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ABSTRACT
A high-power large negative ion source has been operated for a long pulse duration. A three-
grid single-stage accelerator is used, where the extraction grid is shaped so that the secondary
electrons generated on the extraction grid would be prevented from leaking into the acceleration
gap. A stable long-pulse arc discharge with an arc power of 100 kW has been obtained over 15
s by balancing an individual arc current flowing through each filament. The cesium-seeded
operation is not influenced by a temperature rise of over 100 “C of the plasma grid during the
long-pulse arc discharge. As a result, the negative ion beam power of 330 kW (91 keV-3.6 A)
was produced stably for 10 s from an area of 25 cm X 26 cm, where the current density was
21 mA/em’ and the negative ion power density was 1.9 kW/cm®. The neutralization efficiency
of accclerated negative ions has been measured including the residual positive and negative ion
ratios by the water calorimetry of the beam dumps. The result agrees well with the calculation

result.

Keywords : negative ion source, negative-ion-based NBI, long pulse operation,
cesium seeding, long-pulse arc discharge, grid thermal load,

neutralization efficiency, grid aperture shaping, stripping loss



I. INTRODUCTION

In the next step experimental fusion devices, such as ITER (International Tokamak
Experimental Reactor), high-energy and long-pulse neutral beam injection (NBI) heating is
projected.” For this purpose, high-power large negative ion sources have been intensively
developed in various laboratories.” As a result, a high-current H ion beam of 16.2 A was
produced at NIFS ° and 13.5 A of D ions was accelerated to 400 keV at JAERL Recently, the
first injection to JT60U tokamak using a negative-ion-based NBI system has been reported.”
However, these results were obtained in a short-pulse operation below 0.3 s. In the Large

Helical Device (LHD) project,” the pulse duration of a negative-ion-based NBI system, which is

now under construction, is planned to be 105.""

Therefore, a long-pulse operation over 10 s
should be achieved with a high-power large negative ion source.

There are several key issues to be solved for the long-pulse operation of the high-power
large negative ion source. Since the ion source is operated with cesium seeded for the
enhancement of the negative ion current and the lowering of the operational gas pressure, the
operation stability and reliability are important for the long-pulse operation. Using a cylindrical
negative ion source of 20 cm in diameter, a long-pulse operation of 1000 s was demonstrated in
a cesium-seeded operation with a H ion beam power of 25 kW (50 keV-0.5 A)."” It is required
that a higher-power negative ion beam is produced for a long-pulse duration in a large negative
ion source. A long-pulse stable arc discharge is also important. The volume negative ion
source utilizes the cusp magnetic ficld and the magnetic filter field, and these magnetic fields
distribute in the arc chamber. Moreover, for improvement of the negative ion production
efficiency in a low gas pressure, these magnetic fields are strong. In this situation, it is not
easy that a high-power arc discharge is maintained stably for a long period in a large arc
chamber. The most significant problem is the thermal load of grids. In the negative ion source,
the negative ions accompany the electrons, which are accelerated together with the negative ions
and lead to the thermal load of the downstream grid. The suppression of the accelerated
electrons has been investigated,” and the low gas pressure operation is quite important to
reduce the detached electrons generated by the negative ion stripping during the acceleration.

We developed a large hydrogen negative ion source, which produced 16.2 A of the
negative ions, and have modified it for the long-pulse operation. As a result, a long-pulse
operation of 10 s was achieved with a beam power of 330 kW. In this paper, after the
description of the negative ion source, the experimental results of the long-pulse operation are
presented from points of view of the long-pulse stable arc discharge, the operational stability of

the negative ion beam properties against the pulse duration, and the thermal loads of the grids.
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The high-power long-pulse negative ton beam production for 10 s is demonstrated. The

neutralization efficiency measured calornimetrically with beam dumps is also described.

