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Activities in Thermonuclear Fusion Laboratory for the period April

1973 - March 1974 are described.

(1) At the end of June 1973, the JFT-1 was shut down after four years of

| successful operation.

(2) A preliminary experiment with a dynamic limiter and experiments with
an improved diagnostic system were carried out with the JFI-2, which
started operation in the preceding year. Power-up of the generator
for the toroidal coil for the JFT-2 phase-II experiment was started.

(3) Construction of the JFT-2a (a tokamak of teardrop cross-section with
an axisymmetric divertor) continued.

(4) TFurther heating of tokamak plasma with neutral beam injection, the
energy loss by impurities in plasma and stability of plasma were studied
theoretically.

(5) A concept of the JT-60 (a tokamak confining a plasma of nearly reactor
conditions) was developed and its design was started.

(6) Design study of a fusion reactor was carried out in order to clarify

the problems 6n fusion reactor development.
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PREFACE

At the end of June 1973, JFT-1 was shut down after successful
operation of four years since 1969. On the other hand, new plans were
started, such as construction of JFT-2a and a new generators for JFT-2,
and design study of fusicn reactor.

A brief summary of activities in this period*, from April, 1973 to
March, 1974 is as follows.

A laser scattering apparatus and a VUV spectrometer are consolidated to
the diagnostic system, which make us possible to cross-check the data of
JFT-2 plasma. Scme typical parameters of JFT-2 are 5006V and 200eV in the

electron and the ion temperature, respectively, 2:xlO13 cm_3

in the density
and 10 ms in the energy confinement time at a plasma current of 80 kA. A
preliminary experiment with "dynamic limiter" (rapid removal of the limiter
after production of hot plasma) was done towards the end of this fiscal
year. Contrary to our expectation, the plasma seemed to expand with the
fast moving limiter.

A dc-power supply of 21 MW peak for the JFT-2 phase~II experiment was
ordered to Hitachi Co. In the phase-II, torcidal field will be increased
to 18 kG from 10 kG in the present phase-I. Installation of the new power
supply and reinforcement of coil supports will begin in April and be
finished in October, 1974.

A group of operation and fechnicsal development was newly organized in
May. The cperation of JFT-2 was very satistactory with nc unexpected
ghotdown longer than =z week during this period.

Dr. Kazawa (Hitachi Co.), Dr. Itoh et al. (JAERI) were awerded a
prize on construction and phase-I experiment of JFT-2 by Atcmic Energy

Scciety of Japan,

Construction of JFT-2a, a tokamak with tear-drop cross-section with
an axisymmetric divertor was begun in July, 1973 and scheduled to finish

in August, 1974.

Further heating of tckamak plasma with neutral beam injection was studied
with emphasis on heating efficiency with injection angle and energy. Also,

spacial distribution of impurities and radiation loss was calculated.
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The result shows radiation loss or necessary heating power to maintain
the temperature as a function of impurity contente and plasma temperature.
It indicates that severe impurity suppression is necessary in tokamak

of 10 keV regime.

A design of a fusion resctor was begun by a newly organized group
in close cooperation with fission reactor engineering people at Tokal.
The design of tokamak reactor of 2,000 MW{t) with He cooled Li0 blanket
was completed as a first approximation and proceded to the second. The
design is a unique one, in which fertile.material for tritium production
ie Li ceramig, such as Li2O. Tt is to be noted that a reactor type of
solid fertile material with gas cocoling has a very good "affinity" with
the core plasma.

Ancther design activity was on a tokamak contining & plasmz  of nearly

reactor condition.

The present JAERI's CTR is in accordance with the plan of Special
Integrated Research of Atomic Energy on CTR, from FY 1969 to 1974. The
Japanese AEC founded Nuclear Fusion Research and Development Committee
to formulate the CTR plan after 1975. We cooperated with the Committee
in setting up the plan, which includes R&D on 1 to 10 keV tokamak plasma,

reactor engineering, and related technology.

(8. Mori)

* The preceding annual reports are JAFRI-M 4564, 5029 and 5564.
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I. TCRCIDAL CONFINEVENT EXPERIMENTS

i. JFT-1

T. Nagashima, H. Ohtsuka,

T. Shiina and 5. Tamura
1.1 Introduction

The JFT-1 toroidal hexspole experiment was terminated in the first
gquasrter of 1973. During the period, only an experimen® to study the
support-induced plasma loss was-made. A brief summary of the experiment
is described in the next section.

(5. Tamura)

1.2 Experimental studies

1)

To investigate the effect of hoop supports on the plasma loss process,

1) Support-induced plasma loss

a model support was introduced into the plasma and the subsequent changes
in the plasma potential and the density were measured. The experiment was
carried out mainly with helium plasma produced by microwave discharge with
density, n~1011 o>, and electron temperature, T,~2 eV.

. Besides the charge separation electric fields resulting from the average
grad B drifts of ionms and electrons, an additiornal azimuthal electric field
which exists in the vicinity of the support was found to explain the
observed enhancement of the plasma loss to the hoop and the wall (support-
induced convection). The observed enhancement of the plasma loss due to
the model support was at most a factor of 2. This indicates that the plasma
loss due tc the actual hoop supports by way of a plasma convection may not
be sufficient to explain the observed anomaly in the plasma loss in JFT-1.

(H. Ontsuka, S. Tamura, T. Nagashima and T. Shiina)

Reference
1) H. Ohtsuka, et al.: JAERI-M 5649 (February, 1974).

-3 =
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2. JFT-2

N. Pujisawa, S. Itoh*, M. Maeno,

S. Matsuda, T. Sugawara**, N. Suzuki,

T. Takeda, and K. Toi

2.1 Introduction

During the first half of the past year, there was a major shutdown

to accompligh the following: (a) install a observation box for a ruby

. laser Thomson scattering measurement; (v) improve a vacuum vessel. The

dimensions of the JFT-2 device are shown in Table 1, and Figs. 1 and 2.
The axis of the fan-shaped toroidal field coils is shifted outwards by
10 cm from the aluminum shell axis in order t¢ minimize the non-uniformity
of the field at the outer surface of the plasma. The distance between the
ﬁlasma periphery and the wall is fairly larger than other tokamsk devices.
Our main emphasis has been on understanding tokamsk plasma confinement,
especially the dynamic limiter experiments which will be discussed in the
next subsection. We have also emphasized studies of particle and energy
balances.
Experiments in the increased toroldal field (18 kG) will be started
at the end of 1974. UNeutral beam injection heating experiments are planned

in 1976.
(S. Itoh and N. Fujisawa)

* Present address: Institute of Plasma Physics, Nagoya University,

Nagoya, Japan.
*% Op leave from Research and Development Center, Tokyo Shibaura Electric

Co., Ltd., Kawasaki, Japan.
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2.2 Experimental Studies

l) Dynamic limiter experiments in JFT-2 Tokamak+

In an ordinary tokamask device a solid limiter is equipped to define

_a plasma cross-section. It is, however, presumed that the material limiter

may not be used in a tckamak-type fusion reactor because the material
limiter in contact with a high temperafure plasma is an inténse gource cf
impurity atoms and removal of heat deposited on the limiter presents a
very serious problem. Therefore,it is very important to investigate,
experimentally, how the plasma behaviour changes when the material limiter
is removed and to know whether a material limiter is indispensable or not
for the equilibrium and stability of a tokamak plasma. Uniil now, however,
free boundary plssmas which are not in contact with a material limiter

are cbtained. only in compression heating experiments such as ATCl and
TUMANz). The main objective of these experiments is the heating of the
tokamak plasma and consequently the result of the investigation of the
effect of the separation of the plasma from the material limiter is not
reported. Moreover, it is not most plausible that the compression technique
is used for the separation of the plasma from the material limiter in a
future tokamak. One of the alterations to the compressicn of the piasma

is fast retraction of the material limiter after the plasma formation.

In JFT~23) the plasma behaviour can be investigated by retracting a
"dynamic limiter"4 at any time during the discharge.

The dynamic limiter is composed of two molybdenum plates which are
set parallel to each other inside the vacuum chamber of JFT-2 and can be
driven upwards and downwards pneumstically (Fig. 3). The variable range
of the distance (Ld) between the two plates is from 250 mm to 500 mm and
the dynamic limiter set at an arbitrary position within this range can be
retracted ocutside the fixed limiter (a 500 mmé aperture limiter). The
sverage and maximum speeds of the dynamic limiter are 5 m/sec eand 9 m/sec,
respectively. The retraction velocity of the dyramic limiter is designed
to be much higher than that of the expansion of the plasma boundary for
the case where the neoclassical transport theory holds.

The experiments were carried out for twc modes of operation concerning
the dynamic limiter, the fixed and dynamic modes. In the fixed mode
operstion two cases with different positions of the dynamic limiter were

studied, that is, the case for the "closed" position (Ld=250 mm) snd the
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case for the "open” position (Lg=500 mn). In the dynamic mode operation

the dynemic limiter was triggered to move 60 msec after the initiation

of a discharge. The experimental conditions are as follows; the toroidal
magnetic field is 10 kG, the vertical magnetic field is 50 G and the
filling pressure is 2 X 10-4 Torr H2. The plasma parameters Just before
the triggering time are estimated as: the mean conductivity electron
temperature is sbout 200 eV for an assumed effective charge of unity, and
ion temperature measured by the charge-exchanged neutral particle analyzer
is about 200 eV, Figures 4 and 5 show the typical waveforms of the loop
voltage and the plasma current and the shift of the plasmz axis (;dh) along
the major radius for the above-mentioned three cases.

The results of the measurement of the effective plasma radius obtained
by the plasma conductivity distribution measurement (response of the plasma
ring to high frequency electric field)B) and cbsgervation of the tinme
veriztion of the light intensity are summarized in Fig. 6, where it is
remarked that the electron temperature at the effective radius is estimated
to be 20 =100 eV from the skin depth of the superposed high frequency
electric field. From this figure it is known that the plasma boundary
expands together with the dynamic Iimiter and the radius of the plasma
decreases in the later stage of the discharge. The apparent shrinkage
of the plasma radius in the later stage is, however, explained by the
fact that the plasma ring moves inwards (Fig. 5) and the peripheral region
of the plasma is scraped off by the inner side of the limiter. The count
of the fzst neutral atoms measured by the charge-exchanged neutral particle
analyzer and the ion temperature decrease very much when the dynamic
limiter is meoving compared with the case for the "closed" operation.
Electromagnetic fluctuatiions were measured by the magnetic probes set on
the inner surface of the conducting shell. The signals from the probes‘
are filtered %o a single harmonic component and the torcidasl and poloidal
mode numbers are obtained in conjunction with the other plasma parsmeters.
We have not, however, found any evidence that the stability of the tokamsk
plasma is considerably affected by the fast retraction of the dynamic
limiter.

In conclusion it has been experimentally investigated whether a

stable equilibrium of a tokamsk plasma separated from outside sclid

materizls are attainable or not. Strictly spesking, contrary to our

expectation a free boundary plasma separated from s solid materisl was
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not attained, because the experimentally obtained expansion velceity of
the plasma boundary was same as or larger than the retraction velocity
of the dynamic limiter. The decresse of the count of the fast neutral
atoms suggests, however, zg cne of posgibilities that the interaction
tetween the plasma and the limiter was reduced by the fast retraction of
the dynamic limiter because it may be possibie that the fast neutral
atoms are prcduced by the charge exchange process of the hot ions with
the cold atoms which are réleased from the limiter by bvombardment of hot
plasma particles. |
(s. Itoh, T. Sugawsra, N. Suzuki, T. Takeda
and K, Toi)
S. Itoh, T. Sugawars, N. Suzuki, T. Takeda and K. Toi : HNucl.
Fusion 14 (1974) 581
T, Sugawara, S. Itcoh, N. Suzuki, T. Takeda and K, Toi : Nucl.
Fusion 14 (1974) 451,

2) Particle and energy bhalance

Particle and energy balances in the JFT-2 device have been measured
under the following conditions. The filling pressure is 3.3 x 10_4 Torr in
hydrogen, toroidal ohmic heating current 75~80 kA, the aperture limiter
radius 25 cm, and the toroidal confining field 9 kG.

