summarized in
Table IX.7-1, Major problems denoted with i) leak under high pulsed
magnetic field, ii) trouble in the thyristor static startor of TFC~-MG,
iii) deterioration of insulation of vacuum vessel were worked out for
each case and it was proved that JT-60 had excellent performance through

these most strict examinations.

8. Status of Diagnostic System
8.1 General status

Fabrication and installation of Group A diagnostic instruments

have been continued for the last fiscal year.
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8.2 Electron density measuring system (A-1)

FIR laser device (A =118.8 um) of (A-1-a) submm wave interferometer
subsystem has been installed in the laser room I, and accomplished the
outstanding performance as it did in the firm: single mode, AXA Beat/

A £ 1079 for 240 hours without maintenance. The development of the
vacuum window sealing technique and the flexible light-guide was pursued
as well, which brought forth new engineering devices: permeation-less
repetitively bakable vacuum window sealing material up to 250°C, and

the beam axis stabilizer that dépresses the deviation angle within 100
urad when the incident beam is deflected up to 5 degrees in 2 Hz.

2 mm wave interferometer subsystem (A-1-b) has been installed in
the Torus Hall, and finished final adjustment with the performance of
SNR 30 dB, fringe resolution 0.02, and the fringe counter responce
0.67 fringes/us. The measurement of the vibration of Diagnostic

Platform was successfully carried out during the integrated performance

test of JT-60.

8.3 Electron temperature measuring system {(A-2)

The main components of the Fourier transformed interferometer
subsystem (A-2-a) had been fabricated last year and the initial test
had been carried out in the laser room II. The soft ware controlling
the whole of this subsystem has been tested under the condition
co-operating with the data-processing system (A-7). The interferometer
has been installed to the JT-60 and is waiting the completion of the
light pipe connection,

The detail design of a multipulse thomson scattering subsystem
(A-2-c) has been completed and the components is now under construction
in the firm. A high repetition 100 Hz of YAG laser has been achieved
with the output power of more than 100 mJ per pulse. This output power
will be increased up to 1 J per pulse. The construction and also the

installation will be completed in the fiscal year of 1985.
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8.4 Ton temperature measuring system (A-3)

The construction of the neutral particle enérgy analyzer subsystem
(A-3-a) has been continued. The performance test of mass and energy
neutral particle analyzer subsystem (A-3-b) has been completed in the
testing room and the analyzer with be installed to the JT-60 in the
next fiscal year,

The active beam probing apparatus subsystem (A-3-c) has been
successfully developed with the performance of 3.5A ét 200 keV by plasma
heating laboratory I. The perférmance test of the whole subsystem
including detectors has been completed.

The detector of neutron counter subsystem (A-3-b) has been calibrated
with the monochromatic neutrons generated by Van de Groff accelerator
and the energy resolutions of 9.8, 8.8, 5.6 and 8.3% have been obtained

at the energies 1.8, 2.4, 3.3 and 4.3 MeV respectively.

8.5 Impurity measuring system (A-4)

The two unit type spectrometers with 512 and 1024 channels array
detectors of light impurity spectrometer subsystem (A-4-a) have been
fabricated and the calibration of each spectrometer has been carried
out in the testing room. The energy resolving power (A/AR) with 512
channel array detector was 40~ 150 over the wavelength region of 0.5-5
nm and the resolving power with 1024 channel array detector was 10 - 230

over 0.5~ 50 nm.

The calibration of grazing incidence spectrometer (A-4-f) has been
carried out and the resolving power of 6500 at 52.2 nm has been obtained.

In addition to the performance test of each subsystems, the linkage
test of whole A-4 system to the data processing system (A-7) has been

completed.

8.6 Radiation flux measuring system (A-53)
High speed counting PHA subsystem (A-5-a) was tested for calibra-
tion, and linkage test with A-7 system was completed in December 1984,

This system was installed in January 1985 and will participate in the
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first OH experiment in April 1985, Design of high speed counting PHA
array subsystem (A-5-b) have been continued. PIN diode array and
Bolometer array subsystems (A-5-c, A-5-d) have been fabricated in the

firm.

8.7 Peripheral plasma measuring system (A-6)

IR IV subsystem (A-6-a) has been completed with the performance of
1 dB/m transmission of 3 -5 um IR region image guide fiber,

Electromagnetic probes subsystem (A-6-c) has been installed and
accomplished the performance as it did in the firm: gain flatness of
60 dB + 0,3 dB over the freguency range DC-10 kHz, below 20 uV input
noise amplitude. And linkage test with A-7 system has been completed.

