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Abstract 

The status of H- ion source development is reviewed. 
There are new and important advancement in both surface- and 
volume-production H- sources. It is shown that high 
brightness H- b-earns are generated by ion sources which utilize 
both surface and volume production processes. 

I. INTR~DU~~N 
H- ions have found important applications in fusion and in 

particle accelerators such as cyclotrons, tandem accelerators and 
proton storage rings. These ions can be formed by double 
charge exchange processes or by direct extraction from a 
negative ion source. In general, three distinct types of H- ion 
sources can be identified: (1) surface conversion sources, in 
which the H- ions are generated by particle interactions with 
low work function surfaces such as cesium-coated 
molybdenum. Surface-produced H- ions have a larger 
transverse energy and therefore a higher beam emittance; (2) 
volume production sources, in which the negative ions are 
produced by electron-molecule and electron-ion collisions in 
the volume of a hydrogen discharge plasma. Because of the 
lower H- ion temperature and the fact that they can be operated 
without cesium, volume H- sources are highly desired; and (3) 
hybrid production sources, in which the H- ions are formed by 
both volume and surface processes. Most hybrid sources are 
capable of producing high current densities of low temperature 
H- ions. This paper describes the latest development of these 
three types of H- ion sources. 

II. SURFACE-PRODUCTION H- SOURCES 

In the early 197Os, several laboratories (BNL, LBL and 
ORNL) were developing H- sources which employed only 
surface conversion processes.1 These sources were primarily 
used for neutral beam heating or for current drive in fusion 
reactors. In the surface conversion H- source, a water-cooled 
molybdenum converter is inserted into a plasma generator. 
By biasing the converter negatively respect to the plasma, 
positive ions are accelerated across the sheath and they impinge 
on the converter surface. Negative hydrogen ions that are 
formed at the converter are then accelerated back through the 
sheath by the same potential. The bias voltage on the 

converter thus becomes the negative ion extraction potential. 
The converter surface is normally curved to geometrically 
focus the H- ions through the plasma to the exit aperture. 

The advantages of the surface conversion H- sources are 
low source operating pressure (- 1 mTorr) and very small 
electron content in the H- beam. These sources can be 
operated either in steady-state or pulsed mode. However, 
source operation always requires the presence of cesium which 
can cause voltage breakdown in the accelerator column. In 
addition, the transverse energy of the H- ions formed on the 
converter surface is large (>5 eV) and therefore the emittance of 
the accelerated beam is high. Nevertheless, multicusp surface- 
conversion H- sources have been operated in pulsed modes at 
LAMPF in Los Alamos and at KEK in Japan. 

Barium is a metal which has a reasonably low work 
function and it has a much lower vapor pressure than cesium. 
Recent work at FOM in Amsterdam demonstrated that a pure 
barium metal surface can provide reasonable probabilities for 
H- ion formation.2 Experimental results (Fig. 1) shows that 
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Fig. 1 The calculated and measured conversion efficiency for a 
barium surface as a function of the incident positive ion 
current density (from Ref. 3). 

the conversion efficiency (i.e. the ratio between the surface 
produced H- current density and the positive ion current density 
on the surface) can be as high as 8%. 3 By using a 2.5-cm- 
diam barium converter, van OS, Lcung and Kunkel have 
obtained H- current higher than 20 mA in pulsed mode 
operation4 (Fig. 2). Steady state beams of D- ions with 
current greater than 100 mA have also been achieved by 
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employing a larger 6-cm-diam barium converter at LBL.S 
Work is now in progress both at FOM and at LBL to develop 
large surface conversion H‘ sources with the use of barium 
metal for the production of multi-ampere D- beams for fusion 
application. 
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Fig. 2 Total H- output as a function of the barium converter 
current (from Ref. 4). 

III. VOLUME-PRODUCTION H- SOURCES 

A hydrogen plasma contains not only positive ions (H+, 
H2+, H3+) and electrons but also H- ions. These H- ions are 
generally believed to be formed via the dissociative attachment 
process and so their average energy could be less than 1 eV. 
As a result, the H- beam extracted from a “volume” source will 
have a lower emittance than those produced by surface- 
conversion sources. 

In the past, attempts have been made to extract H- ions 
from the plasma of a duoplasmatron, a magnetron, or a 
Penning-type discharge source. Considerable progress has 
been made in increasing the extractable H- current of these 
sources since the early 1960s. In 1983, a novel method of 
extracting volume-produced H- directly from a multicusp 
source was reported by Leung et al.6 In this H- source. a 
permanent magnet filter is included and it divides the source 
chamber into a discharge and an extraction region. The filter 
provides a limited region of transverse magnetic field which is 
strong enough to prevent energetic primary electrons from 
entering the extraction zone. Excitation and ionization of the 
gas molecules are performed by primaries in the discharge 
region. In the extraction region, the low electron temperature 
makes it favorable for the production and survival of H- ions. 

It was demonstrated in 1984 that the filter-equipped 
multicusp source could provide high quality H‘ beams with 
current densities = 38 mA/cm2.7 By employing a 3-cm-diam 
extraction apcrturc, He current higher than 100 mA has been 

obtained from a similar source in steady-state operation. * In 
addition, emittance measurements performed at TRIUMF, LBL 
and other laboratories show that the effective H- ion 
temperature is typically less than 1.5 eV.*s9 Recent laser 
diagnostic measurements further confii that the temperature 
of volume-produced H- ions is indeed very cold. lo 

Several methods to improve the efficiency of the multicusp 
H- source have been investigated. In 1988. a small 7.5cm- 
diam filtered-multicusp source has been operated successfully 
to generate H- ions in a pulsed mode.l 1 From this compact 
volume source, an H- current density greater than 250 mA/cm2 
has been extracted. However, the source operating pressure is 
high (~50 mTorr) and the electron to H- ratio in the accelerated 
beam is larger than 100. 
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Fig. 3 The LBL rf driven multicusp H- source (from Ref. 12). 

