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Abstract

A high-current H ion beam has been accelerated with the two-
stage acceleration. A large negative hydrogen ion source with an external
magnetic filter produces more than 10 A of the H ions from the grid area
of 25 cm x 50 c¢m with the arc efficiency of 0.1 A/kW by seeding a small
amount of cesium. The H ion current increases according to the 3/2-
power of the total beam energy. A 13.6 A of H ion beam has been
accelerated to 125 keV at the operational gas pressure of 3.4 mTorr. The
optimum beam acceleration is achieved with nearly the same electric
fields in the first and the second acceleration gaps on condition that the
ratio of the first acceleration to the extraction electric fields is adjusted
for an aspect ratio of the extraction gap. The ratio of the acceleration
drain current to the H ion current is more than 1.7. That is mainly due
to the secondary electron generated by the incident H ions on the
extraction grid and the electron suppression grid. The neutralization
efficiency was measured and agrees with the theoretical calculation

result.
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1. Introduction

In the next step fusion experimental devices, a high-energy, more
than several hundreds keV, neutral beam injection (NBI) system is
required, where the negative ion beam is used for its high neutralization
efficiency at the high beam energies. The ITER (International
Thermonuclear Experimental Reactor) - NBI system is engineeringly
designed with the injection energy of 1.0 MeV using the multi-stage
electrostatic acceleration [1]. For recent several years, high-current
negative ion sources which enable a real injector design have been
developed in the cesium-seeded operation [2-7]. On the other hand, the
high-energy acceleration up to 400 keV of the H ions has been
demonstrated with the two-stage acceleration of a small current of 0.18 A
[8], and a 2 A of D ion beam has been accelerated to 105 keV with the
single-stage acceleration [9].

A negative-ion based NBI system is planned in the Large Helical
Device (LHD) project [10], which injects 20 MW of hydrogen/deuterium
beams with the energy of 125(H)/250(D) keV [11]. For this system, a
125 keV-45 A hydrogen negative ion source should be developed.
Recently, we have developed a high-current negative ion source which
produced a 47 keV-16.2 A of H ion beam with a single-stage acceleration
[6,7]. This ion source has 1/3 of grid area of the ion source required for
the LHD-NBI system, and is operated at the high arc efficiency of 0.1
A/kW at the low gas pressure of 3.5 mTorr. In order to demonstrate and
to investigate the high-energy acceleration of an intense negative ion
beam, we have added a grid to this ion source accelerator for the two-
stage accelerationt of more than 10 A of negative ion beams. In this

paper, the experimental results of the high-energy negative-ion
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acceleration are presented in detail.

2. Experimental Set-Up

Figure 1 (a} shows an external-filter type 1/3-scaled negative ion
source used for the acceleration experiments. The detailed structure is
described in ref. 6. The arc chamber has the dimensions of 35 cm x 62
cm in cross section and 21 cm in depth and the beam extraction area is
25 cm x 50 cm, which corresponds to a 1/3 scale-model of the ion
source in the LHD-NBI system. A strong external magnetic filter field in
the X-direction in Fig. 1 (a) is generated in wide area in front of the
plasma grid by a pair of permanent magnet rows facing each other with
the distance of 35 cm.

The grid arrangement along the beam axis is shown in Fig. 1 (b).
The plasma grid (PG]) is made of molybdenum and thermally insulated for
the cesium-mode operation. The aperture diameter of the plasma grid is
11.3 mm and the number of the aperture is 522 (18 x 29). The
extraction grid (EG]) is thick, 11 mm, because of the embedded large
permanent magnets which generate the strong magnetic field in the Y-
direction for the electron suppression. The gap length between the PG
and the EG is 3 or 5 mm in the experiments. The electron suppression
grid (SG) has the same potential as the EG. The first acceleration gap
length between the SG and the acceleration grid (AG}) is 16 mm and the
second acceleration gap length between the AG and the grounded grid
(GG} is 32 mm. The beamlets are not focused, that is, parallel beams.
The grids are edge-cooled except for the EG which is water-cooled in the
vicinity of the apertures. Thus, the pulse length is short, less than 300

ms. The electrical connections of the power supplies are also indicated
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in Fig. 1 (b).

