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Works performed in the Division of Thermonuclear Fusion Research

for the period of April, 1975 to March, 1976 are described.

1)

2)

3)

4)

5)

6)

The JFT-2 operating regime was extepded to higher torcidal field
of 18 kGG. Plasma confinements were studied on impurit}es, insta-
bilities, plasma-wall interaction.

Properties of a piasﬁa with a separatrix magnetic surface and
plasma behavioyr in the scrape~off layer were studied in JFT-2a.

In the diagnostics, a grazing-incidence vacuum ultra-violet
spectrometer for studies on impurities was completed and put into.
pperation.

Several minor improvement and remodelling on the JFT-2 and JFT-2a
tokamaks were carried out for the convenience of operation.

In the plasma heating, constructions of the JFT-2 neutral injection
sgétem and the injector test stand ITS-2 for development of the higher
energy ion source were started. The design of 200 kW RF power source
for the plasma heating.in JFT-2 was also made.

Research in surface effects in fusion devices started at April 1,
1975. Experimental apparatus was deéigned and constructed in this
fiscal year.

A group for superconducting magnet development for fusion device
was set up in January, 1976.

Theoretical works continued in the analyses on transport procesgses,
plasma heating, and mhd stabilities with an increasing effort on
computational studies. _

A preliminary design of the 100‘MWt tokamak experimental fusion
reactor has been started in April, 1975. At the same time a con-
ceptual design of the 2000 th power reactor was further improved.

In the development of large tokamak device of next generation,
programs on JT-60 and JT-4 are being carried out. Research and
development works and detailed design studies on JT-60 are gtarted
based -on the preliminafy design studies made in‘thq‘previous year.

Preliminary design studies on JT-4 are completed.
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Preface

The fiscal year covered by this annual report ig the first year of the
"second stage' of the CTR activities under AEC; the first stage was from
FY 1969 to 1974.

A brief summary of activities in this period, ending March 1976, 1is
as follows. At JFT-2, a plasma of 1 keV electron temperature and 450 eV
ion temperature was confined with good reproducibility as a result of
controlling the density and current of the'discharge, Tg is about 10 ms.
Effects of discharge cleaning of the vacuum chamber wall of JFT-2 were
studied quantitatively by an Auger spectrocopy.

At JFT-2a (DIVA), a plasma of 200 eV electron temperature and 100 eV
ion temperature was confined in a divertor configuration and mechanism of
the divertor action was studied extensively. TFlow velocit§ of plasma to
the divertor measured by directional probes, was one half of the sound
velocity of the plasma; Te: 15 eV, Ti: 15 eV, n: 1012 em™3. Also it was
found that runaway electrons in the main discharge column were guided by
the divertor field to a special part of the divertor space; this suggests
a possibility of protecting a vacuum chamber from harmful runaway electrons
by a divertor or a magnetic limiter.

As for diagnostics, a new vacuum ultra-violet spectrometer of 10 to
1300 A with absolute calibration and an active beam diagnostic system were
equipped towards the end of this fiscal year. Thus, JFT—Z and 2a are now
installed with a fairly complete diagnostic system; e.g. three mirowave
interferometers, six optical spectrometers, a laser scattering spectrometer,
a ten-channel neutral particle detector and X-ray detectors.

No trouble in maintenance and operation of JFT-2 and 2a was encoun=
tered in the fiscal year except a trouble at saddles of the coils of time
varying vertical field of JFT-2, which resulted in three weeks shut-down.
Some technical improvement and modification of the tokamaks were performed;
on vacuum systems, control of discharge current, modulation of the divert-
or coil current and so forth. ‘ '

At a test stand for neutral beam injectors, ITS-1, beams up to B A
and 26 keV with divergence of 1.7° and 0.1 second duration were obtained.
Based on this result, construction of two injectors of 300 kW total for
JFT-2 was begun; finished at August, 1976. Also, in order to develop an
injector of 80 keV and 15 A of two stage acceleration for the JT-60,

construction of ITS-2 of 100 kV and 20 A was begun.
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In parallel to these, a preliminary design of LHRH system for JFT-2 was
finished.

A new group on plasma-wall interaction was organized; the experimental
work will begin after the installation of two accelerators (0.1 - 6 keV
and 30 - 400 keV of ions of H, D, He, C, Fe, Ni, Mo etc.).

A design of a tokamak experimental power reactor was_tompleted to its
first step and the design study of the proto-type tokamak reactor of 2 GW
was continued with emphasis on magnet, construction and fuelling. The
both reactors are gas cooled reactors with solid (Li0O,) fertile material
and cold gas blanket around the reactor core plasma. Safety evaluation of
the designs was begun.

As for the JI-60, one Sf the "four large tokamaks" in the world, a
detailed (pre-construction) design, development and tests of major compo-
nents was begun; the latter are on a toroidal coil, voloidal coils includ-
ing magnetic limiter coils, circuit breakers for poleidal coil power
supply, a fast movable limiter, control systems and so forth. 1In perform-
ing these, industries were actively participating. By these procedures,
we are eﬁpecting that necessary data and know-how to start with the actual
construction of JT-60 will be obtained by March, 1977.

A preliminary design of JT-4, a tokamak with non-circular cross-
section and divertors was completed. In a plan of the "second stage', the
JT-4 is expected to play a role of a statllite program for JT-60 and to
elucidate feasibility of noncircular system for a reactor. And also it is
a scale-up version of JFT-2a.

Impurity transport, transport by field ripple, heating processes in
neutral beam injection and transport associated with disturbance of
magnetic surface were studied theoretically. These works contribute
singnificantly to the ﬁesigns of the tokamaks, and analysis of experimen-
tal data at the Divisiomn.

In order to manage the expanding jobs of the Thermonuclear Fusion
Laboratory, it was reorganized at April 21, 1975 into a new Division of
Thermonuclear Fusion Research, containing four laboratories and-two
sections: theory, plasma experiments, plasma engineering, reactor design,
large tokamak, and technical management. And further, at June 1, 1976 the
Large Tokamak Laboratory became a new Division of Large Tokamak Development.
Thus, this report is the first and last report of the Division of Thermo-
nuclear Fusion Research jointly dissued by the two Divisions.

Lastly, publication of this annual report was awfully delayed, to our

regret, partly due to resignation of a person in charge of editing.

o (5. Mori)
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[. Toroidal Confinement Experiments
1. JFT-2

1.1 Introduction

The JFT-2 operating regime has been extended to higher toroidal fields
(Bt<18 KG). Our main emphasis has heen placed on understanding the plasma
confinement. Typical plasma parameters at 160 kA discharge are Te(O) =1.2 keV,
T3(0)=0.3 keV, e(0)=2x10'3 cu™3, Spectroscoplc measurement indicates that
the main 1mpur1ty is oxygen, which gives the effectlve jonic charge
Zeff(0)>3. 1In the follow1ng subsectlons we will dlscrlbe the discharge

characteristics, the MHD 1nstab111t1es, the effect of dlscharge cleaning,

and so on. (N Fuglsawa)

1.2 Discharge Characteristics at Toroidal'Field 18 KG
1.2.1 Experimental Results

Machine parameters of the JFT-2 device and the results of confinement
studies with a toroidal field of By=9 KG are presented in refs. 1, 2.

Several attempts were made to obtain optimum operating conditions
through the plasma parameter studies. until December 1975. Introduction of
an improved gaé feed system has made constant dénsity operatiors possible.
Some new diagnostic tools (e.g. Fast Ionization Gauge, Si thermister, Pyro-
electric detector, PIN diodes) are ‘introduced, in addiﬁion-to;the usual
standard diagnostics, for the ﬁurpose of detailed investigation and monitor-
ing of the plasma behavicur. - Typical plasma parameters- at discharge current
Ip < 170 XA and Bt = 18 KG are Teo ™ 1.2 KeV-and Tjo v 0.3 KeV for me
9x1013em™3. and effective ionic charge Zeff ranging from 3 to 10.

In ‘this section, several operation improvements are described first,
then energy confinement properties are presented and discussed.
fi) Machine Operation Improvements

Initiation of the discharge, current rise time, column positioning and
the density control are mainly concerned a and summarized as follows

(a). An electron. emissien filament, as a pre-ionizer, makes the dis-

charge reproducible and also decreases hard X-ray emission during the

early phase of discharge (cf. (ii)).

(b) The primary c¢ircuit for ohmic heating is modified to yield faster

build up of plasma current.
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(¢) Horizontal displacement of the plasma column, deduced from a pair

of magnetic probe signals, AH‘E'—li—Z cm (inward) seems to be optimum.

This means, as the steady equilibrium field Byp, somewhat larger
value than usual is needed, which may be due to the effect of small
decay rate of the shell current (3).

The improvement (b) (c) yield a significant effect on the temporal
evolution of Ee and Teg(i.e. the duration of turbulent ne signal
during 10020 ms is reduced,and the electron temperature increases
faster,l)

(d) ¥or clean machine condition, the density decreases to the level

of 1/3%v1/2 of the initial density with a time constant of 10

30 ms in hydrogen discharges.z) The density decay seems to be closely

related to the particle recycling.”) In order to vary the plasma

density, additional gas is injected after toroidal equilibrium is
established. By using a fast acting electromagnetic gas valve or
electronically controlled piezo-electric gas valves, plasma with
average ne in the range of 5x1012em™3 to 3x1013cm™3 1is obtained. 1Im
these operation modes, ﬁé can be controlled as a nearly independent
variable.

(ii) 18 KG Hydrogen Discharges

Figure I.1-1 shows the time behaviour of a typical 140 KA, 10 fringes
(EEWQXIolzcm'3) discharge. In the top of the figure, Ip,VL, ne and the
safety factor at the plasma boundary (ap = 25 cm) are shown. Poloidal mode
numbers (m) deduced from the phase shift of the probe signals (see section
I.1-3) are also plotted. Both m and q(a) agrees at a value 415 before I
begins to decrease. Horizontal and vertical displacement (Ag, Ay) and thé
peak position (8,) of ng are shown in the middle. Usually, 8 shifts 12
cm outward with respect to Ag. Whether this discrepancy is due solely to
the experimental errors of the evaluation of Ay as mentioned in (i-c), or
due to the difference between magnetic axis and the center of the outer-
most magnetic surface is not clear at present.

Central electron and ion temperatures (Teo,Tio) are shown in the
figure. Within their experimental errors (typical error bar of the soft X
ray measurement is indicated in Fig. I.1-3), Tep obtained from the Thomson
scattering and soft X ray reveal to be in good agreement. Ion tempefagﬁres
Tzéx' are estimated from energy analysis of the charge exchange neutral
atoms. Figure I.1-2 shows the radial profiles of ne and To in this case.

Density profiles are obtained from the Abel inversionl®) of microwave

_4_
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interferometer data and this procedure is confirmed by the 2-dimensional
Thomson scattering measurement., In this case, ne(r) and Te(r) are approxi-
mated by {1- (r/a)2}i«> and {1- (r/a)z}” respectively.

As another example, comparatively high density (nEOEZXlolacm 3y and
moderate Joule heating power (%200 KW) discharge is given in Fig. T.1-3.
Interferometer signals along different horizontal chords, and the time evelu-
tion of Tg and Ti are shown. 1In this case, Te profile is rather broad and
nearly parabolic.

(iii) Experimental Scaling of Intermediate Density Regime

Normalized electron temperatures (Tg(r)/Teo) compared with -{1_(r/a)2}n
curves are shown in Fig. I.1-4. The power 'n' tends to increase as Teg
become 1 KeV, in other words, the peaking of Te profile seems to appear at
high current discharge.

The central electron temperature Tg, increases linearl& with current
at least up to 150 KA which corresponds to q(a)ié as shown in Fig. I.1-5.

However, for further increased 1 Teg Seems to saturate. Ion temperature

s
T?éx' is a slowly increasing funciion of I, and agrees with the calculation
of electron-ion equipartition rate assuming neoclassical ion heat loss.

In Table I.1-1, plasma parameters and calculated quantities are summa-
rized at a time of maximum I,. For I,=100, 140 XA discharges Vi, ng, and its
profile, Tgo and its profile, internal inductance 2i, poloidal beta_Bp,
energy confinement time Tg and effective ionic charge Zgff are tabulated.
Only for the last 170 KA case Ta(r) is not measured, so the calculation is
performed both for the most peaking case (n=6) and rather broad one (n=2).
Gross TE'is evaluated as a ratio of the total plasma kinetic energy and the
input joule heating power. Though the inductive voltage drop (Ip°6Lp/6t) is
not so small (<0.5V), its contribution is neglected because the time variation
of Lp is not different in each case. Resistivity enhancement to the Spitzer-
Hirm formula is thought to be due to Zeff and the effect of trapped electron.
The latter contribution is roughly estimated to be 20%5) (e¢=0.27, in JFT-2).
Another assumptions are the radial uniformity of toroidal electric field
and Zeff. As will be mentioned briefly below, the radial profilé of Zeff
is now under investigation both from soft X ray and spectroscopic measure-
ments.

For constént plasma current (v100 KA), Tg seems to increase with
density but for comstant ne, Tp decreases with 1. It does not show the
pseudo-classica} dependence = Ip2°Te1/§/ne-Z.J These features are common to

the results of recent medium scale machine. Figure I.1-6 shows the ATC
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scalings) compared with present data. And these 1y are also in the
range of other proposals 758) for empirical scaling.

Central electron temperature is determined by Zgoff(0) and the current
density, i.e. Teoa{zeff(o)vi—aw———&zfg The stability arguments,g) includ-
ing the effect of impurities, may explain attainable Tpq. Figure I.1-7
shows Teo VS. Qaxis where Zeff 1s a parameter (Zeff(r) = const.). Hached
region corresponds to the present saturation level of To, (Fig. I.1-5). Ex-
perimental data from internal mode detector (PIN diode) and from impurity
measurement which includes the measurement of enhanced bremsstrahlung (sec.

1.1.1.5) and spectroscopic measurement will give an answer for this problem.ll)

1.2.2 Comparison with Numerical Simulation

The JFT-2 discharge has been simulated by a tokamak radial transport
code developed by T. Tazima and T. Kobayashi (see VI.4.1). This code is
able to reproduce quite well the experimental results of ST, ATC, and T-3.

We introduce empirically obtained anomalous factors, yxe for the
thermal conductivity coefficients of electron Xe, and Yp for the diffusion
coefficient D. v, and yp are functions of |Ue/Veth’; where U, is the
electron drift velocity and Veth the electron therimal velocity, and the

mean values of Yye and yp are about five. Then, ¥, and D are given by

12¢%e)

ey = (Yxe)[B LA

classical,

and about 500 times as large as the classical coefficients, since [Bt/Be(a)]2
ig about 100. As an example,we describe here briefly the results of calcu-
lation for a 80 kA discharge. The time evolution of the total plasma

current and the one—turﬁ voltage of the discharge are shown in Fig.

1.1-8. TFigure I.1-9 shows the temporal evolution of the electron and ion
temperature at the plasma center. In this case the energy confinement time
Tg is nearly equal to the particle confinement time T and is less than 10ms.
It arouses our interest that the safety factor q is less than unity over the
broad region.

The effect of impurities is estimated with an impurity transpoert code
developed by T. Tazima and Y. Nakamura (see VI.4.2). The results of calcu-
lation indicates that the effective ionic charge Zeff is four and the total
energy loss due to impurities is about 30% of the Joule input power on the

assumption that the main impurity 1s oxygen. The plasma edge is cooled
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significantly by the impurity radiation loss, while the reduction of the

central temperature is less than 107 {Fig. T.1-10).

(T. Hirayama, T. Tazima)

1.3 MID Oscillation

In this section we describe MED instabilities (f<20 KHZ) observed in
JFT-2 tokamak. These instabilities are studied in the following experimen-
tal conditions : filling pressure pf=(4.4%4.9) x 10~% Torr; toroidal
magnetic filed By=10 KG; ohmic heating current Ip=(100&150) KA and limiter
radius 25 cm. The low frequency oscillations are observed by magnetic
probes and a 4 mm microwave interferometer system. The latter makes it
possible to measure the steady state and fluctuating densities, and their
radial profiles, from which we can determine the fluctuating surface and
mode numbers. '

A system of 24 magnetic probes located on the inﬁernal surface of a
shell, at an interval of 15°, 1is used to determine the poleidal profiles
of amplitudes and phase difference of oscillations. The experimental data
from these two measuring systems are compared and discussed.

The low frequency instabilities of the JFT - 2 plasma propagate to the
direction 6f electron diamagnetic drift velocity similar to the results of
sT!2) and other tokamak machines, but the phase shift in the azimuthal
direction is not proportional to the angle of the probe position, that is
to say, its phase velocity changes around the azimuthal direction. The
frequency of the density wave is the same as that of the magnetic field
%9 and its phase is locked with each other. The density fluctuation g is
associated with a q=2 rational surface, but the phase difference of mag-
netic probe signal once around the poloidal angle gives m=3. This fact
suggests that the observed fluctuation is composed of m=2 and m=3 and/or

higher modes.
1.3.1 Experimental Results

The instabilities are observed in three cases which are.classified by
safety factor q at the limiter. The maximum plasma current in cases A, B
and C are 105, 115 and 150 KA, and their safety factor correspond to 3.2,
2.8 and 2.5, respectively.

Typical discharge characteristics of these cases are shown in Fig.

1.1-11. The arrows indicate the time when the profiles of the low frequency
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oscillations are measured. When the oscillations grow up, the loop voltages
slightly rise, but these do not lead to disruptive instabilities. The
horizontal displacements measured by the magnetic probes are within 2 cm
from the center of the shell in all cases when the measurements

are made, and the vertical displacements are negligibly small.

Figure 1.1-12(4) shows the electron density profiles at the time when
the oscillations are measured, which are obtained by inverse transformation
of the electron line density on the assumption of vanishing density at the
surfacé of the liner. The plasma centers which are determined from the
electron density profiles are within 2 cm from the center of the liner,
these valves are consistent with the magnetic probe measurements.

Figure I1.1-12(b) shows the electron temperature profile measured by
laser scattering in the case A. Its profile fits to g function [1--(z/25)“]2
or [1-(z/25)2]2. Assuming that the current density is simply proportional
to Te3/2, we can obtain the profile of the safety factor q(r), as shown in
Figure I.1-12(c)., This figure indicates that the safety factor reaches a
value of 2 at a radius of 18 cm.

The profiles of the low frequency oscillations in the case A are shown
in Fig. T.1-13(a) and (b). Figure T.1-13(a) shows the amplitude and the
phase shift of the poloidal magnetic field fluctuations. The total phase
shift is 6w, and the mode number is seemingly m=3 , but the phase shift is
not proportional to the poloidal angle 8. TIf the phase shift is measured
only on the outer side o6f the toroidal plasma cross section, the slope of
its curve givesan m=2 mode, and the phase shift on the inner side has an m=5
mode. The amplitude of the magnetic field oscillation has not its maximum
in the outer side of the plasma, but at the upper or lower side, which
differs from the results of T-3 tokamakla). Figure T1.1-13(b) shows the
fluctuation of the mean line-of-sight density n, the frequency of which
coincides with that of the magnetic field oscillation.

Assuming that the density fluctuation varies as g(r)cos(mt—me), we
can write the amplitude of the mean line-of-sight density fluctuation as
n=fEL|g(r)I cos m8dz. Further, for simplicity, fg(r)! =!g|6(r—ro) is
assumed in the following, here ry is the radius of the surface where
the fluctuation is localized, and &(r) is a delta function, then we obtain
n=2]g|cos mdo and cos 85=(x/ry). The line-of-sight density fluctuation
becomes zero at the place where x/ro=0.707 and takes the maximum value at
x=0 in a case of m=2. On the other hand, in a case of m=3, n becomes zero

at x=0 and x/r,=0.866, and takes the maximum value at x/r,=0.5. The profile
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of Fig. I.1-13(b) indicates that the n=2 mode is dominant and is localized
on the surface of r=19 cm. This value is well coincide with the radius of
q=2 surface in Fig. I.1-12(b). Tt should be noted that the magnetic probe
measurement once around the poloidal direction shows that the mode number is
m=3, on the other hand density fluctuation measurement gives the mode number
m=2 on the g=2 surface.

In the case B, oscillation characteristics are shown in Fig. T.1-14
(a) and (b). The density fluctuation also shows that the m=2 mode is
dominant. The phase shift of the poleidal magnetic field oscillation is
6m, just like the case A, but it should be noted that there is much differ-
ence between the features of the phase shift in the cases A and B, that is,
in this case, there exists a phase jump of 7 at the inner side of the plasma
cross section, where the amplitude is nearly equal to zero, and that except
for 6=w, the slope of the phase shift gives the m=2.5 mode.“ The profile
of the amplitude is quite different from that in the case A and approaches
to zero at the inner side of the plasma, which coincide with the case of
7-313) . These characteristics of the oscillations may suggest that the
observed oscillation is composed of m=2 and m=3 modes.

In the case C, (the surface safety factor q=2.5) the density and
magnetic field oécillations.give the mode number m=2, as shown in Fig.
I.1-15(a) and (b). The magnetic field oscillation amplitude approaches to
zero at the inner side of the plasma, which are similar to that of the case
B. The density oscillation amplitude.is larger than those in the cases A
and B.

The shape of the magnetic field perturbation may be obtained by ana—
lysing the phase and the amplitude profiles. Their spatial structure could
be represented by A(8) cos ¢(0), where A(8) and V() are the amplitude and
phase shift of the fluctuations, respectively. Figure I.1-16(a), (b) and
(c¢) shows the profiles of A(8) cos p(8).

These curves are twe or three-lobed, but not sinusoidal. We may con-
clude from these observations that several modes of different m are excited
simultaneously. Results of the Fourier analysis of Fig. I.l—l6(a), (b) and
(¢) are shown in Table T1.1-2, where we have considered the Fourier compo-
nents up to m=6. The maximum Fourier component ig m=2 in all cases, even
in the case A. This fact is quite consistent with the measurement of
density fluctuation.

In order to explain the data shown in Table T.1-2, we should consider

first of all the toroidal effect and also the effect due.to the eccentric
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equilibrium position. These effects are discussed by Alcator—Grouplu). The
toroidicity causes a signal at Fourier component m=1l, whereas the eccentric-
ity generates signals m+k (with k=1, 2 ...... etc.). Especially at k=1 and
k=2, the amplitude becomes relatively large with increasing eccentricity.
The phase difference between adjacent modes is 180°, 1In Table I.1-2, the’
phases of m=2 and m=3 modes are nearly zero, and of m=4 are nearly 180°.
In the present experimental conditions, the horizontal displacement Ay is
less than 2 cm, and the eccentricity A=Ay/a, a being the radius of the shell,
is less than 0.1. Therefore, the toroidal and eccentricity effects cannot
explain the data of Table I.1-2Z. The amplitude of By decreases in the direc-
tion from the outer toward the intermal surface of the torus similar to the
case in T-3 tokamak. They had explained this phenomenon as balloon-type
disturbance and eccentricity. But this cannot ekplain the deviation of
the phase relation from the straight line and the amplitude profile in the
case A,

' On the basis of the above mentioned discussions, one may conclude
that the observed fluctuaticn is a coupled mode of m=2 and m=3, and/or m=4,

like a tearing and kink mode. (K. 0dajima, M. Maeno)

1.3.2 Analysis of Density and Magnetic Field Fluctuations Observed in

JET-2

Density and poloidal field fluctuations are simultaneously observed in
a relatively low-density operating regime of JFT-2.15) Measurement of the
density fluctuation by microwave interferometry reveals poloidal mode
structure of seemingly m=2. The fluctuation level is g/no Y 6% for q(a) =
2.8 (which is called as case B), and IQ{/no Y 8% for q(a) = 2.5 (which is
called as case C). The .magnetic field fluctuation has a poloidal mode
number of m=2 for the case C. For the case B, however, the magnetic field
fluctuation seems to consist of m=2 and m=3 modes. In both cases EG/BQ X
1n3%. | |

Analysis of these observations is made on the basis of MHD theory of
kink and resistive tearing modes. The w=2 fluctuations in the density and
poloidal field may be due to the m=2 tearing mode which becomes unstable
because the resonant surféce q(rg) = 2 falls inside the plasma column.
The m=3 mode of the magnetic field fluctuation may be considered as an m=3
kink mode, because the tokamak equilibrium with q(a) > 3 becomes unstable
against this mode. Linear MHD stability calculationle) is made on the l

spatial profiles of the m=2 tearing mode and the m=3 kink mode. The ampli-
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tude of the perturbations is prescribed by use of the experimental data.
The analysis is checked by whether the calculated profile of the density
fluctuation is consistent with the observed fluctuation or not.

The Euler equation for the radial displacement
[P LN B
e ~ g8t 0 | (1

is solved assuming an equilibrium configuration shown in Fig. 1.1-17,
where f and g are function of equilibrium quantities as well as the mode
numbers m > k (=1/R)16). The density profile used in the calculation is
given by the data of microwave interferometer and the current profile is
obtained from the data of ruby laser Thomson scattering. The profile of
perturbation by for the m=2 tearing mode is shown in Fig. I.1-18 where
'constant—y' approximation17) is uséd. The density fluctuation is calculat-

ed by the relation
o dng .
a(r) = 80— (2)

Typical profiles of the density fluctuation are shown in Fig. I.1-19.
The line density fluctuation, which corresponds to the measurement in JFT-

2 is given by
n = /X [oR(r)cos26 + BR(r)cos(30 + ¥)]dz (3)

where o and B denote the amplitude of the m=2 and m=3 density fluctuations,
respectively, and ¢ is the phase difference between the m=2 mode and the
m=3 mode. By use of three data of g, o, 8 and ¢ are determined. Thus

£(r) for both m=2 and m=3 mode are found from Egqs. (1) and (2), and the
poloidal magnetic field fluctuation is given by

H{//Be

By = - 8o WiB,) (r0) ' - rE(D” (4)

The calculated density fluctuation % are shown in Fig. I.1-20 (case
B) and Fig. I.1-21 (case C). The experimental data are also shown in
these figures.. The poloidal magnetic fluctuation at r=b for these cases
calculated from Eq; (4) are consistent with the experimental results, .
where b denotes the radius of the surface where pick up coils are placed.

