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Abstract

‘We have developed a high-current hydrogen-negative ion source for a negative-ion-based NBI system in Large Helical Device
(LLHD}. The ion source is a cesium-seeded volume-production source equipped with an external magnetic filter. An arc chamber is
rectangular, the dimensions of which are 35 cm x 145 cm in cross section and 21 cm in depth. A three-grid single-stage accelerator
is divided into five sections longitudinally, each of which has 154 (14 x 11} apertures in an area of 25 cm x 25 cm. The ion source
was tested in the negative-NBI teststand, and 25 A of the negative ion beam is incident on a beamdump 13 m downstream with an
energy of 104 keV for 1 sec. Multibeamlets of 770 are focused on a focal point 13 m downstream with an averaged divergence an-
gle of 10 mrad by the geometrical arrangement of five sections of grid and the aperture displacement technique of the grounded grid.
A uniform beam in the vertical direction over 125 cm is obtained with uniform plasma production in the arc chamber by balancing
individual arc currents flowing through each filament. Long-pulse beam production was performed, and 1.3 MW of the negative ion
beam is incident on the beamdump for 10 sec, and the temperature rise of the cooling water is almost saturated for the extraction and

the grounded grids. These results satisfy the first-step specification of the LHD-NBI system.

Keywords : NBI system, negative ion source, Large Helical Device, cesizm-seeded volume production, external magnetic filter,
aperture displacement technigue, long-pulse beam production

1. Infroduction

Large Helical Device (LHD) is the world-largest su-
perconducting helical device with a major radins of 3.9 m
[1,2], and started its operation at the end of March in 1598
[3]. Neutral beam injection (NBI) heating system in LHD
is a main heating device for achievement of the target
plasma parameters in LHD, and was projected to use
negative ion beams because the required injection energy
is more than 100 keV for hydrogen where the neutraliza-
tion efficiency of positive ions is extremely low, less than
20 % [4]. From the detailed design study on the negative-
ion-based LHD-NBI systemn, the injection energy and
power were determined at 180 keV for hydrogen and 15
MW, respectively, using two injectors arranged tangen-
tially and balanced [5].

In the LHD-NBI system an injector has two nega-
tive ion sources, each of which has to produce 180 keV -
40 A negative ion beams to satisfy the specification. We
adopted the two-step development of the LHD-NBI nega-
tive ion source. In the first step a high-current negative
ion source of 30 A should be developed with an energy of
100 - 180 keV, leading to 10 MW of the total injection
power at maximum, for the first two - three years of LHD
experiments. During this experimental peried, the nega-
tive ion source should be up-graded to 180 keV - 40 A of
the negative ion beam production as the second-step de-
velopment.

We started the R&D of negative ion sounrces in
1990, with a volume-production multi-cusp bucket source
using the rod magnetic filter [6]. By introducing cesium
vapor into the arc chamber, a negative ion beam with a
high current density of 54 mA/cm?® was produced [7], and
then 16 A of the negative ion current was obtained [8].

To improve the source efficiencies such as the arc effi-
ciency and the operational gas pressure, the exiernal mag-
netic filter was used, and 16.2 A of the negative ion beam
was extracted at a high arc efficiency of 0.1 A/kW and at
a low operational gas pressure of 3.8 mTorr [9]. A high-
energy acceleration of 13.6 A of the negative ion beam
was also achieved up to 125 keV [10]. Multibeamlets
from a large area were saccessfully focused using the
aperture displacement technique of the grounded grid and
an averaged divergence angle of 9 mrad was achieved
[11]. Accelerated electrons leading to heat load of the
downstream grid were suppressed by shaping the beamn
aperture of the extraction grid {12]. As aresult, a long-
pulse negative ion beam was produced for 10 sec with a
beam power of 330 kW [13].

