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Research and development works in fiscal year 1977 of the Division of
Thermonuclear Fusion Research and the Division of Large Tokamak Development

are described; these two divisions are in association®

1) Theoretical studies on tokamak confinement have continued with more
emphasis on computations. A task was started of developing a computer
code system for mhd behavior of tokamak plasmas.

2) Experimental studies of lower hybrid heating up to 140 kW were made
in JFT-2. The ion temperature was increased by 50 % -- 60 % near the
plasma center. Plasma-wall interactions (particle and thermal fluxes
to the wall, and titanium gettering) were studied. In JFT-2a (DIVA)
ion sputtering, arcing and evaporation were identified, and the
impurity ion sputtering was found to be a dominant origin of metal
impurities in the present tokamaks. A divertor was studied at high
temperatures. And high-density plasma divertor actions were demon-
strated; i.e. the divertor decreases the radiation power loss by a
factor of 3 and increases the energy confinement time by a factor of
2.5, Various diagnostic instruments operated sufficiently to provide

useful information for the research with JFT-2 and JFT-2a(DIVA),

* The preceding annual reports are JAERI-M 4654 (FY 1970), 5029, 5564,
5888, 6359, 6926 and 7479(FY 1976).
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JFT-2 and JFT-2a(DIVA) operated as scheduled with careful méintenance.
Technological improvements were made such as titanium coating of the
chamber wall, discharge cleaning and pre-ionizatlon.

Detailed design of the prototype JT-60 neutral beam injector was made.
Developments of ion source and beam line components have continued,

A 200 kW, 650 MHz radiofrequency heating system for JFT-2 was completd;
a lower hybrid heating experiment in JFT-2 was successful.

In particle-surface interactions, the sputtering and surface erosion
were studied successfully using two ion accelerators. Studies on
vacuum pumping and wall cleaning were started,

Improvement designs of a superconducting cluster test facility and a
test mddule coil were made in development of the toroidal coil develop-
ment. A large current superconductor test facility was installed in
the laboratory. The large Coil Task, as an IEA cooperation for the
development of superconducting toroidal coils was studied.

Second preliminary design of the tokamak experimental fusion reacter
JXFR started in April 1977. Safety analyses were made of the main
components and system of JXFR on the basis of the first preliminary
design.

Inquiries on the JT-60 Tokamak machine were made in May 1977 to two
firms. Their estimates and specifications‘were examined; negotiations
are proceeding with one firm, A contract study of the power supplies
and control system is in progress. A contract for the study of
diagnostic equipment was concluded.

A contact restudy of the JT-4 design was made on the basis of
engineering studies completed by the previous year. The results are

being studied at present.

Key words: Annual Report, Plasma Confinement, Plasma Physics, Tokamak,

JFT-2, JFT-2a(DIVA), Diagnostics, Neutral Beam Injector,
RF Heating, Surface Study, Superconducting Magnet, Reactor

Design, JT-60, JI-4, Sputtering, Impurities
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PREFACE

A brief summary of activities in the divisions of Thermonuclear
Fusion Research and Large Tokamak Development in the fiscal year 1977

is as follows.

JT-60: Most of the necessary procedures and negotiation for a contract
of construction of JT-60 in its tokamak part were finished in this
fiscal year. However, the actual contract with Hitachi Co. was slipped
to the next fiscal year, April 17, 1978. The design of power supply
system and plasma control system were under re-evaluation, scheduled to
be finalized by September 1979. The electric grounding system was

designed in detail.

JT-4: A detailed design was finished; JT-4 is a tokamak with non-
circular cross section and divertors to study high beta limit and

impurity control,

JFT-2: High density operation became possible by gas puffing and Ti
evaporation to the wall; confinement was improved in the operation.

Lower hybrid reonance heating of 140 kW at 650 MHz for 20 ms demonstrated
ion temperature rise of 60 %, from 270 eV to 420 eV, and no increase of
impurity and no adverse effect to confinement were observed during the

heating.

JFT-2a(DIVA): Toroidal field was upgraded to 20 kG from 10 kG in April
1977. Operating regime of the plasma increased drastically and divertor
mechanism was studied in more detail; scaling law of T, in the scrape-
off layer was elucidated and impurity was decreased to 20 - 50 % by the

divertor.

Diagnostics: The diagnostic system had been strengthened to the extent

that most of the data of JFT-2 and JFT-2a were double checked.

Computation: A magneto-hydrodynamic toroidal plasma code system, TRITON,

was being developed.
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Heating Technology-l (Neutral Beam Injection): Three test stands,
ITS-1, 2 and 3, were in operation. Typical data in this year were
75 keV and 3 A proton beam for 0,1 s and with 1,2 degree in divergence

and continuous proton beam of 30 keV and 3.8 A for 7.5 s.

Heating Technology-2 (RF): Construction of a 150 kW oscillator of
650 MHz or 750 MHz for 20 ms, having a four waveguide array coupling
system, was finished, and it was applied to JFT-2 plasma successfully.

Design study of 1 MW klystron for JT-60 was performed.

Surface Study: Sputtering yield of Mo in low energy proton bombardment

(0.2-6 keV) was measured with improved accuracy.

Superconducting Magnet: Construction of a test facility of high current
SC cables was begun; the facility became available in' the middle of
1978. Design of a cluster test facility was performed. The cluster
test coil in the design was one half of the LCT coil; LCT, Large Coil

Task, is an 1EA agreement on coil tests in toroidal assembly at ORNL.

Reactor Design Study: The design of JAERT's experimental fusion reactor,
JXFR, entered upon its phase II in this fiscal year in which the phase I

design would be revised in order to obtain a more practical design.

(8. Mori)
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I. PLASMA THEORY AND COMPUTATION

1. Introduction

Theoretical and computational studies have been continued on tokamak
confinement and heating in close connectioﬁ with experimental projects.

On the basis of the experience obtained during the preceding vyears,
we have started from this fiscal year the project TRITON, a fluid meodel
numerical code system for tokamak equilibrium, stability, and transport.
Two dimensional MHD stability codes, NOTUS and ZEPHYrus, advanced well.
With the collaboration of Dr. R. Gruber of Lausanne who stayed at JAERI in
March 1978, the ERATO code was implemented in the JAERI computer system.

Heat transport due to collisionless drift tearing mode turbulence was

studied with quasilinear theory. Since the saturation of the mode is not

expected within this approximation, we calculated the heat generation and

cross—-field heat transport by considering the early phase of the instability
growth, A tﬁo~fluids code was applied to the propagatien of lower hybrid
waves, We observed the distortion of the ray in the presence of density
fluctuations due for example to the .drift instability. A new method was

proposed to suppress the grid instability in the particle simulationm.
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2. MHD Stability
2.1 Numerical analysis of linear MHD stability of a toroidal plasma

Analysis of linear MHD stability is now carried out extensively by many
authors to determine the critical beta values of high beta tokamaks (17 - (#)
We have been developing two kinds of computational codes for the MHD sta-
bility in the project TRITON. One is called NOTUS which is based on the
variational principle and the other is called ZEPHYrus which is an initial-
value code. NOTUS code can be used for both symmetric and asymmetric
equalibria with respect to the median plane of the torus,

In this fiscal year we compléted almost all components cof both the
codes except for several subroutines for the interface with numerical
equilibria and vacuum contributions.

5
A stability code similar to NOTUS (ERATO( % was adapted to the JAERI

computer system by the cooperation of R. Gruber who stayed in ocur laboratory
for three weeks in March 1978. The results by using NOTUS agreed with omes
by ERATO in the case of a plasma with a circular and elliptic cross-sections
in straight geometry. The results by using ZEPHYrus showed good agreement

with the one by ERATO for the Solov'ev equilibrium (Fig. I.2.1-1).

2.2 Numerical analysis of nonlinear MHD stability of a toroidal p1asma(6)

For a tokamak plasma with high beta value and noncircular cross-section
as JT-4, the problems of the nonlinear saturation of a ballooning mode and
an axisymmetric (positional) mode become very interesting and Important
ones. In the project TRITON we are mapping out to develop a fully three-
dimensional nonlinear stability code including a resistive effect. To study
the nonlinear MHD behaviors of a plasma, calculations based on an initial-
value problem are useful.

In this fiscal year, we studied the algorithm for the nonlinear
stability calculations of an ideal axisymmetric toroidal plasma, and devel-
oped a prototype code of a three-dimensional one. We tested it in the region
of a linear theory in the case of a fixed boundary. The results obtained
by this code agreed well with the ones by the two-dimensional codes (NOTUS

and ZEPHYrus).

2.3 High-m ballooning mode in a tokamak (7

A reduced equation describing MHD oscillations with high mode number
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was derived for an axisymmetric tokamak configuration. Assuming a simpli-

fied model equilibrium with circular cross—section(a), we have examined

analytically high-m ballooning mode. It was shown that the stabilizing

effect due to magnetic well deepening, when R becomes large, is the same

order as the destabilizing ballooning effect{9),

References

(1) Todd,A.M.M,, et al.: Phys. Rev. Letters 38 (1977) 826.

(2) Bateman,G., Peng,Y-K.M.: Phys. Rev. Letters 38 (1977) 829.

(3) Berger,D.: '"Numerical computations of the ideal magnetohydrodynamic
stability of small aspect ratio tokamaks', Thesis presentad to Ecole
Polytechnique Federale de Lausanne.

(4) Tsunematsu,T., Takeda T., and Kurita,G.: "Numerical analysis of
magnetohydrodynamic stability of high beta tokamaks with noncircular
cross—section", to appear in JAERI-M.

(5) Gruber,G.: to be published in Computer Physics Communications.

(6) Kurita,G., et al.: private communication.

(7) Tuda,T.: in preparation.

(8) Shafranov,V.D. and Yurchenko,E.I.: Soviet Physics JETP 26 (1968) 682.

(9) Furth,H.P., et al.: "Plasma Physics and Controlled Nuclear Fusion

Research" (IAEA, Vienna, 1966) vol.l, ».103,



. *£ToaT3Dadse1 ¢=u (q) pu®E
7=u (®) 1aqunu daeM TEPLOI0] PUB °T=H fAatoradrrre ‘rg=0y for3ex
qoodse ‘sesed oyl 1o} dnoiad osuuesne] Aq padoresdp 2pod OLVYA Aq

pPoUTE3QO 91B SVAIND PalIop Pue SITNSIA JINO DI S3AIND PTTO§  “STXE

oT39uSew e 10310BI A73IBS SNSIDA SOIBI yImouad pozTTRUWION 1-T'Z°1'9Td

(q) (e)
% 10 9°0 570 t'0 £°0 2°0 L0 0p . . . . .
56°0 §°0 v 0 £'0 §2°0
-~ <~
T T I ] T 1 ) 1 Ty Ll T T T T
%
LY
/
,wmo : L0°0
& /o
= N
= f..,x.
T \ 20°0
_, =
= 500
km ~
£0°0
$0°0
Lo 50°0
d d
/‘ Nm v ww




JAERI-M 8059

3. Heating and transport
3.1 Numerical simulation of Tower hybrid wave propagation(1>

Concerning the LHRH (Lower Hybrid Resonance Heating) in a tokamak, a
numerical simulation is made of the propagation of a lower hybrid wave.
By solving the system of two-fluid equations and Poisson's equation, ray
trajectories of the lower hybrid waves are traced. The cases of cold plasma
approximation, linear approximation and nonlinear two-fluid model are
examined. The effect of density fluctuation due to the presence of a drift

wave on the conical ray trajectories is also studied.

3.2 Effect of finite wavelength of the pump on the parametric threshold
of lower hybrid wave(?)

The effect of the finite wavelength of the pumping wave on the thresh-

"old of the parametric instability of lower hybrid wave is studied theoreti-

cally. A general dispersion relation is derived for the coupling of four
electrostatic waves, assuming that the pump is a lower hybrid wave. The
analysis of the dispersion relation shows that the finiteness of the pump
wavelength has an insignificant effect on the parametric threshold to excite
another lower hybrid wave and a low frequency mode, whereas it plays an

important role to excite high frequency modes.

3.3 Heat transport due to collisionless drift-tearing mode- turbulence(3)

Heat generation and its transport due to collisionless drift-tearing
mode turbulence are analyzed in the case of slab geometry. Turbulent state
is assumed within a singular layer. A diffusion equation of the distribu-
tion function in the velocity space is deduced from the quasi-linear Vlasov
equation and a time-dependent equilibrium distribution function of electrons
is obtained. The distribution function becomes a kind of flat-top type
instead of the Maxwellian one. A rate of the heat generation is greater
than that of the wave-energy generation by about Zk%/kz, where ky is inverse
of the electron skin depth. Gradients of the temperature and of the number
density modify the rate spatially. The temperature gradient is found to
relax itself. Since perturbed magnetic field lines are-bent in the direc-
tion of inhomogeneity, the generated heat is guided along the field lines

in the direction of inhomogeneity. Convection and diffusion are censidered
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and both are shown to be equally important. These two mechanisms are

caused by the gradient of number density as well as the temperature gradient.
The obtained heat transport coefficient is larger than the one in MHD regime.
For example PLT parameters are considered, the coefficient becomes about 20

times larger than that in MHD regime.

References
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4. Numerical Analysis and Computing
4,1 Two-dimensional tokamak transport codes (1)

Two-dimensional tokamak transpert codes (APOLLO-series codes in the
TRITON system) are being developed. Neoclassical tranmsport coefficients
and a simplified source term of particles are incorporated in the first
version APOLLD code. The basic idea.of the numerical model is based on
the Grad-Hogan theory, whefe the radial transport phenomena are calculated
for a sequence of separately calculated toroidal equilibria. In the near
future we will incorporate different types of transport in the APOLLO code,
refine the source term of particles, and apply the code to the analyses of

tokamak plasma with higher beta value.

4,2 A binary collision model for plasma simuiation with a particle code (2)

A binary collision model by the Monte Carlo method is proposed for
plasma simulations with particle codes. The model describes a collision
integral of the Landau form. Collisional effects in spatially uniform
plasmas are simulated, and the results are in good agreement with theoreti-

cal ones.

4.3 Suppression of grid instability in particle simulation(3)

Unphysical instabilities of the type of total energy being increased
are often excited in particle simulation by the use of the spatial grid
whose size A exceeds the Debye length RD(”)’(S), In a widely used method,
NGP, CIC, of DP method, the profile of the electric field created by a
charged cloud is assumed to vary artificially in accordance with the cloud
position relative to the grid point, This variation brings grid instabili-
‘ties,

We devise a method to reduce this variation and to suppress the grid
instability. The charge density of a cloud is shared at three points in
the one-dimensional simulation; at the nearest grid point (distance § from
the center-of-charge of the cloud) by g = [0.5*(6/A)2]1/2, at a grid point
(distance A-8) by [l-e+(8/4)]/2, and at a grid point (distance A+S§) by
[1-e-(58/A)}/2. Combination of this method with the interlaced-grid method(e)
brings a remarkable reduction of undesirable variations.

Comparison of the results of simulation (errors in the total energy

§H/Hg) are shown in Fig. I.4.3~1, where A = 64Ap. 1In the figure (I) CcIic
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method, (II) interlaced method, (III) the present method, and (IV) combina-
tion of (ITI) with (IV).

4.4 Large-scale matrix-handling subroutines "ATLAS"(7)

Subroutine package "ATLAS" has been developed for handling large-scale
matrices. The package is composed of four kinds of subroutines, i.e.,
basic arithmetic routines, routines for solving linear simultaneous equations
and for solving general eigenvalue problems and utility routines, The sub-
routines are useful in large-scale plasma-fluid simulations,

4.5 OLYMPUS system and development of its pre—processor(s)

The OLYMPUS SYSTEM developed by K. V. Roberts et al. was converted and
introduced in computer system FACOM 230/75 of the JAERI Computing Center.

. A pre-processor was also developed for the OLYMPUS SYSTEM, The OLYMPUS

SYSTEM is very useful for development, standardization and exchange of
programs in thermo-nuclear fusion research and plasma physics. The pre-
processor developed by the present authors is not only essential for the
JAERI OLYMPUS SYSTEM, but also useful in manipulation, creation and correc-

tion of program files.

4.6 Special I/0 routine based on the BSAM Tevel(®)

A Special I/0 routine "FORTXDAM'" has been developed, which is based on
the BSAM Level. Program "FORTXDAM" is useful in input-output of large
quantities of data, random access (direct access), usage of the double (or
multi) buffers technique 6r asynchronous input-output. Written in FASP
language available for the computer system FACOM 230/75 of JAERI, it con-
sists of six basic sub-programs which can be called in FORTRAN language.
FORTXDAM is useful especially in large-scale computer simulations in thermo-

nuclear fusion and plasma physics research.

4.7 A method to solve the impurity diffusion equation with fonization and
recombination source terms(lo)_

Diffusion equations of impurities with ionization and recombination
source terms are solved numerically by the splitting and fractional-step.
method for noncommutative operators. Diffusion equations without source

terms and rate equations are solved successively and the very small time
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step for calculation determined.by fast lonization processes can be aveoided

by solving the rate equation as an eigenvalue problem. The time step is

determined by the diffusion process and it iIs possible teo follow the time

evolution of impurities for a long time. The present method is second-

order accurate in At.
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5. Project TRITON(1)

"Project TRITON" was mapped out and a part of the project was started
in this fiscal year. The project is composed of developments of the fluid-
model numerical code system TRITON and supporting system for the develop-
ment of the numerical codes PEGASUS (Fig. I.5-1). The TRITON system is an
inclusive fluid-model numerical code system for the analyses of a tokamak
plasma and the main part of the TRITON system is a subsystem ASTRAEA which
consists of numerical codes for MHD stability analyses, multi-dimensional
transport calculation, and MHD equilibrium calculations (Fig. I.5-2).
TRITON system also contains subsystems PARIS (a subroutine package for
large-scale numerical analyses) and ARGUS (an assembly of graphic I/0 sub-
routines). The PEGASUS system is composed of assembly of supporting
numerical codes, such as, automatic code generators written in a formula
manipulation language "REDUCE-2", preprocessors for large-scale matrix
. handling and so on.

Time schedule of development of the codes in the ASTRAEA subsystem is

shown in Fig. I.5-3. Development of individual codes in this fiscal year

is described in other subsections.

References
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ProuecT TRITON

B * ASTRAEA
(ASSEMBLY OF NUMERICAL CODES ON
STABILITY, TRANSPORT, AND

EQUILIBRIUM OF AXISYMMETRIC
TOROIDAL PLASMAS)

# TRITON * PARIS
(IHE BEL;ABLE SYSTEM (EACKAGE OF EBETHMET[C
OF lNCLUS]VE IQKAMAK §UBR0UTINES)

NUMERICAL CODES)

— * ARGUS
(ELL-BOUND QRAPHIC QTILITY
§UBROUT!NES)

# PEGASUS
(PROGRAMMING LANGUAGES FOR FORMULA EXPANSION AND CODE
GENERATION: A SUPPORTING SYSTEM)

Fig.I1.5-1 Project TRITON
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ZEPHYRUS : 2D ideal MHD instability (initial value problem).
NOTUS : 2D ideal MHb instability (varfational principle).
| EURUS : Group of codes to investigate numerical scheme.
BOREAS : High-m ballooning mode (variational principle)
AEOLUS : 3D nonTinear (dissipative) MHD instability

(initial value problem).

SELENE : High speed, high accuracy calculation codes of

MHD equilibrium.
APOLLD. : 2D tokamak transport code.

Fig.I.5-2 Numerical codes in the ASTRAEA subsystem

prOJECT TRITON

pHASE 0 PHASE 1 PHASE 2

(ASSEMBLY OF CODES) (NUMERICAL CODE SYSTEM)

ZEPHYRUS
________________________________________ |
NOTUS
____________________________ |
EURUS
S
BOREAS
“AfoLUS T
SELENE T
l _______________________________________________
APOLLO

Fig.I.5-3 Time table of the project TRITON
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I1. TOROIDAL CONFINEMENT EXPERIMENTS

1. JF7-2
1.7 Introduction

JFT-2 is a low aspect ratio confinement device of the tokamak type
with plasma major radius 90 cm and minor radius 25 cm, a magnetic field
of 18 kG, a plasma current of 0.l6 MA corresponding to a surface q of 4.
The main experiment is supplemental heating (neutral injection, LHRH).

The neutral beam heating experiment started from September 1376 has
been completed in April 1977. In June and July, preliminary plasma-wall
interaction experiments have been carried out; reduction of impurities by
titanium gettering, high density discharges, particle and energy fluxes
at scrape-off layers, limiters of different materials, and so on. The

 lower hybrid heating experiment has started in October 1977.

1.2 Plasma-surface interaction experiments
(1)

1.2.1 Improvement of plasma pafameters by titanium gettering

In order to suppress the impurity (mainly oxygen) influx, the wall and
the limiter were gettered by titanium. A pronounced decrease was observed
in line intensities of oxygen (1/5-1/10) as well as metals (i.e. Fe and Mo,
n1/10). The radiation loss power, which cools the plasma periphery de-
creased to 1/2, which resulted in (1) a broader electron temperature profile.
This improved the energy confinement time by a factor of about 1.6. (2) A
higher electron density (line-of-sight averaged density of 6.3x1013 cm™3)
was obrained (By: 1.8T, Ip: 110kA, limiter radius: 20 cm). The factor k of
the maximum density scaling law; ne = kB (T)/R(m) is improved from 2 (with-
out gettering) to 3.1 (with gettering).

Density limitation is usually preceded by the abrupt increase in the
amplitude of m =2 oscillations which seems to cause the rapid rise of the
radiation loss, which triggers the MHD disruption. By increasing ne, the
net input power ((Joule heating power) - (radiation and charge exchange loss
power)) decreases to some threshold which seems to limit the density maximum.

(2)

1.2.2 Particle and energy fluxes observed in the scrape-off layer

Particle and energy fluxes in the scrape-off layer produced by pcloidal

limiters were observed by a combined Langmuir thermoprobe and by an infrared
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camera. It was found that the electron density in the scrape-off layer
decays exponentially with leaving plasma column in the minor radius direc-
tion, The cross—field diffusion coefficient determined by the e-folding
length is of the order of Bohm diffusion.

The energy flux in the scrape-off layer can be devided into two
categories. The one is determined by a sheath of Maxwellian particles
formed in front of a material surface. The heat flux of this kind was
observed 1 cm behind the limiter edge radius. The other, which was observed
near the limiter edge radius, depends strongly on accelerated electrons.

It therefore depends on the electron density of the main plasma.

1.2,3 Gross particle confinement characteristics determined by the scrape-

off plasma(3)

The scrape-off plasma in JFT-2 tokamak are investigated experimentally
by using an electrostatic probe, The density of the scrape-off plasma is
about 2.2 x 10!2 - 1.0 x 10!3 cem™3 and decays like an exponential in radial
direction. The electron temperature is about 30 eV and keeps almost con-
stant value in the scrape-off layer.

With use of a simpie scrape-off model of tokamak plasma to be represen-
table by a finite straight coaxial cylinder, we can show that the density
decays in exponential like and also can give the cross field diffusion
coefficient by the gradient of the density profile., The e-folding length

of the density profile can be expressed
»=p /28 <ov>)—1/2
- ( 1, - nn ov »

where D 1is the cross field diffusion coefficient, v, the ion sound velocity,
L an effective interval of the straight cylinder (which becomes 2mRe<q, in
the rail limiter region, where q, is an order of the safety factor and 27R
in the aperture limiter region), np the number of the neutral gas in the
scrape-off layer and <ov> the rate coefficient for electron ionizatiom.

The parallel flux absorbed by the limiters is accelerated by the sheath

potential, which is expressed
Iy =nvg .

The perpendicular flux abscrbed by the wall is expressed
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T, =-D Vn .

By integrating the particle flux over the surfacé of the limiters and the
wall, which contact with the plasma, the total loss flux to the limiters
and to the wall can be estimated.

The gross particle confinement time is also determined deviding the
total particle number of the main and scrape-off plasma by the total loss

flux.

1.2.4 On the origin of gaseous impurities measured by mass spectroscopy(“)

The origin of neutral gas species outside a plasma in the JFT-2 tokamak
was investigated and its correlation to light impurities in a plasma was
studied. The source of the gas species can be identified by titanium
gettering which will reduce the contribution of the wall and/or the limiters.

The principal gases measured by a quadrupole mass spectrometer during
and after a discharge are water, carbon monoxide, and methane, whose partial
pressure rises are of the order of 107 Torr. The wall supplies oxygen
impurity to the plasma in the form of water vapour. The measurements of a
boundary plasma [ref. 3] and titanium coating indicate that the limiter
mainly contributes to the production of carbon monozide and methane. There
is no relationship of light impurities to methane and carbon monoxide, As
for carbon and silicon carbide limiters [ref. 6], the formation of methane
after a discharge results from the chemical reaction of implanted hydrogen

atoms with the hot limiter [ref. 2].

1.2.5 Thermal load of a limiter(5)

Surface temperature of a limiter in the JFT-2 plasma was measured by
an infra-red scanning camera with a time resolution of 0.625 msec. The heat
flux to the limiter was estimated on the basis of one-dimensional heat
conduction to the bulk. The maximum surface temperature rise and heat flux
density during a discharge with a electron density of 1.3 x 1013 em™3 are
about 300 degrees and 2.3 kW/cm?, respectively. They decrease by increasing
electron density.

The correlation between the time behaviours of the heat flux density
and the X-ray intensity emitted from the limiter indicates that the ac-
celerated electrons play an important role in the heat flux to the limiter

periphery,
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Temperature of the limiter during a discharge is considerably lower
than the temperature at which the evaporation of Mo becomes serious. Time
! behaviour of the spectrograph of Mo(XIII) line has no relation to the tem-
perature rise of the limiter even in a low electron density. Evapeoration
due to heat load from the plasma is not a mechanism of metal impurity
production in normal discharge.

Immediately before the negative voltage spike, the heat flux to the
limiter increases abruptly. The surface temperature rise of thé limiter
near the plasma edge is about 140 degrees at that time. The heat flux

density is about ten times as large as the one before the abrupt increase.

Thermal energy to the limiter due to the accelerated electrons from the
plasma is order of 5 % of plasma energy. The surface temperature decrease

of the limiter is found in phase of the negative voltage spike.

(8)

"1.2.6 Carbon and silicon carbide limiter experiment

Pyrolitic graphite (PG) and silicon carbide were used for the limiter.

The discharge characteristics with these limiters were the same as those

with the molybdenum limiter except that the CV line radiance was 1.3 to 6

times larger with the PG and SiC limiters than with the Mo limiter. This

is because the main impurity in the plasma was oxygen with all the limiters.
For these conditions, the maximum surface temperature of the limiter during
the discharge was 1900°C for PG and 1000°C for $iC, as observed by an in-
frared camera.

Residual gas analysis during and after the discharge showed that
chemical reaction between the plasma and the limiters is not responsible
for generation of the limiter materials to the plasma. It is supposed that
physical sputtering by ions plays a major role in impurity generation from

the limiters.

1.3 Ion heating experiments near lower hybrid frequency(7)

Lower hybrid heating experiment on the JFT-2 tokamak was started from
October 1977. ©Net RF transmitted power at power level up to 135 kW had
been applied for 20 msec at 650 MHz. The power was coupled by means of a
phased array of four waveguides. Characteristics of lower hybrid heating
in the JFT-2 are summarized in Table II.L.3-I.

To investigate the efficiency of coupling and penetration of slow waves

into a plasma, the dependence of the total power reflection coefficient R as
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a function of the phase difference A¢ between adjacent waveguides were
measured at a power level Py = 3 kW in Fig. II.l1.3-1(a), where PRy = Pj, -
Pref; the incident power Py, and the reflected power Pref. Experimental
points on the total reflection coefficient from a quadruple waveguide array
are well fitted to the theoretical curve calculated from the Brambilla
theory which uses the plausible density gradient from the density measure-
ment of the scrape-off layer plasma Vne = 3 ¥ 10!3 ecm™%. 1In this case the
net transmitted power Ppp is set at constant power level. Optimum coupling
is obtained experimentally and theoretically for the quadruple array with

90 degrees phase shift between adjacent waveguides. Some data for the power
reflection coefficlent versus phasé difference A¢ between adjacent waveguide
of the quadruple array as a function of the net transmitted power are given
in Fig. II1.1.3-1(b). Reflection coefficient is greatly reduced with in-

creasing the input power. Apparently, coupling feature becomes rather

‘insensitive to phase difference A¢, although it has still an expected ten-

dency, Coupling improves as the net transmitted power increases and is
saturated over 40-50 kW power level. It is noted here that at the saturated
region good coupling efficiency around 90% was obtained.

When a RF power of 135 kW has been applied for 20 msec, 650 MHz, the
loop voltage shows a negligible increase by 2-3 %, the plasma current does
not vary, the perpendicular ion temperature increases from 270 eV to 420 eV,
the application of RF also results in an increase in the average electron
density by 20 %, as shown in Fig. II.1.3-2, a high energy tail appears on
the energy spectra of the charge-exchange neutrals, and the radiation of
impurity lines and soft X-ray emission are not observed to change during RF.

Figure II.1.3-3 shows the body temperature increase ATy during 10-15
msec where two pumping frequencies 650 MHz (closed circles) and 750 MHz
(open circles) were used when wg/wyy(0) < 1.3 (mLH(O) correspond to the
lower hybrid frequency at the center). The temperature rise is seen to in-
crease with increasing RF power normalized by the average density. Also
shown in the figure (the only cross point) is the ion temperature obtained
from Doppler broadening of impurity lines (in the case presented here, 0 VII
line at 1623 K). The temperature given by this measurement is lower than
that given by charge exchange and the radial maximum of O VII emission is
found to be around r = 6-8 cm from the center by scanning vertically the
monochromator looking at the horizontal chord of plasma.

Several conclusions may be stated from the observations hefore now.
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(1) A phased array of four waveguides has been used with success. Coupl-
ing characteristic is well explained by Brambilla theory. Transmission
efficiency of 90 % was easily obtained without any use of matching device.
(2) Parametric instability is observed during the RF pulse, which is
correlated with generation of high emergy ions and is mot responsible for
the bulk ion heating. This parametric process occurred in the vicinity

of the plasma edge in front of the launcher and has a low saturation level,
so that this parametric instability may not disturb the penetration of the
pump wave into the interior rather at high power level.

(3) Effective ion heating ATy /Ti = 50-60 % has been cbtained on the
application of 135 kW power and tﬁe temperature Increase is seen to be
proportional to the input RF power.

(4) Efficient ion heating has been observed when the turning point is in
the plasma.

- (5) An average electron density increase by Ang/ne = 20 % at the rate of
Aﬁe/AtRF = 1.1 x 10'* cm™3 sec™! was observed and loop voltage increases by
less than 2-3 % at the power level of net transmitted power 135 kW, 20 msec.
However, this smaller density increase cannot explain the observed heating.
A quantitative measurements are needed to evaluate heating of the ions due

to an influx of impurities.
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Table 1I.1.3-1 Lower hybrid heating in the JFT-2 tokamak at JAERI.

JFT-2 MACHINE PARAMETERS

Major radius 90 cm
Minor radius 25 cm
Minor wall radius 29 cm
Toroidal magnetic field 10-18 kG

PLASMA PARAMETERS
Plasma Hydrogen plasma
Plasma current _ 100 kA
Omic heating power 160-250 tw 13 -3
Peak electron density {(1-4.5) % 10" "em
Peak electron temperature 600-1000 eV
Peak ion temperature 180-320 eV
Effective ionic charge ' 2-6

RF HEATING SYSTEM

RF frequency 650 and 750 MHz

Maximum RF power 200 kw

RF pulse duration 1-100 msec

Coupling system a phased array of four waveguides
Parallel refractive index 13 (maximum)

Launcher-limiter separation 1.5-3.0 cm
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2. JFT-2a (DIVA)
2.1 Introduction

The toroidal magnetic field was increased to 2T from 1T in April
1978 and divertor experiments had been completed. 100 kW ICRF heating
experiment was prepared and will start in May 1978,

After increasing the toroidal magnetic field, a wide range of plasma
parameters has been obtained as follows: electron temperature Tog =
200 - 700 eV, ion temperature Teg = 60 — 300 eV and density ngg = (1.5-8.0)
x 1013 cm™? in the main plasma, and Tgg = 20 - 100 eV, Tjg = 20 - 60 eV
and neg = (1.5-5.0) x1012 cm J in the scrape-off layer plasma. Over the
wide range plasma parameters following subjects are studied(l)”(lq).
Some of them extend the results of earlier effort in this device with
17(15)nv(23)

a) Divertor effects on the main plasma.
» radiation loss
+ energy confinement time
- particle confinement time
» transport coefficient
b) Divertor actions
+ plasma diversion and reduction of plasma wall interactions
» impurity shielding
¢) Impurity behavier
» impurity transport and recycling
» impurity back flow from the divertor
d) Scrape-off layer
+ scaling for a scrape-off plasma
» control of a scrape-off plasma

e) Metallic impurity origin and wall erosion.
The main results are summarized as follows.

a) The divertor reduces the radiation loss by a factor of 2-4 and hence
increases the energy-confinement time by a factor of 2.5. The

divertor does not significantly affect particle and heat transport

coefficients.

b) The divertor reduces plasma-wall interactions near the main plasma

by guiding loss plasma into the divertor chamber. A maximum divertor
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efficiency is 35% for particle flux and 75% for heat flux. The

shielding efficiency is 70% for alminum and 50% for carbon.

¢) Both gaseous and metallic impurities have a confinement time compara-
ble to the particle confinement time. Therefore, impurities flow

always into the main plasma during a discharge. It is shown that

carbon impurities recycle, and aluminum elements lose onto the wall
and new elements are produced on the wall, Impurities are easily
jonized and accelerated by the field particles and the space potential
in the scrape-off layer plasma. Therefore impurities produced in the

; divertor flow hardly into the main chamber, i.e. the back flow is small.

d) 1In a scrape-off layer plasma, particle flow velocity is a few times
less than the sound velocity, heat transmission rate is consistent
with a sheath model, the particle diffusion coefficient is about 10
times less than the Bohm diffusion value. These results give simple
formula of scalings for electron temperature, density and width in a
scrape-off layer plasma. The relation between ion temperatures in
the scrape-off layer and in the main plasma is also obtained.
Coﬁtrol of a scrape-off layer plasma is investigated by using gas

injection.

e) TIon sputtering, arcing and evaporation are identified. Evaporation
is important in a low density discharge, and arcing in a disruptive
discharge and in a discharge with dirty surfaces. The ion sputtering
is demonstrated to be dominant in a normal discharge for metallic

impurity origin,

These results are detailed described in the following subsections.

Impurity control in a large fusion device is also discussed.

2.2 Improvement of plasma parameters by the divertor{2)(3)(9)(10)(11){13)

In order to know the divertor effects on plasma-confinement, radia-
tion loss Py, energy-confinement time T, average particle-confinement
time Ep and ion temperature Tj with and without the divertor are investi-
gated over a wide range of plasma parameters, i.e, toroidal magnetic field
By = 0.8 - 2.0 T, I,

electron density ﬁe = (1.5 - 5.0) x 10!3 em~3. Results are summarized in

= 10 - 53 kA, safety factor gq = 2.6 - 5.9 and mean

Fig. IT.2.2-1. A relation between radiation loss-power PR and plasma

current I, is shown in Fig. I1I.2.2-1(a). Sum of radiation loss and
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charge—exchénge loss is measured by scanning a calibrated pyroelectric
detector and charge-exchange loss is calculated by a three dimensiomnal
Monte Carlo method. Charge—exchange loss is less than 13 kW and the
radiation loss PR shown in Fig. II.2.2-1(a) is the main part of loss power
measured by the pyroelectric detector. It is shown that the radiation
loss is reduced by a factor of 2 - 4 by the divertor. The radiation loss
increases monotonically as increasing the plasma current I, without the
divertor but saturates at Ip = 26 kA with the divertor. It is clearly
shown in Fig, 1I1.2.2-1(b) that the divertor increases the energy-confine-
ment time by a factor of 2.5 which has the functional dependence of the
ALCATOR scaling as follows: Tg = 1.5 /aé Elq ms without the divertor and
TR = 4.0 /Eaﬁlq ms with the divertor where nyy = 10_“+Ee. The average
particle-confinement time shown in Fig. IT1.2.2-1(c) is calculated from the
total particle loss—flux measured as the total ion saturation current onto
the shell, protection plates and burial chamber. The result is contrast
to that of the energy-confinement time i.e. a large improvement by the
divertor is not observed on this average particle-confinement time, The
average particle-replacement time is roughly given by the ALCATOR scaling
for the energy-replacement time, i.e. ;p = 2.0 /E; n;, ms without the
divertor and fp= 3.0 /aa ny, ms with the divertor. The ion temperature
shown in Fig. II.2.2-1(d) agrees with the Artsimovich scaling law with and
without the divertor as expected.

The results show that the divertor reduces the radiation loss. This
is the same effect observed in the previous experiment(ls)(le) in which a
low-z free plasma was obtained{?!) and the radiation loss was mainly due
to pseudo continuum(la)(zo). The pseudo continuum is considered due to
gold because it increases as inserting a gold plate into the plasma and
has a good correlation with AuI- and Aull-lines. The recent experiment
up to now is done during the first few months after completing the modifi-
cations which forced to open the vacuum vessel to the atmosphere for a few
months and low-z impurities may not be neglected. In order to study
impurities, radiations are spectroscopically investigated in both dis-
charges with and without the divertor under the conditions in which plasma
density né, plasma current Ip and toroidal magnetic field BT are appreciably
the same. Peak electron temperature and ion temperature are 700 eV and
270 eV with the divertor and 540 eV and 240 eV without the divertor,

respectively. Figure I1.2.2-2 shows radial profiles of intensities of
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pseudo continuum at 100 A and oxygen lines and loss power Poy measured
by the pyroelectric detector. Influx of oxygen is reduced by a factor
of about 3 because intensity of OV-line decreases by a factor of 3 with
the divertor. It is suggested that oxygen content is also reduced by
the divertor because oxygen influx is decreased and confinement time of
oxygen is roughly equal to the particle confinement time which is not
strongly affected by the divertor. The pseudo continuum was observed
only in the range of 120 & - 250 & in the previous experiment with a low
temperature plasma and is observed in the range of 45 R - 250 & in these
experiments, The divertor reduces gold content at least by a factor of
three because radiation loss due to gold decreases by a factor 3 and in-
creases monotonically as increasing electron temperature from 200 eV to
1000 eV from calculated results(zu). The profile of Ppy Suggests that
both of oxygen and gold are influential to the radiation loss as expected.
The divertor increases the energy-confinement time by a factor of 2.5
which seems a result of lowering the radiation loss. The radiation-loss
power is not a large portion of the total energy loss, i.e. 30 - 40 % of
the ohmic power without the divertor and 15 - 30 Z with the divertor.
Electron temperature profiles, however, are strongly affected by the
radiation loss, i.e. by the divertor, as shown in Fig. II.2.2-3., The
divertor increases the radius of the hot column by reducing the radiation
loss and increases the energy-confinement time because internal energy of
a plasma is concentrated in the hot column., Calculated heat-diffusion
coefficient from the experimental data is about 4 x 103 em?/s without the
divertor and about 3 x 10% cm?/s with the divertor. This small difference
in the heat-diffusion coefficient is consistent with the conclusion, i.e.
the divertor increases the energy-confinement time by increasing the
effective radius, and is also consistent with the small divertor efféct
on the average particle-confinement because the density prbfile'is not

strongly changed by the divertor.

2.3 Divertor actions
2.3.1 Plasma diversion(20)

Plasma-wall interactions can be removed to a remote neutralizer plate
from a limiter. 1In Table I1I.2.3-1, a typical particle- and heat-balance
with and without operating the divertor are shown for plasma with the same

minor radius, density, plasma current and toroidal magnetic field. The
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divertor reduces the particle flux to the first wall by a factor of 2 and
the heat flux carried with conduction and convection by a factor of 8.
The plasma diversion is ruled by transport process along and across

magnetic field lines in the scrape-off which is discussed in IT.2.4.

