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Large high current hydrogen negative ion sources have been developed for the negative ion based
neutral beam injector of the Large Helical Device~LHD! at NIFS. The prototype of the negative ion
source is required to deliver a negative ion beam of 45 A at the beam energy of 125 keV. The
optimization of 1/3 scale ion sources which are multicusp ion source with a rod and an external
magnetic filter, respectively, has been investigated for the operation parameter of the plasma source.
A total H2 current of 16 A is extracted at an operating pressure of 0.9–0.45 Pa with Cs seeding
operation. Negative hydrogen ion current is proportional to the input arc power and a beam current
density of 45 mA/cm2 is attained. The beam extraction and acceleration characteristics are studied
for a single-stage and a two-stage acceleration electrode. A beam divergence angle of 5 mrad is
obtained. The results of research and development of a hydrogen negative ion source at NIFS will
be reviewed. ©1996 American Institute of Physics.@S0034-6748~96!04602-9#

I. INTRODUCTION

Neutral beam injection heating has become the most
promising and reliable heating method. In advanced future
tokamaks like ITER, a negative ion based neutral beam in-
jector is required because negative ion beams have a much
more effective neutralization efficiency at energy higher than
100 keV. High current negative ion source development has
been intensively pursued for neutral beam injection and
negative ion sources have progressed in performance.

On the Large Helical Device~LHD!1 which is the main
project of National Institute for Fusion Science and is the
world’s biggest superconducting heliotron/torsatron, a hydro-
gen neutral beam with a power of 20 MW at the beam energy
of 125 keV has been planned to heat the target plasma up to
10 keV and a negative ion based NBI system is adopted.
Here a high current negative ion source which delivers a
negative ion beam of 45 A with a current density of 30
mA/cm2 is required in the NBI design. A multicusp ion
source with a magnetic filter has been investigated to meet
the requirements of the negative ions. This article describes
the results of research and development of high current hy-
drogen negative ion source at NIFS.

II. OPTIMIZATION OF NEGATIVE ION SOURCE

A. 1/3 scale negative ion source

According to results from high current negative ion
sources during the last decade, there is a design principle for
volume production negative ion sources, which is known as
the tandem negative ion source concept.2–4 In addition, it has

been demonstrated that a Cesium seeding operation of a vol-
ume production source enhances the yield of negative ion
current.5 After experiments into fundamental properties for
the optimization of the 1/6 scale negative ion source with
small ion current, intense energetic negative ion source ex-
periments have been carried out in a 1/3 scale negative ion
source for NBI on LHD.

The schematic diagram of the 1/3 scale negative ion
source is shown in Fig. 1~a!. The plasma chamber is a
multicusp-type source and the size of the chamber is 37 cm
in width, 62.5 cm height, and 18.5 cm in depth. A short depth
chamber is adopted. The plasma source is divided into a
driver region and a beam extraction region by a water-cooled
rod-type magnetic filter. A thin molybdenum liner is attached
to the inner wall to avoid Cs condensation. The plasma
source is designed to optimize the number of filament for
plasma uniformity and discharge stability to produce suffi-
cient density and depth of the chamber for power efficiency.
Up to 48 filaments can be installed as the cathode in the arc
chamber, but usually a lesser number of filament is used for
discharges of up to 2000 A at a discharge voltage 150 V.
Hairpin tungsten filament of 1.5 mm in diameter is usually
used in the experiment. A small box structure surrounding
each extraction hole, which is called an Egg Box Cell, is
placed on the plasma grid.6

The accelerator is composed of four grids: a plasma grid,
an extracting grid, an electron suppressing grid, and a ground
grid. Each of the grids has 560 extraction holes of 9 mm in
diameter in an area of 25344 cm2. The plasma grid is made
of molybdenum without water cooling to keep it at high
temperature during Cs operation. The others are made of
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oxygen-free copper and are partially water cooled. Each grid
is divided into two subgrids, both of which face towards the
focal point 6 m downstream from the ion source. The ex-
tracting grid of 10 mm in thickness has electron-bending
magnets to eliminate electrons extracted with negative ions
and cooling channels.

Although several types of magnetic filters have been
tested,7 we have examined the source performance for the
rod filter and the external magnetic filter. In the former case,
a filter magnetic field is produced by several rods of 1 cm
diameter having the sector magnets inside. The line-
integrated strength of the filter field is about 250 G cm. The
gap between the rods and the plasma grid is typically about 1
cm.