Based on these R&D results, the LHD-NBI negative
ion sources have been designed and constructed [14-16],
in parallel to the injector construction {17,18]. The con-
struction of two injectors {BL1 and BL2) has been se-
quential and, thus, the detailed design of ion sources in
the BL1 and the BL2 is a little different to incorporate the
advanced R&D results. The LHD-NBI sources for both
the BL1 and the BL2 have been tested on the negative-
jion-based NBI feststand [19-21], and the resulis have al-
most satisfied the first-step requirements of the LHD-NBI
system. Here, we present the BL2 ion source resnlts.

In this paper, we explain the detailed structure of the
LHD-NBI source for the BL2 first. Next, the characieris-
tics of the negative ion beams are presented with respect
to the high-current negative ion production, the long-pulse
operation, and the beam uniformity. The problems to be
solved for the second-step requirements of the LHD-NBI

system are also discnssed.
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Fig.1 Schematic diagram of a large hydrogen-negative ion
source for the LHD-NBI system. The negative ion beam is
exiracted and accelerated toward the left hand side.

2. Structure of LHD-NBI Source

A schematic diagram of an LHD-NBI negative ion
source is shown in Fig. 1. The ion source is a cesium-
seeded volume-production source [22,23] equipped with
external magnetic filter f24]. An arc chamber made of
copper has dimensions of 35 cm x 145 cm in cross section
and 21 cm in depth, which is surrounded by cusp magnet-
ic field. The cusp magnetic field strength is around 2 kG
on the inner chamber surface. The external magnetic filt-
er is generated laterally in front of a plasma grid by a pair
of permanent magnet rows facing each other with a sepa-
ration of 35 cm. The permanent magnets are contained in
a fiiter flange made of copper and water-cooled. The filt-
er magnetic field is uniform in the longitndinal direction,
and the magnefic field strength at the center is 52 G.
Thick tungsten filaments of 1.8 mm in diameter are used
for the arc discharge. Although the arc chamber is
equipped with 48 filament feedthroughs, only 24 fila-
ments are used, which are enough for the arc discharge of
200 kW. Three cesium ovens are atfached to a back plate
of the arc chamber, and are heated with their temperature
controlled. The cesium vapor injection is remotely con-
trolled with an air-actuated valve.

A negative ion accelerator is a three-grid and single-
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Fig.2 Schematic diagram of a three-grid and single-stage
negative jon accelerator, showing a cross section for one
beamlet.

stage one, and consists of plasma grid, extraction grid,
and grounded grid, as shown in Fig. 2. The grid area is 25
crr X 125 cm and is divided into five sections longitudi-
nally, which are jointed with an angle of 19.2 mrad so that
each section is aimed at a focal point 13 m downstream.
The plasma grid (PG) is made of molybdenum and ther-
mally insulated to keep the PG temperature above 200 C
for increasing in the negative ion current by the cesium
effect [7,25,26]. A thermocouple is attached on each sec-
tion for monitoring the PG temperatere., There are 154
(14 x 11) apertures of 13 mm in diameter in one section of
grid, and the transparency is 35 %. The extraction grid
(EG) is made of copper. Between beam aperture rows, a
water-cooling pipe is buried laterally for active cooling of
the gird. In the same direction, a permanent magnet row
is also buried for electron suppression, touching the wa-
ter-cooling pipe, as shown in Fig. 2. The maximum mag-
netic field strength on the beam axis is around 500 G, and
the extracted clectrons would be deflected and be incident
on the EG. The inside of the beam aperture is so shaped
as the secondary electrons generated on the inner surface
of the beam aperture would be prevented from entering
the acceleration gap {12]. The narrower end aperture
works as a shield against the acceleration electric field
and reduces the electron leakage. The grounded grid
(GG) is also made of copper and fully water-cooled by
cooling pipes buried between aperture rows. The aper-
tares of the GG are displaced so that all beamlets would
be gathered on a focal point 12 m downsiream. The mag-
netic field at the EG deflects also the negative ion beamlet
laterally. Since the deflection direction alternates line by
line longitedinally, the aperture displacement for the cor-
rection of this alternate beamlet deflection is superim-
posed line by line according to the deflection direction
[11]. The amount of displacement is determined based on
the 3-dimensional beam trajectory simulation [27]. The
aperture displacement technique is applied to each section
of grid individually, and all beamlets of 770 are focused
on a focal point 13 m downstream with the geometrical
arrangement of five sections of grid.