A-6-d subsystem (spectrometer for periphery) has beem fabricated

in the firm, and will be installed in the next fiscal year.

8.8 Data processing system (A-7)

Constraction of A-7 data processing system was completed in
September 1984, This system consists of one general purpose computer,
three mini-computers, about 40 micro-computers, mass data recorder and
I/0 terminals connected to them.

The test of A-7 data processing system in JAERI was carried put
from June 1984 to March 1985, The linkage test with A-8-h diagnostic
optical communication subsystem was started in June 1984 and 5 MB/sec
data. transfer rate in CAMAC serial highway was realized. The linkage
test with Zenkei JI-60's central control system was carried out from
July to September 1984. A-7 data processing system was certained to
work following to the JT-60's discharge sequence created by Zenkel
system. The test of real time data transfer rate of A-7-c real time
processing system was carried out and about 30 W/msec transfer rate
was obtained. The linkage test with A-1 - A-6 diagnostic systems was
started in October 1984 and 15 of 23 diagnostic subsystems were
successfully linked with A-7 data processing system until March 1985.
A-7-a2 diagnostic vacuum control CAMAC system was tested to control

A-8-a, b diagnostic vacuum pumping system.
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A-7 data processing system was ready to operate for the JT-60"s

first plasma discharge in April 1985.

8.9 Diagnostic support system (A-8)

Most of design and fabrication of A-8 diagnostic support system
has been completed at industries. Three A-8 subsystems (Carriers &
Crance, Optical Data Communication subsystem, Calibration subsystem)
were supplied in 1985, March, Nécessary parts of A-8 system for JI-60
ohmic heating experiment I, such as Vacuum, Compressor, Power gupply,
Coocling Water supply, were installed within March. Construction and
installation of A-8 diagnostic support system has been continued and

it will be completed in 1985, December.

9. Status of Heating System
9.1 Construction of Neutral Beam Injector (NBI) for JT-60

Neutral beam injection of 20 MW will be required to achive reactor
grade plasma in JT-60, The JI-60 NBL system consists of 14 beam line
units. Each unit is designed to deliver 1,43 MW of neutral beams at
energy of 75 to 100 keV for 10 seconds using two iom sources with a
capacity of 35 A ion beam extraction. A cross sectional view of lower
and upper beam line units is shown in Fig. IX,9-1. The performance
characteristics of the JT-60 NBI are tabulated in Table IX,9-1.

The significant features of JI-60 NBI are following.

1) Long pulse operation of up to 10 seconds. This is a longest pulse
in the injectors for the large tokamaks,

2) Beam energy can be changed during a beam pulse for the purpose of
matching the beam energy to the plasma density at any instance.

3) High proton ratio (more than 90%) and low impurities in the beam.

The whole system consists of systems of power supply, cryogenic,
cooling water, vacuum pump, control and operation, and diagnostic, in
addition to the beamline units, The control system supervises the

whole NBI system including 28 ion sources, Therefore this system
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consists of a computer which manages a large amount of the operation
data and a high speed hard wired interlock circuits.

Construction of the NBI system started in autumn of 1983, The
inspection and performance test, including actual beam extraction of
cach beam line unit was started on April 1984. This test was conducted
on the test stand into which the prototype injector facility was altered.
Tested beam line units will be installed on the JT-60 from July 1985

with completion of the whole system scheduled for the middle of 1986.

1) Y. Okumura et al., '"Development of high performance neutral beam
injectors at JAERI", 10th International conference on plasma physics
and controlled nuclear fusion research, London UK, 12-19 September

1984, IAFA-CN-44/H-I-5-2

9.2 Radio frequency heating system

In JT-60, the RF heating of 10 MW for 10 sec is planned together

L The RF heating

with neutral beam injection (NBI) heating of 20 MW.
system has three units of lower hybrid range of frequencies (LHRF) and
one unit of ion cyclotron range of frequencies (ICRF) systems., The main
specification of the system is shown in Table 9,2~1. The RF system is
composed of power supply system, high power RF amplifier system, RF

power transmission system, coupling system, pumping system, primarily
water cooling system and control system, The overview of the system in
illustrated in Fig. 9.2-1, The high RF power amplifier system has 8

high power electron tubes per one unit, i.e. 1 MW krystrons developed

in JAERI for LHRF heating and high power tetrodes whose cavity is newly
designed for JT-60. The frequency of krystron can be changed from l.7GHz
to 2.25GHz by moving the cavity using stepping motor. The phased array
waveguide launcher is adopted for the coupling system of LHRF system.