The ion source is attached to the negative-ion-beam teststand [12-
14] via a gate-valve of 800 mm in diameter. A horizontal beam limiter {in
the X-direction) of 310 mm in width is placed ai the distance of 4 m
from the ion source. The negative ion current is thermally measured by a
movable multi-channel calorimeter array placed 5 m downstream of the
iont source. There are 15 channels in the horizontal (X) direction and 25
channels in the vertical (Y} direction. The teststand chamber is

evacuated by a cryopump with the pumping speed of 450 m® /s.

3. Experimental Results
3.1. High-current negative-ion beam acceleration

The extraction, the first acceleration and the second acceleration
voltages, Vext, Vace1 and Vaeez. respectively, were varied as the measured
negative ion currents would show the maximum. Figure 2 (a) shows the
H ion current, Ig-, and the second acceleration drain current, I cc2, as a
function of the arc power at the gas pressure of 3.4 mTorr. The H ion
beam energy is 110 to 125 keV and the exiraction gap length is 3 mm.
The H ion current accelerated with the two stages increases with an
increase in the arc power at the arc efficiency (the ratio of the H ion
current to the arc power) of around 0.1 A/kW. The I,.2 also increases
proportionally to the arc power and the ratio of the second acceleration
current to the H ion current, Iyeea/I5-, is 1.7 to 2.4. The ratio of the
extraction current to the H ion current, le/Iy-, is relatively small and
2.2 to 3.2. The first acceleration current, I .., is a little larger than the
L.cc2 by about 5 % or less. In the case of the single-stage acceleration, the

arc efficiency was also around 0.1 A/kW [6]. Thus, it is thought that there



is almost no loss of the H ions during the second acceleration. As shown
in Fig. 2 (a), however, the arc efficiency is degraded at the arc power of
higher than 120 kW. This is caused by the shortage of the acceleration
voltage against the higher H ion currents at the higher arc powers.
Figure 2 {b) shows the H ion current as a function of the total beam
energy for the same conditions in Fig. 2 (a). A dashed line indicates the
3/2-power dependency on the beam energy. It is found that the
accelerated H ion current is closely related with the total beam energy.
The maximum H ion current at each beam energy increases according to
the 3/2-power of the beam energy. The H ion currents are extracted
aiso according to the Child-Langmuir 3/2-power law of the extraction
voltage [6]. In the experiments, the maximum applied voltage to the ion
source was limited to 125 kV, and a 13.6 A of H ion current was

accelerated to 125 keV.

3.2, Gas pressure dependence

The low gas pressure operation is essential for the high-energy
negative ion beam acceleration, because the stripping loss of the negative
ions results in the lower acceleration efficiency and the high thermal load
of the grids by the dissociated electrons. Figure 3 (a) shows the arc
efficiency of the H ions as a function of the gas pressure. The arc power
is 90 to 100 kW and the beam energy is 113 keV. The extraction gap
length is 3 mm. At the gas pressure of 2.5 mTorr the arc efficiency is
still 0.1 A/kW. The l.xt/ly- and the Iycco/lg- as a function of the gas
pressure are shown in Fig. 3 (b}. The electrons extracted together with
the H ions are much suppressed even at this low gas pressure. The ILycco

is almost the same as or several % lower than the I cqi.



Figure 4 shows the simulation results of the gas pressure
distribution and the survival H ion ratio without the stripping loss in the
accelerator using the Monte-Carlo gas flow calculation code [15]. The gas
temperature is assumed to be constant, 300 K. The gas flow rate is 19
Torr 1/s and the calculated gas pressure in the arc chamber is 3.3 mTorr.
The total stripping loss of the H ion beam is calculated at 20 %. The
stripping losses during the first and the second accelerations of the H
ions are not so large, about 5 % and 3 %, respectively, of the H ion
current at the plasma grid aperture. The H ion current accelerated to
the full-energy without the stripping loss is calculated at about 95 % of
the calorimetrically estimated H ion current. Therefore, the operational
gas pressure of 3.3 mTorr is low enough for the neutral beam application

of this H ion source.