The extraction gap is adjustable of 5 - 7 mm, and
the maximum applied voltage is 15 k¥V. The acceleration
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Fig.3 (a)Negative ion current measured at the beamdump
13 m downstream, (b) the extraction drain current and the
equivalent heat load current to the extraction grid, and (c)
the acceleration drain current and the eguivalent heat load
current to the grounded grid, as a function of the arc power.
The total beam energy is 68 - 105 keV and the operational
gas pressure is 2.2 - 2.8 mTorr. The pulse lengih is 1.0 sec.

gap is 34 mm or 46 mm depending on a target beam ener-
gy of 120 keV or 180 keV, respectively. Since the target
beam energy is 120 keV at the initial injection into LHD,
the acceleration gap was adjusted at 34 mm in the full-
grid area experiments. A thick insulator for high-voltage
holding and vacuum seal is made of voidless FRP (fiber
resin plastic).

The ion source is installed to the negative-ion-based
NBI teststand [19-21). At first, only a central section of
grid is used and the other sections are masked (1/5-grid
area experiments). After that the negative jon beams are
produced from all five sections of gird (full-grid area ex-

periments). Two cross-shaped movable calorimeter ar-
ravs 4.2 m and 10.4 m downsiream are used for the nega-
tive ion detection and the profile measurement in the 1/5-
grid area experiments. In the full-grid area experiments,
only the calorimeter array 10.4 m downstream is used for
the profile measurement at a low negative ion beam pow-
er. Atahigh negative ion beam power, the negative ion
current is estimated with water-calorimetry of a beam-
dump 13 m downstream. Heat loads of the EG and the
GG are measured also with the water-calorimetry. The
equivalent heat load currents to the EG and the GG are es-
timated by dividing the heat load by both the pulse length
and the applied voltage to the upstream gap.

The pulse length is 0.6 - 1.0 sec except for long-
pulse experiments.

3. Characteristics of Negative Ion Beam
3.1 High-current negative-ion beam production

In the full-grid area experiments, a high-current
negative fon beam was obtained. Figure 3 {a) shows the
negative ion current measured at the beamdump 13 m
downstream as a function of the arc power. The negalive
ion current is proportional to the 3/2-power of the total
beam energy [10], and the extraction and the acceleration
voliages are changed with a constant ratio. In Fig. 3 (a),
the total beam energy is changed 68 - 105 keV according
1o the negative ion current, and the operational gas pres-
sure is 2.2 - 2.8 mTorr. The pulse length is 1.0 sec. The
negative ion current is proportional 1o the arc power and
reaches 25 A with an energy of 104 keV. The arc effi-
ciency, defined as the negative ion current divided by the
arc power, is as high as 0.14 A/kW, The extraction drain
corrent and the equivalent heat load current to the EG are
shown in Fig. 3 (b), as a function of the arc power. The
negative ion current 13 m downstream is about 53 % of
the exiraction current, and the heat load corrent to the EG
is about 27 % of the extraction current. It is found that
the extracted electron current is much seppressed and the
heat load of the EG is small. Figare 3 (c) shows the ac-
celeration drain current and the equivalent heat load cur-
rent to the GG as a function of the arc power. The accel-
eration efficiency, defined as a ratio of the negative ion
current to the acceleration current, is about 62 %, and the
heat load current to the GG is about 10 % of the accelera-
tion current. The acceleration efficiency is relatively low
compared with the R&D results, while the GG heat load
ratio is not so high [12]. The negative ion transmission
loss through the neutralizer would cause the lower accel-
eration efficiency, although an increase in accelerated
electrons which leak out of the EG could be an another
caunse,

