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1. Introduction

Neutral beam injection is one of the most powerful and effective methods
for heating a tokamak plasma. To heat a JT-60 plasma up to 5 - 10 keV, a
20 MW neutral beam injection system which consists of fourteen injector
units is planned and designed. Each of the two ion sources being used in
these injector units is required to deliver a low divergent hydrogen ion
1)

beam of 35 A at beam energy of 75 keV for a duration of 10 sec. The ion

current density should be above 0.27 A/cm2 over the large extraction grid

of 12 cm % 27 cm with 40% transparency. The beam divergence angle within
one degree is required to fit the acceptance angle of the JT-60 injection
port. Furthermore, the ion source should be capable of producing high-power
jon beams stably and repeatedly with such a long duration time. However,

the ion sources of these specifications have not been developed yet.

Our efforts must be concentrated on improvements of source plasma, beam
optics and cooling of both extraction grids and plasma generator which appear
to be the basic problems involved in the high power and long duration ion
source.

The purpose of this papér is to present outlines and advanced processes
of ion source development for the JT-60 injector, In section Z the source
plésma improvement based on experimental study is presented. Section 3
describes progress on beam optics of two-stage acceleration. Section 4

describes the experimental results and problems in the long pulse operation.
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2. Improvement of Source Plasma

To produce well-collimated, high current ion beams, the plasma source
should be capable of producing a dense, uniform, and quiescent plasma over
the large extraction grid. Both noise level and spatial density variations

should be below +10% over the extraction area. Besides, the plasma source

should have a high gas efficiency and an operatiomal stability during a

long pulse.

For this purpose, we have undertaken experiments to improve the source

. . 2
plasma by using a duoPIGatron, bucket and Lambdatron ion source. )3) In
this section results of the improvement of the source plasma are presented

together with the developed ion source for the JFT-2 injectors.

2.1 DuoPIGatron Ion Source Development in the Early Stage
Historically, for the neutral beam research and development at JAERI,

4)

we built an ion source test stand called ITS-1 in Feb. 1975. Using this

test stand, we developed and tested the duoPIGatron ion source for the old

5)

JFT-2 neutral beam injector in July 1976, This duoPIGatron ion source,
which was almost the same as that developed at Oak Ridge National
Laboratory?)Y) had the extraction grid diameter of 7 cm and produced a
maxiﬁum drain current of 8A at 30 kV. The first modification of this
prototype ion source is the geometrical scale up of the extraction grids
to 10 cm diam, together with a larger arc chamber. With this source, we
obtained a beam current of 9A at 27 kV. The second modification is the
further geometrical scale up of the extraction grids to 15 cm diameter
together with larger source plasma production electrodes. However, the
maximum extraction current attained could not reach 10A although the
extraction grid area was enlarged considerably. This unexpected result
is attributed to the fact that there are spatial density variations and

a considerable wall loss of charged particles in the source plasma production
region. For this reason, we first tried to improve the uniformity of the
source plasma. '

Figure 1 is a sketch of the modified 15 cm diam. duoPIGatron ion
source, which has a 14 mm diam. copper button located downstream of the
intermediate electrode and a set of line cusp confinement magnets. We have
already reportedz) that the button of an optimum size can improve plasma

uniformity without impairing the density level. Since it reduces the
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passage of current carrying electrons, it intensifies the PIG discharge by
increasing kinetic energy of ionizing electrons as they travel across the
double sheath. The widened plasma production area by diverting the arc
column from on-axis to off-axis also contributes to the uniform density
distribution. On the other hand, line cusp confinement magnets play a

role in raising the density level with a fixed arc input power7. This

'is because they confine energetic ionizing electrons and reduce the wall

loss of charged particles. Figure 2 shows the density profiles of the
source plasma with the 14 mm diam. button and line cusp confinement. The
plasma density is measured by a Langmuir probe located 0.5 cm above the
target cathode. As seen in this figure, the jon current density is up to
0.25 A/cmz, uniform to +10% over the 15 cm grid diameter at an arc current

of 305 A.

2.2 DuoPIGatron lon Source for JFT-2 Neutral Beam Injector

Neutral beam injection into the JFT-2 tokamak has started at March
in 1980. The total injection power is 1-2 MW which is several times larger
than the ohmic heating power. The injector consists of two beam lines with

four ion sources each of which can deliver a hydrogen ion beam of more than

20 A at 40 kV for 0.1 sec. To satisfy these specifications, we have developed

an axisymmetric 18.5 cm diam. duoPIGatron ion source with a water—-cooled
buttom located in the neighborhood of the intermediate electrode and a set
of line cusp confinement magnets around the arc chamber wall (See Fig. 3).

