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Suppression of accelerated electrons

in a high-current large negative ion source
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ABSTRACT
Accelerated electrons, which would lead to high thermal load of grids, have been suppressed in
a high-current large hydrogen negative ion source. An aperture of the extraction grid is shaped
as the secondary electrons generated on the grid aperture surface would be shielded against the
acceleration electric field. The shaped aperture extraction grid works well to prevent the
secondary electrons from leaking to the acceleration gap, compared with a straight aperture
extraction grid. Although the strong magnetic field at the extraction grid also lowers the
electron leakage downstream, the aperture shaping of the extraction grid is more effective for
the suppression of the accelerated electrons. The acceleration efficiency, defined by the ratio of
the negative ion current to the acceleration drain current, is improved to around 85 %. There
remains the accelerated electrons generated in the negative ion neutralization by collision with
the residual neutral molecules during the acceleration. The direct interception of the accelerated
negative ions with the downstream grid is small.  The reduction of the operational gas

pressure is quite important to achieve the further improvement of the acceleration efficiency.

Keywords : negative ion source, negative-ion-based NBI, accelerated electron suppression,
secondary electron leakage, grid aperture shaping, grid thermal load,

acceleration efficiency, stripping loss, cesium seeding, long pulse operation



1. INTRODUCTION

Large-scaled negative ion sources have been intensively developed” for a negative-ion-
based neutral beam injector (NBI) in the next step experimental fusion devices, such as ITER
(International Tokamak Experimental Reactor)’ where 1 MeV-50 MW neutral beam injection is
proposed.” JAERI has produced 400 keV-13.5 A D ion beam,” and constructed a negative-ion-
based NBI which has started the injection to JT-60U tokamak.” Cadarache has accelerated a H
ion beam of 40 mA t0 910 keV."

In National Institute for Fusion Science (NIFS), large-scaled hydrogen negative ion
in LHD (Large

sources have been developed™™'*™ for a negative-ion-based NBI system™"
P gt Y

Helical Device), which is a world-largest superconducting helical system.” Until now, 16.2 A
of H ion beam has been obtained with a current density of 31 mA/cm’,” 13.6 A of H ion beam
has been accelerated to 125 keV,” and multibeamlet focusing has been achieved with a
divergence angle of 9 mrad by the aperture displacement technique.” High-current density
operation of 45 mA/cm’ ° and low divergence single beamlet production of 5 mrad™ have been
also achieved. However, these results have been obtained in a short pulse operation of less

than 0.3 s. In the next step experimental fusion devices, long pulse and / or continuous
operation is projected, and the NBI system should be operated continuously. At present,
cesium-seeded volume negative jon sources are used for high-current negative ion beam
production.”**” Stable operation of a cesium-seeded source has been demonstrated for a long
pulse duration of 1000 s with a current density of 14 mA/em”.” In this case, the thermal load of
the grounded grid was about 25 % of the total H ion beam power, and it would be difﬁcult to
remove the thermal load of the grounded grid in a long pulse operation with higher power.

The thermal load of the grounded grid is mainly ascribed to the incidence of the accelerated
electrons, which are generated in the neutralization of the negative ions by collision with the
residual neutral molecules or generated as the secondary electrons on the extraction (or the

upstream) grid. The latter electrons must be strongly suppressed by the geometrical grid
configuration while the former electrons can be suppressed by reduction of the operational gas
pressure. In single beamlet or small grid area experiments, high acceleration efficiency of the
negative ions has been obtained by devising the extraction-acceleration grid structure.”
Therefore, it is important to demonstrate the suppression of accelerated electrons in a high-
power large negative ion source with wide-area multiaperture grids, and to clarify the origin of
the accelerated electrons.

We have measured the thermal load of the grids using a high-current large negative ion

source producing 270 beamlets in an area of 25 cm X 26 cm, and investigated the cause of the
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electrons generated as the secondary electrons at the extraction grid were successfully
suppressed. In this paper, following the description of the ion source and the grid system, the
experimental tesults of the suppression of accelerated electrons are presented by making a

comparison between two types of grid system. The origin of the accelerated electrons is also

discussed.