2.3.2 TImpurity shielding®4)(8)

Shielding action was observed in the previous experiment(ls).
Impurity shielding is studied by injecting methane of the room temperature
and aluminum of around 5 eV at the farthest point from the burial chamber
along the magnetic field line. The injected cafbon is ilonized
and ionized ions with the state of around CIV flow intoc the divertor
chamber (Fig. I1I.2.3-1). Consequently, the divertor reduces the radial
impurity influx towards the plasma center by a factor of 2-3 during the
successive ionization process from CIII to CV (Fig. IT1.2.3-2). The accu-
mulation of the injected aluminum is 3-4 times less in a diverted discharge
than that in a nondiverted discharges as shown in Fig. 11.2.3-3. These
results demonstrate the shielding action by the divertor plasma.

Pumping-out of the guided impurities into the burial chamber is con-
sidered essential in a divertor device. However, the gaseous impurities
are easily reduced as shawn in experiments. and metallic impurities stick
naturally on a material surface. Therefore an artificial pumping system
for impurity exhaust does not seem necessary.

The impurity transport in the main plasma is studied by comparing
numerical results to the observed impurity profile and it is shown that
the impurity confinement time is comparable to the particle confinement
time and the neoclassical effect is masked by the anormal transpert
effect(ZI). Therefore, the time behavior of injected impurities (Fig.

I1I.2.3~2, 3) shows that carbon recycles and aluminum sticks on the wall.

2.3.3 Impurity back flow(12)

Impurity behavior in a scrape-off layer is very important concerning
not only shielding action but also impurity back flow. Behavior of in-
jected impurities is studied. Accumulation of aluminum injected in the
burial chamber 1s less by a factor of 10 or more than that of aluminum
injected near the main plasma Fig. II.2.3-4. This result shows that
impurity efflux at the neutralizer plate induces only a little increase

of impurity contents in the main plasma than the same amount of impurity
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efflux at the limiter or the first wall does. This result may be explained
by two different phenomena. One is that the scrape-cff layer is too thin
to ionize impuritlies and the other is that ionized impurities do not hard-
ly flow into the main chamber. Impurity flow in a scrape-off layer was
studied by measuring intensities of carbon lines in the burial chamber

and in the main chamber and the result is shown in Fig. I1.2.3-1. 1In the
main chamber, sudden increase of CII—,.CIII— and CIV-line intensity in-
dicates the spread of the injected impurity ions in the edge of the main
plasma column. In the burial chamber, no increase of CII-line intensity
is found and the largest increase is observed in CIV-line emission. These
observations make clear that injected carbon is ionizéd and flow into the
burial chamber with the state of around CIV. Thus, the excursion time of
carbon ions into the burial chamber is roughly equal to the ionization
time of CIII or CIV which is roughly equal to the excursion time of the
field particles. This result shows that impurity ions are easily ac-
celerated by the field particle and the space potential into the burial
chamber and that impurities produced in the burial chamber do not hardly
flow into the main chamber. This process can give a high energy for a
multi-ionized and heavy ion which is several times higher than proton
temperature. This behavior has been confirmed by a numerical simulation(zs)
as shown in Table IT1.2.3~1. These results show that the divertor remove
the surface mainly interacting with a plasma from the limiter to the re-
mote neutralizer plate and the released impurities in the divertor flow

hardly into the main chamber.

2.4 Scaling for a scrape-off Tayer(1)

It is generally believed that plasma-wall interactions become more
serious in a future large tokamak because plasma temperature of the
scrape—off layer increases as increasing temperature of the main plasma.
Thus, the scaling for scrape-off layer plasmas is very important. From
this point of view, scrape-off layer plasmas have been investigated in
DIVA and the following results were obtained in the previous experiment;:
1) Particle flow velocity to a limiter or a neutralizer plate Vf = 0.3 vg
where vy is the sound velocity(17)(23). 2) Heat flux q agrees with the
value calculated from a simple sheath model and g = YTefp where vy is a
numerical factor, Te is the electron tempera ture and f, is the particle

flux(lg)(23). 3) Diffusion ceoefficient across magnetic field lines D
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is 10 times smaller than the Bohm diffusion coefficient but the parameter

dependence of the diffusion coefficient 1is unknown (19 (23)
Important plasma parameters in the scrape-off layer, i.e. mean

electron temperature T,g, width of the scrape-off layer d and mean

electron density ngg are given as follows:

= 3;p (Pin B ch B PR) = =
Tag = (Tg + Ty) €Y
e ZTE PinY e 1
d = YB_LL/Vf (2)
Ln_a :
= e
N, = ———= (3
es
ZVprd
where Py, Pox, PR, ?p’ TR, Te: Ti, Ne, a and L are the input power, cx

loss-power, radiation loss—power, average particle-confinement time,
energy-confinement time, mean electron temperature of the main plasma,
lmean ion temperature, mean density, minor radius and length of magnetic
field lines to a material surface, respectively. In this section, ¥p/TE,
D, and y are studied to obtain the scaling for scrape—-off layer plasmas
and characteristics of the scrape—off layer is briefly discussed. Average
particle confinement time Ep is calculated from the total electron number
and the total particle loss flux which is measured as the sum of ion
saturation currents onto four sectors of the shell, three pieces of the
protection plate and the burial chamber(17). The average particle-con-
finement time has the functional dependence of the Alcator scaling for the
energy-confinement time. The relation between the average particle-
replacement time and the energy-confinement time is shown in Fig. I1.2.4-1
and ¥p/TE = 1.5 without the divertor and EP/TE = 0,8 with the divertor.
The difference is mainly due to the difference in the electron temperature
profile, i.e. the profile becomes broad and the energy-confinement time
increases by‘operating the divertor.

Parameter dependence of the diffusion coefficient is studied by

measuring the divertor efficiency for the particle flux which is given by

the following equation:

~ Az vE
n = Erf(y), Y= %Dl 0. R (4)
a

where Erf, R, q, and A are error function, safety factor and the distance
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between the separatrix magnetic surface and the wall surface, respectively.
The result shows that the diffusion coefficient has the functional depend-
ence of the Bohm diffusion (Fig. II.2.4-2).

v is obtained from equation (1) which is rewritten as follows:

P, - P - P
- in cX ‘R
YTeg Fp (5)

where Fj, is the total loss flux. (P.x + PR) is measured by scanning a
calibrated pyroelectric detector, Fp 1s measured as the ion saturation
current and the electron temperature is measured by using electrostatic
methods. The electron temperature near the surface which collects the
main part of the heat flux is employed as Tes’ The result is shown in
Fig. II.2.4-3 and vy = 7,

The experimental results given vg = 0.3 vg, ?p/TE =1, D=0.1 DB_
and v = 7. Thus, equation (1) is simplified as follows:
Py, - Pox = PrJ)

in CX (T + T) (6)

T.. = 0.2
Pip

es

This equation shows that temperature at the edge is extremely high in a
high temperature tokamak with Pj, > P,y + Pgp and sputtering by ions be-
comes serious. Therefore it is very important to control the scrape-cff
plasma in a large fusion device as discussed in II.2.6. For example, the
edge cooling is necessary to mitigate the plasma-wall interactions. This
scheme is tested by feeding cold gas into the scrape-off layer(IZ). With
the gas feeding the Fig. II.2.4-4 shows that the outer edge of the scrape-
off plasma is cooled down by a factor of 2, thereby causing the reduction
of floating potential of the first wall. This appears that the observed )
reduction of impurity generation is attributed to the suppression of the
ion sputtering yield by reducing the potential difference (sheath poten-
tial) between the plasma and the first wall. The experimental result
shows that slight cooling of the outer edge plasma nearest to the first
wall effectively suppressés the metallic impurity release from the wall,
thereby reduces the contamination by first wall material.

Ion temperature is also investigated and flowing result is obtained(lhl

T SPUO.Z Tio

i
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2.5 Ion sputtering, arcing and evaporation
2.5.1 Metallic impurity origin(s)(s)(7)

A gas—impurity-free-plasma was easily obtained by clearing the vacuum
wall(zz). Therefore, the impurities of the wall material (usually metal)
is important in both present and future devices. In order to control .
these impurities in a large fusion device, it is necessary to know the
metallic Impurity origirn,

The metal impurities was investigated by using the aluminum test
target. The aluminum target located normal to the magnetic field in the
divertor is pulsely biased with the time duration of 2 ms when the plasma
reaches its quiet phase. The probe characteristics of the target, the
time evolution of the target current and the variation of the intensity
of AL-ITI line radiation are measured. From the experimental results, the
three different types of the metal impurity release are identified, i.e.,
arcing, evaporation and ion sputtering. It must be pointed out that the
experimental method using there is time-resolved one. Therefore the
dominant process for the metal impurity release in the quiet phase can be
identified by this method. Ion sputtering is the dominant process of the
release of the metal impurity from the limiter contacting to the quasi-
stationary scrape-off plasma in tokamak. Arcing occurs only when the
target surface is dirty, but can be easily suppressed by discharge clean-
ings. Arcing may occur when the negative spikes appear. By using a high
speed camera, several lightning due to arcing are clearly observed on a
shell surface only at the moment of disruptions. Evaporation may occur

when the heat flux to the limiter is increased to the level about ten

‘times greater than the normal heat flux by the stationary plasma. Although

these processes may occur under the special condition of the plasma and
the limiter surface, they do not occur when the plasma becomes its station-
ary state.

The shell coated by gold is pulsely biased with respect to the plasma
in spite of the previous aluminum test target in order to know the origin
of the real impurity, i.e. gold. The scrape-off plasma parameters are as
follows; T = 40 - 60 eV, T; = 50 - 70 eV and ng = 2 - 5 x 1012 cm™3.
The similar measurements to the previous 1ette§»are done. And the same

result is obtained for ion sputtering as shown in Fig. II.2.5-2. 1In the

figure the intensity of the Au-I line radiation, that correlates to the
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the quantity of the metal impurity efflux by ion sputtering, is plotted

as a function of the applied voltage to the shell. These results suggest
that when the accelerating potential is below 400 V, the main part of the
ion sputtering may be caused by the impurity ions and above 400 V, the ion
sputtering by the hydrogen may become dominant, because the energy gained
by the ion of charge Z is Z-times greater than the energy gained by the
hydrogen. On this point of view, the sputtering yields of HY, Au and Ne
on Au are shown in the same figure. Data are taken from the reference.
Unfortunately, data on oxygen are not available and neon is shown for an
example to see the rough dependence of sputtering yield of oxygen on Au.
These traces are obtained assuming the effective charge Z of Au and Ne are
10 and 3, which values are probably true in the present scrape-off plasma
parameters. The horizontal axis for Au and Ne are divided by Z because
the energy of these impurity incident fluxes to the target is Z times the
potential difference between the plasma and the target. These traces
remarkably resemble the experimental results on Au obtained by biasing the
shellicoated by gold, in which there are two threshold energies, i.e., a
few hundreds eV and a few tens eV, It is difficult to estimate the fluxes
of Au and oxygen onto the shell surface experimentally, however, the ratio
is fairly well consistent with the values estimated from the impurity
content of the main plasma.

From these considerations, it can be said that the high-Z impurity
ion sputtering must be dominant when the sheath potential is as low as in
an usual scrape-off plasma, di.e., ¢ v 150 ~ ZOOV(26). The contribution
of the sputtering by the neutral atoms to the metal impurity contamination
is concluded to be very little because of the electrical potential
dependence on the metal impurity release.

Because ion sputtering is dominant, the honeycomb structure can
reduces the impurity production(27). The plane target is replaced by the
honeycomb target (Fig. I1.2.5-2) and the comparison of the metal efflux
with the plane target is performed. 1In Fig. II.2.5-3 the efflux of Al vs.
applied voltage to the honeycomb target is shown, comparing to those of
the plane target, This result shows that 30 - 40 % of the metal efflux
is reduced by émploying a honeycomb structure as a neutralizer plate.
According to the célculation(27), in which the sputtered metal ié free
from ionization and travels straight from the surface as a neutral particle,

the reduction must be 70 - 80 %. The discrepancy between the observed and
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the calculated values may be explained by taking into account the ioniza-
tion of the sputtered atoms in the scrape-off plasma in front of the
honeycomb target. Figure II,2.5-4 shows the trapping efficiency of the
honeycomb structure as a function of a mean free path A of the sputtered
atom.

It is difficult to determine the mean free path of the sputtered
aluminum atoms experimentally, however, some crude estimation can be given
as following. Assuming the energy of the sputtered aluminum atoms to be
some reasonable value of 3 eV and using the ionization rate coefficient
in the present scrape-off plasma parameters (ne = 2 - 5 x 1012 em™3,

To = 40 - 50 eV), the mean free path A is calculated to 7 mm. Because of
this finite ), the trapping efficiency is reduced from 80 % to 45 % and is
consistent with the experimental results. .This result shows that the size
of a honeycomb has to be small not only because of thermal problems but
also because of ionization processes. This experiment suggests that the
honeycomb structure is also as effective in reducing metal effluxes from
a neutralizer plate as in reducing them from the first wall surrounding
the main plasma,

Since gold has a high sputtering yield and a poor thermal property,
plasma-wall interactions in DIVA simulates those in a higher temperature

scrape~off plasma in a large machine with a suitable wall material.

2.5.2 Wall erosion(e)(7)

Wall erosion is also important in a large fusion device. Ovserva-
tion of surfaces exposed to a plasma ié not a time-resolved one and is
not always suitable to investigate the impurity origin. The method,
however, is very important to know the wall erosion.

Fig. II.2.5-5 shows the scanning electron micrograph picture of a gold
protection plate surface attached to the shell. It is deposited to the
plasma over 10000 shots. The cone like formations due to the ion sputter-
ing are clearly observed in the region some distance apart from the edge
of the protection plate, although the cones in the edge region are destroied

by the damage due to the evaporation and/or arcing. This photograph indi-

‘cates that the ion sputtering really occurs on the surface of the protec-—

tion plate in a real tokamak.
Damage of the shell surface is also investigated. Figure II.2,5-6

shows the spacial intensity distribution of the Au-I line radiation and
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the scanning electron micrograph pictures of variocus area of the shell
coated by gold. The shell is desposed to the plasma over a few ten
thousands shots, There is also the picture of the shell before the
desposure to compare with the photographs after the desposure. The cone
loke formations due to the ion sputtering is more clearly observed in the
area of the maximum intensity of Au-I line radiation., Gold is the domi-
nant metal impurity in DIVA. There is a fairly good correlation between
the area of the maximum intengity of the metal line radiation and the area
of the maximum growth of the cone like formations due to the ion sputter-
ing. It also indicates that the ion sputtering is the dominant process

of the metal impurity release from the first wall. A one-shot-exposed
target, where the target is electrically floated, indicates (Fig. IL.2.5-7)
clear arc tracks as observed in other tokamaks and arcing is important for
wall erosion.

It is only when the electrically floated target is so placed te accept
high energy electrons from the main plasma that the SEM (scanning electron
micrographs) picture of the target surface indicates many melted spots
(Fig. II.2,5-8) in the present experiments, In this case the target may

be evaporated due to the concentrated heat flux.

2.6 Impurity control in a large fusion device(3) (26)

The erosion of a limiter or a neutralizer plate is very serious in
a large fusion device as discussed below even if we assume molybdenum
which has a low sputtering yield. Without cooling the edge plasma, the
edge temperature is a few keV which gives about 3 x 10% g/year for the
erosion rate in a typical EPR(3). Even if we assume the area of the
neutralizer plate eof 300 m?, the average erosion rate is about 1 mm/year.
The maximum erosion rate may be several times larger than the average value.
The erosion is very serious and other mechanisms such as evaporatiom,
arcing and self-sputtering may enhance the erosion. This situation is
not different in a conventional tokamak. The erosion can be mitigated by
cooling the edge plasma,

Even if the serious erosion is permitted in a large device, the tem-
perature of a plasma contacting a material surface has to be rather low as
discussed below.

The total number of high-Z impurities is given by the following

equation:
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| dN,

dt

NZ
= (Rs- l)T—+FZ
Z

where N,, Rg, 1, and F; are the total number of high-Z impurities, their
re-cycling rate, their confinement time and their Influx caused by other
particles such as charge-exchange particles, protons and low-Z impurities
and by evaporation. When Rg > 1, N; increases exponentially; Rg < 1
refers to the steady state. Rg is given by the following equation:

Ry = aS(E;)

s
where o is the probability of ionization and trapping of heavy atoms by
the main plasma, and S(Ez) is the sputtering yield by heavy ions with
energy E,; reflection is included in S(E;). To satisfy Rg < 1, Egz has to
be low because high E, gives very high sputtering yield. E, is given by

the following equation:
E, = ZVg + T,

where z, Vg and T, are the charge number, the sheath potential and tem-—
perature of the heavy ion, respectiveiy. Since Vg and z increase with in-
creasing electron temperature, the electrom edge temperature, Te, has to
be low in steady state.

The heat flux to a material surface is carried mainly by electrons,

from Langmuir's sheath theory, and is approximately given by:

Pr, = yTeFp

where Fp is the particle flux to the limiter and y is a numerical constant.
The particle flux to the limiter coincides with the particle flux from the
main plasma because the recombination rate is negligible for Tg > 10 eV;

Fp is re-written as follows:

where N, and 1p are the total number of electrons and the gross particle

confinement time of the main plasma column, respectively. Py 1s not strongly
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changed by increasing machine parameters because Ng proportional to the
major radius and the square of the minor radius, Tp is also proportional

to the square of the minor radius, and T, is limited as was discussed above.
The power input, however, is expected to increase stroﬁgly with increasing
machine parameters. Thus, the power loss to the limiter is a small frac-
tion of the power input in a future large tokamak, which suggests that
radiation loss dominates the energy balance if charge-exchange loss is small.
The relation between the radiation loss and the heat loss to the limiter is
explained by a natural feedback mechanism as follows: When the radiation
loss and charge-exchange loss are small, Pp, has to be large to satisfy the
energy balance. Large Py is provided by high T, which gives a high energy
for E, because of a high sheath potential and a high ionization level. Rg
can easily increase to more than one because of the very high self-sputter-
ing yield with high Ez. Thus, the high-Z impurities and the radiation loss
increase while Pj, decreases until a value of Rg less than unity is achieved.
After this situation has been attained, the impurity contamination level
does not change without change of impurity emission by other mechanisms or

a chaﬁge in the plasma parameters. Pi, however, can be smaller than the
estimated upper limit with the estimated maximum electron temperature, when
another mechanism of impurity emission, and/or low-Z impurities are dominant.

A simple estimation shows that the electron temperature has to be
around several tens eV at the plasma edge in a conventional tokamak which
is consistent with the observed temperature(23). By introducing the divertor,
the permissible electron temperature becomes higher, By shileding action,
however, the scrape-off layer can easily ionize the sputtered impurities and
this situation is essentially similar to that in a conventional tokamak.

The above two different considerations give that controlling the
plasma contacting to a material has to be controlled cocl even in a divertor
device,

In a fusion reactor, the wall temperature is high enough to clean the
vacuum surfaces and impurities are originated only from the wall materials,
Therefore, dominant mechanisms of impurity release are ion sputtering,
neutral particle sputtering and evaporation. Evaporation can be rather
easiiy eliminated by spreading the heat flux onto a large area. Both
sputterings can be reduced by cooling the edge plasma. Moreover impurity
influx from the wall can be screened by the shadow plasma of a limiter in

a conventional tokamak as well as by the scrape-off layer plasma in a
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divertor tokamak. The screened impurities flow onto the limiter surface
where metallic impurities stick naturally. Therefore, screening action in
a conventional tokamak is the same as in a divertor tokamak if the shadow
plasma is well controlled. In a conventional tokamak, impurity control
depends on a control of the periphery plasma.

If the impurity level is higher than a permissible level after con-
trolling the edge plasma, the divertor or another method is needed.

There are a few types of divertors for controlling impurities as
summarized in Fig. II.2.6-1. The classical divertor collects not only a
large poftion of the particle flux but also that of the heat flux without
cooling the edge plasma. Therefore the guided plasma into the divertor
has an extremely high temperature, typically a few keV, and cooling the
diverted plasma(ze) or a direct convertor(zg) is required in the divertor
chamber. The flow velocity is very high and the line density in a scrape-
off layer is low. Thus, the shielding efficiency is low and neutral
particle density in the main chamber has to be kept low to reduce impurity
release at the first wall. Thus, the classical divertor requires a large
pumping system and a special fueling method without producing neutral
particles and is complex and expensive. There are few experimental data
which we need to design a classical divertor.

A more realistic divertor is a non-heat-exhaust divértor. The pe-
riphery plasma is cooled and a large fraction of the tetal power loss is
converted to the radiation and charge-exchange loss at the edge. Therefore,
the guided power into the divertor is low and the plasma temperature is
also low. The impurity contamination is strongly reduced by the non-heat-
exhaust divertor because the impurity source moves from a limiter to a
remote neutralizer plate and impurities released from the neutralizer
plate do not hardly flow into the main chamber as shown by the experiments
and a numerical simulation. Some additional methods controlling plasma-
wall interactions can be added to it. For example, the honeycomb structure
can be rather easily applied because of the low density for the heat flux.
The non-heat-exhaust divertor is simple and compact and is rather easily
designed because of easy extension of the present divertor experiment.

If the impurity level is still high, the left origin of impurity, i.e.
sputtering by charge exchange particles, has to be eliminated. In this
case, the divertor becomes again complex and expensive, i.e. the large

pumping system and the special fueling are necessary.
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Table II.2.3-1 Tonization state and energy of swept
carbon icns into the divertor.

Z E(CIV) E(CV)
Experiment 3 40 ey 80 ey
Calculation 3.3 50av 70eV
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Fig.IL.2.3-4 Demonstration of the back flow of the
aluminum ions from the burial chamber into the
main plasma; solid lines indicate with the
injections along the chords 1 and 2 and dotted
line indicates the background level
of the AIXI 550 A line emission.
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Fig.II1.2.4-4 (a) Time evolutions of plasma current I,

plasma loop voltage Vi, line-averaged electron
density ng, the total radiation power Pp, and (b

the line integral (across the minor dlameter) of
photon signals of 175 A (bandwidth 1 A) Aul 2675.9 A
line emission near the divertor throat (R'48 cm),
floating potentlal of the shell with respect to the
vacuum chamber and the electron temperature of the
scrape-off plasma at 5 mm from the first wall at the
divertor throat with (solid lines) and without
(dotted lines) methane injection (M.I.),
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Fig.T11.2.5-1 Dependence of the Intensity of Au-T line
radiation on the applied voltage to the gold plated
shell. Vg-Vgayu means the potential gap between the
plasma space potential and the gold plated shell.
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Fig.I1T1.2.5-2 Schematic drawing of a honeycomb target.
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Fig.I11.2.5-3 Efflux of aluminum
from the honeycomb target.
Open circles correspond to
the honeycomb target and
closed circles correspond to
the plane target. The top
trace shows the target cur-
rent vs voltage.

Fig.TT.2.5-5 Sputtered corns observed on the geold protec-
tion plate exposed to about 100,000 discharges.
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Fig.II.2.5-6 Profile of Au-1 line intensity and the
damage of the gold plated shell surface.
(e) is the surface before operating the device.
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¥ig.IT1.2.5-7 Scanning electron micrographs of arc tracks
on the electrically flcated aluminum target located
in a divertor.

Fig.I1T.2.5-8 Scanning electron micrographs of the many
melted spots on the electrically floated aluminum
target in a divertor. These spets are created by
high energy electrons from the main plasma,
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Fig.II1.2.6-1 Classification of divertors for impurity
control. f is fraction of impurities in a reactor
plasma. f.y: due to charge exchange neutral
particle, f4: due to ions, f,: permissible level
of impurities,
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3. Diagnostics

3.1 Study on proton behavior in the JFT-2 tokamak from analyses of
charge-exchanged fast atoms

Proton behavior in the JFT-2 hydrogen plasma under an 18 kG and 160 kA
discharge was investigated from analyses on charge-exchanged atoms measured
with a multi-channel neutral particle energy analyser .

The radial profiles of the transferred power from electrons to protons
er(r), charge exchange energy loss Q. (r), and stored energy in protons

Pp(r) were determined from the experimental data. Expressions of er, Qex

and Pp
n.{r)'n (r)-fﬁ—- T (r)-T_ (1)
= 4/2r-e%+1nA € P E E_— 2 1
er(r) T n. (r) mp Te(r)3/2 ) ( )
Qex(x) = 4(E%})l/z-np(r)-no(r)-<oex>-TP(r)3/2 (2)
and
P, (r) = 2 np()Tp(x) . (3)

Here the proton temperature Tp(r) was measured with the 10-channel nautral
particle energy analyser which observed horizontally different chords

of the minor cross-section, the proton density np(r) was determined from
impurity concentrations measured by a vacuum ultraviolet spectroscopic
measurements, the electron temperature To(r) was measured with a Ruby Laser
scattering, the electron density ng(r) was obtained from an Abel trans-
formation of a line averaged density measured with a 4 mm microwave inter-
ferometer and the cold hydrogen atom density ng(r) was obtained by an |
Abel-transformed intensity of Hy line intensity and also the density near
the plasma was determined from the charge-exchange neutral. The experi-
mentaliy determined er(r), Qex(r), Pp(r) are shown in Fig. II.3.1-1.

The transferred power from electrons to protons was 33 kW, the charge-
exchange loss was 16 kW, the.thermal flux (involve& the convection and
condition) energy loss was 17 kW and the stored energy in protons was 470 J.

The radial distribution of energy conduction coefficient ¥ (r) for

pex
the thermal (conduction and convection} flux is given by
T ae_(r)
P
( Tauke er(r) + Qex(r))rdr

0
X . (E) = . (4)
pex P

. 3 E(r)

ar
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By using Eq. (4) the value of Xpex(r) was experimentally determined from
Pp(r), er(r) and Qg4 (r) shown in Fig. II.3.1-2. The obtained xpex(r) is
z

shown by the hatched area and found to be (5---8) x 103 cm?rsec™? through

the minor radius. The width of xpex(r) corresponds to the ambiguity of
er(r) resulting from errors of electron temperature profiles.
The radial distributions of the various experimentally-estimated
Vg (T
collision frequencies (vpl(r) = §z§f§7 C%)S/Z: boundary collision frequency
v
between a banana and plateau regions, vpz(r = RTq(r) :

frequency between a plateau and collisional regions, vp(r) = vpp(r) + vpi(r):

boundary collision

proton collision frequency, vpp(r): proton-to-proton collision frequency,

and v_;(r): proton-to-impurity ion collision frequency) are shown in Fig.

i
II.3.§—3 on the JFT-2 plasma. Here vpi(r) was determined from density
profiles of oxygen ions (0IX, OVIII, OVIT and OVI) measured with a grazing
incidence vacuum monochromator, because the other impurity (C, Fe, Mo) ions
were below one percent of oxygén through the minor radius. From the figure
it is found that the proton collision frequency vp(r) exists in the plateau
region,

The thermal conductivity on protons in the banana or plateau region

from the neoclassical theory is given by

0.68 2 r,l/2 2
r) = Tiv,{r - 5
Xpth(' ) 1 + 0.36 \JP*(]‘.‘) np( ) p( )Pe (I‘) (R) ( )
v (r)
where vp*(r) = ;—fzzy , R major radius and p6 poloidal Larmor radius. By

using the equation the theoretical thermal conductivity Xpth(r) is cal-
culated from the wvalues of np(r), vp(r) and vPl(r) (shown in Fig. I1.3.1-3)
and Pgr The value of pe is calculated from the current distributiomn which
is assumed to be proportional to [Te(r)]3/2 and [Zeff(r)]'l. The wvalue of
Xpth(r) is shown by the dotted line in Fig. II.3.1-2. It is found from
the figure that the experimental value Xpex(r) has approximately the same
magnitude and radial dependence as the theoretical value by Hinton et al.
Xpth(r) within a factor of 2.

Since the over-all convection energy loss estimated from the particle
confinement time of protons was about %'of the total thermal loss, the
convection loss does not play an important role to the present analyses.
Considering the enhancement of the H,-line intensity at r > 20 cm, however
the difference in a peripheral region between the value of Xpex and Xpth
may be interpreted by the convection energy loss. Consequently the proton

thermal conductivity seemed to agree with that predicted from the neoclassical
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theory within a factor of 2, Thus the proton behavior in the JFT-2Z plésma

could be explained by the neoclassical theory.

3.2 Ion temperature characteristics of upgraded DIVA

In order to confirm the reliability on measurements of ion temperature
and to determine ion temperature profiles on hydrogen plasmas in the
upgraded DIVA, the spectrum of charge-exchanged atoms and Doppler broaden-
ing of impurity ion lines were simultaneously measured(3). The radial
profiles of spectral intensities emitted from various impurity ions with
different ionic charges were beforehand measured to confirm that the
emission intensities had their localized peaks at a specified position of
the minor cross-section. Then the broadenings of the spectral lines in a
vacuum uv or ultraviclet region were measured with a 1 meter Czerny-Turner
type vacuum monochromator. The ion temperatures were spectroscopically
determined from Doppler broadenings of impurity lines OVII(1623 R),

NV (1239 A), CIV(1548 A), CV(2271 A), CITI(2297 X) and CIL(2837 A). Charge-
exchanged fast hydrogen-atoms leakaged from DIVA hydrogen-plasmas were
analysed with a 10-channel neutral particle energy analyser,

The central ion temperatures were also investigated in the wide para-
meter ranges of the toroidal magnetic fields 6 £ B¢ = 20 KG, plasma currents
10 £ Ip £ 48 KA and averaged electron densities 0.6 £ ne £ 3.8 x 1013 em 3,

Measurements of ion temperature profile were made on the hydrogen
plasma under the condition of torcidal field 20 KG, maximum plasma current
25 KA and ratio of divertor current to plasma current 1.2, Figure II,3.2-1
shows the radial profile of temperature (a) from charge-exchanged atoms
and from Doppler broadenings of impurity lines as well as the localizations
(b) of spectral emissions from the impurity lines, at 10 milliseconds. In
this figure the domains denoted by oblique lines present Doppler temperatures
determined from the measured broadenings and localizations of different
impurity line emissions, and cross points refer to temperatures from energy
spectra of charge-exchanged atoms measured on the lower half plane.

Figure II.3,2-2 shows that the central ion temperature scaling of DIVA

is found to be

Ti(O)[in ev] = 5.5x10 7.(1p.Bt.E;.R2)l/3 , (6)

where IP is in ampere, By in Gauss, np in cm 3, and the major radius R in
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cm (R = 60 cm for the DIVA device). The ion temperature scaling did not
change whether with or without the divertor. Accordingly the experimental
result suggests that the divertor does not influence remarkably the ion

confinement,

3.3 Absolute calibration of a grazing-incidence vacuum monochromator

A 3-m grazing-incidence monochromator was absolutely calibrated in a
wavelength region from 40 to 1100 R by using a branching-ratio method on
JFT-2 and DIVA hydrogen discharges(”). The monochromator was equipped with
a platinum—coated, 600 grooves/mm, ruled grating and with a windowless
photomultiplier (Cu-Be photo-cathode), Table II.3.3-1 shows branching
line-pairs used to calibrate the vacuum monochromator. Most of the values
in the table were quoted from Ref, 5 by Wiese et al. and the transition
probability of the 40.73 A CV line was taken from the value calculated by
Drake and Dalgarno(e). Because of a limited wavelength resolution of the
vacuum monochromator, impurity lines from the sub-levels of the multiplet
in the table, except the CV line, were measured without resolving their
fine structures. The ratio of transition probabilities was calculated
under the assumption that the sub-levels were populated according to their
statistical weights. Figure II1.3,3-1 shows the sensitivity S(hpy) obtained
for the 3-m grazing-incidence vacuum monochromator and detector system in
the wavelength region of 40 to 1100 A. The sensitivity is indicated in
mV/photon°sec_l. Filled (or open) circles were the experimental sensiti-
vities determined on JFT-2 (or DIVA) discharges. Due to the limited
wavelength-resolution of the vacuum monochromator, it was found that the
measured intensity of the 40.73 A CV line (1sp-3P;0) included the 40.27 A
CV line (1845-1P;9). The decomposition of these two CV lines was carried
out by using the intensity ratio of the 40.73 A to 40.27 A lines observed
photographically with the discharges whose electron temperatures were of a
few hundred eV. Thé sensitivity curve in Fig. II.3.3-1 was obtained by
drawing a curve fitting the experimentally determined results. The maximum
sensitivity of the curve at about 500 A seems to be due to an increase in
photoelectric yield of the Cu-Be photo-cathode detector. The blaze effect
of the grating appears as an increase of the sensitivity curve near 100 .

Considering errors in the geometrical factors for the experimental
setup and in calibration of the visible monochromator with the standard lamp,

uncertainties in the transition probabilities, and the reproducibility of
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JFT-2 and DIVA discharges, errcrs in the calibration experiment were
estimated to be typically within several ten percents and were largely
ascribable to a lack of the accuracy in the values of transition pro-

babilities.,

3.4 Spectroscopic measurements of impurities on upgraded DIVA

We studied spectroscopically the concentration and the radiation loss
due to low-Z and high~Z impurities(7) in the upgraded DIVA hydrogen plasma
with a divertor under its magnetic field of 20 kG and peak plasma current
of 40 kA. During the discharge the ratio of divertor current Ip and to the
plasma current I, was held to be 1.2. The central electron temperature and
density of the DIVA plasma were 700 eV and 8,2 % 1013 em™3, respectively.
Spectroscopic measurements were made in the region of 10 to 1300 A by using
an absolutely calibrated 3-m grazing-incidence yvacuum monochromater. The
absolute calibration of the monochromator was described in sub-section 3.3.

Figure II.3.4-1 shows a microphotometer trace of the spectrograph in a
wavelength region of 10 to 350 A. 1Identified spectral lines were mainly
ones emitting from low-Z impurity ions such as oxygen, carbon and nitrogen.
Resonance-lines of the OVIII (18.97 ﬁ), NVII (24.78 K) and CVI (33.74 3)
originated from the 125-2%p0 transition of hydrogen-like lons were quickly
identified and the OVII (21.60 R), NVI (28.79 K) Cv (40,27 R) lines were
emitted from the 118-2!P0 transition of helium-like ioms. Intercombination
lines of the helium-like ions due to the 118-23PC transition were identified
as the OVII (21.80 A), NVI (29.08 A) and CV (40.73 A) lines. Metal-impurity
lines such as Au, Cu, et al. could not be clearly identified in the region
of 10 to 350 A since atomic data for their metalic ions were extremely
lacked. 1In the spectrographic measurements, a very interesting emission
spectrum was one due to closely-crowded many lines observed in the region
of 42 to 200 A just like a continuum spectrum, Most of the emission
spectrum of the many lines were found to be originated from highly ionized
Au ions from the fact that their emission was increased by injecting pure
gold into the plasma with a laser blow-off technique(s).

Figure II.3.4-2($) shows radial profiles of the ground-level population
density of carben and oxygen ions at 10 msec obtained on the basis of the
coronal model. Profiles of the electron temperature and density are shown
by a broken and a dashed-dot curves in the figure, respectively. Their

values at the plasma center were 700 eV and 8.2 x 1013 cm™3. Solid curves
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show radial profiles of ground-level population density of the ot7, 0+5, ots
ot" and ¢T°® ions. The densities of the 0%7 and 07 ions were an order of
1012 atoms-cm”™3, and those of the 0*5 and 0™" ions were much lower by two
and three orders than the 07 and O+® ion densities. The C+> ion had its
density of 2 x 10!! atoms-.em™3. Although a radial profile of the ¢** ion
was not measured in the present experiment, the average density of the ot
ion was estimated to be about 1 x 1011 atoms.cm™3 from the line-radiance
measured through the plasma center. Considering contributions from the ot
and ¢*6 ions, the total contents of oxygen and carbon impurities were
approximately 2 Z and at most 1 % of the electron density integrated over
the whole minor cross-section in the DIVA plasma. Also, the effective
ionic charge was found to be (2.4--3) at 10 msec and this value agreed
fairly with that derived from the plasma conductivity and the electron tem-
perature. This result indicated that oxygen was a dominant impurity which
defined the plasma conductivity of the upgraded DIVA tokamak and that the
gold impurity did not play an important role in the conductivity.

Figure II.3.4-2(b) shows the radial profile of line-radiation power
from oxygen ions in each charged state (solid curves). The value on the
ordinate in the figure was the radiation power multiplied by 4ﬂ2rR, where r
is the minor radius and R the major radius of the DIVA device, i.e., R = 60
cm. In the figure, the broken curve is sum over the radiation power from
077 to o™ ioms. Integrated this line-radiation power for oxygen ions over
the minor radius, the total line-radiation power was obtained to be 25 kW.
Also, the radiation power due to carbon ions was estimated at most to be
5~-10 kW. Therefore, the total line-radiation power loss due to low-Z ions
from the DIVA plasma was estimated to be approximately 30--35 kW. This
value was corresponding to 21--25 % of the Joule-input power of 140 kW.

Figure II.3.4-3 shows the time-evolution of the radiance per unit wave-
length for the many line emission (in Watt-cm"z-sr_l-ﬁ_l) against the
observed wavelength. The radiance in the figure was that measured along
the central horizontal-chord. This radiance was determined by unfolding
the lights in the second-order of the many line emission from 42 to 100 A
and in the third-order of the emission from 42 to 67 A from the measured
emission intensity. The central electron temperature T,y is also presented
in the figure. 1In the initial phase of the discharge, when the central
electron temperature was less than 200--300 eV, the intense radiation of the

=]
many lines concentrated in the region above 120 A, As the electron temperature
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increased in time the eﬁission of the many lines above 120 3 was intensified
and simultaneously the spectrum extended towards a shorter wavelength region,
After 8 msec when the central electron temperature was more than 600 eV, the
spectrum of the many lines was found in the region below 110 A in addition
to one in the region of 120 to 200 A. The emission at 8--14 msec was found
that there were three luminous peaks at 42--65 i, 80--110 2 and 120--200 K.
Also, it was evident that the spatial distribution of their radiation
indicated a peaked profile at a shorter wavelength and a hollow profile at

a longer wavelength. As shown in Fig, II,3.4-2(b), the rdiation power due
to the many lines (dashed-dot curve) was found to be accumulated in the
intermediate region near the minor radius of 3--6 cm, where the electron
temperature was 400--200 eV, Integrated the radiation power over the minor
radius, the total radiation power loss due to the many lines (42--200 R)

was estimated to be 27 kW which corresponded to 19 % of the Joule-input
power. The total radiation power loss due to low-Z and high-Z impurities

corresponded to 41 ~ 44 % of the Joule-input power.

3.5 Estimation of oxygen diffusion flux from spectroscopic measurements

The radigl profiles of impurity ion densities were determined by the
coronal model from the abscolute intensity of the first resonance line
emission of the impurity ions which was measured by the calibrated 3 m
grazing incidence vacuum monochrometer % .

Once the radial profiles of the particle densities are known, the
radial profile of the particle flux FEXP (i indicates electron, proton or

impurities) is readily derived from the following particle conservation

equation:
creation or gnihilation of particle
onj 1 3
ol ;—5;'(rfi) + by atomic processes such as ionization (N

and recombination
Present observation of particle difusions were summarized as follows:

IMPURITIES (oxygen; Fig. II.3.5-1, 2)

1) The neo-classical transport theory including the multi-ion components
explain the observed radial profiles of the T®XP(0) considerably well.
Oxygen-oxygen collision play an important role in the oxygen transport,

which prevent any peculiar accumulation of oxygen ions in the central
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region of the plasma.

2} The magnitude of TEXP(O) is one order of magnitude larger than that

predicted by the neo-classical theory FNC(O)

PROTONS (Fig. II.3.5-3)

3) 1In the inmer region of the plasma (r < 15 cm), proton appears to )
diffuse in a fashion of the neo-classical transport including the
impurity effect. The main diffusion process is due to the tempera-
ture gradient.