3.3. Beam profile

The two-dimensional beam profile can be obtained by moving the
calorimeter array vertically (in the Y-direction in Fig. 1 (a)). Figure 5
shows the contours of the H ion beam current density measured by the
movable calorimeter array. The arc power is 90 kW. The beam energy is
109 keV and the total H ion current is 9.6 A. The extraction gap length
is 5 mm. The beam is shifted downward by about 4 cm. Since the
external magnetic filter field is applied horizontally (in the X-direction)
over the beam acceleration region and the beam drift region, the H ions
are deflected vertically by this magnetic field. In general, the deflection
angle is proportional to the line-integrated transverse magnetic field. In
this source, the line-integrated field strength in the beam acceleration

and drift regions is about 540 G cm. Thus, the beam deflection angle is



estimated at 11.3 mrad and the beam would shift by 5.7 cm at the
position of the calorimeter array. The actual beam shift is less than the
estimated one. The geometrical accuracy in installing the ion source may
influence the beam shift. As shown in Fig. 5, the beam uniformity is not
so good in the vertical direction. In the cesium mode operation, the H
ion production is influenced by the PG temperature and the cesium
coverage on the PG. These may cause the beam ununiformity. The
optimization of the cesium mode operation is required.

The horizontal (X) profile of the H ion beam is shown in Fig. 6.
The arc power is 88 kW, the total H ion current is 8.5 A, and the beam
energy is 110 keV. The extraction gap length is 5 mm. The horizontal
positions of 17.5 cm and -17.5 ¢m are located outer than those of the
horizontal beam limiter of 31 cm in width. The calculated beam profile
using the multi-gaussian beamlets (18 x 29) with the divergent angle of
16 mrad is also shown by a dotted line in the figure. The measured beam
profile is in relatively good agreement with the calculated one. The beam
divergent angle is large compared with that of the reported single
beamlet [8,16]. The direction of the magnetic field produced by the
permanent magnets embedded in the extraction grid is in the opposite
direction line by line along the vertical direction. As a result, the
horizontal deflection of the beamlets is occurred in the opposite
direction line by line along the vertical direction. The horizontal
deflection of a line of beamlets is calculated at 5-7 mrad in this case, and
the beam divergent angle is estimated at 14 mrad or less when the
alternate horizontal deflection is took into account. The beam
ununiformity also could have an influence on the estimation of divergent

angle.



3.4. Dependence on electric field ratio

The accelerated H ion beam property is influenced by the ratio of
the second to the first acceleration electric fields, Eyeca/Eacer. Figure 7
{a) shows the FWHM of the horizontal profile, Hrwrm. as a function of the
Eacca/Eacc1. The extraction gap length is 3 mm. The Ve and the Viaeer
are constant, 6.7 and 35 kV, respectively, that corresponds to the ratio of
the first acceleration to the extraction electric fields, Eacc1/Eext. of 0.98.
The Eacez/Eace1 Was changed by only the V,.co. The arc power is 90 kW
and the operational gas pressure is 3.4 mTorr. The Hrwrm shows the
minimum at around 1.0 of the Ecea/Eace1. although the dependency of
the Hrwuwm on the Egeca/Eace1 is week. The H ion current measured by
the calorimeter array, Ig-, and the Icc2/In- as a function of the
Eaccs/Eace1 is shown in Fig. 7 (b). The Lyco/1- has a nearly the same
dependency as that of the Hywim on the Ezeca/Eace1. The dependency of
the Li- on the Eacca/Eacel is also week and the Iy- shows the maximum
around 1.0 of the E;cca/Eaccl-

The Hpwpym as a function of the ratio of the E,cc1/Eext is shown in
Fig. 8 (a), for the Eacca/Eace1 of 0.9, 1.05 and 1.15. The Vey is constant,
6.7 kV. The other conditions are the same as those in Fig. 7. Figures 8
(b) and {c) show the Iy- and the Lcco/In- as a function of the Eace1/Eext.
respectively, for the same Eacca/Eacc1 as those in Fig. 8 (a). The Hrwawm
and the Icea/Tu- show the broad minimums at 0.9-1.1 of the Eace1/Eext.
where the Ig- shows the broad maximum. It is observed that the
E.cco/Eace1 should be increased for a good beam optics when the Eacer is
weak compared with the Eey.