Electron temperature measured by Thomson scattering of a ruby laser
tulse is 300 - BCO eV gt the center. Electron temperature, obtained from
a soft X-ray measurement, is in agreement with that cbtained from Thomson
scattering. Proton temperature, measured by charge gxchanged nreutrals,
reaches a pesk value of 200 eV. Radial profiles of electron temperature
and density are more strongly peaked than those reported for other tokamak
devices. Particle confinement time measured by the Hy line is about 10 ms,
and energy confinement time is less than 10 ms.

(N. Fujisawa, M. Maeno and N. Suzuki)

3) Soft Z-ray measurenent
In order to measure the energy spectrum of soft X-ray radistion a
81{1i) semiconductor detector system and a multichannel pulse height
anslyser system have been prepared. Main specifications of this system

are as fTollows. The thickness of Be window in front of the detector is
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84, the Si{Li) detector is 6 mn® x % mr?, the energy resolution is 180 eV
in FWHY at 5 keV and maximum counting rate is 30 kecps. A test run of this
system wag performed in such discharges where hard X-ray radiationsg are

a little.

The results are shown in Figs. 7(a) and 7(b). The data are averaged
over 20 ms and are summed up over 10 shots of discharges. Taking acount
of the absorption of Be window, central electron temperatures are
determined from the energy spectrum. These temperatures are in good
agreement with the temperature obtained from the laser scatfering
mezsurement. A residuzl problem is that of the counting rate. The
maximum counting rate of present system is Iimited to 30 kcps, therefore
the time resolution and the statistical error of measurements are not
sufficient. A improvement of the counting rate is the next subject.

(N. Suzuki)

4) Measurement of the effective plasms radius and the electrical
conductivity distribution

By measuring the A.C. impedance of a plasma, the effective plasma
radive which defines the high electrical conductivity regicn and the radial
distribution of the electrical conductivity cen be obtainedS). The A.C.
impedance is estimated from the response of the plasma to the small
oscillatory voltage superimposed on the main lcop voltage.

The effective plasma radius obtained by the measurement is useful for
investigating the time behaviour of the hot region of the tokamak plasma.
Moreover, the radial distribution of the effective charge of the plasma
can be derived from that of the electrical conductivity through the
comparison with the distribution of the electron tewmperature obtained by
the laser scatiering. _

In JFT-2 the oscillatory voltage is excited by the electrical circuit
composed of the capacitors, inductor and the switching circuit which is
inserted in the primary cirecuit of the current trensformer.

Figure 3 shows the time variation of the effective plasma radius in
the dynamic limiter experiment. This result is derived from the inductance
of the plasma for the oscillatory voltage with the frequency. of about 1
kHz on the assumption that the superimposed oscillatory field vanishes
inside the effective radius. The distribution of the electrical ccnductivity

is determined by the magnitude and dependence of the inductance on the
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frequency of the oscilllatory field. The method based on the non-linear
optimization has been adopted to derive the distribution from the above
informations as follows. The plasma is assumed to be composed of N
cylindrical shells {thickness: t,) with constsnt electrical conductivity
(Un; n:i,2,..., N). The distribution of the electrical conductivity is
obtained by minimizing the following objective function (F) with respect

to W variables (¢ ., t,.; n=1,2, ..., N-1)

0’ n’

M 2
ex
F = zlwm[Li(oo,tn; n=1,2,...,8-1; ) -L77P(s )" (1>N) (1)
m=
. exp . .

where w_, Li(oo,tn, n—1,2,...~,N—l,fm) and L; (fm) are the weighting
coefficient, the inductance calculated by using the above model and the
one c¢btained in the experiment for the m-th frequency (fm), respectively.

The calculated inductance Li is expressed as follows,

1 1 4 1
lo(jzw épn) + CpKo (2w Iznpn)

= R R
Ly Bote®| T (2)

1 1 1 1 1
T 7 T T T }
J wmpn{lo(J mmpn) + CnKo(J a‘mpn)

where Pp = /#Oaggn ’ m:2’7 fm’ and a and RO are the minor and major radii
of a plasma. The parameter CIl is determined from the continuity condition

of the electric and magnetic fields at the boundary of each shell and is
function of o, (n=1, 2, ..., 8, fm and so on. In the numerical csleculation,
the modified Bessel functions of the complex argument (IO, K I; and K;)

are expressed by the kelvin functions. The test run has been carried out

to examine the applicability of the above procedure, where the experimental
dependence of the inductance on the frequency (LiXp(fm)) is simulated by
using the thecretical relation for the case of the parabolic distribution

of the electricsl conductivity. The result ié presented in Fig. 8 snd the
applicability of the procedure has been demonstrated. At present, the
analysis of the data in JFT-2 is in progress.

{K. Toi, T. Takeda and S. Itoch)

5) Permeation of vertical magnetic field through a thin shell
The vertical magnetid field generated by the eddy current in a shell
was previously measured for the short time scale compared with the skin

time. The effects of resistivity and transverse cuts of a shell are studied
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analytically and experimentaly. By expanding the eddy current into Fourier

series along the toroidal axis, the permeation equation is derived as

‘ > 2 _
441y gn _d_B_{ 5, ER at 111}
(7% 1.n) By =K 3% 4+ 2R(1n»7;-1) + 35 (Pg+ 2.)
Xn 1 1
Tn = MBI ToT |17 (x) Ky (x )]

5= (Zﬁfl)n }2 / 1y ()

for the veriical field due to the shifted current with respect to the
shell, where 0 4 is an area conductivi#y, Bb :ILOI/E?fb, X, = (n+%)Nb/R,
and N the section number. The penetration of the leakage magnetic field
from the iron core of a transformer is described as well as an above
equation. In the experiment the 1/5 model device is used and the plasma
current is simulated by the current carrying loop of copper. Since the
values of kﬂ decrease rapidly with n for the device parameter, the vertical
field is generated mainly by the fundamental mode of the. eddy current.

The measured values of kO and T o &re in agreement with the calculated

values.
{T. Sugawara)

2.% Numerical Analysis

1) TNumerical simulation of the tokamak plasme with a movable boundary

A pumerical simulation of the tokamak plasma with the magnetohydro-
dynamic fluid model is described. The code has the following two applications:
interpretation of the experiment of a tokamak plasma with & dynamic limiter,
and comparisor of the experimental with the theoretical results obtained
with various transport theories. TFor the former application positicn of
the boundary in the cede is movable6). For the latter main part of the
code can be written sutomatically by using a code written in & formula
manipulation language (IBM—FORMAC)T)

The dynamic limiter which is installed in JFT-2 tokamzk is a cuickly

retractable limiter. It can be triggered to move at any time during the

discharge. It is driven to move by a pair of air cylinders and the maximum
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velocity of the limiter is about 10 m/sec. The main purpose of the experiment
of the dynamic limiter is tc¢ investigate whether the equilibrium and the
stability of the plasma is sustained when the plasma is insulated from the
external sclid material (fixed) limiter or‘ﬁot. The transport phencmena
such zs particle diffusion will be also investigated experimentally using
the dynamic limiter. These experiments are, however, very difficult to
analyse because available diagnostic methods are not sufficient to gét a
spatial disfribution of the plasma parameters. Therefore we analyze the
experimental data by comparing them with the results of the numerical
simulation. The following example of the results of the simulation shows
qualitatively the effect of the neutral particles on the behaviour of the
profile cf the electron density after the dynamic limiter is retracted,
where the experimentally obtained waveform of the plasma current is given
as input data and simplified neoclassical transport coefficients are ‘
adoPted.. In the case fﬁ) the neutral particle influx is kept to be

Bleozo me sec_1 throughout the discharge, whereas the case (b) shows

the results for the condition that the influx is reduced to 1:<102O m_BSeé"l
when the dynamic limiter is retracted (at t =60 nmsec) .

Detailed snalyses of the experiments with both the dynamic limiter
and normal fixed limiter are now in progress using the simulation code.

(T. Takeds and 8. Itoh)

2) Estimation of the plasmz characteristic gquantities from the
electromsgnetic gignels obtained in tokamak experiments®

In tokamak experiments the plasma characteristic quantities such as
the mean conductivity temperature and the energy confinement time are
often estimated by using the electromagneiic messurements from reason that
+the measurements are comparatively easy and are convénient to obtain the
time variations of these quantities.

The method of processing the data obtained by the measurements has
been investigsted. In order to process the data, it is necessary to treat
carefully the set of equations with differentiations, because inaccuracies
and fluctuations of the data due to sampling and quantization errors are
megnified in the course of the differentiations. These errors mainly result

from the analogue-to-digital conversion of the observed data., Therefore,

% K. Toi and T. Takeda: Nuclear Instrum and Methods 118 (1974) 299-305.
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the smoothing of the digitized data is required in the numerical anslysis
of the data. Figure 1C shows an example of the observed waveforms of the
one-turn vcltage at the measuring loop and the total secondary current
in JFT-2 and time variations of the mean conductivity temperature and

energy cornfinement time without smocthing. The method of least squares

" is sdopted as the smoothing method. The degree of smoothing (smcothing

parameter) must be evaluated carefully so that the reasonable results
should be obtained. As a practical procedure, the following criteria
are considered for checking the degree of smcoothing: 1) the differences
between the raw and smoothed data are within the corresponding reading
errors; 2) the resulting curve obtained from analysis of the smcothed
data is smooth enough under physical consideraticens. If the fluctuations
with smaller wavelength than the maximum energy confinement ftime, which
is estimated roughliy from the first run of the analysis, are removed,

the smoothing parameter which satisfies both criteria can be found for
analysis of the data obtained in tokamak experiments.

In Figs, 11, 12 and 13 the time variations of the mean conductivity
temperature, the guantities reguired in estimation of the energy
confinement time (i.e., the total kinetic energy W, its time derivative
W and the input power of a plasma Qin ) and the energy confinement time
are shown, which are derived from the above-mentioned anzlysis for the
data of Fig. 10. It is concluded that this method is suitable for
numerical data Dprocessing of the elevtromagnetic sighals obtained in
tokamsk experiments. It is expected that this procedure will be useful
for the analysis of the data by an automatic data processing system.

(K. Toi and T. Takeda)

2.4 Neutral Beam Injection Heating

s preliminary consideraticn has been made on the neuiral bean
injection heating cf the JFT-2 plasma. Perpendicular injection system
composed of a couple of 6A 25 keV beams is adopted instead of the tangential
injection gystem mainly because it is difficult to install the latter
without disturbing the magnetic field uniformity. The purpose of the

experiment is to investigate the physical and/or engineering problems
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subject to perpendicular injection of fast neutral atoms.

Icon temperature rise owing to injection heating is estimated based
on the scaling laws so far obfained from the JFT-2 experiments and is
expected nearly 15 % of the initial ion temperature for a 3><1013 cm_g,
Tin~350 eV, Te-1 keV plasma in the high field versicn of the torocidal
megrnetic field (18 kG). Since the scaling law for the ion temperature
increase indicztes a strong dependence on the plasma density, a higher
ion temperature would he attainable in the low density operation.
Injection experiments will start sometime in 1976.

(S. Matsuds and T. Sugawara)
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Table 1 Dimensions of JFT=-2

Major Radius {cm) 90
Minor Radius (em)
Vacuum Chamber 30
(Liner)
Shell 36
Thickness (cm)
Liner .06
Shell 3
Fixed Limiter
Radius of L (cm) 25
20
S 16.3%
Dynamic Limiter
Minimum Distance  (eom) 25
Maximum Distance (cm) 51
Maximum Speed (m/sec) 9
Maximum Toroidal
Magnetic Field (k@) 10
Maximum Vertical
Magnetic Field (@)
e 200
Pulsed -200
Flux of the Ircn Core (V.sec)
(without Bias) 0.58
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3, JFT-2a

4, Kitsunezaki, H, Maeda, M. Nagami,
T. Nagashima, H, Ohtsuka,
1. Shimemura, T, Tokutake and M. Yoshikawa

3.1 Introduction

JFT-2a is a Tokamak device with a teardrop-like cross section capable
of operating on an axisymmetric divertor designed in 1972. The engineering
design and the construction of the device were started in 1973 and it will
be put into operation in August 1974.

The construction of the device has already bean completed at the
present reporting period. Basic machine parameters are shown in Table 1
and, the cross-sectional and the plan view of the device are shown in
Figs. 1, 2 and Fig. 3 respectively. The photograph of the device is also
shown in Fig. 4 and Fig. 5.

