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ABSTRACT

A multi-ampere hydrogen negative ion source with a large extraction area of

25 cm X 25 cm has been developed. This negative ion source is a volume-
production-type bucket ion source which is operated with double-magnetic
filter configuration. In this configuration, the fast electrons, which produce
the vibrationally excited molecules, are trapped near the chamber wall by the
cusp field, which is the first magnetic filter. In the central region of the arc
chamber, there exist only the thermal electrons with low temperature. As a
result, the negative ions are produced in the central region by dissociative
attachment. A rod magnetic filter in front of the plasma grid, which is the
second magnetic filter, is utilized for reducing the population of the electrons
in the vicinity of the plasma grid, which are extracted together with the
negative ions. By this structure the extracted electron current can be

controlled independently of the H™ ion current. So far, a 1.4A of H™ ion current

has been obtained with the energy of 34 keV. Negative ion extraction
characteristics of this ion source, such as the arc power dependence and the

gas pressure dependence, are presented.
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I. INTRODUCTION

Intense negative ion sources are required for the negative-ion-based
neutral beam injection (NBI) system in the next step fusion experimental
devices such as ITER, NET and FER, where the injection energies are more
than 500 keV. In the Large Helical Device (LHD) project1’2), conducted by
National Institute for Fusion Science, the negative-ion-based NBI system
(injection power; 20MW, injection energy; 125keV for hydrogen and 250keV for
deuterium) has also been proposed3)’4).

Recent development of the negative ion source has been concentrated on
the volume production type with the bucket plasma source. There are two
ways of the intense negative ion source development; one is to obtain a large
current from multi-holes in a large extraction area, and the other is to achieve

a high-current density from a single hole. In the former, a several amperes of

H- ion current has been extracted®). In the latter, the current density of 57

mA/cm?2 has been obtained from the single hole of 1.5 mm in diameter in a
large bucket sourceﬁ}, and in a small bucket source 250 mA/cm? has been

extracted from the single hole of 1 mm in diameter’). It has been also

reported that the H™ ion current is enhanced by injecting cesium vapor®), that

is considered to be ascribed to the surface effect on the plasma grid. A 10 A of

H" ion current was obtained by a small amount of cesium supply to a multi-

hole bucket source?.

In the volume-production-type negative ion source, the arc plasma is
divided into two regions; one is the driver region where the vibrationally
excited molecules are produced by the fast electrons with the energy of more
than 40 eV, and the other is the production and extraction region where the
negative ions are produced by the dissociative attachment of the thermal

electrons with the energy of around 1 eV to the vibrationally excited molecules.
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These two regions are usually separated by the magnetic filter field in front of
the plasma grid. The magnetic filter field is generated by the permanent
magnets placed inside the arc plasma (a rod filter) or outside the arc chamber
(an external filter), or by the electromagnetic circuit (an electromagnetic
filter).  Both the electron temperature and the electron density in the
production and extraction region are reduced by this filter field, and thus the
negative ion yield and the extracted electron current are simultaneously
affected by the filter field strength.

In these experiments, we have utilized the cusp fields of the bucket
source for the magnetic filter field, and generated the another magnetic field
in front of the plasma grid by the rod filter. This magnetic field, which is
called the electron filter field hereinafter, separates the extraction region from
the production region, and reduces only the electron density in the extraction
region. As a result, the negative ion current and the extracted electron
current are expected to be controlled independently. In this configuration two
kinds of the magnetic filters are utilized, and thus, we call it the double-

magnetic filter configuration. With this operating concept, we have developed

a large bucket negative ion source with an extraction area of 25 cm x 25 cm10,
In this paper we report the negative ion extraction characteristics of the
large bucket negative ion source utilizing the double-magnetic filter
configuration, such as the dependencies on an are power, an arc voltage, a
gas pressure and an extraction voltage. The arc plasma characteristics of this

negative ion source are presented in detail in ref. 11.