Fairly good agreement are obtained between the theory and the experiment.
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The remaining problem is to find helical structure of density perturba-

tion in experiments. (M. Wakatani, K. Odajima, M. Maeno)

1.4 Effect of Discharge Cleaning on the Surface of Vacuum Wallle)

The effect of discharge cleaning is studied by observing the changes
in the discharge characteristics, wall conditions and typical mass peaks
with cleaning pulses. This experiment is performed during the baking and
succeeding discharge cleaning operations after opening the torus to air
for three months (Sep.-Dec., 1975). The base pressure, 5x1078 torr, is
obtained after baking the chamber itself at 150-200°C and the observation
sections at about 80°C. The discharge conditions for cleaning are: toroidal
magnetic field = 6-7 KG, filling pressure = 2x10 %torr (hydrogen); plasma
current = 100 KA; and repetition time = 1-1.5 min. The total cleaning
pulses are 2900 shots.

The discharge characteristics are measured at the typical stages of
discharge cleaning in the same conditions as in cleaning pulses except that
the toroidal magnetic field is 14 KG. The time behaviours of loop voltage
and plasma current drastically change from the initial resistive ones to the
inductive during the first 500 shots. They change gradually thereafter and
are almost stationary after 1500 shots. The radial profiles of electron |
temperature and density are measured at the peak of plasma current after
2500 shots. From the results, the energy confinement time is 3.2 msec on
the assumption that the ion temperature is one third of the electron, the
poloidal beta for electrons is 0.17 and the effective ionic charge Zeff is
4.5, here the current distribution is assumed to be proportional to Te(r)3/2
and Zgff eonstant over the plasma columm.

Surface compositions of the samples placed at the maximum and minimum
inner radius of the vacuum chamber (bellows) are cbserved by an Auger
electron spectrometer as shown in Fig, T1.1-22. Semi-quantitative analysis
is performed on the assumption that the Auger peak shape, the escape depth
of Auger electrons and the influence of backscattering on the relative
vield in each element are the same as in the cases of standard spectra.

The results of the sample S5-A is shown in Fig. T.1-23(a). The initial
contaminated layers are removed with continuing discharge cleaning and then
the surface composition is saturated in the level of 30-50 atomic percent
(a/o) C, 20-30 a/o Mo, 15-30 a/o stainless steel elements and 10-15 a/o O
after 200~500 shots in the samples located at the minimum inner radius of

the vacuum chamber and 500-1900 shots in the one located nearly at the
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saximum. These changes well correspond to those of discharge characteris—=
tics. .

Depth profiles of the atomic composition in the surface layers of the
samples are observed in a standard Auger/sputter system after the discharge
cleaning followed by the exposure of the samples to air. The semi-quantitative
analysis is also performed and the results in $5-A are shown in Fig. I.1-23(b).
If the thickness of the deposited layers in the stainless steel samples is
defined by the depth where molybdenum content is decreased to 10 a/o, it is
300 ; for SS-A located at the minimum inner radius of the wvacuum chamber
and 40 R for S5-B located nearly at the makimum on the assumption that the
etching speed of the layers is lS-R/min. The mechanism yielding the depos-—
ited layers may be that the atoms of the limiter and wall materials (Mo and 304
stainless steel, respectively), being knocked-out by the bombardment of plasma
particles, arrive at the wall as ions,'and the gas species bf carbon and oxygen
are adsorbed by the active surface in the intervals between discharges.

Observation of the time dependences of the mass peaks, m/e=15 and 16,
shows that CH, released from the wall surface during the discharge is almost
evacuated. The peak height showing the released CH, quantity, rapidly
decreases during the first 500 shots and is almost constant thereafter.

These results well correspond to the change of carbon composition in' the
surface of the samples. The constancy of the peak heights observed after
500 shots suggests that the source of CH, exists in the vacuum chamber.

This may be correlated with the source of carbon in the deposited layers.

To summarize the results, noticeable correlations are observed between
the changes of discharge characteristics, wall conditions and methane
emission during the discharge cleaning at low toroidal magnetic field. The
surface condition of the vacuum wall becomes stationary with continuing
discharge cleaning and the stable reproducible plasma with Zeff=4.5 is
obtained in this wall condition. The discharge characteristics, especially
Zeff, will not be further improved by further discharge cleaning.

(Y. Gomay, T. Tazima)

1.5 Miscellaneous Topics
1.5.1 Soft X-ray Spectrum Measurement

Soft X-ray spectra from the JFT-2 plasma are measured by a Si(Li)
detector with a. 8.4 um thick Be window and a multichannel P.H.A. We can

adjust the count rate to the optimum value by a collimator equipped with
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Ewo sets of apertures. We can, in the vacuum, exchange apertures of one
set (apertures; 0.2, 0.4, 0.8, 1.0, 2.0 mm¢) to yield the optimum count
rate. '

A typical X-ray spectrum summed up throughout the discharge duration
is shown in Fig. T.1-24, which clearly consists of three components. The
highest component is correlated with a signal of Nal detector, therefore
this is the effect of hard X-ray radiation due to high energy runaway
electrons. This component disappears when the line-of-sight electron den-
sity is above 5x101%cm 3. The lowest component is almost unchanged for
various discharge conditions, and always appears in the low energy range
(E<1 keV). This seems to be the effect of radial distribution of electron
temperature or the contribution of line radiations such as OVII, OVIII.
The electron temperature can be determined from the mid-energy range
(E>1 keV),

In order to measure a spectrum in the higher energy range a 60 um Be
foil is inserted into the optical path. A typical spectrum in this case is
shown in Fig. I.1-25, in which two characteristic lines (Mo Ly, Fe Ky
are distinguished clearly. The electron temperature in this discharge is
about 1.1 keV, which is higher than the previous example (Fig. I.1-25).
This is due to the improvements described in I.1-1, i.e. the faster build
up of the plasma current and additional gas injection,

We prepare a new collimator system to measure the soft X-ray spectrum
across the whole plasma column. The collimator consisted of two sets of
rotary piate with 12 apertures and a rotary plate with 12 absorber foils.

We can adjust in tﬁe vacuum the count rate in a wide range (factor of

103) and also the thickness of the Be foil (<500 pm). (N. Suzuki)

1.5.2 Bolometric Measurement

The measurement of energy loss to the wall, namely, the radiation loss
and the charge exchange loss is being carried out in JFT-2 tokamak, with
bolometers of both Silicon thermister and pyroelectric device.1?)

Figure I.1-26 describes the construction of a Silicon thermister.

Its drawback is that the resistance is so sensitive to light (photoelectric
effect) that we cannot follow the variation of energy loss during the dis-

charge. Only the total amount of energy loss to the wall for each shot is

available from the ratio of the resistance variation AR/R,.

To obtain the calibration curve, pulsed voltage is applied to the
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g{licon thermister (Fig. T1.1-27). 1In Fig. 1.1-28 the ratio AR/Rg is
plotted against the joule input.

The pyroelectric device is also used to measure the wall energy loss
in JFT-2.

Both types of bolometers are equipped at a place shown in Fig.

1.1-29. The output of the pyroelectric device integrated over discharge
duration is plotted against the loss to the wall measured with the Silicon
thermister (Fig. I.1-30). They are proportional with each other.within

an error of 30%. The solid line is drawn for calibratiom, the dashed ones
for estimating the error. _

In the course of discharge cleaning, the energy loss to the wall is
measured for a constant input energy using the Silicon thermister (Fig.
T.1-31). As the discharge cleaning is repeated, the loss to the wall, most
of which is radiation loss due to impufities, décreases and”the central
electron temperature increases.

Figure 1.1-32 shows the current dependence of the ratio of the power
loss to the wall to the joule heating power at the current peak. The elec-
tron density is kept constant throughout the experiment. The ratio of the
power loss to the wall becomes smaller with the increase of the current.

(T. Sato, M. Maeno, T. Hirayama, M. Shimada)
1.5.3 Fluctuation Analysis by Data Processing System

As is well known, measurements by magnetic probes placed along poloidal
contour of a torus provide the mode number m and rotation frequency f/m
of magnetohydrodynamic instabilityzo).

We have completed a code which gives the frequency spectrum and the
mode number from the magnetic probe signals. Electric gignals from two
magnetic probes 81(t), Sp(t) are decomposed into Fourier components Si = Iw
(Ai(w) cos ot + Bj(w) sin wt), (i=1,2), which give the frequency spectrum
of mode amplitude, Iiz(m)=Ai2+Biz and also the phase difference ¢2_1=tan_1
(Ar/By)-tan ' (Ay/By). Summing up the phase differences ¢ around - the

poloidal rontour , we can obtain the poloidal mode number m.
Td = 2 1m
Figure 1.1-33 shows an output of the graphic display. INP1 and INP2
mean the signals of two magnetié probes which are placed at 15° of azimuthal

angle. D1, D2 are the frequency spectra of amplitude. MOFR, FREQ are the
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mode number estimated by the phase differences of each Fourier components,
and the rotation frequencies, respectively.

The program is originally written for data sampled at PM3 (sampling
time: 2.85 us, record time: 15 ms, 2 channels), and then converted for the
use of a transient recorder (sampling time: variable>0.1 us, 1024 data, 2
channels). The version for 8 channel analysis is in development.

(M., Shimada, T. Shoji)
1.5.4 Ambient Neutral Gas Density Measurement with a Fast Manometer

Ambient neutral gas density is measured by means of a fast ionization
gauge, which is specially constructed for the operation in a strong magnetic
field.2!) The construction of the fast manometer is shown in Fig. T.1-34.
Discrimination of the pressure signal from background noise is accomplished
by modulating the current of jonizing electrons. Also a secondary electron
repeller and a electrostatic shielding is Installed to reduce the noise.

Typical variation of electron and neutral gas density for a regime of
discharge duration of 130 m sec is shown in Fig. I.1-35. The neutral gas
density rapidly increases by 60 % at the moment when the discharge is
initiated ; then, as the plasma column is formed, it rapidly drops to a
value of 0.5% of the initial value. In the subsequent stage, the neutral

gas density remains almost constant.

(M. Maeno, T. Hirayama, T. Sato)
References

1) Annual Report of JAERI Thermonuclear Fusion Laboratory JAERI-M 6359
(1976) 4.

2) Fujisawa, N., et al.t Proc. 5th IAEA Conf. on Plasma Physics and
Controlled Fusion, Tokyo, 1 (1974) 3.

3) Sometani, T. and Matsuda, S.: private communication.

4) Shimomura, Y., et al.: Proc. 7th Europ. Conf, on Controlled Fusion and
Plasma Physics, Lausanne, 2 (1975) 81.

5) Connor, J.W., et al.: Nucl. Fusion 13 (1973) 211.

6) Daughney, C.: Nucl, fusion 15 (1975) 967.

7) HBugill, J.: Proc. 7th Europ. Conf. on Controlled Fusion and Plasma
Physics, Lausanne, 1 (1975) 7.

8) Murakami, M., et al.: Nucl. Fusion 16 (1976) 347.

9) T.F.R. GROUP, private communication.



10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)
21)

JARRI-M 6926

Matoba, T. and Funahashi, A.: JAERI-M 6239 (1975) and Takeda, T., J. of
Computational Phys. 21, 305 (1976).

Maeda, H., et al.: Proc. 6th IAEA Conf. on Plasma Physics and Controll-
ed Fusion, CN-35/A-18 (1976).

Hosea, J.C., Bobeldijk, C. and Grove, D.J.: Plasma Physiecs and Con—
trolled Nuclear Fusion Research Vol II, 1971 (TIAEA. Vienna, 1971),

P. 425.

Mirnov, S.V. and Semenov: Soviet Atomic Emergy 30, 211 (1971).

pekock, L.C.J.M., Meddens, B.J.H., Ornstein, L.Th.M., Schram, D.C.,

and Van Heijningen, R.I.J.: Rijnhiuzen Report 74-86 (1974).

Fujisawa, N. et al.: Bull. Am. Phys. Soc. 20, 1260 (1975).

Shafranov, V.D.: Soviet Phys. - Technical Phys. 15, 175 (1970).

Furth, H.P., Killeen, J. and Rosenbluth, M.N.: Phys. Fluids 6, 459
(1963).

Gomay, Y., Tazima, T., Fujisawa, N., Suzuki, N., Konoshima, S.: JAERI-
M 6647 (1976).

Sato, T. et al.: JAERI-M 6577 (1976).

Artsimovich, L. et al.: Soviet Atomic Energy 22, 325 (1967).

Maeno, M. et al.: JAERT-M 6712 (1976), (in Japanese).



Table I.1-1 Typical parameters of the JFT-? discharge
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for By=18 kG.
(% ne Te ac{I—(f/o._)z}n)

Ip | VL | DNeo neff*) Teo | Te (r) Z; Bp | Te | Zetr| day)

(KA) | (V) 0% N |(Kev}| n (ms)

105 1.6 | 1.6 08! 2 | 14|02 s 6 | 6.0

100 | 2.0 | 30 0.7 | 1 t.1 04| 9 |11 | 63

135 | 1.7 | 16115 [ 1.0 (4) | 1.9l 0.1 | a4 4 | 4.6

40 21117 2 |11 6 (2301 | 3] 4 | a5

1401 1.9 | 20|15 1 1.0| 4 | 1.9{0.1] 4 4 | 45
(170 20| 16| t | 1.0 5 1-53-+99%% -2 1-3 1 357

Ip. VL, ne(r), Te(r) at Ip=0

Assumption

Zeff (r) = const. |

E¢ (=\/27R) = const. , ne=n;

- N _3
o Zeff ¢ f(Zeff) = PRy [fo Te (r)rdr] {including toroidal correction)

a.
° Te=1/(Vi-1p) * -g—fo Ne(kTe+kTilrdr x 27tR,
2 -1
o By=[B1Yp,, " [*n (KTe+kTi) rdr

o £i=(Bg(r/Bi(a,

Ti=Te/3

Table I.1-2 The results of Fourier transform of the
Upper lines indicate the mode
amplitude in arbitrary unit, and lower lines the
phase shift from the outer side of the torus(6=0).

curves in Fig.I.1-16,

m=1, m=2 | m=3 m=4 | m=5 Im=6j
Case| O 11 1 1.0 |0.65/0.69| 0.30i 0.17
Al gs -7°1 1° [ 163°] -26° 169° |
Case| O-11 1 1.0 |0.79,0.30| 0.09| 0.0f
8 o | & - |79 4 | 100"
Casel O.22 1.0 10.35 0.19 | 0.11]0.07
Clio e w5 o
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Fig. I.1-4 Nofmalized electron
temperature profile (Te(r)/Teo)
and {1-(r/a)2}" curves (n=1,4
and 6). Tgo=1 Kev, Ip=140 KA
and Teo=0.6 KEV, Ip=100 KA).
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Fig. I.1-5 Variation of Teo and
Tio with plasma current Ip,

(q(a)).
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Ne (no. of fringes, 4 mm)

Ip(KA)

Fig. I.1-6 Gross energy contain-
ment time vs. ne/Ip. Straight

line (X) corresponds to ATC scal-
ing (ref.(6)), average Te=0.5 KeV.
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2 3 4 5 .6 Qg ),n=49

Fig, I.1-7 Central electron temperature Tep
as a function of qg--jg* for Zaff=1 to 6.
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Fig. I.1-8 Plasma current and loop voltage.
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Fig. 1.1-9 Temperature of electron
and ion at plasma center.
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Fig. I.1-10 Electron temperature
profile at t=90 ms and t=130 ms.
meausred, ——- calculated.
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Ne (10°¢cm3)

Case C

Case B

-25

Case A

3 =
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Fig. I.1-12 The radial profile
of steady state density(a),
electron temperature(b), and
safety factor q(r) obtained by
temperature profile(c), assuming
the current density directly
proportional to T, 372,
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Fig. I.1-22 Schematic view of the system for
surface observation.
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Fig. I.1-23 a) The éhange of surface composition

with cleaning pulses and b) the depth profiles
of atomic composition in the surface lavers in
the nearest sample from the plasma ($5-A in
Fig., 1.1-22).
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- Boron-doped Silicon Semiconductor
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Fig. I.1-26 Schematic diagrams
of Silicon Thermister.
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Fig. I.1-27 C(Circuit for calibra-
tion.
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Fig, ¥.1-28 Calibration curve.
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Fig. I.1~29 Bolometer set-up.
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Fig. T.1-32 Dependence of energy loss to the wall
on plasma current.
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Fig. 1.1-34 Schematic representation of the manometer.
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2. JFT-Za
2.1 Introduction

Discharge characteristics with an axisymmetric divertor were investi-
gated in the period of April 1, 1975 to March 31, 1975 in DIVA (JFT-2a).
The main results are as following:

(1) A separatrix magnetic surface 1s stably located inside material
surfaces.

(2) Plasma parameters of a main column are consistent with those expected
from a conventional tokamak and no adverse effects of a separatrix magnetic
surface are observed.

(3) Heat and particle fluxes to the divertor are axisymmetric.

'(4) These fluxes are small fractions of the total loss fluxes from the

main column.

(5) Heat flux to the divertor region is asymmetric with respect to the
median plane, which is due te runaway electrons from the main plasma

column.

{(6) Intense fluctuations are observed in the outer density gradients of

the scrape-off plasma. Diffusion constant across the magnetic field in

the scrape-off layer is about i%-%l times of the Bohm diffusion coefficient.
(7) The configurations with the separatrix magnetic surface are obtained
with 2>ID/IP>O.7 and are stably changed within 1 ms by using dynamic magnet-
ic limiter (DML) operation.

Discharge characteristics were given in refs. 1, 2 and 3, and a
detailed description of the measurement of the heat flux to the divertor
was given in ref. 4. Experiments on Dynamic Magnetic Limiter were given in
refs. 5 and 6.

The following sections describe the summaries of the above mentioned
works performed during the period under the review.

(Y. Shimomura and H. Maeda)

2.2 Discharge Characteristics with a Divertor
2.2.1 Magnetic Configuration with a Separatrix Magnetic Surface

The cross-secticnal view of the device is shown in Fig. I1.2-1 and
the basic machine parameters are shown in Table I.

The experimental results described below were mainly obtained under
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the following conditions. The movable shell is at the open position, pro-
tection plates extend 5 mm from the shell, and no titanium is flushed
(Fig. I.2-1). The base pressure is 1x10"7torr. Hydrogen gas of 1.5x10!8
atoms is admitted by four fast acting valves. Plasma current Ip~15 kA and
divertor hoop current IDzi.lXIp.

Figure T.2-2 shows the time behavior of the plasma enclosed in a
separatrix magnetic surface. The peak current is 15 kA, the loop voltage
is 4 V at 4 ms and no negative spikes are observed. The electron tempera-
ture near the centre measured by Thomson scattering is about 200 eV, and
the ion temperature is 50 eV by doppler broadening of H, line and 100 eV
from neutral particle energy analysis. Energy confinement time and BP are
0.7 ms and 0.35, respectively, by'calculation where parabolic profiles of
the temperature and density are assumed. These parameters "are consistent
with those expected from a conventional tokamak and nc adverse effects of a
separatrix magnetic surface are observed.

The field configuration with a separatrix magnetic surface is inves-
tigated by measuring the plasma in the scrape-off layer and by tracing
runaway electrons.

Figure 1.2-3 shows the time variations of the electron density and
temperature in the divertor region which are about one tenth of the values
at the centre of the main plasma column. Density and temperature at 1 mm
from the surface of protection plates 2 and 3 (Fig. I1.2-1) are also
measured and are similar to those in the divertor region shown in Fig.
I.2-3. 1In the case of Iy=0 or Ip=0.45xIy, ion saturation current in the
divertor region is about 103 or 102 times less than in the case of Ip=l.1
XIp (Fig. 1.2-3). The plasma observed in the divertor reglon clearly
originates from the main plasma column.

Figure I.2-4 shows X-ray intensity from a target placed in the divertor
region with various discharge conditions including unstable discharges where
negative spikes preceded by growing or gaturated m=2 pre.uvsor fluctuations
of poloidal field are observed. As the protection plate is extracted X-ray
from the target increases but X-ray from the protection plate decreases.

It is noted -hat runaway electrons pass at a distance aksur 12 mm from che
inner surface of the shell and reach the divertor region even in the un-
stable discharges and the separatrix magnetic surface is located well inside

of the shell and the protection plates.
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2.2.2 Plasma Behavior in the Divertor Region

Characteristics of a plasma in the divertor region is investigated by
scanning magnetic probes, double probes, directional electrostatic probes,
thermocouple probes and X-ray probes at R=40 cm.

In Fig. I.2-5, profiles of ion saturation current denéity ig at
7.5 ms, time integrated heat flux density qp during 0 - 10 ms (-—0O—) and
20 - 40 ms ( ), and X-ray intensity Iy at 16 ms are shown. These
profiles are shown to be axisymmetric within the accuracy range of 10 Z.
Energy conversion efficiency of the thermocouple probe is assumed 100 %,

It is noted that X-ray intensity Iy from a target (X-ray probe of 4 mm¢) is
undetectable during the first 15 ms of the discharge.

It is seen that these profiles, especially Tyx—- and gqy— profiles at
20 - 40 ms, are asymmetric with respect to median plane. Larger peaks of
qg and Iy, and also a smaller peak of ig-are located on the side which
corresponds to the direction of ion VB drift or to the direction along which
electrons flow out from the main plasma along a magnetic surface under the
acceleration of the toroidal electric field. This 1is confirmed by changing
the direction of the toroidal magnetic field and the plasma current. The
correlation between the time integrated heat flux density qp and X-ray
intensity Iy during 15 - 20 ms with various discharge current is shown in
Fig. I1.2-6. It is seen that heat flux increases with X-ray intensity.

It is clear that runaway electrons causes this asymmetry during the later
phase of the discharge.

The particle flux to the divertor region calculated from the ion
saturation current at 7.5 - 20 ms is 0.6-2x1017 particles/ms which amounts
a small fraction of the particle loss flux from the main plasma column
estimated from the total electron number in the column and Hy intensity.
The total energy-to the divertor is 13 - 20 % of total joule input.

Diffusion constant in the divertor region at R=40 cm is roughly estimated
from the profiles of ion saturation current at different major radii and is

less than 1x10% cm?/sec at 7.5 ms which is one tenth of the Bohm diffusion

coefficient.

2.3 Fluctuations in the Scrape-off Layer

Intense fluctuations are observed, which are localized in the outer

density gradients of the scrape—off layer at R=40 cm (Fig. T.2-7). These
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fluctuations, which have not yet been jdentified, presumably enhance the
particle diffusion across +he magnetic fields during the transit of ions

to the divertor along field lines, and may be responsible for the relatively
small value of divertor efficiency. Diffusion constant in the scrape-off at
R=40 cm is roughly estimated from the profiles of ion saturation current at
different major radii and is a few tenth of the Bohm diffusion constant.

(M. Nagami, H. Ohtsuka)

2.4 Fxzperiments on Dynamic Magnetic Limiter

A static magnetic limiter (SML) provides a possibility of decreasing
impurity content, while a dynamic ‘magnetic limiter (DML) can control plasma
diameter and current profile. Basic characteristics of SML and DML have been
studied in the DIVA.

Before investigating transport process and current profile with DML, it
is necessary to study whether the magnetic configuration with a separatrix
magnetic surface can be stably varied or not and how fast the configuration
can be changed. To study this problem, the main plasma column and the plasma
in the scrape-off layer are investigated before, during, and after operating
DML.

A plasma equilibrium with a separatrix magnetic surface, i.e., a mag—
netic limiter, is obtained in a shell with an opening toward a divertor
hoop which carries a current parallel to a plasma current. Various config-
rations with and without the separatrix magnetié surface are obtained by
changing the ratio of the divertor hoop current to the plasma current.

In an operation with SML the ratio is kept nearly constant and in an opera-
tion with DML the ratio is increased or decreased within several hundred
microseconds at a prescribed time during a discharge.

To study plasma behavior, a Langmuir probe, a target for X-ray
measurement and a thermocouple are scanned at R=40 cm in the divertor
region, Langmuir probes and magnetic probes set at the shell gap and the
inner surface of the shell are used, and movable protection plates and
movable shell are also used as Langmuir probes. 4-mm-microwave-interfero-
meters are also used. The Langmuir probe set at R=40 em is a cylindrical
double-probe of 2 mm¢ in diameter and 2 mm in length and ion saturation
current is mainly measured. The target is a piece of molybdenum of
cylindrical shape of 4 mm¢ and its axis is parallel to Fhe toroidal mag-

netic field. One side of the cylinder is cut-off under the angle 45° and
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this surface is the source of X-ray radiation which we observed. That 1is,
the target is oriented so that the runaway electrons from the main plasma
column can hit the surface. The collimation is so made that the X-ray
beams from that surface can pass to a Nal scintillator. X-ray energy which
we observed with almost 100 % efficiency ranges from 10 KeV to 100 KeV,
This target is used to measure the drift surface of runaway electrons. The
thermocouple is a conventional thermocoaxis of 0.25 mmé with time response
of about 5> milliseconds and is used to measure heat flux into the divertor
region. Langmuir probes set on the shell have gold surfaces of several cm?
which coincide with the innér surface of the shell. These probes are used
as single-probes and ion saturation currents are mainly measured. Icn
saturation currents are also measured by the movable protection plates and
the movable shell. Poloidal magnetic field and its fluctuation are measured
by magnetic probes set on the shell surface.