II. EXPERIMENTAL SETUP
A. External filter type large negative ion source

A schematic diagram of an external filter type large hydrogen negative ion source is shown
in Fig. 1. The high-density filament-arc plasma is generated in a muiticusp bucket source, the
dimensions of which are 35 cm X 62 c¢m in cross section and 20 cm in depth. This source is
characterized by strong external magnetic filter field generated in front of the plasma grid over a
wide area of 35 em X 62 cm by a pair of permanent magnet rows facing each other at a
separation of 35 cm. The central magnetic field strength is 52 G and the integrated filter field
strength is 650 G cm. The detailed structure is described in ref. 4. Two cesium ovens are
installed on the chamber wall for the cesium injection. The gas pressure in the arc chamber is
controlled with a mass flow controller. The flow rate is converted to the gas pressure using a
capacitance manometer (MKS Baratron) attached directly to the arc chamber.

The negative ion accelerator was originally designed as a five-grid two-stage accelerator,
and an H jon beam of 16.2 A was obtained from 522 apertures in an area of 25 cm X 50 cm and
13.6 A of H ions were accelerated to 125 keV. In this experiment, a single-stage accelerator
was used. The detailed grid arrangement is shown in the following section.

The negative ion source is attached to the negative-ion-based NBI teststand, where two
large vacuum vessels are connected with a 5 m-long neutralizer. ™ The gas pressure in the first
vessel, where the ion source is attached and a cryopump of 450 m /s is installed, is around 3 X
10” Torr in the operation. The negative ion current is measured with two-dimensional

calorimeter arrays located 5 m and 11.2 m downstream. The beam pulse length is 0.6 s.

B. Grid configuration of accelerator

Two types of extraction-acceleration grid arrangement were used in the experiments. The
grid arrangement with a straight aperture extraction grid is shown in Fig. 2 (a}, which consists
of plasma, extraction, electron suppression and grounded grids. The plasma grid is made of

molybdenum and thermally insulated to keep the grid temperature over 200°C during the



operation. The extraction grid contains permanent magnets which generate the magnetic field
both upstream and downstream for electron deflection. The electrons extracted together with
the negative ions are deflected by the upstream magnetic field and incident on the extraction
grid. A part of the secondary electrons generated on the extraction grid would be trapped by the
downstream magnetic field. The maximum magnetic field strength on the beam axis is 450 G at
the room temperature in this grid arrangement. The extraction voltage is 5-10 kV and the
thermal load of the extraction grid by the impinging of the extracted electrons is large and,
therefore, tubes for water cooling are buried. The electron suppression grid is electrically
connected to the extraction grid. The experimental results when removing the electron
suppression grid (three grid system — grid arrangement A} are compared with those i four
grid system (grid arrangement B). Since a part of the accelerated electrons impinge the
grounded grid, the thermal load of the grounded grid is large. Therefore, tubes of 4 mm in
outer diameter are silver-soldered for water cooling between aperture rows.

The grid arrangement with a shaped aperture extraction grid is shown in Fig. 2 (b), which
uses the same plasma and grounded grids as those in Fig. 2 (2). The extraction grid apertures
are shaped. The upstream opening is narrower than that of the extraction grid in Fig. 2 (a), and
widened gradually toward the downstream. The end opening is made narrow again as the
secondary electrons generated upstream would not leak to the acceleration gap. The larger
permanent magnets are inserted in the extraction grid, and the maximum magnetic field strength
on the beam axis is 650 G at the room temperature (grid arrangement C). The experiments
where the same permanent magnets as those in the extraction grid in Fig. 2 (a) are inserted in
the extraction grid in Fig. 2 (b) (grid arrangement D) are made, and the results are compared.

There are 270 apertures (18 X 15) of 9 mm in diameter in an area of 25 cm X 26 cm on the
plasma grid. The multibeamlets are focused around 12 m downstream by the aperture

displacement of the grounded grid.”

C. Thermal load measurement by water-calorimetry

'The thermal loads of the extraction grid and the grounded grid are estimated by the water-
calorimetry, where the temperature difference between the water inlet and outlet and the water
flow rate are measured. Figure 3 shows an example of the time evolution of the temperature
difference between water inlet and outlet, i.e., the water temperature rise, of the grounded grid
and the extraction grid. The beam pulse length is 0.6 s. Since the thermal capacity of the
extraction grid is larger than that of the grounded grid, the time constant of water temperature
rise is longer in the extraction grid. The arc discharge starts 5 s prior to the beam puise in this



shot and the water temperature in the extraction grid starts to rise before the negative ion
extraction. It is found that the thermal load of the extraction grid contains the heat from the arc
discharge. The thermal powers to the extraction grid and the grounded grid estimated by the
water-calorimetry are converted to the equivalent thermal load currents to the corresponding

grids, leg and Igg, using the extraction voltage and the acceleration voltage, respectively.

