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51 Introduction
Neutral beam injection heating of JFT-2 tokamak plasma is made in

order to study the techniques and physics of beam heating. The injection
system was completed in the end of the first half year of 1976.
Immediately afterwards, the additional heating experiment started. The
power level absorbed by a target plasma is Tow as compared with those of
TFR{1] and ORMAK[2]. As a result, the ion temperature rise was relatively
small. However, the rise was obtained up to about 15% of target ion
temperature. The present report gives an outline of injection system
and some preliminary results on a heating study.

| Injection is made at an angle of 85 degrees to the plasma current
under the constraints of JFT-2 device. In the next section, a brief
description of the design considerations and characteristics of the
system is presented. Ion heating is studied under the ion source drain
current of 6 A at 30 kV and 8 A at 25 kV in total. Section 3 describes
the experimental procedufe and the results, together with the discussion

based on the classical theory.

§2 Neutral Beam Injector

A tangential injection is desirable for efficient trapping of the
neutral beam. For tangential injection, however, the large-scale
alternation of JFT-2 device such as the reconstruction of toroidal coils
and tangential port cannot be avoided. It is a problem to accompany the
alternation that the shut-down period is extended. Therefore the
injection angle was chosen to be 85-95 degrees to the plasma current,
and JFT-2 device is not altered except for installation of beam dumper
in the vacuum chamber. The whole aspect of injector is illustrated in
Fig. 1. Two beam lines are located at 20 degrees with respect to the

median plane and are focalized at the axis of JFT-2 vacuum vessel.
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The 1ine includes the ion source(1), neutralizer{2), magnetic shield(3),
flashing target(4), drift tube(5), titanium sublimer(6), molybdenum
target(7) and isolation valves. The distance between the ion source
and injection window is 1.35 m. The window is of 56 mm x 120 mm, and

is restricted by the gap between toroidal coils.

Two ion sources are of duoPIGatron[3] as shown in Fig. 2. The accel-
decel grids of 7 cm in diameter have 225 recessed apertures of 3.75 mm
diameter each. The beamlets from multi-apertures are focalized using the
aperture displacement method[4]. The designed focal length is 1.4 m. In
addition, the electrode in contact with the source plasma is curved to
match the radially decreased ijon-saturation-current density of source with
the extraction current density. Figure 3 gives the extraction electrodes
system. From the calorimetrically measured divergence of the source, the
transport efficiency of beam from the source through the injection window
is calculated as given in Fig. 4[5].

Beam composition of hydrogen ions and impurities is measured by
momentum analysis magnet{6]. Figure 5 shows the fraction of proton and
molecular jons. Dominant impurities are oxygen and their hydrides. The
amount of 0°, OH', H,0" and Hy0" are about 0.4%, 0.4%, 1.3% and 0.1% of
the drain current, respectively.

Ion source is magnetically shielded against a stray field such as
poloidal field due to the plasma current. At first, the short coaxial
shield is used to surfound the accel gap. The drain current, in this
case, is drastically disturbed as shown in Fig. 6. Therefore, the long
mild steel shield is piled up to the shorter shield as illustrated in
Fig. 7, where the whole of the source is covered except over the zwischen
region. As a result, good shield is attained.

The neutralizer is of 60 cm length and 8 cm diameter, and has

conductance of 390 &/sec for hydrogen gas. Working hydrogen gas is

-2_
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supplied by a pulsed gas feed system[7]. Gas flow rate into each source

was of 4 Torr &/sec during 0.2 sec in the heating experiment. Resuyltant

gas thickness in the neutralizer is 0.3 Torr cm, whitch is sufficient for
equilibrium neutralization.

The charged beam remaining after neutralizer is deflected by the
toroidal magnetic field and the poloidal field due to plasma current in
the drift tube region. In order to trap the deflected beam, the powerful
sublimer of titanium is installed, by which the evaporation film grows in
a rate of 90 g/ min.

To prevent the direct hit of neutral beam, the drift tube is tapered
and df 87 mm x 54 mm entrance, 120 mm x 54 mm exit and 55 cm long. The
conductance is 410 2/sec. The differential pumping between the neutralizer
and drift tube is performed by two turbomolecular pumps of 1000 2/sec each
and a bulk getter pump of 2000 &/sec. A diagram of pump system and the
throughput characteristics of pumps are shown in Figs. 8 and 9.