The experiments were performed under the folliowing conditions. The
movable shell is at the open position and the opening width is 9.5 cm.
The movable and fixed protection plates extend 3 mm from the inner surface
of the shell, and no titanium is evaporated. Toroidal magnetic field is
fixed at 1 T and no vertical magnetic field is applied. The base pressure
is 5 x 1078 Torr and hydrogen gas of 1.5 x 1018 atoms is admitted by four
fast acting valves 0.8 ms before starting a discharge. The plasma current
is below 15 kA where the main plasma column is free from negative spike
instgbilities. The maximum divertor hoop current is 30 kAT and the ratio
of the divertor hoop current to the plasma current is varied from 0 to 2.5.
The rising time of divertor hoop current is from 0.2 ms te 1 ms in an
operation with DML,

In Fig. 1.2-8, typical oscillograms of discharge parameters are
shown. The dotted lines in Fig. I.2-8 correspond tc the case of
increasing the ratio of the divertor hoop current Ip to the plasma current
I, at 5ms, while solid lines represent the case of keeping the ratio ID/Ip
constant. The ratio ID/Ip increases from 0.9 to 1.8 within 0.4 ms (Fig.
I.2-8(a}, and IP decreases by 20 %, which is due to the incomplete

decoupling of I -circuit from Ip-circuit (Fig. I.2-8(b) and Fig. I1.2-8(c)).

P
Electron line density nel of the main plasma columm at R = 57 cm begins
to decrease 0.7 ms after increasing ID/Ip and continues to decrease as is
shown in Fig. 1.2-8(d). The ion saturation current Tgqp in the divert@r

region and the ion saturation current TgM of the movable shell begin to
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increase within 0.2 ms after increasing ID/Ip and reach a quasi-stationary
value after 1 ms as in shown in Fig. 1.2-8(e} and Fig. T.2-8(f). The
poloidal magnetic field near the shell surface also reaches a quasi-
stationary value after 1 ms. The ion saturation current Igg of the probe
set on the shell decreases (Fig. I.2-8(g)). The ion saturation currents

of all probes distributed on a meridional plane along the inner surface

of the shell and three movable protection plates decrease in the way shown
in Fig. I.2-8(g). The electron line density profile (ngi-profile) of

the main plasma column and ion saturation current profile (Igp-profile) at
R = 40 cm in the divertor region are shown in Fig. I1.2-9¢(a) and I.2-9(b).
After increasing Tp/Ip the ﬁeﬁ-profile shrinks and its half width at 9 ms
becomes about 60 % of that with kéeping ID/Ip copstant as is shown in

Fig. 1.2-9(a) and the total number of electrons decreases by 30 7% during
the first 2 ms after increasing Ip/Ip. The position of Igp-profile’s peak
shifts from 2 = 3.5 cm to Z = 5 cm after Increasing ID/Ip. These results
show that the separatrix magnetic surface shrinks in the confinement region
and expands in the divertor region within 1 ms, after increasing ID/Ip.

The fluctuation levels of the plasma line density and the poloidal magnetic
field are less than 2 % and do not increase during DML operations.

The configuration can be stably changed within 1 ms by increasing
ID/Ip up to 1.8 as is described above, while the plasma column collapses
in the case of ID/Ip % 2. This may be due to the loss of equilibrium or
stability with a larger value of ID/Ip'

In the case of decreasing ID/Ips the separatrix magnetic surface is
expected to‘disappeér from the inside of the shell. The path of runaway
electrons is investigated By measuring X-ray from the target placed at
R=40 cm in the divertor region. TFigure 1.2-10 shows time variations of
X-ray intensity Iy from the target placed at 7=4 cm, 3.25 cm and 3.00 cm
when Ip/I, is decreased 15 ms after starting a discharge. In the case of
keeping ID/Ip constant, the position of I ,-profile's peak is located at
Z=4 cm with\ID/Ip x 1.1 and I, increases monotonically from l4-ms. In
the case of decreasing Ip/Ip as is shown in Fig. 1.2-10, Iy from the
target at Z=4 cm is undetectable at 0.2 ms after decreasing ID/Ip, while
Iy at Z=3.25 cm begins to be detected at 0.3 ms and at Z=3 cm at 0.4 ms.
In Fig. I1.2-11 time variationms of ID/Ip and the time when I, is detected
are shwon for various positions of the target and various curves of ID/Ip.

Ip/Ip is nearly constant when Iy is detected at a certain position even
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when d(Ip/Ip)/dt is varied. This suggests that the separatrix magretic
surface moves stably according to the value of ID/Ip in the divertor region.
¥-rays from the target at Z < 3cm is undetectable even if ID/Ip is decreased
down to zero and the lowest value of IDfIF is about 0.7 when I, is detectable
from the target. This means that runaway electrons hit the wall of the shell
or the protection plates and do not flow into the divertor region. The ion
saturation current Igp is also measured which decreases to one tenth or less
of the initial current after decreasing ID/Ip down to zero. These results
show that the separatrix magnetic surface disappears from the inside of the
shell after decreasing ID/Ip down to a smaller value than 0.7 and a plasma
does not expand into the divertor region as expected.

To measure the time evolution of heat flux into the divertor region
by a conventional thermocouple, ID/Ip is suddenly decreased at a prescribed
time. Figure I.2-12(a) shows the output of the thermoccuple Vp and Fig.
1.2-12(b) Vr-profiles obtained by scanning the thermocouple at R=40 cm in
the divertor region. Time response of the thermocouple is about 5 ms.

The solid line in Fig. T.2-12(a) shows the output V, with keeping ID/Ip
constant and the broken line shows Vy with decreasing Ip/lp down to zero at
15 ms. The time integrated heat flux into the divertor is determined from
VT at 40 ms when VT saturates. The time integrated heat flux in the case
of decreasing ID/Ip is smaller than that of keeping ID/Ip constant as is
shown in Fig. I.2-12(a). The profile of the time integrated heat flux

Vo in the case of decreasing ID/Ip shown by broken line in Fig. I1.2-12(b)
is almost coincide with that of the output at 20 ms as expected because
ID/Ip decreases at 15 ms and the time response of the thermocouple is 5 ms.
The time evolution of the heat flux into the divertor region can be measured
with a time resolution of 1 ms by decreasing ID/Ip down to zero at a
prescribed time, because the configuration can be changed within 1 ms.

In the case of increasing the ratio ID/Ip’ the main plasma column
shrinks, the total number of electrons decreases steeply and electron
density near the shell surface decreases, while the plasma in the divertor
region expands. These results show that the separatrix magnetic surface
shrinks in the confinement region and expands in the divertor region after
increasing ID/Ip. The particle flux estimated from the ion saturation
currents of the movable protection plates or Langmuir probes set on the
shell surface decreases after increasing ID/Ip. This is consistent with

the result, the separatrix magnetic surface shrinks inside the shell or the




JAERI-M 6926

distance between the shell surface and the main plasma surface increases.
This result suggests that the plasma-wall interaction decreases and the
particle flux into the divertor region increases. From Igp-profile shown
in Fig. 1.2-9(b), particle flux into the divertor region is not estimated
to increase but the flux to the movable shell increases as is shown in

Fig. 1.2-8(f). Then the total particle flux into the divertor region
increases and is estimated about two times larger than that before increas-
ing ID/IP. The loop voltage decreazes and this also suggests that the
plasma-wall interaction decreases after increasing Ip/Ip. Detailed studies-
of particle transport is necessary to know about divertor efficiency or
recycling process;

In the case of decreasing ID/Ip down to zero, the configuration with
the separatrix magnetic surface is changed to the configuration without the
separatrix magnetic surface. This operation is applied for measuring the
time evolution of the heat flux into the divertor.

The position of the separatrix magnetic surface at R=40 cm is investigated
by tracing runaway electron and measuring Isp-profiles. The runaway
electrons from the main plasma column run nearly along the separatrix
magnetic surface near R=40 cm and the position of_ISD—profile peak may
coincide with the separatrix magnetic surface. The results are summarized in
Fig. I.2-13, The position of the separatrix magnetic surface varies from
Z=3 cm to Z=5 cm‘with varyving ID/Ip.from 0.7 to 1.5. X-ray from the target
placed at Z 3 5 cm is undetectable and the position of Igp-profile peak
does not move outward from Z=5 cm even varying Ip/Ip from 1.5 to 1.8. This
result is due to the position of the movable shell whose edge is located at
7 = 4.75 cm and R = 42 em and is consistent with the result, the ion saturation
current of the movable shell increases as ID/Ip increases up to 1.5. The .
ion saturation current at Z < 3 cm is very small and X-ray from the target
at Z > 3 cm is undetectable even varying Ip/Ip from 0.6 to 0.0. These
results show that the separatrix magnetic surface disappears from the
inside of the shell, and a plasma hits the shell surface or the movable
protection plates and does not expand into the divertor.region. Data with
operations of DML and SML are shown in the same figure (Fig. I1.2-13) and no
difference is seen between SML and DML. This suggests that the separatrix
magnetic surface at R=40 cm moves according to the value of ID/Ip within
the accuracy of the measurement but more detailed measurements are

necessary. By -increasing ID/Ib, the time lag of the density variation, the
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poloidal field and fon saturation currents is observed to be about 1 ms.
This value is nearly egual to the energy confinement time of the main
plasma column. This suggest that the configuration cannot be changed faster
than characteristics time of the main plasma column and the time is nearly
energy confinement time. Fluctuations of the density and the poloidal field
do not increase during operating DML and this states that the configuration
can be stabiy changed.

To conclude, the configurations with the separatrix magnetic surface
are obtained with 2 3 ID/IP % 0.7 and are stably changed within 1 ms by
using DML operation. Investigations on transport process and current profile

during DML operation are left for a future experiment.
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Table I.2-1 Basic parameters of JFT-2a.

Toroidal Magnetic Field 1.0 T
Vertical Magnetic Field 1.2x1072 T
. Magnetic Flux of Iron Core 0.3 Vs
Major Radius _ 600 .mm
Shell Inner Minor Radius 105140 mm
| Thickness 20 mm
Maximum Divertor Hoop Current 60 kAT
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Fig. 1.2-3 Time variations of
electron density and

temperature measured by double
probes in the divertor region.
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Fig. 1.2-5 Characteristics of
a plasma in the divertor
region at R=40 cm. (a) iom
gaturation current density, ig;
(b) time integrated heat flux
density, qpu; and (¢} X-ray
intensity, I,, from a target
of 4 mm¢.
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Fig. I.2-8 Oscillograms of
discharge parameters. (a)
the ratio of a divertor hoop
current Ip to a plasma cur-
rent Ip, (b) 1., (c) loop
voltage Vp, (d) electron
line density ngl of a main
plasma column, (e) ion
saturation current Igp in
the divertor region, (f)

ion saturation current Igy
of the movable shell and

(g) ion saturation current
Igg of a probe set on the
shell. 8Solid lines cor-
respond to the case of keep-
ing Ip/I, constant and dott-
ed lines to that of increas-
ing Ip/Ip at 5 ms.
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Fig. 1.2-11 Time variations of
ID/Ip are shown by solid lines
and times when X-ray from the
target placed at Z=3.75 cm,
3.5 em, 3.25 cm and 3.0 cm is
detected are shown by marks
(@), (&), (A) and (W),

respectively.

Fig, T.2-12 Oscillograms of
output of a thermocouple placed

at R=40 cm and Z=5 cm (a) and
profiles of the output at

R=40 cm. Sclid lines correspond
to the case of keeping Ip/Ip
constant and dotted lines te
that of decreasing Ip/I, down
to zero at 15 ms.
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3. Diagnostics
3.1 Introduction

The diagnostics group is mainly engaged in (1) measurement of the
fundamental quantities of tokamak-plasmas, (2) design of new diagnostic
apparatus and (3) development of advanced diagnostic techniques.

In this reporting period, many efforts were devoted to measurement of
the fundamental quantities necessary to study JFT-2a plasmas and JFT-2
plasmas with the toroidal magnetic field being upgraded from 10kG to 18kG.
The results on JFT-2a plasmas and JFT-2 plasmas have been described in the
previous sections of the present report. A grazing-incidence VUV spectro-
meter for studies on impurities was completed and put into operation.

(A. Funahashi)

3.2 Thomson Scattering Measurement

The following two experiments on JFT-2 plasmas made for the ruby-laser
scattering apparatus in order to confirm reliability of measured values.
One is the comparison of electron density distributions determined from
scattering and interferometric measurements.l) The other is the evaluation
of errors in temperature measurements resulting from shot noises of

photomultipliers.z)

3.2.1 Comparison of electron density distributions determined from

scattering and interferometric measurements

A power of the scattered light WSCO) which is observed with a collect-

ing lens is expressed by

d
WS(O) = n(o)' % 'nePi dzd2 TTm===TmoT—= (1)
Py = D) Po | SRS Y

where (o) is the transmission efficiency of the scattered light which

transmits from an observed point to the collecting lens through an observ-
. . doe
ing window, o the differential cross-section of Thomson scattering per

electron, ng the electron density at the observed point, P; the incident

power at the observed point, dz the irradiated length observed with the
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collecting lens, d© the solid angle accepted by the collecting lens, n(i)
the transmission efficiency of an incident laser light, and P, the output
power emitted from a ruby-laser oscillator. The value of WS(O) is
absolutely measured by calibrating the sensitivities of photomultipliers
with a standard tungsten lamp. The laser power P, can be alsc determined
from calorimetric measurements on the cutput energy. However, it is very
difficult to evaluate the electron density from Eq. (1} and calibrated values
of WS(D) and P, because of some ambiguities in N{o) and Pi {(or ”(i))' Such
an evaluation seems to provide erroneous densities, in particular, in
measurements on tokamak devices where there are some possibilities for the
windows be metallized.

Figure T.3-1 illustrates the principle of demsity determination in
Thomson scattering measurements. One method is to normalize the spatial
distribution of apparent density neL(X, Z) determined from the calibrated
values of WS(O) and P, under the assumption of n(p) = 1 and n¢qy = 1 by the
average electron density from intergerometric measurements, i.e.,

R R - R
f_Rne(X, Z) dz = Yef_RneL(X, z) dz = ne(X)f_Rdz —————————— (3)

where a compensation factor yg is the correction due to the ambiguities in
N(o) and P; and R 1s a radius of plasma boundary (i.e., the liner radius).
The other methed is an utilization of Rayleigh scattering, where the effective
(laser) power Poff=n(p)}°P; is calibrated by comparing the value of WS(O)
with the light intensity of Rayleigh scattering from molecular gas fed in

a vacuum chamber of plasma device. TIn this calibration, a compensation

factor vy is introduced by the relaticn

Peff = N(o) * P4 = N() * M) " Po=¥r* P  —7777TTTC (4)

If these two calibrations are performed with sufficient accuracy, it
should be, of course, valid that vy, = YR-

The present work adopted the former method. Figure 1.3-2 shows the
horizontal distribution of electron density ﬁe(X) averaged along different
vertical paths with a 4-mm wave interferometer (upper graph) and the
vertical distribution of‘local apparent (uncompensated) density neL(O, Z)
determined in a central vertical plane (X = 0) from scattering intensities
(lower graph). TIn the figure X and Z refer to a horizontal and a wvertical

positions in the minor cross-section, the point of X = 0 and Z = 0 is the

center of vacuum chamber (i.e., liner), the plus sign indicates the outer
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position or the upper position in the minor cross-section, R is the liner
radius, and % is the length of the microwave vertical path in the minor

cross—section. From the figures, the compensation factor vg

ng (0) f}_{Rdz

i (3"
© Rnelo, mda

is determined to be vy, = 4.1,

Figure I1.3-3 presents a typical oscilloscopic traces of zebra-striped
fringes measured along the central, vertical path X=0 with a 4-mm
interferometer. The relation between the electron density Ee and observed

fringe-shifts m is given by

Ine(Z)dz (cm™2) = 2.24 i %S;;.m e (5)
with the line element dz along the wave path and the wavelength A of
electromagnetic wave. One fringe-shift in the figure is corresponding
to the average electron density of 0.88 x 1012 cm™ 3. The maximum number
of fringe shift is observed to be 14.3 at about 130 msec in the figure.

The horizontal distribution of electron density is deduced from the
averaged densities measured along the eight vertical-paths with a 4-mm
wave interferometer, by assuming the shot—to-shot reproducibility of
plasma discharge, and scanning the positions of a transmitting and a
receiving horns horizontally.

A 2-mm wave interferometer is also used to measure the electron density
averaged along the central, vertical path in the different toroidal
position.

The lower graph of Fig. T.3-4(a) provides the comparisons between
the horizontal distributioms of electron density determined from measurements
on ruby-laser scattering (open circles with error bars) and 4-mm wave
interferometry (solid curve). The values of eleﬁtron density from scatter-
ing measurements are obtained by multiplying the apparent value neL(X, 0)
measured in the euqatorial plane (Z = 0) by the compensation factor Ye
of 4.1. The horizontal distribution indicated by a solid curve 1is determined fro
from the averaged densities ﬁe(X) (shown in the upper graph of the figure)
by using an improved inverse-transformation method.3) This result shows

that satisfactory agreement between the horizontal distributions from these

two methods is obtained. Another example is presented in Fig. 1.3-4(b},

)57 —
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where the electron densities from scattering measurements are less than
those from interferometric measurements by 15 -- 25 percents near the
plasma center.

Figure I.3-5 shows the examples of tlme-variations of plasma current
and locp voltage. The operating condition is the torcidal magnetic field
Bt = 14 kG and peak plasma current Ip(p) = 100 kA. Figure I1.3-6 provides
the time-variations of central electron temperature T, determined from
ruby-laser scattering measurements (upper graph) and of central density
ne(0) from scattering measurements and average density Ne with 4-mm and

2-mm interferometers (lower graph).

3,2.2 Evaluation of errors resulting from shot noises of photomultipliers

In laser scattering measurements for low-density and high-temperature
plasmas, it is difficult to obtain sufficient powers of scattered lights
since the cross;section of Thomson scattering oy is very small (or =
6.65 x 10°2° cm?). The scattered power of each photomultiplier have
fluctuated from 10 to 100 percents of the averaged value on JFT-Z scatter-—
ing measurements. A thermal noise of photomultiplier and a noise of
electronic circuits wefe 1 to 3 order less than the observed noise levels.
Thus, it is most probable that fluctuations of output signals are mainly
due to shot noises of photomultipliers., The measured scattered-powers are

expected to fluctuate within the errors predicted from the shot noises.

The signal-to-noise ratio S/N of the shot noise is given by the

expression,
5 . i = ¢ 5 Z; )1/2 __________ (6)
N wau *AfsF
(1A2)1/2 e

where ip and iy are the anode and photo-cathode currents of a photomultiplier,
Af bandwidth of the electronie circuits, e electronic charge and F
correction factor of the photomultiplier. When the output signal is measured

with a gated-integrator, Eq. (6) is replaced by

Ikett yyy0 B
Y (7)

=l

where At is the gating duration. The experimental purpose is to prove

that output fluctuations of photomultipliers depend on Eq. (6) or (7).
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An experimental setup is shown in Fig. 1.3-7. A standard lamp
(steady-light scurce) and a light-emitted diode (LED, pulsed-light source)
were used for the experiments. The numbers of data are 100 and-20 for the
steady and pulsed operation mode, respectively. The examination on the
pulsed operation is to check that there is no difference between the steady
and pulsed operations of the photomultiplier. One of experimental results
is shown in Fig. T.3-8. The abscissa is the grating duration in case of
steady operation or the light pulse-width in case of pulsed operation, and
the ordinate is the value of §/N. The black circles and open circles
represent the results on the steady and pulsed operations, respectively.
The S/N values for the pulsed operation are higher than ones for the steady
operation since the light intensity of LED is larger than that of the
standard lamp. Two linear lines in Fig. I1.3-8 are obtained from the
least-mean—-squared fitting of the measured values. It is determined from
experiments that the levels of significance of ch. 2, ch. 3, ch. 4 and
ch. 5 are 99 %, 100 %, 99 % and 100 7% in case of the steady operation, and
64 %, 93 %, 84 % and 77 % in case of the pulsed operation, respectively.
The output noises of the photomultipliers are concluded to follew Eq. (7)
and to be statistical fluctuations.

Comparisons of the two scattered spectra, which were measured on JFT-2
plasmas with ruby-laser lights of different irradiated power (251 and 37
MW), are shwon in Fig. 1.3-9. Open circles are averaged scattered powers,
and error bars represent the maximum and minimum gscattered powers, The
best fitting curves in the figure are obtained analytically from the
averaged values through the least-mean-squared estimation of nonlinear
parameters, on the assumption of the Gaussian profile. The dotted lines
represent the standard deviations predicted from the levels of shot noises.
The scattered powers of each channel are concluded to be almost within the
shot noise region.

(T. Matoba, A. Funahashi, K. Kumagai, K. Takahashi, T. Itagaki,

T. Yamauchi)

3,3 Charge-Exchanged Particle Measurement

In JFT-2a and JFT-2 devices the dependences of ion temperatures were
investigated on various parameters (plasma currents for JFT-2a, and plasma
currents, electron densities and toroidal magnetic fields for JFT-2) with

)

a 10-ch neutral particle energy analyser.
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The dependence of ion temperatures on plasma currents in JFT-2a are shown
in Figs. 1.3-10(a) and (b), which give the time-variations of ion
temperatures for different peak values of plasma currents, and the relation
between the peak temperatures and peak currents, respectively. The chain

line in Fig. 1.3-10(b) is obtained from Artsimovich's scaling law

Ty o= 6 < 1077 (IBmRHYE e (8),

3

where T; in eV, I_ in amperes, By in Gauss, ne in cem” 7, and R in cm.

The observed depezdence of peak ion temperatures on plasma currents may
indicate that Artsimovich's scaling law is valid for JFT-Za plasmas within
experimental errors.

Next, we are presenting the results on JFT-2 plasmas. The observed
ranges of parameters were as follows, i.e., plasma currents being from 100
to 170 kAmp, average electron densities from 8 to 18 x 10'? cm™3. and
toroidal magnetic fields from 14 to 18 k Gauss. In JFT-2 experiments two
kinds of gas supply systems were adopted. One was a continuous gas supply
system, which flows hydrogen molecules constantly inte a vacuum chamber
(continuous admission). The other was a combination of the continucus
supply system and an additional pulsed gas supply system with a fast
acting valve (continuous and pulsed admissions). Figures T.3-11 to TI.3-15
show the dependences of peak ion temperatures on the average central demsity
ﬁe, toroidal magnetic field By, and plasma current Ip. The data presented
in Figs. 1.3-11, T1.3-12 and I.3-13 were obtained for measurements of
continuous and pulsed hydrogen admissions, and in Figs. 1.3-14 and I.3-15
for measurements of continuous hydrogen admission. It is noted that each
dependence was investigated by keeping two of three parameters (ﬁe, By and
Ip) constant. The relation between peak temperatures and toroidal magnetic
fields was not examined for the continuous admission experiments. The solid
curves drawn in Figs. I.3-11 to I1.3-15 indicate a one-third power function
of the quantity in each abscissa.

In Fig. I1.3-7 the ion temperatures measured on JFT-2a and J¥FT-2
plasmas are plotted against £ = (Ip, Be, Ee’ RZ)I/3 for the following ranges
of parametersé
(i) JFr-2a, me = (0.8 -- 1.0) x 10'% em™3, I, = (14.3 -- 24.6) kA, and

By = 10 kGauss, .

(1i) JFT-2, me = (0.8 == 1.8) x 103 em™3, 1, = (100 -- 170) kA, and
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(14 -~ 18) kGauss.
Dark circles and light circles represent JFT-2 experimental data for the
measurements of the continuous and pulsed admissions and the continuous
admission, respectively. Cross points show the ion temperatures measured
on JFT-2a plasmas. It is found that the ion temperatures omn JFT-2a and
JFT-2 devices vary according to Artsimovich's prediction, Ti=KE=K(Ip,Bt,
r_'ne,Rz)I/3 (K is numerical constant). The experimental value Ky of the

numerical constant K is determined to be
K, = (4.3 -- 6.7y x1077  —mmTmmms (2)
from Fig. TI.3-16. "(H. Takeuchi, K. Takahashi, A. Funahashi)

3.4 Spectroscopic Measurement

Spectroscopic measurements on JFT-2 and JFT-2a plasmas were carried
out in a wavelength region from a visible to a vacuum ultra-violet regions.

In JFT-2a plasma, intensity of Ha-line and impurity lines are measured
under the following conditions : the toroidal magnetic field B=10 kG, peak
plasma current Ip =15 KA, ratio of divertor current to plasma current ID/I
=1.1 and the filling pressures in plenums of fast acting valves 132 Torr.

In the present experiments, a 100 cm Czerney-Turner spectrometer
(SPEX 1802) is used to measure the profiles and total intensity of Ha—line,s)
In order to compare the perpendicular Doppler temperatures (T ) with the
parallel temperatures (T }, the spectrometer is placed on the equatorial
plane to observe the Ha-line infegrated along both perpendicular and
tangential directions to the toroidal magnetic field horizontally by using
an optical mirror.