I11. EXPERIMENTAL RESULTS AND DISCUSSION
A. In the case of a straight aperture extraction grid

The negative ion extraction and acceleration properties are investigated for the grid
arrangement with a straight aperture extraction grid as shown in Fig. 2 (a). The extraction
current, Iext, the acceleration current, lacc, and the H ion current, IH, are shown in Fig. 4 (a),
as a function of the arc power for the grid arrangement A. The gas pressure in the arc chamber
is 3.2 mTorr. The electron suppression grid is not used. The extraction voltage, Vext, and the
acceleration voltage, Vace, are changed as the voltage ratio of Vace/Vext is constant of around
12, in order to keep the negative ion beamn optics constant. The Vace is changed 45 - 83 kV as
the arc power increases in this experiment, as shown in Fig. 4 (a). It is found that these
currents increase proportionally to the arc power. Figure 4 (b) shows the equivalent thermal
load currents to the extraction grid and the grounded grid, Ieg and Igg, respectively, as a
function of the arc power. The thermal load currents also increase proportionally to the arc
pOwerL

The ratio of the H ion current to the acceleration drain current, IH /lacc, 1.¢., the
acceleration efficiency, and the ratio of the equivalent thermal load current to the grounded grid
to the H ion current, Ieg/IH, are shown in Fig. 3, as a function of the arc power for the grid
arrangement A and B. The experimental conditions are the same as those in Fig. 4. Theroll of
the electron suppression grid in the case of the straight aperture extraction grid is investigated.
The I /Tacc and the Ige/IH are almost insensitive to the arc power and nearly the same for both
arid arrangements. The acceleration efficiency, IH/Tacc, is low, 60-65 %, and the Igg/IH is high,
24-25 %. These results indicate that a large number of electrons are accelerated and a part of
them are incident on the grounded grid. Considering the operational gas pressure, the stripping
loss of the negative ions during the acceleration is estimated to be less than 8 % of the H ion
current. Therefore, most of the accelerated electrons should be derived from the extraction
grid. The electron suppression grid would have worked as a shicld against the acceleration
electric field, and the secondary electrons generated at the extraction grid could not have been

accelerated downward. However, the accelerated electrons are not reduced by installing the



electron suppression grid, as shown in Fig. 5. As the secondary electrons are not easily
absorbed to the extraction grid, some of them probably leak to the downstream gap where the
acceleration electric field exists. The secondary electrons generated at the electron suppression
grid by the impinging of the H ions could be directly accelerated.

On the other hand, the electrons extracted together with the H ions are considered to be
much suppressed. The thermal load of the extraction grid is small and the ratio of Teg/Text is
about 16 %. Since the ratio of IH /Iext is about 55 % in Fig. 4 (a), around 29 % of the
extraction current leak to the acceleration gap except for the H ion current measured at the
calorimeter array. The leakage current contains the direct loss of the H ion current to the
grounded grid, the stripped electrons by the H ion neutralization and the leakage current of the
secondary electrons generated without giving the power to the extraction grid by shallow
incidence of the extracted H ions and electrons. Therefore, it is important to prevent the

secondary electrons with a relatively high energy from leaking to the acceleration gap.

B. In the case of a shaped aperture extraction grid

In order to reduce the leakage of secondary electrons from the extraction grid, the
extraction grid aperture has been shaped as shown in Fig. 2 (b). The upstream opening is made
narrower for intercepting the distorted H ions of the beamlet periphery, which would strike the
inner surface of the aperture. Moreover, by increasing the magnetic field for the electron
suppression (the grid arrangement C), almost all of the extracted electrons should be incident on
the upstream surface with the narrow opening of the extraction grid. The inner diameter of the
aperture is gradually wider toward the downstream, and the end opening is narrowed down
again. The energetic secondary electrons generated on the inner surface of the aperture would
be trapped at the depression. The narrow end aperture also works as a shield which prevents
the acceleration electric field from applying the inner surface of the aperture where the
secondary electrons are generated.

The Text, Tacc and TH as a function of the arc power are shown in Fig. 6 () for the grid
arrangement with the shaped aperture extraction grid (the grid arrangement C). The gas
pressure n the arc chamber is 3.4 mTorr. The thermal load currents, leg and Igg, are also
shown in Fig. 6 (b), as a function of the arc power. These currents are proportional to the arc
power. The power supply drain currents, Iacc and Iext, and the thermal load currents, leg and
Igg, are apparently reduced compared with those in the grid arrangement A shown in Fig. 4,
while the H ion current is not changed.