The objectives of the present experimental program on the device are

described below.

(1) Plasma confinement in a Toksmak with a teardrop-like crcss
gection

A variety of cross-sectional shapes for Tokamaks have been proposed
in the past. A& teardrop-like cross section has been chosen for the device.
It can provide larger magnetic shear and well than other cross-sectional
shapes of the same average aspect ratic, depending on the plasma parameters.
Consequently, the current denéity limit required to stabilize leccal
instability is higher than for the other cross-secticnal shapes in cases
of a flat current distribution, and of = parabolic distribution at low
beta. Furthermore the teardrop-like cross section appesrs to be better

suited than the others for the installation of an axisymmetric divertor.

(2) Plasma production and confinement in a magnetic surface
with separatricies
It is necessary for a.Tokamak with a divertor tc¢ produce and confine
a plasma in a magnetic surface with separatricies. The plasma production

and confinement are to be studied and the plasma behaviour at the
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separatrix magnetic surfaces is also to be studied.

(3} Effect of a divertcr on the. plasma confinement

The contamination of confined plasmas by impurities released at the
wall has an adverse effect on the energy balance and magnetohydrodynamic
gtability of the plasmas. '

A divertor offers a possibility of lowering impurity content by
guiding the plasma ions tc the burial chzmber and consequently reducing
the bombardment of the wall by'plasma ions.,

An experimental study is made on the operation of an axisymmetric
divertor. Plasma equilibrium in the required plasma configuration,
longitudinal and transverse particle and energy transport on the divertor
magnetic surfaces, and basic operational characteristics of the divertor

is to be studied experimentally.

An experimentzl study will initially be made cn the production and
the confinement in the separatrix magnetic surfaces. Experimental studies
on the effect of a divertor and the teardrop-like cross section on the
plasma confinement will follow and be finished within March 1977.

A summary is given below on the mein components of the device (3.2)
and on the numerical studies (3.3%).

Some diagnostic methods are being prepared for JFT-2a. They include
4mm. microwave interferometer measurement, visible spectroscopy and X-ray
measurement. Other diagnostic methods, ruby laser scattering, neutral
particle energy analysis and VUV spectroscopy prepared for JFT-2, are
belng prepared to be spplied to JFT-2a. Some descripfions cf these
diagnostic methods are shown in section 4 and others are shown in the
previous annual report.

(Y. Shimomura and M. Yoshikawa)

%.2 Main Components of the Device

1) Shell
The shell enclosing the plasma is made of copper of 2-3 cm. in
thickness and contained within a vacuum chamber. The guarter part of

the shell is shown in Fig. 4.
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Part of the shell, the moveble shell, can be moved vertically. For
plasma confinement without the divertor in operation, the movable shell
ig placed at the "closed" position as shown in Fig. 2. The operation of
the divertor is studied by moving the movable shell vertically to the
"open" position.

The surface of the shell is ion-plated with gold of 10-20 # in
thickness. The gold surface was studied and reported in the previous
annual report. The cross sectional shape of the inmer surface of the
shell was reported in Ref. 3).

(H. Maeda, A. Kitsunezaki)

2) Limiter
Three molybdenum pieces clad in geld of lmm. in thickness. They are
manually retractable for experiments with the divertor in operation.

{H. Maeda)

%) Divertor

Brief description of the disjointable divertor hoop is as follows;
najor radius O0.37m, mincr radius 16mm, maximum m.m.f. 60 kAT, air cocled,
attached with diﬁertor plates of 99.9% titanium (Fig. 2).

Titanium evaporation was studied experimentally and an optimum
operation mede was determined. Other miscellanious problems which would
arise in the evaporation were studied by a preparatory experiment.

A computer simulation which investigates particle transport in the
divertor configuration is now under study.

{H. Ontsuka)

4) Gas supply system

Plasmas are produced by two ways of gas supply method. The one is
continuous gas supply throughout every current pulse and the other is
pulsed gas admission into the shell just before discharge. Continuocus
gas admission of 0.1 Torr-1/sec into the vacuum chamber results in 2.10_4
Torr of filling pressure. Pulsed gas of about 200 Bzec time duration is
applied by four fast acting gas valve. The plenum vclume of a FAV is
0.2 cc and filling pressure of 60 Torr in four FAVs give 2.107% Torr of

pressure when the admitted gas spreads in the shell, and purity of the gas
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ig over 99.9 per cent. Power of FAVs is supplied by 2 capacitor bank

(40 nF, 3 kV). _
(M, Nagami, T. Tokutake)

5) Pre-icnization systenm
- For the initial ionization of the gas in the device microwave

discharge at the electron cyclotron resonance frequency and breskdown due
to the energetic electrons emitted from a electron gun are available.

The electron cyclotron frequency is found to be 28 GHz, where the
toroidal magnetic field is 10 kG. For heating we use a travelling tube
operating at 28 GHz and with the maximum power 1 kW and the microwave
pulse length 2 meec. The energy ig fed into the chamber by meéns of a
rectangular waveguide with a little attenuation.

Electrons emitted from the filament are accelerated by the biasing
electric fields applied to the filament and drifted into the minor axis
of the torus due to a toroidal magnetic field. For the filament we use

0.5-mm—-diam. tungsten wire with an effective emitting iength of 2 cm

located along the toroidal magnetic field. The heating time of the filament

ig from 2 to 90 sec. The voltage and the width of the accelerating pulse
are 0.1-3 keV znd C.1-2 msec, respectively. The operation of the electron
gun is determined from the contamination rate of the gold coated shells
by the evaporated tungsten atoms from the filament.

The electron density of the preionized plasmas by these two methods
is expected to be 109-10%° co™? in a hydrogen discharge.
i (T. Nagashima)

6) Vacuum system

The vacuum chember is made of stainless steel and consists of two

torcidal sections. - Surrounding the plasma, the surfaces of the copper

shells of four toroidal sections are covered with gold of 10 to 20 u
in thickness by ion plating method. The gold coated shells minimize
chemical- and electron- induced adsorption and prevent impurities coming
into the plasma under wall bombardment.

The main pumping circuit consists of one primary rotary pump, two
turbo-molecular pumps in parallel. The measured pumping speed is about
560 1/s at pressure of 5.10_6 Torr (Ng). The vacuum chamber is bakable

at temperature of 110°C.
: (T. Tokutake, H. Maeda)
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7) Toroidal magnetic field
Toroidal magnetic field of 10 kG at the maximum is produced with

16 coils each having 26 turns. Devieticn cof the field intensity in the
plasma region is less than 3 % snd the spatial ripples of magnetic field
lines are less than 1 mm. Stray field due to the current feeder cable
is compengazted by two parallel turns of return windings whose positions
sre independently sdjustable. The time constant of the toroidal ccil is
0.68 gec, The coils are ccoled by water through‘copper hollow conductors.
The current is supplied by SCE controlled rectifier of 4700 kVA and the
current ripple is less than 0.1 %.

(T. Tokutake)

8) Vertical magnetic field

Vertical magnetic field of 120 G at the maximum is used to control
the position of plasma column. Stability factor of the produced field
for ecircular cross section plasmas n = R/Bv-dBv/dR is -0.2 -0.4. The
current for the vertical field coil of 40 kAT is supplied by a motor

- de genefator ccuple.
(T. Tokutake)

9) Power supply system

Current for the primary winding of the msin core is supplied by a
capacitor bank of 90 kJ. Current for the divertor hoop coil is supplied
through a transformer coupled With‘the primary current in order to make
the hoop coil current proportional to the plasma current. The ratio of
the divertor hcop current to the plasma current is adjustable from 0.2

to 0.9 with taps.
(T, Tokutake)

10) Gas pressure measurement

Density measurements on the neutral ges sre made by means of a fast
ionization gauge specially constructed for work under the conditions of
gquasistationary discharge in a strong magnetic field.

Discrimination of the pressure signal from the backgrcurnd noise is
accomplished by modulating the current of ionizing electrons. Owing to

the small size of the slite of the aperture, the gas impedance of the
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manometer entrance aperture is negligibly increased by its presence. The
calculated value of the gas—-kinetic time constant of the instrument do
not exceed 0.5 msec in the range of pressures 10_6 to 10—3 Torr.

(T. Nagashima)

11) Magnetic measurement

The basic perameters of the plasma column are measured with Rogowski
coils, a one-turn-voltage coil and magnetic probes. Each magnetic probe
ig installed in a caging of stainless steel and set in a channel just
inside the shell. Distortion of waveform caused by casing and cable is
avolded with compensation circuit.

(A. Kitsunezaki)

12) Electrostatic measurement

One of the fundamental techniques for measuring the properties of
plasmas near the divertor hoop is electrostatic probes. In spite of the
difficulties which arise when probes are used in a strong magnetic Tield,
the methed is an important one because it has one advantage over‘all
other disgnostic techniques: it can make local measurements.

In crder to measure the properties of plasmas near the divertor
floating double probes are used with the probe tip of cylindriecal
molybdenum rod and the ingulator of beryllium oxide. The probe tips

are movable 6 cm vertically along the major axis.

{T. Nagashima)

3.3 Numerical Analysis

1) Egquilibrium of JFT-2a plasmas

Equilibria of toroidal plasmas with non-circular cross section are
analysed using special form of equilibrium solutions. Ancther calculation
methed to analyse plasma equilibria is developed which employs three-
stage iteration scheme using the ADI method. The plasma equilibris both
for cases of closed shell and for cases of open shell and an external
current carrying ring are obtained with the iteration methed. The plasma

current density distribution is either flat (,jgp = a-R + b»/R) or parabolic
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Ve = (a-R + b/R)- ¢ ). The calculation results are used to analyse the
data obtained with magnetic probes.
(A. Kitsunezaki)

2} Numerical simulation.of JPT-2a plasmas

One of a feature of JFT-2a plasmas that differ from ordinary Tokamak
iz that the flux of neutral and impurity particles penetrating into the
plasma is decreased by the system of masgnetic limiter, titanium divertor, .
gold-plated shell and pulsed gas injection Just before discharge. At this
point of view, we have investigated in an one dimensionsl two fluids
Tokamak simulation code including neutral and impurity particles effects.

Four equations of particle diffusion, eleciron and ion thermal
diffusion and field diffusion are solved with the Crank-Nicclson's finite
difference method.

Cold neutral penetrating intc the plasma and created fast neutrals

12)

are calculated as follows. According to Dnestrovskii's methed, we
coneider the problem in plane geometry, and fast neutral created by charge
exchange with an ion have an energy equal to the ion temperature at the
space point and equiprobable forward and backward velocity directions.
Thus (m+l)th charge exchange neutral at r = x is obtained from m-th

neutral as

Nm+l(x) = j'aK(x,r)Nm(r)dr
0

, where a is the plasma nminor radius. We calculated first and second fast

neutrals. Oxygen impurity behaviour is als¢ calculated in simple method.

13)

According to multicharge diffusion theory, we cbtain a distribution of

total number of oxygen impurity particles as
n(r+4dr) z
30 (r+dr) = 20 ({r) |———
z & z 2 n(r)
, and ionigation stage is calculated by Corcna equiiibrium model, where
Oz is density of oxygen and z is charge number. Current supply circuilt
is also calculated and one of the results is shown in Fig. 8. In this

14) appropriate to particle and

5)

case pseudoclassical transport coefficient

electron thermal diffusion, and neoclassical transport ccefficient1
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appropriate to ion thermal diffusion, and the iteration converges usually

in about five itérations.

(M. Nagami)

3) Shaping of = plasma cross section by externmal current carrying

conductors

Equilibrium configurations have analytically been obtained for a
straight plasma coclumn with a surface current in the magnefic field
produced by external current-carrying conductors (Fig. 10). The method
of analysis is similar to that used by Namiot to derive equilibrium
configurations of a plasma column placed between parszllel conducting
plates. -

Bquilibrium configurations have been studied numerically of a
straight plasms column with varicus current density prcfiles in the
magnetic field produced by external current-carrying conductors (Fig.1l1l).
The intensity of external currents to keep a shape of the plasma'cross-
section is larger when the plasme current concentrates on the magnetic
axis than when it diffuses over the plasma cross-section. It is thus
necessasry %tc control the currents of external conductors in order to keep
a suitable shape of the plasmz cross-section when the plasma current
density profiles varies with time.