Figures 1.3-17(a) and (b) give the measured proflle of Ha-1line and
the semi-logarithmic plots of the profile at 7 msec after a breakdown of
JFT-2a discharge. The profile is obtained by scanning a Wavelquth of the
sepctrometer and by assuming the shot-to-shot reproducibility of the plasma.
The intensity is measured on the equatorial plane along the major-radius
direction (perpendicular to the toroidal magnetic field). These figures
show clearly that there exist the cold component of a few to several eV
and the hot component of about 50 eV. Tn the present experiments the
typical value of the instrumental half-width of the spectrometer is

about 0. 66A which corresponds to the temperature of 1. 7 eV. And the
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broadening at the line wings may indicate contributions from the charge-
exchanged hot atoms, which are produced through the resonant charge-
exchange process. Figure 1.3-18 shows the time evolution of the Doppler
(perpendicular) temperature T measured with the spectrometer. Although
cold neutrals remain at nearly constant temperatures (205 eV), the Doppler
temperature of charge—exchanged hydrogen atoms rises with time and reaches
its maximum value 56 eV at 10 —— 12 msec. The time evolution of the parallel
Doppler temperature T, is very similar to that of T. shown in Fig. I.3-18.
In particular, the values of Doppler temperatures T. agrees with the
temperature T; obtained by charge-exchanged hot atoms within a few
percents. It is found from the results that protons seem to have isotropic
velocity-distributions regardless of the magnetic field difection. The

values of confinement time of charged particles deduced from measurements

of intensity of Ho-line and electron density are found to be 1.2 —- 1.5
msec at 8 —— 9 msec, when the energy confinement time is estimated to be
0.7 msec. The average density of hydrogen atoms at 38 -- 10 msec are about
10° em” 3.

Quantitative measurements of impurity in JFT-2a plasma are carried out
by using a 50 c¢m VUV normal incidence spectrograph/monochrometer under the
same condition as that in measurements of Ho-line intensity. The monochro-
meter is calibrated relatively by means of the spectral line pair emitted
from molecular hydrogens, and the resulting relative sensitivity is converted
into the absolute sensitivity from a absolute measurement of La-line
intensity by using an jon-chamber having a polished MgF; window and filled
with nitric oxide gas. A capilary discharge tube is used as a light
source for calibration of the monochrometer.

A measured impurity is mainly light elements such as carbon, nitrogen
and oxygen. Figure I1.3-19 shows time evolutions of a photon number
(cm‘3sec"1) emitted from CII, CIIT, NV and OVI ions. From these results, the
amount cf these ions is determined assuming a coronal equilibrium, and
Fig. 1.3-20 shows time eﬁolutions of the population density of these ions
in a ground state. TFrom this figure, the oxygen impurity is about a few
percenf of the electron density and is a dominant impurity among the
light elements. From spectroscoplc measurements, some spectral lines of
gold, for example AuI (1646, 6A) and Aull (1740. SA\ are 1dent1f1ed Whlch
are originated from the shell surface evapolated with gold or a gold

limiter.
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Next in JFT-2 plasmas, measurements of impurities in a wavelength
region between 102 and 13003, which are preliminary in a present
experiments, are carried out by using a grazing incidence spectrograph/
monochrometer. An incident angle is 87° and a diameter of Rowland circle
is 300 em. Two platinum coated gratings with 1200G/mm and 600G/mm are
used, which are changeable with each other. Figure 1.3-21 shows the
spatial distribution of relative intensities of an oxygen and a metal {(iron
and molybdenum) at 100 ms under the experimental conditions such that the
toroidal magnetic field is 18 KG, maximum plasma current 160 KA and a

radius of an apperture limiter 50 cm.

(S. Kasai, M. Shiho, T. Sugie, A. Funahashi)

3.5 Data processing system

The remodeling of the data processing system for common use of JFT-2
and JFT-2a experiments and the addition of a transient recorder interface
were brought to completion in this reporting period., The system were
applied to both two experiments.

Main elements of the remodeling were additions of signal changing
box, experimental condition panel, magnetic tape unit, computer memories of
16 kW and so on and the extension of system program, graphic oﬁt routine and
parameter tables. Final simplified block diagrams of hardware and software
éystems are shown in Fig. T1.3-22 and Fig. I.3-23. Fundamental modes
of online processing program are indicated by DPM(m,n), where m and n
represent, respectively, ways of data recording to two magnetic tapes and
of data out to two graphic display. The system is able to process randam
sequences of two torus experiments.

The interface of the transient recorder (Biomation 8100) was supple-
mented to already existing analog port (S81). Data are transmitted in the
analog form by use of the plot out channel. The maximum sampling times of
this recorder are ten nano-seconds at one channel and a hundred nano-
seconds at two channels.

The fluctuating signals of magﬁetic probes (B) and electrostatic
probes (¢, n) were measured in JFT-2 and JFT-2a experiments. Figures
1.3-24 and I.3-25 show the spectrum of magnetic field fluctuatiom in JFT-2
plasma and its time dependenﬁe. This plasma was the operétion mode of fast
density decay without the puff (By=14kG, I,=100kA, pf=l.'1><10—“torr.). It

was shown that there was a correlation between fluctuation intensity and
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density decay. (T. Shoji, T. Kawakami, M. Shimada, A. Funahashi)
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Fig. I.3-8 Signal to noise ratio S$/N as a
function of the gating duration for steady
operation (black circle point) and pulse
operation (white circle point).
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JFT-2a plasmas for different peak currents.
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Fig. I.3-11 Dependence of peak ion
temperature on the average central
electron density (JFT-2, By=18
kGauss, Ip=100 kAmp, continuous and
pulsed hydrogen admissions),
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Fig. I1.3-12 Dependence of peak ion
temperature on the toroidal magnetic
field (JFT-2, Ip=100 kAmp, ne=8.8 x
1012 em™3, continuous and pulsed
hydrogen admissions).
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Fig. I.3-13 Dependence of peak ion
temperature on the peak plasma cur-—
rent (JFT-2, ne= 8.8 X 1012 cm™3

B¢ = 18 kGauss, continuous and pulsed
hydrogen admissions).
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Fig. 1.3-14 Dependence of peak ion
temperature on the average central
electron density (JFT-2, By = 14
kGauss, Ip = 100 kAmp, continuous
hydrogen admission). '
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Fig. 1.3-19 Time evolution of a photon number
emitted from CIT, CIII, NV and OVI ions in
JFT-2a plasma.
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Fig. 1.3-20 Time evolution of a
population density of CII, CIII,
NV and OVI ions in JFT-2a plasma.
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20kHz High Pass Fitter
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Fig. T.3-24 Spectrum of magnetic
field fluctuation through the
bandpass filter (20-100kHz).
Bt=14kG, Tp=100kA, p;=1.1x10""
torr., no puff.

\ f = 50 ~ 100 KHg

Fig. T.3-25 Time dependence of magnetic
fluctuation intemsity with the frequency of

50-100kHz.
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I1. Operation and Maintenance

1. Introduction

Construction and improvement of nuclear fusion devices and their
accessories often require technological development. As problems
concerning manufacturing and improvement of the components are most
clearly recognized through operation of the devices, solutions of the
problems should be continuously fed back to designing works of a new
device or improved version of an old component,

In JAERI two devices for the nuclear fusion research are being
operated, that is;, JFT-2 (completed in April 1972, toroidal magnetic
field increased tc 18 kG.in November 1974) and JFT-2a (comPleted in
August 1974). Major engineering worké on JFT-2 and JFT-2a during the
fiscal year 1975 are summarized in the following subsections

(Fig., IT.1-1).

2. Operation and Maintenance of JFT-2 Tokamak

The control system of the device waé remodeled for a preliminary
experiment on the hot liner equipped dﬁring the last fiscal year. The
target of the préliminary experiment was to produce a plasma inside the
hot liner with a temperature dufing the baking operation.

Remodeling and power—up of the vacuum pumping system were carried out.
The purpose of‘the remodeling was to improve efficiency of the system and to
suppress fluctuation of pressure in the vacuum vessel aﬁd that of the power-
up was to lower the pressure furthermore.

Detailed measurements of the performance of the fast acting valve were
carried out. The valve was prepared in the last fiscal year for the gas
inlet system of the JFT-2 device. The result of the analysis of gases
introduced by the valve is presented in Fig. II.2-1. By the measurement
it was found that impurity content as low as 103 was attained. In order to
stabilize the degree of vacuum in the device, automatic pressure stabilizer
{(Veeco Co.) was installed in the continuous gas inlet system. The cross-
sectional view of the automatic pressure stabilizing valve is shown in
Fig. I11.2-2, Fluctuations of pressure around the preset value could not
be found on a recording sheet. An example of operatiomal characteristics.

of the wvalve is presented in Fig. II.Z2-3.
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3. Operation and Maintenance of JFT-2a Tokamak

The power supply for the modulation of the divertor current was
enlarged for experiments of plasma characteristics under the operation of
the time-varying divertor current.

Tn order to improve efficiency and suppress fluctuations of pressure
in the vacuum vessel, the vacuum pumping system was remodeled. The flow |
diagram of the remodeled system is shown in Fig, II.3-1. As a
consequence of the remodeling, cleaning of the foreline trap can be carried
out without stopping the turbomolecular pumps.

At present a plasma in the JFT-2a device is preionized by an electron
cyclotron resonance heating (ECRH) preionization system which was designed
for the use in the toroidal magnetic field of 10 kG. As the present
preionization system cannot be used under the operating condition of higher
magnetic field which will be attained by the power-up of the toroidal magnetic
field to 20 kG scheduled during the fiscal years 1976 and 1977, a JxB plasma
gun is considered to be the most promising candidate for a new preionization
system {Figs. I1.3-2 and TI,3-3 show a schematic diagram and cross—-sectional
view of the gun). 1In this fiscal year a preliminary experiment was carried
out in the JFT-2a device to study the detailed characteristics of the IxB
type plasma gun and these were compared with those of the presently used
ECRH preionization system. In Fig. II.3-4 an example of the results of
the experiment is presented. The result shows that the JxB type plasma gun
is favorable over the ECRH preionization system from the viewpoint of
the break down voltage of a plasma, though impurities contents

in the plasma are not known at present.
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Fig. I1.3-2 Schematic diagram of the JxB type plasma
gun,
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I111. Engineering Sciences
1. Plasma Heating

1.1 Introductiom

For providing supplementary heat te the JT-60 and JfT—Z plasmas,
neutral beam injection heating and radiofrequency (RF) heating methods are
employed.

As for the neutral beam injection, experiments on an ion source were
started by using the ion source test stand No. 1 (ITS-1) in February 1975.
Our first ion source.is modelled on the ORNL duoPIGatrom. This 7 cm diameter
ion source having a displacement aperture has produced a hydrogen beam of
up to 6 A at 30 keV with an e-folding divergence of 1.7°. As the next step,
a 10 em diameter ion source has been developed, and has obtained a beam of
8 - 9 A at about 26 keV.

Construction of an injector test stand No. 2 (ITS-2) was started in the
middle of 1975. This test stand is used to develop the higher energy ion
source for the JT-60 injectors. This ITS-2 will be completed in the autumn
of 1976.

A design of the neutral injection system for heating the JFT-2 plasma
was made and now being constructed. The main purpose of the experiment is
to invéstigate engineering problems which would arise when an injector is
connected with a tokamak device. The experiment will be started in the
autumn of 1976.

In the mean time, a first deisgn study of neutral injection system for
JT-60 has been made.

On the other hand, as a first step of development of the RF heating
system for JT-60, the experiment will be planned on lowef—hybrid heating
for the JFT-2 plasma. The design of the 200 kW RF power source for JFT-2

were made.

1.2 TIon Source Development

For the neutral beam research and development at JAERI, we built an
ion source test stand ITS-11) in Feb. 1975. Using this test stand we have
developed and tested the ion source which will be used for the heating
experiments on .the JFT-2 tokamak. The basic characteristics of this

source are discussed in Section IIT-1.3. We are also investigating the
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geometrical scale up of the present system as a preliminary step for
developing the injectors of JT-60. Since the final ion scurce for JT-60

may be a two-stage accel system, these studies are necesaary‘for the better
understanding of the scurce plasma as well as of the first extraction stage
of the two-stage injectors. 1Im particular, efforts are concentrated on

beam optics, source plasma and cooling of the extraction electrodes which
appear to be the basic problems inveolved in the high power and long duration

ion source development.

1.2.1 Source Plasma Studyg’”’S)

Our prototype ion source is geometricallyAalmost the same'as:OaK R{gde
7 ¢m diam. duoPIGatron.?) The differences are the improved insulation
ﬁmaterials"(porcelain) and uncurved extraction electrodes. We reconfirmed'
with this source that the'hydrogen beam can be extracted up to 5.5 A at
25 KV. D
| The flrst modification of this prototype ion source is the geometrlcal
scale up of the ‘extraction electrodes to 10 cm diam. together with a larger
?target cathode chamber3)(F1g. III.l—l). We have measured the ion saturation
current, the electron temperature and the space potential by the Laogmuire
5robea.hrfhe radial profiles of the ion saturatioh current are compared
Betéeeo"beam"on'and'off'cases at seﬁeral'axiallpositions. The'typicai
proflles measured at z = 3.2 cm, the distance from the target cathode, are
shown in Flg "III.1-2 in which one can find a samll atount of’ den51ty
decrease near the axis in the beam on case (Iacc = 7.9 A) Th1q property’
that changes with different conditions may be due to’ the ion eéxtraction
through the multi—apertures, but we have not specified the domlnant parameter
so far. Fortunately, however, this trend generally serves to flatten the
den51ty proflle, and the den51ty decrease in any case do not exceed 10-20 %
of that ‘without the beam. We have also made measurements at 1 cm and 5 ¢cm
apart from the target cathode where there is no significant change in the
amount of the density decrease. These results may give us the basis of
studying the source plasma without beam. o
Figure I1I.1-3 shows the axial current density_profiles at r = 2.25 cm
during the beam off time. One can find a significant density decay toward
the target cathode even without the beam. Since the extraction current in
this case ranges between 4.2 A to 5 A, corresponding to the current density

of 0.09-0.1 A/cmz, it is in reasonable agreement With the extrapolated
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current density at z = 0. One may suspect that thig fairly long density

de¢ay length is caused by the spread of the source plasma alorig the magnetic
field Tinés, ‘but it is nmot always true. Comparison of the density profiles
measured at different axial positions shows in some cases that the current

density irtegrated over the cross section N = f2nridr decreases towards

" the target cathode. Thus, there is a rapid density decay along the magnetic

lines of force. Detailed analysis is required for the better understanding

‘of this' point.'’ The electron temperature of the source plasma is about 10 eV

and tends to be two compomerts. ‘The space potential is quite close to the
anode potential even near the target cathode (at z = 1 cm). The typical drain

current of this source is 8-9 A at 25-27 kV out of which about 7.3 A are

injected: into .the 20 cm diam. target calorimeter placed 1.5 m apart from the

extraction electrodes. _
' In,erder; te obtain a more uniform.plasma, a couple of electrode geometries

are tested,, The radial distribution of -the source plasma may be determined

by the ;woncompetitive'processes, namely, the one is the ionization caused

by the motion eof electrons along the magnetic field lines and the other is

the. diffusion. of ions across the magnetic field lines. With these. geometries,

we. intend. to. .feed source electrons in annular fashion either by utilizing

electrostatic repulsion due to the button attached to the intermediate

.”eleq;;Qde&).ﬁfgg.,III.1—4) or by shaping the magnetic. lines of force with

a magnetic pole at the center of the intermediate electrode5). In the former

., case, we obtain a nearly uniform source plasma over the 7 cm diam., although

the ion saturation current intensity stays about 0.15A/cm? due to the power

supply limit of the source coil. In the latter case, the source plasma..

uniformity is significantly improved over the 10 cm diam. electrodes.
(Fig. TII1.1-5)... Although these apprcaches are still in their preliminary

stage, they are now in steady progress.

1.2.2 Small Aperture Extractor7)

... For thejtarget cathode of the, fixed .area and transparency, a higher
extraction current can be expected by employing smaller apertures on the
basi§mofﬁthgj$galing“law of the beam extraction.®) 1In erder to confirm the
scalipgxy¢wp.ﬁeté,of electrodes are tested. . Their diameter is 7 cm each.
Theﬁmgdg;;l\ha§;221)holes of 3.75 mm diam. each, and the model-11 693 holes
of 2.2 mm.diam. each. The results are shown in Fig. IT11.1-6, where the

equivaleng‘bgamlet_divergence and the fraction of the beam power impinging
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on the grounded electrode are plotted against the perveance per hole. We are
interested in the optimum perveance value p,, where the divergence becomes
minimum. Tn the model-1 electrode, p, is about 5 micro-perves and is
insensitive to the aspect ratio. Unlike our expectation, p, in the model-11
electrode is too small, around 1 micro-perves for the decel gap zg = 2mm.

We suspect that the decel gap has a comparable importance with the accel gap.
If we reduce the decel gap in keeping the aspect ratio constant, we find

that p. increases significantly. Although there still remains a difference

by a factor of 2, it may be due to the unscaled electrodes thickness.
1.2.3 Beamlet Opticse’g)

Beamlet characteristics have been measured with the help of the Faraday
Cup. Several geometries of the single gperture are tested. We find that
cutting the corner of the aperture in the positive electrode is effective
‘in reducing the beam divergence. The e-folding divergence of the beam is
shown in Fig. IT1I1.1-7. Here the minimum divergence is reduced to 1.1°,
if one takes into account the deformation from the Gaussian distribution.
A computer simulation cade has been developed for the design of two-stage
accel system. In this model, the beam emitter surface is determined self-
consistently in such a way that the ion saturation current density is
equal to that of the space charge limited current. No ions are'emittéd from
the peripheral region of the boundary whose width corresponds to the thick-
ness of the wall sheath A. Figure TII,1-8 shows one of the computed examples
for the proton beam. In order to investigate the validity of this code,
computed beam divergence for the same geometry is compared with the experi-
mental data (see Fig. IIT.1-7). We find that the presence of the wall

sheath is important for a reasonable agreement with the experiment.
1.2.4 Cooling of Electrodes!?)

For longer duration of the beam pulse, we have tested a set of copper
electrodes with 16 parallel cooling water lines on the 10 cm diam. surface.
Arrays of apertures and cooling pipes are arranged alternatively -as shown -
in Fig. IIT.1-9,. Each aperture is 3.75 mm in diam. and the total number
is 284, giving a transparency of 40 %. A time response of the temperature
rise in the grounded electrode, where the heat load is the most serious,
is measured with the 0.1 mm diam. Chromel-Alumel thermocouple buried in

the center of the electrode. The beam currént can be extracted up to 5 A
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at 30 kV for 0.5 sec. Due toc the power supply capability, the drain current
is limited to 1.3 A at 30 kV for the duration time exceeding 10 sec. However,
owing to the improved beam optics the power loading on the - grounded electrode
stays nearly constant in our experimental current range. The temperature
rises to saturate in about 3 sec after the initiation of the beam. The
saturation of the temperature rise is attained at about 150°C which corre-
sponds reasonably well to the nucleate boiling point. By the detailed ana-
lysis of the rising phase, the temperature difference between the center of
the bridge and the cooling pipe is obtained to be 10°C. This value is muﬁh
lower than the allowable temperature difference of about 40°C determined

from the mechanical stress of the electrode. Thus one envisages that these
electrodes can be operated at a ievel of 5 A, 30 kvV. However, the conclusion
should be postponed until! beam optics subject to deformation or displacement

of apertures is investigated.
1.2.5 Construction of the TITS-2

In order to develop the higher energy ion source for the JT-60 injectors,
we have ordered components of the 100 kv test stand. It is primarily
responsible for developing a 75 kV 15 A ion source by the end of FY 1978.
The main specifications are written in Table IIT.1-1.

The two-stage series power supplies are capable of deliverling ion
beams up to 40 A at 100 kV level. The voltage is regulated by the series
tubes, EIMAC Y676 (for the accelerator P.S.), and Y5465 (for the extractor
and decelerator power supplies). They also serve to modulate the current in
the case of breakdowns. The system can provide the pulsed arc power either
followed by the pulsed acceleration voltage, or under the continuous accel-
eration voltage. The beam line vacuum tank is equipped with three turbo
molecular pumps with the total pumping speed of 6000-7000 2/s. The beam
dumper inéide the vacuum tank as well as the electrodes of ion sources and
diagnostic elements are cooled by the pressurelized, demineralized water
cooling system. It is capable of removing about 800 kw continubus or
4000 kW pulsed (lsec) heat load. TFigure IIT.1-10 shows the two—stagé ion
source designed with 5 cm diam. extraction electrodes. These electrodes can
be replaced up to 15 cm diam. electrodes after the stability of the system

is confirmed. The test stand will be accomplished by the end of October 1976.

1.3 Neutral Injection System for JFT-2
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Neutral beam injection heating of JFT-2 tokamak plasma is planned in
order to make a study of the techniques and physics of beam heating. The
neutral injection system is designed in the first half year and now being
constructed. The heating experiment will start in the autumn of 1976.

The system of two beam injection lines is illustrated in Fig. IIT.1-11.
Two beams are located at 20 degree with respect to the median plane and are
focalized at the axis of JFT-2 vacuum vessel. The injection is made in a
nearly perpendicular direction within 85 - 95 degree to the plasma current
under the constraint on the JFT-2 device. The beam line includes the ien
source, the charge exchange neutralizer, the drift tube with ion beam dumper,
the isolation valve, the neutral beam dumper, and the differential pumping
unit. The injection window is of 56 mm x 120 mm, and the distance between
the ion source and the window is 1.35 m.

The duoPIGatron of 7 cm diam. developed in the ITS-1 stand from the
last review period is employed. The beam divergence angle of this source
is comparable to the ratio of the extraction electrode radius to the
distance between the ion source and the injection window. Consequently it
is examined to improve the transport efficiency by focalizing each beamlet
from multiple apertures. The beamlet is focalized by the aperture displace-
ment method. The accel-decel electrodes in the experiment is shown in
Fig. III.1-12, where the electrodes are curved to match the radially
decreased ion-saturation-current of source plasma with the extraction
current for good optics of each beamlet. The divergence angle of this
‘electrode system of designed focal length 1.4 m is measured by a small
movable calorimeter placed at 1.0 m apart from the source and is compared
with that of the unfocused beam of 25 kV - 4.5 A from the plane disk
electrodes. We find that the e-folding divergence angle is reduced from
3.3 degree to 1.7 degree, i. e., the transport efficiency of the injection
system rises from 0.3 to 0.65.

Neutral beam composition has been measpred with the neutralizer of
8 cm diam. and 60 cm long. Momentum analysis of the beam passing through a
slit of a front dumper, an electrostatic ion deflector, and a stripping cell
is made by the sweeping magnet. Figure III.1-13 shows the power partition of
charge-exchanged and dissociated neutral hydrogen beams in 30 kV extraction.
The gas efficiency obtained is 57 %, which is defined by the ratio of
accelerated hydrogen nuclei to cold leakage hydrogen nuclei. Impurity ion
content is measured without using the neutralizer because the charge

exchange cross sections of impurities are uncertain. The dominant impurities
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are oxygen and their hydride in our source. Their levels are high, especially,
just after the installation of the new oxide filament. However, the steady
state of low impurity level is attained after several hours of conditioning.
Ultimately the amount of O+, OH+, H20+, and H30+ are about 0.4%, 0.4%, 1.3%,
and 0.1% of the total ion current, respectively.

Nearly constant gas flow 1is obtained by the pulsed feed system illustra-
ted in Fig. II11.1-14. The gas flow rate is controlled by adjusting the
reservoir pressure and the opening of the variable leak valve. The rise
time of the gas flow is nearly equal to that of the solenoid wvalve.

The charged beam remaining after neutralizer is deflected by the toroidal
magnetic field and the vertical field due to plasma current in the drift
tube region. In order to trap the deflected beam, the powerfull sublimer of
titanium is installed as shown in Fig. TII1.1-15, by which the thickness
of evaporation film grow 90 A/mln.

The differential pumping between the neutrallzer and the drift tube
is performed by two turbomolecular pump of 10008/sec each and a titanium
bulk getter pump of 2000%/sec. The manifold is about 800 %, and functions a
expansion chamber. By this pumping, the reionization of fast neutral in the
- drift tube is reduced below 5 %, and the ion source flushing is carried at
interval of about 2 sec for reduction of impurity in the beam.

Fast neutrals across a plasma without ionization hit against the neutral
beam dumper of molybdenum inside the box as shown in Fig. IIT.1-16. The '
dumper is thermally insulated from the other part, so that the beam power can
be calorimetricaly measured. The top and bottom end of dumper are water
cooled.

The diagram of power supply is shown in Fig. II1.1-17. The accel-
decel power supply is designed to cope with the breakdown between extraction
gaps. Both voltage are regulated by the series tubes, EIMAC Y-676 for
acceleration and NEC 8T43R for deceleration. The tubes also serves to turn off
the applied voltage in the case of breakdowns, and is switched on_after the
breakdown is cleared. EIMAC tube is protected by thyristor switch in the
error operation. The turn off time of EIMAC tube system achieved at ITS-1
stand 1s less than 0.1 msec. The capacitance of acceleration, deceleration
and arc power supply are 30 kV - 30 A, 5 %V - 4 A, and 350 V - 400 A,
respectively. These supplies are used until 10 % duty for the pulse duration
below 1 sec. The filament and source magnetic coil power supply are of 15V
- 200 A and 15V - 240 A capaéitance in DC operation.

The ‘cooling water for ion sources, dumpers and other parts is supplied
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by the closed-loop water system of 10 kg/cm2 pressure and 150 2/min flow.

The water is continuously purified through the ion-exchange resin.