Figure 7 shows the IH/Tacc and the Igg/IH as a function of the arc power for the grid
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arrangement C and D. The experimental conditions are the same as those in Fig. 6. For the
grid arrangement C, the acceleration efficiency, 1H/lace, is much improved and around 85 %.
The thermal }load of the grounded grid is also much reduced and the Igg/IH is about 13 %, a half
of that in Fig. 5. The current ratio of the IH to the lext is about 73 % and the leg/lext is about 15
%. Thus, the leakage cumrent of the relatively high-energy secondary electrons to the
acceleration gap is suppressed. The improvement of the acceleration efficiency and the
reduction of the thermal load current to the grounded grid are considered to be largely due to the
decrease in the leakage of the secondary electrons generated on the inner surface of the aperture.
In Fig. 7 also shown are the It /Tacc and the Igg/IH for the grid arrangement D where the same
permanent magnets as those in Fig. 2 (a) are inserted in the extraction grid. The improvement
of the acceleration efficiency and the reduction of the thermal load current to the grounded grid
are observed by making the magnetic field strong. However, a degree of the improvement is

smaller than that by shaping the aperture of the extraction grid.

C. Helium discharge

The leakage of the secondary electrons generated by the impinging of the extracted
electrons to the extraction grid can be observed in helium discharge, where the only electrons
are extracted. Figure 8 (a) shows the extraction current, lext, and the acceleration current, Iacc,
as a function of the arc power in the case of the helium discharge for the grid arrangement C.
Although the Tacc is comparable to or less than the leakage current with no load of the
acceleration power supply, these currents are nearly proportional to the arc current. The current
ratio of lace/Iext, which indicates a degree of the secondary electron leakage, is shown in Fig. 8
(b), as a function of the arc power. The data are plotted for the grid arrangement A, C and D.
It is found that the leakage of the secondary electrons to the acceleration gap is much
suppressed simply by shaping the aperture of the extraction grid and that the leakage is also
suppressed by strengthening the magnetic field for the electron suppression. As aresult, the
Tace/Text is reduced to about 3 %. A degree of the improvement by making the magpetic field
strong is smaller than that by shaping the extraction grid aperture. These results correspond to
the improvement of the acceleration efficiency as shown in Figs. 5 and 7. Therefore, it is
considered that the secondary electrons generated on the extraction grid are one of the main
origins of the accelerated electrons in the grid arrangement A and B. For the grid arrangement
C, the stripped electrons during the H ion acceleration should be the dominant origin of the

accelerated electrons.



D. Stripped electron acceleration

The accelerated electrons are suppressed by shaping the extraction grid aperture. This
suppression is achieved by preventing the secondary electrons generated on the extraction grid
from entering the acceleration gap. The accelerated electrons also originate in the stripping loss
of negative ions. Figure 9 (a) shows the fext, Tacc and IH as a function of the gas pressure in
the arc chamber for the grid arrangement C. The Ieg and Igg are also shown in Fig. 9 (b). The
arc power is 50 kW. The H ion current gradually increases with a decrease in the gas pressure
down to 3 mTorr, while the thermal load current to the grounded grid, Igg, monotonously
decreases with a decrease in the gas pressure. The H' ions are neutralized by the collision with
the neutral gas molecules, leading to the electron detachment from the H ion. This stripping
loss rate decreases as decreasing in the gas pressure and, therefore, the thermal load of the
grounded grid also decreases as decreasing in the gas pressure.

Figure 10 shows the current ratios of IH/lacc and lgg/IH as a function of the gas pressure
for the grid arrangement A and C. The data over 3 mTorr of the gas pressure are linearly fitted
in the figure, since at a gas pressure below 3 mTorr the ion beam optics was not necessarily
kept proper. As the gas pressure decreases, the Igg/IH decreases at nearly the same rate for both
grid arrangements. However, when the gas pressure is zero, the Igg/IH for the grid
arrangement C is extrapolated to about 3 %, while that for the grid arrangement A to about 15
%. This difference is ascribed to the suppression of the secondary electrons generated on the
extraction grid. As shown in Fig. 10, the acceleration efficiency, IH/Tacc, is also extrapolated to
about 97 % at a gas pressure of 0 for the grid arrangement C. At a gas pressure of 3.4 mTorr,
the IH/lacc is about 85 %, and the difference of the IH/Tacc between 3.4 mTorr and 0 of the gas
pressure is about 12 %, which would correspond to the stripping loss rate at a gas pressure of
3.4 mTorr. In this case, the gas pressure in the acceleration gap is estimated at 0.8 mTorr, and
the calculated stripping loss rate is about 8 %. A pait of the electrons generated by the negative
ion stripping inside the extraction grid aperture would emerge in the acceleration gap without
being trapped by the magnetic field. The backstreaming positive ions, which would increase
with an increase in the gas pressure, could contribute to the acceleration drain current, Tacc.
However, since the thermal load current to the extraction grid, leg, is almost independent of the
gas pressure as shown in Fig. 9 (b), there would be no backstreaming positive ions
bombarding the extraction grid. In the case of the shaped aperture extraction grid, the dominant
thermal load on the grounded grid is the accelerated electrons generated by the negative ion
stripping, and it is quite important to lower the operational gas pressure for the reduction of the