(H. Maeda, Y. Shimomura)
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1 Basic parameters of JFT-Za

Flux of iromn core 0.3V.sec
Torcidal magnetic
flux density 10 kG
Vertical flux density 120 G
inner radius 105 x 140 mnm
Shell | major radius 600 mm
thickﬁess 20 mm
Main condenser energy 90 kJ
major radius 60C mm
Plasma|average aspect
5.5

ratio
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Fig. 4 Photograph of JFI-2a
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Fig, 7 Plasma equilibrium in an open shell
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density Ny;. Maximum : n = l.23;<1013cm-3, T=196 eV
N =2.69x 109cm=2.
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Fig. 10 Example of equilibrium configuration in case of skin

carrent : I, = 0.08 Ip, Iy = 0.2 Tp
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y lexp(-2¢ /9 ) -exp(-2)), I} = 0.35 I,
and T = -0.0%5 I,
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4. Diagnostics
A, Funshashi, S. Kasai, T. Kawskami, T. Matoba, T. Shoji

4.1 Intreduction

The purposes of the diagnostic study are to diagnose and measure high-
temperature plasmas up to the fusion stste. The investigations of this
group are classified into !

(a) measurements of the fundamental guantities of produced-plasmas, and
presenting information to confirm the performances of fusion-research
machines, V

(b) designs of new diagnostic apparatﬁs, corresponding to an extension of
plasma parameters or the construction of new fusion machines, and

(¢) developments of advanced diagnostic method, for ezample, for measuremnents
of current distributions, impurity gquantities and fluctuations and for data
processing systems. '

In this reporting period, many efforts are devoted to diagnostics of
JFT-2 plasmas and to measuring fundamental quantities such as electron and
neutrsl atom densities, temperatures, impurities, ionization rates and
particle and energy confinement times. Someldevelopmental and design
works are also made for data processing systems, the a-particle method,
doppler measurements in a VUV region and sc on. The instruments of these
diagnoses are now being manufactured in several companies.

Lastly, we are now preparing some diagnestic instruments for JIrT-2=2
plasmas, such as multichannel 4mm-wave interferometers, a visible speciro-
meter for doppler temperatures, and data processing systems. Some
improvements in Thomson scattering apparatus (¢f 4. 2. 3) are alsc designed

tc be able to apply to the JFT-2a apparatus.
(A. Funahashi)

4.2 Measurements

1} Microwave interferometric measurements
The millimeter microwave interferometric meassurements are useful for

14 -3

electron densities less than 10 cm and are often used in low-beta
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toroidal plasmas. We have furnished the 2-mm and 4-mm interferometers

for Tokamek plasmas. The wave sources are a carcinotron tube (5W,) and

a OKL KA-T01 klystron (400 nW) respectively.

In this reporting period, electron densities in JFT-2 Tokamak plasmas

are measured with the 4-mm wave interferometer at the oppoéite position of a
limiter. The 4-mm waves penetrate vertically inte plasmas through gquartsz
lenses to improve spatial resolutions. These lenses are also used for vacuum
seals of the measuring ports, and mechanical shutters are attached into the
lenses in order to prevent them from being opaque by sputtering of wall
materials. There are eight pairs of the ports with intervals of 6 cm. The
transmitting and receiving horns of the interferometer are moved horizontally
at port positions to determine density profiles.

The measurements are performed for the wide ranges of plasma current
and filling pressure. The following description is devoted to one typical
experimental condition, which shows good reproduciblity of plasmas, of
maximum plasma'current 7C kA, filling pressure of hydrogen 3.6 x 10_4 Torr,
limifer radius 25 cm, plasma duration 190 msec, and toroidal field 10 kG.

The time-variation of electron density Neg 1s shown in Fig. 1 measured
sveraged along the wave-path by 6 cm inside from the liner center. In
this figure the time-variation of plasma current is also shown. Similar
measurements are made for the other wave-paths. Figure 2 shows density
profiles at different times, which are determined from the averaged values
along the eight vertical wave-paths by using the inversion method. The
abscissa X in the figure is the horizontal position in the equator plane,
vhere plus and minus signs denote the inside and outside of the torus
respectively. At 60 msec a symmetric profile is realized, and the profile
is nearly a parabolic distribution as shewn in Fig. 2(B). Figure 3 shows
the time-variation of the density preofiles during the discharge period.

The horizontal displacement & of the meximum~density point from the liner
center is alsc shown in this figure. Figure 4 shows comparisons between
these é-values and the horizontal displacement 4H of plasma current
colurn determined from the signals of two magnetic probes on the shelkl.
These two values are in good sgreement except during the initial discharge
period. Comparisons are shown in Fig. 5 of time-variations of plasmg

currents I_, peak density n » and tctal density per unit length N,
bl e,MAX 5
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It is shown from this figure that these peak and total densities asre nearly
proportional toc the plasma current.

(A, Funahashi, S. Kasai and N, Fujisawa)

2) Spectrosccpic measurements

Recently it wes pointed out that.impurities in high temperature plasmas
make an important role with respect to particle confinements as well as
radiation losses. Thus spectroscopic measurements become more worth-while
especially in & vacuum ultraviclet (VUV) region. In addition visible
gpectroscopic technice are often used to determine neutral satom densities
and iocnization rates in Tokamak plasmas.

The time histories of intensities of impurity spéctral lines radiated

from JFT-2 plasmas and those spatial distributicns are investigated over

0
the wavelength range of 500 —- 2300 A. In these messurements, a 50 cm VUV

normal incidence monochrometer is used (e.f. Fig. 6). In the visible
region, absclute intensities of Hq. and Hp lines are measured with a 25 cm
and 100 cm visible moncchrometers calibrated by using a tungsten-ribon
standard lamp. These measurements are made under the following experimental
conditions; the filling pressure of the hydrogen gas Py is {3.0 —- 3.3):(10_4
Torr, the toroidal magnetic field By is 9 -- 10 K&, the plasma current is

75 —— 20 KA, the plasma duration time is 100 -- 130 msec and the diameter

of the molybdenum limiter is 50 cm.

The changes of iptensities of carbon, oxygen and nitrogen lons which
are in varicus ionized states are shown in Fig. 7. These spectral line
intensities are normalized by their maximum intensities. From this figure,
it is found that as the plasma current and electron temperature are
increasing the spectral lines due to highly ionized ions appear in sequence.
The spatial distribution of the intensity of CV (2270.9 E) line has a shell
type profile at 23 msec after the breakdown of the plasma. On the other
hand, the OVII (1623%.3 E) line has a distribution whose maximum intensity
ig near the center of the plasma at this time and a shell type profile at
33 msec.

From the measurements of He and Hp absolute intensities and electron
densities with a 4-mm microwave interferometer, the charged particle
confinement times of the JFT-2 plasma under the above-mentioned experimental

conditions are shown to be about 5 —- 10 meec. And the concentrations of
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the neutral hydrogen atoms ﬁo, which are averaged over the light path
9 -3

alorg the plasma center, are about (2 —- 5) 210”7 cm as shown in Pig. 8.
(S. Kasai, T. Matcba, A. Funahashi)

3) Thomson scattering measurements

A measuring apparatus of electron temperature and density by the
Thomson scattering method was brought to completion in March 197%. The
photograph and the optical arrangement of this apparatus are shown in
Fig., 9 and 10, respectively. An observation port which is included in
the discharge chamber of JFT-2 is shown in Fig. 11. Chief specifications

1)

cf this apparatus are as follows.

(1) Q-switched ruby laser

laser power . 500 MW,
pulse duration MAX 20 nsec,
bean divergence - - MAX 5 mrad.

(2) Optical system
focusing system of laser light
horizontal scanning 260  mm,
focal spot size % == 10mm,
focusing system of scattered light
| . vertical scanning 475 mm,
spectrometer CUgerny-Turner mount F: 6.5, f =1 m,
grating : 1200 lines;/mm.
(3) Observation port

laser dump and viewing dump glass filter.

(4) Photodetector system

nunber of channeis 1z,
photomultiplier RCA (C31026,

0
wavelength range 70 A/ch.

(5) Sequenced pulse delay system

delay time between channels 50 nunsec,
gate width slow gate (PM) 3  usec,
fast gate {circuit) 50 nsec.
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A stray light intensity was the first to be measured. Its results are
shown ih Fig. 12. Central wave lengths detected with photomultipliiers

PM 1 and PM 12 are 6943 E which is the wave length of ruby laser light and
6179 K, respectively. We express an orthogonal co-ordinate system with
thé horizontal direction as the p(or X) co-ordinate axis and the vertical
direction as the Z co-ordinate axis, and the origin is the liner center.
Intenéities of Rayleigh scattered light at 1 atm. are shown with the arrow
labelled ss 'AIR'. The reason why stray light intensity increases at
horizontal position above 12 cr is that glasses of viewing dump are short
in breadth. But this intensity levels of stray light do not obstruect

the measurement of tokamsk plasma.

This apparatus had been used for measuring electron temperature in
JFT-2 from September 1973 to April 1974. Typical signals obtained from
preliminary experiment are shown in Fig. 13. It becomes evident that
signal to noise ratioc, S/N, exceed the allowed value. In Fig. 14,
intensities of individual channel signals in a logarithmic scale are
plotfed as a funection of the square of the wave length shift for the

typical discharges. A least-mean-square fit gives an electron temperature

“which is tabulated in the insert. Error bars illustrate the amount of

scatter in measured values. Time dependences of electron temperature and
densgity sre shown in Fig. 15. The electron temperature takes a maximum
value of about 250 eV at about 40 msec and then 1s rapidly reduced to
about 100 eV. ZElectron density and maximum temperature are compared in
Pig. 16 with the peak plasma current. The square of current value is
proportional to electron temperature at current below 80 kA but electron
temperature is nearly constant at current above 80 kA, On the other hand
electron density is nearly constant in the range of experiments.

Electron temperature profiles in the horizontal and vertical planes at

40 mgec are illustrated in Fig. 17. The temperature profiles are

approximately parabelic fellowing a relation
2
T, = T(0)-(1-(x/5)%)

where b is the liner radius. These profiles may not be changed from 30
msec till 100 msec. The mechanical shutter which has protected the window

from sputtering has not been used in experiments because of some troubles.

Therefore, the rzdial profiles of electron density are not accurate enough.
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Another problem is that sensitivity changes of photomultipliers during
discharge. We have made correction at every measurement. This problen
may be solved with addition of magnetic shield.

(T. Matoba and A. Funahashi)

4) Charge-exchanged particle measurements

In order %o eliminate the effect of an X-ray background from the
discharge, an ion detector of & single-channel neutral particle analyzer
was improved. The channel type electron multiplier (ceratron) was used

2)

as a new ion detector instead of the Daly type detector. Operating
characteristics of the ceratron were measured with a proton beam of about
1 keV. Good characteristics were obtained for a neutral particle anzlyzer,
and the X-ray background decreased remarkably. The counting efficiency

of a ceratron for detecting the X-rays was less than 2 % at 103 keV. The
improved analyzer was used for the neutral particle measuregent in JFT-2
znd hze operated satisfactorily since October 1973.

The neutrzl particle measurements in J¥FT-2 were then resumed at the
position of B-3 observation box. In the measurements, the time dependence
and the'spatial distribution of ion temperature were examined in detail,
because of the improved accuracy of measurement. From the measurement,
the icn temperature was fourd tc be in good agreement with the scaling
law propcsed by Artsimovich et al?) Typical radial profiles of the iomn
temperature are shown in Fig. 18.

In December the same year, neutral particle measurements were made
during the dynamic limiter experiment in JFT-2. In this measurement, large
number of the fast neutral particles were observed tc be emitted from the
plasma with the "closed" condition ¢f the dynamic limiter, but the fast
neutral particles rapidly decreased after the operation of the dynamic
limiter was triggered. Behaviour of the ion temperature during the operation
of the dynamic limiter was also similar to that of the neutral particles;
i.e. the ion temperature decreased. Typical time-variation of the ion
temperature is shown in Fig. 19.

In the course ¢f dynamic limiter expesriment, the particle measurement
was made in the shadow of the limiter. Unexpectedly, a large number of
energetic neutrals emitted from the shadow of the limiter was observed.
Intensity of the neutral flux was about as high as those from the center

of the plasms. The necessity is thus indicated for investigation of the
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interaction between a plasma and a limiter.