1.4 Design Study of Neutral Injection System for JT-60
1.4.1 JT-60 Neutral Beam Injector

The conceptual design is now being made of the neutral beam injection
system for the JT-60.

Design basis

The basic requirements are as follows.

Neutral beam injection power: 15 MW {(phase I) and 20 MW (phase ITI)

Neutral beam energy: 75 keV (H®)

Limitation on the input cold gas flow: 3 X 1020 particles/sec
In the design of the beam line which satisfies the above requirements,
pumping system may be one of the most important components. 'The line
density necessary for neutralizing cell (about 0.32 Torr. cm) can be obtained
mainly by the streaming zas from the ion source. If the line density
exceeds the above value, a part of the streaming gas should be pumped before
the entrance of the cell, and if it is teco low, additional gas should be
introduced into the cell. The diameter of the neutralizing cell should be
chosen as small as possible to reduce the gas load into the cryogenic pump.
0f cource, this requirement is contradictory with another requirement that
the beam loss due to beam divergence during the passage through the
neutalizing cell should be suppressed to a small amount. Therefore, one
must compromise with these two problems. For the ideally low divergent beam,
we choose the diameter of the cell D, is equal to that of the extraction
electrodes. Since the fast ion (or fast neutral) flux is proportiomal to D2,
and since the cold gas flow into the cryogenic pump_is determined by the
conductance of the neutralizing cell, that is, proportional to D3, the gas
efficiency of the fast beam T'fggt/Tcold is roughly proportional to p~!
Namely, for the fixed total extraction area and current intensity, the gas
efficiency is higher if one divides the neutralizing cell into multiple
smaller diam. cells. This is one of the reasons we choose pairs of modest
size electrodeé and neutralizing cells.

A major difficulty of the JT-60 injectors lies in their complexity of
the beam line due to the'presence of divertor coils. 1In other devices such

as JET or TFIR, the neutral beam fraction that may be injected into the
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torus is determined by the cross section of the injection port. Tn the JT-60
case, however, injection power is limited not only by the cross section of the
injection port, but by the acceptance angle of the drift tube. TFor this
reason, it is difficult to stack many ion sources oOr large ion sources in the
JT-60 beam line and the neutral power input per injection port is limited
within the order of 1 MW. Thus 16 injection ports are reduired to inject 20
MW neutral beams intc the plasma.

Each beam line is composed of the injector unit, that is the minimum unit
of the JT-60 injection system. Due to the presence of divertor coils, two
units are placed at an azimuthal position stacked vertically one over the
other. Typical performances of the JT-60 neutral beam injector are summalized

in Table ITIT.1-2.
1.4.2 System Configuration of the Injector Unit

Figure III.1-18 shows the conceptual design of the JT-60 neutral beam
injector unit. The beam line is about 7 m long from the injection port of
the torus to the ion beam extractors. The injector units includes four ion
sources and neutralizing cells. Each ion source has two stage, 12 cm diam.
multi-aperture extraction electrodes and produces the ion beam of 15 A at
75 kV. The acceleration power supplies are common to four ion sources. We
put four ion sources vertically, because it makes it easy to shield leakage
magnetic field from the torus (main component of the leakage field near the
ion sources and subsequent gas cells is the poloidal field due to the
control coils) and it reduces the ampere turns required for the bending
magnet. The main vacuum tank (2.5 m diam., 5 m high) and the drift pumping
tube includes the Lq He cooled cryocondensation panels (15 m?) with Lq N»
cooled Chevrons. TFor the effective pumping of the streaming cold gas through
the neutralizing cell, and of dumped ion beams, differential pumping is
adopted with cryo panels housed in three pumping rooms. Typical operating
pressures and the pumping speed are written in Fig., IIT.1-18. With this
system we pump out almost the entire gas flow rate of 21 Torr. % /sec from the
neutralizing cell and dumped ion beam, and 0.5 Torr. 5 /sec from the beam loss
fraction scraped off by the limiter, The vacuum tank also includes bending
magnet, ion beam dump, calorimeter (it also serves as beam target in the ion
source flashing mode) and fast Faraday Cup. At the end of the drift
pumping tube, fast valve and the absolute valve are mounted. The drift tube,

40-50 cm diam., 3 m long, connects the torus vacuum vessel with the injector
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vacuum tank and suppresses the cold gas flow into the torus.
1.4.3 Proposed Construction Schedule and Mile Stones

Prior to the construction of 16 injectors for the JT-60 neutral beam
éystem, we will build a prototype injector unit to confirm the system
performance. Although the former scale is far larger than the latter,
there seems no intrinsic difference from the engineering point of view.

For instance, the power conversion system for the prototype injector unit

is the same as that of the JT-60 injector unit. The liquid helium circulat-
ing systems for the cryogenic pump in both cases are equipped with helium
recovery loops and decompression loops for cooling the liquid helium
temperature down to 3.8°K, although the system scale are quite different.
Therefore, the most important mile stone in the JT-60 injector development
is the construction and successful tests of the prototype injector unit.

In order to construct the prototype injector unit, following R and D works
should be made,

(i) Ion source development

In the injector unit four ion sources are stacked. Each ion source
can extract ion beams of 15 A at 75 keV for 10 sec. The ITS-1 and ITS-2 test
stands are primarily oriented to develop this ion source.

(i1) High ﬁower vacuum tube

High power wvacuum tubes are used to regulate and modulate the acceler-
ation power supplies. Although the plate dissipation of now commercially
available tubes are enough for our purpose, the stand off voltage during the
beam off time is lacking. We are aiming at developing tetrodes with the stand
off voltage of 150kV and the plate dissipation of 480 kW in collaboration
with the tube maker. -

(iii) Cryogenic pump

We are building a small scale cryogenic pump that has a pumping speed
of (1-5) x 10%%/s. We will measure the fundamental pumping characteristics
with this pump. The second pump, having a pumping speed of about 2 x 10%

% /s, should be connected with the ITS-2 beam line to investigate the engi-
neering problems involved in the scale up of the cryo panels. For instance,
measurement of various heat inputs into the cryo panels will be made as well
as the pumping characteristics in the scale up version.

The proposed construction schedule are written in Fig. IIT1.1-19,

- although it strongly depends on the progress in research and development
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and also on the funding limitatiom.

1.5 Design Study of Radiofrequency Heating System for JFT-2

As a first step of development of the RF heating system for JT-60, we
are planning a lower-hybrid heating experiment for the JFT—Z tokamak. Two
designs of a 200 kW RF power source for JFT-2 were made by two firms under
contracts with JAFRI. Specifications of the power source are as follows:

RF output; 200 kW, Frequency; 500 - 700 MHz, |

Pulse width; 10 msec - lsec, Duty cycle; up to 1/300.

One deisgn uses four klystrons with each output of 67 kW and the
other uses two klystroms with each output of 160 kW.

The 200 kW RF heating system'will be built in FY 1976 - 1977. The

JFT-2 lower-hybrid heating experiment will be started in the autumn of 1977,
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Table I1I.1-1 Typical performance of the ITS-2

Power Supply
Accel. A DC 10-35 kV (regulated/modulated) 22 A
Accel. B DC 10-60 kV (regulated/modulated) 20 A
DC 60-80 kV (unregulated) 20 A
Decel. DC -(1-40)kV (regulated/modulated) 2 A

Maximum pulse length 1 sec at 10% duty cycle
Continuous operation is possible at the current rating of 30%.

Vacuum Chamber
Stainless steel
‘Size Diam. 60 cm, Length, 3.2 m

Vacuum Pumping System

Turbo molecular pump 2500 £/s for Hy 3 sets
Mechanical booster pump 500 m°/hr 2 sets
Cryogenic pump 50000 &/s 1 set

Demineralized Water Cooling System
Cooling capacity 400 kW continuous

7800 kW 1 sec pulse

Flow rate 500 2/min.
Pressure 10 kg/em?
Resistivity > 1 Mi.cm

Table ITI.1-2 Typical performances of the JT-60 neutral
beam injectors

Neutral beam power into the plasma 15 MW (phase 1)
: 20 MW (phase 11)
Beam energy (main component) _ 75 kev HO
Number of injector units 16
Total ion beam output 75 kev, 1280 A
Vacuum pumping system ; Lgq He coocled
cryogenic pump with Lgq N, cooled pumping speed 1,1x10%%/s
Chevrons : for each unit '

Power supply system
AC power ; Fly wheel generator 156 MVA
DC power ; 100 kv, 80 A regulated/modulated power supply
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Fig, ITI.1-10 A two
stage ion source.
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Fig. ITI.1-15 Drift tube of the neutral
beam injector for JFT-2.
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2. Surface Effects in Fusion Devices

2.1 Introduction

Impurity atoms in a plasma increase radiation losses, which result in
breaking the energy balance of the plasma. Tmpurity atoms are mainly
released from the vacuum wall which is bombarded by the plasma in cemplicated
processes including sputtering, blistering, local evaporation and desorption
of adsorbed and occluded gases. As for the particle balance of the plasma
surface phenomena such as backscattering of plasma particles from the wall, -
trapping in the wall, re-—emission and desorption of trapped particles must
be taken into account.l)

Experimental researches in the above plasma wall interactions started
at April 1, 1975, 1In this fiscal year, the main efforts were devoted to the
design and construction of an experimental facility, which consists of two
ion accelerators. One of them is Low energy SPuttering testing accelerator
(1SP), and the other is High energy SPuttering testing accelerator (HSP) .

LSP and HSP were designed and constructed, which.were intended to solve the
vacuum wall problems in plasma feasibility experiment device (JT-60) and
future thermonuclear fusion reactors. An ion source and the beam transport
optics in LSP are provided for bombarding solid target surface with an ion
beam of energy from 0.1 to 6 keV, The accelerating voltage of HSP is variable
from 30 to 400 keV. The main specifications of LSP and HSP are listed in
Table TII.2-1. The more detailed descriptions about LSP and HSP will be
presented in the'following sections 2.2 and 2.3, respectively.

In addition, parameters related to the study of the plasma wall
interactions in fusion devices were calculated and tabulated as a.function
of the iom energy (0.1 - 20 keV), including the specific energy loss, the
projected range and its straggling for emergetic light ions (H+, D+, T+ and
He+) incident onto the wall.z) The calculations are based on the statisﬁical
theory developed by Lindhard and co-workers for the partition of energy as
an energetic ion slowing-down. Some candidate materials and the constituent
elements of the first wall were chosen, such as Mo, Nb, V, Fe, Ni and C.

{K. Sone)

2.2 Design and Construction of Lsp3)

A sketch of LSP is illustrated in Tig. TII.2-1. Measuring instruments

in LSP contain an ion energy analyzer (IEA), quadrupcle mass spectrometer
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(OMS), cylindrical mirror type Auger electron spectrometer (CMA), vacuum
electromicro—balance (EMB), neutral particle energy spectrometer (NPES) and
its calibration system. The vacuum chamber, which is shown in Fig. III.Z-2,
has several perts which are available to equip these measuring instruments.
Also are equipped a light gas lon gun and an ion optics to produce gaseous
ion beams, two sets of manipulators with vacuum locks, an& ultrahigh vacuum
pumps. The above instruments except ultrahigh vacuum pumps are located and

adjusted as each axis intersects at the target surface within 1 mm diameter.

~TFA, QMS and CMA can be drawn 50 mm back from measuring positions without

breaking vacuum. EMB or NPES are alternatively mounted at the top port.
Various kinds of experiments will be carried out by using LSP: 1) sputtering
by low energy icn bombardment, 2) re-emission of the incident particles during
and after ion bombardment, 3} release of adsorbed and occluded gases in the
solids by ion bombardment, and 4) backscattering of energetic ions.
Sputtering yield measurements for solid targets are done by two methods.
These are absolute yield measurement by EMB, and sensitive detection of
sputtered atoms by CMA. The experimental arrangement is illustrated in
Fig. 111.2-3. 1In both cases the target is cleaned by a repeated cycle of
high-temperature annealing up to 1400°C and Ne+ ion bombardment with the
energy of 2 keV, whose beam is produced by alternative use of the light gas
ion gun and its optics. In the former case, sputtered atoms are deposited
inside a bell-shaped collector of 35 mm diameter and weighed by EMB. The
collector which is made of thin glass of 0.1 mm thick has an aperture of
9 mm diameter to pass the primary ion beam. The adjustment of the aperture
to the primary ion beam axis is done by putting the bell-shaped collector on
an annular disk and rotating it by the vertically mounted manipulator. When
the primary ion beam current is assumed to be 50uA for H+ and the target
molybdenum, the minimum detectable sputtering yield S; for this method is
given by §; = 3 x 1072 atoms/ion for 1 hr collection. In the latter case,
sputtered atoms are deposited on a substrate which is located apart 20 mm
from the target. The substrate is carried to CMA by rotating it with the
horizontally mounted manipulator when the measurement of Auger peaks of
deposited layers on the substrate after a given time of sputtering. When
the target is molybdenum, a tungsten substrate is adopted as this combination
is well analyzed by Tarng and Wehner”). When the primary icn beam current
and the target are assumed to be the same as in the former case, the sputtering

yield S, to reach the minimum detectable éoverage for 1 hr is given by §;
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= 3.5x10™"% atoms/ion. Absoiute sputtering vield versus ion energy is
measured in the range of relatively high yieid (>1072 atoms/ion) by EMB,
and the relatively low vield (< 10”? atoms/ion) is measured by CMA whose
peak is calibrated previously to the number of sputtered atoms.

Energy distributions of sputtered ions and released gas ions are
measured by a combination of TEA and QMS. TEA and QMS are isolated
electrically from the target and the vacuum chamber, and they are operated
at 0 - 500 V with respect to the ground potential. Therefore, the ien
energy distributions can be measured between 0 and 500 eV for each m/e.

Backscattered ions and neutrals which have the energy higher than 200 eV
are measured by NPES. NPES consists of a charge stripping cell filled with
nitrogen gas of approximately 2 x 1073 Torr, a deflector and an electrostatic
energy analyzer. For the calibration of neutral to ion conversion efficiency
versus neutral particle energy, NPES will be located at the uniaxial direction
with the axis of the light ion beam optics. The primary ion beam is
neutralized by another charge transfer cell filled with oxygen gas of
approximately 2 x 1073 Torr.

For the experiment of gas release during ion bombardment and thermal
desorption of trapped species, a combination of an enclosed ionization
chamber and QMS is adopted to detect gas evolution rate. Gas molecules
released from the target are accumulated in a hemi-spherical volume of 30 mm
diameter and analyzed. The target can be annealed up to 1400°C to erase
the memory of the previous ion bombardment. The temperature range of
thermal desorption is set from room temperature to 600°C. An evaporation
source is mounted on the horizontal manipulator and is moved to be located
at the position to evaporate gold on the surface of the innmer wall. The
closed chamber is pumped through the aperture of 9 mm diameter through which
the primary beam passes.

The pumping system consists of two sputter ion pumps, two cryo-pumps,

a turbo-molecular pump, a roots pump, & rotary pump and tubings as shown in
Fig, 11T1.2-4. The ion source and the beam transport system are-evacuated
differentially through three orifices. The main chamber is evacuated by a
combination of a cryo—pump and a sputter ion pump. The base pressure in
the main chamber is expected to be lower than 1 x 1079 Torr.

(K. Some, H. Ohtsuka)

2.3 Design and Construction of HSP
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A plan and side view of HSP is illustrated in Fig. I1T.2-5. HSP is
an open air Cockcroft-Walton accelerator, whose major components are as
follows: 1) The high-voltage terminal containing the ion mass analyzing
magnet, which consists of ion source, pre-acceleration and lens/slit system.
All necessary power supplies are contained in the terminal powered by a motor
generator system. 2) The main accelerating tube, 3) The'pumping and electro-
nics rack containing a turbo-molecular pump, vacuum menitoring system, DC
power supply, and quadrupeole triplet lens supply. 4) The beam tranéport line
and target chamber containing a turbo-molecular pump, a sputter ion pump,
three gate valves for differential pumping, a quadrupole triplet lens, a
neutral trap, a beam scanning system, and a beam profile monitor. 5)
Control console which contains all normal operating controls and meters.

The ion source produces a wide range of ions from gaseous te solid
materials. In the research of plasma wall interactions, important ion

. . . + .t +
species to be extracted from the ilon source are gaseous ions (H , D, He ,

+ o+ + o+ 4 + o+ o+ 4+ 4+ 4+ o+
0O, N, Ne, Ar , Kr , etc) and solid ions (C , A1 , V, Cr , Fe , Ni , Cu ,

Nb+, Mo+, Au+, etc). Because the ion source can operate at very high
temperatures, pure solid materials can be used in the micro oven which results
in a clean beam with a minimum amount of unwanted ion species.

In HSP ion mass analysis is donre before the main acceleration. This
design has several advantages: 1) The beam.in the main accelerating tube
consists only of the element desired, thus reducing the load on the high
voltage supply, reducing the number of secondary electrons released, and
firally minimizing the production of X-rays. 2) The energy of the ions
can be varied without readjusting the current of the ion mass analyzing
magnet. 3) Since the mass analysis is made for low energy ions, a small
and light magnet answers the purpose. 4) Contamination by unnecessary ions
inside the main accelerating tube becomes less because of the same reason
as 1).

Pre—acceleration is accomplished by selecting the extraction voltage by
step variation of 10, 20, 30 kv, The ion mass analyzing magnet is a 90°
double focusing one which analyze masses between 1 and 260 amu with mass
resolution of 500 or larger. The magnetic field is remotely controlled
from the control consoie, whose stability is better than 2 x 1075,

Figure II1.2-6 shows the high veoltage terminal, which is supported by
insulating column. The terminal is covered by aluminum sheet to prevent

corona discharge.
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The main accelerating tube consists of the 400 kV multi-stage column
constructed as a constant field tube. Ton acceleration can be varied between
0 and 370 kV, so that with pre—acéeleration a maximum of 400 kV can be
attained. |

The beam transport line is evacuated by three-stage differential pumping
with three turbo—mélecular pumps. The pumping speed at the ion source is
200 %/sec, at the accelerating tube 400 &/sec, and at neutral trap 400 2/sec.
The quadrupole triplet lens is mounted in the beam tramsport line following
the accelerating tube. The beam scanning sysfem,is located following the
triplet lens. It includes two sets of electrostatic deflection plates, a beam
écanning amplifier, and a scanning generator for both x and y scanning with
frequencies around 1000 Hz. The system provides a scanned beam over an area
up to 60 mm x 60 mm at the target position with a uniformity of 99 %. The
neutral trap is made by applying a bias voltage on the plates of the beam
scanning system, providing a horizontal deflection of 3.5° of the charged
particle beam. The beam profile monitor is located just in front of the
target chamber. It senses the various beam shapes. The signal from the
beam monitor is relayed to the control console, where it is converted to a
visual display on an oscilloscope. The height, width and position of the
curve correspond to the intensity, diameter and position of the beam, respect-
ively. The target chamber is evacuated differentially by a sputter ion
pump with pumping speed of 400 %/sec, The chamber contains a Faraday cup,

a disk to mount target or detector holder, a target cooling unit, and a target
heating unit. The latter two units are alternatively used by setting at the
top port. The chamber has several ports as well as the top port, i.e. two
viewing ports, two pumping ports, a signal output port, and a blind port

for another use. Figure II11.2-7 shows the beam transport line and the

target chamber. A detailed representation of the target chamber is shown
schematically in Fig. IIT,2-8.

Ten different values are transferred from high voltage potential to the
ground control console by means of a telemeter system. Values are transferred
via a transmitter to light pulses of variable frequency, these being then
transmitted from high voltage potential to ground potential by light-guides
and converted to electric currents in a receiver feeding a meter in the
control console. By using the opposite way, five different parameters in
the high-voltage terminal are controlled by signals from the centrol console.

Five more parameters are controlled from the control conscle by the use of
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servo units, consisting of a motor and gear system with electronics. There
are a mass calculator and a Coulomb/Ampere meter on the panel of the control
console., The mass calculator provides a continuous read-out of the mass of
the ion which is being accelerated. Tt senses the energy of the ion of the
extracted ion beam and measures the magnetic field of the analyzing magnet.
A mini-computer calculates the mass and sends this information to the control
console where it is displayed on a digital read-out. The Coulomb/Ampere
meter measures the beam current in pA and integrates it over the time and
thus measures the received charge in uC. 1t contains a manual preset of

the total indident charge. The instrument indicates when this preset ion
fluence has been measured, and this signal can be used to deflect the beam

away from the target. (K. Sone, H. Ohtsuka, K. Shiraishi)
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Table III.2-1 Main specifications of LSP and HSP

‘ LSP HSP
Accelerating- 0.1 - 6 kv, continuously ;30 - 400 kV, continuously
Voltage variable variable
Accelerated Gaieous+ions; H+, D+, Gaseous ions: H+, D+, He+,
Ion Species He , Ne , etc 'Ne+, Ar+, Kr+, etc
i Solid ions: ¢, a1t or',
i ZFe+, Ni+, Cu+, Au+, etc
Ion Current 5 30 - 50 pA 10 - 100 uA
Ion Soufce % Duoplasmatron Electron bombard type with a

high-temperature oven

Ton Masé
Analyzing
Magnet

90° sector which lies
between extraction
electrode and beam optics

90° sector which lies between
extraction electrode and
accelerating tube

Pumping
System

Three-stage differential
pumping (chamber: cryo-
pump and sputter ion
pump, beam transport

line: the same as chamber,
ion source: turbo-
molecular pump)

Three-stage differential

:pumping (chamber: sputter

ion pump, beam transport
line: two turbo-molecular
pumps, ion source: turbo-
molecular pump)

Ultimate
Pressure

5x10710 Torr at the target
chamber

5%x10~8 Torr at the target
chamber

Target

Beam Scanning
System

Temperature

none

XY scanning {(max 60mm x 60
mm)

RT - 600°C; continuocusly
variable

RT - 800°C, continuously
variable

Angle of
Incidence

Beam Spot
Size

‘wariable

30° -~ 90°, continuously

0° - 90°, continuously

variable

3 - 7mm in diameter

5 - 7mm in diameter
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NPES calibration system

Fig. II1.2-2 Vacuum chamber:
a) top view, b) side view.

Fig. III1.2-3 Experimental
arrangement of sputtering
vield measurement in LSP.
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Fig. I1I.2-6 High-voltage terminal
of HSP.

A

Pig, III.2~7 Beam transport line
and target chamber of HSP.
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3. Superconducting Magnet Development

Japanese scientists have a general consensus that the SCM (superconduct-
ing magnet) is absolutely necessary for thermonuclear fusion power reactor.

A group for superconducting magnet development at JAERI was set up on January
1, 1976, On April 1, 1976, the Japanese Atomlc Energy Commission set up SCM
subcommittee under the Nuclear Fusion Council of the Commission. The SCM
subcommittee is formulating a long term program of SCM development.

The main effort will be directed to the development of SCM for a
tokamak device coming after JT-60. Not much attention is paid to the
application of SCM to the other types such as a mirror machine and theta
pinch machine. The first priority in tokamak application is given to the
development of superconducting toroidal coils, followed by ohmic coils and
equilibrium field coils. In future, the superconduting energy storage and
transfer device for tokamak will also be studied. ‘

One of our staff members participated in the activities of Super-—
conducting Magnet Subcommittee, Fusion Yower Coordinating Committee,
International Energy Agency. For about fifty days in February and March
this Subcommittee visited various laboratories in Japan, U.S. and Europe to
investigate the present status of SCM research.

The main themes for FY 1976 will be design analysis of a large coil
test facility and development of a large current conductor.

{S. Shimamoto)
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1IV. Plasma Theory and Computation

1. Introduction

In the period under review we had continued the analysis on tckamak
confinement and heating with an increasing effort on computational studies.

The analysis of neutral beam injection heating in the projected JT-60
device has been detailed, in particular, in the Monte Carlo simulation of
slowing down process of fast foms. Fvaluation of the influence of high 2
impurity was mode on the trapping of fast atoms and on thermalization process.
We have alsc initiated preliminary studies of lower hybrid resonance heating
which has been planned in JT-60 in addition to neutral injection. Propagation
of lower bybrid waves and absorption of ion Bernstein waves were studied by
taking account of toroidal curvature.r Parametric decay processes were also
studied.

We had continued the study on transport processes in the tokamak plasma.
The Monte Carlo simulation of meutral transport was successfully applied to
the analysis of ion temperature measurement in JFT-2a. A computer code for
the space-time evolution of impurity ions was written and compared with low
7 impurity measurements in JFT-2. We had also made an analysis on the plasma
density and poloidal field fluctuations observed in JFT-2 on the basis of
mhd stability theory.

A 2D mhd stability code was almost completed in the collaboration with
Osaka University. The stability criteria and growth rates are obtained by
solving an initial value problem. A subroutine solving an eigen value
problem of very large matrices was completed and incorporate in 2D mhd code by
the finite element method. In 1975 plasma simulation by particle code
was started. On the basis of a simple model we have tried to simulate the
plasma dynamics in the scrape-off layer of JFT-2a. We had alsc devised a
binary collision model using the Monte Carlo technique. Application of
nonlinear optimization téchnique was applied to mhd equilibrium of toroidal

plasmas. (M. Tanaka)
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2. Transport and Impurities
2.1 Diffusion of an Elliptic Tokamak in the Plateau Regimel)

Plasma transport in a non-circular tokamak in the banana regime was
studied by Glasser and Thompsonz). Strauss?) derived the expression for
the particle flux T in an elliptic tokamak in the plateau regime and showed
that T = I'g/k, where I'y is the particle flux for a circular tokamak in the
plateaun regime and k=b/a, the ratio of vertical axis, to the horizontal one.
Artimovich and Shafranov®’ suggested that the diffusion coefficient in the

plateau regime of the elliptic tokamak DL is smaller than DL by (a/b)? for

Q
b2 a?, where DL 1is the diffusion coefficient of a circular tokamak in

the plateau regime.