The manifold is about 800 £ and functions an expansion chamber. By thig
pumping, the reionization of energetﬁc neutrals in the drift tube is
reduced below 18%, and the ion source flashing is carried at an interval
of about 5 sec for reduction of impurities in the beam,

The power supply is composed of a set of acceleration and deceleration
supply and two sets of arc, filament and magnet coil supplies. Hence the
independent operation of two ion sources is permitted. The skeleton 1is
shown in Fig. 10. The accel-decel power supply is designed to cope with
the breakdown between extraction gaps. Both voltages are regulated by
the series tubes, EIMAC Y-676 for acceleration and NEC 8T43R for
deceleration. The tubes also serve to turn off the applied voltage in the
case of breakdowns, and are switched on after the breakdown is cleared.
EIMAC tube is protected by thyristor switch in the case of misoperation.

The turn-off time of the valve systems is less than 0.1 msec.

_3_
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The capacity of acceleration, deceleration and arc power supplies are

30 kV - 30 A, 5 kV -4 A and 350 V - 200 A, respectively. These supplies
are used up to 10% duty for the pulse duration below 1 sec. The filament
and source magnet coil power supplies are of 15V - 100 Aand 15V - 120 A
capacity in DC operation. Table 1 summarizes the nominal values of each
power supplies.

To cool the ion source, beam dumpers and other parts, the closed-Toop
water system of 5 kg/cm2 pressure and 110 &/min flow is employed. The
water is continuously purified fhrough an jon-exchange resin and has high
resjstivity greater than 1 MQ-cm. The flow circuit is schematically shown

in Fig. 11.

§3 Plasma Heating

The main parameters of JFT-2 tokamak device are a major raq1u5 of 90
¢m, & round aperture limiter radius of 25 cm, a toroidal magnetic field of
18 kG. By an aluminum shell, a stable equilibrium is maintained below the
duration of 150 msec. Before the present heating experiment, an ohmic
heating power supply was improved to provide a nearly constant plasma
current[8]. The sfab]e and constant current discharges are obtained over
the range of q_> 4 and ﬁé < 2.5 x 103 cm™3, The plasma density is
adjusted by the sequence-contro11éd gas feed at two time intervals for
compensating the gas absorption of stainless steel vacuum chamber wall.

Figure 12 shows the typical time behaviour of one-turn loop voltage,
plasma current and a central chord averaged density. The densﬁty was
measured by a 4 mm microwave interferometer. The neutral beam was injected
between 40 msec and 100 msec after the initiation of discharge, where the
plasma density and current grow up to ionize and trap the energetic beam.

The gas to the ion sources was fed regardless of beam on or off. The

diagram of time sequence is given in Fig. 13. The gas flow rate from the

i4_,
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injector to the torus in the figure is calculated from the manifold
pressure and the conductance of drift tubes. During the pause time of
JFT-2, the 60 msec pulse flashing of ion sources was continued every five
second in order to reduce the impurity contenf of the beam.

The central ion temperature was measured by a charge-exchanged neutral
analyzer[9] set in the opposit position to the injection port. The analyzer
faces the perpendicular direction to the magnetic lines of force. The core
electron temperature was derived from soft X-ray detector. Because of
perpendicular injection and weak toroidal field, the thickness of target
plasma is relatively thin, so that the passing beam without ionization
through a plasma is not ignorable and hits the beam dumper in the vacuum
chamber. For this reason, the sputtered metal and desorbed impurities
were monitored by a visible spectrometer and a soft X-ray detector. The
arrangement of these instruments is illustrated in Fig. 14.

The typical time evolution of electron and ion temperature of target
plasma is given in Fig. 15, where the discharge conditions are the same as:
shown in Fig. 12. The temperature is fully raised up to Te = 1 keVY and Ti
=0.25 keV at 50 msec. In this case, the electron conductivity temperaturé
was 0.2 keV for an effective charge(Zeff) of unity. On account of this,

Z is estimated arround five supposing a parabolic profile on electron

eff
temperature. To obtain a precise Zeff value, the measurement is planned

on the enhancement factor of Bremsstrahlung radiation in a comming
experiment. The dependence of ion temperature(Ti) and neutral hydrogen
density(no) on the electron density are shown in Fig. 16, where the
discharges indicated by solid circles are made in a different week from
those indicated by crosses. In the ion temperature figure, the solid
line represent Artsimovich's scaling law, and the cross points under the
1ine correspond to larger neutral density. The electron temperature

hardly depends on plasma density.