thermal load of the grounded grid. There could be the other cause of the thermal load



corresponding to about 3 % of the negative ion current. It may be ascribed to the direct

interception of the negative ions with the grounded grid.

E. Negative-ion related current loss

The plasma grid is positively biased at a few volts against the arc chamber. Figure 11 (a)
shows the bias characteristics of the Iext, lacc and IH for the gnd arrangement C. The Jext
decreases monotonously with an increase in the bias voltage while the Iacc and the IH are almost
constant below 1.5 V of the bias voltage and gradually decrease over 2 V. The bias
characteristics are utilized for the extracted electron suppression. The thermal load currents {0
the extraction and grounded grids, leg and Igg, are shown in Fig. 11 (b), as a function of the
bias voltage for the same conditions as those in Fig. 11 (a). The leg decreases as the bias
voltage increases while the Igg is almost constant. This implies that the extracted electrons are
suppressed by the bias voltage and that the extracted electrons and the related secondary
electrons do not leak to the acceleration gap. However, there is a possibility of the secondary
electrons generated by the negative ion incidence to be accelerated.

Figure 12 shows the current ratios of IH /Tacc and Igg/IH as a function of the extraction
voltage for the grid arrangement A and C. Both the extraction voltage and the acceleration
voltage are changed as the ratio of the acceleration voltage to the extraction voltage is constant
of 12. The arc power is 50 kW. The IH/Jacc and the 1gg/IH are almost constant for the gnid
arrangement C while the IH/lacc and the Igg/IH are observed to decrease and to increase,
respectively, at an extraction voliage lower than 5.5 kV for the grid arrangement A. The
extracted negative ion beam drifts inside the extraction grid aperture and expands due to the
space-charge repulsion. At alower extraction voltage a part of the expanding negative ion beam
is incident on the inner surface of the aperture, and the secondary electrons are generated on it.
In the case of the straight aperture extraction grid, these secondary electrons easily leak to the
acceleration gap while they are shielded against the acceleration electric ficld with the narrow
end aperture in the case of the shaped aperture extraction grid. Therefore, the increasc in the
thermat load at a lower extraction voltage is derived from the secondary electrons generated by
the H ion bombardment for the straight aperture extraction grid. The beam optics can be kept
good in a relatively wide range of the extraction voltage on the condition that the optimum
voltage ratio of the acceleration 1o the extraction is kept.”~ Unless the voltage ratio is kept
optimum, the thermal load of the grounded grid increases with a change of the extraction
voltage due to the direct interception of the negative ion beam with the grounded grid.

The current ratios of IH/Tacc and Igg/IH and the FWHM of the vertical profile of the H ion



beam are shown in Fig. 13, as a function of the acceleration voltage for the grid arrangement C.
The extraction voltage is constant of 5.6 kV and the arc power is 50 kW. The IH/Iacc increases
slightly and the Igg/IH decreases slightly as the acceleration voltage increases. The beamlet
diameter at the grounded grid aperture would be made smaller by raising the acceleration
voltage, and the direct interception of the negative ions should be reduced. However, the
negative ion beamlet is over-focused and the beam divergence is larger at a higher acceleration
voltage, as shown in Fig. 13. The grounded grid aperture is displaced for the multibeamlet
focusing, and the maximum displacement is 3.53 mm. Therefore, the direct interception of the
negative ion beam with the grounded grid is thought to be the dominant cause of the remaining

thermal load at a gas pressure of 0 in Fig. 10.

IV. LONG-PULSE OPERATION

The thermal load of the extraction grid is small and the thermal load of the grounded grid
is about 13 % of the negative ion beam power for the grid arrangement C. We have tested a
long-pulse operation with the grid arrangement C. As a result, 330 kW of the negative ion

beamn (91 keV-3.6 A) was accelerated for 10 s at a gas pressure of 3.4 mTorr. The current

density at the plasma grid aperture was 21 mA/cm’” in this operation.