Each beamlet is focused to a point 2.5 m apart from the source by the
aperture displacement technique. The source performance is shown in Table
1. The calorimetrically measured power fraction to the target which
simulates the injection port of the JFT-2 tokamak is up to 80Z. Conse-
quently, we expect the total neutral beam power to the torus will be up to.
1.7 MW with the neutralization efficiency of 0.6.

2.3 Coaxial DuoPFIGatron Ion Sources)

We have developed a new modified duoPIGatron ion source for the next
step of the JFT-2 neutral beam injection, which is capable of delivering
the injection power of more than 2 MW into the torus. Figure 4 shows a
coaxial duoPIGatron ion source originally designed and developed at JAERI.
The characteristic of this source is expressed as follows. A magnetic

center pole located at the center of the nozzle (intermediate electrode)

e e e e n .
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actualizes hollow feeding of primary ionizing electroms to the arc chamber.
Then it widens the plasma production area by diverting the arc column from
on-axis to off-axis, thereby contributes to the uniform plasma distribution.
The shapes and structures of both the magnetic center pole and the nozzle
were optimiZed by numerical calculations of the magnetic field pattern.
Typical density profiles of the source plasma are shown in Fig. 5. As seen
in this figure, the ion saturation current density is up to 0.27 A/cmz,
uniform to +10% over the 18.5 cm grid diameter at an arc current of 370 A,

The source has been operated reliably producing a hydrogen ion beam of 30A

at an accel wvoltage of 30 kV.

2.4 Rectangular DuoPlGatron Ion Source
As a developmental stage toward high energy long pulse ion source for
JT-60 neutral beam injectors, we have made a rectangular duoPIGatron ion
source with both a slot-shaped nozzle snout and a copper slot-shaped button
(See Fig. 6). On the external chamber walls, a set of point cusp confine-
ment magnets is equipped both to boost the plasma density and to improve
the plasma uniformity, since the cusp field confines energetic ionizing
electrons and reduces the wall loss of charged particles near the chamber
walls. One end of the chamber is enclosed by a copper grid which simulates
the ﬁlasma grid of a standard extraction system. Typical plasma density
distributions are shown in Fig. 7. X and Y denote the distance from the
center of the grid in the transverse and longitudinal directions, respectively.
The plasma density is increased by about 30% by the use of point cusp
confinement, but the source plasma uniformity is not appreciably improved
as expected. The reason is considered as follows. The nozzle snout of this
source is too narrow to diffuse the ionizing electrons inte the P1G region,
thereby leads to the lack of plasma production near the chamber walls.
Oppositely, the use of a more widened nozzle snout leads to an excess
of gas conductance of the nozzle and to a decrease of the gas pressure
of the cathode region. Therefore it would be difficult to obtain a stable
cathode plasma unless large amount of gas, which results in the unallowable

pressure increase in the P1G chamber, is introduced into the cathode region.
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2.5 Bucket Ion Source

110)

It has been reported that bucket sources, recently developed
elsewhere, produce quiescent, uniform, and dense plasmas. Since the bucket
source has a large volume which is magnetic field free, with strong magnetic
shielding of the surrounding walls, it offers better solutions particularly
to the problems of plasma uniformity compared with duoPlGatron and reflex
sources. TFigure 8 shows a sketch of a rectangular bucket ion source which
is of a 0.4 cm-thick, water-cooled chamber with 21 cm by 36 cm in length

and 20 cm in depth. On the external chamber walls, a set of samarium-cobalt
magnets are arranged in a continuous line-cusp configurationm to generate a
surface magnetic shield for primary electrons as well as for plasma ionms.
The source plasma is produced by primary iomizing electrons emitted from 16
pieces of 1.2 mm diam. tungsten filaments. As the plasma grid (target
cathode) is isolated from the chamber by a ceramic spacer, the source can

be operated conveniently either with the grid electrically floating or
connected to the negative terminal of the filament. The rectangular
extraction grids has 1032 apertures of 4.0 mm diameter over the 12 cm x 27 cm,
which is almost the same as those being employed in the source for the JT-60
neutral beam injector. Using this source, we could easily obtain the
uniform and dense plasma as shown in Fig. 9. Table 2 shows the typical
pefformance characteristics for ion beam current of 24 A at 25 kV. After
more than a thousand beam extractions, this source produced beam current

of 30 A, which is a limiting value of the power supply of our test stand

ITS-3%1)