4) In the outer region of the plasma (r > 15 cm), anomalous diffusion is

observed.

ELECTRONS (Fig. I1.3.5-4)

5) 1In the whole region of the plasma the electron diffusion is greately
enhanced than that expected by the neo-classical theory.

6) At about r < 10 c¢m the electron diffusion is of the order of that
expected by the dissipative trapped electron instability. At other
region of the plasma the observed diffusion is much larger than that
due to the dissipative trapped electron mode.

7) In the central region of the plasma (r < 10 cm) the enhanced electron
diffusion has a correlation of the enhanced impurity diffusion.

8) In the outer region of the plasma (r > 15 cm), the enhanced diffusion

of electrons has a correlation with the enhanced proton diffusion.
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Table 1I.3.3-1 Branching line-pairs used in
the calibration experiment.

Vacuum Ultra-Violet Lines |Ultra-Violet and Visible Lines

Wave- i Transition | Wave- - Transition
Length(A)] TYORSItIoN  ievonability (S YiLength (A)]  THonsition  eropapility (S

4073 |1 'S, - 2p ¥°| 2.84x107 [2277.92 (25 S, -2p°F;| 5.65x107
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ITI. OPERATION AND MAINTENANCE

1.  Introduction

Facility Operation and Engineering Section is engaged in operation and
maintenance of JFT-2 and JFT-2a tokamak and development of auxiliary equip-
ments and instruments.

In the fiscal year 1977, a 21,740 kW flywheel motor-generator was used
in common to JFT-2 and J¥T-2a machines. The JFT-2 machine was operated. in
cummulative total 200,000 shots since its start in 1972, Co-operative work
was made in remodelling of JFT-2 such as power supply, control and vacuum

system. JFT-2 and JFT-2a were operated on schedule with careful maintenance.

2. Operation and maintenance of JFT-2

JFT-2 was operated in schedule and for many experiments (Fig. III-1).
Operation was suspended for removal of a neutral beam injection system,
installation of a lower hybrid resonance heating system, recovery in insula-
tion of M-G.

In summer the cooling water system was remodelled to stainless Steel
pipes, spiral type heat exchanger and new cooling towers. The thyrister
trigger of ignitrons in capacitors was rebuilt to simplify the sequence
control, Cathode wires of tungsten of electron beam pre-jonization equip-
ment failed, but with many consideration such as 1.2 kV high voltage between
vacuum chamber and wires and careful TIG welding on wires, it successfully

functioned.
Insulation of DC generator #2 of M-G dropped to 0.1 MQ at 500 V DC,

It was overhauled and cleaned of carbon dust by steaming in Hitachi, Ltd.,

so its insulation was thus restored to 0.9 Mg.

3. Operation and maintenance of JFT-2a

JFT-2a was also operated on schedule and performed experiments satis-
factorily (Fig. TII-2). After upgrade to 20 kG, the toroidal field power
was supplied by M-G and thyrister power was used for discharge cleaning.

The 20 kG discharge became a normal tokamak discharge after some improvement
on JxB type pre-ionization gun. To prevent cooling water fluctuation of

toroidal coils a water tank was installed.
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4. Development of equipments and instruments

4.1 JFT-2

(1) In plasma-wall interaction experiments, means of reducing the impurity
concentration is very important. For the purpose, titanium coating equip-
ment for the surface of vacuum chamber was designed and set in JFT-2. 1Its
specifications are: a movable titanium ball going in and out the chamber

in each shot, total usable titanium 35 g, maximum sublimation rate 0.5 g/h,
operation life time 70 hours, power supply 750 W, stroke length 180 mm by
3--5 kg/cm? pneumatic control (Fig. III~3). The oxygen contamination was

thus reduced to 1--2 % of plasma density(l).

(2) Low power, high repetition rate discharge cleaning (Taylor type dis-
charge cleaning: TDC) is effective for removal of oxygen from the chamber,
In JFT-2, a TDC device consists of constant toroidal field and ohmic power
supplied by capacitors was installed. Constant toroidal field about 2 kG
was achieved by changing the sequence control. Ohmic power was supplied

by two 10 kV, 200 uF capacitor banks, ignitrons and controllers, and the
maximum repetition time is 0.5 msec (2 pulse per 1 sec) (Fig. III-4). Its
effects is now studied by experiment(z) and preliminary results suggest the

effectiveness (Fig. III-5).

(3) JxB gun type pre-ionization equipment was designed in power supply;
10 kv, 10Q pF capacitors, and electrodes with tungusten tips. A preliminary

experiments was done.

(4) 1n remodelling of JFT-2, power supply and control system for horizontal
and vertical positions of plasma were designed and studied in detail.

These were ordered to Hitachi, Ltd., in March 1978. 1In final design hori-
zontal position control of plasma is made by 0.4 kG constant vertical

field (Byq) supplied from a 196 kW thyrister rectifier, pulse vertical

field (Byp) supplied from a 140 kJ capacitors and 0.1 kG control vertical
field (B,.) supplied from a 800 kW thyrister rectifier controlled by digital
computer HIDIC-80 system (Fig. III-6). Vertical position control of plasma
is made by 60 G horizontal field (By) controlled by digital computer like

Bvc -
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(5) The purpose of remodeling JFI-2 is mainly for plasma-wall interaction
experiments, so an extremely ultra high vacuum system is necessary. A
schematic diagram of the system finally designed is shown in Fig. II1-7.

Two turbomolecular pumps (TMP) i.e; 1,700 1/s Ny of TVP-6000 and 1,900

1/s N, of TPH-2000, and 2,700 1/s Ny of 20 °K Cryo-pump from two pumping
lines. The total pumping speed at the vacuum chamber port is 1,680 1/s Nj.
The seals use metal gasket bakable at 250 °C between TMP and vacuum chamber.
The system aims at base pressure 1x10~8 Torr and total helium leak rate
5%107° Torr.l/s for the vacuum chamber of 3,000 litre volume and 3x10° cm?

surface,

(6) Lower hybrid resonance heating (LHRH) system was installed in August
1977. A vacuum system and cooling water system were designed in coopera-

tion on Plasma Heating Labolatory.

4,2 JFT-2a

(1) An upgrade of toroidal field from 10 kG to 20 kG was achieved in April
1977 by Hitachi, Ltd. .Its specifications are follows: coil number 16,
maximum ampere-turn 6,000 kAT, maximum current 11,720 A, repetition time

at maximum operation 5 minutes,

(2) To control the flow of gas during the discharge, the piezoelectric

PV -10 valve was used and its specifications are followed; control voltage
is 0--1:00 V DC, gas flow at maximum is 5--10 Torr.l/s, minimum time from
closed to full open of PV-10 is 2 msec. This gas flow system could control

the plasma density and its duration for requirement of experiments.

(3) In JFT-2a Taylor type discharge cleaning (TDC) device was ins talled
March 1978. 1Its constant toroidal field 1.5 kG is supplied by thyrister
power. Its ohmic power is supplied by 5 kv, 200 uF capacitors and repeti-
tion time 1--3 sec. Its effectiveness and utility appeared in the shorten-

ing of necessary discharge cleaning time.

(4) ICRF heating device was designed and fabricated. Cooperative works
with Plasma Experiment Laboratory was performed, specially on the sequence
control. 1In March 1978 its system was installed and functioned successfully

at 25 MHz & 50 MHz and maximum power is 150 kW,
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IV. DEVELOPMENT OF PLASMA HEATING SYSTEM

1. Introduction

Neutral beam injection and radiofrequency (RF) heating systems are
under development for supplementary heating of JT-60 and JFT-2 plasmas.

In the neutral beam injection, icn source development and beam line
studies for JI-60 injectors have continued, using test stands ITS-1 &dnd
115-2(1), A hydrogen beam of 3.0 A (current demnsity 0.27 A/cm?) at 75 keV
with divergence 1.2 degree was extracted by using the two-stage ion source
of 6.6 cm diameter. These experimental results satisfy the specifications
of the JT-60 ion source concerning the acceleration veoltage and the current
density. To further intensify the ion source development, a test stand
175-3(2) yas built in December 1977 and source plasma studies were started.

Based on the conceptual design of the neutral beam injectors for JT-60
made by JAERI personnel taking about two years, detailed design of the proto-
type unit for the JT-60 injectors was made by four industrial firms respec-
tively under JAERI’s supervision.

In the RF heating, a 200 kW, 650 MHz (and 750 MHz) RF heating system
for JFT-2 was completed in September 1977, and the lower hybrid heating
experiment was started on JFT-2. In this experiment, the RF coupling ef-
ficiency of 90 % was obtained by using the phased array of four wave guides.
Effective ion heating (ion temperature rise of 50 - 60 %) has been obtained

on application of 135 kW power,

2. Neutral Beam Injection System

2.1 Ion source development and beam line studies

2.1.1 Beam optics and grids heat loading in the two-stage acceleration

system
Next generation fusion experiments will require tens of amperes equiva—

lent of neutral hydrogen atoms at energies greater than several tens of keV
for heating a torus plasma. To maintain high power demsity at high energy,
it is necessary Lo use post-acceleration system because of limitations due
to vacuum breakdown among extraction grids. Here, the beam optics of the
two-stage acceleration system is investigated experimentally(s), using a
JAERI 7-cm duoPIGatron plasma source shown in Fig. IV.2-1.

The two-stage acceleration system is composed of four grids called
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plasma grid, gradient grid, suppresser grid and exit grid, respectively
(See Fig. IV.2-2). The jon source is oberated with a continuous hydrogen
gas flow from the hot cathode region. The ioﬁ beam up to 3.0 A was
extracted stably in the range of total acceleration energy 50 - 75 keV.
The duty cycle of beam extraction is 1/10 - 1/30, and the beam pulse
length up to 1 sec was obtained successfully.

Figure IV,2-3 shows the beam divergence as a function of perveance per
hole in the case of dgxt = 6 mm, dgcc = 8 mm, aperture diameter = 3.5 mm

and Vgt + Vaee = 50 keV, where perveance per hole is defined by T ocl[Vext +

' Vacc]_3/2 divided by the number ofrapertures. This result shows that the

reduction of the ratio Vuyt/V,ycc makes the minimum beam divergence wpinp
decrease for the fixed gap distances, while the reduction of optimum per-
veance Popt is inevitable. The latter is defined by the perveance that gives
the minimum beam divergence when the extraction current Iacc is changed. Tt
also shows that the divergence increases very gradually above the optimum
perveance. Such tendency is not observed in the single-stage acceleration.
This is preferable to obtain a low divergent and high perveance beam.
Furthermore, the influence of source plasma density fluctuation on the beam
divergence can be reduced when the dependence of beam divergence on the
perveance is weak. Figure IV.Z2-4 summarizes wilde variety of data from the
view point of the dependence of minimum beam divergence and optimum perveance
on the field intemsity ratio f, defined by f = Vextdacc/dext(vacc+vdec)’
that is, the ratio of electric field intensity in the extraction gap to that
in the acceleration gap.

From this figure, it is seen that the decrease of f makesw i, and
Popt decrease, as is expected by the analytical and numerical estimation.

Tn conclusion, it is preferable that f should take the value about 0.3 - 0.5,

to obtain a high perveance and low divergent beam, Table V.2-1 summarizes

the typical beam properties obtained.

The heat loading of the extraction grids, which is one of the critical
problems limiting beam pulse duration at high power level, has been inves-
tigated experimentally in the two-stage acceleration system(“). The heat
loading is measured calorimetrically by the temperature difference between
the inlet and outlet cooling water.

Figure IV.2—5.shows the heat loading of each grid as a function of
extraction current Ijcc, when the gas pressure in the vacuum chamber is low

enough, below 1x10~3 Torr. The gradient grid current Ig, suppressor grid
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current I4p. and e-folding half-width beam divergence are also shown. The
heat loading of each grid has minimum value at I .. = 2 A, where beam
divergence is close to its minimum, and with increasing I_ .., the heat load-
ing and Iy increases rapidly. Figure IV.2-6 shows the heat loading as a
function of the pressure in the vacuum chamber. Most part of the heat load-
ing on the gradient and the plasma grids is attributed te the inpinging high
energy electrons accelerated backward. These electrons are born as a result
of secondary emission at the suppressor grid due to back streaming ion
bombardment from the downstream beam-plasma region. In general, the heat
loading depends largely on extraction current and the gas pressure; it de-
creases with improvement of the beam optics and with decrease of the pres-
sure, In optimum operating modes, its level is typically less than 2 % of

the total beam power or 200 W/ cm? at beam energy of 50 - 70 keV.

2.1.2 Source plasma study

The plasma source should be capable of producing a quicent, uniform
and dense plasma over the large extraction area. For this reason, we have
undertaken a study to improve the source plasma of an axisymmetric 15 cm
diam. duoPIGatron ion source. Figure IV,2-7 shows the schematic of the
modified duoPIGatron ion source with an axial button and a set of line cusp
confinement magnets. Figure IV.2-8 shows a typical example of the density
profiles of the source plasma in the original duoPIGatron ion source, which
has neither the button nor line cusp confinement. As shown in this figure,
uniformity is improved by lowering the magnetic field, but the density be~
comes toc low to produce high—curreﬁt ion beams. As a first step of the
improvement of the source plasma, the copper button was installed about 2.5
cm downstream of the nozzle snout. Figure IV.2-9 shows variations of density
profiles with various size of the axial button, It is seen that the source
plasma is improved by installing the button of the proper size. To increase
the plasma density without impairing uniformity, it is necessary to reduce
a loss rate of charged particles from the PIG plasma to walls of the arc
chamber. For this purpose, we have made the modified duoPIGatron with the
line cusp field around the arc chamber, This effect is shown.in Fig. IV.2-10,
operating the ion source at higher arc current level (about 300 A). It is
seen in this figure that the characteristics of the source plasma is signi-
ficantly improved. We are planning to extract ion beams under this operating

conditions.
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2.1.3 Electrode cooling

In order to obtain the design data for extraction grids of ion source
for JT-60 neutral beam injector, heat removal experiments from a extraction
grid(S) and that from a beam target simulating the .extraction grid(e) were
performed. One of the time response of temperature at the grounded elec-
trode is shown in Fig. IV.2-11, when the beam of 30 keV, 4 A was extracted
for 7 sec. 1In this figure the temperature at the grid center saturated at
about 200°C which corresponds to boiling point of the coolant water. In
this example the average heat flux of copper electrode was 130 W/cmZ. One
of the time response of temperaturé of the target is shown in Fig. IV.2-12.
In this case beam of 30 keV for 7 sec was applied on the target of 0.5 cm
thickness. The upper curve shows the heighest temperature and the lower at
the 4 cm off the highest point. The average heat load of the target was

220 W/cm? and that of the coolant surface was about 570 W/cm?.

2.1.4 Cryopump

In the neutral beam injector for the JT-60, cryogenic pumps that have
pumping speed of 10® 1/sec for hydrogen will be installed in beam lines.

To develop these cryopumps we have built a small scale cryopump of 6x10%
1/sec(7). 1t consists of a pair of liquid helium cooled panels (60cmx60cm),
the liquid nitrogen cooled chevrons and radiation shields. The pumping speed
was obtained by measuring the flow of hydrogen and the pressure in the
cryopump. The results are shown in Fig. IV.2-13. The pumping speed and the
equilibrium pressure agree with the design values. The rate of liquid helium
consumption was also obtained by measuring the boil-off helium when the
hydrogen was bein pumped. TFrom those result the heat load due to condensa-—
tion of hydrogen gas is 0.12 * 0.02 J/Torr. 1 and can be explained by the
energy difference of hydrogen between 80 K and 4.2 K.

This cryopump has been connected with the ion source test stand ITS-2
beam line to investigate the pumping and heat loading problems assoclated
with thermal radiation and backscattered h&drogen in the pressure of the
beam dump(s). The maximum hydrogen beam power of 71.3 kW (26.4 kV 2.7 A,
pulse length 100 msec, durationm 1 sec) was introduced to the water cooled
beam dump placed in the cryopump. The pressure in the pump was sustained
about 5x107°% Torr. The hydrogen beam did not change it, and did not affect
the pumping speed. The heat inpufs to the chevron and cryopanel were measured

L

with the gas flow meters for nitrogen and helium. These maximum averaged
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powers were 62.2 W and 0.19 W, respectively. These values were well agreed
with the results from the Monte Carlo simulation(g). This Monte Carlo
simulation was done by the code which caiculates the following; (1) energy
distribution and reflection efficiency of the backscattered particles from
the beam dump, (2) molecular flow rate and energy distribution of the back-
scattered energetic particles through the chevron baffle, and (3) radiation

transmissivity of the chevron baffle.

2.1.5 Energy converter

Neutral beam injector in near future will require energy recovery system
to improve the power efficiency. From the computer simulation(IO) of the
electro-static deceleration system, it was shown that high voltage negative
electrode is necessary to prevent space charge neutralizing electrons from
being accelerated to a recovery electrode, The negative electrode bombarded
by ions will cause secondary electrons and they may reduce the recovery ef-
ficiency, Therefore it is very advantageous if the beam plasma electrons
are magnetically confined. We undertook preliminary tests to see the effect
of magnetic field. The experimental setup is shown in Fig, IV.2-14. The
hydrogen ion source has extraction area of 8 cm dia, and the beam target is
made of copper. The magnet has pole faces of 13 cm x 10 cm and the pole
gap is 13 cm. The gas pressure varies from 0,3 x 107% to 1.5 x 107" Torr
during gas pulse length of 80 msec. The voltage of the target increases
with the magnetic field and the extracted ion current. This is shown in

Fig, IV.2-15 for beam energy of 27 keV,

2.2 Design of the JT-60 neutral beam injection system(11)

Effective heating of the plasma beyond 5 keV requires following main
performances for the neutral beam injector.
(1) 20 MW hydrogen atoms into the torus (at 75 kV acceleration)
(2) Permissible cold gas influx into the torus:

a value corresponding to 15 % of the fast neutral atoms

Neutral beam of hydrogen atoms are injected into the plasma through
fourteen ports placed at seven azimuthal positions. One injector unit is
connected to each port. Two units are placed at an azimﬁthal position
stacked vertically one over the other.

A conceptual scheme of the beam line is shown in Fig. IV.2-16.
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Cylindrical vacuum tank made of stainless steel, 2.5 m in dia, and 5 m
high, contains all the hardware items necessary to treat jion and neutral
beams and concomitant cold gas. Each tank is connected to one of the drift
tube of the JT-60 vacuum vessel through the connection bellows and gate
valve. Retractable calorimeter is used as a neutral beam target during
source conditioning. The vacuum tank of the lower injector unit also plays
a role of supporting base for the upper unit. Two ion sources are stacked
in each unit., The ion beams extracted from the source and introduced to the
subsequent neutralizer cell. Cryopump is used to pump out almost 98 % of
the cold and dumped hydrogen; A reflecting magnet will be placed near the
center of the vacuum tank, and at this point the tank is divided into two
rooms, P} and P, room, respectively. A cylindrical small chamber is welded
to the main tank. This chamber is names as P3 room and contains a small
cryopump and the fast shutter, On both ends of this room two beam limiters
are situated, the lst, and the 2nd limiter, respectively. 1In the main tank,
residual ion beams are guided to the beam dump. To prevent sputtered par-
ticles from attaching the cryopump and to reduce heat loading on the cryo-
pump due to backscattered hydrogen and thermal radiation, sputtering shield

is installed along this ion drift path.

2,2,1 Power efficiency

The most important parameter that determines the overall power efficiency
of the neutral beam system is the neutralization efficiency. We envisage
the standard ion spacies Ht . H; : Hg to be 75:20:5, and we adopt 38 % con-
version efficiency corresponding to 87 % equilibrium cell.

The next important is a divergent loss of neutral beams due to geomet-
rical limitations of the beam line. Although we would desire the ion sources
to be installed as close to the injection port as possible, hardware items
that have to be housed in the beam line require 8.25 meter for the total
beam line length. Ideally, 10 %Z of the neutral beam is intercepted before
reaching the torus, if there are noc obstacles other than entrance aperture
of 44 cm diameter. However, overall calculations including beam limiters
show about 20 % of the total beam is lost due to the beam divergence.

There is additional loss of fast neutrals due to collision with ambient
cold hydrogen gas, We estimate this effect to be 5 %, since the total line
density of cold hydrogen is well below 1.1 X 1072 Torr-cm.

Thus the overall power efficiency is about 30 %, so that primary ion
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beam amounting to 70 MW would be necessary to generate 20 MW neutral beam.
The above value corresponds to 5 MW ion beam output per each injector unit.

Accordingly, 75 kV, 66.6 A net output is required for the ion source.

2.2.2 Gas consideration

Multiply divided long gas cell gives high gas efficiency. However, if
the cross section of the cell is too small, fraction of the beam that other-
wise enters the torus is intercepted by the wall of the cell. It should be
designed taking into account matching with the injection port, namely, beam
acceptance of the drift tube and the acceptance of the gas cell must be
chosen nearly equal. For this reason together with improving 'a packing
factor of the ion source grid area, we have changed our former design using
four cylindrical cells in each beam line unit to two larger rectangular cells.
The neutralizer must sustain enough line density while keeping the entrance
gas-pressure below some permissible level, which is determined by the heat
loading of the extractor grid. The cell has a conductance of 2300 1/s for
room temperature hydrogen, The line density necessary for 87 % cell is
0.32 Torr-cm, hence the gas pressure at the entrance of the cell Py is
2.85 x 1073 Torr. The gas flux rate Qc from the cell is then Q¢ = Pyp*C =
6.57 Torr.l/s per source and 13.1 Torr.l/s in total.

On the other hand, dumped ions would produce thermal hydrogen gas
amounting to 4.63 Torr.l/s, so that the cryogenic pumping system has to pump
out the gas throughput of 17.7 Torr.l/s.

To handle this throughput with a reasonable pumping speed, a differen-
tial pumping system is adopted. Conceptual gas flow diagram is shown in
Fig. IV.2-17 where p denotes the pressure, S the pumping speed, C the con-
ductance, Q the cold gas flux rate, I the fast particle flux, respectively.
The ion beam is extracted from the 12 cm x 27 cm grid and each beamlet is
assumed to be Gaussian, Since most of the beam fraction that hit the wall
of the drift tube cannot be pumped by the NBI cryopump, they cause an un-
negligible effect on the total gas influx to the torus. We search for
reasonable golutions by changing geometry of the limiters, beamlet focal
length, steering length. By the parametric study changing S;, and S;, we

obtain the optimum parameters of the vacuum system as

$1 = 4x10° 1/s, S, = 4x105 1/s, S3 = 3x10* 1/s
P; = 3.3x1075 Torr, P, = 1.3x107° Torx, P3 = 9.2x107® Torr, P_ = 7x107° Torr
Pi = 1x10~4 Torr, P, = 3x1073 Torr, and Pgy = 1,15%x10~3 Torr, respectively,
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Taking into account the design basis, operational flexibility, and
unexpected degradation of pumping properties, about 50 % margin is added
to each pumping speed, in particular for prototype injector unit, Namely,
our design pumping speeds are chosen as

S] = 6.3x10° 1/s, S, = 6.3x10% 1/s, and S3 = 4.5x10% 1/s, respectively

for the prototype unit,

2.2.3 Ton source and neutralizer

Two ion sources are mounted in each injector unit. The main performance
is written as follows;
Type of plasma preduction: rectangular duePIGatron with cusp

magnetic field and button

Extraction current: 75 kv, 35 A current density 0.27 A/cm?
Beam divergence: 0.9-1.0 degree (e-folding)

Pulse width: 2 msec - 10 sec

Duty cycle: 1/30

Transparency: 40 %, 12 cm x 27 cm

Ion species: H+:H;:H§ = 60:30:10 - 75:20;5

Method of beamlet focusing: aperture displacement

To adjust beam axis toward injection port, bellows and the pulse motor
driving system serves to change directions of each ion source within accuracy
of #0.1 degrees. The ion sources are magnetically shielded against external
field. The outer shield structure made of mild steel is commected magnet-
ically to the outer shield of the neutralizer cell. The shield factor needed
for the ion source is 200 against perpendicular magnetic field of 100 Gauss.
This specification is based on our recent measurement on the source plasma
shift due to external field.

The neutralizer cell is a copper tube with a 14 em x 29 cm rectangular
cross section and is 225 cm long including gate valve, joint bellows. It
must be magnetically shielded with the mild steel and high permeability
materials against stray magnetic field to the level of 0.17 Gauss. The wall
loading to the neutralizer is about 120 kW in most cases and the design

specification is 300 kW.

2.2.4 1Ion deflector magnet

Design of the ion deflector magnet has been made extensively using two



JAERI-M 8059

dimensional computer code. In a simple reflecting magnet, ion beams at

off axis are easily bent toward the pole as they travel across the magnetic
field and finally hit the wall of the magnet poles. The bending magnet on
the other hand tends to focus ion beams and as a result, imposes high heat
flux constraint on the beam dump. A 270° reflecting magnet also gives a
convergent beam but the magnetic flux density required becomes large. A
special reflecting magnet with 32 cm gap length and chamfered at 45° is
designed to overcome these difficulties. As a result, distribution of the
heat loading to the beam dump becomes broad. Furthermore, since the direc-
tion of the ion beam to the beam dump is nearly parallel teo that of magnetic
lines of force, the effect of stray magnetic field on the ion trajectory is
appreciably small, Therefore, the magnetic shield along the ion drift region
appears unnecessary, We are choosing this design provided its performance

is verified by the small model test,

2,2,5 Calorimeter and beam pump

Calorimeter and beam dump must cover a wide range of heat load corre-
sponding to variety of operation. They are formed like a V type shape to
reduce effective heat flux to the dump surface. The maximum heat loading
to these target are 2,5 MW for the calorimeter (75 kV, 80 A drain current,
ion species are 60:30:10) and 5.2 MW for the beam dump (100 kV, 73 A drain
current, ion species are 75:20:5). Dimensions of the calorimeter are 100 cm
high, 80 cm long along the beam axis, and 30 cm wide opening to the beam.,

The maximum heat flux is 0.58 kW/cm? perpendicular to the dump surface.

The beam dump has a V type shape, 160 cm high, 80 cm long and 100 cm opening.
The heat flux is the same as that of the calorimeter. A silver annexted
copper or ZrCu, CCu alloy is recommended, since they push forward the soften-
ing point of usual copper toward higher temperature. Array of cooling pipes
with fin on their backs will be chosen for the dumper structure, because

the temperature gradient across the material is small and hence thermal

stress can be kept low.

2.2.6 Cryopump

The cryopump has a total pumping speed of 1.3 x 10® 1/s and hence the
required pump area is about 14.5 mZ, Since typical operation pressure at

the cryopump is below 5 X 1073 Torr (P3 = 9,2x107°% Torr), the temperature

- 84 —
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of the cryopanel should be less than 3.6 K, The cryopump is divided into
three groups and are housed in P, PR and Py room, respectively. Two types
of cryopanels are being evaluated. The one is composed of a set of aluminum
pipes with fin plate of about 10 cm wide, and the other is the stainless
steel kilting vessel. The former is cooled by the two phase flow helium,
and the latter is cooled by the liquid helium pooled in the vessel, Heat
loading to the cryopanel 1s estimated for the former case and is tabulated

in Table 1.

Table 1 Heat loading to the cryopanel

Pulse Load Continuous Load

1. Radiation from 77 K plate 9.9 w
2. Radial from room

temperature materials 9.5 19,0
3. Support loss 2.0
4. Condensation of H, gas

30 Torr.l/s 3.6 0.12
5. Backscattered hydrogen 0.1 0,003
6. Cyclotron radiation 25 0.42
7. Eddy current 15 0.25

53.2 w 31. 7w

Thus the pulse load occupies an unnegligible fraction of the total
load. Choise of the type of the cryopump is closely coupled with the helium

refrigeration system,
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10 cm

Fig.TV.2-1 DuoPIlGatron ion source with two-stage
acceleration system.
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Table IV,.2-1 TYPICAL PROPERTIES OF TWO-STAGE TON SOURCE

EXTRACTION GRID 5 cm¢ 6.5 cm¢ JT-60 NBI
(3.5mm¢$ x 83) (4.0mm¢ x 87) 12em x 27cm

TRANSPARENCY (%) 43 32 40
SPECIES H2 H2 H2 or D2
BEAM ENERGY (keV) 50 70 50 60 70 75 75

BEAM CURRENT (A) 0.6 2.0 | o.9 | 1.5 | 3.4 | 3.0 35
CURRENT DENSITY (mA/cm) 75 250 | 80 140 | 310 | 270 270
e-FOLDING DIVERGENCE 1.0° 1.4° 0.8° 0.9° 1.4° 1.2° 1.0°
DURATION (sec) 0.1 0.1 [o0.1 | 1.0 0.5 | 0.1 10
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Fig.IV.2-17 Gas flow diagram.
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Radiofrequency Heating System
3.1 Lower hybrid heating system for JFT-2

A power source of 200 kW, 650 MHz (and 750 MHz) and a phased array
of four waveguides as a coupling system had been selected for the lower
hybrid heating system employed on JFT-Z. The final work on the design
of the system was completed in the middle of 1976. After that the system
began to be constructed and was installed in JFT-Z in September of 1977,
The first experiments on ion heating were started from the begining of
October 1977. An available power will be increased to 300 kW in the
spring of 1978. '

Main parameters of the lower hybrid heating system for JFT-2 are
listed in Table IV.3.1-1. A block diagram of the RF system is shown in
Fig. IV.3.1-1., The heat of the RF system is an E 3765 kuiystron amplifier.
This is a 5 cavity, electromagnetically focused klystron. This tube is
rated at approximately 60 kW of RF out put. TFour klystrons are utilized
in this system. High power RF out put from the klystron is transmitted
to the coupling section through a circulator, coaxial line (WX-77D) and
non-standard 95 mm x 340 mm rectangular waveguide.

The most important part of the lower hybrid heating system is the
coupling system. A phased array of four waveguides which is the most
advanced coupler theoretically and experimentally, was Selected(l)m(3).
The schematic arrangement of the coupler is shown in Fig. Iv.3.1-2. The
size of each open waveguide (Al) is 14 mm x 290 mm as shown in Fig.
1V.3.1-3. Two types of vacuum windows (Al;03), Seen in Fig. IV.3.1-4%
{seal (i) and seal (:)), were tested and finally vacuum seal (:) wAas
chosen. The differential pumping system of waveguides were also prepared
to reduce the RF break down at the ceramic window and in the waveguides.

An efficient coupling of RF power to a plasma by use of the phased
array was obtained. Reflection co-efficient was lessg than 10% at a
power of 137 kw(”). But, in the early stage of the heating experiments,
maximum RF power to couple to the plasma was less than 50 kW. This limit
was possibly due to the following reascns; (1) break down at the surface
of the ceramic and/or between the iris, (2) multipactoring discharge
inside the waveguide, (3) arc discharge at a junction of the waveguide.
Tn order to suppress these kinds of break down, the differential pumping
of the waveguides was performed by a turbo moleculer pump of 1000 1/sec

with the vacuum seal () in Fig. IV.3.1-4, and the contact of waveguides
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were improved. After these improvements, a power of 140 kW could be
coupled to the plasma. Now, maximum power is likely to be limited
mainly by (2). The importance of the material and its surface condition
has been recognized, The further improvement of the launcher is neces-

sary to increase an available launching power.

3.2 Ion cyclotron range of frequency heating system for JFT-Za

RF heating experiment in the ion cyclotron range of frequency (ICRF)
is planned. The RF power can be up to 200 kW, and the frequency range
separated in two bands, i.e. 25-30 MHz the cyclotron frequency for
hydrogen Wey OF the second harmonic cyclotron frequency for deuterium
2upp and 48-60 MHz for 2wey . The RF power 1s transmitted te a
launching structure by a two-stub impedance matching network allowing
optimum transfer for loading impedance. The launching structure is a
half turn antenna, which is insulated by a ceramic cover and protected
by molybdenum guard limiters from the direct view of the plasma.

The generator has a phase locked feedback system which is almost
the same as that of the TFR. The frequency can be changed 5% within
30% variation of the RF power for the full cperation.

The main objectives of the ICRF programme in DIVA is as follows;
(1) heating by the magnetosonic wave at w = 2ug; without minority compo-
nent at the fundamental resonance, and comparing with the heating in a
deuterium plasma with the minority component (H+) at the fundamental
resonance; (2) heating with mode tracking; (3) heating without impurity

influx.

3.3 Design study of radio frequency system for JT-60

We have a program to develop a high power 1 MW - 10 sec klystron at
1-2 GHz for the RF heating system on the JT-60., Prior to the construc-
tion of the klystron the survey of techmological problems expected during
R & D had been made by Nippon Electric Ce., Ltd. and Tokyo Shibaura
Electric Co., Ltd. under the contact with JAERI. The conceptual design

of the kilystron at 1.3-1.4 GHz was done.
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Table JV.3.1-1 Summary of JFI-2 lower hybrid heating system.

RF Source
Frequency 650 and 750 MHz
RF power output 200 kW
Pulse width 1 msec 100 msec

Pulse repetition frequency 1 pulse/2 min
Power droop during pulse 5%

Coupling System

A phased array of four waveguides
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V. SURFACE SCIENCE AND VACUUM TECHNOLOGY

1. Introduction

The particle-surface interaction program in the division of thermc-
nuclear fusion research was started in April 1975, and has been continued
in close connection with the JT-60 program.

The main objective of this program is to investigate the individual
effects in plasma—wall interaction which are very important problems in
tokamak devices. TImpurity atoms are released from the first wall which dis
bombarded with energetic and/or chemically activated particles leaking from
a tokamak piasma through complicated processes including chemical reaction,
sputtering, desorption of adsorbed gases, and blistering. Backscattering,
trapping and reemission of the fuel particles are also great concerns for
the investigation of the recycling processes In plasma-wall systems.,

In the fiscal year of 1975, two ion accelerators, LSP and HSP, were
designed and constructed(l), Tf the year of 1976 is regarded as that of a
significant step forward in the particle-surface interaction program making
the initiation of the preliminary experiments(z), the following year of 1977
is to be remembered as a year of even greater significance in that fruitful
results have been obtained in the fields of sputtering and surface erosion
by using the two ion accelerators. The main results are as follows;

(1) precise measurements of the sputtering yield of molybdenum by Auger
electron spectroscopy,

(2) angular distribution of sputtered atoms by Ne+ ion bombardment,

(3) dose and characterization effects on surface topography change and
sputtering yield in polycrystalline molybdenum for the bombardment
with 2 keV Ne+ ions, and

(4) reduction of erosion by blistering in molybdenum surface with a multi-

groove microstructure,

Parallel t¢ the above experiments, a specially designed scanning elec-
tron microscope has been constructed and connected to an exclusive beam line
of the HSP(3). This will be a powerful instrument for the in-situ and
continuous observation of sample surface during ion bombardment.

In order to control the light impurities in large tokamaks, vacuum
technological developments must be accompanied with the study of the particle-
surface interaction, One of the staff members, in cooperation with the JT-60

group, began to investigate the vacuum pumping and wall cleaning problems
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which are very much important to the design and operation of the actual
machine. A new torus pumping system has been proposed for the JT-60, in
which 18 K refrigerator cryopumps and turbomolecular pumps are connecting
in series for the reduction of backstreaming of light impurities from the
system. Concerning the development of large vacuum pumps, a palladium-alloy
membrane pump has been proposed for the pumping of a large amount of hydrogen
isotopes in thermonuclear  fusion devices.

Figure V-1 is a summary of the surface effects-related research and
development, Some of these are in progress or planned for the next few

years,

2. Interaction of Energetic Particles with Wall Materials

2.1 Sputtering experiments with low energy ions

(u)

2.1.1 Sputtering yield measurement by Auger electron spectroscopy

Metal impurities in the tokamak plasma are considered to play an
important role in future thermonuclear fusion research. In this respect
measurement of sputtering yields of high-~Z materials by using Auger elec-
tron spectroscopy (AES) was started in our laboratory in 1976, laying
emphasis on low energy proton impact., The preliminary result was obtained
for polycrystalline molybdenum by normally incident protons in the energy
range 0,15 - 6 kev(5), g0 far, above 1 keV Finfgeld had obtained sputtering
vields of molybdenum by neutron activation analysis(e). The fact that our
proton sputtering data were about three times as large as Finfgeld's sug-
gusted that the application of AES to the sputtering yield measurement must
be fully studied as compared with the other established methods,

One of the problems in the AES method is the selection of substrate
material. In our previous work tungsten was chosen as a substrate material
because of the uniform deposition of molybdenum(7). However, if the uniform
deposition is indispensable for the meagsurement, a serious limitation on
the use of this method is implied. We have attempted to use silver as the
substrate material in the present study. Figure V-2 shows the intensity
of the AES signal of molybdenum atoms on the silver substrate as a function
of the number of sputtered particles, Good linearity and reproducibility
may permit us to neglect the effect of the agglomeration of the deposited
particles, even if it existed. The molybdenum signal in Fig. V-2 was

noramlized by the substrate AES signal for the sake of better reproducibility.
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However, deviation from the linear relation appears with an increase in
the number of deposited particles. The measurement of proton sputtering
was made by deposition of 0.1 - 0.2 monclayers, which is in the linear
region in Fig. V-2,

Silver substrate has several favorable points for the measurement.
Simple Auger spectrum of Ag can eliminate overlapping with sample material,
and this brings about a better signal to noise ratic. If the surface of
the substrate is covered by residual gases, quantitative measurement of
the deposited particies may fzil in the normalizaticn. Thus, silver has
been expected to have good characteristics in view of the surface contami-
nation.

Another problem relevant to the AES method is the angular distribution
of sputtered particles. As far as we use gn identical calibration curve
such as in Fig. V-2, the method requires the same angular distyibution for
all energy ranges of incident beam because, in this experiment, the sub-
strate was located at a fixed peoint where the total number of deposited
particles represents the total number of sputtered ones. Tt is tacitly
assumed that the angular distribution does not vary significantly because
of the normal incidence of the primary beam.

The molybdenum sputtering vield obtained in the course of this work
is shown in Fig. V-3. The difference of the present result from the pre-
vious one has come from correction of calibration factor (reduced to 0.6
from reexamination of the neon sputtering yield) and the above-mentioned
improvement by using the silver substrate. Bay et al. have recently meas-
ured the sputtering yield by the weightloss method(s). A small discrepancy
gtill can be seen between cur data and Bay et al.'s, the reason for which
has net vet been clarified. We are able to coneclude, however, that the
AES method is proved to be a useful.tool for the measurement of the sputter-
ing yield of metals. This method has some advantages, namely high sensi-
tivity and high spacial resolution. From the availability of this method
being confirmed, the former may be applied to, for example, the measurement
of sputtering yield under different surface conditions {(e.g. oxidized sur-
face), and the latter to the measurement of the angular distribution of

gputtered particles.

+
2.1,2 Angular distribution of sputtered atoms by Ne ion bombardment

Angular distributions of sputtered particles have been measured by
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collecting the particles on inner surface of a semi-sphere whose radius

is 38 mm and by analyzing with a densitometer and an atomic absorption
spectrometer., Molybdenum targets were bombarded by Ne+ ions which were
defined with a slit of 4.5 mm and their energies were 0.6 and 1.5 keV,

The angles of incidence were 0 and 45° with respect to the surface normal.
These results are shown in Figs, V-4 - 6. At the normal incidence of 1.5
keV Ne+ ions the angular distribution is symmetrical to normal of surface
and obeys cosine law. On the other hand, for the oblique incidence, target
atoms are easily sputtered toward the specular direction, The angle at the
maximum in the angular distribution with respect to the surface normal be-
comes large with decreasing incident energy for the oblique incidence as
shown in Figs, V-5 and 6. At oblique ion incidence icn-etched hillocks
parallel to the ion beam direction were observed by scanning electron

microscopy.