I1. EXPERIMENTAL APPARATUS
A. External filter type large negative ion source

A schematic diagram of an external filter type large negative ion source “*"*'"" is shown in
Fig. 1. An arc chamber is made of copper, the dimensions of which are 35 cm X 62 cmin
cross section and 19 cm in depth. To improve the plasma confinement, strong cusp magnetic
field is configured, whose strength is about 1.8 kG on the chamber inner surface. Tungsten
filaments of 1.8 mm in diameter are used for filament-arc discharge. Permanent magnets of
Nd-Fe-B are contained in a filter flange made of copper, and generate a strong external
magnetic filter field in a wide area of 35 cm X 62 cm in front of the plasma grid. The central
magnetic filter field strength is 52 G and the line-integrated field strength is 650 G cm. Two
cesium ovens are installed on the side wall of the arc chamber. The arc chamber, the filament
feedthroughs and the filter flange are water-cooled for long-pulse arc discharge.

The negative ion accelerator consists of plasma grid, extraction grid and grounded grid, as
shown in Fig. 2. Two types of accelerator are used in the experiments. One is with a straight
aperture extraction grid as shown in Fig. 2 (a), and the other 1s with a shaped aperture
extraction grid as shown in Fig. 2 (b). The latter accelerator prevents the secondary electrons
generated on the extraction grid from being accelerated, leading to the smaller thermal load of
the grounded grid than that in the former accelerator. " The accelerator with the straight aperture
extraction grid is used in a short pulse operation below 1 s, and that with the shaped aperture
extraction grid is used in a long pulse operation over 1 s. The plasma grid, made of
molybdenum, has 270 apertures of 9 mm in diameter in an area of 25 cm X 26 cm. The
extraction grid, made of copper, contains permanent magnets for the electron suppression and
is cooled with the buried copper water cooling tubes. The grounded grid, which suffers high
thermal load, is made of copper and water-cooled with silver-soldered copper tubes of 4 mm in
outer diameter. The thermal loads of the extraction grid and the grounded grid are estimated by
the water-calorimetry, where the temperature rise of the cooling water and the water flow rate
are measured. The multibeamlets are focused around 12 m downstream by the aperture
displacement of the grounded erid.” The maximum extraction and acceleration voltages are 9
kV and 90 kV, respectively.

The negative ion current is measured with two calorimeter arrays located 5 m and 11.2 m

downstream from the ion source when the pulse duration is below 1s. The maximum pulse



duration is limited to 10 s by specification of the power supplies.

B. Negative-ion-based NBI teststand

The negative ion source is installed to a negative-ion-based NBI teststand " via a gate
valve of 800 mm in diameter, as shown in Fig. 3. The teststand has two large vacuum vessels
— the ion source vacuum vessel and the beam dump vacuum vessel, which are connected
through a 5-m long neutralizer. A cryopump system with a pumping speed of 450 m/s is
installed in the ion source vessel. The beam passing through the neutralizer consists of the
neutral beam and the positive and the negative ion beams. The neutral beam is incident on a
neutral beam dump, and the positive and the negative ion beams are deflected by an ion
deflecting magnet and incident on a positive and a negative ion beam dumps, respectively. The
beam dumps are made of swirl tubes and withstand 1.6 kW/cm” of the thermal load
continuously. The calorimeter arrays 5 m and 11.2 m downstream are located at the entrance

and the exit of the neutralizer, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Long-puise arc discharge

The external magnetic filter is distributed over a wide area and the field-free region is
narrow in the arc chamber Moreover, as the cusp magnetic field is strong, the anode area is
also small. In this situation, which is required for the efficient negative ion production, the arc
discharge tends to be inhomogeneous and sometimes results in the local run-away of discharge
especially in a low gas pressure operation. Although the magnetic filter field should be
homogenized, uniformity of an individual arc current flowing through each filament is
importapt to suppress the local run-away of discharge. The filament power supply provides
eight electrically isolated outputs, and a variable resistance is inserted between the individual
isolated filament power supply output and the arc power supply, as shown in Fig. 4 (a}). The
individual arc current flowing through each filament can be controlled by adjusting the variable
resistance.