2.6 Lambdatron Ion Sourcelz)

A back plate of the arc chamber is exposed to a high heat flux density
up to 1 kW/cm2 due to the backstream electron beam%5)Furthermore, the surface
heat flux of the back plate will be increased due to focusing of electron
beam by the source magnetic field. This is the case for the source
plasme generator such as duoPlGatron or _bucket source where a spatially
inhomogeneous magnetic field is applied for an efficient production of
gource plasma. In a quasi-DC source operation, it is necessary but quite
difficult to remove such a high heat flux without any significant modifi-
cation of the source structure. The major deficiency of the duoPlGatron
source and the bucket source is that these sources may not be able to handle

such a high heat flux. To overcome this problem, a new source
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with a electron beam dump in the arc chamber is devised, which we named

3)

Lambdatron.

The back plate exposed to the backstream electron is modified with A~
shaped beam dump to reduce the surface heat flux density. The ion loss area
is approximately doubled compared with a conventional bucket source, and’
hence arc efficiency (ion beam current per arc power) will be reduced and
the operating gas pressure in the arc chamber will be raised. The charac-
teristics of this new source were compared experimentally with those of the
conventional bucket source, using a circular ion source shown in Fig. 10.
The line cusp field arrangement is composed of 18 columns of Co-Sm magnets
of 20 cm long. The measurement of the maximum magnetic field on the wall
surface shows B = 1.2 kG. We used 9 pieces of hairpin tungsten filaments
for hot cathodes. The plasma grid has 1052 apertures of 4.0 mm diameter
over the .central 18.5 cm diameter area. The plasma density obtained is
uniform within +5% over the grid area. Table 3 shows typical performance
characteristics of both the sources for ion beam.current of 30A at 30kV.
Here, the gas pressures in the arc chamber are fixed to 3.5 mtorr for the
conventional bucket. source and 6.0 mtorr for Lambdatron, where the arc
efficiency takes maximum. We had to permit the 40% decrease of the arc
efficiency when we used the Lambdatron instead of the conventional bucket
source, while no significant change in atomic fraction was observed.
Consequently, it is envisaged that this source is a candidate for the source

plasma generator of the JT-60 ion source.
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3. Beam Optics of Two-Stage Acceleration System

A large-sized tokamak such as JT-60 demands a high beam power at high
energy (75 keV). If the ion source has a configuration of single stage
acceleration, the decrease of beam power flux density is inevitable with
such a high acceleration energy because of the electrical breakdown problem
between extraction grids. This problem can be solved by employing a
multiple acceleration system.

Furthermore, beam divergence should be low enough (less than one degree)
to keep high injection efficiency against geometrical losses due to the long
beam line and the limited injection port between the toroidal coils.

To develop ion sources of these specificationé, we have comnstructed
a 100 kV test stand called ITS-Z%B) The two-stage seriles power supplies
are capable of delivering ion beams up to 40 A at 100 kV level. By making

use of this test stand, our effort have been concentrated on beam optics,

and cooling of the extraction grids which appear to be the basic problems

involved in high power and long duration ion source development. In this
section, the beam optics of the two stage acceleration system is presented.
3.1 Beam Optics by Computer Simulationla)

A computer simulation code for cylindrically symmetric ion beams has
beén developed for the design of the ion-extraction system and the optimum
operating condition of an ion source. In the simulation model, the beam
emitter surface is determined self-consistently in such a way that the ion
saturation density is equal to that of the space-charge-limited current
density. The potential of the emitter corresponds to that of the first
electrode in contact with the source plasma., Finite ion and electron
temperatures of the source plasma are taken into consideration as the
initial conditions of the beam trajectories. The ion starts from the
emitter with an initial energy corresponding to 3.5 times the electron
temperature. The ion temperature determines the initial direction of the
emitting ion, which is obtained by the assumption of the drift-Maxwellian
ion distribution at the emitter. The accelerated ions that pass through
the zero equipotential surface under the grounded electrode do not suffer
from space-charge expansion because of the presence of an electron cloud
produced by the collisions of beam ions with the residual cold neutral gas.
Therefore, the beam divergence is defined on this surface.