In the meantime, a ften-channel particle analyzer has been investigated,

" to obtain rapid, high-accuracy measurement of the results. By March 1974,

the parallel plate type electrostatic analyzer and some channels of the
electronic-circuits were constructed. The electrostatic analyzer is shown
in Fig. 20. The whole system will be completed by the end of 1974.

(H. Shirakata* K. Takahashi) S. Yano ¢+ )

4.3 Developments

1) Loss flux measurements by bolometric method

The bolometric method may_be simpler than any other method in direct
measurements of thermal lcss flux from plasma. In U.3.3.R., the thermister
bolometer of high speed response type (the time constant is about few usec
and the sensitivity nearly equals 10_5 J/cmg) had been developed4’5), but
useful results have not been reported in tokamak plasmas.

In our lsboratory, the trisl manufacture of three thin layer bolome-
ters has been planned. Its performances are aimed specifically at high

sensitivity and medium speed response. The specifications are as

follows: ,
materials ; AL (~25 pm) : 41,0, (~5em) : Ge {1~2 #n)
gtructures ; shown in Fig. 21. a) is a differential type
and b) is a integral type.
sensitivity ; "*1Od6'J/cm2
rise time ; under 1 msec
resistivity ; abeve 100 k

A Ge thermister Pnvolves two problems to be sclved in case of applications

- to tokamak plasmas. One is the induction ncise from plasma and the other

is the change of sensitivity caused by strong magnetic fields. These
problems are expected to be experimentally scolved in each case.
" (T. Matoba and H. Shirakata)”

2) Measurements of current distribution by means of high-energy particles

The principle of this method is that & current distribution can be

determined from the orbit amalysis in Tokamak configurations of high-energy,

* Ionized Gas Laboratory, Division of Physics

** Present address: Kobe University of Mercantile Marine, Kobe.
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charged, rather light'partidles such as a—particles emitted from a radio-
isotope 210Po§)  In this reporting period, the details are designed of the
experimental arrangements to measure for the JFT-2 apparatus, adcording to
the e —particle orbit analysis shown in ref. 7.

The arrangements consist of a vacuum vessel, an a-source and a
detector and their moving systems, and a gate valve and an auxiliary pumping
system. An e-source is located at a position of 3% cm or 38 cm horizontally
away from the liner ceanter. The emifting angle of the a-particle can be
varied by tilting the source holder in both the torcidal and poloidal
directions. The tilting angles are designed to be from +5O to —5O in the
toroidal direction and from 5° to 90° in the poloidal direction. A position
sensitive detector is adopted to measure toroidal displacements of the
a -particle. The detector is moved to vary its vertical position and can
be tilted in the poloidal direction from O to 60° on its position.

(K. Inoue and A. Funshashi)

3) Doppler broadening measurements in vacuum ultraviolet regions
In the measurements of the icn temperatures in high-temperature plasmas,
two different methods have been often adopted. The one is aAmeasurement of
the charge~exchange neutrals and the other is a measurement of the Doppler
breoadenings of spectral lines. We are now preparing a VUV monochrometer
to measure the Doppler width of various impurity spectral lines (longer
than 1220 X) radizted from high temperature plasmas.
The typical specifications are the following. The optical system is
lm Czerny-Turner type. It has a plane grating with 1200 G/mm, blazed at
1l pm and ceoated with Mng. A wavelength resolution is 0.1 E for firset
order lights. This value is chosen to be able to measure Doppler broadenings
of higher order lights (e.g. 6-th or '7-th order lights) of CIV (1548.2 E)
or OVII (1623.3 ﬂ) etc. We use cptical lens systems in front of the
entrance glit of this ménochrometer, and these consist of collimating and
field lenses whose materials are CaFo. Then the measurable spectral lines
are limited to above 1220 ﬁ. Pumping systems consist of 4"-cil diffusion,
mechanical booster and cil rofary pumps. The pressure in the vacuum
chamber cf this monochrometer is designed tc be about 11:10_5 Torr.
We estimated the ratio of signal to noise (S/N) for measurements of
Doppler broadenings of spectral lines of impurities, and deteérmined the

specifications of a monochrometer to be able to make measurements cf S/N>1.
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We wish to thank Dr. K. Mori of the Institute of Physical and Chemical

Research for his helpful suggestions in preparing a VUV monochrometer.
(S. Kasai, A. Funahashi)

4) Data processing system and its preliminary study

With more precision and large-scaling of torus experiments, the online
"data processing system" much larger than the "data acquisition system"
has been designed and consiructed and its preliminary experiments were
performed.

The data processing system is composed corresponding to characteristics
of torus experiments. To keep the independence of the acquisition of data,
the analysis and the indicatiom of results, the multi-CPU system are adopted
and each port has the input controller of itself. To cover the wider ranges
of the level and the frequency of input signals the sampling times may be
variable by monitor signals. Noises are removed by the filters with the
charscteristic frequency of signals. Many experimental conditions and
external parameters are also monitored.

The block diasgram of the system is shown in Fig. 22. The input
processing parts have 75 input channels. These parts include the followings,
that is, (a) 10 ch. (with sampling time of 50-40C0 18) for the electro-
magnetic probe measurement, (b) 10 ch. {50-4000 #S) and 10 ch. {1 mS) for
the correlational measurement and the speciroscorpic doppler measurement,

(c) 2 ch. (2;13) for the analysis of high frequency signals, (d) 8 ch.
(20-4000 pS) and 2 ch. (l mS) for the microwave interferometric measurement,
(e) 5 oh. (1 mS) for the spectroscopic messurement, (£) 2 ch. (5 uS) for
the soft and hard X-ray measurement, (g) 2 ch. (1 mS) for the medium X-ray
measurement, (h) 2 ch. (50 pS) for the a -particle measurement and also

(i) 25 ch. (the sampling held of the pulse of half-value width, 20 nS) for
the laser scatiering measurement. Experimental data are converted to
digital signals from analog signals in the input controller part and

stored in CPU-1 {(OKITAC-4500 C with memories of 12 kW), CPU-2 (12 kW)

and CPU-3 {16 kW) and then sent intc Magnetic Tape and Disk Memcry. The
dats stored in the Disk Memcry are analysed in the CPU-0 (OKITAC-4500C with
memories of 28 kW) and indicated on the Graphic Display through the CPU-3
and on the synchroscope through the snalog output port. The choice of

data to be acgquired, analysed.and indicated are made by each .corresponding
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switch on the operational panel, The scales of graph on the Graphic
Display are chosen automatically or manually by the digital switches of
the graphic panell. The signal of the monitor and the toroidsl current
are acquired on the time of the preparatery pulse.earlier in three second
than the main pulse and experimental data start to be collected on the
time of the master pulse, the interval of which is 3-8 minutes. The
external aspect of the system is shown in Fig. 23.

Also the preliminary experiment was done for the data processing of
the electromagnetic probe signals., Especially the following method appears
to be much suitable for the measurement of the plasma energy by the
electromagnetic probe without the use of the gated integral circuit and
the smoothing method. The systematic noise is stored in the memories at
the blahk shot operation and the random noise of signal is removed by the
filter with the characteristic frequency that is abqut 0.5-1 ¥Hz corre-
sponding to the rise up time of the plasma current. The electromagnetic
probe signals are directly acquired in the original form that is the
differential wave form and are integrated by the numerical processing,
g0 that the divergent error at the differential operation is removed
ayay and the quantumised error becomes much smgll and the calculation
time is also short. The data processing system will be completed in the
next reporting period.

' (T. Shoji, T. Kawakami, A. Punahashi and T. Takeda)
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Side view of a 5C cm VUV monochromator connecting

with JFT-2 apparatus.
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Fig. 2% ' External aspect of the data processing system.
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5. Operation and Techniecal Develcpment

T. Arai, S. Kunieda, T. Chga, T. Shiina,
T. Tani, N. Toyoshima, K. Yokokura.

5.1 Introduction

The Group for Operation and Technical Development was formed in May
1973. The Group is resporsible for the operation and maintenance of
nuclear fusion devices and other agsocizted equipments and the technical
developments required in conducting research in the Thermonuclesr Fusion
Laboratory. -

The major undertaking in the pericd 1973-1974 was to remodel the
JET-2 device to increase the toroidal magnetic field from the present 10
kG to 18 kG.

(S. Kunieds)
5.2 JET=2

1) Remodeling of JFT-2

- In order to raise the toroidal magnetic field from 10 kG to 18 kG the
following works were carried out by Hitachi, Ltd. and Division of
Construction, JAERI. The Group tock the responsibility of ccordination
and mansgement to ensure proper executicn of various works. Hitachi, Ltd.
conducted under a contract fthe manufzcture and installastion of two new
motor-generator sets, major meodification of the existing mctor-generator
set, reinforcement of the toroidal field coll structures, and manufzcture
and instsllation of new d.c. vertical and horizontal field coils and a new
vacuum chamber liner. The Division of Construction constructed a housing
for the new motor-generator sets with Kajima Corporation as contractor.

Other works done in the present period in relation to JFT-2 include

the installation of radiation shields to protect crew and researchers from
X-ray radiation and of a one-turn coll to guard the d.c. vertical field

colls from high spike-like voltages produced in the plasma,

- 63 -




JAERI-M 5888

2) Operation snd Maintenance

In the present periéd more than 30,000 discharges were fired in the
JFT-2 device. Figure 1 shows the number of shots in the period April
1972 - March 1974 and mejor technical events during the pericd.

5.3 JPT-2a (DIVA)

Construction of the device at Hitachi, Ltd. and development of other
associated equipments were mainly handled by the JFT-2a Experimental Group
and the Diagnostic Group. The Group for Operatioﬁ and Technical Development
worked in cooperation with those Groups to coordinate various tasks on
both JFT-2 and JPT-2a being cerried out at the same time and in the same
experimental building.

The operation and maintenance and other developmental works on JFT-2a

which is expected to come into operaticn in August 1974 will be managed by

the Group.
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II. DESIGN STUDY OF JT-60

N. Asami*, A. Kameari*, T. Kobayashi**, M. Ohta,

Y, Sugzuki S. Tamura, H. Yamato***, M. Yoghikawa

Considerable efforts were made in the preceeding years on the design
of & large Tokamsk device capable of producing plasmas with parameters
close to the reactor plasma's. This year, in keeping response to the
deliberations in Nuclear Fusion Research and Development Committee in AEC,
s special study group was formed within Thermonuclear Fusion Laboratory
to examine and redefine the scope of the experimental prcogram. The Design
Study Group, formally organized for the purpose, then undertook the job
of further develcping the basic cencept and initiated plasma-physical
studies of plasme confinement, heating, contamination, and other asscciated
problems at or near the reactor plasma temperatures and densities. A
reference design, the parameters of which are determined by an optimization
atudy, was completed and put under mcre detailed physical as well as
engineering investigation.

The present design study was carrisd out in many ways in cooperation
with a number of people. Discussions with guest scientists and members of
Committee on Nuclear Fusion Research of JAERI were greatly helpful. Works
made in other Groups of Thermcnuclear Fusion Laboratory were instrumental
in conducting the study. In particular, industry made a valuable
contribution to the study by providing technological assessments on
required engineering and construction time-table and cost.

(M. Yoshikawa)

* On leave from Engineering and Development Divisionm, Mitsubishl Atomic
Power Industries Inc. _
T On leave from Atomic Energy Research Laboratory, Hitachi, Ltd.

*%%  (On leave from Research and Development Center, Tokyo Shibaura Electric

Co. Ltd.
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IIT. Theory

M, Azumi, M. Tanska, T. Tazima,

T, Tuda, M. Wakatani

1., Intrcduction

We have continued theoretical studies concerning the tokamsak
confinement and heating in corporation with experimental groups. In the
period under review the emphasis was placed on the hydromagnetic stability
of & pinch, on the behaviour of impurity ions in & tokamak plasma as well
ag their influences on the plasmé confinement, and finslly on the heating
of a tokamask plasma by, in particular, the neutral beam injection. They
are described briefly in the following. Alsc we had made a survey on the
theoretical problems cruclal to the projected JT-60 tokamask device.