The external magnetic filter is provided by a pair of per-
manent magnetic arrays embedded facing each other on the
discharge chamber walls. The permanent array is 745 mm in
length, 10 mm in thickness, and 60 mm in width~magneti-
zation direction!. The strength of the filter field is distributed
over a large region and is about 70 G in the center. The
line-integrated filter field strength is about 850 G cm. The
dimension of the plasma source is nearly equal to that of the

rod filter ion source. The extraction electrode system consists
of five grids including an acceleration grid, but each of the
grids has 522 extraction holes of 11.3 mm in diameter in an
area of 25350 cm2. The Egg Box cell and the thin mold-
enum liner~as in the rod filter source! are not used.

Cesium is seeded into the discharge chamber through
valves from Cs ovens. The amount of Cs is varied by the
oven temperature and the opening duration of the valve. A
small amount of Cs vapor is seeded once before starting
operation, and no more Cs is supplied afterward. Both of the
sources are operated with the pulse length of 0.3 s.

The H2 ion current is measured by using a two-
dimensional calorimeter array which has a cross shape by
which both horizontal and vertical beam profile can be mea-
sured in a shot. Also, two calorimeters are located at each of
two points about 2.3 and 5 m downstream from the plasma
grid.

B. Plasma source performance

Figure 2 shows the electron density and the electron
temperature of the driver region as a function of the arc
power for the 1/3 and 1/6 scale sources under nearly the
same operating condition without Cs. Almost the same
plasma parameters are obtained for the same arc power den-
sity. The larger the arc chamber is, the higher the required
power. When the plasma confinement of the source is im-
proved by reducing the plasma loss region near the rod filter
flange, the electron density and temperature increase nearly
twice for the same input power. An example of the density
profile of the plasma is shown in Fig. 3 for the 1/3 scale
source. In the operation with Cs, the discharge voltage be-
comes lower with increasing the amount of Cs.

FIG. 1. A schematic drawing of the 1/3 scaled multicusp negative hydrogen
negative ion source,~a! a rod-type source and~b! a external filter-type
source.

FIG. 2. The electron density and the electron temperature of the drive region
as a function of the arc power for 1/6 and 1/3 scaled source.
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C. Negative ion extraction characteristics

Important engineering and physical issues for the high
performance negative ion source are achievement of~1!
higher current density of hydrogen negative ion at low-
pressure plasma source operation,~2! lower fraction of ex-
tracted electron current to negative ion current, and~3! low
divergence of the ion beam. The dependencies of total H2

ion current on the plasma source operation parameters are
examined by optimization of bias and temperature of the
plasma grid in some cases. Figure 4 shows the dependence of
the H2 ion current on the input arc power for the rod filter
type and the external filter type, respectively. The H2 current
increases nearly with the arc power in the case of operation
with Cs. The H2 current of around 16 A is attained in the
both ion sources but the arc efficiency is higher in the exter-
nal filter type source than in the rod filter type source. The
corresponding current density for the rod filter source is 45
mA/cm2, in which the temperature of the grid rises to about
300 °C during operation. A grid temperature of 300 °C is
consistent with the results on 1/6 scaled source.6 The H2 ion
current is enhanced three times by the Cs seeding operation.
Simultaneously, the electron extraction current and the oper-
ating gas pressure are reduced by Cs seeding. Total H2 ion
current is shown as a function of the gas pressure in Fig. 5
for different arc power in both sources. Total H2 current
increases with increasing operation pressure in Cs operation

and is saturated at a gas pressure of about 1 Pa or gradually
decreases. The optimum operating gas pressure for the H2

ion current increases gradually as the arc power increases.
The decrease of H2 current seems to be due to the increase
of the stripping loss of the extraction electrode.

Reduction of the ratio electron extracted current to nega-
tive hydrogen current and enhancement of negative ion pro-
duction can be realized by biasing the plasma grid.6 The H2

current reaches a maximum when biasing the plasma grid
near the plasma potential and the extraction current which
includes the extracted electron current decreases with the in-
crease of the bias voltage to a level which is positive with
respect to the plasma potential.