To investigate the validity of this code, computed beam divergence

B e (BATE 0 e e A e e a3 s i
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(rms angle) are compared with the experimental data (1/e half-widths) for
the same configuration of the extraction electrodes. '
To match the computational results with the experimental data, it is
important to assume that no ions are emitted from the peripheral region
of the emitter, whose width corresponds approximately to the thickness of
the wall sheath which is about 10 times the Debye length of the source
plasma., This may be due to the fact that jions in the wall sheath are mainly
accelerated to the wall by the potential drop between the source plasma and
the wall and impinge on the wall before they are accelerated toward the
downstream region.

Figure 11(a) shows the dependence of the beamlet minimum divergence
w_,_ on the field intensity ratio f (the ratio of the electric fields in
the first and second gap), for the fixed acceleration veoltage of 75 kV,
where the breakdown limit for the gap distance is neglected. Although it
does not cover enough ranges of the parameters, one finds that weso decreases
almost proportionally with decreasing f and does not depend strongly on the

aspect ratio and on the gap ratio for the fixed values of f.

3.2 Experimental Study of Beam Optics

‘According to the results of analytical estimation in the thin lens
approximation or two-dimentional computer simulation of an ion beam trajec-
tories, the field intensity ratio f is an important parameter.fOI the beam
optics in the two-stage acceleration system. Here, we try to study the
effect of f on the beam optics experimentally%S)

The experiments are performed with a duoPIlGatron source with two-stage
acceleration system, which is shown in Fig. 12. The two-stage acceleration
system is composed of four grids called plasma grid, gradient grid,
suppressor grid and exit grid, respectively (See Fig. 13). The plasma
grid in contact with a source plasma is held at a positive high potential
corresponding to the desired beam energy Vtot (=Vext+vacc)' The potential
Vacc is applied at the gradient grid. The suppressor grid is biased at

negative voltage V to suppress the electron backstreaming from the

dec
downstream beam plasma region. 1In the present experiments, vdec is fixed
to 1.6 kV. The exit grid is ground electrically. The electric currents
into the plasma, the gradient and the suppressor grid are denoted as Ip’

dec

Ig and I , respectively. The polarity of the current Ig is also shown
in Fig. 13. The accel drain current is ekpressed as Iacc’ and is equal to
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J «Ig. The extraction grids are made of 15 cm diam. copper disk with 83
apertures over central 5 cm diam. area. The aperture diameter is 3.5 mm
in the plasma and the gradient grid, while it is 4.0 mm in the suppressor
and the exit grid. The transparency of the grids is 43 %. The grid thickness
is 2.0 mm in the plasma and the exit grid and 1.5 mm in the gradient and

the suppressor grid. The extraction and the acceleration gap distance

and dacc’ respectively, are changed in the range of 4.5-8.0

t
mm. The decel gap distances is fixed to 2.5 mm.

denoted by d
ex

The beam divergences are measured as functions of gap distances dext
and d and total beam energy V___+V in the range of drain current I
acc ext acc acc
= 0.1-1.6 A. Figure 14 shows the beam divergence as a function of perveance
per hole in the case of d__=d =6 mm, and V,__+V = 50 keV, where
ext acc ext ac

perveance per hole is defined by I (v. +V )'3/2 divided by the number
acce' ext acc

of apertures. This result shows that the reduction of the ratio Vextlvacc
makes the minimum beam divergence w_, . decrease for the fixed gap distances,
while we must allow the reduction of optimum perveance Popt' The latter

is defined by the perveance that gives the minimum beam divergence when the
extraction current Iacc is changed. It also shows that the divergence
increases very gradually above the optimum perveance. Such tendency 1is

not observed in the single-stage acceleration. This is preferable to obtain
a low divergent and high perveance beam. Figure 15 summarizes wide variety
of data from the view point of the dependence of minimum beam divergence and
optimum perveance on the field intensity ratio. From this figure, it is

seen that the decrease of f makes Wosn and Popt decrease, as is expected by

the analytical and numerical estimation.

3.3 Aperture Shaping Effect on Beam Optics

Effects of aperture shape on beam optics have previously been studied.
in some detail using ion sources with a single-stage, accel-decel
structure%6)l7)18) Some aperture shape in the plasma electrode makes a
beam with very low divergence (smaller than one degree). In the two-stage
configuration, the aperture shape in the gradient grid also has great.
influence on beam optics. When the field intensity ratio is smaller than
unity, the gradient grid acts as a positive lens. In such a case, the
aberrations of the lens can be reduced by chamfering the aperture edge

on the downstream side. Figure 16 shows the types of aperture shape studied.