_5i
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Injection heating was done under the conditions of ion source drain
current of 6 A at 30 kV and 8 A at 25 kV extraction. The injection did
not almost disturb the macroscopic plasma parameters. No effects on the
loop voltage and plasma current could be detected. The Tine radiation of
Mo-La increases less than a few per cent. - The change of visible lines
from carbon and oxygen cannot be detected either. The electron density
was found to increase by several per cent, roughly corresponding to trapped
beam current. To estimate an amount of molybdenum, we assume that all the
beam hits the wall and that the Sputtered molybdenum is accumulated in a

15 nuclei for sputtering

plasma. The number is calculated to be 4.8 x 10
yield of 0.4%.

The rise in ion temperature is derived by plotting the ratio of the
charge exchanged neutral counts during the injection to those in the
absence of injection{Fig. 17). In the range of thermal energy(E<7T1)[1O],
above ratio should be proportional to exp(E 6T1/T12). The ion
temperature increment derived from the tangent in this manner is given in
Fig. 18. Figure 19 shows the perpendicular energy spectrum of suprathermal
protons for the following parameters; Bt = 18 kG, Ip = 160 KA, V]oop = 1.6
v, ﬁé= 1.1 x 10.]3 e and T, = 0.29 keV. In the figure, F is proton
velocity distribution function.

Energetic ion spectrum is governed by many parameters of a target
plasma, especially by the Tocation of a Toss cone in a velocity space and
byvthe ratio of charge exchange rate(vcx) to slowing down rate(vs).

In the present experiment, however, above two quantities are not clear,
because of the absence of a plasma current profile measurement and of
uncertainty of proton-electron ratio, whitch will be examined in a comming
experiment. Conversely, we fry to estimate the quantities based on the

classical Fokker-Planck equation. Figure 20 gives the loss cone of the

particles passing a point of r=0. The shape of the cone at different

_6_
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radial position is roughly similar, except for the reduction of the energy
scale. On account of this, the energy scale of loss cone is appraised in
such a way that the calculated ratio of peak value of the full energy part
of energy spectrum to that of the half energy part agrees with the observed
ratio. The energy scale obtained is identical to that for uniform plasma
current. Then, by fitting the spectrum, the value of vcx/vs is determined
to be 4 - 8, namely, nO/ne = (2.2 - 4.5) x 10_5. The calculated spectra
are given in Fig. 19, where the dotted line for vcx/vs =4 and the

= 8. In the calculation, the employed plasma

parameters are n, = 1.5 x 1013 en3

sotid line for vcx/vs

, T =1.0kev, T, = 0.3 keV, Z = 5,
e i eff

Ip = 160 kA and V100p = 1.6 V.

The fraction of the beam power transferred to the 1ons(GT) can be
derived from the energetic fon spectrum,

_ 3
Gi = - [ d% Cbi(F) E/S0 EO

where Cbi is the classical collision term between energetic beam and thermal
ions, SO the particle source, and EU the injection energy. Using the above-
derived spectra, the values of Gi for full, half and one-third energy part
are calculated to be 7.3%, 25.4% and 45.0% for vcx/vs =4 and 4.2%, 16.4%
and 32.2% for vcx/vs = 8, respectively. Accordingly the power flow is
summarized as given in Tab. 2, where the effective fonization cross-section
of neutral beam is employed to be an energy independent value of 1.0 x 10_]5
cmz, reflecting an impurity impact ionization. In addition, the expected
5T1/T1 value is calculated by applying the scaling law of 6T1/Ti =2 P?BI/
3 Pei‘ Comparing the experimental value of ion temperature rise with the
expected value, the contradiction is not seen.

The authors are grateful to Messrs. S. Kunieda and N. Toyoshima, and
the members of facility operation and engineering section for operation of

JFT-2 device. They are also indebted to Dr. T. Shoji and Mr. T. Kawakami
_7—
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FIGURE CAPTIONS
Neutral beam injector. Injection angle is changed by moving
the injector on a rail.
Cross-section of duoPIGatron ion source.

Extraction electrode system. The electrode in contact with
source plasma is recessed as given in upper figure. The bended
angle of a beamlet({A6) experimentally obtained is equal to

18.4 Ar/d degrees. Lower figure shows the whole aspect of
electrodes: Ry = 3.9 e¢m, R] =1.49 m, R2 = 67 c¢m, d{0) = 4.7 mm,
= 0.51 mm and Ah,= 1.14 mm.