{M. Tanaks)

2. MHD Stability and Equilibrium

1) MED stability of belt-pinch-type plasmas*)

The stability of kink-like modes in a toroidal plasmas with hollow
cylindrical geometry has been studlied by means of their growth rate. The
contigurations simulate the tcokamsk with noncircular cross-section
elongated vertically or the belit-pinch-type configuration. It is possible
to increase the current in the toroidal plasmas of nencircular cross-
section with large axial length. The stability preperties, however, are
gimilar to those in the cylindrical plasma column,

' (M. Wakatani)

2) Nonlinear effect on the m = 1 internal kink mode
The MHD stability theory shows that m = 1 internsl kink mode becomes
unstable for q(0)<.1 but q(a)i>l in tokamak plasmas. It is preferable to

concentrate current density in the center of plasma column, ss m > 2 kink

*) JAERI-M 5583 {1974)
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modes become stable. However excessive concentration of current density

1)

We have studied the nonlinear effect on this mode by the use of

makes the m = 1 internal kink mode unstable.

perturbation theory, especially, the correction of its growth rate due to the
mode coupling. '

—

We expand the displacement & as

)

7= E?(g)exp[i(kz+6)j]+e{'E(;)exp i{kz+26) 4E(é exp ikz ) (1)
+ 62-5(2)exp i(kz+8) + ..., ,

1

where € is the small expansion parameter and € =~ka < 1 is assumed. Then

the equation of motion in the ecylindrical geometry is expanded as

(L(O) +-€L(1)(E)-+€2L(2)(52)) B ==p(wo—+ezwl + ....)2E? , (2)

where ( )
0}
e =0 (3)
2)

denotes the well-known Euler-Lagrange egquation in the linear pinch.
For exsmple, in the m = 1 mode, L(l)(E)E means the m = 0 mede or m = 2

mode due to the growth of m = 1 mode and L(Z)(E2)?' means the mode coupling
between m = 1 mode and m = 2 or between » = 1 mode and m = 0 mede. In (l),
(0)
1
order to satisfy the boundary condition & r(a) = 0. In the order of € ,

we have assumed that r component of ‘E is the golution of eqg. (3), in

we obtain the differential equations

L(o)g(cl)) _ L(l)(e§°)_)?§o) : | (4)
L(O)E’gl) _ L(l)(eio))g:(Lo) .

In the second order of €2,

(L(O)-pwg)?f) _ _L(l)(5§0))g§1)_ L(l>(e§0))§él)'1’(2)(E£O)2)§_;|(_O)
+ 2 Pwowig(g) (5)
is obtained. Multiplying E’io) and integrating eq. (5) in the plasma

region, we find the correction of growth rate due to mode coupling,
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“, - f{(L(O)(s:(LO))€§l)+ 1 (V¢ io))gél) N L(e)(5£0)2)g£0))}@50)

2
/2pwof|‘§§o)t ar . (6)

0)

For the tokamsk plasma of uniform current, £ can be written by

H =~

the Bessel functions. We evaluate the magnitude of @ 1 by this E-§O)

using numerical integration.
(M. Wakatani)

3) Feedback stabilization of the high m kink mode*)

In the cylindrical 4ckamsk plasma of uniform current, the dispersion
relation for high m kink modes is derived in the presence of a feedback
magnetic field. The condition for stabilization of high m kink mode and
the magnitude of feedback current in the helical windings are studied.
Two methods of feedback stabilization are examined in detail. In the one
the feedback current is drived proportionsl to the perturbed poloidal
magnetic field, and in the other the feedback current is drived as =2 step
function after the kink mode has grown up to scme extent. Both methods

may be available in tokamak experiments.
(M. Wakatani and M. Azumi)

4) Kink instability of a pinch in a slotted casing

We have examined the kink instability of a cylindrical pinch with
uniform currents in s metallic casing having periodic. gaps along the
azimuthal direction. The casing is assumed to be infinitely thin and
perfectly condgcting.

The perturhed currents flowing on the casing are expanded into the

Fourier series.
J o= (O, Jo JZ) ’

_ {0,2) ot+timo+iksz,
Je,z_ ng e

which is nonvanishing only on the casing.

*) JAERI-M 5703 (1974)
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27 (n-1) o 27 (n-1)
N 60<6< —'—N_-i—ﬂo,

The boundary conditions on the casing (r:rs) are obrious. The

continuity of B,, the Jump conditions of B , B, yield relations befween

8m, by, Cp and jm==jéﬂ) = - E%; jéz), where a_, b

coefficients of the vacuun magnetic fields. Further we shculd impose the

m» Cp 2re the Fourier
following conditions, i.e. Bp = O on the casing and J =0 at the gap.
These yield the dual series equations in 8 (we can assume that k is
constant. We make use of the boundary conditions at the plasma surface
(r=a) to obtain the dispersion relation, which leads in general the mode
coupling between different m modes. The lowest approximation gives the

following expression for the normalized growth rate of the m—-th mode.

m+ bka

1-(E) 7R (6 )

re - 2(m+bka) | 1-

(1)

sin ZmNﬂo)

1
Plo,) = (W6, - o ,

where we have assumed long wavelength perturbations krs-x:l\ The pinch

becomes unstable when
Zm
a
m-1+{=—) Flg,) <ng < m .
I'g 0

It shculd be noted thsat F(ﬂo) is a2 monotoncusly increasing function of’ﬂo.
Eg. (1) is derived assuming B, a sinm @ and js cos mé , while, when

Bp occos mf and jp <xsinmb, eq. (1) should be reblaced by F(ﬁo) =
gin 2mN@ :
f%(Nﬂ 4————0) 1This is due to the phase difference between the

perturbation and the position of the gap. The case of = thin resistive

casing is also examined numerically.
(M. Azumi and M. Tanaka)

5) An analysis of bifurcated helical equilibria.of a pinch

A helical plasma equilibrium of finite amplitude may be established
in a tokamak discharge as a conseguence of the development of 2 high m kink
mode, which has been investigated in detail by Rutherford et al.?) We have
examined the same problem by different methcd, i.e. by using complex

functions.
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Starting from a cylindrical equilibrium with uniform currents in a
strong longitudinal magnetic field, we can construct a long wavelength
helical equilibrium of finite but small amplitude as follows. First we
consider the equilibrium inside the plasma. Using the variables @ and
c=mnf- k=, where (p,ﬂ , z) are usual cylindrical coordinates, we can
obtain the stream function of the magnetic field inside the plasma which

describe small helical perturbations of the pinch.

2 2
Ma 2= —
—+——l [ =

4

Hlro

¢ = Alp +alpCOSG+“2pchS 20 + ... ),

where A::(2kBZ—ij)/4 and & are proportional to €" (€ ie the expansion

parameter). The polar equatiocn of the plasma surface is given by

2 2
m(m—Z)a DNa Hl(2—3m)a Ma

which, in the cartesian coordinate system (x,¥), can be rewritten as

ig

W=ZX+iY =p e
s

The strength of the pecloidal magnetic field on the plasma surface is given

by
BE=B + iB
X ¥y
2
%’I_]‘ (m_l)al -

—1A[m(ww ) W+al+2a2w + 5 (Ww™)

1
m

where the asterisk denotes complex conjugztes.

Now we construct the vacuum magnetic field around the helical plasme

equilibrium obtained above. The vacuum stream function satisfies

e 2
16 097, 1 9%t _ 4a° 52
g B bp p2 802 n”

with Ae=sz/2. Writing the soluticn as

e e &
9!’ :AEPm+¢"ljs

we find easily that ¢l igs harmonic. The vacuum magnetic field can be

written as

1
-1

+ T

8¢, 37591 )
8x 8y

B = -iA® [{%(ww*) w o+ |
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with w=x t+ iy.

We consider a2 mapping defined by
w=W(%), =0+ 4iT .
The vacuum-plasma interface is mapped on the real axis of the (¢, T ) plane
T=0, on which B'Q'e/ao' should vanish. Namely we have

1

=-1 *
= - =)™ " Relww, ) = F(9) , (1)

09,
do

=0

where We = dW/do . On the other hand, using the continuity of the

poloidal magnetic field, we have

1
891 2 wm~ T A *
| = Tallrige- DO Wegsley e
=0
5 1
-1)a$ -
+i—e-(m 2)a.l (WW*) ijj}EG(O'), (2)

where the Cauchy-Riemann relations have been used. Egs. (1) and (2 ) are

the boundary conditions at the plasma boundary on the complex potential

defined by
1= ¢+1i¢, .
Namely we have

d
4L _g(o) +iF(g),
4
=0
which can be continued analytically into the complex plane corresponding

to the vacuum region. Finally we have the solution,

y= flac Celer) + iP(C') I,

the imaginary part of which gives ¢ 1 Thus we have completed the solutiocn
of a helical plasma equilibrium neighbouring a cylindrical one.

We now take account of the presence of a metallic caging of radius
b (:>l). In the (O, T)'plane the Surféce of the casing can be represented
by

T= Tb((f) = T HT HT e
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where T, = 0{€™). The stream function sbl should be constant on the

casing, which yields in the lowest approximation the following relaticn.

i(3-1’11'
e

2.4 A
N +m(Ae-l) sh 7, - sh703.=0.

« 0 0 0 af
A nonvanishing helical equilibrium exists conly when the term ingide the

square blackets wvanishes, i.e.

g = m—-1+ b_2m ,
where g is the safety factor. Namely the neighbouring helical equilibrium
becomes to exist just at the marginal stability of the pinch. The next

approximation yields the relsation between = . and ¢12, which can be written

1
near the marginal stability as

ma?
e —L

2(192-1)2

%2
(M. Tanaka, T. Tuda and M., Azumi)

6) A computer code for the charged particle motion in torcidal magnetic
fields

The containment of high temperature plasma may be realized by the use
of suitably constructed toroidal magnetic fields. It is necessary to
know orbits of charged particles in magnetic fields for understanding
pkysics of rare collisional plesma in the toroidal system. To cbtein
charged particle orbits for any egquilibrium configuration, we resort to
numerical methods. '

In slowly varying magnetic fields, a charged pérticle performs
approximately helical motiocn about the field lines. In many applications,
a knowledge of the precise particle orbit is not required. For example,
when studying particle trapping in a masgnetic mirror, we are interested
in where points of reflection occur and how long the particle is trapped.
The guiding center equations are applicable, when the local field seen
by the particle changes slightly over a Larmor orbit. In this program,
non-relativistic guiding center equations in time—ihdependent magnetic

fields
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are used, where vf = 2#B/mj and j = e or i. The predictor corrector
method has applied tc solve these equations in a cylindrical coordinates
(x, ¢, z), where ¢ means the coordinate along the toroidal direction.
Four equations are used, three describing the position of the guiding
center and one the parallel vélocity. The magnetic fields and its
gradients are given by the gubroutine in the program. We adopted the
equilibrium with small aspect vatio for the test run shown in Fig. 1,
where R/s = 3, q{0) = 2. In this magnetic configuration, trapped particle
orbits are shown in Fig. 2. A toroidal electric field driving toroidal
current induces inward ¢iffusion of banana trajectory? which is seen
in Fig. %. When the toroidal magnetic field has & small ripple, the
particle orbit does not meke a complete banana trajectory? This iz shown
in Fig. 4 where the magnitude of ripple field is 0.5 %.

Tn this program, we can solve the ion moticn by the use of equation

of motion with the Lorentz force on the particle,

—

d:_" — —
V=e(E+V><B).

By Tdt
Here the electromagnetic fields are also given by the subroutine. The
particle motion in the magnetic field shown in Fig. 1 can be seen in
Fig. 5.
This program will be developed to incluce the pitch angle scattering

end to simulate the rare collisional plasmas.
(M. Wakatani)
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%, Impurity Ions in & Tokamak Plasma

1) The Pfirsch-Schluter diffusion in a multicomponent plasma*)

The collisional cross—-field particle transport in a toroidal plasma
with multiple ion species is studied on the basis of a fluid model. The
impurity flux across the magnetic field mainly determined by friction with
protons tends to concentrate the impurity ions toward the center of the
plasma. In the stationary state the conductivity of the plasma may be
reduced to lead the inhibition of the current at the center, which may
make the plasme kink unstable.

(7. Tuda and M. Tanaka )
2) Impurity drift instability by trapped ions
Drift instability caused by the presence of impurity ions was found

by Coppi et al.T)

On the basis of %the collisionless Vlasov equstion they
investigated the electrostatic perturbation of a inhomocgeneous nulti-
species plasma in a uniform nzgnetic field, and found unstable modes
excited by the ion Landau damping.