All the above experiments are made by using the type 1 grid.

s i A i St s e e
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Figure 17 shows the beam divergence as a function of perveance per

=d =6mm, V. _=15kVand V
ext acc ext acc

= 35 kV. Chamfering of apertures in the gradient grid together with that

hole for aperture types 1 - 4, where d

in the plasma grid is indeed effective, and the beam divergence is reduced
by about 0.5 degree in the type 4 grid, compared with the type 1 grid.
3.4 3Beam Focusing by Aperture Displacementlz) 24)
In the JT-60 neutral beam injector, the increase of the injection power
by about 13 % of the total beam power will be expected by the focusing of
indivisual beamlets to the injection port. As one of the most promising
methods, we have investigated experimentally the focusing by aperture
displacement. In the two-stage accelerator, there are three cases of aperture
displacement; i.e. the displacements of aperture in the plasma grid, in the
gradient grid, and in the suppressor grid. In the experiment where 4.0 mm
diameter aperture is used, the deflection angle increases almost linearly
with the displacement of aperture. This is somewhat different from that
cbtained at ORNng). Figure 18 shows the dependence of each deflection
characteristic on the field intensity ratio which determines two-stage
beam optics. Here, the triangular, rectangular, and circular points indicate
the displacements of apertures in the plasma grid, in the gradient grid, and
in the suppressor grid, respectively. Tﬁe lines indicate the results
obtained analytically by thin lens approximation for each case. From this
figure, we can see that the displacement of aperture in the suppressor grid
is more than adequate. This is due to the fact that the deflection
characteristic scarcely depends on the field intensity ratio, that is to
say, the focal point does not change over a wide range of ion source operation
conditions.
3.5 Beam Extraction from Multiple—Slotszo)
One way of producing higher current ion beams is to raise a geometrical
transparency of extraction grids. In the case of grids with a number of
small circular apertures, it is difficult to have grids with more than 40%
transparency, since grids should have a series of water cooling pipes on
its surface for long pulse operation. On the other hand, in the case of
grids with multi-slots, higher transparency ($60%) can be obtained easily,
which enables us to extract higher currents from a limited grid area. To

make assessments of this system, we have designed and tested the multi-slots
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extracter which has the transparency of 647%.

The front view of the plasma grid is shown in Fig. 19. The grid
contains 8 slots, which is 4 mm wide and 5 cm long with ronded ends, forming
a square 5cm x 5Scm array. Only the plasma grid is made of copper rods on
which copper cooling pipes of 1.5 mm outer diam. are brazed, while other grids

are made of pipes 2.0 mm outer diam. The downstream side of the plasma grid

"is shaped so as to produce low divergent beams by reducing the aberrations.

Fig. 20 shows the divergences as a function of perveance per hole, where

)—3/2

preveance per hole is defined by Iacc(v + vV divided by the number

ext acc
of apertures. The divergence in the direction parallel to the slots ranges
from 0.7° to 0.9°. This value is so small that the 5-cm length of the slots
contributes significantly to the beam size at the distance 2.0 m from the

extractor.

As reported in reference 14, the field intensity ratio "f" defined by

+
Vextdacc/(vacc Vdec) dext

optics. The minimum beam divergence is improved with the decrease of e,

is an important parameter for the two-stage beam

while one must allow the decrease of the optimum perveance, the perveance
at which the divergence is minimum. Such tendency is also obserﬁed in the
case of slots as shown in Fig. 21, where Vtot= Vext+ Vacc= 30, 50 and 60 kV,
f = 0.31 and 0.47.

| Comparing these results with the results for the circular apertures,

it is evident that the beam quality in the direction perpendicular to the
slots is considerably worse. This is considerd as follows; in the case

of circular apertures, the beam receives two-dimentional focusing, while
one-dimentional in the case of slots. The space charge effect of beamlet~

beamlet interaction may deflect the outermost beamlets in the case of slots.
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4, Long Pulse Beam Extraction

- In attaining long pulse beams at high energy, it is important to slove
the problems concerning accelerator loading and loading due to backstream
electrons striking the back plate of the plasma generator, and concerning
cathode durability. To investigate the problems and to establish the
‘technology for long pulse beam extraction, we fabricated and tested a
quasi-DC ion source which can produce 70 keV, 5A hydrogen ion beam for
10 sec.. In this sectioﬁ, we will describe the experimental results and the
problems limiting the beam pulse length. Measurements of the time dependences
of atomic fraction and impurity level during the long pulse operation are
also described. 1In the last of this section, we will describe the experimental
results of a hollow cathode.