II. STRUCTURE OF NEGATIVE ION SOURCE

A schematic diagram of the negative ion source is illustrated in Fig. 1




(a). This ion source is a volume-production-type bucket negative ion source.
Magnetic cusp lines in the arc chamber are generated by permanent magnet
arrays arranged as 35 mm-separation. The electron filter field, which reduces
the electron density in the extraction region, is generated in front of the
plasma grid by eleven internal magnetic filter rods and two external magnetic
filter bars. The internal filter rods of 10 mm in diameter are water-cooled and
removable. The strength of the electron filter field can be changed by selecting
the number of the reds. The distance between the plasma grid and the filter
rods is also adjustable. The arc chamber is divided into three sub-chambers;
two chambers of 14 cm in depth and one chamber of 7 cm in depth. Thus, the

depth of the arc chamber can be changed from 19 to 40 ¢cm by combination of

these sub-chambers. The cross section of the arc chamber is 35 X 35 cm?. The
arc sub-chambers are made of copper with water cooling. Forty feedthroughs
for filaments are attached to one of the 14 cm-depth chambers and the end
plate, respectively. The total number and the position of the filaments can be
changed. The each arc sub-chamber and the filter rods are electrically
insulated. Ports for Langmuir probe measurement are provided so that the
longitudinal scan and the transverse scans of the probes can be made.

The negative ion extraction electrode system consists of a plasma grid,
an extraction grid, an electron suppression grid and a ground grid, as shown

in Fig. 1 (b). Each grid is made of copper and has 400 holes of 9 mm in

diameter in the area of 25 x 25 cm? (transparency of 40 %), The plasma grid
and the extraction grid have water cooling channels inside the grids fabricated
by the diffusion bonding technique. The extraction grid has another channels
of the permanent magnet rows for the deflection of the extracted electrons.

Large heat load of the exiraction grid due to the bombardment of the deflected



electrons is one of the main problems in a high power ﬁegative ion source. In
this ion source, as shown in Fig. 1 (¢), the cooling channels are arranged
perpendicularly against the permanent magnet rows so that the deflected
electrons are incident on the vicinity of the cooling channels. As a result, effec-
tive cooling of the extraction grid is expected. Since the permanent magnet
rows are packed in thin stainless steel cans and are inserted in the channels,
the magnetic field strength can be changed by replacing them. The extracted
beamlets are not focused (parallel beam). The extraction electrode system is
electrically insulated against 120 kV with the insulator made of synthetic
resin. The power supplies for the negative ion source are also shown in Fig. 1
(b).

The negative hydrogen ions were extracted at the extraction voltage,
Vext, of 2 to 5 kV and were accelerated at the acceleration voltage, Ve, of 3 kV
or more than 15 kV. The potential of the plasma grid was floating to that of the
arc chamber. The electron suppression grid and the extraction grid were
electrically connected in the experiments of Va..=3 kV and the electron
suppression voltage of 2 kV was applied in the experiments of V. of more
than 15 kV. The beam pulse length was 0.3 sec.

The negative ion source is designed so flexibly that various kinds of
configuration of the source can be tested and that the optimization of the
negative ion production can be made. The experimental arrangement of the
arc chamber in these experiments is shown in Fig. 2. In the double-magnetic
filter configuration, a shallow arc chamber is preferable and one 14 cm-depth
sub-chamber was used. The distance between the filaments and the chamber
wall affects the discharge in the double-magnetic filter configuration and was
set at about 40mm in these experiments, The cusp magnetic field strength on

the wall surface is about 1kG and is decreased abruptly as the distance from
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the wall is increased. At the position of the filaments, the field strength of the
normal component to the wall is about 20G.

In these experiments, three kinds of the electron filter were examined;
the total numbers of the rod were 3, 2, and zero (no filter field). The magnetic
field strengths between the filter rods are 46, 26 and zero G, respectively. The
accelerated negative ions are measured by a calorimeter array which is placed
at a distance of about 1.6 m downstream of the plasma grid. The calorimeter
array contains a series of seventeen calorimeters arranged in the X-direction
in Fig.1(a) (horizontal). Although most of the extracted electrons are deflected
by the magnetic field and impinge on the extraction grid, the residual elec-
trons and the secondary electrons are accelerated. The accelerated electrons
are removed by the magnetic field produced by the permanent magnet bars
placed in front of the calorimeter array. A small amount of the accelerated
electrons, however, were detected for the high energy beam. We measured the
detected electron current for helium discharge and the leakage electron
current was estimated to be several % of the measured current for the

hydrogen discharge when the total acceleration energy was 35keV.

