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Heat loading of the extraction grids, which is one
of the critical problems limiting the beam pulse duration at
high power level, has been investigated experimentally, with
an ion source in a two-stage acceleration system of four
mdlti—aperture'grids. The loading of each grid depends
largely on extraction current and grid gap pressures; it
decreases with improvement of the beam optics and with
decrease of the pressures. In optimum operating modes, its
level is typically less than ~2% of the total beam power
or ~200 W/cm2 at beam energies of 50-70 kV.

Keywords: Ion Source, Extraction Grid, Heat Loading,
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1. Introduction

The ion sources of the neutral beam injectors for next
generation fusion experiments are required to produce ion
beams of long duration at high power level. TFor example, the
requirements for the ion sources of JT-60 injectors are to
produce ion beams of 75 keV, 35 A for 2-10 sec. One of the
most important problems assosiated with these requirements are
the heat loading of the ion extraction grids. Increases in beam
energy and in pulse duration time will raise the loading, which
shorten the grid life time. An effective cooling method of the
grids should be developed,while efforts shall be.made to reduce
the 1loading to a permissible value.

At present, most ion sources used in neutral beam
injectors empioy the simple accel-decel system, and in this
"single-stage" acceleration system the heat loading of the
grids is studied in some detail.l)’z)’33’4) But as the required
beam energy increases (e.g.>50keV )}, the single-stage accel-
eration system becomes difficult to produce high power density

"beams due to the electrical breakdown problems amoung the

extraction grids. For high energy accelerator sources, the
"two-stage' acceleration system has been used. Compared with
the single-stage system composed of accel-decel three grids,
the two-stage system has an additional forth grid called
"gradient grid", which reduces the breakdown problems and
provides capability of electrostatic focusing. As for the
heat loading of the grids, two-stage svstem is considered
to reduce the loading by dividing it between the stages.z)
However, experimental measurements of the grid loading of the
two-stage system have not been made so far.

In this paper, we present.the calorimetrically measured
heat 1oading.obtained with the two-stage system, and discuss

the causes of grid loading.

R T
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2. Experimental Procedure

The experiment has been performed with a JAERI 7-cm duo-
pigatron plasma source with two-stage acceleration system.
(see Fig.1l ) The two-stage acceleration system is composed
of four multi-aperture grids called plasma grid, gradient grid,
suppressor grid and exit grid, respectivly. The cross section
of a set of apertures in those grids and the applied voltage
across the grids are shown in Fig.2. The ion extraction

voltage Vex is applied between the plasma and gradient grid,

and the acczleratibn voltage VaCC is applied.between the
gradient and exit grid. The exit grid is grounded electrically,
The suppressor grid is biased at negative voltage Vdec with
respect to the exit grid to suppres electron backstream from

a down stream beam plasma region. In this experiment, Vdec is

fixed to 1.6 kV and the total acceleration voltage Vtot

( =V +V ) ranges from 50 kV to 70 kV. The extraction
ext acc

gap distance dex , the acceleration gap distance d cc and
a

the decelerationtgap distanve ddec are fixed to 6 mm, 6 mm or
4,5mm and 2.5 mm, respectively. _

~ Each grid is made of 15 cm diam. copper disk with 83
apertures over central 5 cm diam. area. The aperture pattern

is split into five sections by six water lines. (See Fig.3 )

" The transparency of the grids is 43%. The grid thichness is

2.0 mm in the plasma and exit grids and 1.5 mm in the gradient
and suppressor grids.

Hydrogen gas is supplied continuously into a hot cathode
chamber. Pressures are measured always both in the hot cathde
chamber and in a vacuum chamber. In usual operations, these
pressures are 0.04 Torr and 2.0 x 10-4 Torr, respectively,
corresponding to the gas flow of 1.2 Torr-1/sec.

Heat loading of each grid and the beam-dumper,which 1s
20 ¢m diam, and is placed 1.6 m apart from the extractor,
are measured calorimetrically by the temperature difference
between the inlet and outlet cooling water. The e-folding
half-width beam divergence is measured by the scanning calo-
rimeter set 1.0 m apart from the extractor. The extraction
current is up to 2.0 A at 70 kV with a typical pulse length
of 100msec and a duty cycle of 1/10 - 1/30.

_2_



JAERI-M 7696

3. Experimental Results and Discussion

3.1 Causes of grid loading _
Possible causes of the grid loading are summarised in
Fig.4. They are classified into three groups; '
{1) direct interception of ilons being accelerated
{ correspond to 2,3,4 in Fig.4 )
(2} production of secondary particles in the grid gaps by
 beam-gas interactions ( 5,6 in Fig.4 )
(3) 1ions accelerated toward the suppressor grid from the
down-stream beam plasma region ( 7 in Fig.4 )
~ In each case, energetic ions and néutrals impinging the
grids release secondary electrons. These secondaries are
accelerated toward the high potential region and most of
them are intercepted by other grids causing heat loading.