4.1 Heat Leading of Extraction Grids in Two-Stage Acceleratorlz) 26)

One of the critical problems which limit the beam pulse length is the
heat loading and the removal of the heat on the extraction grids. To
investigate this problem, we have designed and fabricated an axisymmetric
75 keV, 6A, 10 sec ion source, a modified duoPIGatron with a two-stage
accelerator (See Fig. 22).

The ion accelerater consists of a cylindrical hard sealed alumina
ceramic insulator (ID = 316 mm, OD = 353 mm) and two-stage extraction grid
assembly. Each grid made of oxygen free copper has 191 apertures over the
central 10 cm diameter area with each aperture of 4.0 mm in diameter and
then the tramsparency is 31 % (see Fig. 23(a)). On the surface of each grid,
copper pipes of 1.8 mm in outer diameter and 1.2 mm in inner diameter are
brazed alternately with rows of apertures. Each grid is supplied with
pressurized pure water (10 atm.) at a flow rate of 10 liter/minute. The
cross sections of each aperture are shown in Fig. 23(b).

Figure 24 shows the heat loading on each grid measured calorimetrically
as a function of ion beam draim current Iacc’ where final beam energy Vigt
is 75 keV, and the gas pressure at the entrance of the neutralizer cell PN
is 1 x 10_3 Torr. The loadings are normalized by the total beam power
defined by Ia x V

cc tot’ ce
= 5-6 A, where the beam divergence is minimum. These heat loadings increase

The loadings become minimum at a beam current Ia

almost linearly with P_.. At Iacc= 5-6 A and PN = 3.6 % 10“3 Torr which gives

N
90 % neutralization for 75 keV proton beam, the heat loadings on the plasma
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grid, the gradient grid, the suppressor grid and the exit grid are 1.5%,

1.1 %, 0.3 % and 1.0 % of the total beam power, respectively. The loading
of 1.5 % corresponds to the heat flux demsity of 125 W/cm2 at grid plate
surface and 143 W/cm2 at cooling surface of pipes. This heat flux is
sufficiently below our design value for quasi-DC source gperation as
indicated in Ref. 21.

The heat loading on the grid may cause distortion of the grids, which
affects the beam optics. To investigate this effect, the beam profile was

22)

measured by multi-channel photo beam monitor during 10 sec, The monitor

has 17 slots and the light of the beam is detected by photo diodes installed

in each slot. The measurement indicates that no significant change in beam

profile was observed during 10 sec.

4.2 Heat Loading of the Back Plate of the Plasma Generatorlz) 26)
One of the critical problems for quasi-DC beam extraction is the

electron backstream into the source plasma region. We measured the total

heat loading on the back plate of the plasma generator, where the heat loading

due to arc power and radiation from filaments are subtracted. Figure 25

shows the results, where V and Iacc are fixed to 75 kV and 5 A, respective-

ly. The loading increasestiznearly with the pressure and the dependences
agree well with the calculated one. To avoid damage to the back plate and
the filaments in quasi-DC operation, we had to keep the heat flux below 2.5 %
of the total beam power by limiting the pressure in the accel gap below
several mTorr.
4.3 Mass Analysis of Long Pulse Beamlz)

The time dependences of atomic fraction and impurity level including
the effect of source conditioning are investigated on the ion beam extracted
from the 10-sec source. The line density of the cold hydrogen gas between
the ion source and the mass analyzer is fixed to 0.3% Torr-cm, which gives
90 % neutralization for 75 keV proton beam.

Table 4 shows the typical beam fraction and impurity levels at 75 kV,
6.2 A, where mass analysis are performed at 0.5 sec after the beam is
turned on and the pressure in the arc chamber is ~10 mTorr. The atomic
fraction of the primary ion beam is calculated by the cross section data;

+

+ o+
i.e. Hl: HZ: H3 = 66:22:12. On the other hand, it is difficult to estimate

the flux of each neutral impurity, because of the insufficient cross section

N il et A oo oenm
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data.