The launcher has 8 columns * 4 rows-waveguide array. We can carry out
the efficient plasma heating and current drive by controlling the phase
difference of RF in toroidal direction., On the other hand, the launcher
of ICRF is composed of 2 columns % 2 rows-loop antennas, The phase
difference among loop antennas can also be controlled. The view of
launchers installed on the tokamak is illustrated in Fig. 9.2-2. The

RF input power, phase difference and RF frequency (frequency is only in
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the LERF case) can be controlled in real time and the best heating of
the plasma or current drive is possible by selecting the optimum values
corresponding to the plasma parameters which sometimes change during
plasma discharge.

The RF parameters for launcher conditioning or remote control of
the system are programmed at the mini computer of RF system (RF computer)
and are sent to the RF components in every 10 msec via CAMAC system.
The data from the system are collected by the A/D converter or digital
input (D/T) of the CAMAC system in the amplifier rcom and are sent to
the RF computer. The data are brocessed by the computer and displayed
by the CRT of each unit and stored by the magnetic tape. Moreover, RF
computer is linked with ZENKEI computer system. In the case of heating
experiment, RF parameters are sent from ZENKEI computer system so that
the RF system is feed back controlled.

The construction of the system starts in 1983 and the supporting
structure of RF power transmission system and coupling system in JI-60
hall has been equiped. Design and manufacturing of the system has been

continued,

Reference

1)} Annual Report of April 1, 1983 to March, 1984, JAERI-M 85-006 (1985).

10. JI-60 Experimental Planning, Plasma Consideration and Operation

Program
10.1 Experimental program and schedule

The experimental schedule was kept as shown in Fig. IX.10-1. The
objective of JT-60 is the study of a reactor grade plasma including
plasma-machine interface phenomena. In other words, technology to
generate and maintain a reactor grade plasma has to be investigated in
JT-60 and it is necessary to show how we can build up and control a
reactor core plasma with realistic methods. The experimental program

is indicated in Fig. IX.10-1 and is briefly summarized as follows:
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1. Preliminary Experiment

© 2.7 MA discharge with and without divertor
NBI, TCRF and LHF heatings

RF current drive

2, Reactor Like Plasma Experiment

ntp = (2 - 6) x10%° m73s
T =5~ 10 keV
Py, = 30 MW
=5 - 10 s
- 3
Vp 50 m

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 5) ———
LHRF (7.5 MW/1.7-2.3 GHz/10 §) —————— Modification
ICRF (2,5 MW/phase array antenna)

c) Tokamak Plasma Improvement
RF current drive
high B (with By =4.5 T, profile control)

disruption control

4, Advanced Experiment

10.2 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 emplcyed for
other important features, e.g. heating power, gas influx and disruption.
All diagnostic instruments can be used as sensors. Disruption control
and soft plasma quenching will be intensively investigated as well as

control of conventional plasma parameters. The compact poloidal divertor
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is one of the most essential characteristics of JT-60. The divertor is
the promissing method for controlling plasma-wall interactions and for
optimizing main plasma parameters. Divertor plasma parameters, neutral
pressure in the divertor and heat flux on the divertor plate as well as
the divertor configuration will be controlled.
A typical magnetic configuration with the divertor is shown in

Fig. IX.10-2. In this configuration, the separatrix magnetic surface
does not intersect any material except the divertor plate, and the
following geometrical factors have to be controlled.

Rp plasma center position;

§3g : the minimum clearance between the separatrix magnetic surface

and torcoidal limiter,

8¢ : clearance between the separatrix magnetic surface and the main
divertor coil,
Xp : position of the separatrix magnetic surface on the divertor plate.

Xp = 4,.2(8¢ -~ 4.7) + 0.8.
State equation against these control objectives is obtained from the
numerical results of Grad-Shafranov equation (see Fig. IX.10-3).