We devise a methed for calculating the particle flux in a non-circular
tokamak in the plateau regime. This is based on the approximation that the
diffusion coefficient in the plateau regime 1s independent of the collision
frequency. As an example, an elliptic tokamak is censidered. This method,
however, may be applicable to general non-circular configurations.

We obtain the particle flux in the plateau regime

ma-RB p
T = ee de)(ffl"rrdudehle Ti(%L) (1)

by solving the differential equation5)

. 02
ohie ZRBTmeEfoe 5n 3B eBvei ¢h1,

+ —_— =
9 3% eB%n v ax By 397 (2)

where Bp=Vx, [Vw|=RBp, Br is the toroidal field, gq the parallel velocity,
i1 the magnetic moment,.s the energy and foe=n(w)/(2v)3/2vT3 exp (—E/VTZ).
Here the coordinates p, w are introduced by R=Ry+pcosw and Z=kpsinw. In
these coordinates, the magnetic field of the elliptic tokamak with uniform

currents is described by

1 —5.Bpo?
B2 = Bp2+Bp2= By [1+ 5(l+x 2)#(“@052@] (3)
where Bpo = Bp(m¥0) and o=(k2-1)/(«x2+1). The relation between dv and dw

is given by dyx=kpB 2/8.,dw. Then the particle flux in the plateau regime
¥y p po

is given by
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RZRv2Vp.3 ®  CyD
T =(2W)1/2__2_T-_2_T_.e___ T Mirl . (3)
fe?Bo ey bodu

and the cross-field diffusion constant bye)

VTed Bo . CyDy
bp = mi/2 gl o T )
e poK g=1

where {lgo=eBo/mg and Zﬁﬁp=§dem. The safety factor for a non-circular tokamak
is given by qNC=Lp/LT -BT/BP, where L, is the length around the magnetic

axis and Ly=2mRg. By use of this qVC’ we can write as
L

. 0 q :
DL = Dy —C LG (5)
de ZKZE-(—K'Z—)

where E denotes the complete elliptic integral of the second kind and
qc=(o/RO)(Bo/Ep(r=l). This expression shows that a vertically elongated
elliptic tokamak with k>>1 is advantageous from the point of view of the
neoclassical transport theory. When the safety factor of the elliptic
tokamak U is equal to g, DL::D:/K2 for w>>1. Tt is shown that GX1 for

a practical elliptic tokamak with chz;Z. (M. Wakatani*)

2.2 TDecay of Poloidal Rotation in a Tokamak Plasma

Previous study7) of the decay of poleidal rotation in the "banana"
regime was extended into intermediate and collisional regions.

For 53/2vTi/Rq < vii < vpi/Rq, the decay time is given by

R
vTid

)

and for vyi/Rq < vii < (mi/me)lfszi/Rq

2
on VTE
& R T

The tokamak plasma in these regions has also a large effective dlelectric

¥

*) Now at the Institute of Plasma Physics, Nagaya.
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constant by a factor (BT/Bp)z. {T. Tuda)

2,3 Impurity Transport in the Presence of Helical Magnetic Cell

Tn a plasma containing high-Z impurity ions, the classical cross-—
field diffusion due to ion-impurity collisions yields the inward diffusion
of impurities.a) In a steady state impurities may concentrate in the region
of maximum ion demsity. Magnetic field fluctuations seemingly related to
resistive tearing modes have been observed in tokamaks.%) The growth of
tearing modes leads the formation of magnetic islands in the neighborhood
of resonant surfaces and thus the diffusion of the plasma is greately
enhanced near the resonant surfaces.lo) Tt may be quite plausible that the
magnetic islands modifies the above-mentioned diffusion process of
impurities.

We study the impurity diffusion in a tokamak with a resonant helical
perturbation g in the collisional regime. We also restrict ourselves to the
case of a single species of impurity ion and of uniform temperature TimeTT,
where Ty and TT denote ion and impurity temperature, respectively. We
congsider the limit where the mass of the impurity ion is very large compared
with the mass of the proton, then the proton-impurity collisions may be
treated by the Lorentz model. In this case, the diffusion of protons due to
proton-impurity collisions is similar to the diffusion of electrons due to
electron~ion collisions.

Then the following equations are obtained,
> > > >
-VPj-eniV¢+enivixB-minjCivi1{vi-vy) = 0 (1)
+.+ > > >
-YP1-eZniVé+eZnivixB+miniC1v; 1 (Vi=VvI)-mnVoVy = aQ, (2)
where vy1 denotes the proton-impurity cecllision frequency and vy, the

impurity-neutral collision frequency and C; is a numerical factor

d . 2 1) A A ;
epending on nyZ</nj. By use of div (vi-v1)=0, we obtain

O 1 oT VL9 T V/ ny T Vni Vnl o
dlv(E§ZQL¢+ qu ot EEEZ nr + el n4i + EET (ni - an)x B) =0

(3)

where o=mpviy/e and g=mi{Cyvi7/e. The potential ¢ is determined by the

procedures of ref. 3 in the presence of the resonant helical perturbation,
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Assuming a single mode (m,n} we obtain the proton flux

s = =Cyvsgos2 op v R? (| ‘z+m2]gmnlz
i 1ViIP{i 9 Po YA g10 (m_nq)Z_H]
1 dnj 1 dni
* (ni dr ~ Zny dr Ini ' (4)
where |gig|=r/RBo?,
= - (b,/Bo+byB,/B_2) /B2 = mrlq" | (vro/9y vir/op /2
gmn z O a°gn o ) o and 7 mR|q (\)IO 1 Vil I) *

In eq.(4), the first term containing gjg denotes the usual proton diffusion
due to proton-impurity collisions in the Pfirsch-Schliiter regime. Since
vio<<fit and vi1<<Qi, the second term becomes large for qgiﬁ/n. The
impurity flux is given by I'y=-Ti/Z. The particle fluxes for both protons
and impurity ions enhance near the tesonant surface. The direction of

dni dn
impurity diffusion is depend on the sign of (%T-drl - Zil di).
i

(M. Wakatani*)

2.4 Impurity-Evolution Code IMPHPCG and Analysis of the Impurity Measurements
for JFT-2 Tokamakll)

The code IMPHPCG has been prepared to study the evolution of impurities
in a Tokamak plasma. This calculates the change of impurity profiles giving
the space-time change of plasma parameters, i,e the plasma density, electron
and ion temperatures, plasma current. The diffusion of impurities 1s
assumed Lo be neo-classical in the banana-plateau region. The spectroscoplc
measurement of oxygen and carbon impurities in the JFT-2 Tokamak is analysed.

(M. Okamoto and T. Amano* %)

*} Now at the Institute of Plasma Physics, Nagoya.

%%) Plasma Physics Laboratory, Faculty of Engineering, Psaka University.
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2.5 A Method of Solving the Rate Equationslz)

A numerical method is presented of sclving the rate equations of

impurities. The rate equation is treated as an eigenvalue problem.

Examples of the calculation are given for C, 0, Fe and Mo impurities,.

(T. Amano* and M. Okamoto)
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3. Further heating
3.1 Propagation of Lower Hybrid Waves in a Tokamak

Propagation of lower hybrid waves in an inhomogeneous plasma has been
extensively studied by many authers assuming a plane or cylindrical
configuration. We have investigated the propagation of lower hybrid waves
in a tokamak plasma with two dimensional inhomogenties by the method of
geometrical optics.

Under the geometrical optics approximation, the ray trajectory is

described
a7 Je , 3 X e, 3
r_*r _ % , de | GK _ = dE , JE
dt Vg > / dw ?  dt +,/ w? - M
K ar

The equation for the wave energy is given by

dwW : :
dc = *W(%'gg-i-ZY) ’ (2)

Here vy is the local damping rate of the wave. The dispersion relation
> >
e(w,K,r) =0 o0f lower hybrid waves is derived under the electrostatic and

warm plasma approximations,

L T, 2 2 2 2
Te we i ¥ “i Y
= =(— +24F- 2+ + —
€ (me Qez mi w K 1 fa 2 z w2 2 K2 ! (3

First, we consider cold wave (To=T4=0). The wave propagates into the
plasma along the magnetic field line with slow radial velocity
vr::—(K/ JK)v/# . As the wave propagates the perpendicular wavelength
decreases. In the neighborhood of a resonant layer, the parallel wave number

varies as

dk/ L e /Y N qusina (4)
dt T+we” /Qe? B R .

and tends zero on the resonant laver, while the perpendicular wave number
reamins finite. Namely the refractive index does not go to infinity on the
resonant layer. This distinguishes the wave propagation in a toroidal
.plasma from in a cylindrical plasma. On the other hand, the wave energy goes

to infinity on the resonant layer because the group velocity vanishes there,
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Therefore, similar to the cylindrical plasma, thermal effects and/or nonlinear
effects play important roles near the resonant surface.

In the warm plasma approximation, the incident wave is converted into
plasma waves in the lower demnsity region before reaching the rescnant layer
and the existence of the resonant layer has insignificant effect on the wave
propagation. Therefore, the wave propagation in a hot tokamak plasma may be
essentially the same as in a cylindrical plasma.

Equations (1} and (2) are numerically integrated by the predictor-
corrector method. Examples of rays are shown in Fig. IV.3-1 where the
plasma current and density profiles are assumed to be parabolic with gqg=3
and ne(0)=5x101°n"3, and concentic magnetic surfaces are assumed.

(M. Azumi)

3.2 Trapping and Damping of Icn Bernstein waves 1in a Tokamak

The electromagnetic wave excited by external sources is converted into
the ion Bernstein wave with finite parallel wavelength near the resonant
layer. 1In the presence of magnetic field gradients, as in tokamaks, there
appear successive resonant layers for ion cycrotron harmonics in the plasma,
which influence the propagation and the damping of the ion Bernstein waves.
The local dispersion relation for ion Bernstein waves with finite parallel
wavelength is numerically analysed. TFigure IV,3-2 shows the perpendicular
wave number Ko and the damping rate y plotted against the radius of the plasma
column, where plasma pérameters are assumed to be parabellic with ne(0)=
5x101%m 3 and Te(0)=Ti(0)=5 keV, and Ny =2. The magnetic field strength is
assumed to vary as B=B,/[14r/Ro] with Bo=5Wb and R/a=3. Because of the
presence of cyecrotrom harmonic laver, the waves with short wavelength
(Kipi>>»1) are trapped Between two adjacent harmonics (harmonic numbers are
shown in the bracket in Figure IV,3-2) and experience a strong ion cycrotron
damping in the neighborhood of harmonic layers. Therefore, in the lower hybrid
heating of a tokamak,local heating near the ion cycrotron harmonics may be

expected. (M. Azumi)

3.3 Parametric Decay of Lower Hybrid Waves in Non-Dipole Approximation

Parametric decays of lower hybrid waves are studied theoretically
without dipole approximation. A general coupled dispersion relation is derived

for electrostatic waves. It is shown that the finite wavelength of the pump
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has insignificant influence on the parametric coupling between lower hybrid
and low frequency modes. However, the effect on the couplings between high
frequency modes is noticeable. The detailed analysis is now continueing.
Parametric instabilities at the lower hybrid frequency have been considered
theoretically by many authors?!) in comnection with the additional RF heating in
Tokamaks . .
In the present study, we consider the effect of the finite wavelength
of the pump near the lower hybrid frequency on the parametric instabilities
of electrostatic modes in an homogencus plasma. The pump lower hybrid waver

is assumed to have a form

EO(?,t) = 2%0 Cos(§0¥ - wpt), (1)
p
e
vo = wp( + o D12, (1)
o) m

where wypy = mpi/(l+w§e/w§e)1/2 is the lower hybrid frequency. We start from

the Vlasor equation with collision term of the Krook meodel and the Peisson

equation,
IR TS RV NN Sl SR
etV vEs + o {=vg + “v x Bote—
av
f(o) : >
= —\)jfj' + Vi F ffj'dv, {2}
y2¢ = —anZejffjd3 ) (3)

J

Expanding the distribution functions in powers of the electric field strength
and solving Eq.(2) by iterative method to the second order, we obtain a
dispersion relation of parametric instabilities between electrostatic waves

driven by an electrostatic lower hybrid wave,

e &, wy e (k-Ky, w-we)

—

_ ok om0 2 (g b7 *

= (T 87 g, kew) + e, (K,w)+a,12} ()
k_ko

Here £(1) is the linear dielectric constant, Xe the parallel susceptivility
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of electrons and coupling constants p, M, » B, o1 and a, are given as

follows,
> > -
_E(kxeo)-ez =_g(k -k O)eo
L S (w=-w ) ? Hy, m (w-w )< >
ce O (e
w(w—mo) k” kH_kHO kno ||_ku k.
B = (—= -~ ) (— + S+, (5)
K2 w W=t w W W
Q (8] (o} Q
W kw_kuo mze % lo H_ N Oy
— + — = _‘__ Pl
a 1 2 k; ey s Oop EE—- (wO + 2 ) )]

In the dipole approximation E@»O, and for low frequency modes, w<<wg,

Uy = —(e/m)kyeox/mcemO, u, = -(e/mk Eo”/mg, B~ -1, ay~l and ax>0, and
the dispersion relation (4) recovers the result for the pump with infinite
wavelength.z) For lower hybrid pump, it is easy to show that uﬁ_>> uﬁ,
since (k?/k? )(M/m) £ 1.

For the decay of lower hybrid wave into another lower hybrid wave and low
frequency modes such as ion Bernstein wave, ion acoustic wave and electro-
static ion cycrotron wave, and for the instability of quasi modea), the
coupling constant f which includes the effect of the non-dipole approximation
is easily analysed and is shown in Fig. IV.3-3 for the case of wl/ky > vihe
(which corresponds to ion Bernstein mode) and in Fig. IV.3-4 for u/kH <
vthe (high frequency and low frequency ion acoustic waves, electrostatic ion
cycrotron wave and quasi modes}. It is obvious that the non-dipole effect has
little influence on the low frequency modes with w/k) > vihe, the non-dipole
effect is not important except for w/k ~ug/k o or w/k,~= -wo/2key .

When two modes with high frequencies are excited parametrically, the
finite wavelength of pump becomes important. Such a typical case is a
coupling between two lower hybrid waves, ﬁhich was analysed by ott*) in the
cold plasma approximation. The present dispersion relation includes this
case and the extensive analysis of the non-dipole effect is now in progress.

(M. Okamoto)

3.4 Numerical Simulation of Two Fluids Plasmas

Two computer programs have been written to investigate 1) the propagation
and parametric decays of externally excited lower hybrid waves, and 2) the

non-linear behaviour of the low frequency collisional drift instability.
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The model equations for the former case are

an 3 > -
__l + - . . = 1
ye v (nJvJ) o, (1
Bg' T - > 1 - -+
- 3 _l l-‘ r - — - . - - -_— -_ .
mJnJ(at + (vJ V)VJ) VnJTJ + nJeJ( Ve + - V¥ BO)
>
+ njej-Zgbcoswot - vjnj(vj—vjt), (2)
24 = = (T 3
Ve 4n§ eJnJ (3)

For the latter purpose, Eq. (2) is replaced by, the following equations ;

5
ovy -+ > > > .
mini(gz__'+ (vi *V)vy ) = -V 04Ty ~ (V')
> 1~ >
+ e nj(-V ¢ + o Vit x Bg) (4)
-
vi, = 0
> 1 e > ¢ - >
= - —=— ¥ + -5V
Ve mengve | neTe Tove Vig - gz V¢ * Bo
c > -
| . eneB—Z V ngTe X By (5)

Tn both cases, the equations for the mass and momentum of the fluids are
solved by the two-step Lax-Wendroff5) scheme and a Poisson SolverG) is

used to solve Eq. (3). The codes/treat Eqs. (1)-(3) or (4) and (5) in the

; x-y plane (so-called 2D3V model. See Figure IV.3-5). The detailed analyses
| for both cases are in progress.

(M. Okamoto, M. Azumi, T. Takizuka)

3.5 RF Power Absorption in a Cylindrical Plasma

A computer code is written to solve the radial eigen value problem of the
Maxwell equations in cold and collisionless plasma approximations. Beyond
singular surface (resonant surface). The solutions are extended using
analytically obtained jump conditions without intreducing artificial
collisions. Calculation of radiation impedance of antenna, which is

represented by a given distribution of surface currents; yields rf power
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absorbed in the plasma. {M. Tanaka)
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Fig. IV.3-1 Examples of rays.

The plasma current and density profiles
are assumed to be parabolic with gqg=3
and ne(0)=5x10'%n"3 and concentric
magnetic surfaces are assumed. ({a)

a case for a resonance wave, dotted
line indicates the resonance surface,
{b) a case for an off-resonance wave.
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Fig. IV.3-2 The perpendicular wave
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Fig. IV.3-3 The coupling constant B
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Fig. IV.3-4 The coupling constant 8
for the case of w/k < Vihe.

X

Fig. IV.3-5 Geometry of the
2D3V model.
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4. Computation
471 2D MHD Stability Analysis by Finite Element Method

To analyze the stability of a plasma in a specific toroidal device for
a specific set of plasma parameters, a large-scale numerical computation is
generally required. For this purpose two different approaches are usually
taken, one is to solve the equation of motion as an initial value problem,
and the other is to search the stationary state of the Lagrangian which
describes the linearized motion of an mhd fluid. In both the appreaches,
however, numerical computations in a two- or three-dimensional space are
necessary, if one is to obtain results which can directly applicable to
solution of realistic problems. The latter approach is easily realized
numerically by using the finite element method and many authors studied it
intensively.

Ohta, Shimomura, and Takeda first applied this method to the stabilty
analysis of a cylindrical plasmalaz). Being encouraged by the successful
results of the cylindrical plasma, we began to write a computer code for the
gstability analysis of toreidal plasma3). At that time this attempt was not
successful in that obtained growth rates of unstable modes were often smaller
than those predicted by analytical calculations and some unstable mode
seemed completely stable"). One reason for the above unsuccessful results
was that the choice of the basis functions for the finite element method
was inadequateS). Another reason was that the calculation meshes on the
poloidal plane were too coarsely chosen. From the experiences cbtained
through the analysis of a cylindrical plasma it was concluded that satisfactory
results could not be obtained if the number of lavers was less than 10,
which means that a general eigenvalue problem of 1000 x 1000 matrices should
he solved in order to obtain satisfactory results.

Though the matrices are very large, they are sparse. Therefore the
number of non-zerc elements is very small and the solution can be obtained
in reasonable computer time if an appropriate algorithm is adopted. There
are amny kinds of algorithms for the solution of a standard matrix eigenvalue
problem. But almost all of them cannot be applied to the large-scale general
eigenvalue probiem directly, because the band width of the sparse matrices
usually widen in the course of the calculation, From this point of view we
chose the algorithm of the inverse subspace iteration and wrote a computer

code GEPSI(General Eigenvalue Problem by inverse Subspace Iteratiom). 1In a
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reasonable computer time of JAERI computer system this code can enable us
to calculate a general eigenvalue problem of 2000 x 2000 matrices, which
means that the stability calculation with more than 30 layers can be carried
out. Now we are studying the computer code for the stability analysis using

the above code for the general eigenvalue problem. (I. Takeda)
4.2 Two-dimensional Simulation of the MHD Stabilitys)

The two-dimensional computer code has been prepared to study MHD stabiiity
of axisymmetric toroidal plasma against internal and external kink modes
including the effect of non-circular cross section with arbitrary plasma
current distributions. The linearized equations of motion are solved in
curvelinear coordinate as an initial value problem. The growth rates
calculated by the code are compared with the analytical ones feor the
cylindrical case and a good agreement is obtained (See TFig., IV.4-1)

(G. Kurita and T. Amano¥®)
4,3 A Binary Collision Model for Plasma Simulation with a Particle Code7)

A binary collision model by the Monte Carlo method is propesed for
plasma simulation with a particle codeﬁ The model describes a collision
integral of the Landau form. Simulation of collisional effects in homogeneous

plasmas indicates the validity and usefullness of the present model.

(T. Takizuka)

4.4 Simulation of Scrape-off Layer in a Divertor Tokamak

In order to investigate the transport phenomena in the scrape-off layer
in a divertor tokamak (such as JFT—ZaB)), we have coded a particle simulation
program.

The simulation model is as follows.

(i) We consider a two-dimensional cylindrical plasma as shown in Fig.
TV.4-2. The toroidicity is considered only for the magnetic field.
{ii) Motion of both electrons and ions is approximated by the motion of

their guiding centers ;

%) Plasma Physics Laboratory, Faculty of Engineering, Osaka University.

— 139 —



JAERI-M 6926

dr B, BB B BB

r ] m u

VRt R e et o

dv 18 - ExE VB B o :

A . 2.,

dt mp VOB v Tty B (2)
#mV 2-

BoE T S constant . (3

These equations are solved numerically by the predictor-corrector method.
(iii) The magnetic field consists of the axial field BZ=BO[1+(r/R) cosB]‘1
and of (By, Bg) providing the divertor configuration.

The electric field is composed of an external d.c. field E, and the self-

consistent electrostatic field (Ey, Eg)s

> > .

E=-Vp . (4)
Poisson's equation is Frourier-expanded in 6 direction.

Som 2 Pm

138 m _ Pm _
r 6r = §r 7 %m T T €0 )

where p=e(nj-ng) is the charge density. The solutions of eq. (5) are

= fOfc —F r_m+l Pm ar} + r ™D +fF rm+l EE—d ) (6
bm = TCp™/, Ton Eo t TV . Tom g r )
and
b, = nr {C -rr E-9-dr} + {p, + 7F rinr Po dr} (7
o o"a T g 0 a £o '

The constants Cp and Dy are determined by the boundary conditions.
(iv) We employ the "particle-in-cell (PIC) method"g), in order to reduce
the fluctuation.
(v) The effects of hinary collisions are'included by use of the Monte Carlo
method!0) .

Pairs of colliding particles are chosen at random in a cell. The pairs
consist-of three kinds ; two ions, two electrons, and an ion and an electron.

The velocities of two particles, a and B, after the binary collison in the
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time interval At are computed ;

m

_ a8 -
v 0,8 = v o, B + - (-u AICOSIJ) u ."_\.2), (8)
o, B
and
2 2
m v v
v 5,8 = v é,B + B (u * A—EE~—Q—)(u Ajcosy=u Ap)
o, R
mas
+ (Er——)z{ZuzAz—(u Ajcosytu Az)z}, (9
o, B '

>
where myg is the reduced mass, u is the relative velocity, the angle
takes on values from 0 to 2w, and the quantities A; and 4, are functions

of a Gaussian random variable §;

Ay = 28 and A, = 262
1~ 7367 2 7 1482, (10)

The variance of § is given by

<8%> = gy 73 bt, (11

where ) denotes the Coulomb logarithm. Each particle makes collisions with
an ion and with an electron in the time interval At.
(vi) It is assumed that the main plasma region (r a) is a source of particles
and has no influence upon the scrape-off layer. Particles escaping from the
source region will be lost by collisions to the wall or to the divertor. We
assume that the particle lost to the wall vanishes, while the particle
reaches the divertor remains on it.

The detailed analysis are now in progress.

(T. Takizuka and M. Wakatani#)

4.5 Monte-Carlo Simulation of the Neutral Transport and the Analysis of Ion

Temperature Measurement in JFT-2Za tokamak

To study the transportation of neutral particles in tokamak plasmas, the

particle simulation code has been developed and applied to the analysis of

a

*) Now at the Institute of Plasma Physics, Nagoya.
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ion temperature measurement in the JFT-Za tokamak.

The interaction between neutral particlés and plasmas is one of the
important problems in the confinement of tckamak plasmas. In order to solve
this problem, we have developed the Montce-Carlo code, which has advantages of
simulating the full three-dimensional preoblems in real gecmetries and of wide
varieties of applications.

The code feollows the trajectory 6f a test neutral particle and produces
data by accumulating over many particles. The test particle is assumed to
move along the straight line until it experiences an inelastic collision with
electrons and ions. After the collision, the test particle disapﬁears
(ionization by electrons and ions) or changes the velocity (charge-exchange
with ions). These processes are simulated by the Monte-Carlo technique.

In the code, the plasma is assumed to be cylindrical and is devided into many
shells where the plasma parameters (densities and temperatures of electrons
and ions) are considered to be constant.

In JFT-2a tokamak the ion temperature were measured by two methods;

i) energy analysis of charge-exchange neutral particles and ii) measurement
of doppler-broadning of the Balmer He-line, and two different temperatures
were obtained, that is, the doppler temperatute is approximately half of the
charge-exchange temperature. This difference between two temperatures was
first pointed out by Mirnov and Semenovll), but no quantitative analysis is
given up to now. We have simulated the transportation nf neutral particles
in JFT-2a ﬁlasma using the Monte-Carlo code, where the plasma parameters are

considerzsd as follows (r is in cm)

Ne = nj = 3.3/[1+19(r/12)*1  em™3

Te = 200/[1+19(r/1ﬁ)“] eV .
and

T4 = 100/ [14+19(x/12)"%] ev .