An example of the individual arc current distribution is shown in Fig. 4 (b). There are 12
filaments inserted from the side wall, 8 from longer sides (¥#3 - 6 and #9 - 12) and 4 from
shorter sides (#1, 2, 7 and 8), and 6 isolated filament power supply outputs are used, each of
which is connected to 2 filaments. Although the time evolution of the individual arc current is
not the same for each filament, all the individual arc currents reach a steady state and are around

100 Ain about 5 s after the start of discharge. By this method, a long-pulse arc discharge of 15



s has been stably obtained with a total arc power of more than 100 kW. It has been reported
that the method of inserting the variable resistance is effective for making the plasma uniform in
a large negative ion source.” Therefore, the balanced distribution of the individual arc current

would lead to a uniform plasma production.

B. Negative ion beam properties in long-pulse arc discharges

The negative ion source is operated with continuous cesium seeding at a rather low rate,
where the cesium reservoir temperature is around 170 C. The steady-state arc discharge is
obtained in 5 s, and it is important to investigate the negative ion beam properties in a long-

pulse stable arc discharge. Figure 5 shows the H ion current, I;1-, the extraction current, I, .,

and the acceleration current, I, as a function of the pulse length in a long-pulse arc discharge.

The FWHM of the vertical profile of the H ion beam is also shown in Fig. 5. The arc power is
60 kW. The currents and the beam profiie are not changed by the pulse length variation below
1s.

The &, L., 1, and the 1/e-half width of the vertical profile of the H ion beam are

shown in Fig. 6, as a function of the plasma grid temperature. The arc power is 67 kW and the
pulse length is 0.6 s. The currents and the beam profile are insensitive to the plasma grid
temperature variation of 180-300 “C. In the short-pulse arc discharge, the cesium effects such
as the enhancement of the H ion current and the reduction of the extraction current are
dependent on the plasma grid temperature, and the higher plasma grid temperature leads to the
more H ion current and the less extraction current.”™ The plasma grid temperature dependence
has been explained by the surface production of the negative ions on the cesium-covered plasma
grid, which has a low work function. The binding energy of the cesium to the substrate surface
is large and that of the cesium to the cesium layer is small. Therefore, a half- to mono-layer of
the cesium coverage, where the work-function is almost the minimum, is formed by raising the
plasma grid temperature, resulting in the enhancement of the negative ion current. However,
the plasma grid temperature dependence disappears in a long-pulse arc discharge, as shown in
Fig. 6. The injected cesium, which is adsorbed on the cold chamber surface, is evaporated into
the plasma by the radiation of arc discharge. Since this cesium ionization is accelerated in the
long-pulse arc discharge, the volume effect of the cesium on the negative ion enhancement
would be also considered.

In order to clarify the influence of the long-pulse arc discharge on the H ion beam

properties, the pre-arc discharge time is varied. The pre-arc time is defined here as the



discharge time until the start of the negative ion extraction and acceleration, as shown in Fig. 7
(a). The Ly, Loy Lo and the 1/e-half width of the vertical profile of the H ion beam are

shown in Fig. 7 (b), as a function of the pre-arc discharge time. The arc power is 50 kW and
the pulse length is 0.6 s. The currents and the 1/e-half width show almost no change for the
pre-arc time variation. The plasma grid temperature is raised over 30 “C for a pre-arc time of 14
s, as shown in Fig. 7 (c), and the temperature variation during the long-pulse arc discharge has
no influence on the beam properties. The steady negative ion beam is expected to be obtained
for a long pulse duration from these results.

The H ion current, Iy, as a function of the arc power is shown in Fig. 8, in a long-pulse

arc discharge. The beam pulse length is 0.6 s. The shaped aperture extraction grid shown in
Fig. 2 (b) is used in this case. The Iy~ increases proportionally to the arc power. The ratio of

the H ion current density at the plasma grid aperture to the arc power, i.€., the arc efficiency, is
about 0.29 mA cm /kW. The arc efficiency in a short-pulse arc discharge was about 0.20 mA
em”/kW, where the tota] H ion current was 16.2 A with a plasma grid of 25 cm X 50 cm in
area. It is found that the negative jon production efficiency is improved by making the arc
discharge longer and stable. The long-pulse stable arc discharge leads to a uniform cesium
distribution in the arc chamber and the optimum condition in the cesium-seeded operation
would be easily obtained. The equivalent thermal load currents to the extraction grid and the