Control characteristics of above control objectives are analyzed
by using the matrix transfer function analysis code and the simulation
code. Recommended gains, maximum response frequency, responses to
plasma parameter variations and mutual interactions.between contrelliers
are qualitatively determined,

For getting the optimum divertor-plasma, it is necessary to control
adequately the magnetic configuration both in the main chamber and in
the divertor chamber., JT-60 has five types of poloidal magnetic field
coil with each power supply in order to regulate the control objectives.
However, if we control each objective by each coil current independently,
there must inevitably occur large interaction between control objectives.
This situation may be the same with a fusion reactor device. For making
it possible to control each objective independently without causing
large interaction, we adopt the nomninteracting control algorithm. This
algerithm is effective to suppress the interaction between control

objectives and is strong against the Bp disturbance.

— 143 —



JAERI-M 85-205
i0.3 Plasma consideration

10.3.1 Numerical analysis of divertor.discharge

In order to study the plasma characteristics of the divertor
discharge in JT-60, the two-point divertor model has been developed and
combined with the one dimensional tokamak transport code. In this model,
the relation between plasma parameters in the scrape-off layer and at
the divertor plate are expressed by the simple -analytic forms with the
particle multiplication factor at the divertor plate, which is a function
of the ionization mean free patﬁ of the neutral particles and is
evaluated by using the one fluid divertor code. By using this code, the
dependence of the eiectron temperature and plasma density at the divertor
plate on the average density in the main plasma has been studied for
different scaling laws of energy confinement time. For the standard
operation of JI-60 with heating power of 30 MW, the relatively high
value of the average main plasma density, Ne = 1029 m~3, is required for
the cold and dense divertor plasma. The improvement of the particle
confinement in the main plasma increases this threshold density because
of the reduction of the particle flux into the divertor chamber. In
order to prevent the high temperature plasma at the divertor plate, the
additional heating power is required to increase consistently with the
density increasing rate in the main plasma. These simulation results
show that the ideal divertor-tokamak plasma with reactor-grade parameters
can be obtained in JT-60 under an appropriate control of the plasma

density and the additional heating power.

10.3.2 Numerical analysis of limiter discharge

The influence of radiation cooling on the plasma-wall interaction
and the self-limitation of impurity contents have been numerically
studied for typical plasma parameters and different wall/limiter
materials in JT-60. Impurity transport equations afe solved in combina~
tion with the main plasma transport. These equations describe ionization,
recombination and anomalous diffusion for each charge state and sputtering
by charged particles and charge-exchanged neutrals are taken into account
as impurity source. The cother production mechanism such as arcing and
evaporation are neglected.

In the case of wall/limiter materials with medium-Z values {(Fe and

TiC), the main plasma is heavily contaminated by these metal impurities
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and more than 80 percent of heating power is lost by radiatiom.
Saturation levels of impurity contents are determined from the condition
that the effective self-sputtering yield is unity. The average ion
temperatures in the steady state are 4.0 and 4.6 keV for Fe and TiC,
respectively, and these values decreése with anomalous inward flow
velocity.

In the case of carben limiter, chemical sputtering is much larger
than physical sputtering. Because sputtering yield of this process
depends on the limiter temperature and the time history, we simply
agsume it as 0.05 in the Joule pﬁase and 0,1 in the additional heating
phase of 30 MW. The carbon content in the steady state 1is 3 to 5 percent,
depending on the inward flow velocity, and the radiation loss is about
10 MW. This result show that the low-Z material is required for reactor

grade plasmas in the divertor discharge.

10.3.3 Tearing mode analysis during the current rise-up phase

The dependence of the magnetic island width on the plasma current
rise-up tate has been studied by using the tokamak transport code
incorporated with the island code, which evaiuates the magnetic island
width on the basis of A' amalysis. The rapid increase of the plasma
current up to 2.7 MA with toroidal magnetic field of 4.5 T results in
the contact of the magnetic island with the limiter and may cause the
disruption, even if the tearing mode is stable in the steady state,
The critical value of the current rise—up rate in the Joule heating
phase is Ip=0.7 MA/sec both for INTOR and neo-Alcator scaling laws of

the energy confinement time.