III. BEAM EXTRACTION AND ACCELERATION
CHARACTERISTICS

Beam extraction and acceleration studies have been car-
ried out into the fundamental properties of the 1/3 scale rod
filter source with a single-hole electrode of 9 mm in diameter
and into the large current properties of the 1/3 scale external
filter source with a multihole electrode system, respectively.
Single- and two-stage acceleration have been examined for
both sources. In single-stage acceleration,7 a three electrode
system—plasma grid, extraction grid, and ground grid—is
used for both sources.

Figure 6 shows the H2 current and the extraction current
as a function of the extraction voltage for extraction grid gap
lengths of 3 and 5 mm. The H2 current increases according
to the space charge limited characteristic, Child–Langmuir
law as mentioned elsewhere.6 The square ratio of the effec-
tive extraction gap length is 1.57, which is a little larger than
the extraction current ratio for extraction grid length of 5 and
3 mm. Figure 7 shows H2 ion current as a function of beam
energy in two-stage acceleration. The envelope of optimum
H2 ion current indicates the 3/2 power dependency on the
beam energy. Since the H2 ion currents are extracted accord-
ing to the Child–Langmuir law,6 this indicates that the accel-
eration field affects the H2 ion extraction. A H2 ion current
of 13.6 A is accelerated to 125 keV.

Figure 8~a! shows the dependence of the divergence
angle on the acceleration voltageVacc. Each curve corre-
sponds to different current densities and an adequateVext is

FIG. 3. An example of density profile of plasma.

FIG. 4. Total H2 ion current as a function of the arc power of the plasma
source.

FIG. 5. Total H2 ion current as a function of the operating gas pressure of
the plasma source.
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applied in order that the H2 current saturation due to space
charge does not occur. The optimum divergence angle of 5
mrad is obtained at each current density by adjustingVacc.
There is no effect onI accwhenVaccchanges as shown in Fig.
8~b!. This indicates thatI acc is independent of the electric
field in the acceleration gap and also of the beam trajectory
in the gap.

Figure 9 shows the dependence of the beam divergence
angle on the ratio of the acceleration electric fieldEacc to the
extraction electric fieldEext. The optimum ratio for the mini-
mum divergence is 1.6 and is almost same value at different
arc powers.

In the multibeam acceleration, the 1/2 half width is
shown as a function of the acceleration voltage in Fig. 10.
The divergence angle also changes by changing the accelera-
tion voltage with a behavior similar to the single-hole case.
In two-stage acceleration, the beam divergence is shown as a
function of Eacc/Eext for the multihole case in Fig. 11. The
beam divergence can be optimized by changing the ratio of
the first-stage voltage to the extraction voltage at the constant
ratio of the first to the second acceleration electric field.
From the results of the single-hole experiment, we find that
there is a optimum value ofEacc/Eext at about 1.5, which is
almost as same as the optimum ratio ofVacc/Vext in the

single-stage acceleration. The optimum value of the ratio is
not changed when the current density changes from 15 to 30
mA/cm2. The beam divergence of the single beamlet is opti-
mized to within 5 mrad and the beam divergence of the
multibeamlet to within 10 mrad. The beam divergence is
much more sensitive toEacc/Eext in the single-stage accelera-
tion than it is in the two-stage acceleration.

FIG. 6. The H2 current as a function of extraction voltage~external filter
source!.

FIG. 7. The H2 current as a function of beam energy. The gas pressure is
0.45 Pa~external filter source!.

FIG. 8. Dependence of~a! the beam divergence angle and~b! I acconVaccat
p50.7 Pa for three different H2 current density in the single-stage accelera-
tion, with a single hole of 9 mm in diameter.~open circle! Parc5251 W,
Vext56.3 kV, j515 mA/cm2; ~closed circle! Parc535 kW, Vext57.9 kV,
j522 mA/cm2; ~cross! Parc545 kW,Vext59.3 kV, j528 mA/cm2.

FIG. 9. Dependence of the beam divergence angle onEacc/Eext ~single hole!.
~open circle! Parc5251 W, Vext56.3 kV, j515 mA/cm2; ~closed circle!
Parc535 kW, Vext57.9 kV, j522 mA/cm2; ~cross! Parc545 kW, Vext59.3
kV, j528 mA/cm2.
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Figure 12 shows~a! the FWHM of the horizontal profile,
and~b! the H2 ion current and the ratio of the second accel-
eration current to the H2 ion current as a function of the ratio
of the second to the first acceleration electric field at the
constant ratio of the first acceleration to the extraction. The
profile, H2 ion current, and the current ratio are not changed
significantly by changing the electric field ratioEacc2/Eacc1.
The optimumEacc1/Eext is higher in the longer extraction gap
than in the short extraction gap. However, the optimum
Eacc2/Eacc1 is still 1.0–1.1 at theEacc1/Eext of about 1.4 or
more.