No change in atomic fraction during 10 sec was observed. However,
impurity level changes appreciably during the pulse. Figure 26 shows the
time dependence of impurity spectra. Impurity ions related to oxygen (M =
13.5-19) decreases with time, while impurities related to carbon (M = 8.5-16)
increases during the pulse. The time dependence of H20+ (M = 18) level is
shown in Fig. 27(a). In Fig. 27(b), the accel voltage is cut off for the
initial 1.3 sec, while arc discharge is performed during the cut off time.
This result indicates that the impurity decreases appreciably during the
initial 1 sec, and the arc flushing just before the beam extraction is very
effective to decrease the impurity level related to oxygen (M = 13.5-19).
With the W-filaments instead of the oxide coated tantalum filaments, any
significant change in these impurity level was not observed. These impurities
seems to come from the wall of arc chamber made of oxygen free copper.

In the JT-60 tokamak, the neutral beam will be injected every 10
minutes, The long time interval between the shots will be sure to increase
the impurities, The measurement indicates that the impurities related to
oxygen and carbon are doubled during the beam off time of only about 100 sec.
However, the conditioning of the source can reduce the impurities. Figure 28
shows the effect of various conditioning modes on the impurity level. It is
notiéeable that the arc discharge just before the ion extraction like Mode VI,VII

can reduce the impurity level appreciably,

4.4 Hollow Cathode

The JT-60 tokamak device requires neutral beam heating for up to 10
seconds duration. Long pulse operation of ion sources with high current arc
requires a high degree of reliability and durability to cathodes. Furthermore
cathodes are required to have a low heater power, long lifetimes, and a small
surface exposure to the source plasma for minimum ion losses. Conventional
cathodes seldom satisfy all of these criteria. For example, tungsten hairpin
filaments require large amounts of heater power, are fragile after heating,
and have high thermal stresses as they operate at high temperatures approach-
ing 3000°K. 1In addition, they may be damaged by either ion bombardment or
arc spotting as they are directly exposed to the dense source plasmas.

A hollow cathode, such as designed and developed at UCLAZB), seems to

be the most adequate one for such a long-pulse ion source. The reason is

as follows. An electron emitter of this cathode is indirectly heated and
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requires low input power. It is positiomed inside a cathode assembly, which
leads to the protection of the emitter suffering from both ion sputtering
and arc spotting. In addition, a hollow cathode is capable of maintaining
a high arc current, since the cathode plasma itself acts as an electrom
source in place of the electron emitter.

We have fabricated and tested a bucket source with a hollow cathode
as shown in Fig. 29. Preliminary experiments were undertaken applying it
to the 18.5 cm grid diam. bucket source described in the previous section.
Details of the cathode assembly are shown in Fig., 30. As an electron emitter,
a cylindrical impregnated tungsten was used, which is heated from the inside
by a noninductively wound tungstan coil. In operation of this cathode, we
have found that a considerable gas flow rate {more than 20 Torr-.%/s)are required
to start a hollow cathode discharge, which leads to unfavorable effects such
as decreases of gas efficiency, arc efficiency and significant increases
of heat loadings of both the extraction grids and the plasma generator.
However, we found that a gas flow rate can be reduced below 5 Torrd/s if once
arc discharge is turned on. Therefore, we have modified the gas feed line
so that mass flow rate has the time dependence as seen in Fig. 31. Using
this hollow cathode with a 10 mm diam. orifice, we obtained a stable arc
operation repeatedly. Hollow discharges were maintained during 1 sec with
arc current up to 380 A. Consequently, it can be expected that this hollow

cathode will be used as the cathode of the JT-60 ion source.
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5, Summary

This paper has summarized the outline of the ion source development for
the JT-60 neutral beam injector. The process and advances in ion sources
are shown chronologically in Table 5. At first we constructed and tested
the 7 cm diam. duoPIGatron ion source installed in the JFT-2 tokamak device
in 1967, which was the beginning of the neutral beam injection experiment
at JAERI. On the next step our efforts have been concentrated on the three
main subjects, namely, source plasma producticn, beam optics and a long pulse
operation; these subjects should be overcome to develop the ion source for
the JT=60 injector. At present the improved source plasma has almost attained
the required level, as confirmed by the beam extraction experiments.