Figure 9 (a) shows the Hrwim as a function of Eacca/Eacct in the



case of the extraction gap length of 5 mm. The V. and the Voo are 8.2
kV and 31 kV, respectively, that corresponds to the E,cc;/Eext Of 1.18.
The arc power is 30 kW. The arc efficiency and the L,..o/Ig- as a function
of the Ezcca/Eace1 are shown in Fig. 9 (b) for the same conditions as those
in Fig. 9 (a). The Hrwipv shows the minimum at the Egeco/Eqcc; of around
1.15, where the arc efficiency and the 1 .02/Iy- shows the maximum and
the minimum, respectively. In the case of the extraction gap length of 5
mm, the optimum Egec1/Eext is higher than that in the case of 3 mm.
However, the optimum E,ceo/Eace; is still 1.0-1.1 at the Egec/Eext of about

1.4 or more.

3.5. Neutralization efficiency

The high-energy H ion beam was transported to a neutral beam
dump located 13.6 m downstream from the ion source via a neutralizer,
In order to measure the neutralization efficiency, hydrogen gas was fed
into the neutralizer and the residual ion bending magnet was operated.
There are many thermocouples on the neutral beam dump. The ratio of
the temperature rises with to without the bending magnet operated
corresponds to the neutralization efficiency. Figure 10 shows the
neutralization efficiency measured using different three thermocouples as
a function of the gas pressure in the beam transport region. The beam
energy is 95 keV. A result of the theoretical calculation is also indicated
by a dotted line in the figure. Although the measured neutralization
efficiency is a little higher than the calculated one, relatively good

agreement is found.

4. Discussion
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The ratio of the acceleration current to the H ion current, L../Ig-,
is required to be low, in order to reduce the thermal load of the grids
and the beamline components and to raise the H acceleration efficiency
of the acceleration power supplies. In this source this ratio is not less
than at least 1.7 as shown in Figs. 2 and 3. The higher operational gas
pressure causes the larger stripping loss of the accelerated H ions, that
results in the higher ratio of the I /Ig-. As shown in Fig. 4, the
calculated stripping loss is small during the beam aceeleration. In the
experiments, the ratio of the second to the first acceleration currents,
Lace2/Tace1, is 0.95-1.0, that indicates that the stripping loss is small
during the acceleration. The direct acceleration of the extracted
electrons is small from the experimental results in the single-stage
acceleration [6]. The secondary electrons produced by the incident H
ions on the extraction grid and the electron suppression grid can be
accelerated. The electron suppression grid is electrically connected to
the extraction grid in the normal operation, and works to prevent the
acceleration electric field from applying the extraction grid. As a result,
the acceleration of secondary electrons produced on the extraction grid
is expected to be suppressed to some extent. The secondary electrons
produced on the electron suppression grid would be accelerated and
contribute the large ratio of the I,../Ig-. The aspect ratio of the
extraction gap is so large and the exiraction grid is so thick that the
extracted H ion beam would diverge and a part of it would be incident on
the extraction grid and the electron suppression grid. On the other
hand, the beam spots corresponding to the grid apertures are observed
on the back plate of the arc chamber. These seem to be marked by the

back-streaming positive ions. The back-streaming positive ions would
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also contribute the acceleration drain current. From the above
discussion, the reduction of the incident H ions on the extraction grid
and the electron suppression grid is important to reduce the Lyec/Iy-.
The larger end aperture on the downstream side of the extraction grid
and the smaller aspect ratio of the extraction gap could be effective. The
reduction of the back-streaming positive ions is also important. The
positive ion suppression grid biased positively with respect to the
grounded grid may be required on the upstream side of the grounded
grid.

From Figs. 7-9, it is recognized that the optimum beam
acceleration of H ions is achieved in the case of nearly the same electric
fields in the first and the second acceleration gaps, on condition that the
Eace1/Eext is adjusted for the aspect ratio of the extraction gap.

Therefore, the single-gap high-energy acceleration is possible for an

intense negative ion beam.