0 1 2
Transport efficiency of energetic beam from the source through

d(R,) = 6.35 mm, Ah
the injection window.

Fraction of proton and molecular ions from ion source.

Shorter magnetic shield for ion source and shield effect. The
upper and Tower oscillogram traces give the drain current for
Ip= 0 and 170 kA, respectively. The scale of vertical axis

is 1 A/div.

Piled up shield and shield effect. The upper and lower
oscillogram traces give the drain current for Ip= 0 and 170 KA,
respectively. The scale of vertical axis is 1 A/div.

Diagram of pumping system: IS-ion source,TMP-turbomolecular
pump, PMB-mechanical booster pump, RP-rotary pump, SORB-AC -
getter pump, GGT-titanium sublimer, PST-sputter icn pump.
Throughput versus inlet hydrogen pressure for turbomolecular
pump and getter pump.

Skeleton of power supply.

Flow circuit of cooling system: CT-cooling tower, WT-water tank,

IE-ion exchange resin, P-pressure gauge, T-thermometer.
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One turn loop voltage,plasma current and central chord-averaaed

electron density of a typical discharge. 0One fringe corresponds
to the thickness of 5.2 x 1073 cm™2.

Time sequence diagram of gas feed and beam pulse.

JFT-2 device and arrangement of instruments.

Time evolution of electron and ion temperature.

Dependence of ion temperature and neutral hydrogen-density on

the electron density for the discharges of Ip=160 kA and Bt:18 kG.
The solid circles and crosses indicate the target plasma for

30 kv-6 A and 25 kV-8 A injection, respectively.

Ratio of the charge exchanged neutral counts during the injection

(FON) to that in the absence of injection(FOFF) for ng = 1.1 x

1013 cm-3

discharge.

Ion temperature rise versus electron density. The solid circles
and crosses indicate 30 kV-6 A and 25 kV-8 A injection,
respectively.

Ion energy spectrum during the injection for ﬁé= 1.1 x 1003 cm'3,

'Ip= 160 kA and Bt: 18 kG discharge. The Tines indicate

theoretically derived spectra for vcx/vs: 4(dotted line) and

vcx/“sz 8(solid 1ine). The plasma parameters used are Ne= 1.5 x

-3 1.6 V.

13 - - -
1077 em ~, Te = 1 keV, T1 0.3 keV, Zeff 5 and V

loop
Loss cone of the particles passing a point of r=0. In the
horizontal axis, B8 and Ba are the poloidal magnetic field at

any radial position and at a plasma surface, respectively.

—_ ]O —



RI-M 7043

"
i

TAI

"% L ueyy sso| si alddia BUL (x«
*K19A1103dsad % (L pue 295 | ueyl ssa| o4e A3np pue yiplm asihd Byl { «

IWIL 3ISTA
Jasw |0 J95W | J3swW | INIHEND
devL8 JIIN 9.9 A JVWI3
*¥amh<4:wmmz: *¥ouH<4:wmxz: **ouquzwumz: %G + %L+ NOTLY1N93d
a4 X L357Nd ERRIL L357Nd NOT1v¥¥3d0
5195 OM} S39S OM} $13S OM} 19$ duo 135 3uo
¥ 0Z2L - ASGL . Y OOL-AGL Y002 - AOGE Vv - MG ¥0E - A0t ALIJVdYD
1100 LIN9YW INIWY1I4 2y NOILWYY3IN3230  NOILYY3T30IV

Alddns aamod jo A3loede)y | -qep

11




JAERI-M 7043

Tab. 2 Calculated power flow and ion temperature rise.

EXPECTED éTi/Ti

ION SOURCE OUTPUT H* H; H;
30 kV - 6 A 2.4 A 0.9 A 0.64 A 4 A
1.0 A 0.48A 0.52 A A
NEUTRAL BEAM CURRENT  0.93 A  1.02 A  1.24 A 3.19 A
THROUGH THE PORT
NEUTRAL POWER 11.74kW 6.43kW  5.27kMW 23.44KW
TRANSFERRED TO PLASMA
. * * * %
TRANSFERRED POWER 0.86kW  T1.63kW  2.37KW 4.86kW
* % sk * & * %
70 TONS 0.49kW ~ 1.05kW  1.70kW 3.24kN
TRANSFERRED POWER FROM ELECTRONS TO IONS 30.8 kW
* % 3
7% - 10.59%

* ) fvg = 4

**) \)CX/\)S =8
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