3.2 Gas pressure dependence

Low gas pressure operation is quite important for
negative ion sources for reduction of the stripping loss of
negative ions during the acceleration. Figure 4 shows the
negative ion current measured 4.2 m downstream, the ac-
celeration efficiency and the equivalent heat load current
to the GG as a function of the operafional gas pressure in
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Fig. 4 Negative ion current measured 4.2 m downstream, the
acceleration efficiency, and the equivalent heat load current
to the grounded grid as a fonction of the operational gas
pressure in the 1/5-grid area experiments. The arc power is
100 kW. ’

the 1/5-grid area experiments. The arc power is 100 kW,
As shown in Fig. 4, the negative ion current does not de-
teriorate even at a low gas pressure of 1 mTorr. The GG
heat load current is decreased with a decrease in the gas
pressure due to the reduction of the stripped electrons dur-
ing the negative ion acceleration. Although the accelera-
tion efficiency is increased with a decrease in the gas
pressure, it is not exfrapolated to 100 % at a gas pressure
of 0, meaning that the electron leakage into the accelera-
tion gap from the extraction grid is not fully suppressed.
The optimum operational gas pressure tends to increase
with increasing the arc power, and at above 150 kW a gas
pressure of 2.5 - 3.0 mTorr is required for an efficient
negative ion production.

3.3 Beam profile

The beam divergence angle is required to be less
than 10 mrad for the LHD-NBI system, where the injec-
tion post diameter is 52 cm. The beam profile is meas-
ured both horizontally and vertically with the calorimeter
array 10.4 m downstream from the ion source in the fuil-
grid area experiments. Figures 5 (a) and (b) show the hor-
izontal and the vertical profiles, respectively, with a rela-
tively small arc power of 90 kW due to the calorimeter
protection. The beam energy is 68 keV and the detected
negative ion current at the calorimeter is 11.0 A. The cal-
culated profiles are also indicated in the figures with mul-
ti-gaussian beamlets of 770, each of which has a diver-
gence angle of 10 mrad and a focal length of 13 m. It is
found that the measured profiles are well fitted to the cal-
culated ones and is considered that the averaged diver-
gence angle is around 10 mrad. In the horizontal profile,
the measured one is a little broader than the calculated
one. The negative ion beam is deflected horizontally by
the magnetic field at the extraction grid, the deflection di-
rection of which is alternate line by line in the vertical di-
rection, as explained in section 2. Although the aperiure
displacement of the grounded grid compensates this de-
flection electrostatically, there remains the alternate de-
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Fig.5 (2)Horizontal and (b) the vertical beam profiles
measured at the calorimeter array 10.4 m downstream in
the full-grid area experiments. The arc power is 90 kW and
the beam energy is 68 keV. The estimated negative ion
current from these profiles is 11.0 A. The calculaied pro-
files are also indicated using multi-gaussian beamlets of
770 with a divergence angle of 10 mrad and a focal length
of 13 m.

flection because of an under-compensation duve to fhe
lower extraction and acceleration voltages. On the other
hand, in the vertical profile the measured profile is a little
narrower than the caiculated one. Beam uniformity in the
vertical direction would be a little Towered at the top or
bottom ends, which is discussed in section 3.5.

3.4 Long-pulse beam production

Steady-state NBI experiments are proposed in LHD
[28]. The long-pulse negative-ion beam production was
tested for 10 sec, which is the maximuom pulse length in
the teststand. Figure 6 (a) shows the beamdump heat load
as a function of the pulse duration. The beam energy is
81 keV, the arc power is 110 kW, and the operational gas
pressure is 1.9 mTorr. The beamdump heat load is pro-
portional to the pulse duration, and it is foand that 1.3
MW of the negative ion beam is incident on the beam-
dump 13 m downstream for 10 sec. The negative ion cur-
rent and the equivalent heat load currents to the EG and
the GG are shown in Fig. 6 (b), as a function of the pulse
daration. No change of these heat load currents is ob-
served for 10 sec, meaning that the negative jon beam
propetties are almost constant for 10 sec. Figore 7 shows
the temporal behaviors of the extraction voltage and cur-
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Fig. 6 (a)Beam dump heatload, and (b) the negative ion
current and the equivalent heat load currents to the extrac-
tion grid and the grounded grid, as a function of the pulse
duration. The beam energy is 81 keV, the arc power is 110
kW, and the operational gas pressure is 1.9 mTorr.