IiI. EXPERIMENTAL RESULTS
A. Discharge characteristics

In Fig.3 are shown the typical transverse profiles (in the X-direction in
Fig. 1(a)) of the electron temperature, T., and the electron saturation current
density, J.s, along the mid plane of the arc chamber (between the end plate and
the electron filter). The profiles of the electron temperature and density are
hollow, since the filaments are placed near the chamber wall and the fast
electrons emitted from the filaments are trapped by the cusp field. The

electron temperature in the central region is low and around 1 eV, and is not
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much increased with an increase in the arc power. Under these conditions
fast electrons producing vibrationally excited hydrogen molecules (Hg*) are
localized near the wall. On the contrary, in the central region there exist only
the thermal electrons with relatively low temperature. The negative hydrogen
ions are produced there by collisions between the Hy and the thermal
electrons, and diffuse to the extraction region. The Hg* molecules also reach
the extraction region unaffected by the electron filter field, and the negative
hydrogen ions are also produced there. In this configuration the electron
filter field is utilized for control of the electron density in the extraction region
rather than that of the electron temperature, Moreover, it is expected that the
production of the Hz* by collisions of Hy* and Hz* ions to the chamber wall
should be enhanced because the plasma density near the wall is high in this
configurationl?),

Figures 4 (a) and (b} show the longitudinal profiles (in the Z-direction) of
the electron saturation current densities and the electron temperatures for the
three different electron filter field strengths. The decrement of the electron
density from the production region to the extraction region through the
electron filter is much dependent on the filter field strength. The electron
density in front of the plasma grid is lower at the higher filter field strength.
On the other hand, the electron temperature seems to be not much affected by
the electron filter strength. In the case of the no rod, the electron temperature

is a little higher than those in the cases of the 2 and 3 rods.

B. H™ ion extraction characteristics
The H™ ion extraction characteristics for the three different electron

filter field strengths are shown in Fig. 5. The H™ ion current densities

measured by the central calorimeter and the extraction currents as a funection
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of the arc power are shown in Figs. 5 (a) and (b), respectively. The electron
saturation current density in front of the plasma grid for the 2 rods is also
shown in Fig. 5 (b). The extraction voltage was 2 kV and the acceleration

voltage 3 kV (the total beam energy was 5 keV). For these low energy beams,

the H™ ion beam profile was not much changed by the arc power. Although
the H™ ion current is a little larger for the lower filter strength at the lower arc

power, the H™ ion currents are nearly equal for the three filter strengths. On

the other hand, the extraction current is larger for the lower filter strength.
The extraction currents are increased with an increase in the arc power, cor-
responding to an increase in the electron density in front of the plasma grid.

Therefore, it is found that the electron filter controls the extracted electron

current independently of the H™ ion current.

The dependence of the H™ ion current densities and the extraction currents

on the gas pressure for the 3 rods are shown in Figs. 6 (a) and (b), respectively.
The beam energy was 5 keV. The optimum gas pressure for the H™ ion yield
tends to be higher at the higher arc power. The extraction current is
decreased as the gas pressure is increased. This corresponds to the gas
pressure dependence of the electron density in front of the plasma grid.

In these experiments, we changed the arc power by changing the arc

voltage and current simultaneously, and the arc voltage ranged from 45 to 70

V. It is important to know the dependence on the arc voltage of the H™ ion

production. The H™ ion current densities and the extraction currents in the 3
rods case are shown in Figs. 7 (a) and (b), respectively, as a ﬁmcﬁon of the arc
power for the four fixed arc voltages. It is found that the H™ ion current and
the extraction current are almost independent of the arc voltage, although it

seems that at the lower arc voltage the H™ ion current is higher and the
— 9 —



extraction current is lower. Since the production efﬁdency of the Hz>lc by the

electron impact is dependent on the fast electron energy, the wall collision of
the Hot and 'the HaT may contribute to the Hz* production to some extent in
the double-magnetic filter configuration.

Figure 8 (a) shows the dependence on the extraction voltage of the total H™
ion current calculated from the local H™ ion current densities measured by the
calorimeter array. As the arc power is increased, the optimum extraction
voltage becomes higher. The extraction current is almost independent of the
extraction voltage, as shown in Fig. 8 (b). The H™ ion current dependence on
the extraction voltage is related with the extraction optics. Generally, the
optimum extraction voltage is determined so that the space-charge-limited

current should be equal to the H™ ion saturation current in the extraction

region. Since the H™ ion density in the extraction region is increased with an
increase in the arc power, the corresponding optimum extraction voltage is
also increased. On the other hand, the electron saturation current in the
extraction region is so low compared with the space-charge-limited current of
the electron that the extraction current is not influenced by the extraction
voltage.