acceleration grid, I, and I, respectively, are also shown in Fig. 8. The I, and the I, are

obtained by dividing the thermal loads of the extraction grid and the acceleration grid by the
extraction voltage and the acceleration voltage, respectively. The thermal load of grid is

required to be low for the long-pulse negative ion beam production. The I, and the L, are
about 20 % and about 13 % of the I, respectively. The grounded grid thermal load is mainly

due to the impinging of the accelerated electrons produced by the negative ion stripping during
the acceleration in the case of the shaped aperture extraction grid.” Thus, the reduction of the
operational gas pressure is quite important for a high-power long-pulse operation. The thermal

load of the extraction grid is small enough for the long-pulse operation.

C. Long-pulse negative ion beam production

The long-pulse operation up to 10 s has been performed with the calorimeter arrays
removed. Figure 9 shows an example of the time evolution of the extraction voltage and
current, the acceleration voltage and current, the arc current, and the water temperature rises of

the extraction grid, the grounded grid and the neutral beam dump. The H ion beam power is
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300 kW (83 keV - 3.6 A). Since the ion deflecting magnet is off. the all beams are incident on
the neutral beam dump located 13 m downstream. The power supply currents are stationary for
10 s. The temperature rise of the grounded grid and the neutral beam dump becomes almost
steady while that of the extraction grid does not reach a steady-state because of the larger
thermal capacity than that of the grounded grid.

The thermal loads of the neutral beam dump, the extraction grid and the grounded grid are
shown in Fig. 10, as a function of the beam pulse length. Since these thermal loads increase
proportionally to the beam pulse length, it is thought that the beam properties does not change
for 10s. In Fig. 10, a high-power negative ion beam of 330 kW (91 keV-3.6 A) is produced
for 10s. The current density at the plasma grid is 21 mA/cm’ and the negative ion power
density at the grounded grid is 1.9 kW/cm™. The water temperature rise of the grounded grid
was higher than 20 C in this case, and, therefore, the higher-power long-pulse experiment was
not performed. The water flow rate is about 1.8 /min per one cooling tube of 2.4 mm in inner
diameter. The cooling ability would be improved four times by making the tube diameter
larger, raising the supply water pressure and using cooler inlet water to enlarge the allowance of
the water temperature rise. By this improvement, a high-power negative ion beam with a
current density of 40 mA/cm’ and an energy of 180 keV could be produced for 10 s, which
satisfies the LHD-NBI specification. However, it is more important to lower the operational
gas pressure for the reduction of the stripping loss of H ions, which leads to a decrease in the

grounded grid thermal load.

D. Neutralization efficiency

The neutralization efficiency of the accelerated negative ions was measured before with the
thermocouples attached on the neutral beam dump.” Since the beam pulse length was short
below 0.3 s at that time, the neutralization efficiency was estimated from the ratio of the
temperature rise of the thermocouples with the ion deflecting magnet operated to that without it.
This is because the heat load to the actively cooled beam dumps was too small to measure the
cooling water temperature rise. As shown in Fig. 9, the long-pulse negative ion beam raises
the cooling water temperature of the neutral beam dump. Therefore, the neutralization
efficiency of the accelerated negative ions can be estimated including the residual positive and
negative ion ratios with the water-calorimetry.