2.1,3 Dose and characterization effects on surface topography change
and sputtering yield in polycrystalline molybdenum for the bombard-

+
ment with 2 keV Ne ions(g)

Dose effect on surface topography change and sputtering yield have
been investigated under 2 keV Ne+ ion bombardment in the LSP. Three kinds
of molybdenum samples (see Table V-1) were chosen to study the characteriza-
tion effect on them. The current density of 2 keV Ne+ ions was 50 - 70
uA/cm2 at the target. The irradiation dose ranges 0.8 - 12 x 1018 ions/cm?.
The ion beam was normally incident to the target. The target temperature
during bombardment was ambient. The amount of sputtered material was
determined by the weight loss of the target measured with a microbalance.

The typical results of surface topography changes of the three samples
are shown in Figs. V-7 ~ 9. Up to 4 x 10!® jons/cm® in Fig. V-7, the grain
boundaries come to appear with increasing dose because sputtering yield
depends on the crystallographic orientation of grains(l0), Above 4 x 1018
ions/ecm? cones appear on the surface, and the number density and the height
of cones increase with dose. 1In contrast to this, Figs. V-8 and 9 show
that large deformation textures parallel to the original direction are
engraved by the bombardment at dose of 1.2 x 101? ions/em?. From Figs. V-7
- 9, it appears that cones are localized, i.e., there are lines of cones
along grain boundaries and aggregated cones on specific grains. As low

sputtering atoms are considered to be a origin of cone formation(ll), we
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used the electron probe X-ray micro-analyzer to examine whether low sputter-
ing tungsten atoms gather at the cones on the irradiation surface or not.
The results showed that there was no correlation between tungsten atoms
distribution and the cone distribution. It suggests that the low sputter-
ing tungsten atoms are not the main origin of cone formation because of 1its
similar localized distribution on non-irradiated surface to the cone dis-
tribution.

The results of weight losses of molybdenum targets of the three samples
by the sputtering with 2 keV Ne+ ions is shown in Fig. V-10 as a functiom
of dose. We can conclude from Fig, V-10 that there is no dose effect on
sputtering yield up to a dose of 1.2 x 101? ions/cm?. Moreover, we can
say that there is no sample characterization effect on the sputtering yield,
even though the topographic features of surface of the three samples become
considerably different from each other by irradiation. It is thought that
microroughing which can result in change of sputtering yield such as micro-
honeycombclz) are not fully developed in our radiation dose and sample
characterization. The sputtering yield of molybdenum for mobardment with
2 keV Ne+ ions obtained from Vig. V-10 is 0.90 £ 0.10 atoms/ion for three

kinds of molybdenum samples.

2.2 Reduction of erosion by blistering in molybdenum surface with a

multi-groove microstructure(13)

Blistering of surfaces of solid materials due to implantation of
gaseous ions is a very undesirable ercoslon, when it develops into flaking
and exfoliation with increasing ion fluence. Blistering caused by bombard-
ment with helium ions in polycrystalline molybdenum has been reported(lq)(lsl
More recently, it has been found in molybdenum that grain ejection occurs
near a temperature of 200°C after bombardment with a high flux hydrogen ions
with energies of 25 keV(IB). It is very important to find out how to -
reduce the erison by blistering, and there have been some propositions made
to answer this problem(lz)’(l7)m(21). We have reported that surface erosion
by helium blistering can be effectively reduced on surfaces roughned uni-
directionally by sandblastering(zz)’(23). A criterion for the reduction of
surface erosion has been estimated from the experiment. Here we verify
this criterion using a molybdenum surface with a multi-groove microstructure,
where the width and the depth of the grooves are controlled.

Polyerystalline molybdenum targets with regularly multi-grcoved surface
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were prepared by the well-known chemical dry etching technique, which is
commonly used for integrated circuit micropatterning. The microstructure
consisted of a number of parallel rectangular grooves (see Fig. V-11); the
width w, A and the depth d were distributed to be 3 - 7 ym, 10 - 14 pm,
respectively. A target was bombarded with a helium ion beam from the HSP.
The beam was normally incident on the target surface., The current density
was 30 - 60 uA/cmz. The heljum re-emission rate during bombardment was
alsc measured by using the set-up shown in Fig., V-12. A small chamber with
a volume of 2.5 & and a slit 5 mm in diameter was connected to the main
chamber for the detection of re-emitted helium atoms., Re-emitted helium
was detected with a quadrupole mass spectrometer., The target temperature
was measured with a thermocouple, which was alternatively used to measure
the beam current after the temperature became saturated.

We show scanning electron micrographs of multi-grooved molybhdenum sur-
faces bombarded with 100 keV helium ions te a fluence of 1 x 10%9 ions/cm2
(Fig. V-13) and 400 keV helium ions to a fluence of 5 x 1018 jons/cm?

(Fig. 14) at room temperature. From Fig. V-13 is found the fact that the
smaller width prevents formation of blisters with a large diameter. Although
blisters are formed, flaking and exfoliation do not cccur upto a fluence of
1 x 101 ions/cm?, at which considerable flaking occurs on the smooth
surface(zz)’(23). Very severe exfoliation occurs both on the smocth and
chemically dry etched surfaces, whereas it is completely suppressed on the
top surface of the multi-grooves because of its small width (Fig. V-14).
The model which has been proposed by us predicts that blistering can be
Sﬁppressed for a multi-groove microstructure when the width is narrower
than lORP and the depth is larger than Rp, where Rp is the projected range
of jons. From the LSS theory the projected ranges of helium ions in molyb-
denum are 0.35 and 1.1 ym, for 100 and 400 keV energies, respectively(24).
Therefore, this criterion is well verified in Figs. V-13 and 14,

In Fig. V-15 are shown the scanning electron micrographs of surfaces
after bombardment with 100 keV helium to a fluence of 1.4 x 10!% ions/cm?
at various target temperatures from room temperature to 850°C both for multi-
grooved and smooth surfaces. 1In this case the widths d and A-d of the
grooves are both =7 um, which does not satisfy the above criterion for the
suppression of blistering. With increasing temperature of the target,
blisters with larger diameter are formed on the smooth surface, which has

a tendency to flake due to reduction of the strength of the material(lu).

- 107 —



JAERI-M 8059

As seen in Figs. V-15e and 15f significant flaking occurs on smcoth surfaces
at 350 and 500°C, where the size of the flakes is beyond 7 pm. On the top
surface of the multi-grooves flaking is very much reduced. It is seen at
850°C that dense pinholes are observed on both smooth and multi-grooved
surfaces.

The result of the helium re-emission rate at various temperature is
shown in Fig. V-17 as a function of the fluence of helium ions of 100 keV
incident energy for multi-grooved and smooth surfaces. Some remarkable
features are observed as follows; (1) for the smooth surface an initial
overshoot of the re-emission curve is seen, whereas in the multi-grooved
surface it is not seen below 500°C; (2) at 850°C the re-emission curve for
the multi-grooved surface is almost the same as for the smooth surface; (3)
the saturation level of the re-emission rate is always lower for the multi-
grooved surface than the smooth cone; (4) the critical fluence shifts to a
higher value for the multi-grcoved surface compared to the case of the
smooth one within the experimental accuracy; (5) the temperature dependence
curve of the critical fluence for the multi-grooved surface is located at
higher temperatures than that for the smooth surface; and (6) the initial
overshoot is not seen for the re-damaged surface. Bauer and Thomas(25) have
concluded that the initial overshcoot indicates a helium re-emission burst
which is connected with the surface deformation, but no surface deformation
was observed by scanning electron microscopy at the same fluence as that at
which the initial re-emission overshoot appears(22)3(23). This overshoot
is therefore not directly related to surface deformation. When the concen-
tration of trapped helium atoms exceeds the helium solubility, the abrupt
increase in re-emission rate occurs, However, a gradual increase in new
trapping sites is produced by irradiation damage with increasing helium ion
fluence(zsl. These make the initial overshoot appear. The damage due to
chemical dry etching is thought to be equivalent to irradiation damage in
its capability for helium trapping. The reason why no overshoot is seen
below 500°C on the multi-grooved surface may be that the initial surface
was severely roughened by dry etching which causes the number of trapping
sites to have been saturated before helium bombardment. The above discus-
gion can be applied to understanding observations (3} and (6) in the same
way as (1). The high diffusivity of helium atoms and annealing can explain
observation (2). The temperature dependence of the critical fluence is

determined by the balance between helium diffusivity and solubility. As the
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diffusivity in the multi-grooved surface is smaller than in a smooth sur-
face, the critical fluence shifts to higher value, which explains (4). As
the high trapping ability in a multi-grooved surface reduces diffusion of
helium atoms at high temperature compared to that in a smooth surface, the
balancing temperature between the diffusivity and solubility shifts toward
the higher side for an endothermic metal such as molybdenum, the solubility
of which is larger as the temperature becomes higher. Observation (5) is
due to this fact. Further measurements of the helium re-emission rate in

400 keV helium bombardment will be made for the above observations.

3. Vacuum Technological Development

3.1 Alternative torus pumping system for JT-60

In order to control the light impurities in large tokamaks, vacuum
technological developments must be accompanied with the study of the particle-
surface interaction. We, in cooperation with the JT-60 group, began to
study the vacuum pumping and wall cleaning problems for the design and opera-
tion of JT-60.

Large tokamaks impose unique vacuum pumping problems involving extreme
cleanliness requirements and high pumping speeds. The torus pumping system

must perform the following functions in the JT-60 system:

(a) Remove impurities liberated during bakeout, high temperature oxidation
and reduction, and discharge cleaning of the vacuum vessel interior,

(b) Provide the initlal ultra-clean vacuum environment for plasma forma-
tion with minimal impurities.

(¢) Evacuate the spent plasma constituents at the end of each pulse prior
to initiation of the next plasma puise. The interval between the

pulses is plamned to be 10 minutes.

The influx rate of contaminants from the pumping system to the wvacuum
vessel will be required to be comparable to the total leak and outgassing
rate of the vessel. Here, the contaminants include water vapor, oxygen,
carbon monoxide and hydrocarbons.

In order te fulfill these requirements, we proposed an alternative
pumping system after a detailed study, which comprises of 18K refrigerator
cryopumps and turbomolecular pumps connecting in series. The conceptual

deisgn of the system is shown in Fig. V-17.
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The sticking probability of active gases such as oxygen and carbon
monoxide on clean metal surfaces is fairly large. Therefore, if these
gases flow into the vacuum vessel after a discharge cleaning, they are
adsorbed on the molybdenum wall almost completely. In this case, the wall
acts as a large ideal pump or a gas sink. From this point of view, we have
evaluated the backstreaming rate of such contaminants from the turbomolecular
pump system. A final contaminant gas composition at the inlet port oi the
pump is typically 3 x 10710 Torr of water vapor, 1 x 10-10 Torr of carbon
monoxide, 3 x 10~ 1! Torr of carbon dioxide, and a small amount of hydro-
carbons, If we apply these values to the JT-60 system, the backstreaming

rate of the contaminants would be as follows;

backstreaming rate
(number of oxygen atoms)

without liquid nitrogen traps 4.5 x 104 atoms/s
with 1liquid nitrogen traps 1.5 x 101% atoms/s
with refrigerator cryopumps 8 x 10!? atoms/s

where the rate is indicated in oxygen atom equivalent. The backstreaming
rate from the pumping system with refrigerator cryopumps is comparable to
the leak and outgassing rate of the vacuum vessel.

Although cryopumps offer outstanding advantages for this application,
several special problems which are associated with pumping gases from the
torus vacuum vessel must be considered. One of the important problems is
a relatively large heat input to the cryopanels due to impingement of ener-
getic particles and deposition of cyclotron radiation from the plasma, and
eddy current induced by magnetic flux change across the panels. We have made
an estimation on these heat loads to the cryopanels comparing with the common
heat loads such as due to radiation from surrounding environment and conduc-
tion by residual gas mclecules.

Another problem is the desorption of previously pumped gas molecules
by energetic particles. Since the molecular binding energies of the con-
densate are less than 1 eV, each hot particle could desorb hundreds of
previously pumped gas molecules. We have also made an estimation on this

effect.
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3.2 Palladium-alloy membrane pump for hydrogen pumping(27)

We have proposed a paliadium—alloy membrane pump for the pumping of
a large amount of hydrogen isotOpés in thermonuclear fusion devices. The
performance of the pump was estimated from both the kinetic and chemical
processes involved. This pump essentially consists of a heated membrane
of palladium alloy, which acts as a pumping éurface and is positioned
airtightly between the vacuum chamber to be evacuated and the pump chamber
with an oxygen inlet and a liquid nitrogen trap {see Fig. V-18). In order
to reduce the hydrogen concentration at the backside (pump chamber side)
of the membrane, we offer a new idea which implies that the diffused
hydrogen should be removed through chemical reaction at the membrane-gas
interface.

The results derived from the theory and the experimental values show
that the pumping speed per unit projected area at 107° Torr.is about 7 ~ 15

1/sec cm?

if a 0.1 mm thick membrane is corrugated to increase the effective
area by 5 - 10 times. The pumping speed per unit power input at 10~° Torr

is comparable to that of large crybpumps.
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Fig.V-2 Intensity of the AES signal of Mo (186 eV)
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Fig.V-4 Angular distribution of sputtered molybdenum
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Fig.V-5 Angular distribution of sputtered molybdenum
atoms; incident beam -- 0.6 keV Ne', incident
angle -- 45°.
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Fig.V-6 Anglular distribution of sputtered molybdenum
atoms; incident beam -- 0.6 keV Net, incident
angle -- 45°.
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SEM micrographs of sputtered surfaces of No.l
sample as a function of 2 keV Net ijon dose;
(a) 0.8x1018, (b) 1.7x1018, (c) 4.5x1018,

and (d) 1.2x10l% ions/em?.
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Fig.V-10 Weight losses of the samples by the sputtering
with normally incident 2 keV Nel ions as a
function of dese. Thelr sputtering yields are
0.90+0.10 atoms/ion.

Wi
Multi- grooved Surface

Fig.V-11 Schematic representation of a perspective view
of a molybdenum surface with regular microscopic
multi-grooves, where d is the depth of the
grooves, w the width of the protruding part, and
d the periodic length of the multi-grooves.

— 118 —



JARRT=M 8059

Experimental set up
tar gaseous particle

- (400 |/sec vaiter
AL SiP - outlet G
‘ reflector
/
siit(39x80) 6%siit | Mo heater
E/‘ \\\\E\\\j thermo
ron beam  § ‘I - BN couple
\\turget
5¢sht {
\ 5 QM water

N
400 l/sec 60 l/sec
TMP SIP

Fig.V-12 Schematic representation of the experimental
set-up for the measurement of helium re-emission
during bombardment. SIP; sputter ilon pump,

TMP: turbo-molecular pump, IG: ionization gauge,
OMS: quadrupole mass spectrometer, and BN: boron
nitride insulator.

g
‘
b

Fig.V~13 Scanning electron micrographs of regular multi-
grooved molybdenum surfaces bombarded with 100
keV helium ions to a fluence of 1x1019 ions/em?.
The width w is approximately 6 ym and 3 ym, in
(a) and (b)Y, respectively.
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L00keV He —> Mo

Fig.V-14 Scanning electron micrographs of molybdenum

Fig.V-16

surfaces bombarded with 400 keV helium ions to

a fluence of 5x101% ions/em?. The micrograph
(a) shows three different kinds of bombarded
surfaces, i.,e. the multi-grooved surface (left),
the smooth surface (center), and the chemically
dry etched surface {right). The central part of
(a) is eroded most severely by exfoliation,
while the multi-grooved surface (b) is little
eroded.

T T T T I T T T T ] T T T T
FMULTI- GROOVED o 1
O Bs0 T h
@ s007°C N
a 3507

@ RT :
© RT(Damaged) 1

{Arb. Units )
w
T
>
I

RATE

REEMISSION

HELUM  FLUENCE  (x10" jons/cm?)

Helium re-emission rate as a function of the fluence of helium
ions of 100 keV incident energy for multi-grooved and smooth
molybdenum surfaces at various target temperatures. RT denotes
room temperature bombardment, and RT (damaged) room temperature
bombardment of molybdenum target pre-damaged with 100 keV helium
to a fluence of 2x10!8 ions/cm?.
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(Auxiliary Pumping System)

—<— SIP TO VENT
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CONDUCTANCE /ALA ™P <
MANIFOLD  REGULATOR L vaP | MBP RP
(Main Pumping System)

\///

VACUIM
(Rough Pumping System
VESSEL __DK}, MBP MRBP WRP t—
GAS INLET
VALVE

CP 18K cryocondensation pump

TMP turbomolecular pump (2000 l/sec)
SIP sputter—-ion pump

MBP mechanical booster pump

RP rotary pump

WRP water ring pump

Fig.V-17 Conceptual design of an alternative torus pumping system for
JT-60. This shows 1/4 of the full system.
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Fig.V-18 Schematic diagram of Pd-alloy membrane pump.

Table V-1 Characterization properties of three molybdenum
materials; No.l--Plansee Co., No.2--Tokyo
Tungsten Co., and No.3--Daido Steel Co,

Mo

Fe
Al
Si

No. 1 No. 2
sintered "~ sintered
rolled rolled
1000°C 10 min .
annealed as received
99.96 % 99.96 %
200 ppm 200 ppm

>0 40
10 | 6
> 15
15 7
0 5
20 17
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No. 3
E.B. melt
rolled

as received

99.96 %
150 ppm
2
2
88
40
12
8
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VI. SUPERCONDUCTING MAGNET DEVELOPMENT

1. Introduction

The main purpose of development of superconducting magnet (sCM) for
fusion research in JAERI is the construction of superconducting toroidal
coil system for a device coming after JT-60 machine, named Fusion Engineering
Power Reactor.

The strategy for this purpose is that the evolution of the development
should be scaling up of superconducting toroidal coil from a size of coil
borenl m to the post-JT-60 machine approximately by four stages, as cluster
test, large coil task, superconducting tokamak test assembly and Fusion
Engineering Reactor proto-type coil test.

In April of 1978, JAERI signed on the Implementing Agreement for a

Programme of Research and Development of Superconducitng Magnets for Fusion
Power, operated by International Energy Agency. In the Annex I of the
Agreement JAERI participates in the Large Coil Task which will be carried

out in Oak Ridge National Laboratory, U,S.A. The scientific activities on

SCM in the fiscal year of 1977 are shown in the followings.

2. Advanced Design of Cluster Test Facility and Test Module Coit(D

Following the preliminary design work of cluster test facility in the
; fiscal year of 1976, we carried out the advanced design of the facility and
i test module coil in relation with IEA-Large Coil Task.

The design conditions are a little modified from the work of 1976.

The modified conditions are followings.

| ..... The current in a test module coil is 10,000 12,000 A
} wve... The maximum field in a test module coil is 8,0 T
‘ +e... The configuration of a test module coil is similar to IEA-LCT coil.

The size is half of IEA-LCT coil.

The back ground coil, called as cluster test coil has 1.5 m mean dia-
meter, the operational current of 2,150 A and the maximum field of 7 T in
the winding with the operating test module coil.

The coil disposition and the dimension of the cluster test coil and
the test module coil are shown in Fig. VI-1. In order to simulate the

poloidal field effect on the test module coil, a separated system is designed

as pluse poloidal coil, which is also superconducting. The principal
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designed values of the cluster test coil and the test module coil are shown
in Table VI-1.

This facility requires a refrigerator of 250 W at 4.2 K, The total
cooling weight is about 25 tons.

With the cluster test facility the principal experimental simulation
of toroidal coil can be carried out on conductor, stability, insulator,
mechanical reinforcement, cooling system and varying field effect. 1In order
to generate a high stress in a test module coil, a high current density coil

may be constructed and tested with a fixed ampere turns.

3. Preliminary Analysis of Magnetic Field and Stress on IEA-LCT

Magnetic field and stress on IEA-LCT are have been studied on the basis
of the ORNL specification. A computer code JAFUSAC, in which magnetic field
is calculated by integral of Biot=Savart's Law and stress analysis is carried
out by finite element method, is applied for this study.

As ampere turn in a LCT coil is not specified by ORNL, first the value,
6.75 MAT, was determined for the generation of 8 T on the horizontal line in
a coil by varying the winding cross section and the current density. With
this condition, all the analysis were started and as one of the results,
Fig. VI-2(a) shows magnetic field distribution along the horizontal center
line. It is revealed, by field calculation, that, though the peak field is
defined on the horizontal line in the specification, the practical maximum
field is generated in the corner of D shape. The field distribution along
the inner-most layer is presented in Fig, VI-2(b) in which the maximum value
is 8.3 T.

The Von Mises stress both in the conductor and in the structure is
calculated on the conductor and in the structure is calculated on the
several test conditions and the results in the normal test condition is
shown in Fig. VI-3 in function of the coil perimeter. It is shown that the
maximum stress value in the structure is 10 kg/mm2 and in the conductor

7 kg/mm?. These values are lower than the yield stress value.

4, Thermal Analysis on IEA-LCT

Thermal problems in the IEA-Large Coil Task have been studied(3),
including stability, nuclear heating simulation, initial cool down and

warm up.
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The conditions for half turn recovery to the superconducting state
after a normal transition have been obtained by a computer program TRUMP,
Both linear heat transfer and boiling heat transfer characteristics have
been considered. Fig. VI-4 shows one of the results in which there are two
kinds of stable point, one is the superconducting state(O 1) and the other
is the heat balance point(e 2,3).

The resulting conditions are;

(1) The heat generation rate per unit length of the conductor should not
exceed the cooling heat flux.

(2) Liquid Helium must be sufficiently supplied from surroundings. (over
1.6 g/sercmz)

{(3) The temperature when normal transition occurrs must be under 9.5 K.

In order to cool down a LCT coil within 120 Hr a flow rate of 72.5
g/sec is necessary, with the three steps of cooling gas, 100 K, 20 K, and
4,2 K. In order to warm up a LCT coil within 60 Hr the current of 180 A ~
190 A must be supplied.

Thermal stress in initial cooling has been analyzed by a computer
program SAP-4(%) | Without active cooling system in structure material
the stress in stainless steel wall would increase to the yield strength
and the stress in superconductor exceeds the yield strength as shown in
Fig. VI-5. 1In order to avoide a possibility of the breakdown, additional
cooling in stainless steel wall such as by special cooling channel or

extended cooling surface is necessary for initial cooling.

5. Development of Large Current Conductors

A forced cooled NB-Ti conductor and a reinforced Nb3Sn conductor have
been developed in order to study large current capacity for tokamak toroidal
coil.

The forced cooled conductor, can have an advantage of more wetted
perimeter between conductor and coolant than pool cooled one. Consequently,
with this type of conductor a coil winding can have higher current density.
The developed conductor(s), which has the operational current of 10 kA at
8 T, has #9 FM Nb-Ti strants, reinforcing material and copper stabilizer
with cooling channel. Fig. VI-6 shows a creoss sectional view of the con-
ductor. The doncutor with stands an internal pressure of 50 kg/mm2 with
water pressure test. It has AC loss of 7.1 mW/m under magnetic field of

0.5 T, 1/150 Hz.
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Reinforced MF Nb3Sn conductor, shown in Fig. VI-7 has been developed
The conductor, rated as 10 kA at 13 T, consists of 5 monoliths of MF Nb3Sn
and reinforcement, The superconducting monolith contains 331 groups, each
of which has 331 filaments, One filament diameter is approximately 5 um
and 0.6 um thick Nb3Sn layer is formed around it. These conductor was
tested and the following characteristics were obtained. The critical
temperature and the resistance ratio between 3000 K and 18 K are 17.5 K and
115 respectively. The critical current density in 0.6 m Nb3Sn layer is
7 x 10° A/ecm? at 7 T. The measurement of the critical current under tensile
stress showed less effect of stress on critical current that without rein-

forcement.

6. Installation of Superconductor Test Facilities

In order to test large current and high field superconductor, the
test facilities are installed in the laboratory.

A Nb-Ti solenoid of 8.5 T - 24 cm clear bore was designed by JAERI and

manufactured in industry (Fig.VI-8). The winding of this magnet has 26 cm

inner diameter, 41 cm outer diameter and 45 cm length. The inductance is
2.91 Henry and the weight 300 kg. The magnet quenches at the field of 9.3 T
on the winding with the average current density of 11,000 A/cm? and the
stored energy of 1.2 MJ. No quench is found with the charge rate of 8.5 T/
8 minutes. This magnet will be used for the test of Nb-Ti large current
conductor.

A Nb3Sn solenoid of 13 T - 7 cm clear bored is being imported from a
foreign industry. This magnet will be used for the development of multi-
fine Nb4Sn conductor.

A stress effect test facility was designed by JAERI and manufactured
in industry,

This test facility can give 10 ton maximum force, 5.5 T transverse
field and, 2,000 A current on a superconductor test piece. It will be
used for the study of stress effect on Nb3Sn materials and for the calibra-
tion of strain gage in magnetic field.

A 12 kA ~ 10 V power supply was installed in the laboratory. It con-
sists of IVR, transformer, silicon diode, filter and transistor controller.
The power supply will be used for short sample test of large current con-
ductor with the solenoid mentioned above.

Cryogenic apparatus and electronic measurements were well equipped

in the laboratory.
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7. Conceptual Studies for Future Program

In the fiscal year of 1977, two conceptual studies were carried out
in corporation with industries for future program of Tokamak superconduct-
ing toroidal coil development.

One is the conceptual stufies on the transportation‘and construction
problems of large superconducting toroidal coil for the post JT-60 machine,
named Fusion Engineering Power Reactor(7). In this toroidal coil system,
one coil weighs about 150 tons and the weight of the whole toroidal coil
system is about 4300 tons. In order to construct such a heavy system,
there are three solutions; each complete coil transportation from a factory,
semi complete coil transportation from a factory and on-site winding &
assembly. Difficulties in these methods are well pointed and discussed.
The necessary utility capacity is shown for each case. This study report
is delivered from an industry.

Another conceptual study is on the refrigeration system for the post
JT-60 machine(®). 1In order to cool down a coil system in one or two months
the necessary condition for cool down are pointed out for three cases of
cooling weight; 100 tons, 700 tons and 5000 tons. Nitrogen liquifaction
system or refrigiration system in the laboratory is also discussed in com-
parison with a case of LN, purchase, in which there will be difficulty of
transportation of enormous quantity by unit time. The necessary utility
capacity and the layout of the system are shown for each case. This study

report is delivered from an industry.
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Fig.VI-1 Cluster test facility disposition.
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Fig.VI-4 Stability characteristics.
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Fig.VI-7 The cross section of the MF
Nb38n, critical current of
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Fig.VI-8 The Nb-Ti solenoid of 8,5T-
24cem for conductor test.
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Table VI-1 Designed value of the test module
' coil and the cluster ‘test coil

T™C
Coil Cross Section {mm) 360x300
Coil Shape Oval
Colil Size {m) 1,47x1.97
Magnetic Field (T) 8.0
Average Current Density (A/mm?) 30
Operating Current (Ka) 10-12
Stord Energy . MF) 15
Centering Force | (ton) 1400
Winding Volume (m3) 0.589
Energy Density (MI/m3) 30
Ampere-turns (MAT) 3,24
- Weight " (tom) 7
Minimum Winding Curvature (m) 0.4
Number of Turn 3240
Wiere Length per Turn {m) 5,53
All Wire Length {m) 1792.
BmaX/Bmin 1.62
CTC
Magnetic Field - | (G) 7.0
Coil Size . (m) 1.5
Ampere—-turn (MAT) 3,3x2
Current Density . (A/mm ) 30
Total Energy : (MJ) 40
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VII. REACTOR DESIGN STUDY

1. Introduction

The following three design works are now in progress.

1.1 Preliminary design of JXFR

The purposes of the design are as follows; (a) Elucidate the perform—
ance requirements of the experimental fusion reactor which operate with
high duty cycle and plant availability. (b) Clarify the request to the
plasma physics research. (c) Investigate the problems associated with the
development of main components and subsystems of the reactor and provide
bases for R&D planning. (d) Improve the designing techniques.

The first preliminary design of a tokamak experimental fusion reactor
to be built in near future started in April 1975 and finished in March 1977.
The design report has been completed as JAERI-M 7300 (Sept. 1977) and
presented at the TAEAT Technical Committee and Workshop on Fusion Reactor
Design (1977, Madison). This design covers an overall reactor system in-
cluding plasma characteristics, reactor structure, blanket neutronics,
shielding, superconducting magnets, neutral beam injector, electric power
supply system, fuel (D-T) circulating system, reactor cooling and tritium
recovery systems and maintenance scheme, By this design study, we revealed
many design problems to be overcome.

The second preliminary design with special emphasis placed on develop-
ing realistic and credible solutions to the design problems was started in
April 1977 and will de finished in March 1979. Then an overall evaluation of

the design will be carried out for a year.

1.2 Design study of power reactor

The objectives of this design study are to make clear the concept of
future tokamak power reactor and point out problem areas for the develop-
ment. Another jmportant objective of this design study is te provide
the feedback information to the design of JXFR. A'preliminary design
study has been presented at the Second Topical Meeting on the Technology
of Controlled Nuclear Fusion (CONF-760935-P2).
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1.3 Safety analysis of JXFR

Safety analyses for the main components and systems of JXFR are
carried out based on the first preliminary design. These analyses are
closely inter-related with the reactor design itself and are becomming

more detailed as the design progresses. BSo far, JXFR is evaluated to be

a highly safe facility.

2 General Description-of the Second Preliminary Design of the JAERI
Experimental Fusion Reactor (JXFR}

Main design parameters of the reactor are given in Table VII.Z2-1.

The reactor consists of eight reactor modules which can be withdrawn in the

radial direction for repair., Each module has a blanket module which con-

sists of blanket vessels and a vessel with the hole for the neutral beam
injection and evacuatiomn. Mechanical limiters employed are so designed
that they may be withdrawn in case of failure. Four limiters and four
injectors are alternately installed. Two vacuum pumps (eryo-pumps) are

installed to every reactor module.

3. Design Studies
3.1 Plasma

3.1.1 MHD equilibrium

MHD equilibria for JXFR were ohtained by the use of fixed-boundary MHD
equilibrium calculation code., The parameters (Bp,q(a) and Ip) are obtained
for various values of the profile exponent o in a circular plasma with
dimensions (R=6.75 m, a=l.5 m) and toroidal field strength (Br=5.5 T) and
with the constraint gq(0) > 1.

With the power balance analysis, the reference design parameters were

chosen for the 100 MWt EPR;

(a) Plasma Current 4.4 MA
(b) Beta Poloidal . 2.2
(¢) Safety Factor at the Plasma Surface 2.55
(d) Beta Toloidal 0.025

3.1.2 One-dimensional transport computer code

One-dimensional simulation code for D-T tokamak plasma is being developed.
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This code consists of particle balance equations including o-ion and
impurities, energy balance equations and magnetic field equations. The
equations are represented in generalized forms so that some other equations
may be easily added. <Crank-Nicloson's numerical method is adopted in this
code.

This code has the following characteristics;

(1) An anomalous transport model is used in this code. Transport
coefficients are based on the trapped ion mode in the low collision
frequency region and pseudoclassical mode in the higher region.

{(2) Plasma expansion in startup phase can be treated.

(3) 7Plasma current is computed by coupling to external circuit equations.

(4) The distributions of ionized impurities are computed under the .
assumption of ionization equilibrium.

(5) Radiation loss terms (bremsstrahlung, cychrotron and line radiatioms),

ionization loss and recombination loss are taken into consideration.

sideration.

3.1.3 Alpha heating

de—dimensional confinement, loss and energy deposition rate of 3,52
MeV alpha ﬁarticles produced in D-T reaction were studied using the drift
kinetic equation of alpha particles. The effects of spatial distributions
of plasma current, ion temperature and plasma density were examined; these
changes have large influence on the results. The loss rate of alpha
particles to the source quantity is larger in the outer region of plasma
than in the inner region. The more peaked the distribution, the smaller
becomes the total loss rate. The momentum increase caused by alpha particle
loss was estimated. A manual on thé computer program (ALPHA)} was developed

for the research.

3.2 Neutronics
(1)

3.2.1 Nuclear heat deposition in cryosorption pumps

The nuclear heat depositions in the cryopumps for JXFR are evaluated

by using Monte Carlo transport code MORSE-GG. The following conclusions

are obtained,
(1) Nuclear heat deposition in the cryopumps is small and the refrigera-

tion power increase due to nuclear heating is acceptable.
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(2) The total heat deposition in the cryopumps for the neutral beam
injection system is particularly small amounting to less than 1/10
of that for the main evacuating system.

(3) The nuclear heat deposition in the cryopumps is mostly due tc gamma-

rays.

3.2.2 Three-dimensional analysis of the effects of neutron streaming

through neutral beam injectlion ports(z)

Effects of neutron streaming through neutral beam injection ports have
been studied for JXFR. The radiation damage of toroidal field (TF) coils
in the presence of cylindrical injection ports with 1.2 m diameter was
estimated by three-dimensicnal Monte Carle calculation.

To protect the TF coils from neutron streaming, 0.8 m thick shield is
sufficient. The presence of the injection ports, however, increases sub-

stantially radiation damage of the TF coils.

3.2.3 Induced activities of fusion reactor structural‘materials(a)

Induced activity, biological hazard potential and decay heat of the
JAERI Demonstration Fusion Reactor (JDFR) with molybdenum alloy.as a blanket
structural material and gamma-ray dose rates in and around the reactor after
shutdown are calculated. Induced activities of other blanket materials,
tantalum and tungsten used in molybdenum alloy, other fusion-reactor
structural materials and impurities are also calculated to examine effects
of the gamma-ray dose rates in reactor design. The quantities of radioactive

wastes from JDFR and JXFR are estimated.

3.3 Reactor structure

Thexrmal and mechanical analysis for the blanket structure are performed.
The electromagnetic force in case of the plasma disruption was also estimated.
From the analysis and evaluation conducted, a feasibility of the blanket
vessels for the experimental fusion reactor has been shown. However, more
detailed studies including those on the problems in the fabrication process

are believed to be necessary.

3.3.1 Thermal analysis(“)

Thermal and hydraulic analysis of the blanket first wall under normal
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operation and abnormal conditions was carried out. The cases with and
without a protection wall were studied and the effectiveness of the protec-
tion wall was demonstrated, Creep-fatigue interaction of the first wall

based on the temperature changes was evaluated.

3.3.2 Stress analysis(”)

The stress analysis of a unit blanket vessel made of Type 316 stainless
steel with a square shaped cross section under internal pressure of 12 kgf/cm?
(design pressure) was carried out. Two~dimensional models for various
corner radii and wall thicknesses and three-dimensional model of a typical
blanket vessel were employed in the analysis. Both free-standing case and
the case with interaction between adjacent blanket vessels were considered.

It has been found that without the interaction between the vessels, the
volume fraction of stainless steel becomes. very large which may make the

tritium breeding ratio of 0.9 unobtainable.

3.4 Superconducting toroidal magnet

Design and'safety analysis are carried out on the electrical, structural
and thermal aspects of the JXFR toroidal magnet. Detection systems and
protection systems which are necessary to maintain the functions of the
magnet against any potential accidents are considered. Analysis on coil
stability, quench propagation and earthquake response is also performed.
Operating experiences relating teo the safety problems of existing super-

conducting magnet systems are investigated.

3.5 Superconducting poloidal magnet.

The superconducting poloidal magnet design for JXFR was reviewed in
the light of safety. Firstly the maximum répéated tensile stress at
4,2 K of 304 SS caused by electromagnetic force was lowered to the level
of 24 kg/mmz, reducing magnetomotive force of the air-core transformer
from 60 MAT to 48 MAT, because the figure of 46 kg/mm? in the previous
design was too high. As the result of this change, stability margine of
the superconducting magnet was increased, that is, heat flux of the super-
conducting wire for normal transition could be reduced from 0.36 W/cm? to
0.24 W/em?.

Pressure increase in the liquid helium vessel due to deterioration of
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vacuum jacket for thermal insulation was also analyzed, and safety valves
and rupture discs were designed for this kind of accidents.
Finally, analysis of general failure of the superconducting poloidal

magnet was done using event tree or fault tree techniques.

3.6 Neutral beam injection system

Further design study of the neutral beam injection system was carried
out for JXFR taking into account maintainability of the system and replace-
ment of ion sources. Atomic deuterium beams of 33 MW, 200 keV are injected
from four injection ports. S8ix beam lines and a pumping system are installed
in an injection unit. Each beam line consists of a 55 A ion source, a
neutralizing cell, direct converter and a drift tube connected of the torus.
Cryocondensation pump of 10% g5/s is used for an injection unit which is
divided into four chambers and three of them are in operation while one is
in regeneration.

One of the important problems found in the design study is effect of
ions or electrons produced by ionizations and charge-exchange of remaining
gas between accelerating electrodes. Divergence of these particles and
broadening of ion energy spectrum may decrease efficiency of the direct con-
verter and heat load of the ion source due to these particles may also be
serious. Detajiled design study of the ion source and the direct converter

is still under way.

3.7 Tritium circulating system

System design and safety analysis for JXFR have been carried out.
A three stage containment system of tritium bearing fuel is proposed to
prevent tritium release to the environment. The primary containment system
consists of the equipments, pipes and sweep gas jackets which are designed
to minimizé leakage into the secondary containment barrier. The sécondary
containment system which encloses most of primary containment system, has
the structure similar to glovebox with an inert gas atmosphere. The
tertiary containment system consists of the.room enclosing the secondary

containment system and tritium bearing gas processing system.

3.8 Reactor cooling system

Safety analysis of the reactor cooling system for JXFR has been carried

out,
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The main objectives in this study were to evaluate the tritium
releases associated with the normal operation and accidents of the main
cooling system, and to make a good choice of the tritium treatment and
contaimment system for reducing its releases, 4

Performed here were (1) to evaluate the pressure and temperature
behaviour in vacuum vessel during the piping failure of the primary cool-
ing system, and then to analyze the behaviour of tritium adsorbed on
cryosorption-panel, and (2) to evaluate the tritium releases from the main
cooling system, and then to approach the method which would reduce the

tritium releases.

3.9 Repair and maintenance system

Repair and maintenance design for JXFR has been studied. The reactor
is in eight modules so that a damaged module alone can be separated from
the other modules and transferred from the reactor room to a repair shop.

Design work covers overhaul procedure, dismounting equipments (overhead
cranes, auto welder/cutter and remote handling equipments), transport system
of a module (module mountingréarriages and rotating carriage), repair equip-
ment for blanket, earthquake-proof analysis of the reactor, reactor room
structure, repair shop layout, management of radioactive wastes, time and
the number of persons required for overhaul etc.