We bhave also investigated beam optics of the two-stage acceleration system.
We can develop the two-stage ion source which produce high energetic ion
beams with low beam divergence (one degree). In addition, heat loading of the
extraction grids, which is one of the critical problems involved in the long
pulse operation, has been investigated experimentally. The loading of the
grids could be reduced below our design value with the help of improvement
of beam optics. However there exist some uncertain problems in a long pulsed
operation, that is, the distortion of extraction grids by thermal expansion
and thermal damage of cathodes by the high-current arc discharge, etc. The
solution to these problems will lead to the production of reliable and-

endurable ion source for the JT-60 injector.
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TABLE 1 PERFORMANCE CHARACTERISTICS OF A -
MODIFIED DUOPIGATRON ION SOURCE
WITH 185 mm DIAMETER ACCELERATOR

FILAMENT CURRENT 60 A x 12
ARC VOLTAGE 80 Vv
ARC CURRENT 250 A
ACCEL VOLTAGE 30 kV
ACCEL CURRENT 25 A
DECEL VOLTAGE -1.6 kV
DECEL CURRENT 2.8 A
DURATION TIME 0.1 sec
POWER FRACTION

TO TARGET .80 3

BT : Hp : HY 59:28:13
IMPURITY (C,O) 13

ARC EFFICIENCY 1.25
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TABLE 2 PERFORMANCE CHARACTERISTICS OF A
RECTANGULAR ION SOURCE

FILAMENT CURRENT 1400 A
ARC VOLTAGE 85 v
ARC CURRENT 640 A
ACCEL VOLTAGE 30 kv
ACCEL CURRENT 24 A
DECEL VOLTAGE -1.6 kV
DECEL CURRENT 1.3 a
DURATION TIME 0.1 sec
H ¢ oH) Hy 75:28:7
ARC EFFICIENCY 0.44

TABLE 3 TYPICAL PERFORMANCE CHARACTERISTICS OF THE
BUCKET SOURCE AND LAMBDATRON FOR ION BEAM
CURRENT OF 30 A AT 30 kV.

BUCKET LAMBDATRON
FILAMENT CURRENT 720 A 1080 A
ARC CURRENT 260 A 460 A
ARC VOLTAGE 100 V 95 Vv
PRESSURE 3.5 mTorr 6 mTorr
mt H) it 70 : 20 = 10 70 : 20 : 10
ARC EFFICIENCY 1.1 A/kW 0.7 A/kW
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TABLE &4 SPECIES OF 75kV, 6.2A ION BEAM.

M % M %
/3 [10.7 HY(1/5E) 6310008 8cy*
1/, (179 H*(1/2 E) 64 0003 S4zr"*

{ |603 HY(E) 65 |0004 - 8¢y’
4/ | 06 H3(2/3 E) 66 /00015 86znt

2 | 1.2 H% (E) 68 [000 znt

3 | 024 H3 (E) 107 |00006 107 pg*
O~ 319094 109 |00005 109ag*

160 {00007

8.5 | 0015 63~460/00 1 9

9 | 0039
10.0 | 0.024| pCHy —C% CH, -1/3 (328 H™ (1A E)
108 | 0024 -1/2 (209 H (14 E)
112 | 0030 - i |048 H (E)
12 | 0011 ct O~ -1/585

I3 { 0015 cH?
13.5| 0.24 Hz0 —0*% -8.5|001
14,142 0.55 CHz , H,O0t =0t -9 |00t

15 | 047 CH}, OHT —O* -10.0/0005 |p CHAi—C, CHy,
16 | 0095 ot -10.8/0005

17 | 0015 oH* -11.2/0005

18 | 0015 " Ho0* -12 10030 C~

{9 { 0010|  Hzo* 43.5/043 Hz0t =0~
8~ 19 135 -14.2/085 H0t — O~

-15 024 oHt — 0

23 | 0001 Na* -16 1009 o
24 |0.002 Mg* -8~-161.67

27 {00001

28 00003 N3 -24 00005

32 10.00! o} -32 |00002 Oz
34 |0.0003 24~3200007

35 |0.0003

39 (0.0005

40 |0.0006 ca'

44 |0.0003
23~44 0.006
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Fig. 1  DuoPIGatron ion source with 15> cm diam. grid.
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Fig. 11 Dependence of the minimum divergence on the field intensity ratio
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12-cm-diam. grids with 40% transparency on f.
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Fig. 22 Modified duoPIGatron ion source with two-stage accelerator.
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Fig. 28 Dependence of C, O impurity level on the various conditioning

modes -
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Fig. 31 Time dependence of gas flow through the hollow cathode.