3.2 Heat loading due to direct interception

If the.pressure in the gaps and neutralizer region were
low enough, the grid loading would be only due to direct
interception of beam ions and resulting secondary electrons.
The number of the intercepted ions may depend on the grid
geometries and associated beam optics.

Fig.5 shows the calorimetrically measured heat 1oad1ng
of the grids and the beam dumper as a function of exracted
current, where Vext = 15 kV , Vacc= 35 kV and dext= dacc=
mm. The heat loading is normalized by extracted beam power
(Vv Ix I

ext” acc acc’ ’
pressor grid current Idec and the beam divergence are also

The gradient grid current Ig , sup-

shown. The heat loading of the plasma grid is composed of
loading from the source plasma and loading due to the presence
of the beam. The total loading is shown by the dotted line.
This figure indicates that the fraction of the grids have
minimum values at 1 = 0.8 A, where beam divergence

acc _
is close to its minimum, and increase monotonically as I

increases or decreases from this optimum value. Since aaéc
background gas pressure is kept constant through the experi-
ment, the increase of the grid loading on both sides of the
optimum value can be attributed to interception of primary

ions and secondary particles by the grids due to the

_3_.
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undesiably shaped ion emitting surface.

The currents flowing in the gradient grid Ig and in the
suppressor grid Idec should be noticed. They are expressed
as

L= (1 ¥y ) 1y - Cgpyis

Idec= 1+ ?3 ) iS
Where 1, and ig are positive ion currents into the gradient
grid and the suppressor grid, respectively, Y and Yy are
the secondary electron emission coefficients avaraged over
the incident ion energy for these grids, respectively,and

C
32 _
of the secondary electrons intercepted by the gradient grid

is a geometry factor, <1, which is defined by the ratio

to the total secondary electrons emit from the suppressor
grid.
One may find that Ig is negatively small at low value

acc acc’ g
increases rapidly. From above equations, the positive I

of I ,and with increasing I Ig turns to nositive and
indicates that the direct interception by the gradient grid

is dominant, while the negative Ig indicates that the second-
ary electron inflow from the suppressor grid is dominant.
Therefore, the sharp increase of Ig toward higher IaCC is
mainly due to direct interception by the gradient grid, which
suggests that the meniscus of an ion emitter surface becomes
too convex and the ion beam is divergent in the extraction
gap. An increcase of the direct interception by the suppressor

grid toward lower I is also envisaged from the suppressor

grid current Idec aigcthe grid loading.

Such tendency is seen more evidently when the field
intensity ratio f becomes small,where £ is defined by the
ratio of electric field intensity in the extraction gap to
that in the acceleration gap, and is expressed as
£= daccvext/ dext(vacc * Vdec)'
effect of the gradient grid. When f is smaller than unity,

Thus f represents the lens

the gradient grid forms the positive lens, and the lens effect
becomes large as f becomes small. Fig.6 shows the heat
loadings, grid currents and beam divergence as a function

of Iacc’ when f= 0.25 . The total acceleration voltage and

grid gap distance are the same as those in Fig.5, where £=0.43.

— 4 —
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Most characteristics in Fig.6 are similar to those in Fig.b5
except for some points., Firstly,the beam divergence decreases

above the optimum value of Ia ,'where the fraction of heat

cc
loadings of the grids have minimum values, in spite of sharp
increases of the gradient and plasma grid loadings. The

divergence is reduced to 0.98° at Iacc=_0.6A. Such a small

heam divergence can be explained by the following picture;
although fraction of ions intercepted by the gradient grid

increases above the optimum value of I the ions that

)
have passed through the gradient grid 2;; focused by the
strong positive lens effect. Secondary, the heat loading

of the exit grid decreases with decreasing field intensity

f, as one can see from Fig.5 and Fig.6 . This is also due to
the strong focusing effect, which prevents the direct inter-
ception by the exit grid. Considering that the exit grid
generally receives the most loading in a single-stage accel-
eration system, this is one of the advantageous characteristics

of the two-stage acceleration system.

3.3 Heat loading resulting from beam-gas interactions in

the gaps ' |

Depending upon the efficiency of arc dischages, some
fraction of neutral gas flows out of the source plasma, and
an appreciable background gas pressure is always present in
the grid gaps. Some of the primary ions ionize and charge—
exchange with the background gas in the gaps, and create slow
ions and electrons. These slow 1lons aré accelerated.and
some of them are intercepted by the grids, causing the heat
loadiné and also producing secondary.electrons. The'secondary
electrons are accelerated backward and cause the heat loading.