rent, the acceleration voltage and current, the arc current,
and the temperature rises of cooling water of the extrac-
tion grid, the acceleration grid and the beamdump for a 10
sec-beam pulse of 1.3 MW. Although the temperature
rises of the EG and the GG do not reach a steady state in
10 sec, they are 6 T and 21 C, respectively, and tend to
saturate. Therefore, a sieady-state operation in this power
level is possible. The temperature rise of the beamdump
made of swirl tube saturates quickly.

3.5 Uniformity

Since the jon source is vertically long and horizon-
tally narrow, uniformity of the negative ion beam intensi-
ty in the vertical direction is important. That should be
mainly determined by plasma uniformity in the arc cham-
ber. In the negative ion source, the strong filter magnetic
field, which is transverse in the narrow direction, is em-
ployed for the negative fon production, together with the
strong cusp magnetic field for the efficient plasma con-
finement. To produce the uniform plasma in this mag-
netized arc chamber, individual arc currents flowing
throngh each filament are controlled with variable resist-
ances inserted between the twelve outputs of the arc pow-
er supply and twelve electrically isolated filament power
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Fig.7 Temporal behaviors of the extraction voltage and cur-
rent, the acceleration voltage and current, the arc current,
and the temperature rises of cooling water of the extraction
gird, the grounded grid and the beamdump in a long-pulse
operation of 10 sec. The negative ion energy is 81 keV and
the beam power at the beamdump is 1.3 MW.

supplies [13]. The time variation of individual arc cur-
rents are shown in Figs. 8 (2) and (b). The total arc cur-
rent is 2000 A. 24 filaments are arranged on both side-
walls symmetrically, and Figs. 8 (a} and {b) show 12 indi-
vidual arc currents on the left and the right hand sides, re-
spectively. As shown in the figures, after about 4 sec
from the plasma initiation the individual arc currents are
steady and almost the same within + 10 % except for two
bottom filaments. Horizontal uniformity (symmetry) is
high. Since the individual arc current distribution reflects
the plasma uniformity [16], the produced plasma with the
high-arc power is considered 1o be uniform although in
the bottom area the plasma density would be a litile low-
er. This uniform and steady plasma production is import-
ant for long-pulse negative ion beam production [13].

The plasma grid temperatures of five sections are
measured. Although the temperatures of the top and bot-
tom sections are lower than those of the central three sec-
tions by 30 - 50 C, the temperatures of all sections range
from 200 to 300 C for various arc powers, that satisfies
the efficient negative ion production condition in the ce-
sium-seeded mede.

The heat loads of the extraciion and the grounded
grid are measured for five sections. Figures 9 (a) and (b)
shows the EG and the GG heat loads, respectively, of the
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top, center and bottom sections in the long-pulse opera-
tion in Fig. 6. The heat load of bottom section in the EG
is a little lower than that of the other sections, cotrespond-
ing to the individual arc current distribution in Fig. 8.

The EG heat load is ascribed to the extracted electron cur-
rent, which is related with the plasma density near the
plasma grid. Since the cesium distribution and the PG
temperature distribution are almost uniform in the vertical
direction, the lower EG heat load is thought to be related
with Jower negative ion current resulting from the lower
plasma density. On the other hand, the GG heat load is
uniform. The beam trajectory of the bottom section
should be worse due to the lower negative ion current,
and, therefore, the heat load ratio would be increased, re-
sulting in the nearly same heat load as those in the other
sections.