Though the repair and maintenance system is almost complete, there still
remain problems for further study in joints of blanket cooling piping, auto

welder/cutter and earthquake-proof strength in reactor disassemblage.
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Table VII.2-1 Main design parameters of the JXFR

Operation Mode

Fusion power (MW)
Operation perioed (s)
Burn time (s)

Load factor

Duty factor

Reactor dimensions

Major radius (m)
Plasma radius (m)
First wall radius (m)
Plasma volume (m3)

Plasma

Mean temperature (keV)
Mean density (101% cm™3)
Effective charge
Confinement time (s)
Injection power (MW)
Toroidal field (T)
Safety factor

Poloidal beta

Torocidal hbeta

Plasma current {MA)

Reactor Structure

Reactor module/Reactor

Blanket cells/Reactor module

Injection and evacuation hole/
Reactor module

Nominal max. lst wall temp.(°C)

Materials

Structure material
Blanket fertile material
Reflector material

Neutronics

Neutron current at
1st wall (n cm2s~1)
Neutron wall loading
(MW m~2)
First wall displacement
damage rate {(dpa y~!1)
Max. helium production
rate in lst wall (appm y 1)
Max. hydrogen production
rate in lst wall (appm y 1)
Tritium breeding ratio
Nuclear heating per
DT neutron (MeV n 1)
Total induced activity at
one hour after shutdown {Ci)
(after one year operatilon)

SCM irradiation effects

Max. copper displacement
(dpa y 1)

Max,. nuclear heating rate
W co™ )

Total nuclear heating
in SCM (kW)

100
180

550

31688
Li,0
Stainless
steel

7.6x1012
0.17

0.7

8.7

25
0.9

16.1
7.3x107
6x1076

4x1073

0.68

Toroidal field magnet
Number of coils
Bore, Width/Height {m)
Magnetomotive force (MAT)
Max. field strength (T)
Stored energy (GJ)
SCM material

Primary winding
Number of coils
Magnetomotive force (MAT)
Maximum field intemsity (T)
Stored energy (GI)
Flux change (Wb)
SCM material

Vertical field magnet
Number of coils
Magnetomotive force (MAT)
Maximum field intensity (T)
Field intensity (T)

at plasma center

Stored energy (GJ)
SCM material

Neutral beam injector
Number of ion sources
Deuterium beam energy (keV)
Ion beam ocutput (MW}
Injection power (MW)
Power efficiency

Power supply (MW)

for Toroidgl coils

for Poloidal coils

For Refrigerator of SCM
(Toroidal, Poleoidal, IES)

for Neuttral beam injector

for Vacuum exhaust system
(Main pump, NBI pump)

for Blanket cooling system

for Auxiliary system

Total power

Fuel circulation system for
rate (mgs=!)
Tritium insertion rate
Deuterium insertion rate
Herium exhaust rate

Cooling system
Number of loops
Coolant, Pressure (kg cm
Inlet/Cutlet temp. (°C)
Flow rate (kg/s)
Secondary system

2)

Tritium inventory (kg)
Fuel recirculating system
Tritium recovery system
including blanket
Total inmventory
including storage

16
7/11
186
11

50
Nb3Sn

20
48

1.3
102
NbTi

O @I+ o

0.75
NbTi

24
200
240
33
0.40

12
85

40
13
160

17.5
11.7
0.24

4
He, 10
300/500
143

He,
air-cooler

0,3
0.1

0.5
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VIII. DEVELOPMENT OF A LARGE TOKAMAK --- JT-60

1. Introduction

Upon completion by March 1977 of the preconstruction {(detailed)
design and the engineering development of JT-60, the request for quote of
JT-60 machine (Tokamak System) was let to industry. After examining and
evaluating the quote and design report in a period of June - July 1977,
Hitachi was selected as the first choice, and the negotiation is being
conducted., It is expected that the contract will be reached in April 1978.%

The design reexamination is continued under contract with Hitachi and
Toshiba on the systems of JT-60 other than the machine. Their purpose is
to reexamine, better, and modify, if necessary, the preconstruction design
to reduce their cost and enhance their performance taylored to latest
findings in their operation characteristics and plasma-physical knowledges.

Design works are continued on the other part of JT-60 including the

prototype of mneutral beam injectors, the diagnostic system, and the buildings,

2. Qutline of the Progress of JT-60

For JT-60 project, the year of 1977 may be characterized as the pre-
paratory year for the contract with a manufacturer. This year began with
editorial work 6f specifications of the tokamak machine of JT-60. It was
accomplished in March and proposed in May to Toshiba Corporation and Hitachi
Limited. JAERI received their estimates in June and Hitachi made success-
ful bid. JAERT began to examine technical specifications and estimated
cost in details and long negotiation period began. They could not reach
agreement in 1977 and their efforts continued until the next spring.

The technical specifications other than tokamak machine has been
studied through the year by Power Supplies Group, Control Group and Auxiliary
Facilities Group of Division of Large Tokamak Development.

Choice of the JT-60 site has been one of the problems disturbing the
project. JAERI almost gave up the initially proposed government-owned
land and had to find other sites. Fortundtely, several local towns in
Ibaraki Prefecture offered JAERI te invite JT-60, JAERI began to study

about their location conditions,

% The contract was completed in April 17, 1978.
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The detailed design of JT-60 was over in February and the full report
of six volumes was published in August(ll. In the detailed design, emphases
were put not only of JT-60 main components but on the system design such as
system consistency, operation conditions, licensing or effects on envivon-
ment.

The whole research and development programs of JI-60 compoments were
accomplished in February and their many reports were published as described
in the following chapters. The results of research and development were
presented at IEA Workshop on Coil Technology, Stress Analysis, and Mechanical
Structure in April. Tubes of vacuum circuit breaker developed in R & D
Program were sent to PPPL and GA of U,S.A. as test samples.

In parallel with the negotiation with Hitachi for Contract in July,
JAERI organized JT-60 Technical Steering Committee by specialists and
authorities from outside of JT-60 Project to examine reliability of JT-60
design from objective view points. The Steering Committee and its Technical
Sub-Committees worked intensively and submitted its preliminary evaluatioms
and recommendations in December.

On the other hand, the safety analysis for environment was promoted.
Especially about the estimate of X-ray and photo-neutron emissioms at run-
away electron mode operationcz). The results were reflected on the design
of building to keep extremely low level of radiation dose at the site
boundary. |

As an event of project management, JAERT hosted IEA Project Management
Meeting of Very Large Experimental Devices in Tokyo in April.

Planning Coordination Group initiated program planning and coordination
activities. Project activities were compiled to a Working Break—down
Structure and the project flow chart and the time schedule were investigated.
One of causes of uncertainty of the schedule is vague perspective of budget
which has been partly approved year by year, Another condition to make
project management complicate is involvement of several main manufacturers.

JAERI kept to discuss with Tokyo Electric Power Company Incorporated
and the Japan Atomic Power Co. about the technical conditions to receive
directly electric power of 180 MW as a part of power supply to toroidal
field coils and they almost reach agreement.

The design of main buildings were initiated. Experimental Building
naturally require the longest construction period and may be the critical

path for the whole JT-60 project because of delayed selection of JT-60

— 144 —



JAERI-M 8059

lccation.

Tn Division of Large Tokamak Development, the new section responsible
to tokamak machine and auxiliary systems is established and named JT-60
Project Office II in July. At the same time, JT-60 Program Office and
Large Tokamak Administration Section were also established in the Division.
The former is responsible to technical planning and coordination of JT-60
and JT-4 and the latter is to administration. JT-60 Project Office I
keeps power supply and control system.

The contract with Hitachi for construction of the tokamak machine of
JT-60 will be made early in the next year and the site will be finally
decided in mid 1978. '

References

(1) Div. of Large Tokamak Development: Internal report August, 1977.
(2) Aikawa, H., Ryufuku, H. and Hiraoka, T.: Internal report Dec., 1977.
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3. Outline of Machine
3.1 Activity of tokamak machine group

Detajled design and engineering developments carried out in the
previous year were evaluated spending the former half of fiscal 1977 and
the results were summarizZed in about thirty JAERI-memos.

The design and engineering developments concerning the toroidal and
poloidal field coil systems were presented to the IEA workshop on coil
technology, stress analysis and mechanical structure held in Tokyo at April,
1977.

The design has been reviewed by JT-60 technical review committee and
a lower sub-committee specialized in JT-60 tokamak machine.

Some of specifications of JT-60 machine were reconsidered through the
useful discussions in these committees. Analyses and discussions of
hypothetical fault conditions, for example, vacuum breaking of a vacuum
vessel, short-circuit of field coils, and malfunction of main servovalves
of a fast movable limiter, have been done in a latter half of the fiscal
year.

The contract for construction of JT-60 machine is to be made separately
since the other systems have not been approved for construction by the
Government. Therefore, much effort has been made in deciding the boundary
design conditions between the machine and the other systems.

Settlement of a spatial conflict among each component located in the
experimental building and drawing of the layout in a machine room were done
with energetic effort,

In parallel with the above works, official works on the course to the
contract for machine comstructions with an industry have been continued for
the whole year in cooperation with Contract section II. Engineering evalua-
tion of the specification proposed from industries and cost evaluation of
each component of the machine were the most important and troublesome works

in the activity of machine group.

3.2 Desgin of machine
3.2.1 Design condition

JI-60 machine is composed of a vacuum vessel, toroidal field coils,
poloidal field ceils, support structures, a primary cooling system, movable

limiters, a vacuum pumping system, a.plasma monitor system, a gas supply
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system, and a preionized system. The latter four systems are described
in Section 5 and 6.

The desgin conditions have been frozen by settling the conflict between
the requirement of plasma physics and the present engineering technique.
The results of the development of each component carried out from fiscal
1976 to fiscal 1977 have been partially taken into the present design.

Main dasign conditions are as follows., (a) Total operation cycles of

3 x 105 and rated operation cycles of 5 x 10" are required for the machine
life, {(b) The total exposure, the maximum exposure intensity per shot, and
the maximum energy of X-rays due to runaway electrons are 2 x 108 R, 105 R,
and 10 MeV, respectively. (c) Typical plasma current of 2.7 MA decreases
to zero in at least 50 msec. (d) The negative spike of plasmas induces

the one-turn voltage of 3 kV with the pulse length of 100 ~ 400 Hsec.

(e) The magnitude of the earthquake does not exceed 0.3 G.

The design has taken into account the assembly/disassembly, the match-
ing between the components, the earthquake proof, the transportation from
industries to the construction site, the environmental assessment, the
reliability, faults and their interlocks, tests, and inspections during

and after construction, and so on.

3.2.2 Vacuum vessel and its auxiliary components

Specifications of the vacuum vessel and its auxiliary components are

shown in Table VIII.3.2-1 and Table VIII.3,2-2, respectively.

(1) Vacuum vessel

Fig. VIII.3.2-1 shows a cross—sectional view of the vacuum vessel.
The material is Inconel 625. Electric resistance of a torus should be
higher than 1.3 mQ. The helium leak rate, the outgassing-rate and the
ultimate yacuum pressure are lower than 5 x 1077 torrf/sec, 10711
torrl/sec+cm? and 1078 torr, respectively. The baking temperature will be
above 500°C for the vacuum vessel and 250°C for the ports, The vacuum
vessel is composed of U-shaped bellows and thick rings. The vacuum vessel
is supported at the thick rings by bars extended from a suppbrt structure.
The vessel is heated by nonmagnetic electric heaters and cooled by water
pipes wound around it.

A vacuum vessel is loaded by centripetal forces both toward the major

axis and toward the miner axis due to the atmospheric pressure. The
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centripetal force toward the major axis is about 300 ton and that toward

‘the minor axis is over 1500 tons. The electromagnetic force produced by

the interaction of the loop current (0.4 MA) with the poloidal field and

by that of saddle current at the thick ring with the toroidal field are

less than 0.5 kg/cm?® and 5 kg/cmz, respectively. The maximum stress caused

by the above forces and thermal expansion is about 32 k.g/mm2 when the hight,

pitch and thickness of the bellows are 80 mm, 20 mm and 2.0 mm, respectively.
Moreover, another stress is added to the above at the connection with

the thick ring. This local stress is caused by the difference of radial

deflection between the bellows and the thick ring. 1In order to decrease

this deflection, the thick ring is vertically supported by supporting rods

which restrict the deflection caused by the electromagnetic force due to

saddle current and do not restrict the thermal expansion.

(2) Liner

Rectangular liners are attached to the inmer surfaces of the vacuum
vessel. Liner material is molybdenum. Molybdenum is considered a good
material for a liner because of the high melting temperature and low
sputtering yields. The baking temperature is 500°C and the outgassing
rate is expected less than 107! torrs/sec.cm?. The thickness, width and
length of the liner are about 5 mm, 80 mm and less than 400 mm, respectively,
The longest liners overhanging the bellows have slits to decrease the
electromagnetic force. The temperature of the liners around the magnetic

limiter rises up to about 700°C. The shape of the liner surface is flat.

(3) Fixed limiters

Axisymmetric fixed limiters are placed on the inner surfaces of the
vacuum vessel as shown in Fig, VIII,3.2-1, Their material, baking tempera-
ture and outgassing-rate are the same as those of the liner. The maximum
temperature of the fixed limiter will be about 2,200°C under the severest
condition wifh heat load of 22 MW % 10 sec., The limiter has slots on its
surface to decrease thermal stress. And the surface of the limiter is

treated by electro-polishing.
(4) Magnetic limiter plates

Magnetic limiter plates are positioned on the outer side of the vessel.

Fig, VIII,3.2-2 shows the schematic view of the magnetic limiter plates.
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The material, baking temperature and outgassing—réte are the same as those
of the liner. Cooling is dome by N, gas, 1In normal operation, the heat
load is about 500 W/cm? x 2 em? width. The maximum surface temperature
rigse is 430°C. The maximum thermal stress is 5.6 kg/mm2 (compression).
The mechanical stresses due to the electromagnetic forces are small enough
to disregard, The design effort is made to reducing the heat load of the
magnetic limiter plate that the intersection of a separatrix line and the
plate is fluctuated over the length 10 cm during a discharge by superpos-
ing the current of small amplitude and a frequency of 5 Hz on the quas-
sisteady current of the magnetic limiter coil. The surface damage due to

runaway electron bombardment is under comsideration,

3.2.3 Toroidal field coils

The TF coil system consists of 18 coil blocks with an inner diameter
of 3.88 m and an outer diameter of 5.64 m. The coil blocks shown in Fig.
VIII1.3.2-3 equally spaced at a major radius of 3.32 m maintain the field
ripple to less than 0.3 % in the plasma region. This arrangement of the
coil blocks provides access to the vacuum vessel required for neutral beam
injection, diagnostic and vacuum pumping. The coils will operate in a pulsed
mode in which the current is ramped up to the desired flat top value of
52 kA, held for 5 seconds at the value and then gradually decreased.
Detailed specifications for the TF coil system are listed in Table
VIII.3.2-3., Each coil block is composed of two 36-turn pancake windings
which are connected in series and enclosed in a common metallic outer case.
Each turn of the winding has two parallel water cooling circuits. Thickness
of turn as seen in Fig. VIII.3.2-4 is determined to make the temperature
distribution as uniform as possible in the wedge-shaped section of the coil
block. Each turn is made of two kinds of copper materials, One for the
high stress region near the center support is 0.2 ZAg-OFC of 40% cold work-
ing ratio and the other for the low stress region away from the center
support is OFC of 20% cold working ratio.

They are connected by brazing at the top and the bottom of the coil
block to make a full turn. Each turn is provided with 1 mm thick F-stage
layer insulation. The pancake winding is also wrapped with 10 mm F-stage
ground insulation. The TF coils are supported by the upper and the lower
base structures against the torque due to interaction of the poloidal field

and the coil current. Return winding is located in such a way to lessen
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the error field produced by the block-to-block connecting leads.

Three different computer codes were used in order to estimate field -
distribution, field ripple and error field. The maximum field of 98 kG
occurs at the innermost conductor in the horizontal symmetry plane. The
ripple and the error field are expected to be less than 0.3 % and 30 G in
the plasma region, respectively. The error field is produced by the leads
and the return winding and also by the error in the manufacture and the
positioning. A tolerance of manufacturing and positioning should be re-
strained within a few millimeters,

Magnetic force produced by the toroidal and poloidal fields consists o
of centripetal force of 100,000 tons, hoop force of 270,000 tons and torque
of 26,000 ton-m. The stresses in the coils have been analysed by the finite
element method taking into account the above forces and thermal expansion.
The maximum stress intensity of 22 kg/mm2 and 47 kg/mm2 are observed in the
conductor and the support structure at the wedge-shape section of coils,

A two dimensional code is used to calculate the temperature distribu-
tion. The maximum temperature rise of the conductor is up to 70°C in the
wedge-shaped cross section, The maximum temperature difference between two

adjacent turns is less than 5°C. Therefore thermal stress remains quite small,

3,2.4 Poloidal field coils

The Poloidal Field coils (PF coils) are composed of ohmic heating coils
(OH coils), vertical field coils (V coils), quadrupole field coils (Q coils),
horizontal field coils (H coils) and magnetic limiter coils (M coils).

The first four coils are located in the space between the vacuum vessel

and the toroidal field coils and the lgst inside the vacuum vessel. As a
consequence, the PF coils have to be assembled in a very small space. The
in-place assembling requires at least one demountable mechanical joint per
turn, which poses the major design problem of the PF ceoils.  Additional
design requirements are imposed on the M coils which are placed inside the
vacuum vessel,

Each PF coil is composed of many coil blocks connected in series as
shown in Fig, VIII.3.2-5, This coll block arrangement not only provides
access to the vacuum vessel for many ports but also satisfies the required
field condition. Each coil block comprises several turns wrapped with a
layer of about 5 mm thick mica-epoxy F-stage insulation. Each turn of the

coll is to be provided with at least pne mechanical joint suited for
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assembling in a very narrow space. The insulation system is designed to
withstand the maximum voltage of 25 kV. The coil conductors are cooled by
water flowing through pipes soldered in the groove at one edge of the
conductors. The PF ceils outside the vacuum vessel are supported by
eighteen stainless steel support structures placed between the toroidal
field coil blocks.

The M coils are encased in non-magnetic steel cases, which are fixed to
the thick ring of the vacuum vessel. The case is heated nearly up to about
500°C during the baking operation and the hot wall discharge operation. In
order to reduce the thermal stress due to the differences of thermal expan-
sion between the case and the coii, a sliding device with roller bearings
and disk springs is attached, and a thermal insulator is provided to protect
the coil against the heat transferred from the vacuum vessel. The inside
of the case is kept at atmospheric pressure. The PF coil specifications are

listed in Table VIII.3.2-4,

3.2.5 Support structure

Support structure consists of upper and lower support structures, a
center column, support columns and support arms of vacuum vessel, support
arms of toroidal field coils and poloidal field coils and connecting arms
as shown in Fig. VITI.3.2-6. Support structure must have enough strength
to endure the weight about 4,500 tons, several types of electromagnetic
forces and earthquake etc.

Upper and lower support structures are separated into 10 parts to
reduce the eddy current, respectively. Major-radial spring constants of
the center column are distributed in the axlal direction to decrease the
stresses on the toroidal field coils. <Connecting arms connect the upper
support structure and the building, and support the twisting moment of the

toroidal field coils., The detail of support structure is to be determined.

3.2.6 Primary cooling system

The primary cooling systems provided with circulation subsystems and
heat exchangers capable of not only removing the field coil waste heat and
plasma influx energy to the vacuum vessel within 600 seconds interval be-
tween shots but also cooling down the vacuum vessel baked 500°C to room
temperature within 60 hr. The main requirements of the thermal load and the

pressure drop in the main components of JT-60 are listed in Table VIII.3.2-5.
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The circulation subsystems are devided into two separate groups — the
field coil (TF coils and PF coils) cooling system and the vacuum vessel
cooling system. The magnetic limiter coil located inside the vacuum vessel
can be cooled by both cooling systems, that is, by the coil cooling system
during a normal operation and by the vacuum vessel cocling system during a
baking operation., The subsystems are composed of pumps, a storage tank,
pipings, filters and valves. Four pumps in the coil cooling loop are
capable of total flow rate of 2500 m3/hr and outlet pressure of 16 kg/cm?,
On the other hand, hydrolic capability of two pumps in the vacuum vessel
cooling loop is 130 m3/hr flow rate and 12 kg/em? outlet pressure. A
spare pump backups the above pumps in each cooling loop. A heat exchanger
in the vacuum vessel cooling system and five ones in the coil cooling system
provide sufficient heat removal capability mentioned in Table VIII.3,2-5.
In addition, the system is provided with purification subsystem capable of
maintaining the extremely pure water with at least 105 f-cm electric
resistivity as well as purifying the initial water charge and subsequent
make up water. Instrumentation and controls for the cooling water circuits
are located locally in the primary cooling system room and centralized in

the process control room, .

3,2.7 Movable limiter

A pair of the fast-acting movable limiters are to be installed in the
vacuum vessel of JT-60 to suppress skin current in the plasma column. They
should travel across the vacuum vessel over a stroke of about 1 m in 0.1
sec in the build-up phase of the plasma current. Each movable limiter
system consists of the drive system, a vacuum seal, a bearing usable at
high temperature in a vacuum, a molybdenum rail limiter head and its
auxiliary members. TFor the drive is used a hydraulic mechanism with servo-
valves to control the oil flow. For the vacuum seal are welded Inconel 718
bellows supported by pantographs. For the bearing is adopted a self-
Jlubricant material. The limiter head strengthened by an Inconel 625 support

is cooled by air flowing through the support during 10 min.

3.2.8 General layout and buildings

An overall view of a possible site layout is shown in Fig. VIII.3.2-7.
This layout has developed from the different functions and inter-relation-

ships of the wvarious buildings, allowing for an in-built flexibility to
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permit furture adaptations and extensions.

More detailed drawings of the experimental building are shown in
Fig. VITI.3.2-8 and Fig. VIIL,3.2-9. A space suitable for the torus hall
will be 40 m wide x 40 m long x 28 m clear height to the lowest point
of the crane bridge. These dimensions have been determined by the space

requirements and maintenance of the machine.
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Table VIII.3.2-1 S$pecifications of vacuum vessel

Structure U-shaped bellows and thick rings
Cross section Ref. Fig. VIII.3.1-1

Materials _ Inconel 625

Magnetic permeability ' <1.02

Electric resistance >1.3 m@Q

Allowable He leak rate <5x10~7 torri/sec

Expected outgassing rate §IXlO”11 torri/sec cm?

Expected ultimate vacuum <1078 torr

Baking temperature
Vacuum chamber 500°C
Ports 250°C

Vacuum seal

Vacuum chamber Welding
Ports Metal seal
Earthquake proof 0.3 G

Table VIII.3.2-2 Specifications.of liner, fixed limiter
and magnetic limiter plate

Material Malybdenum
Cross section Ref. Fig. VIII.3.1-1
Thickness

Liner 5 mm

Collector plate 20 mm
Baking temperature 200~500°C
Expected outgassing rate - <1071) torre/sec cm?
Earthquake proof 0.3 G
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Table VIII.3.2-3 TF coil specification

Murber of coil

Zoil current

Total turn

Coil major radius

Coil inside radius

Coil ocutside radius

Field at plasma center

Maximum field in coil

IR

1/2 112

Equivalent square wave pulse length
Total energy consumption per pulse
Coil irductance L

Coil resistance R

Coil time constant L/R

Maximum current density

Forcing voltage

Flat top voltage

52%@%“‘8@8%55553’5’5

[\

Table VIII.3.2-4 PF coil specificatien

Type of FF coils OH v Q H M
Ampere turns MAT 3.5 | 1.8 | 20.5 | +0.13] 20.75
| Total turns 60 |64 J40 |12 |16
Max. current KA 91.7 57.3 21,7 25 94.4
12rR M 29.3 | 37.5 1.7 8.8 | 22,6
1/2 L1? MJ 35.3 | 18.7 0.1 | 1.1 4.1
Time const. sec 2.4 8.8 0.4 0.3 0.4
Max, current 2
density A/m2| 18,9 | 27.5 | 16.4 | 20.0 | 27.7
Equivalent square
wave pulse length sec 7.3 5.8 6.8 7.0 5.6
Ground voltage kv <30 <25 <10 <5 <5
Turn to turn Woo| <1.5 | <L.5 | <1.5 | <1.5 {<l1.5
voltage
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Table VIIT.3.2-5 Cooling system specifications

the field coil  the vacuum vessel
system system

Total removal energy MW ﬂ 21 2

Total water flow rate m3/hr ; 2800 130
" Maximum system pressure kg/cm?G 16 12

Number of pump 4 2

Number of heat exchanger . 5 1

Max. outlet temperature from

heat exchanger °C 42

Resistivity of coolant f—cm 10°

pH of coolant ‘ 5%9
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3.3 Safety ahalysis

3.3.1 Vacuum vessel

' (1) Temperature rise of fixed limiter and magnetic limiter plate under
runaway electron bombardment
Runaway electrons have been observed in many Tokamaks. Runaway

electron bombardment gives rise to a surface melting of the fixed limiter

(F.L) as seen, e.g., in JFT-2 and JFT-2a. In case of JT-60, these damages
of the F.L and/or the magnetic limiter plate (M.L.P) are considered to be
more severe because the plasma current is very large (2,7 MA). To estimate

i _ such surface melting, we calculated transient temperature analytically(l).

The calculation conditions are listed in Table VIII.3.3-1 and the results

‘ are shown in Fig., VIII.3.3-1. We assumed conservatively that runaway

| electrons carry the total plasma current and are generated steadily during
the discharge. As seen from the figure, the surface temperatures of F.L
and M.L.P exceed melting point within 0.03 sec and 0,3 sec, respectively,
so that if runaway discharge occurs, the surface melting cannot be avoided.
Therefore, it is mnecessary to check the surface damage beforehand and to
exchange F.L and M.L.P before fatal damage. The operation in which runaway

discharge hardly occurs is needed and this is one of the subject for reactor

grade Tokamak plasma.

(2) Accident due to breaking of JT-60 vacuum vessel

Abrupt deterioration of vacuum is due to damages of the vacuum vessel
and accessories such as windows and bellows of the diagnostic ports.

These damages are due to the following matters: {(a) Earthquake,
(b) Creep, (c¢) Buckling due to creep, (d) Fatigue, (e} Superposition of
creep and fatigue, (f) Corrosion of external surface of the material of
the vacuum vessel, (h) Missile (Flying of magnetic instruments, tocl and
so on in strong magnetic fields).

The influences of the abrupt deterioration of vacuum on the vacuum
vessel are the internal pressure rise and oxidation of liners, fixed

limiters and magnetic limiter plates in the vacuum vessel.
(2)-1 Internal pressure rise of the vacuum vessel

The vacuum vessel is replaced with straight tube as a model as shown

in Fig. VIII.3.3-2.
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The reflected shock pressure is calculated and is about fifty times
larger than the initial,.

The specified maximum pressure in the vacuum vessel is 3 torr at the
oxidation and deoxidation surface treatment. Therefore, the resulting pres-
sure 1s 150 torr and is the safety pressure for the design of the vacuum

vessel.

{(2)-2 Oxidation of the molybdenum

The air inflow into the vacuum vessel oxidises the molybdenum quickly
at high temperature.

The thickness of the oxide films on the molybdenum is estimated on
severe condition, that is, the abrupt deterioration of vacuum occurs during
plasma discharge and at the same time, the air flows quickly into the vacuum
vessel which is kept at a temperature of 400°C.

The maximum temperatures of the liner, the fixed limiter and the
magnetic limiter plate during plasma discharge are 500°C, 1600°C and 500°C,
respectively.

The thicknesses of the oxide films on the molybdenum are calculated in
the temperature range from 300°C to 1370°C and time range from 0.1 hr to
10 hr. (2),(3), (%)

The results are shown in Fig, VIII.3.3-3 and Fig. VIII,3.3-4.

It is estimated that the fixed limiters are oxidised several thousands
microns and the liners and the magnetic limiter plates several microns at
each maximum temperature.

The following countermeasures for the accident are considered; the
fixed limiters damaged intensely are exchanged and the other fixed limiters,
the liners and the magnetic limiter plates are re-installed after the treat-
ment of electrolytic polishing.

For this reason, the structures of the liners, the fixed limiters and

the magnetic limiter plates are designed as exchangeable.

(3) Temperature rise of liner by the direct NBI when plasma does not
build up
The analysis describes the estimation of the temperature rise for a
liner when the plasma is not formed and at the same time the safety device
of NBI, which is prepared to work immediately to stop the beam injectionm,

does not work., 14 NBI units 1.4 MW each are used for thelplasma heating of
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20 MW, The center line of neutral beam path strikes an edge of the liner
which is opposite to the injection port (Fig. VIII.3,3-5). 1In the case
when this beam strikes the liner at an angle of 29.5 degrees to the toroidal
direction and 7 degrees to the poleidal one, the peak value of heat flux
of a gaussian distribution is 735 W/em?,
The transient temperature of the liner irradiated by the direct NBI
is shown in Fig. VIII.3.3-6. Point A reaches melting temperature of
molybdenum (T,=2610°C) in the period of about 7 sec for the initial tempera-
ture of 20°C and about 6 sec for 400°C, and then this region begins to melt,
The point B also reaches melting temperature in the period of about 9 sec
for 20°C and 8 sec for 400°C. After the period of this time, the A-B part
of the liner melts and is missing. The neutral beam strikes directly the
rigid sector or the bellows if the A-B part of the liner is missing. If
the neutral beam strikes the rigid sector, the temperature rise of the
sector surface is about 1200°C after the period of 4 sec. TIf the beam
strikes the bellows, this region begins to melt after about 4 sec because it
is made of the thin material and consequently the vacuum vessel is broken,
In order to avoid these accidents, the following must be prepared,
a) A high reliability of the safety device for NBI.
b) The thicker material is used as the liner which is irradiated by the
beam.
c) The secoﬁdary safety device, which functions by the signal from thermo-

couples embedded in the liner, is provided.

(4) Temperature rise of the bellows due to eddy current induced when

plasma current does not build up

The induced current on the vacuum vessel when plasma current does not
build up is shown in Fig. VIII.3.3-7.

Total amount of dissipated heat in the bellows with an electrical
resistance of 1.3 mR is calculated as 11.8 x 10% joule.

Since total weight of the bellows is 2850 kg and specific heat of the
bellows is 0.486 joule/g+°C, temperature rise AT of the bellow becomes

6
AT = 11.8 x 10 - 8.5°C,

2.85 x 0.486 x 106

Inconclusion, this teﬁperature rise does not matter for the design of

the vacuum vessel.
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3.3.2 Coil system

The main purpose of this part is to describe the coil safety analysis.

(1) Short-circuits of toroidal field coils

In order to calculate the forces acting on the structure due to short
circuits of the toroidal field coils, it is necessary to estimate the tran-
sient current. Assﬁmptions for the analysis of the fault are as follows.

(1) Some coils develop a short-circuit across its connection.

(2) The nominal current, 52.1 kA, is chosen as the initial value.

(3) Arc resistance of the fault is 1.0 ufl.
The equivalent circuit of the coil system is shown in Fig. VIII.3.3-8. The
calculated value of current reduced factor (IO—I)/I0 is shown in Fig.
VIIT.3.3-9,
Where; To

T

If the fault occurs, the lateral force acts on each of the neighbouring

Nominal current (52.1 ka)

Current of the fault coils

coils and the unbalanced centering force occurs due to the distorted
toroidal field., Fig. VIII.3.3-10 shows results of the unbalanced centering
force at 100 msec after the fault.

The maximum bending stress of the center column reaches more than 40
kg/mm?. ‘In order to avoid the failure of the center column, It is neces-
sary to operate the protection system within 50 msec.

The power supply can be shut down safely without the damages of the
center column even if the fault occurs, because the protection system has

been able to be operated less than 50 msec.

(2) Short circuits of poloidal field coils

Considerations have been given to the short circuits of the ohmic heat-
ing (OH) coils, since the maximum voltage is developed across the OH coils.
The short circuits may appear during the plasma initiation phase when the
highest voltage of the coil is produced. The equivalent circuit of the
coil system is shown in Fig. VIII,3.3-11. _

Fig. VITI.3.3-12 shows the current waveform in case of the short circuit
of half of the OH coils. After the fault occurs, the transient current
through the shortcircuited coils increases gradually due to the interaction
between the shortcircuited coils and the remaining OH coils. The induced

current increases at a remakable rate if only a few coils are shortcircuited,
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For example, the maximum induced current is about 770 kA in case of the
short circuit of one OH coil (F13) which is the most inward coil near‘a
torus axis.

The excessive current may cause damage to the shortcircuited coils
and the surrounding parts by the arc energy and the magnetic force. Fig.
VIII.3.3-13 shows the excessive magnetic force acting on the coil F13 in
case of short circuit of one OH coil (F13). In order to minimize the
damage, the very fast switch which is connected In parallel with the voltage

adjusting resistor needs to be operation

(3) Temperature rise of the magnetic limiter coil when its cooling system
is troubled during the baking process

If a trouble occurs in the cooling system of the magnetic limiter coil
shown in Fig. VIII.3.3-14, during a high temperature baking operation, it is
expected that the coil temperature rises gradually if any measure are not
taken. In this case, a spreading phenomenon to be avoided at first from
the view point of a coil safety is the thermal damage of the electrical
insulation wrapped around each conductor. To prevent it, therefore, a re-
starting of the cooling system is required before the insulation tempera-
ture reaches a limit, which is 155°C if the F-stage is used.

A time dependent temperature of the coil was calculated by setting
the following assumptions:

(1) An initial temperature of the insulation is assumed to be 100°C.

{(2) As a heat flux, 300 W/m? is used in a support section and

assumed to be constant.

(3) Conduction heat transferred from the can is accumulated only in

the copper,

The result is shown in Table VIII.3.3-2 and indicates that the insula-
tion temperature reaches 155°C after 2 hr from the outbreak of the trouble,
hence the insulation does not be damaged instantly. Moreover, an auxiliary
pumping system and an emergency electric power supply are prepared in the
JT-60 machine. As a conclusion, it is expected that the magnetic limiter

coil does mot suffer any fatal damages.
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3.4 Miscellaneocus

3.4.1 Runaway electron beam irradiation test of the fixed limiter and

" magnetic limiter plate

Runaway electron bombardment gives rise to a surface melting of fixed
limiter (F.L) and/or magnetic limiter (M.L.P), which are made of molybdenum
in JT-60. It is considered that these damages reduce the mechanical
strength greatly due to the notch effect and after a number of bombardments
proceed breaking accident. The electron beam irradiation tests with an
electron beam welding machine were performed to obtain preliminary data
about these damages and to estimate the reduction of the mechanical strength.
The test conditions are as follows; 150 keV beam energy, 33 kW/cm? heat
flux, and 2,5 cm %x 0.05 cm beam irradiated region. The duration, cooling
time and number of repetitions are shown in Table VIIL.3.4-1. The sample
numbers in Table VIII.3.4-1 correspond to the one in Photo. VIIT.3.4-1.
Before and after the tests, the bending strength and hardness were measured
and the microstructure was examined. After the cyclic heat supply, surface
damages were observed as shown in Photo VIII,3.4-1. The bending strength
of these samples decreases by 34-68 % compared with the one before the
irradiation. The results show that if runaway discharge occurs the surface
melting of the limiter cannot be avoided. Therefore, it is needed to check
the surface damage beforehand by a detector such as in-situ observation

system and to exchange F.L and M.L.P against a fatal damage.

3.4.2 Recrystallization of molybdenum liners under the bombardment of

fast neutral hydrogens(5)

In NBI heating phase, fast neutral hydrogens which penetrate into
the plasma will bombard the molybdenum liner, This bombardment induces
a problem about particle-wall interactions such as sputtering and
blistering. On the other hand, the surface temperature increases lo-
cally and an engineering problem such as the reduction of the mechanical
strength of the liner due to the recrystallization, might become a serious
problem after a larger number of NBI experiments in the hot liner operation
(base temperature = 450°C). From the experimental data obtained as the
isothermal one, the reduction of the molybdenum tensile strength becomes to
be prominent at 10 % recrystallization. Therefore, we decide the allowable

limit as 10 % recrystallization. However, the actual temperature of the
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liner varies. To estimate the limited shot numbers of NBI that the re-
crystallization proceeds up to 10 %, we have made the computer code
'"RECRYSTAL' which converts the recrystallization due to the transient
temperature variation inte the equivalent isothermal recrystallization
which is characterized by the equivalent isothermal recrystallization

time Ateq and the temperature T(t;).

Qr
t, . R _
J ? e ReT(E) g¢
0
Ateq = o (1)
e R-T(L)

Ateq equivalent isothermal recrystallization time
Qr ; activation energy for recrystallization

R ; gas constant

T(t) ; time dependent temperature function

to ; period of a heat cycle

t) ; 0 <t < 6

The heat flux of the beams on the plasma surface is about 1000 W/cmz.
However, this heat flux depends on the plasma parameters and decreases
rapidly as the plasma density increases. The temperature rises of the liner
surface at the end of 5 sec pulse are 190 ~ 310°C, 80 ~ 120°C and 50 A 70°C
in the case of ng = 1 + (4.5%2.5)t and Z,¢g = 1, 2 and 3, respectively.

(ng; plasma density (1013 cm™3), t; time (sec)).

The calculated results under these conditions show that the recrystal-

lization is below 10 % after 10% - 10° shots and found to be not a serious

problem. Further studies concerning sputtering and blistering must be made.
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Fig.VIII.3.3-1 Surface temperature at the center of an irradiated
region under runaway electron bombardment
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Fig.VIII.3.3-2 Ring model and straight tube model
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Fig.VIII.3.3-5 Calculation model
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Fig.VIII.3.3-7

Induced current on the vacuum vessel
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R =resistance of short coils

N Ro=resistance of remaining coils
L,=inductance of short coils

(D | L,=inductance of remaining coils
J I = i
2 E D E?] M =mutual inductance between

short coils and remaining cc

Rs=arc resistance

(assumed to 10us)
J = constant current source

Fig.VIII.3.3-8 Equivalent circuit for TF coil fault condition
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Fig.,VIII.3.3-14 Cross section of sub-magnetic limiter coil

Photo., VIII.3.4-1 Samples after the electron beam irradiations
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Table VIII.3.3-1 Calculation condition

Runaway Electron

Energy 10 MeV
Number 1.35x10%° n/shot

Plasma Parameters

Plasma Current 2.7 MA
Duration 5 sec

Confinement Time 0.4 sec

Table VIII.3.3-2 Time variaton of insulation temperature

Time ( hr )

Tempera- .5 1 2 3 | 4
ture

(°c)

113 | 126 152§ 179 | 205

Table VITI.3,4-1 Heating conditions spond
Sample numbers corrected to the one
in Photo VIII.3.4-1

Sample No. Duration Cooling time Repetitions

Q-10 1 sec 60 sec 10
Q-11 3 60 10
Q-12 5 60

Q-13 5 60

Q-14 5 60 10
Q-15 5 60 20
Q-16 3 60 30
Q-17 10 60 10
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4. Design of Power Supplies
4.1 Review of power supply design
4.1.1 Toreidal field power supply

The JT-60 toroidal field coil system requires a large electric power
to generate a toroidal field of 45 kG at the major radius and to sustain
it for 5 seconds, To supply this large power to the coil, the toroidal
field power supply is decigned to coﬁsist of two lines;
(1) the line which feeds the electric power directly from the
utility power network (utility power line),
(2) the line which feeds the electric power generated by a motor
generator with flywheel set (MG line).
The load pattern of both power lines is shown in Fig. VIII.4,1-1.
The peak load of the power system becomes 328 MW and the total energy is
8.5 GJ.
| The peak load of the utility line must be less than 160 MW at the
interface to the utility network system to reduce the network frequency per-
turbation less than 0.05 Hz. Then the MG line has to share the power of
211IMVA and the energy of 3.83 GJ if we take into account of power losses in
the transformers, rectifiers, feeders and others. To satisfy the power
requirements the motor-generator set becomes soO large that the weight of the
rotor including the flywheel is about 1,000 tons. The engineering problems
lie in the designs of the thrust-bearing, the flywheel material strength and

the high-speed rotor vibrations.

4.1.2 Poloidal field power supply

A check and review work on the design of the poloidal field power
supply has been continued.

Figure VITL.4.1-2 shows a schematic diagram of the JT-60 poloidal field
power. supply. Each of the ploidal field coils is separately powered and .
controlled by independent thyristor converters to meet various operation
requirements. A motor-generator supplies AC electric power for all these
converters. .

A vertical-shaft type generator with the peak apparent power of 500 MVA
has been selected. The generator capacity was determined from the detailed
analysis of power consumption during one cycle of operation.

The design of the ohmic heating system has been modified. In the
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modified circuit (Fig. VITI.4.1-2), mechanical polar conversion switches
have been removed to increase overall reliability and controllability of
the circuit. Voltage control even in the plasma current build up phase
becomes possible in this eircuit and the voltage ripples which appear
across the ohmic heating coil are also reduced.

A vacuum circuit breaker has been selected for the ohmic heating cir-
cuit. The selection was made on the basis of the technical evaluation of
the results of the R & D made for D,.C circuit breakers (1975 - 1976).

For excitation of the vertical field coil, a high power thyristor
controlled D.C power supply has been selected. This selection was made to
have a good performance of the plasma maintaining operation and experimental
flexibility.