To investigate the heat loading resulting from beam-gas
interactions,we varied the background gas pressure in the
gaps, by regulating the hydrogen gas flow rate ihto the hot
cathode chamber. Fig.7 shows the heat loading of the grids,
beam divergence and grid currents as a function of pressure
in the hot cathode chamber Pfil ,where Vextz 15 kV, Vaccz 35
kv, d

ext- dacc= 6 mm and Iact= 0.8 A. 'Iacc was chosen so as
to minimize the fraction of heat loading of the grids in Fig.

5. The background gas pressure in the gaps is almost propor-

tional to the filling pressure Pfil' As seen from this
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figure, the beam divergence.is scarcely influenced by the
pressure in the range of Pf11= 0.03-0.08 Torr. Namely,
the shape of beam envelop is not changed by Pfil and the
amount of direct interception can be regarded to be almost
constant in our operation range of pressure. The pressure
in the beam-plasma region changes from 1.1 x 10_‘4 to 3.6 X
1074
Torr ). As will be discussed in the following section, the

Torr, corresponding to the change of Pfil ( 0.02-0.07

amount of ion back-streaming from beam-plasma region is
considerably small compared with the cold ions produced in
the grid gaps within our experimental pressure range.
Therefore, the increment of heat loading in Fig.7 is mainily
caused by charge exchange and ionization in the grid gaps.
Since the heat loading increases almost linealy with
increasing Pfil’ the extrapolated value of the heat loading
when Peiq approaches zero indicates the loading due to direct
interception. The extrapolated values of the heat loading
of the plasma and gradient grids are neary zero, while the
exit grid receives a considerable loading even if the pressre
approaches to zero. Therefore, we can conclude as follows;
the heat loading of the exit grid is mainly due to direct
interception and , when I .c 1s optimum, that of the gradient
grid is due to the impact of the secondary particles produced

by beam-gas interactions.

3.4 Heat loading due to ion back-streaming from the beam-
plasma region '

In neutralizer cell, the primary beam ionizes the back-
ground gas, generating slow ions and electrons. Slow ions
are also produced by the charge exchange of beam ions with
the gas. Some of the ions that are present near.the exit grid

are accelerated backward and reach the suppressor grid with

an energy corresponding to Vdec . They cause heat loading

with simultaneous generation of secondary electrons. These
secondary electrons in turn reaches the gradient grid, plasma
grid or exit grid resulting in heat loading, either.

In the present experimeht, the ion source is not followed
by a neutralizer cell and the pressure in the beam-plasma
region, downstream the exit grid, is low enough that the heat

_6.....
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loading due to ion back-streaming is negligible. However, in
practical neutral beam injector the pressure in the neutral-
izer cell shall be 1 - 3 x 10-3Torr and jion back-streaming
becomes a serious source of the heat loading.

To investigate the loading due to ion back-streaming, we
changed the pressure in the beam-plasma region by controlling
hydrogen gas flow rate supplied directly to the vacuum chamber,
while keeping a constant gas flow rate into the hot cathode -
chamber . Fig.8 shows the heat loading of each grid for V

15 kV, V, . .= 35 kV and I .= 0.6 A as a function of pressﬁié
in the vacuum chamber, a pressure that is nearly equal to that
in the beam-plasma region., The heat loading of the gradient
grid is affected significantly by the pressure Pvac,indicating
that a greater part of the secondary electrons accelerated
backward is intercepted by the gradient grid. The suppressor

grid current I increases linealy with increasing pressure

dec
P and becomes larger than 0.1 x I at a chamber pressure
vac -3 acce .
higher than 1.5 x 10 Torr.

Since the pressure in the grid gaps increases with Pvac’
the increment of grids loading is partly due to the beam-gas

interactions in the grid gaps.

3.5 Reduction of heat loading by aperture shaping

According to the design of ion source for JT-60 injector,
75 kV ion beam shall be extracted with current density of 0.27
A/cm2 through 40% transparency extraction grids. Here, one
percent dissipation of the beam power in the grid corresponds
to the heat loading of 135 W/cmz. Considering that the per-
missible heat loading for attaining ten second operation would
be about 150 W/cmz, we must reduce the heat loading to about
one percent of the beam power at high extraction power. As
seen from Figs.5 and 6, however,the heat loadings of the plasma

- and gradient grids increase . significantly at higher extraction

current and become greater than one percent because of increase
of impinging ions on the gradient grid.