Figure IV.4-3 shows the cdde—generated spectra of charge-exchange neutrals
and the Balmer Ho-line. The numerical results are in good agreement with
experimental ones. The simulation shows that both measurements of ion
temperature in JFT-2a are consistent with each other and the difference in

two temperatures can be explained by spatial variations of neutral particles
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contributing to each measurement. (M. Azumi and T. Takizuka)

4.6 Approach to Free Boundary MHD Equilibrium by Nonlinear Optimization

Techniquelz)

With progress of large-scale high—spéed computers many kinds of nonlinear
optimization algorithms have been developed and used in the fields of
engineering and sciences. In brief the nonlinear optimization is a procedure
to minimize (or maximize) an appropriately chosen nonlinear objective function
of a set of unknown parametersl3). By choosing a most appropriate objective
function for the purpose one can determine values of unknbwn parameters
effectively. The procedures are applichble to a wide variety of problems.
Applications to the curve fitting and process control of such as a chemical
plant are well investigated examples.

The usual curve fitting problem is to determine a set of unknown
parameters from experimental data by assuming a functional dependence of
the parameters explicitly. This kind of procedures is easily generalized to
those where a functional dependence of the unknown parameters 1is not given
explicitly. Solutions of differential or integral equations are the typical
examples of this kind.

This procedure is especially effective when the equation is solved by the
finite element methodl2). Usually in the finite element method a funciional
whose Euler equation is the original differential equation is solved by using
a set of local basis functibns and then the equation is solved by reducing
the functional to simultaneous linear equations. By using the nonlinear opti-
mization, however, the solution of the equation is directly obtained by mini-
mizing the functional with respect to the parameters which characterize the
solutionl%). 1In the former method some appropriate iteration procedures are
required when one is to solve a nconlinear differential equation, but in the
latter, the iteration procedure necessary to solve the nonlinear differential
equation is already included in the nonlinear optimization algorithm which is
considered as a black box for the user. In the following we present the
solution of the equation for the magnetohydrodynamic equilibrium of a toroidal
plasma as an example of solution of partial differential equations by using the
nonlinear optimization. The well known differential equation for the problem

is given in a cylindrical coordinate {r,¢,z) as
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dI
3 13 32 dp )
A Y + . = _y2LP )
e ar? 2 oy T Molaq , In plasma,
(1)
= 0, in vacuum,

where § is the magnetic flux function, p=p(¥), the pressure of the plasma
and IA/r is the toroidal magnetic field (B,). The functional for the Euler

equation (Eq. (1)) is easily derived!®) as

T
L= on e G2+ @32 - (D2 -] rdr da. (2)
The solution can be obtained by dividing the poloidal plane inte a number of
finite elements, carrying out the above integration and minimizing the
functional (L). Generally this is a free boundary preoblem and ¢ is constant

on the boundary between the plasma and vacuum. In such a case it is convenient
to adopt the positions of the contours of ¥ as independent wvariables instead

of the values of ¥ for the prescribed positions. As the functional (Eq. (2))
is a very complicated nonlinear function of the positions, use of the nonlinear
optimization is very effective to solve this kind of problems. Figures IV.4-4
and IV.4-5 show examples of the results for a fixed and free boundary

problems, respectively. These results were obtained by using the simplex

type nonlinear optimization algorithm by Nelder and Meadl6) .
(T. Takeda)
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Fig. IV.4-4 1Initial (broken lines) and final
(solid lines) positions of the elements for a
fixed boundary problem (R=0.9m, rp=0.25m,
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Fig. IV.4-5 Contours of y for a free boundary

problem (R=0.9m, rp=0.3m, p(P)=y). Plasma-
vacuum boundary is denoted by ¢=0.0.
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V. Reactor Design Study
1. Introduction

A preliminary design of a tokamak experimental fusion reactor to be
built in the near future has been started in April 1975. The goals of the
reactor are to achieve reactor-level plasma conditions for a sufficiently
long operation period and to obtain design, construction and operational
experience for the main components of full scale power reactors,

At the same time a conceptual design of the 2000 MWt fusion power
reactor which started in April 1973 has been improved to make clear the
reactor concept and problem areas for the development.

These design studies cover the design of plasma characteristics,
reactor structure, blanket neutronics, superconducting magnets, neutral
beam injector, electric power supply system, fuel recirculating system,
reactor cooling system, tritium recovery system and maintenance scheme.

Preliminary safety evaluation of the experimental reactor is also
carried out,

In this chapter, the design studies on the experimental fusion reactor
are introduced and a brief description of the power reactor is given.

(K., Sako)
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2. Preliminary Design of an Experimental Fusion Reactor

2.1 General

The following design bases are provided. The fusion power is to be at
the reasonable level of 100MW. A long operation period and a high load
factor are to be achieved. The size of the reactor should be as compact as
possible from an economical point of view, Niobium tin (Nb3Sn) superconduc-
tor is to be available for toroidal field magnets. The cross-section of
the plasma is circular, and gas blanket and mechanical limiters are employ-
ed. Tn order to make the best use of the toroidal magnetic field, the
thickness of the blanket and shield on the inside of the torus is minimized
at the cost of reduced tritium breeding ratio. The blanket is loaded with
lithium oxide (Liy0) and cooled by helium gas so as to simplify the reactor
structure and maintenance scheme and also teo attain low tritium inventory.
Stainless steel (AISI-316) is used as the main structural material.

One of the principal questions in the design of this reactor is whether
or not the reactor should be self-sustaining. An experimental reactor
holding the key to future commercial reactors has many technological
problems which must be resolved besides the establishment of a completely
self-sustained reactor. The size and power of a self-sustained machine
become considerably large for an experimental reactor. We have made the
reactor compact by removing the constraint of self-gustaining.

Main design parameters of the reactor are given in Table V.2-1 and

overview of the reactor is shown In Tig. V.2-1.

2.2 Plasma Characteristics
1} Plasma parameters

An extensive survey of plasma parameters has been made varying the
power output (100 ~ 500 MW), spatial maximum of toroidal field (8 ~ 14 T),
aspect ratio (3 ~ 6) and safety factor (1.5 v 3.5)1). Finally, the plasma
parameters listed have been chosen. The main parameters generating the
power output of 100MW (17.6 MeV/fusion) are major radius of 6.75 m, aspect
ratio of 4.5, toroidal field on plasma axis of 6 T, plasma temperature of
7 keV and poloidal beta of 2.2. The impurity assumed is carbon of 2 %
(Zeffvl.6).

The plasma parameters haﬁe been determined?) in a self-consistent way

by taking into consideration the trapped‘ion3), neo-Bohm“) and pseudo-
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classical®) scaling laws., It is difficult to obtain a self-ignition state
with these parameters. In order to maintain the power balance, stationary
heating by 200 keV neutral beam is applied expecting a power amplification

by the TCT effecte). (T. Tone and H. Yamato)

2} Power balance at equilibrium

The power balance at equilibrium state is analyzed on the basis of a
simple zero-dimensional model?) . ¥o leakage of 3.52 MeV alpha and injected
particles during their slowing down has been assumed. The radiation loss
congidered 1s the bremsstrahlung alone because of carbon impurities and
relatively low temperatures, For simplicity electron temperature is
assumed to be equal to ion temperature.

The beam energy of 200 keV has been chosen by evaluating the penetra-
tion of the injected deuteron in the plasma. The slowing down rate of the
energetic particles and the power amplification were calculated on the
basis of the Fokker-Planck model of Sivukhin7). The Maxwellian fuel plasma
consists of 50 % deuteron and 50 % triton.

The numerical example of power balance calculations are shown in
Figure V.2-2. Tn order to maintain the fusion power about 100 MW for higher
Zaff, the plasma temperature should be raised. When the limit of the
injection power is 30 MW, the operating regime of the plasma temperature is
restricted in the vicinity of 7 keV. TIf the limit of the injection power
is increased to 50 MW the operating temperatures can be chosen in the
interval from 6 to 9 keV corresponding to the amount of impurity.

TIf the scaling laws used prove to be optimistic by five times, the
plasma could be self-sustained in case of a small amount of impurities and

the required injection power for more impurity would largely be reduced.
(T. Tone)

3) Fuel Supply to the Plasma

In order to obtain a steady state of the density, fueling by means of
a neutral gas surrounding the core plasma is applied in this reactorg’g).
The density and temperature distributions are shown in Fig. V.2-3. The
neutral distributions are also shown in the figure, where neutral particles
are divided into five energy groups. Different energy groups are produced
in the different temperature regions c¢f the plasma by charge exchange

reactions. The level of impurities estimated from the above neutral

distributions is 2 to 3% of the fuel density under the following
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assumptions: Surfaces of the first wall and the limiters are graphite,
contents of impurities are same In the plasma and the surrounding gas,
evacuation speeds are same for the impurity and the fuel gas and fueling

rate is &4 x 1021/s, {(H. Yamato)

4y Start up

Heating the plasma up to the equilibrium state by constant injection
power is investigated. The pseudoclassical scaling law>) is applied in the
low temperature region below 5 keV and trapped-ion scaling law3) applied
in the higher region. In the initial state, the low plasma density is
desirable to heighten the ion temperature, whereas in the state over several
keV the plasma density needs to be higher in some degree to maintain the
jon density and the plasma temperature constant. These points must be
taken into consideration in order to decide the fueling raée and the initial
plasma density. Initial values of the ion temperature and piasma density
are 1 keV and 4 X% 1013em™3, respectively. Under these conditions, the ion
temperature, the plasma density and confinement time reach the equilibrium
values, 7 kev, 1.1 X 10l%m~3 and 3 s, respectively, within 10s, The
changes of the ion temperature, plasma density and required heating power
calculated by using zero-dimensional model are shown in Fig. V.2-4, where
fueling rate of d-t and the neutral beam injection powef are 3 * 1013%em=3s71

and 28 MW, respectively. (K. Maki and H. Yamato)

2.3 Reactor Structure

The overview of the reactor is shown in Fig. V.2-1., The reactor
cosists of 8 modules which may be withdrawn in the radial direction for
repair., The cross section of the module is shown in Fig. V.2-5, Each
module has 284 blanket cells and a cell with a 1.2 meter hole for the
neutral beam injection and evacuation. Mechanical limiters employed are so
designed that they may be withdrawn in case of failure. The surface of the
limiter is covered with graphite. 4 limiters and 4 injectors are
alternately installed.

Figure V.2-6 shows the typical blanket cells. Type A cells serve
exclusively for shielding purpose which are used as inner blanket (hatched
part in Fig. V.2-5) and type B cells are placed in the rest of the
blanket for tritium breeding. To protect the first wall from the plasma

burst and to moderate impurity problems, graphite laver: is installed on
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the plasma side of the blanket vessel wall,

Heat flux on the surface of the first wall is estimated as 15 W/cm?
and nuclear heating in the wall is 2W/em3. The nominal temperature of the
first wall on the plasma side is calculated as 5340°C, and that on the
coeclant side is 500°C.. Thermal stress and pressure stress at the
spherical dome part of the first wall where the thickness is >mm, are
7kg/mn? and 4kg/mm?, respectively,

The electromagnetic force induced by the change of the plasma current
is estimated to be #0.4kg/cm” on the side wall, and the rotating force of
a blanket vessel l.4ton.m, when the plasma current changes at 4MA/O.ls.

(X, Sako)

2.4 Blanket Neutronics

Nuclear characteristics of the blanket are evaluated by. using one-
dimensional ANISNIO) and two-dimensional TWOTRAN—GGII) transport
calculation codes. The neutron and gamma-ray multigroup coupled cross-
sections and kerma factors were p;ocessed using radiation heating analysis
code system RADHEATIZ), and MACK13) ., Nuclear data of ENDF/B-3 and 4 and

1u})

secondary gamma-ray production data in POPOP4 Library were used,

Tritium breeding ratio is calculated to be 0.92 after the application
of the correction factor for the toroidal effect and that for the blanket
heterogeneity effect!5), Total nuctear heating in the blanket per one

incident DT neutrom is calculated as 16.7 MeV. The induced activities

‘of the reactor after long operation periods are studied in detail.

The distribution of the radiation dese in an around an extracted reactor
module for repair after one year operation and one week cooling period is

shown in Fig. V.2-7. = _ (H. Iida, Y. Seki, T. Ide)

2.5 Radiation Shielding

The superconducting magnets (SCM) of the totoidal coils are shielded
so as to suppress the maximum displacements per atom (dpa) of the copper in
the SCM to less than 2.5 x 107° dpa/y, to minimize the radiation heating
4in SCM, and to reduce the dose-rate from the induced activation of SCM on
the outside of the torus below the accessible level of 2.5 mrem/h.

Optimal shielding arrangement was pursued for the inner part of the
torus, where the effective thickness allowed for the blanket and shield was

limited to 80cm. As a result, tungsten (W) instead of Li,0 for tritium
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breeding is exclusively loaded in this part of the blanket.

If the use of W is found to be unacceptable from the point of long-life
induced activity, it will be replaced by stainless-steel. TIn that case, the
annealing period of the SCM is halved to about three years. The neutron and
gamma-ray fluxes in the inner blanket, shield and magnet are shown in Fig.
V.2-8. The effect of neutrons streaming through the injection ports on the
irradiation of SCM was evaluated by two-dimensional analysisle). In con-
sequence, the thickness of the heavy concrete shield near the ports was

increased by more than 30cm. (Y. Seki, T. Ide, H. Iida)

2.6 Superconducting Magnets
1) Toroidal Field Magnet

The toroidal field magnet is deférmed constant—-tension D-shaped
(Fig. V.2-9). Because the minimum scale of coil inner bore is limited by
blanket and shield dimensions, and the tall coil is rather costly, the
constant—tension shape is deformed into lower height. The Nb3Sn
superconductors are employed to produce the maximum field of 11.5 T in coil.
The conductors are made of twisted multifilamentary composites, and
stabilized by copper matrix. The toroidal magnet consist of 16 coils, and
the maximum field ripple of plasma zone is calculated to be 0.6%. The
maximum mechanical stress in the coil is computed to be about 30 kg/mmz.
The evaluation of AC pulsing loss is also performed, and the result is
nearly 30MJ/one pulse. Other main characteristics are shown in Table V.2-1.

(N. Asami and K, Ioki)

2) Poloidal Field Magnets

The primary winding and the vertical field magnets are placed outside
the toroidal field magnet. The positions of coils are decided by optimiz-
ing field configuration using nonlinear programming17). The vertical field
magnet consists of 12 coils and the primary of 22 coils which are shown in
Fig. V.2-9. Copper stabilized NbTi superconducting material is used for

both of the magnets. (H. Yamato)

2.7 DNeutral Beam Injector

About 30MW deuterium beams are injected through the four blanket holes

at an energy of 200kV. Each ion source units consists of 30 ion sources.
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Suppression of the cold or the unused gas-flow into the torus is required to
make the evacuation system compact. In this connection, the concept of the
neutral beam gas efficiency is introduced which leads us to the conclusion
that the cryo-pumping room should be separated from the torus by small
conductance drift tubes, The divergent loss of neutral beams is reduced by
adopting different focal points, namely, the beamlets are focused on the
outlet center of the drift tube, and beamlines are focused on the center of

each blanket holes. (5. Matsuda and H. Yamato)

2.8 Power Supply System

As operation time of experimental fusion reactor is relatively short,
most of flux change of core is spent at plasma current rise time. In this
design, the transformer coil current swings from positive to negative value
to minimize the core flux, so very large electric power will be necessary
to swing the transformer coil current from positive to negative value at
plasma current rise time. To obtain this electrical power, we employed
the super conducting inductive energy storage for this design. Figure
V.2-10 shows the required electric power for each subsystem component.

(F. Eto and T. Yamamoto)

2.9 Plant System
The foliowing systems were studied.
1) Fuel Recirculating.System

Vacuum system consists of 16 cryo-pumps, among which are operated 8

at a time, alternately at 2 hours interval. The basic flow diagram of the

fuel recirculating system is shown in Fig. V.2-11.
(T. Naito and K. Sako)

2} Reactor Cooling System

Since the reactor is operated periodically, installation of heat
reservoirs and application of reactor coolant flow control system are
required. The basic flow diagram of the reactor cooling system is shown

in Fig. v.2-12, (K. Sako)

3) Tritium Recovery System

Tritium generated in Lio0 blanket is expected to leak out to the He
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coolantlg). The tritium is carried by the coolant to the recovery system.
The tritium content in the coolant is designed to be 0.lppm. The flow
diagram is shown in Fig. V.2-13. In order to minimize the permeation rate
through the heat exchanger tubes, the partial pressure of tritium gas must
be extremely low in the main cooling system. An oxidizer is installed at

the reactor outlet.
{T. Suzuki)
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Table V.Z2-1 Main design parameters of the JAERI Experimental
Fusion Reactor (JXFR).

Fusion power (MW) 100
Reactor dimensions
Major radius {(m) 6.75
Plasma radius (m)} 1.5
First wall radius (m) 1.75
Plasma volume (m?) 300
Plasma
Mean temperature (keV) 7
Mean density (lolhcm‘a) 1.1
Effective charge 1.6
Confinement time (s)
Trapped-ion 2.9
Neo-Bohm 2.3
Pseudoclassical 5.7
Injection power (MW) 27
(D-particle with 200keV)
Toroidal field (T) 6
Safety factor 2.5
Poloidal beta 2.2
Toroidal beta 0.017
Plasma current (MA) 4
Reactor Structure
Reactor module/Reactor 8

Blanket cells/Reactor module 284
Injection and evacuation

hole/Reactor module 1
Nominal max.lst wall temp{°C)540

Materials
Structural material 316SS
Blanket fertile material Liy0
Neutronics
Neutron current at
1st wall (n cm‘zs‘l) 7.6x1012
Neutron wall loading
(MW m~2) 0.17
First wall displacement
damage rate (dpa y—1) 0.9

Max. helium production

rate in lst wall (appm y~1) 12
Max. hydrogen production

rate in lst wall (appm y~!) 36

Tritium breeding ratio 0.92
Nuclear heating per
DT neutron (MeV n-1) 16.7

Total induced activity at
one hour after shutdown (Ci)

(after one year operatiom) 7.5%x107

SCM irradiation effects
Max. copper displacement
(dpa y~1)

Max. nuclear heating
rate (W cm—3)

Total nuclear heating
in SCM (kW)

Toroidal field magnet
Number of coils

Inner diameter, W/H(m)
Max. field strength (T)
Stored energy (GJ)

Vertical field magnet
Magnetomotive force (MAT)
Field intensity (T)

at plasma center
Stored energy (GJ)

Primary winding
Magnetomotive force (MAT)
Maximum field intensity (T)
Stored energy (GJ)

Flux change (Wb)

Neutral beam injector
Deuterium beam energy (keV)
Ion beam output (MW)
Injection power (MW)
Neutral beam gas efficiency
Total power efficiency

Cooling system
Coolant (10 kg/cmz)
Inlet/Outlet temp. (°C)
Flow rate (kg/s)
Secondary system

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

Operation cycle

Operation period(s)
Burn time(s)
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1.5%10°5
7.8%107 7
0.98

16

7/11
11.5
50

60

2.1
140

He
300/500
143

He, air-
cooled

0.3
0.1

0.5

420
300
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Fig. V.2-10 Electrical power supply system.
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_Fig. V-2.11 TFuel recirculating system.
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3. Design Study of a Fusion Power Reactor

This design is an extended and improved version of the conceptual
design which was presented at the fifth TAEA conference.l). In the study
of the plasma, power balance under the presence of impurities, fueling
scheme by gas blanket and ignition process are further pursued. Stress
analysis of the blanket vessels and assembly and disassembly of the reactor
for repailr and malintenance are studied. As for neutronics, tritium breed-
ing, radiation heating and induced activity are evaluated. Shielding for
the magnets is designed taking bulk neutron streaming through the injection
ports into account. Design studies of main reactor components such as
toroidal, poloidal magnets and vacuum pumps are carried out. Electric
power supply, reactor cooling, tritium recovery and fuel recirculating
systems are also studied. M

This design covers major components and subsystems required in future
power reactors. Through systematic design, it is attempted to preserve the
conslstency of the whole plant system. However, it is not optimized from
the economical point of view. The main design parameters are shown in

Table V.3-1. The overview and cross sectional view of the reactor are

shown in Fig. V.3-1 and Fig. V.3-2 respectively.
References

1) Sako, K., et al.: Proc. 5th Conf. on Plasma Physics and Controlled
Nuclear Fusion Research, Vol.3, TAEA, Viemna, (1975), 535.
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Table V.3-1 Main design parameters of the JAERI Demonstration

Fusion Reactor.

Fusion power (MW) 2000
Reactor dimensions
Major radius (m) 10.5
Plasma radius {m) 2.7
First wall radius (m) 3.0
Plasma volume (m*) 1510
Plasma
Mean temperature (keY) 15
Mean density (10%*em=?) 7.1
Effective charge 1.8
Confinement time (s) 3.3
Injection power {(MW) 40
(D-particle with 200kev)
Teroidal field (T) 6.0
Safety factor 2.0
Poioidal beta 2.1
Toroidal beta 0.035
Ptasma current (MA) 10.4
Reactor structure
Reactor module / Reactor 12
Blanket cells / Reactor module 380
Injection and evacuation hole
/ Reactor module 1
Nominal maximum 1st wall Temr.{°C) 680
Materials
Structural material Mo alloy
Blanket fertile material 11,0
Neutronics
Neutron current at 1st wail
{103 cm-?s-1) 5.71
Neutron wall lcading (MW m-2) 1.29
First wall displacement
damage rate (dpa y-!) 6.4
Maximum helium producticn rate
in first wall (appm y~') 250
Maximum hydrogen production rate
in first wall (appm y~') 566
Tritium breeding ratio 1.24
MucTear heating
per DT neutron (MeV¥ n-! 15.9
Total induced activity of shutdown (Ci)
(after two years operation) 5.4x10°

SCM irradiation effects
Max. copper displacement {10-®dpa y-') 5.0
Max, nucleéar heating rate{10-®W cm-?) 5,72
Total nuclear heating in SCM (10-%kW) 9.4

Toroidal field magnet

Number of coils 24
Inner diameter, W/H (m} 12.1/14.0
Max. field strength (T) 12
Stored energy {GJ) 172
Superconductor Nb,Sn-NbT1
Average current density
in conductor (f mm~?} 70
Hoop force (ton/coil) 230,000
Centerfing force {ton/coil) 90,000
Lateral force (ton'm/coil) 100,000
Vertical field magnet
Magnetomotive force (MAT) 24.0
Field intensity at plasma center (T} 0.44
Stored energy (GJ) 4.6
Primary winding
Magnetomotive force (MAT) 126
Maximum field intensity (T) 8.5
Stored energy (GJ) 13.8
Flux change (Wb) 410
Neutral beam injector
Deutrium beam energy (keV) 200
Ion beam output (MW) 290
Injection power (MW) 40
Total power efficiency 0.26
Cooling system
Cootant (20 kg cm™?) He
Inlet / Outlet temperature (OC) 350/650
Flow rate (kg s-') 1270
Secondary system Steam cycle
Operation
Operation period (s) 6000
Full power operation time (s) 5880
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VI. Development of a Large Tokamak — JT-60
1. Introduction

The fiscal year 1975 saw a significant step forward in the JT-60
program in that the detailed design and the engineering development for
JT-60 were started under contract to industry based on the preliminary
design completed in the preceeding year. The step constitutes the last
stage of progress before the construction of JT-60 is undertakén.

Secientific and technical approaches being taken in the JT-60 design
are assessed at meetings of relevant committees. Among them are an ad hoc
committee organized under Atomic Energy Commission, Nuclear Fusion Research
Committee of JAERI, and JT-60 Study Committee of JAERI.

In the area of organizational development large Tokamak Development
Laboratory was established for the purpose of designing and constructing
JT-60 and JT-4 (see the following chapter). The laboratory is also
responsible for coordinating cooperative efforts for the programs of
laboratories within Division of Thermonuclear Fusion Research.

(M. Yoshikawa)

2. Outline of the Progress in JT-60 Design Studies

For JT-60, the fiscal year 1975 can be characterized as the preparatory
year for the further advances in the Research and Development Program and
Detail Design for the following years based on the results of the Preliminary
Design Studies performed in the previous fiscal year (1974).

In the fiscal year 1974, the preliminary design of JT-60 was competi-
tively accomplished by five companies. Hitachi Ltd. and Nippom Atomic
Industries Group Co., Ltd. (Tokyo Shibaura Electric Co., Ltd.) covered
the whole system of JT-60. Mitsubishi group with Mitsubishi Electric
Corporation as main contractor and Sumitomo group with Sumitomo Atomic
Energy Industries, Ltd. as main contractor performed the design of the
vacuun chamber; Fuji Electric Co., Ltd. carried out the design-of the
power supply system for the coils. These design studies were very hélpful
and instructive, They oriented the design principle thereafter. After the
evaluation of the results of the preliminary design studies, many
important decisions were made about the design principles such as the
change of the cross section of the vacuum chamber to an egg-shaped and the

employment of the combined structure of the bellows and’ the heavy metal
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rings for the vacuum chamber.

After the results of the preliminary design studies were analyzed, the
items of R & D Program were selected. They are summarized in Table v.2-1.
The JAERI contracted with five companies to perform these items in October,
1975. 7o make the R & D Program effective, three steps of design studies
were included in the R & D Program for the parts of JT-60 for which R & D
would be performed. The three steps are the pre-performance design, the
midway design and the post—performance design. It was intended that the
progress of R & D would be reflected on the design of JT-60 by these
procedures.