The beam uniformity is considered to be high, judg-
ing from the plasma uniformity and the sniformity of the
grid heat load. In the bottom area, however, the negative
ion beam intensity seems to be z little lower, that would
result in the narrower vertical beam profile as shown in

Fig. 5 (b).

4. Discussion and Future Prospective
The LHD-NEI source produces a negative ion beam
of 25 A, which is detected at the beamdump 13 m down-
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Fig. 9 Heat loads measured on the top, the center, and the
bottom sections (a) in the extraction grid and (b) in the
grounded grid, as a function of the pulse duration. The ex-
perimental conditions are the same as those in Fig. 6.

stream. This value is now the world highest negative ion
current. Assuming a transmission efficiency of the 5 m-
neutralizer at about 90 %, the negative ion current before
entering the neuntralizer is estimated at abont 28 A. If the
acceleration efficiency before entering the newiralizer is
75 %, which is the same as that in the 1/5-grid area ex-
periments, the negative ion current is about 30 A from
Fig. 3 (c). Therefore, it is thought that the first-step goal
has been achieved for the negative ion current. A low op-
erational gas pressure of below 3 mTorr, a high arc effi-
ciency of 0.14 A/kW, and a small averaged divergence
angle of 10 mrad also satisfy the LHD-NBI source re-
quirements.

However, there are some problems to be solved for
the second-step goal of 40 A of the negative ion beam
production. Improvement of the acceleration efficiency is
the most important issue. In the LHD-NBI source specifi-
cation, 89 % of the acceleration efficiency is required be-
fore entering the neutralizer. By strengthening the mag-
netic field at the extraction grid and optimizing the aper-
ture shape of the extraction grid, the acceleration efficien-
cy could be improved due o reduction of the electron
leakage into the acceleration gap. Lowering the opera-
tional gas pressure is also important to improve the accel-
eration efficiency because of reduction of the stripped



electrons during the negative ion acceleration. Improve-
ment of the are plasma confinement by strengthening the
cusp magnetic field could be effective to lower the gas
pressure. The improvement of the acceleration efficiency
would result in reduction of the GG heat Joad, leading to a
high-power steady-state operation of the ion scurce.

An another trend to the negative jon source develop-
ment is to produce deuterium negative ions for D-D ex-
periments planned in the second-phase LHD.

5. Concluding Remarks

We have developed a large hydrogen-negative ion
source for the LHD-NBI system, which is equipped with
two beamlines (BL1 and BL2) arranged as tangential and
balanced injection. Each beamline has two ion sources,
and the characteristics of BL2 jon sources (IS2A and
IS2B) are presented here. In the negative-ion-based NBI
teststand, 25 A of the negative ion beam is incident on the
beamdump 13 m downstream through the neutralizer with
an energy of 104 keV. The operational gas pressure is as
low as 2.8 mTorr, and the averaged beam divergence an-
gle is around 10 mrad. The beam uniformity is high in
the vertical direction over 125 cm. These results satisfy
the first-step specification for the LHD-NBI source.
There are problems to be solved for the second-step speci-
fication. The improvement of the acceleration efficiency
is necessary for the further increase in the negative ion
current and the reduction of the heat load of the grounded
grid. Long-pulse production of a negative ion beam of
1.3 MW is achieved for 10 sec, where the temperature ris-
es of cooling water of the extraction and the grounded
grids are almost saturated. This result enables steady-
state neutral beam injection of above 1 MW for 30 min,
which is projected in LHD {28].

Two ion sources of [S2A and IS2B show almost the
same properties such as the achieved negative ion current,
the operational gas pressure, the arc efficiency, and the
averaged beam divergence angle. The first injection into
the LHD plasma is scheduled in September, 1998, and the
injector properties of the negative-ion based LHD-NBI
system and the NBI-heated LHD plasma properties will
be presented elsewhere.
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