We have examined the low fregquency electrostatic perturbations in )
banana regime tokamak plasma by taking account of the effect cf the
collision of trapped ion. The unstable mode that we found ig gimilar to
the trapped electron mode by Kadomtsev and POgutseS) but the grewth rate
is greater by a factor of the order of (ml/me)z than that of latfer.

(T. Tuda and M. Tanaka)

3)  Impurity problems in tokamak devices
Plasma contamination by impurities, one of the serious problems in

tokamak devices, is discussed from the following three points of view.

(i) Diffusion of impurity ions in a tokamak plasma
A numerical study is made on the density distributions of impurities,
such ag oxygen, carbon, and iron, by solving coupled equations for the

densities my of the (k-1)-th ionized state (k=1,2, ..... , M.

*) JAERI-M 5376,

- 75 -




JAERI-M 5888

1 4 Gny
= A T he )+ omeleg gy g —eym) -0 By m -Fin ) =0
where a, and ﬁk are ionigzation snd recombination rates, respectively,
and collisional diffusion coefficient DE) is used. More highly ionized
impurity ions tend to accumulate cleser to the center of the plasma
column%o Pigure 6 shows an example of stationary-state distributions
of oxygen ions in a typical Tokamak plasma%l)
(1i) Energy losses caused by impurities

Energy losses caused by impurities, such as ionization P, bremsstrahlung
Pgr, and excitation losses Ppy are calculated using the stationary distri-
butions of impurity ions in the plasma column. It is pointed out that the
permissible concentration of impurity ions to reach at fusion plasmas is
rather low: of the order of 10"2 for light elements and 10_3 for heavy
elements.

Pig. 7 shows the example of these energy losses compared with the
neoclassical thermal conductive loss of ions P 1° the cyclotron radiation

loss P and the joule heating power PJ in the case of JFT-60.

cy?

(iii) Recycling processes of impurities

Influx of impurities may result from the boil-cff of limiter materials,
the sputtering of limiter and vacuum wall materials, and fthe desorption of
impurity geses from the limiter and vacuum wall. These processes and
other related processes are schematiclly shown in Fig. 8. The sputtering
of wallrmaterials by plasma ions and hot neutrsl particles generated
through charge exchange process between plasma ions and cold neutral
particles may cause a rapid increase in impurity concentration.

A simple model is used to estimate the impurity accumulation in the

plasma

dNg
dt

=771(l-cl)1— +7}l

where 7 ] and 9 o are gputtering yields of plasma ions and impurity ions,
respectively, and Cl and CE are their respective divertor efficiencies.
7 is the number of hot neutral particles escaping from the plasma for

each incident cold neutral particle. It can be shown that the impurity
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concentration will reach the permissible level within a few 7 i in
conventional Tokamak devices (see Fig. 9 and 10).
{T. Tazima, K. Inoue, M. Tanaka,

M. Azumi and M. Yoshikawa)

4, Heating of a Tokamak plasma

1) Efficiency of neutral injection heating in tokamak devices

One of the most promising methods of plasma heating applicable to
tokamsk devices is the injection of energetic neutrals and is currently
of great interest from experimental and theoreticsl points of view. To
cbtain the optimum condition of the neutral injection heating in tokamak
devices in JAERI (JFT—2 and JT—60), we have examined the behaviour of
fast ions produced by the neutral beam with uniform flux and rectangular
cross section, and the resulting space-time variations of plasma temperature.
To avoid the'appearance of singularities on the spatial distribution of
fast ions, the width of the beam was taken to be finite but sufficiently
small, and the divergence of the beam was neglected.

The motion of the fast ion was analyzed by using the drift approximation,
and the fraction of fast ions lost to the metallic wall was evaluated.
The banana orbits of the fast ions begin to exist from the outside of the
torus as the injection approaches perpendicular to the magnetic field.
The critical injection point for banana formstion is RIA«j/Za(RO+a)-—pe/2
(f,is the larmor radius in the poloidal field) under the assumption of
Pa /a,a/RO<:'1. Figure 11 shows an example of efficiency of fast ions
trapped in the plasma for various injection angles. The injection point
giving the minimum efficiency is apprcximately RI-112a(RO+a)—k3pB/2.
The beam particles lost to the wall as neatrals as well as fast ions not
only decreases the efficiency of heating but also may cause the accumuiation
of the impurity in the plasma. This is one of the guideline selecting the
injection angle.

To find the source profile oflinjection heating, the spatizsl density
distrivutions of fast ioms, Sr’ were calculated under the assumption that
the drift orbits of fast ions are concentric circles, neglecting the banana

ortits. Figure 12 shows an example of Sr for various beam energies. To
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obtain the effective injection of neutrals into the central part of plasma
column, the beam energy should be EB;30.6><lO—15nOABJ§§§5;'(where a is

the correction factor of density profile, and oy is the peak plasma density),
which correspends to 100 kev for JT-60.

Using the 1-D tckamak simulation code%g) the space-time evolution of
the plasme temperature under the neutral injection heating was calculated.
The neo-clagsical transport coefficients were assumed and the effect of
5 y13)

the loss due tc the ripple of the toroidal field { wae taken into

account. Figure 13 shows the evolution of the average ion temperature in
JT-6C for 10 MW parallel injection. For 8 = 0. the dependence on the beam
energy is not apparent, but the plasma temperature has a peak near the
periphery of the plasma columh for lower beam energy. Taking account of
the ripple diffusion, the efficiency of the heating decreases for lower
beam energy.

The background neutrals in the plasma causes the fast ion loss through
the charge-exchange process. For paraliel injection and short mean free
path (XﬂfJEia), the fast ions stochastically escape by the successive
processes of charge-exchange with neutral and with plasma ion. The
diffusion coefficient of this process was calculated and the allowable
density of background neutrals in the plasma was evaluated.

(M. Azumi, M. Tanaka)

2) HNumerical calculation of the dispersion equation near the lower

hybrid frequency

In addition %o the neutral beam injection, ancther promising method
of tokamak heating is the use of electromagnetic wave with lower hybrid
resonance frequency. This wave is converfed into the ilon-Bermstain mcde
near the resonance density and is effectively absorbed by the plasma.l4)
To investigate the damping of the ion-Bernstain mode near the lower _
nybrid freguency a computer code solving the dispersion equation of this
mode has been completed. The code is tested and preliminary results are

obtained.
(M. Azumi)
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5. Study of a Gas-Insulafted Plasma

With a mind to apply the gas insulation to tokamak-like devices by
using a neutral gas vortex, the pressure balance (Eq. (l)), the particle
balance (Eq. (2)), snd the energy losses caused by neutral gases are

15)

studied numerically.

d .

dr ( PP+ PO) = dy By (1)
L & _ 2

r  ar (rne VP) = @ 0N, - Jei ng o, (2)

where np and Ny are the electron and neutral densities, respectively, jZ
ig the plasma current density, By is the poloidal magnetic field, a and

f are the ionization and recombination rates, respectively, pp and ry are
the plasme and neutral gas pressures, respectively, and vP iz the diffusion
velocity of the plasna.

Eq. (2) yields the possible maximum value of the neutral gas density
at the plasma boundary, i.e. max. no(a}'v{ [Te(0)+Ti(O)]/TO(a)} -ne(O),
where Te(O) and Ti(O) are the electron and iocn temperatures at the plasma
center, respectively. On the other hand, the maximum nO(a) compatible with
Eq. (2) is less than ne(O) when we use the usual expression for vp due to
the collision bhetween plasma icns and electrons in the magnetic field.

The diffusion velocity of the plasma is derived by taking account
of the pressure gradient of the neutral gas and the collision between
plasma ions and neutral particles. When this expression is used maximum
no(a) can exceed ne(O). Further investigation is now underway.

(T. Tazima)
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(a) JFT-2

3.0

0.0

Trapping efficiency of fast ions for a) 25 kev injection

to JFT-2 end b) 100 kev injection to JT-60.

Fig. 11
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Fig. 12 Density distribution of fast ions for parallel injection to

JT-60. SO is the injection rate of neutral particles averaged

over the whole plasma volume.
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Iv. REACTOR DESIGN STUDY
¥. Asami¥*, M. Ohta, K. Sako, Y. Seki and H. Yamato**
1. Introduction

The purposes of this design study are to clarify the problems on the
fusion reactor development and to contribute to the effective progress of
the R&D.

The relations of the reactor design study and R&D are shown in Fig. 1.
The systematic reactor design study have been started in April 1973. We
performed a conceptual design.of a tokamek reactor and several design
related studies which are described briefly in the following sections.
From the experience of these preliminary design study, many problems were
found and the necessity for more detailed design study was recognized.

(K. Sako)

2. Conceptual Design of a Gas Cooled Tokamak Reactorl’z)

A conceptual design of a helium cooled tokamek reactor has been
carried out. Core plasma, reactor structure, blanket neutronics, material
and magnet are evaluated.

The mein design parameters of the reactor are as follows; reactor
output 2000 MWt, first wall loading 2 MW/mz, plasma major/minor radius
10/2n, average toroidal magnetic field 60 kG and reactor inlet/outlet
coclant tempersture 400/60000. L120 pebble and Incoloy 800 are used for
the blanket fertile material and the first wall material, respectively.
More detailed design parameters are listed in Table 1 and overall view
of the reactor is shown in Pig. 2.

In this design we discuss the following problems;

(1) Core plasmes; The plasma parameters were decided by assuming the
circular cross sectional plassms and the plasme characteristics were

analyzed for the steady state and transient state conditions. The

¥ 0On leave from Mitsubishi Atomic Power Industries Inc., Omiya.

*%* On leave from Tokyo Shibaura Electric Co. Ltd., Kewasaki,
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necessity of a divertor and its concept were also studied preliminarily.
(2) Reactor structural design; 4 helium cooled reactor gystem which has

the blanket of Li2
concept was selected to simplify the blanket structure. The thermal

0 pebbles and graphite balls was gelected. This

and mechanical evaluations were carried out.
(%) Blanket nuclear design; The heat generation and the tritium breeding
in the blanket for the pfescribed concept were evaluated.

(4) Materizl considerations; The first wall material of Incoloy 800 and

the blanket fertile material of LiZO were evaluated., Tritium recovery
from the blanket was also studied.

(5) Magnet design; In consideration of the field intensity and its
uniformity, configuration of SCM was decilded. Characteristics of the
toroidal field magnet were evaluated.

(K. Sakc, M. Ohta, Y. Seki, H. Yamato,
T, Hiraoka*, K. Tanaka**, N, Asami

and S. Mori)

i 3, Design Related Study
|

1) On the optimization of tokamsk fusion reactor

: We have investigated the optimum design of a tokamsk reactor assuming

| that the optimum is given by the maximum power density at a fixed thermal
power output of the reactor, maximum allowable stress of the toroidal coil,
thickness of the blanket and radius of the transformer core?'4 This
optimization is compared with two other optimizations. In the first, the
stored magnetic energy of the toroidal colls is minimized as cost of

| superconducting coil is roughly proportional to the stored energy due to

i the analysis cf Lubell? In the second, the cost parametér introduced

i by Schmitter,6) which is the product of conductor length, field intensiﬁy

i and current in the coil, is minimized. The plasma temperature, the safety
factor ¢ and the poleoidal 8 value are also fixed during optimizations.

In this enslysis, radius of the transformer is used as a variable and

: * Division of Reactor Engineering
' *% Division of Radio Isotope Production
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instead, field change in the core 4 Bb is fixed. The designed values of
a 2 GW reactor are listed in Table 2. The value f is the factor to
determine the poloidal # by ﬁlf=f R/a. Thus the maximum pbssible £ is
1 from plasma equilibrium. The confinement time rop is required con-
finement time in order to satisfy a self-sustain condition by « heating
and Tex is empirical confinement time given by Tex==4a23p scaling. The
result shows that the smallest sspect ratio and the highest toroidal
field are obtained in the case 1 and the fattest reactor with lowest
toroidal field is obtaired in the case 3 .

In Fig. %, conditions for the maximum power density is plotted in the f,
q space, in which five lines correspond to different PT' It ig shown
that the optimization is difficult in a reactor with small power output.