Figure 11 (a) shows an example of the time evolution of the water temperature rises of the
neutral, the positive ion and the negative ion beam dumps located 13 m downstream from the

ion source. The beam energy is 91 keV and the negative ion beam power is about 320 kW,



The hydrogen gas is fed into the ion source vacuum vessel and the gas pressure in the vessel is
. 1.3 X 10™ Torr in this case. Since the cryopump is operated only in the ion source vacuum
vessel, the gas pressure is thought to be almost constant along the negative ion beam path to the
beam dumps. As shown in Fig. 11 (a), stable temperature rise is observed for each beam
dump, although the time response of the temperature rise is slow due to thick sheath covering
the thermocouples inserted into the pressurized cooling water. The neutral, the positive ion and
the negative ion ratios in the beam are estimated from the heat load of the beam dumps, and the
results are shown in Fig. 11 (b), as a function of the gas pressure in the ion source vacuum
vessel. The corresponding gas thickness is shown at the upper axis in the figure. The beam
energy is 91 keV and the beam power is about 320 kW. The calculation result using the cross
sections is also indicated with small closed symbols. It is found that the experimental result of
the neutralization efficiency agrees well with the calculation result including the residual ion
ratios. While the neutral ratio is kept at around 60 % in a relatively wide range of gas
thickness, the residual ion ratios are sensitive to the gas thickness. From a point of view of the
beamn dump design, the negative-ion-based injector should be operated at a gas thickness giving

the equal ratios of the residual positive and negative ions.

In conclusion, a long-puise operation of a high-power large negative ion source was
performed using a shaped aperture extraction grid, and the negative ion beam power of 330 kW
was produced stably for 10 s from an ion source area of 25 cm X 26 cm. By improving the

cooling ability of the grounded grid, the high-power long-pulse injection for 10 s will be
possible in the LHD-NBI system., ‘
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Schematic diagram of an external filter type large hydrogen negative ion source.
Three-grid single-stage accelerators (a) with a straight aperture extraction grid and (b)
with a shaped aperture exiraction grid.

Schematic diagram of a negative-ion-based NBI teststand.

(a) Arrangement of the filament and arc power supplics. The filament power supply
provides eight electrically isolated outputs, and a variable resistance is inserted
between each isolated filament power supply output and the arc power supply. (b)
An example of the time evolution of the individual arc current distribution.

H' ion current, Iy, the extraction current, I, the acceleration current, I, and the

ace?
FWHM of the vertical profile of the H ion beam as a function of the beam pulse
length in a long-pulse arc discharge. The arc power is 60 kW.

H ion current, Iy, the extraction current, I, the acceleration current, I, and the

1/e-half width of the vertical profile of the H ion beam as a function of the plasma
grid temperature in a long-pulse arc discharge. The arc power is 67 kW and the beam
pulse length is 0.6 s.

(2) Time evolution of the arc current. The pre-arc time is defined as the discharge

time before the beam pulse. (b) The H ion current, I, the extraction current, I,

the acceleration current, I, and the 1/e-half width of the vertical profile of the H ion

® tace?
beam, and (c) the plasma grid temperature rise as a function of the pre-arc time. The
arc power is 50 kW and the beam pulse length is 0.6 s. The plasma grid temperature
at the start of the arc discharge is 220 C.

H ion current, I, and the equivalent thermal load currents to the extraction grid, Ieg,

and the acceleration grid, I,,,,, as a function of the arc power in a long-pulse arc

sg’
discharge. The beam pulse length is 0.6 s.

Example of the time evolution of the extraction voltage and current, the acceleration
voltage and current, the arc current, and the water temperature rises of the extraction
grid, the grounded grid and the neutral beam dump. The H ion beam power is 300
kW (83 keV - 3.6 A). The ion deflecting magnet is off.

Thermal loads of the neutral beam dump, the extraction grid and the grounded grid as
a function of the beam pulse length. The H' ion beam power is 330 kW (91 keV -
3.6 A).

(2) Example of the time evolution of the water temperature rises of the neutral, the

11



positive ion and the negative ion beam dumps at a gas pressure in the ion source
vacuum vessel of 1.3 X 10” Torr, and (b) the neutral, the positive ion and the
negative ion ratios in the beam as a function of the gas pressure in the ion source
vacuum vessel. The H ion beam power is about 320 kW and the beam energy is 91
keV. The corresponding gas thickness to the gas pressure in the ion source vacuum
vessel is shown at the upper axis in (b). The calculation result using the cross

sections is also indicated with small closed symbols in (b).
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