TAEA held the Technical Committee Meeting about the Large Tokamak
Experiments at Dubna in July, 1975.1) The JAERI's JT-60 Design Team
participated it with the design based on the results of the preliminary
design studies. The following distinctive features in the JT-60 design
were clarified in comparison with other large tokamak machines:

1. Relatively high toroidal magnetic field

2. Employment of a magnetic limiter

3. Employment of a pair of mechanical movable limiters

4. Molybdenum liner covering the whole inner surface of the wvacuum

\ chamber

5. Operation at high wall temperature

6. Poloidal coils located inside the toroidal coil region

7. Less interest in D-T burning.

These characteristics from Item 2 to Item 5 come from the design principle
"to put the emphasis on the countermeasures against impurities. The
characteristics except Item 7 add difficulties in the design and some of
them necessiated the R & D. They have been included in the R & D Program
as shown in Table-VI.Z;l. |

The topological arrangement of the coll systems as described in Item
6 was selected to save the:capacity of the circuit breaker of the power
supply system for the poleidal coils. If the poloidal coils are located
outside the toroidal coil region, the required capacity of the circuit
breaker is anticipated as unrealistically large from the view points of
the present technological status and the cost will be very expensive.
However, this selection might cause the problem at éssembly and disassembly
of JT-60. Therefore, one of the emphases of R & D Program was put on the
reliability of the junction of the poloidal coils and the accessibility at

the assembling work. Discussions were continued about the concepts of

— 170 -




JAERI-M 6926

the topology of the coil systems and the allignment of the coll system
remained unchanged.

After these discussions, the specifications for the detail design were
edited in January, 19762). The main purposes of the detail design are as
follows:

1. Detail designs which can be the basis for the specifications for

the construction of JT-60

2. System design study which had not been pursued in detail in the

preliminary design studies

3, Obtaining information on safety analyséis.

The specifications for the detail design were supplemented by the directions
for the evaluation of the detail design3). The JAERI contracted in
February, 1976 with five major firms about the detail design of JT-60.

Their shares in the detail design are shown in Table vI.2-2. The detail

design work will be accomplished by the end of November, 1976.
(T. Hiracka)

References

1) Spano, A. H. compiled, Large Tokamak Experiments, p. 909, Nuclear
Fusion, lg,A(1975).

2) Large Tokamak Development Lab., Specifications for Detail Design of
JT-60, (March, 1976), unpublished.

3) Large Tokamak Development Lab., the List of Evaluation Levels for

Detail Design of JT-60, (March, 1976), unpublished.

- 171 -



ST9POH £q 3IS9L 20ULPTIUO)
TeIju0) JWI] T2y JO UOTIB[NWIS ‘STSATRUY TOIIBO)D

TOPOW 0G/T 49 31s9L

1ayea1g ‘TepoW QOQT/T A4 sTsd&reruy dn-1ielg jusiing
‘STTOD PT9Td TEBPTOTIO4 JO UOTIDI2101gd ‘aayeslg ITNOATH
unnoep Jo jusmdolaas(q ‘isyealg ITINDIT) I0ISTIAYY JO
JusudoTaAa( ‘STOPOR Paonpay 9yl Aq STSATBRUY ITNOIAT)

93B[d J93TWT] 9FI9ulel JO UOTIRIPRII] WEaY U0IIoaTq

T1BM 2an39NI38 quodisucy Jo juswdolaazaQ ‘Ijuswival] =0BFING
‘juswainsesy Furssed-Ing ‘ssauuea ) 10 T0IIU0Y

1xoddng s3a1 pue
12Ul 30 BUTINIOBINUBK °STETASIBH JO 18] uoT329Tas

183] uoT1RIZIIU]

‘BurTquassesTQ pue Surquassy ‘SuTy TeIsy LABaH

pue smolTeg Jo Buranjioejnuel] ‘sTsATRUY. TRWIADY] ‘sTsATRUY
uorleaqrA ‘STSATRUY 3UTTHONg ‘STSATRUV S59135

‘STETISIBK Po3IO9TR8 JO SOTISTIIIOBIBY) DTAI0SY pue
TEOTUBYDDOK ‘STBTIASIBN JO 1S9 U0TI2a[ag ‘Suruliss(

JAER1-M 6926

STTIO0) I93NQ puUEB JIauul jc Emﬂamsumz
durjaoddng ‘uorjosuuo) e AITTIQISSE00Y ‘enbruyosl
UoTIEINSUT OTI308Td ‘9anbruyosl uoriveuuc) ‘Juruldrsa(q

183] @duapriuo) Aisjes
‘ss9001g Buranioejnuel ‘snbyuydsl uoTleInNsSUl 2TII09TI
‘sao3onpuo) jo onbruydsl uoriosuuc) ‘siozonpuo) Jo
saTlandoad OTAIDOTY pur TedTuRyd9l ‘BuTudrse(

BUSETJ JO UOTIDIS~-SS0I]) PUE
||||||||||| uoriisod Jo anbrtuyosl ToI3ju0)

|||||||||||||||||||||||||||| ATddng 1amog

|||||||||||||| a231WI] oTqeaol peads ySIH

09-1r 303 3juswdoTaa3] pue yoJIESSadY JO swWall T—-7°TA oI4eL

|||||| unndes ysdty

—-—=  I9qUWBY) WHNIEA

TTOD PISTd T®PTOTOd

1700 PTPTd TBPTOIO]

- 172 -




JAERI-M 6926

Table VI.2-2 Shares of Industries for Detail Design of JT-60

System JTtem Industry
Co-ordination Integrated system design Hitachi
JT-60 Machine System design Hitachi
Vacuum chamber Hitachi
Toroidal field coils Hitachi
Poloidal field coils Toshiba
Supporting structure Hitachi
Baking system Hitachi
‘ Power Supply System System design Toshiba
Power supply system for toroidal
field coils Toshiba
Power supply'system for poloidal ‘
field coils (TCB Method) ~ Hitachi
Power supply system for poloidal
field coils (VCB Method) Toshiba
Control system of plasma Toshiba
Generator system for secondary
heating system Toshiba
Control System System design Hitachi
| Secondary Cooling System System design Mtsubishi
| Emergency Power_Supply System design Fuji
System
Power Distribution System design Fuji
System for Operation
Power Station System design Sumitomo
. Movable Limiter System design Sumitomo
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3. EguiTibrium, Stability, and Control in JT-60
3.1 Introduction

The characteristics of the poleidal field required for plasma
equilibrium, stability, and control were discussed in the previous report.
In the detailed design work during this year, emphasis has been placed cn
the engineering problems in realizing such poloidal fields. A computing
code using a graphic display is developed for positioning various poloidal
coils (transformer, vertical field, quandrupole field and horizontal field
coils). The accurate control of the currents flowing in these coils is
necessary in the large Tokamak in order to equilibrate a plasma with
pressure of a wide range and various current distributions. The dynamics
of a plasma column is analysed under various magnetic interations which
bring about the eddy currents in the coils and conductive materials such
as vacuum chamber, toroidal coils etc. The current induced on the resis-
tive conductors which compose the device is computed and its effects on
the plasma position control are included in the above-mentioned analysis.
The controllability of the system in the JT-60 and the measurement for the
control are also investigated.

The possibility of the control of the current distribution in a plasma
column during the current-rise phase of the discharge is also studied. The
usage of the magnetic limiter, vertical and quadrupole fields can make an
octupole field at a proper position in the vacuum chamber at the beginning

of the discharge. In various stages of increasing plasma current a series

of a free boundary configuration of MHD equilibrium is calculated

successively., Positional instabilities and local instabilities accompanied
with the magnetic configurations with the magnetic limiter are also studied

by numerical calculation.

3.2 Control of Plasma Position and Cross-Section

1) Computing code for the positioning of poloidal coils using a graphic

displayl)

A computing code using a graphic display is developed for positioning
various poloidal coils (transformer, vertical field, quadrupole field and
horizontal field coils) in the large tokamak JT-60. It enables us to
determine the optimum positions of coils under various constraints

imposed by existence of the forbidden regions occupied by measuring ports,
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neutral beam injectors, vacuum gystem, etc. By using the code it is possible
to suppress the stray field due to a current flowing through the transformer
coils below 26 G at plasma periphery. However, it becomes as high as 150 G
when the position of each transformer coil has a setting error of 2 cm In
random directions. The other control field can be held within 5 % of the

objective fields.

2) Tokamak circuit concept

Tokamak circuit is formulated in order to solve the contrecl problems
of plasma position and shape of cross section. The control of plasma is
essentially important throughout all phases of the discharge in large
tokamak with a large variation of plasma parameters.

From the standpoint of plasma control, a tokamak 1s a transformer whose
secondary circuit is plasma. The plasma behavior is stultably described by
equations of plasma motion and magnetic interactions. There exist,
however, some problems in the formulation of the equations, that is, (1) to
formulate equations which govern plasma position and shape in the magnetic
field produced by the currents cn the conductive components of a tokamak
device, (2) to formulate equatioms of magnetic interactions between plasma
and conductive components as well as between the components, and (3} to
represent the distributed currents on the continuous components such as a
vacuum chamber by lumped circuit parameters.

These problems are solved as follows. The parameters which describe
the state of plasma are selected: major radius, minor radius, ellipticity
factor of cross section, plasma current, poloidal beta, internal inductance,
and one-turn resistance. The geometricsl parameters among them are assumed
to be determined by solving the MHD equilibrium equations of the axisymmetric
toroidal plasma. Other parameters are given by the computations of the
simulation codes or given as an assumed function of time. To discuss the
magnetic interactions between plasma and the conductive components in a
simple form, it is assumed that each component is placed on the toroidal
surface of circular cross section and its thickness is negligible. The
magnetic flux function by plasma current should be given from MHD equilibrium
theory up to the accuracy of the second order of imnverse aspect ratio, since
the shape of plasma cross section is concerned with the value of this order.
The mutual inductance is calculated from magnetic energy integratiom.

In order to characterize the distributed current by the lumped circuit
parameters, the line density of the current is expanded. in Fourier series,

which formulate multi-circuit system. The poloidal magnetic field at the
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plasma is produced by a linear combination of the currents mentioned above
together with the current flowing in the coils. They are determined by
equations of equivalent electrical circuit. Egquations of plasma motion
combined with a series of electrical circuit equations are calculated with

the computers.

3) Eddy current induced on the resistive shell with CutSZ)

Eddy current induced on the resistive shell with toroidal and poloidal
cuts has been calculated by approximation of the infinite thin straight
cylinder. The interaction between the eddy current and the magnetic field
exerts large stress on to the vacuum chamber and the conductlive liner in
a large Tokamak. The stresses and their effect on control of the plasma
column are considered for the JT-60 Tokamak. The method of reducing the

stresses is also devised.

4) Fundamental block-line diagrams for gervo-control of position and

shape of a plasma3)

The fundamental block-line diagrams for servo-control of position and
shape of a plasma in JT-60 are obtained. Horizontal (wvertical) position of
a plasma is controlled by a vertical (horizontal) field and the plasma
shape is controlled by a quadrupole field. Magnetic couplings between the
coils and shell-effect of the liner are also obtained.

Design of the poloidal coils and resistive shells is studied in terms
of controllability. Applications of the modern control techniques, such
as adaptive, feedforward, decoupling, multi-variable, optimal and pre-
programming techniques, to the JT-60 are then considered. Two methods are
proposed for detecting-the position and cross section of a plasma, 1i.e.

magnetic probe system and optical one.
5) Magnetic probe system for control of plasma position and cross section

An accurate measurement of plasma positicn and plasma cross-section 1is
necessary for the delicate control. For this purpose, the magnetic probe

method is investigatred.

We follow the multipole moment method of the longitudinal current
density developed by Zakharov and Shafranov, into which vertical asymmetry

is introduced. The accuracy of the method is also investigated.
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3.3 Tnstabilities and Control of Current Distribution
1) Current build-up with dynamic magnetic limiter

The usage of a dynamic magnetic limiter has been studied which
suppresses the skin current distribution in a plasma column during the
current-rise phase of the discharge in a large tokamak. An octupole field
is adopted at beginning of the discharge. A series of the equilibrium’
configurations is obtained in various stages of the increasing plasma current
by free-boundary MHD equilibrium calculation. The configurations are stable
against the positional, ideal local, and convective instabilities.

Periphery of the plasma column suffers from the resistive instabilities
when the outermost surface of plasma has the separatrix line on the outer

side of the torus.

2) Positional instabilities of a plasma in a tokamak with a magnetic

limiter

The stability conditions of a plasma with respect to its rigid vertical
displacement and horizontal expansion are numerically studied about a
tokamak with magnetic limiters. The stability regions are discussed in
terms of the decay index n of equilibrating vertical field at the center of
the plasma cross section. The plasma is stable up te n=2.32 for the
horizontal expanéion even when a magnetic limiter is located at the outer
side of the plasma cross section. Tor the vertical displacement, the
plasma is stable even if n=-1.16 when magnetic limiters exist at the upper
and lower sides of the plasma cross section. These results indicate that
the uniformly displaced plasma is stabilized by existence of the auxiliary
coils, because the current flowing in the coils makes the curvature of

the magnetic field lines convex to the plasma.

References
1) Kameari, A., Ninomiya, H., Aikawa, H., and Suzuki, Y., JAERI-M 6324,
?) Kameari, A., Ninomiya, H., and Suzuki, Y., JAERI-M 6468,

3) Ogata, A., Ninomiya, H., Kameari, A., Aikawa, H., Noda, N., and Suzuki,

Y., JAERI-M 6323.
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4. Particle and Energy Balances in JT-60

4.1 The Effect of Plasma Expansion during the Current-Rising Phase of

Discharge

As reported beforel), a strong skin effect appears in the current
density distribution in simulating JT-60 plasma because of its large plasma
radius, althcugh a simulation code predicts only a weak skin effect in
today's Tokamak experiments. The joule heating is not as effective as in
cases without a skin effect, since most of joule heating power is generated
in the skin region where the energy losses of the electrons are very large,
and the electron temperature becomes nearly equal te the ion temperature.
And the joule input power per unit volume in a large Tokamak becomes small
by a scaling B%/R2q2(rp), where By is the toroidal magnetic field, q is the
safety factor, R and rp are are the major radius and minor radius,
respectively. Furthermore, a strong skin effect of the plasma current tends
to make the plasma MHD-unstable. From these considerations, JT-60 has been
designed to posses 2 fast movable limiter and a magnetic limiter sc that the
placma radius mav expand during the current-rising phase.

Tn this subsection, we report the computed results of the plasma expanding
phase'using the following MHD equations in which the impurities are neglected

except for the effect of the mean ionic charge of the plasma z.

on 13 _,8n . g2
5t T rar D TOimToTEn

T T,
33 13 3 5 3 3 e-11
25t nkTe = T 51 r]fl()(e AT kTe 2 Vkae) + Vp _a‘r nkTe > nk Teq
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Where a cylindrical plasma with E = 5 is assumed. n and ng are the
plasma density and the neutrals density, respectively. Te, Ti and Tg are
the electron temperature, the ion temperature and the neutrals temperature,
respectively, a4, £ and gc are the ionization rate, the recombination rate
and the charge exchange rate, respectively. Py is the radiation power lost
by bremsstrahlung and cyclotron radiation.

A classical dependence is used for the equipartition time Teq and the
electrical resistivity n. The neoclassical thermal conductivity coefficient
of ion Xj is employed. A pseudoclassical dependence is used for the
diffusion coefficient D, the diffusion veleocity V, and the thermal
conductivity of electron Xe with empirical anomaly factors.

The deénsity of neutral hydrogen particles at each time is given by

solving a steady-state integral equation, considering ionization and
charge-exéhange prdceSses. Here the neutrals are assumed mono—energetic

" and treated in the cylindrical geometry and in the three-dimensional veloc-
ity space. | '

Boundary conditions are %? (n, Te, Ti, J,) = 0 at plasma axis, n, Te

and Ti at plasma boundary are given a certain value such as 1012/cm3, 3 ev
and 2 eV, respectively, and [jz ds = Ij. The Lagrangian mesh is used to
deal with moving—bbundéry problem.

Figures VI.4-1wWI.4-5 show the space—time evolution of the plasma
parameters. In the case where the plasma radius expand from 0.2mtol.0m
in 0.3 sec, a wéék skin effect appears in the plasma parameters such as n,
Te, T{ and Jz. Even in the case where the recycling ratio of the plasma
particles is assumed unity, it is necessary to control the plasma density
by feeding the netural gas during the current-rising phase to maintain the
plasma density nearly constant, since the initial filling gas is absorbed
in the plaSma within several msec in a very early stage of the discharge.
In the calculation, initial filling pressure of 10~% Torr and a slow feed
of cold neutral gas with a flux of 1029/m2.s are employed during the

expanding phase. ' ' (T. Tazima, T. Kobayashi)

4.2 Energy Losses due to Impuritiesz)

To estimate the impurity effect from the standpoint of related energy
losses, we calculate the permissible level of impurity concentration in
JT-60 by using 'a following simple model. Om the assumption of a cylindrical

plasma, a set of MHD equations for the stationary impurity ion densities,
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taking into account the empirical diffusion across the magnetic field and

ionization-recombination processes, is given as
-1/r+d(xT) /dr + nelak-1ng-1-0png) - ne(Bp_1n"Brnk+1) = O

where T, =.—(l+q2)pk2vk[Yd'dnk/dr - Yw(k-1)}(1/ni+dn;/dr

~1/2T4+dT3/dr)m]
k = 2’3 -o-’M

which is selved under the boundary conditions; dnk/dr =0 at r =0 (axis)
and n, = 0 at r = rp (surface). vy4 and Y, denote the empirical anomalous
factors of the diffusion with respect to the classical transport Flux?)
of impurity ions. The approximate expression of ionization rate coefficient
ak and radiative recombination rate coefficient Bk are used.

The density distribution of impurity neutrals n;(r) is expressed by
a cylindrical model (Fig. VI.4-6) on the assumption that the neutrals
enter the plasma from various directions at thermal velocity V;
corresponding to a temperature of 5 eV and is decreased in the passage by
ionization process as,

ni(r) on /2 1 P

ny(r) = WL fo d¥Sf-m/y d¥ cosy exp[- glf %1 (p"Ine(p')dp']

s
0

A set of the anomaly factors as yy = 10 and vy, = 1l is employed, since
in this case, numerical results are in good agreement with experiments
ones. In the calculation, we also include di-electronic recombinationu)
of carbon and oxygen, but the macroscopic quantities such as total energy
losses due to impurities are not affected by this process.

Numerically calculated density distributions of iron in the case of
Te=T;=5 keV and nj=5 x 10!9/m3 -are shown in Fig. VI.4~7. Energy losses
caused by impurities in JT-60, i.e. ionization loss Py, Bremsstrahlung
loss Pp,, and excitation loss Pex in J/m3s are calculated using the
stationary distributions of impurity ions obtained. Figure VI.4-8 shows
the total amount of energy loss Py in comparison with the total Joule input
power Pj. The total energy loss is rather constant with the temperature
and becomes larger than the Joule power at about 2 keV in the case of 5-10 %

concentration of carbon, 2-5 % concentration of oxygen, or 0.1-0.3 %

concentration of iron. Since the joule input power becomes negligibly small
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at high temperatures, and a supplementary heating, such as energetic neutral
beam injection, is hardly expected to deliver a heating power more than
0.1-0.5 MW/m3, we can conclude that permissible levels of the impurity
concentration for carbon, oxygen and iron are above-mentioned values.

(T. Tazima, Y. Nakamura)

4.3 Experimental Studies on the Method of Surface CleaningS)

As the countermeasures to contamination of plasmas by light impurities
such as oxygen and carbon in tokamak devices, especially in future large
ones, the following experiments were performed to study cleaning methods
of the first wall surface.

1) Outgassing of the wall materials

Qutgassing of some wall materialé by a bakeout of 500°C have been
studied including low-Z materials. The outgassing rates at room temperature
of 304L stainless steel, stainless steel YUS-170, Inconel 625 and molybdenum
were reduced to 5 x 10712, 8 x 10713, 5.5 x 10713 and 3.8 x 107 13torr
1.cm™2sec™! after they were baked for 50, 50, 200 and 100 hours, respectively.
The main outgas species is H, except in the cése of molybdenum in which Np
was also a main one. The outgassing characteristics of molybdenum are
shown in Fig. VI.4-9. —

The . outgassing rates of high purity hard graphite and self-bonded
silicon carbide were 1-4x10"1torr 1.cm 2sec™! after baked for 20 hours.

The main gas species are Ny and CHy in the formef, and CO and Hp; in the
latter. Screening tests of the other graphite and silicon carbide materials
showed that pyrolitic graphite and silicon carbide coated onto graphite by

chemical vapour deposition are potential materials of low outgassing rates.

2) Cleaning of molybdenum surface by chemical reactions of oxvgen and

hydrogen gases

In order to remove carbon and oxygen from molybdenum surface, 0.1 torr
oxygen and 1 torr hydrogen gases were supplied alternately at a surface
temperature of 500°C and the surface composition was observed by AES. Depth
profiles of the atomic composition in the molybdenum surface layers were
also measured by Auger/sputter techniques after the treatments.

Tn as-received samples, the fraction of carbon and oxygen on the..
surface was reduced to a few ten atomic percent (a/o), and the thickness

of the contaminated layers by more than 10 a/o carbon and a few atomic
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percent oxygen are about 1000 ; after the treatments. In the sample which
was cleaned by heating up to 1800°C in vacuum and contaminated by exposing
to air for a few hours, the fraction of surface impurities was less than
10 a/o and contamination in the surface layers was also small. The results
of the latter case are shown in Fig. VI.4-10.

This cleaning method should be employed following some others by which

surface thick contaminated layers of the surface can be removed.
3) Discharge cleaning effects studied in JFT-26)

The effects of discharge cleaning used in the JFT-2 tokamak was studied
which is described in section 1.1.4. From the results of the experiment
we can conclude that the wall condition under discharge cleaning is
determined by deposition of the limiter and wall materials during the
discharges, and adsorption of the ambient gas species during the intervals
of discharges. |

In order to obtain a clean surface by discharge cleaning, it is
necessary to éuppress contamination by the ambient gas species. Higher
vacuum, higher wall temperature and discharges more continual discharges
such as radio frequency or glow discharges are preferable for suppressing
adsorption. Filling gas species for discharges should be chosen so as to
make adsorbed gas species volatile on a wall surface.

The results of this work shows that in-situ coating of the first wall
by suitable materials is another potential method for obtaining a clean
_wall surface,

(T. Tazima, Y. Gomay)
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5. Design of Machine
5.1 OQutline of Machine

The JT~60 machine is composed of a vacuum vessel, toroidal field coils,
poloidal field coils, support structures and vacuum pumping systems. The
detail design of JT-60 has been started in the present fiscal year (1975)
and will be finished in the fiscal year 1976. 1In the above design are
considered not only the consistency of each component but also anticipated
troubles and emergencies, its protection methods, assembling and disassem
bling methods, tests and inspections under and after comstruction,
maintenance, a building for the machine, effects on the environment and

spares of various components and parts.
5.1.1 Vacuum Vessel and Auxiliary Components

1) Vacuum Vessel

Table 5-1 and Fig. V1I.5-1 show the specification and a crosssectional
view of the vacuum vessel, respectively. The material will be selected from
INCONEL 625 and HASTELLOY-X. Electric resistance of a torus should be
higher than 3 mQ. The helium leak rate, the outgassing-rate and the
ultimate vacuum pressure are lower than 1078 torr 2/sec, 10712 torr %/sec cm?
and 1972 torr, respectively. The baking temperature will be above 500°C
for the wvacuum vessel and 200°C for the ports. The vacuum vessel is sealed
by welding and the ports by metal seals. 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 platform. The vessel is heated by non-
magnetic 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 minor axis due to the atomespheric preésure. The
centripetal force toward the major axis is about 300 ton and that toward
the minor axis is over 1500 ton. The electromagnetic force produced by
the interaction of the vessel current (0.7 MA).with the poloidal field is
of about the same magnitude as the atmospheric pressure. The maximum
stress caused by the abo;e forces and thermal expansion is about 20 kg/mm2
when the height, pitch and thickness of the bellows are 70 mm, 20 mm and
2,5 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
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deflection between the bellows and the thick rings. It is one of the most
sericus problems in manufacturing a vacuum vessel to decrease a sum of the

above stresses within an allowable value of structural materials.

2) Liner

A liner is attached to the inner surfaces of the vacuum vessel. Liner
material is chosen from Molybdenum, Graphite and Silicon Carbide. Molybdenum
is considered a good material for a liner because of the high melting
temperature and low sputtering yields. It has advantage in that the oxide
film on its surface can be removed by means of deoxidization in the hydrogeh
gas at high temperatures. The liner is about 5 mm thick. Though the shape
and size of the liner segments are not yet decided, they are most likely
rectangular with a length of 30002000 mm. The baking temperature is 500°C

and the outgassing-rate is expected less than 10712 torr %/sec cm? .

3) Fixed limiters

Axisymmetric fixed limiters are placed on the inner surfaces of the
liner. Their material is the same as that of the liner. Their number,
cross section and positional accuracy are under examination, taking into
account the thickness of scrape-off layer the ellipticity of plasma cross
section the rotational speed of the plasma rotation, and the heat load

deposited on it.
4) Collector Plates (Magnetic Limiter Plates)

Collector plates are positioned on the outer side of the vessel as is
shown in Fig. VI.53-1. Collector plate surface will preobably have a hony-
comb structure. The thickness of the plate should be more than 2 cm to
keep the surface temperature low enough under the design heat load of 10 MW
for 10 sec.

It should be recalled that Molybdenum becomes very brittle above the
recrystalizing temperature (v1000°C) . A design effort may be required to

reduce the heat flux by moving magnetic flux lines.

5) Movable Limiter

A fast-acting retractable limiter is installed in JT-60. The limiter
is retracted during the build-up phase of plasma current. The driving
mechanism consists of oil cylinders with electromagnetic valves. The

limiter is retracted vertically for a stroke of 1020 mm with a mean velocity
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