Specifications of thyristor converters are summarized in Table

VIII.4,1-1.

4,2 Design of grounding system of JT-60
4,2.1 Purpose of JT-60 grounding system

JT-60 has a feature of large electric power plant, so that the ground-
ing system is important in the safe and reliable operation of JT-60.
Grounding systems are usually provided at electric power plants such as
stations and substations for two purposes: (1) safety to operating person-
nel and to the public, and (2) provision of connections to earth for trans-
former and other power-equipment neutrals, The JT-60 grounding systen is
required furthermore to reduce the interferences among power lines and also
the electrostatic or electromagnetic disturbances to noise-sensitive devices,

namely, diagnostic instruments, control systems and computers.

4.2,2 Structure of grounding system

JT-60 has four main facilities which are placed separately in buildings;
experimental buildings, power buildings, control building and high voltage
(275 kV) substation. The layout of them is shown in Fig. VIII.4.2-1, The
grounding system of JT-60 is illustrated schematically in Fig. VIII.4.2-2.
Each building is constructed on an individual ground mat. These mats are
connected electrically with each other by interbuilding ground buses. The
buses are composed of underground metal ducts in which power feeders, signal

cables and wires are laid. All of ground mats and ground buses are connected
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to earth with low resistance by grounding rods. The grounding system does
not make a close loop as a whole. Inner-building ground buses, which
provides ground neutral systems of JT-60 equipments, are connected to the
mats at sub-terminals, Lightning arresters of each building are grounded
independently of the JT-60 ground mat system. The grounding system of the

high-voltage substation is isolated from that of JT-60.

Ground Mat

The ground mats, made of mesh wires, in usual power plants are
employed for reducing the ground resistance. In the JT-60 grounding system,
however, the ground mats are rather used to flatten the distribution of
electric potentials arisen on the mats when JT-60 is operated or some ground
faults occur. Flattening the potentials by means of the mats is essentially

important for satisfying the JT-60 electric safety requirements.

Ground Rod

The grounding resistance of the JT-60 grounding system is not so

essential as that of prevailed power plant grounding systems. However, it

is desirable to reduce the resistance as small as possible if we suppose a

voltage rise of the whole grounding system due to some faults. The ground-
ing resistance depends on the characteristics of the scil in the JT-60 area
and the structure and number of the grounding rods. The grounding resistance

in JT-60 may be chosen so small as that of the high voltage substation (0.03Q).

Inter-Building Ground Bus

All of cables, wires and feeders are laid in ducts, whose metal walls
constitute the inter-building ground buses. When some ground faults occur
a heavy current up to hundreds of kiloamperes probably flows through the buses.
To keep the voltage differences between the buildings under a level for

personnel safety, the impedance of every bus must be less than one milli-ohm.

Inner-Building Ground Bus

Inner-building ground buses are classified into two groups; grounding
feeders for JT-60 power equipment neutrals and grounding feeders for all
exposed metal parts of switches, structures, covers, walkways, fences,
steelwork of buildings, switchboards, etc.. These feeders maintain the

voltages of the power equipment neutrals and nen-current-carrying equipments

- 178 —



JAERI-M 8059
at the ground mat level, so that equipments and personnels near the equip-
ments on the same ground mat are protected from dangerous rise in voltage

under abnormal conditions.

Lightning Arrester

Lightning arresters are connected to earth by grounding plates with
sufficiently low resistance. Each of lightning arrester systems are
electrically independent of the JI-60 grounding system. Hence lightning

shocks do not influence the JT-60 system,

Grounding System of High-Voltage Substation

The 275 kV high-voltage substation has its own ground mat which is
isolated from the JT-60 grounding system. The grounding resistance of the
substation is so small as 0,03 2, Then if the utility network is stuck by
lightning or ground faults occur in the substation, dangerous effects do

not extend directly to the JT-60 system.

4,2.3 Voltage distribution in JT-60 system and ground fault

To assure the usefulness of the JT-60 grounding system against dele-
terious effects of the voltage unbalance, simulation calculations have been
made in case where a surge current (1 x 10 micro-seconds)} rushes into the
sub-terminal of the power building ground mat, The circuit model used in
this simulation is shown in Fig, VIII.4.2-3, The simulation shows that the
finite grounding resistance meshes are superior to the infinite omnes.
Thereby the best choice for the grounding mats is to employ bared mesh wires.

The ground fault analysis is made for six power supplies; toroidal
field p.s., ohmic heating p.s., vertical field p.s., quadrupole field p.s.,
horizontal field p.s. and magnetic field p.s.. The most dangerous fault is
the simultaneous shortenings of the D.C. feeders of all power supplies to
the earth and the fault current is up to 340 kA by the concurrent ground

faults of all the power supplies.

4.3 Design-related studies
4,3.1 Analysis of early phase phenomena in the plasma current build-up time

As far as the present-day tokamaks are concerned, the physical processes
in the early time of the plasma current build-up seem to be well-understood.

In case of a large tokamak, however, new problems which arise from the
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larger size of the plasma, the larger leakage field, the limited operational
regime of filling gas pressures and so forth have to be considered. It is
also much more important for the large tokamak to have a good reproducibility
of the initial plasma produced by the breakdown.

A computer model was developed 1) and compared with a JFT~2 breakdown
experiment and the necessary improvements to describe the experiment have
been made, This is a zero dimensional model solving a simplified particle
balance equation and circuit equations coupled with plasmas first developed
by Papoular 2}.

We have applied this calculation to JT-60 to see the effect of error
fields on the time evolution of the breakdown electric fields. The follow-
ing parameters are used; Rqg = 300 em, a = 95 em, By = 45 kG, pg = 10™% torr
Hp, initial ionization degree 2 x 10~?2, error field By = 60 G, non axial
component of By 0.1 %, commutation capacitor 1 mF and charged wvoltage -12.5 kV.

Figure VIIL.4.3-1 shows the time evolution of the OH coil voltage and
the loop voltage on the vacuum vessel and of the plasma for different applied
voltages. The breakdown occurs at 0.55 ms for the applied voltage of 25 kV,
0.6 ms for 15 kV and 0.8 ms for 5 kV. Here we define the breakdown occurs
when the plasma loop voltages go down abruptly.

JT-60 has a low resistance welded structure vessel, and a large loop
current is induced on it as shown in Fig. VIII.4.3-2. Figure VIII.4.3-3
is the time evolution of the electric field in the plasma. A positive
voltage.in the early time is due.to numerical convenience made in this cal-
culation. Figure VIII.4.3-4 shows the electron dénsity and the resistance
of the plasma., Based on this calculation, possible breakdown region of
JT-60 is considered and shown in Fig. VIII.4.3-5 where the applied voltage
which causes the breakdown is plotted against the filling gas pressure with
breakdown time lags as parameters. These results show that reasonébly wide
breakdown region exists within the designed OH coil maximum veoltage of 25 kV,

even if an error field is as high as 60 G.

4.3.2 Operation of thyristor converter systems and the required power for

the generator of the poloidal field power supply

The poloidal field power supply of JT-60 comsists of thyristor converter
systems for respective poloidal field coils and a single set of motor-geme-
rator which is common to all the converter systems.

A comparative study was made of three types of operation mode of
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thyristor converters with particular emphasis on the required power for the
generator and the controllability of the converter systems. The transient
peak power (apparent) for the generator was calculated on the basis of a
reference mode of operation of the poloidal field power supply. It is

550 MVA for the normal rectifier operation of the thyristor converters,

440 MVA for the rectifier-inverter operation and 220 MVA for the by-pass
mode of operation. Among these operations, the rectifier-inverter operation
seems to be appropriate for the JT-60 poloidal field power supply to meet
both requirements of power-factor improvement and good controllability of

the thyristor systems.

4,3.3 Interference with utility power network

The eleé¢tric power for operation of JT-60 is supplied from the utility
power network system at 275 kV, 50 Hz. The JT-60 pulsed load gives various
perturbations to the network system, Therefore the JT-60 power system has
to be carefully designed, taking account of the allowable perturbation levels.

The pulsed active load in the JT-60 power system causes the network
frequency perturbation because the network system generators are decelerated
and accelerated due to their loading unbalances, Then the allowable fre-
quency variation defines the maximum pulse load, According to the utility
network system analysis, the pulsed load of the JT-60 power system must be
less than 180 MW in case of the lowest power demand (11,000 MW).

Step changes of the JT-60 power load, which occur after the termination
of discharge, influence significantly the performance of the network system
generators adjacent to JT~60, Such a sudden drop of the load brings about
large fluctuations of the generator outputs. The fluctuation amplitude in-
creases proportionally to the load power step. The step width allowed for
the JT-60 power load is less than 70 MW,

Considerable amounts of reactive power are associated with the JT-60
active power pulse although the reactive power compensators are provided.

A rapid change of the reactive power causes voltage fluctuations of the net-
work system. The reactive power step load is therefore related to the
amplitude of the network voltage.

Higher harmonics born in the AC-DC converter system penetrate into the
power network system, resulting in disturbing the communication network
system. Reduction of the higher harmonics needs the increase of the recti-

fier phase number as well as the adoption of the high frequency filters.
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The perturbations to the power network system arising from the opera-
tion of the JT-60 power systen are summarized in the following table. It
js found that the operation of the JT-60 power supplies can be chosen so
that the perturbations do not exceed the allowable limits except the higher

harmonic current limitation.

4.3.4 Analysis of transient voltages induced in the JT-60 toroidal field

coil system

Detailed analysis for transient voltages induced in the toroidal coil
system when JT-60 is operated has been required to specify the insulators
and also the protection system of the coils. Dangerous overvoltages are
possibly induced by a plasma negative spike and/or a voltage change in the
ohmic heating coil associated with the interruption of the OH circuit.

In the present analysis, a distributed constant circuit model is
introduced for the related equipments; the toroidal field coils, the poloidal
field coils, the vacuum vessel and the plasma. A universal computer code
FNAP-2 is used for carrying out this analysis.

When a voltage impulse (amplitide 12,5 kV, rise-time 100 uS) is applied
to the ohmic heating coil, a voltage surge induced in the torcidal coil has
an amplitude of 0.67 V/layer and an oscillating period of 370 uS. This
surge can be reduced furthermore if a surge absorber is connected in series

to the toroidal coil system.

References

(1) Shimada, R,, et al.: Internal memo (in Japanese).

(2) Papoular, R.: EUR-CEA-FC-769 (April, 1975).
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Table VIIl.4.1-1 Specifications of thyristor
converters

OH coil P.S. SCR 24 pulse | 92 kA 2500 Vv
TES1 coil P.S. SCR 12 pulse i 92 kA 880 V
IESZ coil P.S. SCR 12 pulse ! 60 kA 500 V
Vertical field % +37 kA

coil P.S. SCR,24_pulse 6 kA 10 kv
M. Limiter

coil P.S. SCR 12 pulse 94 kA 1000 V
Q. field o

coil P.S. SCR 12 pulse? 25 1800 v
Horizontal .

field coil SCR 12 pulse +22 500 V

* bi-polar

Table VIII.4.3-1 Perturbations to utility
operation of JT-60 power

power network by
supply system

Allowable limit

Maximum perturbation

level
Frequency variation within + 0.05Hz | -0,045Hz ~ +0.015Hz
Fluctuation amplitude of within 4 7 2.4
network system generator output
Voltage fluctuation within +1 % 0.22 %
Voltage waveform distortion within 1 % 0.3 %
equivalent disturbance current within 1.9 A 3.3 A
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Design of Control and Diagnostic System

Review of control system design

5.1.1 Design requirements and solutions

The control system has to ensure an efficient use of JT-60 device.

To attain this role, some requirements are imposed on the control system

and respective solutions are taken into design comnsideration.

The basic requirements for the design of control system in JT-60 device

are as follows:

(a)

(b)

(c)

(4

(a)

(b)

Large data capacity.
The quantity of data to be handled becomes inevitably large, Because
JT-60 is a big and developmental machine, a principle is established

to extract the maximum amount of data.

Plasma controllability,

Though in a conventional plasma device an intention to control the
plasma characteristics has been weak, it is explicit in JT-60; the
control objects include plasma position and shape, plasma current and

its distribution, plasma density, etc.

Flexibility and future expansibility,
These requirements must be also characteristic to an experimental

device such as JT~60,

Reliability, maintainability and easy handling by a small number of

gperators,

These are common in plant control system.

The solutions which are mostly multi-purposed are as follows:

Computarizatiocn.

The operational flexibility as well as the ability tc handle large
amount of data can be easily achieved by making use of computers.
The number of different models of the computers shall be minimized
to ensure the maintainability. The control system is equipped with
a large computer which is one of the means to enable the control of

the physical characteristics of the plasma,

Centralization of functions.

This ensures operatability by a small number of operaters. Data
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including physical ones are centralized to enable the direct control
of plasma characteristics. The physical data are also used in the
protection of the machine triggering interlocks; for example, insuf-
ficient plasma current can tell the failure of the discharge to

enable the control system to make counterplans.

{(¢) Redundancy,

The computers are backed up by hard-wired circuits in order to improve

the reliability.

(d) Standardization.
To ensure the maintainability, standards, such as JIS (Japanese
Industrial Standards), JEM (Standards of Japanese Electromachinery

Manufactures Associlation), IS0, CAMAC, etc. shall be adopted.

5.1.2 Structure of the control system

The control system has a hierachical structure shown in Fig. VIII.5-1.
It is constituted by two levels: a central controller and facility con-
trollers., The control system can use the large computer in the data
processing system to compute the control parameters such as time variations
of coil currents during the time interval between two successive shots.

The computers in the control system are classified as shown in Fig.
VIII.5-1. The computers I are for the total system of JT-60 device and the
computers II are for individual control objects. The computers a and b are
for plant contrel and for discharge control, respectively, On the other
hand the computers c are for other purposes.

The central controller consists of central conscles and several mini-
computer CPU's backed up by hard-wired circuits as shown in Fig, VIII.5-1.
The consoles are equipped with CRT displays directly connected to the
computers. The computer system Ia is for total plant control. Its function
includes control for plant, monitoring and data logging and man-machine
communication. The computer system Ib is for discharge control. TIts func-~
tion includes event-oriented sequential control. The coﬁputer system IIb
is for real time feedback control of discharge. Its objects are the
poloidal field coil power supplies and the gas injection system. The safety
and protection system and the timing system are made of hard-wired circuit-
aries. However, the preshot check and failure diagnosis are carried out

with the computer system Ic.
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The facility controllers consist of eight sub-consoles, local consoles
and the computer systems IIa. The controllers have their respective object
facilities: coil power supplies, vacuum pumping system, gas injection
system, movable limiter, neutral beam injection system, etc. The subconscles
consist of control desks and panels. The computer systems IIa, mini- or
micro-computers, are connected with the computers of central controller
throught CAMAC interfaces as shown in Fig. VIII,5-2. Control for local
testing and maintenance can be accomplished in the facility controllers
independently of the central controller,

The data from facilities are treated with the computer systems Ila.

On the other hand, the plasma data are treated with the computer systems

Ib, IIb and data processing system. The computer system Ib processes the
data which are used for the event-oriented sequential control and protection
and the system IIb for the feedback control., The data processing system
treats the data from plasma diagnostic instruments, There are two ways for
diagnostic data to flow into the control system as shown in Fig. VIII.5>-2.
Some diagnostics have their own crates, while others share the crates with
data processing system., In both of the configuration, the control system
can gather diagnostic data without any help of the data processing mini-
computers in real time, '

A brief description on the control room design is given in the follow-
ing. The control building has two main rooms; one for consoles and panels
and the other for computers. Each occupies about same area, ~1000 mZ. The
two rooms are shown in Fig. VIIi.5—3.

The former room,control room, has master control console connected with
the man-machine communication subsystem of the central controller, sub-
consoles and display panels. Several CPU's of mini-computers of central
controllers and a large computer for data processing are placed in the com-

puter room.
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Fig.VIII.5-3 Control room.
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5.2 Plasma current, position and shape control

JT-60 will have four feedback-controllable éoils; air-core transformer,
vertical, horizontal and quadrupole field coils to control current, horizon-
tal position, vertical position and ellipticity of plasma, respectively(l).

(2)

5.2,1 Tokamak circuit analysis

The plasma position.and shape control requires the description of a
tokamak system in terms of electrical circuit theory or automatic control
theory. The concept of tokamak circuit is developed for this purpose.

In principle, a tokamak is nothing but a transformer with a secondary cir-
cuit of a plasma so that the interactions among the plasma and tokamak
components are readily described by equivalent circuit equations according
to the tokamak circuit concept, 1In the equations, magnetic interactions
are expressed by inductances, which are derived from flux functions based
on the MHD theory.

A computer code to solve the equations is developed which can simulate
the time variations of plasma position, cross section, and currents in the
plasma column and tokamak coﬁponents takihg account of the performance of
the feedback control system.

(3)

5.2.2 Optimal feedback control of plasma current, position and shape

JT-60 will have at least five feedback control loops; in addition to
four loops for plasma current, positions and shape, the feedback control loop
for plasma density control will be also equipped. It is known that diffi-
culties arise in such a multiple-loop feedback control system from interac-
tive effects; the action of one feedback loop affects the action of the
others. The interaction is normally such that the stability margins of
system operation are reduced, and it is desirable to design multiple-loop
systems in such a way to avoid interactive effects'whiéh are prejudicial to
system stability.

One solution for the interaction problem is use of the optimal control
theory. The physical requireménts and constraints of the plasma current
and position are formalized in the standard description of the optimal theory;
state equations, output equations and cost function. The state equations,
which are a set of linear ordinary differential equations, are derived from
circuit equations and the equation of plasma motion. The output equations

are derived from the magnetic probe signals which are functions of plasma
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current, position and magnetic field. The cost function penalized both the
departure of the plasma current, position and shape from desired wvalues,

and use of input energy by quadratic forms. Once the standard description

is given, the optimal theory readily afford the details of the control system

design,
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5.3 Eddy current analysis

Eddy currents induced in tokamak components due to plasma motion and
change of poloidal field coil currents play an important recle in control of
the plasma position and shape. The field due to these eddy currents modifies
the original magnetic field distribution and affects the plasma equilibrium
especially in the current build-up and shut-down phases. The eddy current
flowing in the vacuum vessel along the toroidal direction reduces the ohmic
heating voltage applied on the plasma. Furthermore, the interaction between
the eddy current and the magnetic field exerts large stress on the vacuum
vessel, Thus, the accurate estimation of eddy currents is important in the

design study of large scale tokamak devices,

5.3.1 Finite element circuit method analysis

As the eddy current density is divergence-free, we can introduce the
current potential to solve the eddy current problem on a thin conductor of
any shape. We have adopted two methods to obtain the equation which govern
the time variation of the current potential.

In the first method, the equation of the current potential is obtained
from Maxwell's equation and Ohm's law(l). Using the difference methed, we
obtain a matrix equation among the coefficients which can be solved with the
Lunge~Kutta method.

The second method extends the first method applicable to a more general

case. A thin conductor of any shape is subdivided into finite elements on
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each of which a current potential is defined(z)’(3). Each element is
regarded to compose a electric circuit and is coupled each other through
mutual inductance and resistance matrices. These matrices can be obtained
from the integral calculations of the magnetic energy and Joule loss. A

set of circuit equations which govern the time variation of the eddy current

is formulated with these matrices and solved by the eigenvalue analysis,
Eddy currents in the vacuum vessel and upper and lower supports are

calculated in current build-up and shut-down phases and during the spike

phenomenon of discharge. The error fields by the eddy current are evaluated

in the domain occupied by the plasma.

5.3.2 Three-dimensional finite element method analysis(u)’(s)

We can solve the eddy current problem in an isolated component of a
tokamak using the finite element circuit method in s¢o far as the thin plate
approximation is applicable. However, actual tokamak has many components
of thick conductors such as toroidal field coils. Furthermore, eddy currents
induced in components interact each other. To treat the eddy currents in
many thick components simultaneously, three-dimensional finite elememnt method
is developed.

Te solve electromagnetic equations, its energy functional is derived.
The solutions of electromagnetic equations are obtained by the functional
minimization. The pentahedron element is selected as the finite element
and the vector and scalar potentials in it are assumed as linear functions
of the local cylindrical ccordinates of vertices.

Vector and scalar potentials, vertical magnetic fields and induced eddy
currents are calculated using the method, where coils, vacuum vessel and
plasma are taken into account and shapes of some components are simplified
to make the analysis easy. In spite of these simplication, dimension and
half width of the global matrix are 8000 ~ 10000 and 400 ~ 600, respectively,
which we believe are one of the largest ever treated by digital computers.

The solutions obtained from the method are compared with the experi-
mental data of the model apparatus of JT-60, Size of the model is 1/13 of
JT-60. The structure of the model apparatus is simplified but reflects the
structure of JT-60 well, The results obtained from the three-dimensional
finite element method are in good agreement with those obtained from the

experiment,
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5.4 Planning of diagnostic system

The diagnostics plans of JT-60 project were made along with the design
of the main machine(l). In order to obtain the optimum perforﬁance of the
whole diagnostic system in JT-60, a conceptual design of an interface be-
tween the data processing system and the each measuring apparatus was firstly
studied. CAMAC interface will be used for the standard interface of diag-
nostic system. Some conceptual designs of measuring apparatus have also

been studied in this period.

5.4.1 Interferometric and scattering measurements

Interferometric diagnostic system is composed of microwave inter-
ferometers and submillimeter wave interferometers. Some results obtained
from the conceptual.designs of the 4 mm and the 2 mm microwave inter-
ferometers are as follows:

(1) A block diagram of microwave interferometer is shown in Fig. VIII.5.4-1,
The modulation unit is set at the intermediate frequency (IF) stage,
in order to obtain high resclution power.

(2) The wave guide should be inserted into the observing port to minimize
the transmission loss.

(3) A microwave reflector, which will be set on the magnetic limiter
plate, is designed for the measurement of the electron density in the

magnetic limiter region by the reflecting method.

Submillimeter wave interferometer is planned to measure electron
density in the central region(z). Considering a bending effect of the

probing beam and a vibration of the measuring apparatus, we have selected
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the cyanogen (HCN) laser and the methyl alcohol (CH30H) laser, of which
the oscillating wavelengths are 337 um and 119 pm, respectively. The sub-
millimeter interferometer must be taken on the adoption of the modulation
method for real time measurement. The modulation frequency is expected to
be 1 MHz and more.

Thomson scattering apparatus can be used to measure electron tempera-

ture, electron density, ion temperature and effective ionic charge. The

measuring apparatus for tomporal and radial behavior of electron temperature

and density should be composed of a multi-pulse visible laser, a optical
fiber array and a 2-dimensional photo-electric detector. The multi-pulse
visible lasers have been studied with ruby laser (6943 1), YAG-glass laser
(10600 3) and second harmonic YAG-glass laser (5300 K). The laser system
may emit more than 10 light pulses in series. We have planned to adopt
intensified charge coupled device (ICCD) or photo detector array as the 2-
dimensional photo-electric detector. The special merit to adopt the above
detectors is that they have the performances of high speed readout and
quantum detection limit.

The scattering apparatus for ion temperature and effective ionic
charge is planned to be composed of a high power far-infrared (FIR) laser
and a heterodyne detector(3). These components are vigorously developed
at MIT(*) and ucLA(5). The most probable type of the FIR laser or the

detector is to be chosen according to the situations of the developments.

5.4.3 Spec:roscopic measurement

Spectroscopic measuring systems are planned to obtain informations of
neutral atoms and low-Z and high-~Z impulities in the JT-60 plasma. The

spectroscopic systems designed conceptually are as follows:

(1) The visible spectroscopic systems are used to diagnose the plasma
with the aid of measuring the electron temperature Tg of less than

100 eV in the peripheral and the magnetic limiter regions.

(2) The vacuum ultra-violet (VUV) spectroscopic systems are used to

diagnose the plasma of 100 eV<Te<l keV in the intermediate region.

(3) The ultra soft X~-ray (USX) spectroscopic systems are used to diag-

nose the plasma of T.>1l keV in the central hot-core region.

The physical quantities measured with these spectroscopic systems are

summarized in Table VIII.5.4-1.
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The conceptual constitution of these systems is shown in Fig. VIII.5.4-2.
The system is composed of the spectrometer part, the detector part and
the operating part (remote control and data acquisition). Spectroscopic
measurements are mainly made on the vertical access port or the oblique
access port. In order to obtain intensities of many spectral lines during
a single discharge, we have to employ a 2-dimensional detector such as
the multi~-channel plate or the image dissector tube. Furthermore, the
time-resolved doppler profiles for one spectral line can be obtained by
using the same detector.

In the present conceptual designs of the spectroscopic systems, there

are some problems as follows:

(1) The multi-channel plate and the image dissector tube are not yet use
as the detector of the VUV or the USX spectrometer. Therefore, the

reliability tests should be intensely made here after.

(2) Spatial distribution of the intensities of the spectral lines in the
VUV and the USX range can not be measured with the planned systems

during a single discharge.

(3) Crystal spectrometers must be developed to measure radiation inten-
sities and doppler profiles of metal impurities with a good signal to

noise ratio.

5.4.3 X-ray and particle measurements

(A) -X—ray measurement

The measurement of X-rays radiated from hot plasmas, in which electreon
temperatures are above about one kiloelectronvolt, is one of the most
important methods for obtaining the basic parameters of plasmas. Conceptual

designs of some measuring systems obtalned up to now are as follows:

(1) Soft X-ray pulse height analysis

Measurements on the continuum and line spectra of soft X-ray enable us
to obtain electron temperatures and metal impurity concentrations, respec-—
tively. Two systems are prepared for soft X-ray pulse height analysis.
One is for vertical access ports and the other for oblique access ports,
through which radial distributions of electron temperatures can be measured
as shown in Fig, VIII.5.4-3.

Intrinsic germanium (Ge(I)) detectors cooled by liquid N, are used

in the both systems covering a wide energy region from 1 to 200 keV.
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Their energy and time resolutions required are about 200 eV FWHM (at 5.9
keV) and 20 nsec or less, respectively.

A high counting rate pulse height analysing (PHA) system whose average
counting rate is above 100 fold for the conventional one is plamned to be
adopted, and then the following advantages are expected:

a) As the statistical errors would become small, complete X-ray

spectra can be obtained in one shot of discharge.

b) Time resolution of measurements is high.

¢) The dead time can be practically neglected,

d) Though X-ray fluxes emitted from JT-60 plasmas may be very high,

the design of collimators can become easy.

Figure VIII.5.4-4 shows a block diagram of the high counting rate PHA system,
which is a multi-discrimination type with 100 channel scalers according to

CAMAC standard. The accuracy of discriminators required is less than 0.1 7.

(2) Soft X-ray detectors

A hot column and internal modes of fluctuations of plasmas should be
obtained from the measurement of the spatial distribution of soft X-ray
fluxes, An éfréy of soft X-ray detectors, such as SSD (silicon surface-
barrier detectors) or PIN diodes, is installed in an oblique access port
as shown in Fig. VIII1.5.4-3. The detectable energy range of X-rays is
from 0.5 to 20 keV and absorber foils can be used to adjust the energy

range.

(3) Hard X-ray detectors

Measurements on the hard X-ray spectra enable us to get some informa-
tions on runaway electrons, Two systems are prepared for measurements in
the region of main plasma and in the region of magnetic limiter, Plastic
scintillators or liquid scintillators may be used covering the required
energy region from 0.1 to 20 MeV. The time resolution required would be
less than 10 nsec. The high counting rate PHA system can also be used in

the spectrum analysis.

(B) Neutron measurement

The measurement of thermonuclear neutrons is one of the most useful
methods for obtaining ion temperatures of JT~60 plasmas. The separation
of thermonuclear neutrons from those produced by the y-n reaction is re-

quired for obtaining ion temperatures exactly,
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The use of He? spectrometers and liquid scintillators is being
investigated for the measurement on neutron spectra ranging from 1 to 15
MeV emitted from JT-60 plasmas. The energy and time resolutions required
are 0.1 MeV FWHM or less (at 3.2 MeV)} and 50 nsec or less, respectively.

Neutron counters are prepéred for the measurement of the amount of
neutrons. B!? counters and U23° fission chambers may be used for the
total neutron monitoring. LiF scintillation counters may be used for 14.1
MeV (D-T) neutrons. In order to monitor the amount of 2,45 MeV (D-D)
neutrons, however, it is necessary to use the results from the neutron

spectrometer,

{(C) Neutral particle measurement

The energy distribution analysis of neutrals emitted from JT-60 plasmas
is important for measuring charge exchange losses in order to understand
particle and energy balances of plasma. Moreover, it can be used for study-
ing the slowing down process of high energy neutrals in case of neutral
beam injection heating. Some measuring systems classified into two groups

are as follows:

(1) Charge exchange neutral particle analysers

Two types of analysers may be prepared; one is for energy amnalysis of
neutrals and the other for their mass and energy analysis.

The neutral particle energy analyser is composed of a charge stripp-
ing cell and 45° parallel-plate electrostatic analyser with 10 channel ion
detectors (as an example, Ceratron). The analysing energy range of protons
and the energy resolution required are from 0.1 to 75 keV and from 5 % (at
channel 10) to 25 % (at channel 1), respectively.

The neutral particle mass and energy analyser is composed of a charge
stripping cell, a magnetic momentum analyser, 6 channel cylindrical elec-
trostatic analysers and ion detectors. 1In order to obtain complete mass
and energy spectra of protons and deutrons with energy from 0.1 to 75 keV
in a single discharge, the coil current in the analysing magnet and the

applied voltage in the electrostatic analyser must be swept.

(2) High energy neutral particle detectors

Silicon surface-barrier detectors (SSD) may be used for detecting
high energy neutral particles. Energy spectra of neutrals may be obtained
by means of pulse height analysis. The detectable energy range and energy

resolution of S8D's required are from 5 to 75 keV and 10 %, respectively.
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The array of SSD's installed in an oblique access port as shown in
Fig. VIII.5.4-3 are planned to be used for measuring the spatial distribu-
tion of fluxes and energy spectra of hydrogen atoms. As X-rays are also
emitted from plasmas, it is important to separate neutral signals from
X-ray ones. A mass and energy analysing syétem with SSD's is also prepared

for the measurement in case of DU beam injection.

5.4.4 Boundary layer and wall surface analyses

In the plasma monitoring and boundary layer diagnostic systems, elec-
tromagnetic sensors, bolometers, infrared TV, visible TV, gas sensors, a
movable probe, and a compact visible spectromator are planned to be pre~-
pared to obtain the basic plasma parameters, and to observe the behavior
of the boundary plasma,

As electromagnetic sensors, there are two kinds of magnetic probes
(one is named T-probe for measuring the tangential poloidal field, the
other is named N-probe for measuring the normal one, Rogowski coil for
measuring a plasma current, one-turn loops for measuring one turn voltage,
diamagnetic loops for measuring plasma pressure, and thermocouples for
measuring the temperature at fixed limiters, liners, and magnetic limiter
plates. 1In our apparatus, it is indispensable to set them inside the
vacuum chamber to suppress the time deléy of the signals from the sensors
due to the induced currents on the vacuum chamber. 8o, we consider to set
them in the space between the vacuum chamber and the liners. Then, we must
take into account the effect of the high temperature of the vacuum chamber
(£650°C), the high vacuum conditions, and the high electric voltage insula-
tion. Moreover, it is necessary to make the thickness of the metal surface
of the probes as thin as possible, to obtain fast responses from the sensors.

In order to overcome these severe conditions, we have performed the
research and development by manufacturing the eiectromagnetic sensors for
trial, The investigations of the other sensors (bolometers, TV, gas
sensors, etc.) ae now under way, and the design of these sensors are
roughly determined at the present. As a result of the above investigation
the movable proble is found to be expected to serve for a wide and flexible
use by exchanging a sensor head of the probe.

A conceptual design of the surface monitoring system, which can con-
tribute to study plasma-wall interaction, to monitor vacuum condition

and to inspect surface erosion, was also made in this period.
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Basic feature of the system is similar to conventional system (e.g.
QWASS in IPP, SAS in PPPL); a sample/substrate is exposed to plasma at the
surface of the first wall and then carried to an analyzing chamber. A
schematic diagram is shown in Fig. VIII.5.4-5. The chamber will be equipped
with mainly AES, SIMS and SEM, A carrier system is under consideration at
present, in order to transfer the sample/substrate. The carrier has a
motor drive mechanism, and can move along the guide rails. It would also
have a capability of the measurement of the temporal variation,

In addition to the method mentioned above, two other diagnostic methods
are recommended. The one is a more direct way to monitor the wall surface
condition; the analyzing head (AES, SEM) is inserted into the observing
port by using manipulator during the plasma interval and observe the actual
wall surface. Another is a method using electromagnetic wave; atomic
fluorescence spectroscopy, resonant scattering (like KFA), change of re-
flection coefficient, infrared absorption spectroscopy, etc.. Considera-

tion of these methods is under way, at present.

5.4.5 Data processing system

Because JT-60 is an expensive machine, we have to derive experimental
information as much as possible from a single shot, and store and value it.
A suitable data processing system has to be chosen for this purpose. Some

design requirements are as follows:

(1) The data processing systém has to process and display the experimental
results immediately after a shot, and enable the operators to feed
them back to the control of the next shot, For this purpose, the
system has to be able to perform the calculations which have been
carried out by an off-line large computer for the tokamak experiments

at present.

(2) The system has to store all the data and display them occasionally
according to the operator's request. In some sense, it has to be

able to reproduce a shot by itself,

(3) It is a matter of course that every portion of the system has to
function organically with each other. In addition, it is also required
that the portions which directly interface the diagnostic devices can
be separated from the main system in the stages of development and

test of the diagnostic devices.
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(4) There are also requirements which are not characteristic to our
system; i.e., future expansibility, maintainability, reliability,

flexibility, etc.

The system has a hierarchical structure of large-, mini- and micro-
computers as shown in Fig. VIII.5.4-6. The micro-computers are housed in
the auxiliary controller modules of CAMAC crates. They control the diag-
nostic devices and gather data from them during a shot. Only the micro-
computers have active functions during a shot for data acquisitiom, while
the mini- and the large-computers function during the interval between
two successive shots,

The mini-computers control CAMAC crates via either serial or parallel
highways. Self-consistent calculations for the data reduction are also
carried out in the mini-computers, while the process data from different
mini-computers are carried out in the large-computer. |

The performances of the large computer under consideration is compa-
rable with that of IBM 3031. It will be used besides processing experi-
mental data, to carry out calculations to specify control parameters using
the modern control theory. 1t is equipped with data memory of large
capacity ( 10 GB) and small access time ( 1 min) so that the operator can
compare the fresh experimental data with the old ones occasionally.

The CAMAC standardization is made at the lowest, micro-computer level
as shown in Fig. VII1.5.4-6. Each diagnostic device has a least a pair of
CAMAC crates: one for the diagnostic room and the other for the torus
hall. The crate at the diagnostic room interfaces operators, while the
one at the torus room interfaces the diagnostic device. Though the pair
is a part of the whole system, it can constitute a stand-alone system to
develop and test the diagnostic device. 1In the stand-alone configuration,
the micro-computer controls the crate pair, Peripheral devices of a
minimum requirement can be connected via a GPIB interface module to the
crate at the diagnostic room for this configuration.

There are two routes connecting the data processing system and the
control system. One route connects the large-computer and the program con-
trol computers. This route is used in the shot interval. The other con-
nects CAMACs and the feedback control computer. This is used during the
shot;

The data processing system will take care of all the data produced by

the diagnostic devices, but the present design is offered mainly for the
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standard diagnostics, excluding some new diagnostics such as heavy ion
beam method, CO, laser scattering, Zeeman splitting, etc.. A rough
estimation of data amount is given in Table VIII.5.4-2.

Figure VIII.5.4-7 gives the logical sequences to derive the plasma
parameters. The "AND" symbol shows that the parameter is derived as a
function of plural primary parameters, while the "OR" symbol shows the
parameter is obtainable independently from one of the preceding parameters.
This diagram is useful to specify job scheduling of computers and to esti-

mate error transfer.
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Physical quantities to be measured by

spectroscopic method

MEASURED PHYsIcaL QUANTITIES

VistBLE SPECTROSCOPIC
SYSTEM

D
ID

11D

NzutraL AToM DENSITY OF A WORKING 0AS
ConNTENT oF Low-Z IMPURITIES IN A PERIPHERAL
AND MagNeTIC DI1vERTOR REGIONS

DoppLER TEMPERATURE OF Low-Z IMPURITY IoONS
or NEUTRAL ATOMS

VYUY SpecTROSCOPIC
SYSTEM

IV}
V)
VD
viD

CONTENT OoF Low-Z IMPURITIES

RapiaTIoN Loss From Low-Z IMPURITIES
DoppLER TEMPERATURE OF Low-Z IMPURITY [oNs
MoniTorR oF MeTaL (HigH-Z) IMPURITIES

USX SrecTROSCOPIC

VIID

CoNTENT oF MeTaL (HicH-Z) IMPURITIES

SYSTEM IX) RabiaTion Loss From MeTAL (HiGH-Z) IMPURITIES
X) DoppLER TeEmPerRATURE OF MeTaL (HigH-Z)
IMPURITY IONS
Table VIII.5.4-2 Data amount

interferometory 196 kw/shot
Thomson scattering 3.6
spectroscopy 850
X-ray, neutron, particle measurement 324
electromagnetic measurement 359
total 1723.6 kw/shot
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6. Design of Auxiliary Systems
6.1 Review of auxiliary system design

In the fiscal year 1975-7 the design of vacuum pumping system,
secondary cooling system, and power distribution system were made by
industry as part of the detailed design of JT-60, The design studies of
gas supply and preionization systems were also made, During the past
year the design was reexamined and some modifications were incorporated

inte the design.

6.1.1 Vacuum pumping system

The vacuum pumping system of JT-60 is to provide ultrahigh vacuum in
the vacuum vessel and help produce clean surfaces at the first wall
(limiters and liners). It also should have a pumping capability large
enough to evacuate the vacuum vessel in an interval between discharges.

The system consists of the following major subsystems:

Pump subsystem (main pumps, auxiliary pumps, roughing pumps,
and maintenance pumps},

Compressor subsystem,

Cooling subsystem,

Liquid nitrogen supply subsystem,

Nitrogen gas inlet subsystem, and

Control and measurement subsystems.

The main pumps are turbomolecular pumps and have a net total pumping
speed of 14,000 %/sec (N2). The vacuum pumping system consists of two

identical sets each connected to a pumping port of vacuum vessel.

6.1,2 Secondary cooling system

The* secondary cooling system is to remove and dissipate heat generated
in each system of JT-60 transferred through its heat exchanger. Major
components of the system are a cooling tbwer, water pumps and pipes, and
water processing units,

The design was made under the following conditions; maximum wet thermo-
meter temperature 26,5°C, maximum temperature of supply water 30°C, and
maximum allowable water supply 150 m3/hr. Some of the characteristic values

of the system is summarized below:
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Total circulation of water 8,800 m3/hr

Inlet temperature at exchanger 33°c 7
OQutlet temperature at exchanger 39°C

Cycle number 4

Total water supply 110 m3/hr

Average heat removed 5.2 x 107 'kcal/hr

6.1.3 Power distribution system

The power distribution system receives electric power from the central
power station and distributes the power directly to the toroidal and the
poloidal field coil power supply and through power distribution subsystems
to the vacuum pumping, secondary cooling, and other systems and to the

buildings. The distributed power is as follows:

1. Toroidal field coil power supply:

to motor-generator 25 MVA

to the coil directly 180 MVA
2. Poloidal field coil power supply:

to motor-generator 20 MVA
3. Supplementary heating power supply:

to motor-generator 20 MVA
4, Operation distribution subsystem: 25 MVA

5. Buklding distribution subsystem: 30 MVA

6.1.4 Gas supply system

The system serves for the purpose of injecting gases (H,, D», He, Ne,
0, and Ar) into the vacuum vessel. It can be classified into five supply
subsystems, one continuous and four pulsed. The latter four are used
respectively for initial filling of the vessel, for density control, for
terminating discharges and for impurity injection.