In order to achieve high current densities, volume H- 
sources require high discharge power. For this reason, the 
lifetime of filament cathodes is normally short for steady-state 
or high repetition rate pulse operation. To address this 
problem, a radio-frequency (i-f) driven volume H- source (Fig. 
3) has been developed at LBL for use in a calibration beam 
system and possibly in the injector unit of the 
Superconducting Super Collider (SSC).12 This rf driven H- 
source has almost no lifetime limitation and a clean plasma 
can be maintained for a long period of opertion. To date, it 
has been proven that 30 mA of H- current can be extracted 
from this source with a 5.4-mm-diam aperture.13 Beam 
emittance is found to be about the same as dc filament 
discharge. l4 

Since future fusion reactors require energetic neutral beams 
for driving current, large area volume H-/D- sources are now 
being investigated in various laboratories to generte high 
currents of H- beams with multi-aperture extraction systems. 
Figure 4 shows a large filtered multicusp source developed at 
JAERI in Japan. This volume source can produce 3 A of H- 
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current and it is equipped with an extraction system which can 
eliminate most of the electrons in the accelerator column. 15 
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Fig. 4 Cross-sectional view of the JAERI large volume H- 
source together with the extraction systems (from Ref. 15). 

IV. HYBRID-PRODUCTION H- SOURCES 

Previous work on cesiated H- ion sources has been 
concentrated on surface production type ion sources. 
Surprisingly, a recent experimental study at LBL on a small 
multicusp volume-production source indicates a large increase 
in H- output when cesium vapor is added to a hydrogen 
discharge. l&l7 Figure 5 is a plot of the extracted H- current 
density as a function of discharge current. When some cesium 
is added to the source, the H- current density is about double 
that of a pure hydrogen discharge. Further addition of cesium 
results in an overall improvement of H- output by a factor of 5 
and H- current densities exceeding 1 A/cm2 are obtained. It is 
also found that the improvement in H- yield is accompanied by 
a large reduction in the extracted electron current as well as the 
optimum source operating pressure. Similar results have now 
been observed in other volume H- sources developed at JAERI, 
KJZK, Los Alamos, Grumman Corporation, Brookhaven and 
Culham Laboratory. In fact, Kojima et al. have succeeded to 
produce a total H- current of 10 A by adding cesium vapor into 
the large multi-aperture volume source (Fig. 6).18 

The H- beam emittance before and after the addition of 
cesium has been investigated at both Grumman Corporation 
and LBL.19 Results of the measurement indicate that there is 
very small change in the beam emittance. Consequently, the 
brightness of the H- beam can be much improved by seeding 
the volume H- sources with cesium. 

Similar to the surface-conversion source, Walther et al. 
discovered that the addition of barium to a multicusp volume 
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Fig. 5 A graph of the extracted H- ion current and current 
density versus discharge current when the LBL multicusp 
source is operated with and without cesium (from Ref. 17). 

source also enhances the H- output current.20 Experimental 
investigation shows that H- ions generated on the anode 
surfaces are responsible for the large enhancement of the H- 
current when barium is added to a multicusp source. 21 
Operating the volume source with a barium washer insert, it is 
further demonstrated that the area around the extraction aperture 
is the most effective area for converting low energy positive 
hydrogen ions into extractable H- ions.22 Experiments 
performed at KEK, JAERI and BNL provide additional evidence 
that in a cesiated-volume source, the enhanced H- ions are also 
originated from the surface of the plasma electrode.23-25 Thus, 
“volume” H- sources become “hybrid-production” H- sources 
once cesium or barium is added to the discharge. In this type of 
source opertion, the energy of the surface-generated H- ions can 
be minimized by adjusting the bias potential on the plasma 
electrode. For this reason, the cesium or barium-seeded 
volume sources can be used to provide large currents of low- 
emittance H‘ beams. 

Following the above development, one can conclude that in 
other types of sources (such as the magnetron source, the 
Penning source, or the Planotron source developed at 
Novosibirsk26) where cesium is used in the discharge, H- ions 
can be formed in three different places; in the plasma volume, 
and on the cathode and the anode surfaces (a combination of 
volume and surface H- production). As a result, three distinct 
groups of H- ions can be identified. The distribution of thcsc 
groups of H- ions in the extracted beam will depend on the 
source configuration, the source pressure and the amount of 
cesium or barium in the discharge. In order to achieve low 
beam cmitlance, H- ions formed in the plasma volume 
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(including those produced by charge exchange) and on the 
anode surfaces are more desirable. Recent emittance 
measurements performed at Los Alamos reveal that the H- ion 
temperature in the Penning source is indeed very low (~1 
eV).27 Therefore, to generate high current and high brightness 
H- beams, either the cesium or barium-seeded filtered 
multicusp source or the Penning source should be employed. 

This work is supported by the Director, Office of Energy 
Research, Office of Fusion Energy, Development and 
Technology Division, of the U.S. Department of Energy under 
Contract No. DE-AC03-76SFOC098. 
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Fig. 6 The dependence of H- current on the arc discharge 
current for operation of the JAERI large volume source with 
and wothout cesium (from Ref. 18). 
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