In conclusion, the accelerated electrons generated as the secondary electrons on the
extraction grid were fully suppressed with a use of the shaped aperture extraction grid, and the
thermal load of the grounded grid was much reduced. The stripped electrons generated by the

negative ion neutralization are now a dominant cause of the thermal load. Lowering the
operational gas pressure is only solution to the reduction of the stripped electrons. Therefore,

the negative ion production efficiency is required to be improved at a lower operational gas

pressure.
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FIGURE CAPTIONS

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Schematic diagram of an external filter type large hydrogen negative ion source.

Grid arrangements (a) with a straight aperture extraction grid (grid arrangement B)
and (b) with a shaped aperture extraction grid (grid arrangement C). Grid
arrangement without the electron suppression grid in (a) is the grid arrangement A,
and in (b) grid arrangement using the same permanent magnets as those in (a) is the
grid arrangement D.

Example of the time evolution of the water temperature rise of the grounded grid and
the extraction grid. The beam pulse length is 0.6 s.

{(a) Extraction current, Iext, the acceleration current, lacc, the H ion current, I, and
the acceleration voltage, Vace, and (b) the equivalent thermal load currents to the
extraction grid, Ieg, and to the grounded grid, Igg, as a function of the arc power for
the grid arrangement A. The gas pressure in the arc chamber is 3.2 mTorr.

Ratio of the H ion current to the acceleration drain current, IH/lacc, and the ratio of the
equivalent thermal load current to the grounded grid to the H ion current, lgg/IH, as a
function of the arc power for the grid arrangement A and B. The gas pressure in the
arc chamber is 3.2 mTorr.

(a) Extraction current, lext, the acceleration current, Iace, and the H  ion current, IH,
and (b) the equivalent thermal load currents to the extraction grid, leg, and to the
grounded grid, Igg, as a function of the arc power for the grid arrangement C. The
gas pressure in the arc chamber is 3.4 mTorr.

Ratio of the H ion current to the acceleration drain current, IH/Iacc, and the ratio of the
equivalent thermal load current to the grounded grid to the H ion current, Igg/IH, as a
function of the arc power for the grid arrangement C and D. The gas pressure in the
arc chamber 1s 3.4 mTor.

(a) Extraction current, Iext, and the acceleration current, lacc, for the grid arrangement
C, and (b) the current ratio of the acceleration to the extraction, Tacc/Iext, for the grid
arrangement A, C and D, as a function of the arc power in the case of the helium
discharge.

(2) Extraction current, Iext, the acceleration current, lacc, and the H ion current, IH,
and (b) the equivalent thermal load currents to the extraction grid, leg, and to the
grounded grid, Igg, for the grid arrangement C, as a function of the gas pressure in

the arc chamber. The arc power is 50 kW.

Fig. 10 Ratio of the H ion current to the acceleration drain current, IH/Iacc, and the ratio of the
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Fig. 11

Fig. 12

Fig. 13

equivalent thermal load current to the grounded grid to the H' ion current, Igg/IH, for
the grid arrangement A and C. as a function of the gas pressure in the arc chamber.
The arc power is 50 kW. The data are linearly fitted by solid lines over 3 mTorr of the
gas pressure.

(a) Extraction current, lext, the acceleration current, lacc, and the H' ion current, IH,
and (b) the equivalent thermal load currents to the extraction grid, leg, and to the
grounded grid, Igg, as a function of the bias voltage for the grid arrangement C. The
arc power 1s 50 kW and the gas pressure in the arc chamber 1s 3.4 mTorr.

Ratio of the H' ion current to the acceleration drain current, IH/Tace, and the ratio of the
equivalent thermal load current to the grounded grid to the H' ion current, Igg/IH, as a
function of the extraction voltage for the grid arrangement A and C. The ratio of the
acceleration voltage to the extraction voltage is constant of 12. The arc power is 50
kW.

Ratio of the H' ion current to the acceleration drain current, JH/Tacc, the ratio of the
equivalent thermal load current to the grounded grid to the H ion current, Igg/IH, and
the FWHM of the vertical profile of the H ion beam as a function of the acceleration

voltage for the grid arrangement C. The extraction voltage is constant of 5.6 kV. The

arc power is 50 kW and the gas pressure in the arc chamber is 3.4 mTorr.
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