5. Concluding Remarks

High-energy acceleration of an intense negative ion beam has been
performed with the two-stage acceleration using the 1/3-scaled external
filter-type large negative ion source. The accelerated H ion current
increases according to the 3/2 power of the total beam energy at the arc
efficiency of 0.1 A/kW. As a resuli, a 13.6 A of the H ion current was
accelerated to 125 keV. The stripping loss of the H ions during the
acceleration is small, several %, due to the low gas pressure operation at
less than 3.5 mTorr. The uniformity of the beam profile is not so good,
and the beam divergent angle is estimated at 14-16 mrad from the

profile fitting with multi-beamlets. The improvement of the beam
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uniformity and the divergent angle is an important issue for the neutral
beam application. The optimum beam acceleration conditions are found
with regard to the electric field ratio of the first and the second
acceleration. Nearly the same electric field in each acceleration stage
realizes the optimum beam acceleration when the ratio of the first
acceleration to the extraction electric fields is adjusted according to the
aspect ratio of the exiraction gap. The neutralization efficiency of the
high-energy negative ions was measured and found to agree with the
theoretical calculation.

It is concluded that these resulis presented here enable to design

the actual LHD-NBI system with the negative ion beam.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

(a) Schematic diagram of an external-filter type 1/3-scaled
negative ion source, and (b} the grid arrangement along the beamn
axis and the electrical connections of the power supplies.

{a) H ion current {fopen circles} and the second acceleration
drain current {open triangles) as a function of the arc power, and
(b) H ion current as a function of the total beam energy. A dashed
line indicates the 3/2-power dependency on the beam energy.
The gas pressure is 3.4 mTorr.

(a) Arc efficiency of the H ions, and (b} the ratio of the extraction
current to the H ion current, lex:/Iy-, (open circles) and the ratio
of the second acceleration current to the H ion current, I cc2/Ig-.
(open triangles} as a function of the gas pressure. The arc power
is 90 to 100 kW and the H ion beam energy is 113 keV.
Simulation results of the gas pressure distribution and the survival
H ion ratio without the stripping loss in the accelerator using a
Monte-Carlo gas flow calculation code.

Contours of the H ion beam current density measured by
scanning the calorimeter array. The arc power is 90 kW. The
beam energy is 109 keV and the total H ion current is 9.6 A. The
equi-current density lines are 0.93 mA/ cm” units.

Horizontal (X) profile of the H ion beam. The arc power is 88 kW.
The beam energy is 110 keV and the total H ion current is 8.5 A.
A calculated beam profile using the multi-gaussian beamlets

with the divergent angle of 16 mrad is also shown by a dotted

lire.
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Fig. 7

Fig. 8

Fig. 9

Fig.10

(a) FWHM of the horizontal profile, and (b} the H ion current
(open circles) and the ratio of the second acceleration current to
the H ion current, Iyec2/Ig-, (open triangles) as a function of the
ratio of the second to the first acceleration electric fields,
Eacea/Eace1- The ratio of the first acceleration to the extraction
electric fields, Ejcc1 /Eext, is constant, 0.98. The exiraction gap
length is 3 mm. The arc power is 90 kW and the gas pressure is
3.4 mTorr.

{a} FWHM of the horizontal profile, (b) the H ion current, and (c)
the ratio of the second acceleration current to the H ion current,
Licca/Ig-. as a function of the ratio of the first acceleration to the
extraction electric fields, Eacc1/Eext. The parameter is the ratio of
the second to the first acceleration electric fields, Eacc2/Eaccts
and the data are plotted for Ejeca/Eace1r = 0.9 {open squares), 1.05
{open circles) and 1.15 {open triangles). The extraction gap
length is 3 mm. The arc power is 90 kW and the gas pressure is
3.4 mTorr.

(a) FWHM of the horizontal profile, and (b) the arc efficiency
(open circles) and the ratio of the second acceleration current to
the H ion current, Ii.e2/Ig-, (open triangles) as a function of the
ratio of the second to the first acceleration electric fields,
Eacc2/FEacei. The extraction gap length is 5 mm. The ratio of the
first acceleration to the extraction electric fields, E,cc1/Eext. 18
1.18. The arc power is 90 kW and the gas pressure is 4 mTorr.
Neutralization efficiency measured as a function of the gas
pressure in the beam transport region. A theoretical calculation

result is indicated by a dotted line. The beam energy is 95 keV.
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