10.3.4 Positional stability of JT-60

JT-60 has the poloidal divertor outside of the torus and the n-index
has the strong radial dependence in the plasma region. Therefore, the
positional stability of the JT-60 divertor configuration has been studied
by using the ideal MHD stability code ERATO. Results show that JT-60
configurations are stable against positional mode in the range of
-0.2=n,0=1.2 for Bp==1.0 and Rj =1-v?, even without the conducting
shell, where n,; is the n-index value at the plasma center, Detail
analysis of the stability range of n,y is now under investigation for

wide region of plasma parameters and configurations.
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10.4 Operation program

The JT-60 operation program for the initial Ohmic heating experi-
ments was studied and a complete plan shown in Fig. IX.10-4 was obtained.
The first operation cycle aims at cleaning of the vacuum vessel
wall by discharge cleaning, while the following operation cycles are
assigned to Ohmic heating experiment with a daily discharge cleaning.
A complete specification for the contract of JT-60 operation and
maintenance was prepared.

The initial draft of the séfety rule was made and the final design

of the operational procedures and manuals was completed in April 1985.
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Table IX.3-1

Vacuum properties of JT-60 vacuum vessel

Item (Unit) Specification Achieved
Ultimate pressure (Pa) <1.33 % 107°¢ 4,2 %107
Helium leak rate (Pa.m%/sec) <6.65 x 1078 <7.1x 107 %%
Qutgassing rate (Pa.m®/sec-m?) <1.33x 1078 6,82x1071°

% Jess than the sensitivity of detector

Table IX,3~2 Major specifications of heating and cooling
systems for vacuum vessel and results obtained

in baking test

Item Unit Specification Achieved
Baking Temperature range of + 20 - 86
. °C 500 500
Rigid Ring and Bellows - 200 - 200
Baking Temperature of Port °C > 250 > 250
Heating Time from R,T, to
hrs < 70 66
Baking Temperature -
Hold Time of Baking hrs 48 50
Difference Between Max.
Temp. and Min, Temp. on °c < 150 < 113
Vacuum Vessel
Heater Temperature °C < 750 < 505
Cooling Time from Baking
o hrs < 60 38
Temperature to §0°C

Table IX,.3-3 Results of regulation valve adjustment

Operation Flow Rate (m®/hr) Valve Opening (%)
mode T coil | P coil ! M coil | T coil | P coil | M coil
1 1050 65 13 48 37 29
2 545 63 13 25 44 30
3 545 43 13 25 21 30
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Table IX,7~-1

Number of shots and Technical Problems

Item of tests No. of shots| No. of Tech., Problems
(1 preparation — 0
(2) mode transition e 3
Taylor D,C ~90,000 11
short pulse D.C 345 i1l
(3) long pulse D.C 20 6
50% rating discharge 31 3
full rating discharge 119 29
(4) safeguard —_— 3
(5) plasma controllability e 0
(6) data monitoring e 0
(7) recovery — 0

Table IX.9-1 Basic performance of the JT-60 NBI

Beam Energy;

Ion Beam Current;
Beam Duration Time:

75~100 keV

70 A x 14
10 sec

Cold Gas Flow to the Torus ;

0.84 Pa mi/s

Table IX.9.2-1 Specifications of the JT-60 RF heating system

LHRF

Number of unit 3

Frequency

1.7 - 2.3 GHz

Injection power

RF pulse'length

Duty

High power amplifier

Launcher

klystron

10 MW
10 sec

1/60

(8 tubes/unit)

Phased array of waveguides

(4 rows x 8 columns)

— 150 —

ICRF
1

110 - 130 MHz

tetrode

(8 tubes/unit)

Phased array of loop antennas

(2 rows x 2 columns)
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JT~60 project schedule.
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Fig. IX.3-1 Time evolution of mean temperature of vaccum

vessel and vacuum pressure during the second
cycle of baking.
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Fig. IX.3-2 Relation between mean temperature of vacuum vessel
and displacement of movable pin-joint of vaccum
vessel support arm.
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Fig. IX.3-3 Relation bhetween valve opening and flow rate for
primary cooling system.
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Fig. IX.3-4 Diagram of setup for PEV gas injection system
fundamental test.
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Fig. IX.3-5

Comparison between calculated throughput and
measured one for large flow rate type PEV.
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Fig. IX.3-6 Relation between injection CAMAC command and
obtained throughput for large and small fiow
rate type PEVs.
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Fig. 1X.3-8 Comparison between measured strain of toroidal
field coil casing and designed one.
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Fig. IX.3-9 Time evolution of maximum temperature differemce in

vacuum vessel during continuous TDC operation with
parameters of ohmic heating coil terminal veltage.
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Fig. IX.3-10 Comparison between designed displacement of upper
' support structure and measured one.
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Fig. IX.4-1 Schematic diagram of the JT-60 poloidal field power
supply System.
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