For example, 5GW is almost the smallest possible optimized reactor, if
£=0.3, g=1.5 and the power density PD=O.3 MW/m3.
(H. Yamato and M. Ohta)

2) Start-up and shutdown of a D-T tckemak reactor7’8)
The ignition and shutdown processes are discussed in a D~T tokamak
resctor when the confinement time of the plasme is given by the pseudoclas-
sical diffusion and the anomalous diffusion due to trapped ion ingtabilities

or Neo-Bohm diffusion. .

At the ignition phase it is desirable that the plasma density is
jnitially fizxed to be low at lower temperatures and gradually increases
to a steady state at highest temperatures. The reason is that the reguired
power of injected neutral beams can be considerably low by the help of
powerful energy released to a -particles.

‘At the shutdown of a réactor, smooth shutdown is desirable from the
point of heat removal of the first wall and the divertor. Here the effect
of incresse and decresse of injection rate of fuel and also the effect of
change in the mixing ratio of D-T fuels are examined. Numerical analyses
show that it is not applicable for the shutdown of fusion plasma With.
charged perticle heating and with classical type diffusion tc stop. the
injection of fuel and is favorable to increase the injection rate. On
the contrary, in Bohm type diffusion the effect of injected cold fuels on
the shutdown phenomena of plasma is opposite to in classical type diffusion.
In s reference reactor the following method is adopted that the injection
of tritium is stopped and the injection rate of deuterium is doubled.

(M. Ohta and H. Yamato)
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%) Fuel supply by neutral gas surrounding s core plasma

One of the best methods to supply fuel to a toroidal reactor is
generally considered to be pellet injection. In this method, cold fuel
can be injected into the center of the plasma and it may be possible to
reduce charge-exchanged fast neutrals to hit the first wall.

Here we investigate an opposite extreme case, in which the fuel is
supplied at the plasma surface by means of cold gas surrounding the hot
core plasma.S In this geometry, the fuel ionized at the surface diffuses
into the plasma as the fuel is consumed by fusion reactions. A serious
problem in this geometry may be sputtering of the first wall due to charge-
exchanged fast neutrals and influx of iﬁpurities. It ig expected, however,
that the plasma and neutrals are mixed in a thin layer at the plasma
surface and the plasma in this region is cooled down to temperatures as
low as several 10eV, although there is smsll amcunt of neutrals which
penetrate into the main plasma by successive charge-exchange processes.
Thus it may be possible to reduce sputtering of the first wall because

sputtering threshold is of the order of 10eV. The result of calculations

.of the plasma temperature and neutral density in the mixed region.is shown

in Fig. 4 when neutral density at the plasma surface nog is changed from
1013/01113 to 1015/cm3 and the density of the main plasma is fixed to

1014/cm3. In Fig. 5 number of charge-exchanged neutrals is pletted as a
function of temperature. In this analysis, fast neutrals obtained after
two or more charge-exchanges are not taken into account. Effect of these
particles and thermal stability problem in this fueling geometry are now

under irvestigation.
(H. Yamato and M. Ohta)
4) Tritium breeding in ceramic lithium-compound blanketg)

In a fusion reactor employing the deuterium-tritium reaction, the
blanket surrounding the reacting plasma must breed tritium if the plant
is to be selfsustaining in tritium cycle. Most of the blanket design
concept so far published have as the tritium fertile material, I1ithium or
lithium salt in liquid state. The blanket system containing ceramic
lithium compound has been employed in the conceptual désign of a helium
cooled fusion reactor carried out in JAERI.l)

Four ceramic lithium-compounds are selected for their potentiality
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for high tritium breeding. Tritium breeding ratic, material consistency

o, Li3N

in the blanket environment and tritium recovery methods for LiD, L12
and L1202 are investigated, Physical and chemical properties of lithium
netal and four ceramic lithium compounds are shown in Table 3. The calcu-
lated tritium breeding ratios of the blankets with each materisl are given
in Table 4. Lithium Oxide (Li20) appeared to be the most promising for
the blanket material and was adopted in the conceptual design.l)

(Y. Seki)

5) Nuclear heating celculation in fusicn reactor blanket

Nuclear heating calculation code system called RADHEAT, is developed
in JAERI%O) The calculation flow chart is shown in Fig. 6. Using the
code system, neutron and gamma-ray coupled cross section-set including
KERMA factors are developed for 2C nuclides of interest for the fusion
reactor blanket and shield. The 20 nuclides are listed in Table 5. The
42 neutron energy group structure and 21 gamma-ray energy group structure
are shown in Table & and Teble 7, respectively. Legendre coefficients of

up tc P. are included in the coupled crose section-zet.

5
The nuclear heating rate distribution in the blanket of the fusion
is calculated using the coupled cross section,

1)
approximations is employed in the calculation by ANISN%I) The results

reacter designed in JAERI

P5—88
of the calculation are shown in Fig. 7.
(Y. Seki)

6) Toroidal field magnet

The design study of toroidal field magnet was performed by the method
of parametric study of coil dimensions, structure and arrengement. The
lower limit of field uniformity is decided from ripple diffusion analysis.
Thig limitation is one of the most basic requirements for the toroidal
field magnet design.

In consideration of plasma parameters and the blanket structures,
minimam inner radius of toroidal coil was decided to be 5 meters. _
Dependency of ripple on coil number and sveraged radius was anslyzed at
the outermost point of plasma region. Fig. 8 shows the results of the
analysis. HRipple resulted to be insensitive to conductor distribvution
in the coil. According to Tuda, ripple should be less than C.2%. On

the basis of the analysis, we selected 24 divisions and 5.5 meters average
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radius for the reactor design.

The spatial distribution of ripple was shown in Fig. 9. Magnetic
field distribution and leakage flux were alsc calculated. Maximum magnetic
field in the coil conductor was computed to be 112.5 KG. Electromagnetic
force and stored energy were calculated to be l.OXlO6 tons for centering
force, 3.6 106 tons for expansion force and 54 GJ respectively. A4s the
superconducting material, Nbasn was chosen because of its economic

advantages over VBGa. Design parameters for toroidal field coil are

summarized in Table 1.
(N, Asami)
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Dimensions

Core Plasma

Blanket

Cooling System

Toroidal Magnet

JAERI-M 5888
Table 1 Design Parameters

Reactor thermal output

Electrical output

Torus major radius

Plasma radius

Pirgt wall radius

Average plasma temperature

Average plasma density

Energy cofinement time

Toroidal magnetic field(Axis)

Safety factor ( q )

Poloidal g value

Plasma current

Operation period

Fertile material

Reflector material

First wall neutron flux(Total)

Tritium breeding ratio

Structural material

Reactor coolant, pressure

Reactor inlet/ocutlet temperature

Secondary systen

Number of coils

Coil major radius

Coil inner/outer radius

Magnetic field(Max)

Yagnetomotive force

Stored energy

Electromagnetic force
Centering force
Expansion force

Average current density

Superconductor

Coil cross section
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20C0MW
S00MW
10m
2m
2.5m
15keV
1.1x 1014 om™
2.3 sec
60kG
1.5
2.0
8MA
100min
Li20 pebbles
Graphite balls

2.7x 1074

3

n em 2et
1.16
Incoloy 800
He, 20 ata
400/600°C
Steam cycle
24
1¢.5 m
5/6 m
112.5kG
300MAT

54GJ

L6xm6tm

3.6x lO6 ton
lOKA/cm2
ijsn

Imxlm
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Table 2. Optimum design parameters. The power density is maximized in

1 and the stored energy and the cost parameter of the toroidal coil are

minimized in 2 and 3% respectively, where the thermal output of 2GW,

the thickness of blanket of 2.5m (including the vacuum region between the

plagma and first wall), maximum stress in the toroidal coil of 1 ‘ton/cm2

and the flux density in the transformer core of 1.‘5Wb/m2 are assumed.

1l
Major Radius (m) 11.6
Plasme Radius (um) 2.0
Aspect Ratio 5.8
Core Radius (m) ’ 5.2
Av. Radius of Toroidel Coil (m) 5.5
Toroidal Coil Thickness (m) 1.9
Axial Toroidal Field (T) 7.2
Maximum Toroidal Field (T) 11.7
Plasma Current (MA) 8.3
Power Density (MW/m>) 0.21
Stored Energy of Toroidal Coil(GJ) 152
Cost Parameter of Toroidal Coil(T.GA.m) 77.9
Wall Loading (MW/n°) 1.7
Required Confinement Time (sec) 2.2
Empiricsl Confinement Time (sec) 12.9
Plasma Density (><1Ol4/cm3) 0.98
Poloidal A 1.7
Toroidalf (%) 2.3
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15.2
4.9
2.1
7.0
7.7
0.8
3.1
6.1

16.5
0.10

73.1

21.4
0.62
6.1

62.7
0.35
0.93
4.3

20.4
8.6
2.4
8.7

11.3
0.5
1.9
4.2

23.3
0.03%

80.6

11.7
0.60

12.3

155
0.17
0.71
5.6
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Table 3 Some physical and chemical properties of the selected

materials for the tritium breeding blanket

* Data are referred to LiE except density
**¥ The results at 600°C

d. deconmpose

Table 4. Tritium breeding ratio for ceramie lithium—compounds
in the standard blanket configuration (43 em fertile
material region + 20 cm graphite reflector)

Ceramic Lithium atom
Lithium- densities T6 T T
24 3y - 7

compounds (10" atoms/em”)
14D 0.04138 1,034 0.295 1.329
Li20 0.05708 C.799 0.364 1.163
L1202 0.03670 0.767 0.260 1.027
Li3N 0.04648 0.686 0.375 1,061
Li* 0.03248 0.612 0,393 1,005

where

Ty = Li(n,a)T triten-producing reactions
T7 = 7Li(n, n'a)7 triton-producing reactions
T = T6 + T7 = total tritons.

* Liquid lithium used under the same configuration is shown for comparison.

- 05 -

Li metal Li,0 LiD¥  LigN LinCy
Density (crystalline) (g-m1™ %) 0.534 2.013 0.08826 1.38 1.65
‘Compresgibility (lOnlz-cmz-dyne_l) S 11.3%x ' 2.8
cxpansion (10°5 aeg o1y 6.0(10°0) (5.6)
Thermal conductivity(W.cm ~.k~1) 0.394(466.8°C)  0.0175 (0.025)
Electrical conductivity @ t-em-1) 2.8x 104" 0.001
Heat of formation (keal-mol™ V) 0 ~142.1  -21.6 -47.2 -14.2
Free energy of reaction (kcal-mol—l) 0 -16.72
EntroPy.(cal-deg”l-mol-l) ) 6.7 9.06 5.9
Specific heat, Cp(cal-deg-l-mol_l) Z.gi** 12.9 8.3 1.7
Melting point (C) 180.54 1727 688 845
Boiling point (C) | 1342 2327 d. d. d.
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2.

Budget and Personnel

Budget of the Laboratory

JAERI-M 5888

(in unit of million yen)
(1) '
¥Y 1970 FY 1971 FY 1972 . FY 1973 FY 1974
Scientific progranm (
2) (6)
sdministration cost) | 170.25 505.1203) | 4086063 | 433.946'% | 790.213"7
Building & (273.)(4)
Bsteblishment g2.(5) 50.05) | 101,03 26.369 —
(1) From April to next March ,
(2) Financial obligation from FY 1970 to 1972 tc construct JFT-2 including
a DC power suppiy,
(3) Including cash of the financial obligation for each year,
(4) Financial obligation from FY 1970 to 1972 for JFT-2 building,
; (5) Cash of the financial obligation for the building,
i (6) Financial obligation from FY 197% to 1974 to comstruct JFT-2a and to

E remodel JFT-2 to increase the toroidal magnetic field from the present

10 KG to 18 KG.

Number of Staffs of the Laboratory

FY 1970 FY 1971 FY 1972 | FY 1973 Y 1974(4)
Regular sterell) 21 27 32 42 52
Staff on loan 2 1 2 4 7(2)
Guest scientist 1 3 3(3)

(1)

(2)

Including scientists, technicians, gecretaries and managers.
Numbers in the table are at the end of each fiscal year.
Three from the Tokyo Shibaura Electric Co., Lid; One from the Hitachi

Ltd.; Two from the Mitsubishi Atomic Power Industries. Inc.; One from

the Fuji Electric Co., Ltd.
From the Tokyo Univ., the Ochanomizu Univ. and the Kanszaws Univ.
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