In the multibeam extraction experiment in the external
filter source, the acceleration electrode system in which the
apertures of the grounded grid are displaced to steer all 270
beamlets to a focal point, is used for the optimization experi-
ment of the beam acceleration. The multibeamlets are suc-
cessfully focused and although the negative ion beamlets are
deflected line by line to the opposite direction by the mag-
netic field for the electron deflection on the extraction grid,
this steering is well compensated. As a result the gross di-
vergence angle is 9 mrad.

IV. SUMMARY

In order to achieve a high current negative ion source of
NBI on LHD, the 1/3 scale negative ion sources with a rod
filter and a external filter have been investigated in order to
optimize the plasma source parameter, the extraction, and the
acceleration with Cs operation. About 16 A of the negative
ion current is extracted at the operating gas pressure of 0.45
Pa and the corresponding current density is much higher than
45 mA/cm2. A 13.6 A H2 ion beam has been accelerated to
125 keV at an operating gas pressure of 0.45 Pa with two-
stage acceleration in the external filter type source. The arc
efficiency of 0.1 A/kW is obtained with 16.2 A of the H2 ion
current with an energy of 47 keV. The arc efficiency is higher
in the external filter than in the rod filter. This higher arc
efficiency of the external filter source is due to the reduction
of the disadvantageous masking of the rod filter by the
plasma grid which can lead to the loss of the plasma near the
plasma grid into the rod. However, it is not clear that the
effectiveness is due to the external filter only since the con-
finement cusp magnetic field and the magnetic field for the
electron suppression are also strengthened.

Optimization of negative ion sources using the plasma
source parameters tells us that~1! the negative ion current is
proportional to the arc power which determines the plasma
density and then the plasma source dimension and the re-
quired arc power can be decided by using an empirical scal-

FIG. 10. e-folding half width of the vertical profile 11.2 m downstream in
the single-stage acceleration as a function of the acceleration voltages of 5.2
~s!, 4.3 ~d!, and 3.4~n! keV. The gross divergence angle corresponding to
the e-folding half width is also indicated on the right-hand axis. The arc
power is 60 kW.

FIG. 11. e-folding half width of the vertical profile measured 11.2 m down-
stream from the ion source as a function of the ratio of the first acceleration
to the extraction electric fields,Eacc1/Eext , in the two-stage acceleration.

FIG. 12. ~a! FWHM of the horizontal profile, and~b! the H2 ion current
~open circles! and the ratio of the second acceleration current to the H2 ion
current,I acc2/IH2 ~open triangles! as a function of the ratio of the second to
the first acceleration electric fields,Eacc2/Eacc1. The ratio of the first accel-
eration to the extraction electric field is a constant 0.98. The extraction gap
length is 3 mm. The arc power is 90 kW and the gas pressure is 0.45 Pa.
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ing law, ~2! the H2 current density is optimized varying the
operating gas pressure at constant arc power and the opti-
mum gas pressure shifts to higher pressure with increasing
arc power. The improvement of plasma confinement is an
important issue for the ion source operation at the high beam
current density with lower operating gas pressure.

The extraction characteristics according to the Child–
Langmuir law are observed in the intense negative current
extraction with the multiaperture source but the perveance is
less than that of hydrogen negative ion.

In both the single-stage and two-stage acceleration,
variation of beam divergence is qualitatively similar and
minimum beam divergences of 5 and 9 mrad are obtained by
adjusting the ratio of the acceleration electric field to the
extraction electric field,Eacc1/Eext for the single-hole and the
multihole source.

Beam divergence is less sensitive for the two-stage ac-
celeration than for the single-stage acceleration. The single-

stage acceleration is useful to obtain an intense negative ion
beam with a sufficiently small divergence as required by the
NBI of LHD at the beam energy of 125 keV.

It is concluded that the aperture displacement technique
is useful for focusing an intense negative ion beam by steer-
ing.
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