In order to reduce these heat loadings,we tried to enlarge
the aperture diameter of the gradient grid to 4.3 mm, as shown
by the Grid Type Z in Fig.9. Next, we changed the aperture

shape of the plasma grid to extract higher current density

..._7_
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beam. ( Grid Type 3 ) " Figs.10 and 11 show the heat loadings,
beam divergence and grid currents as a function of IaCC in case
of Grid Type 2 and 3, respectively, where operation parameters
such as Vext’ Vacc"Pfil and Pvac are the same as those of
Fig.6. (Grid Type 1 ) Comparing Figs.1l0 and 11 with Fig.6,
we see that the heat loading of the gradient and plasma grids
increase more gradually at higher extraction current by these
aperture shapings. Although the aperture shape of the gradient
and plasma grids has great influence on beam optics, the beam
divergence is not changed for the worse.

Finally, we tried to extract 70 keV beam with grids of
Type 3. Fig.12 shows the grid loading at V___= 30 kV, V

ext acc

40 kv, dext= 6 mm and dacc=4'5 mm, ( f = 0.56 ) The loadings

are only slightly affected by the extraction current IaCC
within a limited range of measurement. The plasma grid receives
the highest loading of the four, 180 W/cm2 at Iacc= 2.0 A

{ 0.25 A/cm2 ), of which 50% is due to presence of the beam and
50% is from source plasma, The exit grid receives a consider-
able loading, 85 W/cm2 at Iacc= 2.0 A, because the field
intensity ratio f is large. In the present experiment, the ion
source is operated with pulse duration of 100 msec. Operation
with longer pulse duration will be possible on the present heat

loading level.

4. Conclusion

The heat loading of the extraction grids is measured
calorimetrically in the two-stage acceleration system,
In usual operation modes, the plasma gris receives the

most loading of the four grids, which is composed of ~50%
loading from the source plasma and ~50% loading due. to the
secondary electrons accelerated backward. The heat loading
of the gradient grid depends greatly on the extraction current
Toces acc> the loading is mainly
due to the direct interception of the primary ions. That of
the exit grid, which is mainly due to the direct interception,

and at the optimum value of 1

depends on beam optics and therefore depends greatly on the

field intensity ratio f. The suppressir grid receives the

—8 -
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able loading, 85 W/cm2 at Iacc= 2.0 A, because the field
intensity ratio f is large. In the present experiment, the ion
source is operated with pulse duration of 100 msec. Operation
with longer pulse duration will be possible on the present heat

loading level.

4. Conclusion

The heat loading of the extraction grids is measured
calorimetrically in the two-stage acceleration system.

In usual operation modes, the plasma gris receives the

most loading of the four grids, which is composed of ~50%
loading from the source plasma and ~50% loading due to the
secondary electrons accelerated backward. The heat loading
of the gradient grid depends greatly on the extraction current
Licer accs the loading is mainly
due to the direct interception of the primary ions. That of
the exit grid, which is mainiy due to the diredt'interception,

depends on beam optics and therefore depends greatly on the

and at the optimum value of I

field intensity ratio f. The suppressir grid receives the

— 8 —
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The ion back-streaming from the beam plasma region is

negligible when the pressure in the neutralizer cell is lower

than ~1073

Torr, but it becomes a serious source of the heat

loading above this pressure.

In order to reduce the grid loading, the shape of the

extraction grids is modified. By this modification, we have

reduced the gradient and plasma grid loading considerably

at higher extraction current without changing beam optics

for the worse,
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Figure Captions

Cross section of duopigatron ion source with two-stage

acceleration system

Cross section of a set of apertures of extraction grids

and applied voltage
Aperture pattern of the grid
Possible causes of the grid loading

Heat loading of each grid and beam dumper, beam diver-
" . ) . 3
gence u”l/e and grid currents Ig ,Idec vs., extraction

current IaCC , where ( Vext+ Vacc) = 50 kV and field

intensity ratio f = 0.43
Heat loading, beam divergence and grid currents vs.
extraction current I + Va C)= 50 kv

f = 0.25

, wWhere ( Vext

acc c
Heat loading, beam divergence and grid currents vs.

pressure in hot cathode chamber Pfil’ where (Vext+

Vacc)z 50 kv Iacc= 0.8 A
Heat loading, beam divergence and grid currents vs.
pressure in vacuum chamber Pvac’ where (Vext+ Vacc)

=50 kV I = 0.6 A
acc
Types of aperture shape

Heat loading, beam divergence and grid currents vs.

extraction current Iacc’ where (Vext+ Vacc)= 50 kV

f = 0.25 and aperture shape is Type 2

Heat loading , beam divergence and grid current vs.
extraction current Iacc fwhere (Vext +Vacc)= 50 kV
f = 0.25 and aperture shape is Type 3

Heat loading, beam divergence and grid currents Vvs.
extraction current IaCC ,where (Vext+ Vacc)= 70 kV

f =0.56



JAERI-M 7696
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