The beam profile was changed by the extraction voltage when the

acceleration voltage was high. Figure 9 shows the H™ ion beam profiles for the

various extraction voltages at the fizxed arc power of 49 kW and at the
acceleration voltage of 30 kV. The beam profile becomes more peaked as the

extraction voltage is increased. So far, we have obtained a 1.4 A of the H™ ion

current with the energy of 34 keV at the arc power of 59 kW.

IV. DISCUSSION



In the double-magnetic filter configuration, the main arc discharge
plasma containing many fast electrons is localized near the chamber wall by

the cusp field. Thus, the region near the wall is a driver region where the
vibrationally excited molecules, Hg*, are generated. On the other hand, the
central region where the plasma has electrons with low temperatufe is a
production region of the negative ions. This configuration has the similar
operational principle to the hybrid multicusp ion source studied at the Ecole
Polytechnique!3) and the tent filter ion source at the Culham Laboratory14).
In this ion source the magnetic filter in front of the plasma grid acts as the
electron filter. Thus, the electron density in the extraction region can be
controlled by the electron filter field strength independently of the H™ ion
production. The rod magnetic filter is not necessarily proper for the electron
filter, because the H™ ions can be destroyed on the rod surfaces. We have to

devise the better method for the electron filter to optimize the double-magnetic

filter configuration. The H~ ion temperature has been reported to be around
0.1eV15), Then, the dominant process of the H™ ion destruction is the mutual

neutralization by collisions with the positive ions (Ht,Hs+ and Hgt) in the

production and the extraction regions. Under this experimental condition,
the mean free path of the mutual neutralization is estimated to be more than

10cm. Therefore, the H™ ions generated in the central region can reach the

plasma grid. The double-magnetic filter configuration is related with the
position of the filaments. The localized discharge with the hollow plasma
profiles was not observed when the distance between the filaments and the
wall was more than 80 mm. In this case the normal discharge with flat or
peak profiles of the electron density and temperature was observed, and the

negative ions were produced in the single-magnetic filter configuration, where



the central region is the driver region. The comparison between the double-
and the single-magnetic filter configurations is described in detail in ref.11.
The gas pressure also affects the localized discharge. As the gas pressure was
lower, the electron temperature in the central region became higher and the
hollowness of the profiles of the electron temperature and density also became
smaller. The electron density in the production region, i.e., the central region,

is high of more than 2 X 1012 ¢m3. A preliminary result from the

measurement of the H™ ion density by the photo-detachment technique shows
that the H™ ion density in the central region is almost equal to the electron

density. The measured total H~ ion current is too small compared with the H”

ion density, even if considering the stripping loss. This suggests that the

extraction mechanism of the H™ ions should be investigated in more detail.
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FIGURE CAPTION

Fig. 1
(a) Schematic diagram of the ion source, (b) negative ion extraction system,

and (c) structure of the extraction grid.

Fig. 2
Experimental arrangement of the arc chamber for the double-magnetic filter

configuration.

Fig. 3
Transverse profiles (in the X-direction) of the electron temperature and the
electron saturation current density in the central region of the arc chamber.

The gas pressure was 14 mTorr and the arc power 45 kW.

Fig. 4
Longitudinal profiles (in the Z-direction) of (a) electron saturation current
densities and (b) electron temperatures for the three different electron filter

field strengths. The gas pressure was 14 mTorr and the arc power 45 kW.

Fig. 5

{a) H™ ion current densities measured by the central calorimeter and (b)
extraction currents as a function of the arc power for the three different
electron filter fields. The electron saturation current density in front of the
plasma grid for the 2 rods is also shown in (b). The gas pressure was 14

mTorr,



Fig. 6
Dependence of (a) H™ ion current densities and (b) extraction currents on the

gas pressure for the 3 rods. Parameter is the arc power. The beam energy

was 5 keV.,

Fig. 7
(a) H™ ion current densities and (b) extraction currents for the 3 rods as a fune-

tion of the arc power for the four fixed arc voltages; 62V, 72V, 82 V and 91 V.
The extraction voltage was 3 kV and the acceleration voltage 17 kV. The gas

pressure was 11 mTorr.

Fig. 8
Dependence of (a) total H™ ion currents and (b) extraction currents on the

extraction voltage for the 3 rods. Parameter is the arc power. The acceleration

voltage was 30 kV and the gas pressure 11 mTorr.

Fig. 9
H" beam profiles for the various extraction voltages. The acceleration voltage

was 30 kV, the arc power 49 kW and the gas pressure 11 mTorr.
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