Specifications of the system are summarized below:

1. Continucus gas supply subsystem
Vacuum vessel pressure for discharges 1%x1075-1x10"2 torr
Vacuum vessel pressure for the oxidation-deoxidation process
0.1-2.75 torr,
for Hp and Oy
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2, ©Pulsed gas supply subsystem for initial filling
Vacuum vessel pressure for discharges 5%107°-5x10""% torr
Supply'duration 10 msec

3. Pulsed gas supply subsystem for density control
Supply rate 0,5-500 torr.l/sec
Control response duration 10 msec

4. Pulsed gas supply subsystem for terminating discharges

Supply 50-350 torr.l
Supply duration 0.1-0.5 sec

5. Pulsed gas supply subsystem for impurity injection
Supply rate 0.5-10 torr.l/sec
Supply duration : 10 msec-10 sec

6.1.5 Preionization system

The system aims at producing a weakly-ionized plasma in a gas filled
in the vacuum vessel before the initiation of a discharge.

Four type of preionization methods are considered. They are those
using an electron gun, a JxB plasma gun, a radio frequency power supply,
and a power supply at electron cyclotron resconance frequency,.

Specifications of system is summarized below:

1. An electron gun
Filaments current 45 A
Emission current 0.5 A
2, AJxB plasma gun _
Power supply capacitor 100 uF
charge voltage 10 Kv
3. A radio frequency power supply
Frequency 1 MH=z
Power continuous 300 Kw
pulse {20 msec) 1.2 MW
4. A power supply at electron cyclotron resonance frequency
Frequency maximum 35 GHz*

Power pulse (5 msec) 10 KW

* A power supply at 130 GHz is also considered depending on

its availability.
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7. Studies on Plasma Physics and Elementary Processes Relevant to J4T-60

Program
7.1 Studies related to particle and energy balances
7.1.1 Simulation by a fixed distribution code

One~dimensional tokamak code has been developed for recent several
years, and simulated results of JT-60 plasmas were reported(l)’(z). On
the otherhand a fixed distribution code is more suitable to make prili-
minary estimation of JT-60 plasmas by various scaling laws. This cede
calculates the time development of the space-averaged plasma parameters
such as density and temperature, fixing their spatial profiles (in the
calculations, parabolic distribution is assumed). Assuming a cylindrical

hydrogen plasma, basic equations are

-g% = %-(? T* + S + Sg) (1)

%_dﬁjfe - %'(_F:i - T%e * Pge — Pei + Pj - Py) | (2)
3 =

- zf;£;§'+ %'(PBE = Peg + Py) | (2)

%,dﬁgfi = %'(_F;i = ng + Pgy + Paq - Poy) (3)

where electron and ion densities are the same when the impurity content is
low enough, i.e, ng = ny =n. T, and Ty are electron and ion temperatures,
respectively. Each term on the right hand side of Eq. (1) represents
particle flow due to diffusion, particle sources by ionization of recyecling
neutrals and injected energetic neutrals. First to fourth terms on the
right hand sides of Eqs. (2) and (3) represent energy losses due to conduc-
tion and convection, additional heating input by NBI {energetic neutral
beam injection), collisional energy transfer between ions and electrons.
Pj: joule input power, and P.y: charge exchange loss. We consider molyb-
denum impurities and the energy loss per unit volume due to those is given
approximately(s) as Py = 3.2 x 10738 CMoa 2p2 (W/mgj, where Cy, and M are
impurity content in percent and atomic mass number, respectively.

The asterisk represents that we estimate particle of energy flow om a

. . 2
certain magnetic flux surface at r* = = a. Where V and a are plasma volume

3
and minor radius, respectively. Abovementioned particle and energy sources,
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and losses are the ones integrating their calculated spatial distribution
over the plasma volume,

Following three scaling laws are considered in the calculation
Case 1) trapped particle instability scaling(”)

Case 2) ALCATOR scaling which has been improved in JFT-2(5) and 2a(6) by
reducing the impurity content; (TE)e =5 x 10-21 Yqfa?

Case 3) empirical anomalous coefficients of diffusion and electron thermal
conductivity; D = AOO(D)claésical’ Xe = 1000(x.)c1assical- |

Figure VIII.7.1-1 shows the results of Case 1), The mean ion tempera-
ture rises to only 3 keV even in the case of no impurity content, and after
1.2 s temperature is saturated and ntp increases according to density in-
crease by NBI. The results of Case 2) have same tendency except the maximum
mean ion temperature of 6.5 keV as shown in Fig. VIII.7.1-2. On the other-
hand in Case 3), temperature and nig become sufficiently large
(Fig. VIII.7.1-2).

These scaling laws give quite different results, but this explicitly
implies uncertainty what will happen in a higher temperature. In either
case, it will be made clear in comming a few years by the devices with
large NBI heating such as ISX-B, PLT or DOUBLET TII. At least, above-
mentioned ALCATOR scaling should be improved by twice in order to achieve
a break-even plasma, even if we can expect that this scaling law will be

applicable in a multi-keV range.
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7.2 Experimental studies of surface-related problems
7.2.1 In-situ coating of molybdenum by coaxial magnetron sputter method

The major production mechanisms of light impurities are the particle~
induced desorption and/or the thermal desorption of water and methane,
etc., which are formed by the chemical reaction with incident hydrogen and
surface impurities. Hence, attaining a clean surface of the first wall is
a simple and useful countermeasure. In-situ coating is one of the most
powerful method to attain a clean surface. |

Vacuum deposition using a molybdenum filament has been investigated(7).
The weakpoint of this method is that the coating layer will exfoliate when
its thickness becomes over than 10 pm. In order to form more fine grained

layer, in-situ coating by sputter method(g)’(g) is suitable because of its

energetic sputtered atoms.

Figure VIIT.7.2-1 shows a schematic drawing of the sputter device
for molybdenum coating. Water-ccoled magnetic coils, which produce mirror
field to trapp argon plasma, are installed inside a target of a molyb-
denum pipe. These coils are motor-drived to avoid localized damages of
the target by sputtering. Since a low pressure atmosphere 1s necessary
to form a fine grained layer, RF discharge is more suitable than DC dis-
charge as shown in Figs. VIII.7,2-2 and 3. Deposition rate is sufficiently
large as shown in Fig. VIII.7.2-4, which is 600 R/min near the target,
Since the distance between the first wall surface and the target is 1-5 m,
it will takes about 10 minutes so coat the first wall surface by 100 um
thickness.

The characteristics of the coating layer such as dependence of coat-
ing structure on substrate temperature and argon pressure, mechanical
strength, resistance against evaporation and repeating heat load, etc.,

will be investigated in 1978-1979.

7.2.2 Surface damages due to intense hydrogen ion bombardment

Neutral beam injection is ome of the useful methods for the supple-
mental heating of the joule heated tokamak plasma in JT-60. But, it will
give rise to serious problems such as the impurity contamination and sur-
face erosion due to sputtering, blistering and grain ejection.

Experimental investigations were performed with intense H+ and H; ion
beam about the surface damage of various materials such as polycrystalline

molybdenum, singlecrystalline molybdenum, polycrystlline niobium, copper,
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SUS 316 stainless steel, inconel 625 and Mo-coated hasteloy-X. Our experi-
mental conditions are different from similar experiments by many authors
compearing with their beam current densities. A pulsed ion beam was used
at 25 keV energy with a dose rate of 30 60 mA/cm? for 100 ms. with a duty
cycle of 6.7 ~ 9.0 %. Experiments were performed with doses from 1 ¢/em?
to 20 C/cm?. Experimental apparatus are shown in Ref. 10. The surface
damages were mainly observed by scanning electron microscope (SEM) and
photomicrographs showed the large scale surface damage greater than a grain
size of about several tens of micrometers (Figs. VII1.7.2-5, 6 and 7).
These surface damages are quite different from blistering or sputtering at
the peint of the formation mechanism, i.e. these large scale surface damages

are considered as the strong hydrogen embrittlement due to the implantation

by the bombarment with intense hydrogen ion beam. These surface damages
will be harm to vacuum conditions because of its chapped structure.
These surface damages except for Fig. VITI.7.2-5 are quite different
from blistering or sputtering at the point of the formaticn mechanism,
i,e. these large scale surface damages are considered as the strong
hydrogen embrittlement due to the implantation by the bombarment with
intense hydrogen ion beam. These surface damages will be harm to vacuum

conditions bhecause of its chapped structure.
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Fiv.VIIL.7.2-5 Blister formation on copper surface.

Fig.VIII.7.2-6 Grain ejection on polycrystalline molybdenun.
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Fig.VI1I.7.2-7 The chapped structure on inconel 625.
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7.3 Studies of supplementary plasma heating in JT-60
7.3.1 Studies of neutral beam injection heating

To attain effective plasma heating by neutral beam injection, it is
important to reduce sufficiently the loss of the injected power and also
the Impurity influx associated with the beam injection.

A gimulation code we have developed to analyze the fast ion slowing-
down process includes Monte-Carlo techniques which can precisely describe
the behaviours of the fast ions and charge exchange fast neutrals. By
adopting this code to JT-60, we have studied extensively the fast ion loss
process and furthermore the impurity influx arising from the sputtering of
the first wall by high energy particle fluxes.

The energy spectrum of escaping fast neutrals produced by charge-
exchange reaction dfcx/dE and that of escaping fast ions due to drift
motion df,;/dE are shown in Fig. VIII.7.3-1. The major amount of the
escaping ions have energies greater than 30 keV. Therefore the sputtering
yield by these particles is expected to be smali. On the other hand, the
fast neutrals which bombard the wall have large population around the
energy of 5 keV. 1In this energy region the molybdenum, the JT-60 first
wall, exhibits the peak of the sputtering yield. This fact indicates that
the charge-exchange neutrals bring about not only the beam energy loss but
also the influx of impurities. The amount of molybdenum atoms sputtered
by charge exchange neutrals was able to be calculated with aids of the
experimental data on the sputtering yield of molybdenum.

The density dependences of the outflux of the fast neutrals IEX and
the influx of molybdenum atoms emitted by the fast neutrals YEX are shown
in Fig. VIIT.7.3-2 in case of Te(0) = 5 keV, ny(a) = 8 x 101* n™3 and the
injected beam power Py = 20 MW. The outflux of charge exchange hot
neutrals IEX and the influx of molybdenum atoms sputtered by the hot
neutrals were also calculated by an one-dimensional integral equation
method. The density dependences of IEX and YBX are also given in Fig.
VIII.7.3-2, It can be seen in this figure that both the outflux of fast
neutrals and the influx of molybdenum atoms do not change significantly
with increase of the plasma density under a condition that the background
neutral density at the plasma periphery and Z.rf are fixed at 8 x 101% m=3
and 3.0 respectively. Molybdenum atom influx caused by the fast neutrals
becomes greater than that by the hot neutrals for ne(0) 2 3 x 1013 n™3,
Ta(0) = 5 keV and Py, = 20 MW,
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7.3.2 Studies of lower hybrid heating

Lower Hybrid Heating (L.H.H.) is planned to provide supplementary
heating for the JT-60 plasma, using a phased waveguide array. To heat
the core of the plasma (expected plasma parameters; ﬁe =3 to 8 x 1019 m3,
By, = 3.5 to 4.5 Tesla, Ty = 2 to 5 keV, Zggr = 1 to 3), the applied fre-
quency 1s required to be between 1.3 GHz and 2.45 GHz., L.H.H. experiments
in JT-60 will be made in two steps. In the first phase, the net power
transmitted into the plasma is 1.25 MW, It will be increased up to 10 MW
in the second phase, aimiﬁg at the heating of higher density plasmas.

According to the iinear theory, incident electromagnetic waves have
to satisfy the accessibility condition to penetrate deeply into a plasma.
Furthermore, especially for efficient ion heating, it is important to know
the location of the turning point where cold plasma wave is converted into
hot plasma wave, because the turning point corresponds roughly to the linear
absorption region. The location of the turning point can be determined by
using the warm plasma theory, One of the advantages of using a phased
waveguide array is to be able to control N,, the refractive index parallel
to the external magnetic field. The value of N, which is required for both
satisfying the accessibility condition and travelling of waves up to the
turning point, depends on the applied frequency and the plasma parameters,
Figure VIII.7.3-3 shows the dependence of Nz on the applied frequencies
within the range of 1.3 GHz to 2.45 GHz in the case of the expected JT-60
plasma parameters shown in Table VIII.7,3-1.

Although the absorption regiom can be roughly estimated by using the
linear theory, it is much more difficult to predict the dominant damping
mechanism. The linear theory predicts effective ion heating due to ion
cyclotron harmonic damping and ion Landau damping perpendicular to the
external magnetic field. On the other hand, norn-linear effects, including
parametric decay instability and stochastic heating, may also paly a com~

petitive role, as they could have a bearing on the choice of the frequency.
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Table VIII.7.3-1 Expected JT-60 plasma parameters and location of
turning point (r{) normalized by minor radius (a).
Each model is used for calculating N,.

A (073 | By (1) | Ti (kev) | Z, re/a
Model A 3x10% | 4.5 2 2 0.3
Model B 5x101° | 4.0 2 1 0.5
Model C 7x107 ) 35 3 3 0.7
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IX. DEVELOPMENT OF A NONCIRCULAR TOKAMAK --- J7-4

1. Introduction

JT-4 is a tokamak device under design with a plasma column of non-
circular cross section and axisymmetrié divertors. The basic purpose of
JT-4 is to obtain experimental informations about the improvement of ef-
ficiency of future lafge tokamaks or reactors. There are two main objec-
tives in JT-4 program; experimental investigation of 1) the effect of non-
circular plasma cross section on. attaining higher beta values and 2) the
effect of divertor on reducing impurity contents and on controlling plasma
density.

The experimental results on above objectives are essential to design
efficient and low cost tokamak devices or reactors. To make these studies
extrapolatable to larger devices, high temperature plasmas are required for
JT-4, Plasma temperature of more than 1 keV is set as one of the require-
ments. The secondary heating by neutral beam injection with 50 keV and
6 MW will be applied to get plasma beta value of 0,05,

The main parameters of JT-4 are shown in Table IX.l-1l. The bird’s
eye view of JT-4 and one of the equilibrium calculation results are shown
in Figs. IX.1-1 and IX.1-2.

The purposes and design of JT-4 were examined at an official committee
(The Nuclear Fusion Council) in 1977. And a special subcommittee of JT-4
began its work on cooperative study with some universities.

Following the preliminary design of JT-4€1)5(2) 45 FY 1975, the
engineering studies and the test of critical components were carried out
in FY 1976, and the design adjustment was finished in FY 1977. The final
design which is almost the first stage of the construction is planned in
FY 1978, and the construction is expected to start in FY 1979. The device
is expected to be operational at the biginning of 1983, the same time as
JT-60.

The outline of the results of the design adjustment done in FY 1977

is described in the following sections.

2. System Design

The JT-4 system consists of the machine, the power supplies to the
toroidal and the poloidal field coils, and the auxiliary systems as the

vacuum pumping system, the cooling system, the control system, etc.
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The cross section of the main part of JT-4 machine is shown in Fig.
IX.2-1. The details of the vacuum vessel is described in 3.1. The
poloidal field coils are set around the vacuum vessel. There are 18 D-
shaped toroidal field coils surrounding the poloidal field coils and the
vacuum vessel, The splittable toroidal field coils were taken as the
basic design concept of JT-4 in order to avoid the splittable poloidal
field coils. It is because the available work space for the poloidal coils
between the TF coils and the vacuum vessel is narrow and deep, and there
are about 260 turns of PF coils which would have to be jointed if the TF
coils were not splittable. The insulation voltage of TF coils is much
smaller than that of PF coils, and the insulation problem in the coil
joints can be avoided. The difficulties of the machine are concentrated
on the splittable toroidal field coils and on the support structure. The
design of them are described in 3.3.

The electric power for the coils are supplied by larger motor gene-
rators of JT-60. The time interval between discharge at the full power
operation is 10 minutes when both JT-4 and JT-60 are operating alternately.

.The secondary cooling water, the emergency power supply and the second-
ary heating power (NBI and RF) are supplied by the systems of JT-60. There
are close relations between J T4 and JT-60, and care was taken to adjust
the design of both machines, especially in design of the control systems.

The basic specifications of the machine design are: 1) high vacuum
conditions in the vacuum vessel, i.e. up to 5 x 10~% Torr of vacuum pres-
sure, 2) 30 kG at R = 1.4 m, 3) plasma current of up to 1 MA, 4) discharge
duration of 2 sec and 5) number of operation of 100,000 at full power of

30 kG and additional 100,000 times for low pressure operations.

3. Design of Machine
3.1 Vacuum vessel and its auxiliary components

The vacuum vessel and its auxiliary components are composed of
1) vacuum vessel, ii) liner plates, iii) limiters, iv) divertor plates,
v) N-coils (coils set inside the vacuum vessel), vi) installed detectors,
vii) pumping system, viii) baking system and cooling system.

Parameters of the vacuum vessel and its auxiliary components are

given in Table IX.3.1-1.
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i) Vacuum vessel

The basic design requirements for the vacuum vessel are to (1) main-
tain a base pressure of 5 % 1079 Torr or less, and support a continuous
1 atmosphere pressure load, (2) be bakable to a temperature of 250°C,

(3) have a resistance of 2 milliohms or more, and (4) withstand electro-
magnetic force.

Figs. 1X.3.1-1 and IX.3.1-2 show a cross-—sectional view and a devel-
opment of the vacuum vessel, respectively. The vessel is composed of two
thick plate sections and two bellows sections. The bellows section has a
double vacuum structure with a thick outer wall, It is designed on the
basis of the engineering study and the test of critical components made
in FY'1976(3). The cross section of the bellows section are shown in
Fig. IX.3.1-3.

The thick wall outside the bellows is required to (1) maintain a
pressure of 76 Torr or less in the outer vacuum region, (2) be bakable,
(3) have electrical insulation in the toroidal direction and (4) withstand
various mechanical loads, especially an electromagnetic force produced by
saddle currents in thick plate sections. The outer wall is separated by a
vacuum~tight insulator with a key structure. The shear stress due to the
electromagnetic force is 1.6 kg/mm2 at the key.

The thick plate sections are made of 30 mm thick plate of SUS316L.
There are 241 port appendages; 104 diagnostics ports, 6 neutral beam
injection ports, 2 vacuum pumping ports, 40 divertor pumping ports, 7 gas
injection ports, 2 movable limiter ports, etc.

The vessel is supported at the midplane by toroidal field coils. 7
support structures are connected to ports and thick plate sections. They
have a slide mechanism to prevent the stress due to the thermal expansion
of the vessel. The primary stress intensity on the vessel at the support
structure, is 5.8 kg/mm? and the primary and secondary stress intensity is

21 kg/mm?.

ii) Liner plates
Liner plates are attached to the immer surface of the vacuum vessel
to protect the vessel wall, bellows and installed detectors. Liner mate-
rial is SUS316L except bellows liners of Mo. Stainless steel liners are
5 mm thick square plates of 100 mm x 100 mm, The maximum allowable thermal

input from the plasma is 50 W/em? x 1 sec at an interval of 10 min and a
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temperature rise is 64°C., The stress due to a electromagnetic force and

the thermal stress are 6.9 kg/mm? and 14.2 kg/mm®, respectively.

ii1i) Limiters
Two types of limiters are used, fixed limiters and movable limiters.
Fixed limiters are placed on the inner surface of the vacuum vessel in
the toroidal direction, as shown in Fig. IX.3.1-1. Curved Mo plate of
10 mm thick is used as limiter head. The allowable thermal input is
2 MW x 1 sec and the maximum temperature is 798°C, which is lower than
the recrystallization témperature of Mo, The thermal stress is 21 kg/mmz.
To movable limiters are inserted into the vessel. They are manually
operated and the stroke is 400 mm. The heads of the movable limiter are
insulated from the vessel. The torelable input is 0.6 MW x 1 sec.

Limiter heads are cooled by oil cooling boxes behind them.

iv) Diwvertor plates

In the divertor room, there are divertor plates which neutralize the
diverted plasma particles and absorb the heat flux. The divertor plates
are made of curved Mo plates of 10 mm thick and insulated from the vessel.
The torelable heat flux is 1,2 kW/cm2 and the maximum temperature is 996°C.

They are cooled by coil channels.

v) N-coils

N-coils consist of Nl—cbils N2-coils and N3-coils, as shown in Fig.
IX.3.1-1. Their casing has several bellows sections to avoid the thermal
stress and to give an electrical resistance of 20 milliohms or more. Each
N-coil is supported by 8 support structures which are slidable in the

radial direction,

vi) Installed detectors

Several types of detectors are installed in the vacuum vessel, For
the measurement of the electromagnetic properties of the plasma, one-turn
coils, Rogowski coils and magnetic probes are placed behind liner plates,
For monitoring mechanical conditions of the vessel and inner components,

thermocouples and strain gauges are used.
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vii) Pumping system

The vacuum vessel is pumped through 2 pumping ports. The main pumps
are turbomolecular pumps and the effective pumping speed at vessel pump-
ing apertures is 2000 1/s (N;). This system 1s insulated from the vessel
and bakable at a temperature of 160°C, 1In addition, the divertor room is

pumped by the divertor pumping system.

viii) Baking system and primary cooling system

To heat the vessel and inner components up to 250°C in 20 hr, oil
piping is placed on them, 0il piping also removes the heét deposited in
the vessel, limiters, divertor plétes and N-coil liners. The heating
power is 370 kW and the cooling power is 225.5 kW. The total flow rate
is 30 m3/hr.

There are thermal insulation layers on the heating oil pipes and water
cooling pipings in them. The vacuum vessel cooling system, the toroidal
field coil cooling system and the poloidal field coil cooling system com-

pose the primary cooling system. The total flow rate is 333 m3/hr.

3.2 Poloidal field coils

The poloidal field coil (PF coil) system comsists of two independent
coil systems, the primary coil of a current transformer {(OH-coil) and the
equilibrium field coils (EF-coils). The latter is composed of six species

of poleoidal coil:

i) divertor coil (D-coil)
ii) shaping coil (S-coil)
iii) wvertical field coil _ (Vfcoil)
iv) quadrupole field coil (Q-coil)
v) position control coil (C-coil)
vi)} horizontal field coil (H-coil)

The OH-, S-, V-, H-, and a part of Q-coil are located between the toroidal
field coil bore and the vacuum vessel, while the rest inside the vacuum
vessel (these coils are named N-coil) for the purpose of controlling the
plasma position and shape rapidly.

In FY 1977, a design adjustment of PF coil system was made on the
basis of the detailed engineering design made in 1976. As a result, a

partial change of coil configuration was made. The general view of the
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coil positions and the specifications of PF coils are showﬁ in Fig.
IX.3.2-1 and Table IX,3.2-1, respectively.

Each turn of the PF coils is made of water cooled rectangular hollow-
copper conductors, The copper alloy is 0.2 % silver bearing copper. To
insulate the turns from each other and to provide for structural integrity
of the PF ceils, the turns are wrapped with fiberglass reinforced plastics
(FRP) and impregnated with epoxy, The insulation scheme 1s two levels of
protection. First, a 10 mm thick layer of FRP is placed between turns and
structure, and between the OH-coil and the EF-coils, This gives the turns
the capability to withstand a turn-to-ground potential. Second, each
turn is wrapped with a 3 mm thick layer of FRP tape, which gives a turn-
to-turn withstand capability. To support the PF coils, they are divided
to eleven blocks. Each block have a stainless .steel can, which is sup-
ported by the vacuum vessel.

The maximum hoop stress due to the electromagnetic force is approx-—
imately 3.9 kg/mm? in the OH-coil, 3.8 kg/mm? in the EF-coils outside the
vacuum vessel, and 1.29 kg/mm2 in the N-coil. The maximum axial compres-
sive force in the double-winding solencid of the OH-coil is about 43 ton,
resulting in a maximum compressive stress of 0.35 kg/mmz, The maxIimum
thermal stress in the conductor is less than . 4.5 kg/mmz.

The maximum error field produced by feeder lines and return windings

is less than 50 gauss in the plasma region.

3.3 Toroidal field coils

The design of the splittable TF coils is one of the key points in the
JT-4 design, and a great deal of efforts have been made on the TF coil
design. The points of the design are; 1) thg strong electromagnetic force,
2) the thermal stress, 3) the cooling and 4) the assembly and disassembly.

In the preliminary design of FY 1975, many ideas are proposed and
investigated analytically. In FY 1976, a joint structure was selected
which is strong encugh to support the whole electromagnetic force without
any other support structure as casing, but the length of the joint section
is too long. And there left problems to be solved in the structure of
cooling pipes of the joint section and in the assembling procedure.

In FY 1977, another design was investigated in which the assembly
problem is solved. The electromagnetic force is supperted with both the

copper conductors and the casing. 1In this design, the conductors push the
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outer conductors or the casing, and attension was paid on the stress of
the insulator between copper conductors or casing.

The present design of TF coils is shown in Fig. IX.3.3-1 and Table

1X,3.3-1, and the picture of the joint structure is shown in Fig. IX.3.3-2.

The joint structure is made of Cr-Cu and most of the coil is made
of Ag-Cu. The main part of the coil and the joint structure are connected
by either teeth structure or welding.

About 1/3 of the electromagnetic tensile force at the straight sec-
| tion of the torus center is supported by the stainless steel casing and
' the average tensile stress of the copper is only 2.5 kg/mm?. The maximum
value is 2.7 kg/mm2 of the outermést turn. The local maximum tensile
stress is high because of the stress concentration at the joint structure,
and the maximum stress is 15.8 kg/mm2, while the tensile stremgth of Cr-Cu
is more than 40 kg/mmz. The maximum stress of the casing is 8.4 kg /mm?
which is the value limited by total tensile stretch of 0.5 mm. The maximum
compression stress of the insulator is 5.3 kg/mm? by the inward centripetal
force and 4.9 kg/mm? by thermal expansion.

. The thermal analysis are also carried out and the maximum temperature
is 96°C at the joint structure. The contact resistance of the joint is

about 1.3 uR for a joint.

3.4 Layouts

The floor plan of the JT-4 main building is shown in Fig. IX.3.4-1.
The machine of JT-4 locates at the center of the experiment room. The
machine body stands on a support pillar. There are four floors in the
experiment room; basement, second basement, ground floor and uppex floor.
Most of the main devices are placed on the ground floor. The north half
is used for the heutral beam injectors and the south half for the diag-
nostic devices. On the upper floor, the power supplies of the NBI and
one of the vacuum pumping devices are placed. The basement and the second
basement are used mainly for auxiliary devices as cooling, electric power

feeder lines, ete. The upper floor is removable to use the 100 ton crane.

3.5 Diagnostic ports

There are 241 ports on the vacuum vessel and 104 of them are for

diagnostic use. The details of the diagnostic ports are shown in Table
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I1X,3.5-1. The 'A' ports are used to ocbserve vertically the inner and
outer periphery of the plasma cross section at four different major
radius. Through 'M;' and 'My' ports, the main plasma near Z = Q can be
observed horizontally. 'M3' and 'K' ports are used for measurement of
the outer plasma near the 'null point' of the separatrix surfaces, 'D;'
ports can be used as divertor room access ports,

The cross sections of the vacuum vessel at the ports are shown in
Fig. IX.3.5-1. The layouts of the ports are shown in Fig. IX.3.1-2, 'L',
'P' and 'B' denote ports for movable limiters, vacuum pumping systems and

neutral beam injectors, respectively,

4, Design of Power Supplies

4.1 Toroidal field coil power supply

The electric power for the toroidal field coils is supplied by motor
generator of the JT-60. The coil current of JT-4 is about twice larger
than that of JT-60, The power from the motor generator is supplied as
high voltage (10 kV) ac, and Ehe power supply of JT-4 consists of power
transformers with variable voltage taps and rectifier diodes. The value
and waveform of the current during pulse are controlled by the motor gene-
rator (i.e. the current control of the field winding). Although the time
constants of the toroidal field coils of JT-4 and JT-60 are different
(4.4 sec and 25 sec, respectively), current waveform can be controlled
without changing any hardware of the motor generator system, '

There is an additional small SCR power supply for continuous opera-
tion at 3 kG for the cleaﬁing dischdarge. The SCR supply is connected to

the power network,

4.2 Poloidal field coil power supply

The JT-4 poloidal field coil power supply provides electric power for
the following constituents or subsystems; (i) the ohmic heating system
which induces a plasma current of up to 1.0 MA and maintains it for about
2 seconds, (ii) the plasma maintaining field system which contrels the
plasma equilibrium position and shape. The system consists of six poloidal
field coils shown in §IX.3.2.

In FY 1977, the detailed engineering design of the poloidal field coil

power supply was made, The basic design concept is to constitute the
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poloidal field coil power supply by a single set of motor generator for
the JT-60 which is followed by thyristor controlled rectifier stages for
respective coil. The design purposes are to determine the detailed
electric circuits and to settle the performance and specifications of the
major components of the poloidal field power supply to meet the required
operation sequences and conditions, The specifications of the poloidal
field power supply are given in Table IX.4.2-1 and the peak working out-
put dc power is about 140 MW,

4.2.1 Ohmic heating power Supply(g)

The basic design requirements for the ohmic heating power supply
under Ip = 1 MA operation are; (i) a total magnetic flux variation of
5 volt-sec., and (ii) a minimum one-turn voltage of 100 volts at the begin-
ning of the plasma discharge,

The high peak voltage and power required to initiate the plasma dis-
charge in JT-4 will be obtained with an inductive energy storage. Im
this system, the OH-coil functions as an inductive energy storage coil,
Prior to the discharge, an external power supply is used to establish a
dc bias current; Iog = 45 kA, in the OH-coil. At the desired instant, an
interrupter switch is used to transfer the OH-coil current from the power
supply to a high impedance RC network. The resulting RLC oscillation
generates an initial peak voltage of up to 10 kV across the OH-coil, in-
ducing a rapid build up of plasma current. Eventually, the capacitance

.in the RC network reverses the OH-coil current, and auxiliary switching is
used to reconnect the power supply with reversed polarity to further in-
crease the reversed current up to -50 kA to sustain the plasma current
flattop (I, = 1 MA) during 2 seconds.

A candidate for the interrupter switch in JT-4 is a solid state
(Thyristor) circuit breaker which interrupts a current of 45 kA with re-
covering voltage of 12 kV., The capacitor bank has a nominal capacitance

of 0.6 F with a peak working voltage of 1.6 kV,

4,2,2 Power supplies for equilibrium field coils

In JT-4, the external magnetic field required for the toroidal equi-
librium, (B,, n), is applied by six EF-coils shown in §IX.3.2. S-coil
induces the dominant portion of the equilibrium field by controlling of

its current and/or changing its comnection. V- and Q-coil produce the
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small field, (éV,, én), to adjust the major radius and shape of an equi-
librium plasma. By varing the flux values of these three coils and the
D-coil, either circular, elliptical, or D-shaped configuration with the
magnetic limiter can be achieved. For qiipiter = 3, typical plasma cur-
rent is about 0.55 MA for a circular discharge, 1.0 MA for a 1.7;: 1
ellipse at By = 3.0 T. C- and H-coil produce the horizontal magnetic
field to éontrol the vertical position of an equilibrium plasma.

Each of these EF-coils is connected to a thyristor controlled recti-
fier system, and, prior to the discharge, each current is programmed to
sustain the plasma equilibrium position and shape, Additionally the V-,
Q- and C-coil current are controlled by feedback method. The specifica-

tion of the EF-coil power supply is given in Table IX.4.2-1.

4.2 Plasma position and shape control

In JT-4, the plasma position and shape are controlled by feedback
system of V-, Q- and C-coil currents, Axisymmetric mode involving overall
wertical displacement of plasma column of am elliptic discharge is the
most troublesome problém in JT-4., C-coill and its feedback loop are set in
order to suppress this mode.

In FY 1977, the soft- and the hard-ware analysis on feedback system
were separately made, The former is a transient response analysis of
feedback loop to survey some optimal coefficients of the control device by
using a simulation code developed in JT-60 project. The latter is a design
of the thyristor rectifier system of which specifications are shown in
Table IX.4.2-1. The results through these analyses are given in Table
IX.4.2-2.

4.4 Power distribution system

The continuous electric power for relatively small power devices are
distributed to each device through the power distribution system.

The total power for the distribution system is 9 MVA, which is divided
into 2.4 MVA for the toroidal field coil continuous operation, 2.5 MVA for
the secondary heating system and 4 MVA for the other small devices as con-
trol, cooling pumps, vacuum pumps, ete. The power for the diagnostic
systems is over estimated to be 1.7 MVA, which may be reduced to 0.7 MVA.

The large pulsive power for the toroidal and the poloidal field coils
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and for the secondary heating system is not included in the power distri-
bution system.  They are supplied by motor generators of JT-60 as described

before.

5. Control system

The problems encountered in the design of the control system are sur-
veyed. The details of the design are left for future because the details of
the actual design of the whole system are necessary to the design of the
control system. The signals and the informations which should be inter-
changed between JT-4 and JT-60 are listed up. The main factors in the
design of the control system are the adjustment between JT-4 and JT-60, the

timing system and the man-machine communications,

6. Diagnostics and Data Aquisition System

The diagnostic system will have to yield as much experimental informa-
tion as possible during a discharge. The data aquisition system must be
consistent with the requirement and be able to handle up to 700 thousand
words per discharge.

The proposed diagnostics are listed in Table IX.6-1. Most of these
diagnostics are in operation for JFT-2, DIVA or under development for JT-60
project.

Magnetic probes are designed to be compact cartridge type because it
is needed to set up as many probes as possible in vacuum vessel for measur-
ing magnetic flux of JT-4 plasma with non-circular cross section.

All diagnostic signals will be conditioned to conform to the levels
established for the CAMAC interface of the aquisition system. CAMAC equip-
ments will be located in the room next to the experimental areas. Approxi-
mately 50 crates will be used for JT-4 diagnostics.

All data will be processed in the diagnostic computers which are
placed in the contrel room. The diagnostic computer system is shown in
Fig. IX.6-1. It is possible to store one shot data in each CAMAC crate
and one day data in the diagnostic computer and permanently in magnetic
tapes.

All data of diagnostics will be presented in the graphic display on
the consoles. Experimentalists can set up diagnostic parameters and moni-
tor every experimental devices from the central and local consoles in the

control room.
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7. Auxiliary System Design
7.1 Gas supply system

There are 6 fast acting gas valves and a slow valve in JT-4, The
fast valves are divided into two groups; 4 valves for initial gas supply
just before the discharge and 2 valves for additional gas injection dur-
ing discharge. The piezo-electric valves are used as the fast acting
valves. The slow valve is used for continuous gas supply or nitrogen
gas filling before opening of vessel. The waveforms of the gas pulse of
each fast acting valve can be controlled independently by a gas supply
control computer. The gas species'of the three groups of the valves are
either of 8 gas species; hydrogen, deuterium, helium, nitrogen, carbon
dioxide, methane, oxygen, and argon. The pressure of the supplied gas or

that of the gas reservoir is automatically controlled.

7.2 Preionization system

The J x B gun 1s designed as a preionization system in the JT-4
design adjustment. The gun itself is same as that used in JFT-2a. The
objectives of the design are to know whether there is any problem in the

control, power supply or space for the device.
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Fig.IX.3.3-2 Picture of toroidal field coil joint structure
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Table IX.1l-1 JT-4 main parameters

Major radius

l.45m

Minor cross . section half width

Vertical (b)
Horizontal (a)
Ellipticity (b/a)
Toroidal field
Flattop
Maximum plasma current

NBI heating power

0.68 m

0.4 - 0.45 m
1.0 - 1.7

30 kG

2 sec

1.0 MA

6 MW

Table IX,3.1-1 Parameters of the wvacuum vessel and
its auxiliary components

Vessel shape

Vessel material

Maximum radius
Minimum radius
Height
Width

Thickness

Vessel weight
Electrical resistance

Baking temperature

Vessel volume

Vessel surface area
Internal pressure
Maximum He leak rate
Cutgassing rate

Pumping speed (N»)
Heating medium

Heating medium flow rate
Cooling medium

Cooling medium flow rate

Ref. Fig. IX.3.2-1
SUS 316 L
Hastelloy-X (bellows)
2010 mm

950 mm

2665 mm

1060 mm

30 mm

0,6 mm (bellows)
35 tom

>2 mi

250°¢C

160°C (ports)

24 m3

553 m2

<5 x 1079 Torr

5 x 1078 Torr.i/s

<5 % 10712 Torr.4/s«cm?

2000 /s
oil

29.6 m3/hr
water

87 x 103 kg/hr
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Table IX,3,3~1 Toroidal field coil parameters

Toroidal field (R = 1.4 m) 30 kG
Ampere turns 21 MAT
Rumber of coils 18
Turns per coil 10
Length of turn w10 m
Area of cross section at center 11700 cm?
Average current density at center

(with space factor : 0.73) 24 A/mm?
Resistance (75°C without feeder bars) 9,1 mQ
Inductance 40 mH
Time constant 4.4 gec
Stored energy 274 MJ
Flattop current 117 kA
Flattop voltage 1065 V¥
Flattop power 125 MW
Voltage between turns 5.8V
Rise time (Forcing 130%) 4,8 sec
Equivalent square wave width 6.8 sec

Table IX,3.5-1 JT-4 diagnostic ports

kind |number shape and dimension comment
A 42 ¢ 60 7 vertical access
Dl 4 {1=150,R=75 (E@ diverter room
K 5 ¢ 100 outer plasma
My 5 | 1=400, R=100 main plasma
M2 2 ¢ 360 main plasma
M3 30 ¢ 100 null point investigation
MZ' 2 600 x 500, 600 x 400 Thomson scattering
M4 8 $ 140, ¢ 100 (one} Thomson scattering
Sl’ 82 6 laser beam injection,
damping
Total 104
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Table 1X.3,6-1 Proposed JT-4 diagnostic systems

Diagnostic Name

Brief Description of Purpose

Voltage Loops

Rogowski Loops

Magnetic Probe Coils

4 mm p-wave Interferometers
2 mm p-wave Interferometers

Submillimeter-wave
Interferometers

Thomson scattering
FIR Spectrometers
Visible Spectrometers
V.U.V Spectrometers

Ultra-soft X-ray Spectrometers

X-ray Pulse Height Analysis

Soft X-ray Detectors

Hard X-ray Detectors
Neutral Particle Detectors
Neutron Counters

1)

Boundary Layer Analysis

2)

Wall Surface Analysis

TV and Camera System

one-turn voltage around toroidal
direction

plasma current

plasma position and shape, gross
fluctuation

electron density of initial breakdown

electron density
electron density

electron temperature and density
cyclotron radiations

hydrogen and impurity content
impurity content

impurity, power radiated, ion
temperature

electron temperature, electron
velocity distribution, impurity
concentration

internal plasma fluctuation
runaway electron effects

ion temperature

neutron flux

total power loss to limiter orwall, etc.

examine wall surface effects

view inside vacuum vessel during pulse

1) Bolometers, thermocouples, ion gauges, mass analyser, etc.
2) Auger electron spectroscopy, secondary ion mass analyser, etc.
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Table IX.4.2-2 Feedback control specifications

Object of control [6Rp[55 cn | [8k| £0.05 lazp[ £3 cm
Control field 5B, 300 G {Sn“+0.8/B,,(T) Bp V215 G
Control current w17 KA k22,5 KA v E 30 KA

Current response

time 0 - 10 KA 10 msec 8.3 msec 5 msec
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X. DEVELOPMENT OF THE NEXT LARGE TOKAMAK MACHINE

The study of the concept of the next large tokamak machine to JT-60
was initfated from April by Planning and Coordinatiom Group of Division
of Large Tokamak Development. Since D-T burning is out of the scope for
JT-60, the next large tokamak aims the fully D-T burning machine. However,
it is not simple to define the role of the next machine as there are many
different opinions about the scope of the next generation machine around
the world.

To make the scope as clear as possible, the study started from physi-
cal survey for plasma engineering especially about ignition approach with-
in the technical extension which might be expected in next five years.
With NbTi toroidal field coils, the minor radius larger than two meters
will be required to ignite plasmas if the most severe scaling law of
trapped ion mode is directly applied. If the empirical law by Daughney
or one-tenthly suppressed trapped ion mode scaling is applied, it is
possible to reach ignition with minor radius of 1.4 meter with very care-
ful impurity contrel as shown in Fig. X-1.

On the other hand, the essential technology for the tokamak reactor
such as superconducting magnet technology, tritium production and handling
technology, shielding or remote maintenance engineering are inevitable to
be integrated in single machine, Successing JT-60 which is purely a
physics-oriented machine, the next large tokamak should play the role of
go-between from physics to engineering. Thus the role of the next large
tokamak machine, hitherto called Mock-up Test Facility, is defined as omne
step to realize the tokamak reactor to integrate the essential reactor
plasma technology with possibility to reach self-ignition conditions.

The scope of the next machine is quite dependent on the development
of superconducting magnet. Design parameters of Mock-up Test Facility are
summarized in Table X~1 assuming the application of NbTi coils and they
were presented at IAFA Conference and Workshop on Fusion Reactor Design
held at Madison, U.S5.A. in October(l). Mock-up Test Facility has rela-
tively large aspect ratio of 4.5 to use effectively the toroidal field
and to make machine structure easier for design and maintenance. The
plasma has non-circular cross section with elongation of 1.5. Burning
period is limited to 30 seconds with small duty cycle due to common use

of power supply with JT-60. Wall loading is suppressed under 1.0 MW/mZ.
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Essential choice for machine structure is whether divertors should be
employed or not. We do not have the definite answer for impurity con-
trol, Therefore, the design concept study has to run with two options
of divertors or gas blanket concept.

At the present time, the perspectives of physics at high plasma tem-
perature is too vague to determine the required magnetic field and the
plasma size. Therefore, the design concept study in the next year will
shift to more engineering phase assuming the certain size of plasma which

can reach ignition with the scaling laws mentioned in the above,

References

(1) Hiraoka, T., Sugihara, M,, Kasai, M. and Mori, S.: A Concept of
JAERI's D-T Burning Test Facility, IAEA Conf. and Workshop on Fusion
Reactor Design, Madison, Wis. U.S5.A.,, Oct. 1977.
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Table X-1 Main design parameters of mock-up

test facility

I Fusion power (MW) 2307400
829 | operation period (s) 1200
02 |Burn time (s) 3060
© No. of pulse/line (x10°) ; 0.025
Major radius {(m) 6.3
Ly (Plasma radius (m) 1.4/2.1
g5 :Plasma volume (m?) 367
2%  Reactor radius (m) 9.8
Reactor height (m) 10.5
Ton temperature -{keV) i 6v10
Ton density (x1020 m ) i 1.2
Effective charge ?
= Confinement time 9s) i 4
a By on axis (T) | 4.7
= Safety factor ! 22.5
Poloidal 3 L 2,734
Toroildal R(%) | 3.84v4.9
Plasma current (MA) : 4.8
No. of coils
TF Conductor NbTi
Coil Bore (height/width) (m)
Max. field (T) 8
PF Conductor (EFC/OQHC) Cu/Cu
Coil Position
Beam energy (keV) 120150
NBL Injection power (MW) 60
Injecticen time (s)
Vac, Position First Wall
Vessel |Material Inconel 625
First Tvpe and material 5 Tnconel 625
wail n wall loading (MW/m“) 0.54v0.96
Wall life (effective Yy)
Tnner Structure material none
) Coolant -
Shield , .
(Blanket) Bréedlng material 1 -
Thickness (m) -
Material
gﬁiild Thickness {m) 0.6
Coolant
Flow rate (g/h)
Tritium | Plant inventory {(kg) (.2

(kg/v)

Annual consump.

— 258 —




e e

(Confinement Time) X (Average lon Density) N, 7 (mds)

2%

JAERI-M 8059

10

)
(s}

O

T 1]

©

o
i

NBI
Start NBI
1 Stop
1 2 1
05° 8ff 12
& Ignition
5 N
4 ]
A i
3 Lawson
(f1=1/3) ]

'116 Trapped Particle Mode Scaling

Q=14m R=6.3m *=09m
A=45 .
Ip=3 MA Bt =47 tesla ]

Neutral Beamn Injection Heating ]

In-put‘ Power  42MW (2sec<t<12 sec)
Injection Energy 150 keV

Impurity @o[ybdenum
n i \e
-ﬁ§=(1001tﬁ?ﬂ/5

L L . M T T R |

3 4
10 1O

Average Ion Temperature T, (eV)

Fig.X-1 1Ignition approach

— 259 —



Al

1)

2)

3)

4)

5)

6)

7)

8)

9

.

JAERI-M 8059

APPENDIXES

Al. Publication List

List of JAERI-M Report

Sugawara, T.*l, Akiba, M.*z, Arakawa, y.*

3, Fujisawa, N., Funahashi, A.,

Hirayama, T., Horiike, H.*%, Ttch, T., Kondoh, U.*>, Konoshima, S.,

Maeno, M., Matsuda, S., Ohara, Y., Ohga, T., Shibata, T., Shimada, M.,

Shirakata, H., Suzuki, N., Takahashi, K., Takeuchi, H., Tanaka, S.

and Yamamoto, T.%6. "IFT-2 tokamak neutral injector and preliminary

results of additional heating experiment ", JAERI-M 7043 (April 1977),

%1
*2
*3
%4
%5
*6

Takano, I.% and Suzuki, Y.:

On
Oon
On
On
On
On

leave from Tokyo Shibaura Electric

Co., Ltd.

ijeave from Tokyo Institute of Technology

leave from University of Tokyo
leave from Osaka University
leave from Nissin Electric Co., Lt

leave from Nagoya University.

d.

"Three-Dimensional Analysis of Eddy

Current with the Finite Element Method", JAERI-M 7062 (April 1977)

{in Japanese).

(* On leave from Tokyo Shibaura Electric Co.» Ltd.)

Matsuda, S.:

"Influence of error field on the plasma confining field

and the plasma confinement in tokamak', JAERI-M 7103 (May 1977).

Kameari, A.* and Suzuki, Y.:

"Eddy Current Analysis by the Finite

Element Circuit Method", JAERI-M 7120 (May 1977) (in Japanese).

(* On leave from Mitsubishi Atomic Power Industries Inc.)

Itagaki, T., Matoba, T., Funahashi, A. and Suzuki, Y.: "FIR-
Interferometer for JT-60", JAERI-M 7121 (May 1977) (in Japanese).

Ogata, A,, Ninomiya, H. and Suzuki, Y.:

"Formalization for Optimal

Feedback Control of Plasma Current and Position in a Tokamak",

JAERI-M 7126 (June 1977).

Takashima, T. and Okamura, H.:

"oimulation of drive characteristics

of JT-60 movable limiter', JAERI-M 7130 (May 1977).

Tsunematsu, T., Kurita, G., Ninomiya, H. and Takeda, T.: 'Application

of REDUCE~2 to the Computation in CTR", JAERI-M 7179 {(June 1977)

{(in Japanese).

Saidoh, M., Sone, K., Yamada, R., Ohtsuka, H. and Murakami, Y.:

"gurface Roughness Effects on Blister Formation im Polycrystalline

— 260 —



JAERI-M 8059

Molybdenum', JAERI-M 7182 ( July 1977).

10) Matoba, T., Kumagai, K., Funahashi, A. and Kawakami, T.: "Evaluation
of Radiation Cross Sections of K X-rays and Application to Measurement
of Metal Impurity Densities in High-Temperature Plasma", JAERI-M 7196
(July 1977) (in Japanese).

11) Obara, K., Abe, T, and Nakamura, H.: "Sputtering Yield and Surface
Observation of Molybdenum Honeycomb Walls', JAERT-M 7216 (July 1977)
{in Japanese),

12) Sugie, T., Shiho, M., Kasai, S., Odajima, K., Nagami, M., Maeda, H.
and Shimomura, Y.: "Intensity calibration of a vacuum monochromator
in a wavelength region of 1000-2000 R and spectroscopic measurement
in DIVA", JAERI-M 7217 (August 1977) (in Japanese).

13) Matoba, T., Suzuki, Y., Funahashi, A, and Ttagaki, T.: "Diagnostic
Planning in JT-60 Project', JAERI-M 7220 (August 1977).

14) Okamoto, M., Takeda, T., Tanaka, M., Asai, K.*, Nakano, K.** and
Kawakami, T.#%%: "Implementation of the OLYMPUS system and a pre-
processor for it",JAERI-M 7228 (July 1977) (in Japanese).

(* Computing Center, JAERI, ** CRC Corp., *** Guest staff, JAERI,
Nihon University )

15) Obara, K., Ohtsuka, H., Yamada, R., Abe, T. and Sone, K.: "Construc-
tion of Ton Accelerator for JTon-Surface Interaction Research", JAERI-M
7250 (September 1977) (in Japanese).

16) Kimura, H., Ueda, N., Maeda, H., Yamamoto, S., Shimomura, Y., et al.:

"Heat Flux in the Divertor Region of DIVA', JAERI-M 7287, (September
1977).

17) 1Itagaki, T., Matoba, T. Funahashi, A. and Suzuki, Y.: "FTR-Laser
Scattering in JT-60", JAERI-M 7295 (August 1977) (in Japanese).

18) Yabuno, K.*, Tani, K., Shimada, R., Kishimoto, H., Yoshida, H. and
Tamura, S.: 'Design Study of the vertical field power supply for
JT-60", JAERI-M 7296 (September 1977) (in Japamese).

(* Hitachi, Ltd.)

19) Yamamoto, S., Sengoku, S,, Kimura, H., Shimomura, Y., Maeda, H., et al.:

"Loss Mechanism of the Superthermal Electrons Across the Separatrix

into the Scrape-off Layer in DIVA', JAERI-M 7309 (September 1977).

20) Yamanaka, K.: "Heat transport due to collisjonless drift tearing
turbulence', JAERI-M 7314 (October 1977) (in Japanese).

21) Okamoto, M.: “Simulation of lower hybrid wave propagation", JAERI-M 7313
(October 1977) (in Japanese).

— 261 —



22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)

JAERI-M B059

Okamoto, M., Takizuka, T., Wada, Y.* and Okada, T.%: 'An 1/0 routine
based on the BSAM level', JAERT-M 7337 (October 1977) (in Japanese).
(* Fujitsu Ltd.)

Shiho, M., Odajima, T., Sugie, T., Maeda, H., Kasai, 5., Takeuchi, H.,
Azumi, M., Kimura, H., Nagami, M., Sengocku, S., Yamamoto, S. and
Shimomura, Y.: '"Spectroscopic and bolometric measurements of radia-
tion loss in DIVA", JAERI-M 7397 (November 1977).

Gomay, Y.*, Tazima, T., Satake, T.**%, Mizuno, M.%*: "Surface cleaning
of molybdenum by chemical reaction with oxygen and hydrogen gases',
JAERI-M 7405 (1977) (in Japanese).

(*# On leave from Research and Development Center, Tokye Shibaura
Electric Company, Ltd., *% ULVAC Corporation)

Ide, T.*, Seki, Y. and Iida, H.: ''Three-dimensional Analysis of the
Effects of Penetrations on Radiation Shielding of a Tokamak Fusion
Reactor", JAERT-M 7420 (December 1977) (in Japanese).

(* On leave from Sumitomo Heavy Industries, Ltd.)
Shoji, T., Kawakami, T., Funahashi, A. and Shimada, M.: "Data process—

ing system for tokamak experiments', JAERT-M 7456 (January 1978)

(in Japanese).

Shimomura, Y., Maeda, H,, Kimura, H., Azumi, M., Odajima, K., et al.:
"Scaling for Scrape-off Layer Plasma in Tokamak'', JAERI-M 7457 (December
1977).

Yoshida, K. Andc, T. and Shimamoto, S.:"Magnetic Field and Stress
Analysis for ORNL-LCT", JAERI-M 7543 {in Japanese).

'Hosoda, Y. and Shimamoto, S.: ”Study of Thermal Problem in ORNL-Large
Coil Task', JAERI-M 7546 (in Japanese).

Ohtsuka, M.*, Tani, K., Kishimoto, H., Shimada, R., Yoshida, H.,
Hoshino, K. and Tamura, S.: '"'Fast ion spatial distribution in neutral
beam injection into a tokamak', JAERI-M 7551 (January 1978) (in
Japanese).

(* Hitachi Ltd.)

Tsunematsu, T. and Takeda, T.: "A subroutine package ATLAS for large
scale matrix computation’, JAERI-M 7573 (March 1978) {(in Japanese).
Iida, H. and Seki, Y.: "Induced Activities of Fusion Reactor
Structural Materials", JAERI-M 7582 (March 1978) (in Japanese).

Ohga, T., Kondoh, U.%, Matsuda, $., Ohara, Y., Shibata, T., Shirakata, H.
Sugawara, T.** and Tanaka, S.: "Injector test stand ITS-2 for two-stage
ion source development' JAERTI-M 7604 (March 1978) (in Japanese).

(* On leave from Nissin Electric Co. Ltd.. **%* On leave from Tokyo

— 262 —



JAERI-M 8059

Shibaura Electric Co., Ltd,)
34) Shimomura, Y., Maeda, H., Odajima, K., Kimura, H., Nagami, M., et al.:
Recent Results in the DIVA Experimentt JAERI-M 7610 (March 1978},

T.*% and

33) Kondoh, U.*l, Horiike, H.*Z, Morita, H.*a, Sugawara,
Tanaka, S.: '"Preliminary experiments of cooled extraction grids in
ion source for neutral beam injector", JAERI-M 7612 (March 1978)

{in Japanese).

*1 On leave from Nissin Electric Co., Ltd.

*#2 On leave from Osaka University

*3 On leave from Mitsubishi Heavy Industries, Ltd.
%4 On leave from Tokyo Shibaufa Electric Co., Ltd,

36) Sakuraba, J.* and Shibata, T.: 'Calculation of heat input to cryopumps
by Monte Carlc method", JAERI-M 7611 (March 1978) (in Japanese).
(* On leave from Sumitomo Heavy Industries, Ltd.)

37) Maki, K.*, Tone, T. and Yamato, H.*%; "Studies on Plasma Shutdown of
JAERI Experimental Fusion Reactor', JAERI-M 7635 (April 1978) (in
Japanese).

(* On leave from Energy Research Laboratory, Hitachi, Ltd., **% On
leave from Research and Development Center, Tokyo Shibaura Electric
Co., Ltd.)

38) Maki, K.*, Tone, T. and Yamato, H,**: "Studies on Plasma Ignition of
JAERI Demonstration Fusion Reactor", JAERI-M 7676 (May 1978) (in
Japanese).
{(* On leave from Energy Research Laboratory, Hitachi, Ltd., *#% On
leave from Research and Development Center, Tokyo Shibaura Electric
Co., Ltd.)

39} Hosoda, Y. and Shimamoto, S.: '"Thermal Stress Analysis of Super-

conducting Magnet by SAP-4", JAERI-M 7675 (in Japanese).

— 263 —



Al

1)

2)

3)

4)

5}

6)

7)

8)

9)

10)

11)

JAERI-M 8059

.2 List of Papers Published in Journals

Kumagai, K., Matoba, T., Funahashi, A. and Kawakami, T,: "An intrinsic
germanium Ge(I) detector for measurements of soft X-ray spectra
radiated from high temperature tokamak plasmas', Japan. J. Appl. Phys.
16 (1977) 871.

Takeuchi, H., Takahashi, K., Funahashi, A. and Yoshida, H.: "The

local counting efficiency of a ceratron multiplier for plasma diagnoses",
Japan. J. Appl. Phys. 16 (1977) 873.

Takeuchi, H., Funahashi, A. and Takahashi, K.: "Ion temperature
scaling on JAERI tokamaks', Japan J. Appl. Phys. 16 (1977} 1227.
Sometani, T,, Fujisawa, N. and Hasebe, K.: "Shell current and vertical
field due to it in a tokamak model shell™, Japan. J. Appl. Phys. 16
(1977) 1343.

Suzuki, Y., Ninomiya, H., Ogata, A,, Kameari, A.* and Aikawa, H.:
"Tokamak Circuit", Japan. J. Appl. Phys. 16 (1977) 2237.

(* On leave from Mitsubishi Atomic Power Industries Inc)

Tanaka, S., Murakami, Y. and Shibata, T.: "Measurement of Energy
Reflection from Metals Bombarded by 10-30 keV Hydrogen Ton Beanm',
Japan. J, Appl. Phys. 17 (1978) 183.

Ohara, Y., Matsuda, S,, Shirakata, H, and Tanaka, 5.: "Hole geometry
optimization of the extraction electrode in a duoPIGatron ion source',
Japan. J. Appl. Phys,, 17 (1978) 423.

Kasai, S., Azumi, M., Funahashi, A., Sugie, T. and Takizuka, T.:
"Doppler temperature and particle confinement time determined from
measurements of Hy,-line on a tokamak plasma in the JFT-2a device",
Japn. J. Appl. Phys. 17 (1978) 903.

Nagashima, A.*, Funahashi, A,, Kawakami, T., Shoji, T. and Takahashi, K.:
"A 2-mm wave digital interferometer for tokamak discharges in the
upgraded DIVA", Japan. J. Appl. Phys. 17 (1978) 1263.

(* On leave from Tokyo Institute of Technology)

Kasai, S., Funahashi, A., Konoshima, S., Nagami, M., Sugie, T. and
Mori, K.: '"Absolute calibration of a grazing-incidence vacuum mono-
chromator by means of tokamak discharges', Japan. J. Appl. Phys. 17
{1978) 1625,

Takeda, T. and Tsunematsu, T.: "Application of the finite element

method to the spectrum analysis of mhd oscillations",Butsuri 33 (1978)

196.

— 264 —



12)

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

JAERI-M 8059

Takizuka, T. and Abe, H.*: "A binary collision model for plasma
simulation with a particle code", J, Comp. Phys. 25 (1977) 205.

{(* Kyoto University)

Takizuka, T.: "Numerical calculation on the breakdown of the tokamak
discharge', Hoden-Kenkyu 6% (1977) 31,

Matsuda, S.: '"Problems of discharge in neutral beam injector",

Hoden-Kenkyu, 69 (1977) 43 (in Japanese).

Nagashima, T.: "Problems of discharge in radiofrequency heating",
Hoden-Kenkyu. 69 (1977) 48 (in Japanese).
Tazima, T.: '"Physical requirements and its design considerations for

the first wall of JT-60", Hoden-Kenkyu 69 (1977) 50 (in Japanese).
Nagashima, T.: "Radiofrequency heating", Kakuyogo-Kenkuy 37 (1977)
Appendix No.3, p.29.

Nakamura, Y.*, Shibata, T. and Tanaka, M.: "Grain ejection from
surface of the polycrystalline molybdenum irradiated by intense H+
and H2+ ion beams'", J. Nuclear Materials 68 (1977) 253.

(* On leave from Sumitomc Heavy Industries Co., Ltd.)

Sone, K., Abe, T,, Obara, K., Yamada, R. and Ohtsuka, H.: "Graphite
Surface Erosion by 100 keV Helium and Hydrogen Bombardment', J. Nucl.
Materials 71 (1977) 82.

Tazima, T., Nakamura, Y., Inoue, K.: 'Density distributions of
impurities and related energy losses in tokamak plasmas', Nuclear
Fusion. 17 (1977) 419.

Shimomura, Y.: ''Possibility of Heavy-Impurity Control by Light-
Impurity Radiation in a Large Tokamak", Nuclear Fusion. 17 (1977)
626.

Shimomura, Y.: "A Model for Heavy-Impurity Recycling at a Limiter
and Power-Loss Limitation to a Limiter in Tokamak', Nuclear Fusion
17 (1977) 1377.

Yamamoto, S., Sengoku, S., Kimura, H., Shimomura, Y., et al.:
"Behavior of Superthermal Electromns in the Scrape—off Layer Plasma of
DIVA", Nuclear Fusion 18 (1978) 205.

Nagami, M., Shimomura, Y., Maeda, H., Ohtsuka, H., Shiho, M., et al.:
"Formation of a Light-Impurity Free Plasma in DIVA", Nuclear Fusion 18
(1978) 529.

Seki, Y. and Maekawa, H.; '"Cross-Section Sensitivity Analysis of
U-235 and U-238 Fission Rates Measured in a Graphite-Reflected
Lithium Assembly", Nucl. Sci. and Eng. 66 (1978) 243,

— 265 —



26)

27)

28)

29)

30)

il

32)

33

34)

35)

36)

JAERI-M 8059

Iida, H., Seki, Y. and Ide, T.*: "Induced Activity and Dose Rate in
a Fusion Reactor with Molybdenum Blanket Structure', J, Nucl. Sci.

Tech. 14 (1977) 68.
(* On leave from Sumitomo Heavy Industries Co., Ltd.)

Okamoto, M.: "Effect of finite wavelength of the pump on the para-
metric threshold of lower hybrid wave', J. Phys. Soc. Japan 43 (1977)
1105,

Tuda, T. and Tanaka, T.: 'Impurity drift instability of dissipative
type", J. Phys. Soc. Japan 43 (1977) 1407.

Takeuchi, H., Shoji, T., Funahashi, A. and Takahashi, K.: "Study on
proton behavior in the JFT—Z-tokamak from analyses of charge-exchanged
fast atoms", J. Phys. Soc. Japan 44 (1978) 1363.

Sugie, T., Takeuchi, H., Kasai, S., Funahashi, A., Takahashi, K. and
Kimura, H.: "Ion temperature characteristics of upgraded DIVA'™, J.
Phys. Soc. Japan 44 (1978) 1960.

Fukuyama, A.%, Momota, H.*, Itatani, R.* and Takizuka, T.

"stochastic acceleration by an electromagnetic waves near ion
cyclotron harmonics', Phys. Rev. Lett. 38 (1977) 701,

(* Kyoto University)

Takahashi, H.*, Daughney, C.C.*, Ellis, C.A.*, Goldston, R.J.%,
Hsuan, H.*, Nagashima, T., Paolon, F.J.*, Sivoands, A.J.* and
Suckewer®; "Ion heating in ATC tokamak in the ion cyclotron range of
frequencies", Phys. Rev. Lett., 39 (1977) 31.

(* Princeton Plasma Physics Laboratory)

Takashima, T., Ohta, M. and Shimizu, M.: "Drive characteristics of

a fast movable limiter in the JT-60 tokamak", Rev. Sci. Instrum.
49(2) (1978) 194,

Takeda, T. and Tsunematsu, T.: '"Two-dimensional code for tokamak
transport', Report on the numerical analysis of MHD equations (1976)
p.48 (in Japanese).

Tsunematsu, T. and Takeda, T.: 'MHD stability analysis by the finite
element method", Report on the numerical analysis of MHD equations
(1976) p.98 (in Japanese).

Gomay, Y.%, Tazima, T. and Fujisawa,N.ﬁ "Discharge cleaning experiment
in the JFT-2 tokamak with surface observatiom by AES", J. Vacuum
Science Technology 15 (1978) 103.

(* On leave from Research and Development Center, Tokyo Shibaura

Electric Company, Ltd.)
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Sone, K., Ohtsuka, H., Abe, T,, Yamada, R., Obara, K., Narusawa, T.%,
Tsukakoshi, 0.%, Satake, T.* and Komiya, S.*: "Sputtering Yield
Measurement on First Wall Materials of Thermonuclear Fusion Devices",
J. Vacuum Soc. Japan 20 (1977) 136.

(* ULVAC Corporation)

Obara, K., Abe, T., Sone, K., Yamada, R. and Ohtsuka, H.: "Observa-
tion on Surface Deformation of Pyrolytic Graphite Bombarded by 100 keV
He', H+ Ions", J. Vacuum Soc. Japan 20 (1977) l76.
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A1.3 List of Papers Published in Conference Proceedings

1

2)

3)

4)

5)

6)
7)
8)

9)

Toyama, H.*, Tnoue, S.%, Itoh, K.*, Iwahashi, A.*, Kaneko, H.¥%,
Makishima, K.*, Ochiai, I.*, Shinohara, S5.%, Suzuki, Y. and

Yoshikawa, S,*%; "Experiments on Non-Circular Tokamak and Related
Topics", Proceeding of 6-th International Conf. of Plasma Phys. and
Controlled Nuclear Fusion Research, Berchtesgaden 1976 vol.I, 323,

(* Tokyo University, ** Princeton University)

Tuda, T.: 'Temperature gradient effect on the impurity ion transport

in a tokamak", Third International Conference on Plasma Theory
(Trieste, Italy, 1977).

Suzuki, Y,, QOgata, A., Ninomiya, H., Nakagawa, T.*, Tsuzuki, N.* and
Yamagishi, T.*: "Control System of Plasma Position and Cross Sectional
Shape in Large Tokamak', Proceeding of the 7th Symposium on Engineering
Problems of Fusion Research, Knoxville, 1977, Vol.I, 112,

{(* Tokyo Shibaura Electric Co., Ltd.)

Ohara, Y., Arakawa, Y.*, Horiike, H.*¥*, Kondoh, U.**¥,6 Matsuda, 5.,
Ohga, T., Okumura, Y. and Shirakata, H.: "Ion source development for
JT-60 neutral beam injector', Proc. 7th Symp. on Engineering Problems
of Fusion Research, (IEEE, New York, 1977) p.273.

{* On leave from University of Tokyo, *% On leave from Osaka University,

%%% On leave from Nissin FElectric Co.,Ltd.)

Shibata, T., ltoh, T., Kawai, M., Morita, H.*, Matsuda, S., Nakamura, Y.*%,

Sakuraba, J.** and Tanaka, 5.: '"Beam line studies of the JI-60 neutral
beam injector', ibid., p.544.

(* On leave from Mitsubishi Heavy Industries, Ltd., ** On leave from
Sumitomo Heavy Industries, Ltd.)

Yamato, H.*, Shinya, K.*, Morimiya, O.*,(Miura, A.*, Murakami, Y.,
Matsuda, S. and Sako, K.: '"Design study of a neutral injection system
for the JAERI experimental fusion reactor (JXFR)", ibid., p.560.

(* Tokyo Shibaura Electric Co., Ltd.)

Kameari, A.* and Suzuki, Y.: "Eddy Current Analysis by the Finite
Element Circuit Method", idib., Vol. TI, 1386.

(* Mitsubishi Atomic Power Industries Inc.)

Takahashi, T,*, Takahashi, G.*, Kazawa, A.* and Suzuki, Y.: 'Numerical
and Experimental Analysis of Eddy Currents Induced in Tokamak Machines™,
ibid. Vol, II, 1393.

Sako, K. and Minate, A.*:; '"Blanket structure design for JAERI
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12)

13)

14)

15)

16)

17)
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experimental fusion reactor", Proc. of the 7th Symposium on Engineer-
ing Problems of Fusion Research, Knoxville, 1977, Vol.TIT, 1490.

(* On leave from Kawasaki Heavy Industries, Ltd.)

Iida, H,, Ide, T.* and Seki, Y.: '"Nuclear Heat Deposition in Cryo-
sorption Pumps of a Fusion Reactor', Proc. of the 7th Symposium on
Engineering Problems of Fusion Research, Knoxville, 1977, Vol.II, 1658.
(* On leave from Sumitomo Heavy Industries, Ltd.)

Shimada, R,, Tamura, $., Ohta, M., Ohsaki, 0.% and Sawada, Y.*:
"Voltage oscillations in the poloidal field coils of JT-60", Proc. of
the 8th Symp. on Engineering Problems of Fusion Research (Knoxville,
UsA, 1977).

(* Tokyo Shibaura Electriec Co,, Ltd.)

Nakamura, H., Shimizu, M., Ohta, M., Aizawa, T.*, Naito, T.* and
Kasai, M.*: "Electron beam bombardment test in JT-60 mangetic limiter
plate'", Proc. 7th Symposium on Engineering Problems of Fusion Research,
Knoxville, 1977.

{* Mitsubishi At. Power Ind, Ltd.)

Takatsu, H., Yamamoto, M,, Shimizu, M., Ohta, M., Saigo, T.%,

Miyata, H,**, Sato, H.** and Itoh, Y.**: ''Stress analysis of vacuum
vessel in JT-60", Proc. 7th Symposium cn Engineering Problems of
Fusion Research, Knoxiville, 1977.

(* Staff on leave from Hitachi, Ltd., #** Hitachi, Ltd.)

Suzuki, Y.: "Review of the Work on Plasma Wall Interaction in Tokamak
Plasma Confinement at JAERI", Proceeding of the International Symposium
on Plasma Wall Interaction.

Yamamoto, S., Maeda, H., Shimomura, Y., Odajima, K., et al.: "Reduction
of Power Loss Due to Heavy Impurities in DIVA", Proc. 8th Europ. Conf.
on Controlled Fusion and Plasma Physics (Prague 1977) 1, 33 and 2, 123.
Yoshikawa, H.**, Gomay, Y.*, Sugiyama, Y.*¥*, Mizuno, M.%*#%, Komiya, S.%*%,
and Tazima, T.:”Outgassing rates before, during and after bake—out for
various vacuum and first wall candiate materials of a large tokamak
device", proc. 7th Int. Vacuum Congr. & 3rd Int. Conf. Solid Surfaces

(1977) 367,

(* On leave from Research and Development Center, Tokyoc Shibaura
Electric Company, Ltd., *%* ULVAC Corporation)
Narusawa, T.*, Tsukakoshi, 0.%*, Satake, T.*, Mizuno, M.*, Ohtsuka, H.,

Sone, K. and Komiya, S.*: "An Experimental UHV Apparatus to Investigate
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19)

20)
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Interactions of Low Energy Light Ions with Solid Surfaces", ibid.,
p.371.

(* ULVAC Corporation)

Sone, K., Saidoh, M,, Abe, T., Yamada, R., Obara, K., Ohtsuka, H. and
Murakami, Y.: "Surface Erosions by Energetic Helium and Hydrogen
Bombardment of Molybdenum and Pyrolytic Graphite", Proc., 7th Int.
Vacuun Congr. & 3rd Int. Conf. Solid Surfaces (Vienna 1977) p.375.
Kawasaki, K., Nishio, S., Ohkubo, M., Ando, T., Chta, M., Matsui, M.*,
Kitazawa, H.* and Saito, R.*: '"THE TOROIDAL FIELD COIL FOR JT-60",
Proc.6th International Conference on Magnet Technology, Bratislava,
1977.

(* Hitachi, Ltd.)

Ohkubo, M., Ando, T., Miki, N.*, Kawasaki, K., Nishio, 5., Ohta, M.,
Ishimura, M.*%* and Takano, H.**: "THE PCLOIDAL FIELD COIL FOR JT-60",
Proc, 6th International Conference on Magnet Technology, Bratislava,
1977.

(* On leave from Tokyo Shibaura Electric Co., Ltd., ** Tokyo Shibaura

Electric Co., Ltd.)
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AZ2. Personnel of the Division

A2.1 MNumber of the staff of the Division

FY 1976 FY 1977 FY 1978
Regular staff*! 102 121 140
Staff on loan 24 22 27%2
Guest scientist 4 6 7%3
Scholarship fellow 20 30 - 30

*1
*2

*3

Including scientists, technicians, and secretaries,

Seven from Tokyo Shibaura Electric Co., Ltd.

Five from Hitachi, Ltd.

Two
Two
Two
Two
Two
One
One
One
One

One

from
from
from
from
from
from
from
from
from

from

Mitsubishi Atomic Power Industries Inc.
Sumitomo Heavy Industries, Ltd.
Mitsubishi Electric Co.

Mitsubishi Heavy Industries, Ltd.

0ki Electric Industry Co., Ltd.

Fuji Electric Co., Ltd.

Sumitomo Electric Industries, Ltd.
Nissin Electric Co., Ltd.

Kawasaki Heavy Industries, Ltd.

Hitachi Wire and Cable, Ltd.

Four from the University of Tokyo

Two from Nihon University

One from Ochanomizu University
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A2.2 List of Scientific Staffs and Officers during FY 1977
MORI, Sigeru (Senior Supervisor in Fusion Research)
(A) Division of Thermonuclear Fusion Research
MORI, Sigeru (Head)
OBATA, Yukio (Deputy Head)

AKAMA, Kouzou {(Administrative Manager)

Plasma Theory Laboratory

AZUMI, Masafumi
KURITA, Gen'ichi

OKAMOTO, Masao¥®*%

TAKEDA, Tatsuoki
TAKIZUKA, Tomonori
TANAKA, Masatoshi (Chief)
TSUNEMATSU, Toshihide
TUDA, Takashi
YAMANAKA, Kaoru

#d]

Experimental Plasma Physics Laboratory

TANAKA, Yuji (Chief)

* JFT-2

FUJISAWA, Noboru

HIRAYAMA, Toshio
| KONOSHIMA, Shigeru
| MAENQO, Masaki
SHIMADA, Michiya
SUZUKI, Norio
UEHARA, K25121.1ya°!”k2
YAMAMOTO, Takumi

% JFT-2a/DIVA
KIMURA, Haruyuki
MAEDA, Hikosuke
NAGAMI, Masayuki
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ODAJIMA, Kazuo
OHASA, Kazumi 'l
SENGOKU, Seio
SHIMOMURA, Yasuo
YAMAMOTO, Shin

* Diagnostics
FUNAHASHI, Akimasa
KASAT, Satoshi
KAWAKAMI, Tomohide
KUMAGAT, Katsuaki
NAGASHIMA, Akira™"3
SHOJI, Teruakdi
SUGIE, Tatsuo
TAKAHASHI, Koki
TAKEUCHI, Hiroshi
YAMAUCHI, Toshihiko

Facility Operation and Engineering Section

ANNO, Katsuto
ARAT, Takashi
HASEGAWA |, Kouichi
HIRATSUKA, Hajime
ISAKA, Masayoshi
KAZAWA, Minoru
KIKUCHI, Kazuo
KUNIEDA, Shunsuke (Deputy Chief)
MATSUZAKI, Yoshimi
SHIBATA, Takatoshi
SHIINA, Tomic
SUNAOSHI, Hidenori
SUZUKI, Kihachiro
TANI, Takashi
TOYOSHIMA, Noboru
YOKOKURA, Kenji
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Plasma Heating Laboratory

SHIRAKATA, Hirofumi (Chief)

* Neutral Beam Injection Heating
ARAKAWA, Yoshihiro™™"
HORIIKE, Hiroshi**®
ITOH, Takao
KAWAI, Mikito
KONDOH, Umeo™!
MATSUDA, Shinzaburo
MORITA, Hiroaki™?
OHARA, Yoshihiro
OKUMURA, Yoshikazu
SAKURABA, Junji®?
SHIBATA, Takemasa
TANAKA, Shigeru

* Radiofrequency Heating
IMAL, Tsuyoshi

NAGASHIMA, Takashi

Plasma Engineering Laboratory

ABE, Tetsuya

MURAKAMI, Yoshio (Chief)
OBARA, Kenziro

OHTSUKA, Hidewo

SATDOH, Masahiro
SHIRAISHI, Kensuke

SONE, Kazuho

YAMADA, Rayii

i Superconducting Magnet Laboratory

ANDO, Toshinari
HOSODA, Yoshikado™"
NISHI, Masataka
OHKUMA, Hirotsugu*5
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SATOW, Takasghi™®
SHIMAMOTO, Susumu (Chief)
TADA, Eisuke

YOSHIDA, Kiyoshi

Fusion Reactor System Laboratory

IDE, Takahiro®3

IIDA, Hiromasa

IOKI, Kimihiro*7
MAKI, Koichi*®
MINATO, Akio*?

SAKO, Kiyoshi (Chief)
SEKI, Yasushi

TONE, Tatsuzo
YAMAMOTO, Takashi*!0
YAMATO, Harumi®!!
YAMAUCHI, Michimori¥il
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(B) Division of Large Tokamak Development

150, Yasuhiko (Head)
SAITO, Jo (Administrative Manager)
SHIRAISHI, Kensuke (Principal Engineer)

JT-60 Project Office I

YOSHIKAWA, Masaji (Chief)

* Planning @#nd Coordination Groump
COMAY, Yoshio®1l
HIRACGKA, Toru
KASAT, Masao®’
NAKAMURA, Yukiharu®3
SUGTHARA, Masayoshi
TAZIMA, Teruhiko
TOKUTAKE, Toshikuni

% Power Supplies Group
ARAKAWA I(J'_yotsugu’k"’k6
HOSHINO Katsumichi
KISHIMOTO, Hiroshi
OHTSUKA, Michio*8
SHIMADA, Ryuichi
TAMURA, Sanae
TANI, Keiji
YABUNO, Kohei®®
YOSHIDA, Hidetoshi

* Control Group

ATKAWA, Hiroshi
ITAGAKT, Tokiyoshi
KIMURA, Toyoaki
MATOBA, Tohru
NINOMIYA, Hiromasa
OGATA, Atsushi
SUZUKI, Yasuo
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*
TSUKADA, Masahiro 172
TSUZUKI, Naochisa*!!

* JT-4 GrouP
KITSUNEZAKI, Akio
SEKI, Sheogo
YOKOMIZO, Hideaki
MATSUDA, Toshiaki
SAITO, Ryuta”‘6

JT-60 Project Office IT

TIJIMA, Tsutomu {Chief)

* Mahcine Group
ANDQ, Toshiro
KAWASAKT, Kozou
KURIYAMA, Masaaki
MIKI, Nobuharu®!!
NAKAMURA, Hiroo
NISHIO, Satoshi
QHKUBO, Minoru
OHTA, Mitsuru
SAIGO, Tsugumoto’!‘8
SHIMIZU, Masatsugu
TAKASHIMA | Tetsuo
TAKATSU, Hideyukl
YAMAMOTO, Masahiro

#* Auxiliary Facilities Group

HIRUTA, Kazuharu
KODAMA, Kozou
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(€)

Office of Fusion Program

OHKUBO, Yoshiharu (Administrative Manager)
INOUE, Kenjii

TAKEDA, Takashi

KUROIWA, Katsuhiko

Guest Scientists

IWATA, Giichi (Ochanomizu University)
RAWAKAMI, Ichiro (Nihon University)
TUZI, Yutaka (The University of Tokyo)

KANEKO, Kumetaro (The University of Tokyo)
MIYAMOTO, Goro (Ibaraki University)
YASUKOCHI, Ko {(Nihon University)

Cn leave from

*] Nissin Electric Co., Ltd.

*#2 Mitsubishi Heavy Industries Ltd.
*#3 Sumitomo Heavy Industries Ltd.

%4 Sumitomo Electric Co., Ltd.

%5 Tokyo Shibaura Electric Co., Ltd.
*f Mitsubishi Electric Co.

*7 Mitsubishi Atomic Power Industries Inc.
#§ Hitachi, Ltd.

#Q FKawasaki Heavy Industries Ltd.
*10 Fuji Electric Co., Ltd.
*11 Tokyo Shibaura Electric Co., Ltd.
%12 Oki Electric Industry Co., Ltd.

Scholarship fellows

#%] Nagoya University

%%) TUniversity of Tsukuba

*%3 Tokyo Institute of Technology
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The University of Tokyo
Osaka University

Tokal University

Now at the Institute of Plasma Physics, Nagoya University
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A3. Budget of the Division

(unit: million yen)

ry*l 1976 FY*! 1977 FY*1l 1978
Scientific program 3,531.4 6,925.0 9,391,8%2
(excluding staff & (11,491.6) (16,516.2) (14,335.7%3)
administrative cost) :
Building 345.6 410.8 1,155.5

%] From April to March

%2 Including cashing of the financial obligation in
Fy 1978.

*3 The total financial obligation from FY 1978 to
FY 1981 for the construction of part of the
components of JT-60 and for the development of

plasma heating systems and super conductig magnet.
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