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RE VIEW OF NEGATI t"E ION SOUaCE TECHNOLOGY· 

K. N. Leung 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

Abstract 

a- or D- ions are required for generating 
high energy neutral beams in heating fuaion plaamas. 
Two distinct types of a- ion sources can be identi
fied: (1) surface sources - in which' the a- ions 
are generated by particle coll1aions with low work 
function _tal surfaces, and (2) volUllle sources - in 
which the a- ions are produced by electron
molecules and electron-ion collision processes in the 
volUlle of a hydrogen discharge. Recent experiments 
demonstrate that reasonable a- ion current density 
can be obtained from both types of sources. aowever, 
further technology IIIUSt be developed on the control 
of cesium and the reduction of electron drain before 
these sources become practical units of a multi
ampere neutral beam injection system. 

Introduction 

The use of a- ions for accelerator applications 
waa first proposed by Alvarez in 1951. 1 Since 
then, a- ion sources have found important applica
tions both in fuaion technology and in particle 
accelerators. In recent years, neutral beam 
injection ha" proven to be an effective way to heat 
plaSIIUIs in fusion devices to thermonuclear telilpera
tures. 2,3 aigher energy neutral beams will be re
quired for plasma heating and for current drive in 
soma future fusion reactors. 4 The high neutral
ization efficiency (>60%) of a- and D- ione makes 
their usage deairable to form atomic beams with 
energies in eEess of 150 ke V. 5 For this reason, 
appropriate programs to develop negative ion based 
neutral beam systems are now in progress at various 
fusion laboratories in the world. 

There are two distinct types of negative ion 
sources. In the surface plasma type of sources, a
ions are generated by surface conversion processes 
and a self-extrsction negative ion source based on 
this principle has already been operated successfully 
to produce a steady-state a- ion beam current 
greater than 1 A.6 Experiments have been conducted 
to extract volume-produced a- ions directly ·from a 
hydrogen plasma. 7- 9 This technique of generating 
a- ions has the advantage over the surface process 
in that it requires no cesium and it can use present
ly developed large area positive ion source geome
tries. Hovever, one must find _thods to handle the 
electron problem in order to make the volume negative 
ion source practical. This paper will briefly 
describe the developaent of these two kinds of 
negative ion sources. 

Surface-production a- source 

In 1972, the Novosibirsk group discovered that 
the yield of a- ions was increased from 5 to 20 lIlA 
by addina ceaium to the hydrogen discharge in a 
planotron source (similar to the source shown in Fia. 
6).10 a- current density greater than 3 A/c1ll2 
has been achieved in milli-second pulses. Measure
ments of the negative ion energy spectrum showed that 

the a- ions were made both by the desportion and 
the reflection processes on the cathode 
surface. ll ,12 The low work function of the cathode 
surface iaprovided by a partial. 1II0nolayer of ad
sorbed cesiulII, and for reasons not yet understood, 
molybdenulII seellls to be the best substrate. 

By 1914, short pulses of approximately 1 A 
(current density ... 3 A/cIll2 ) of a- had been ob
tained from larger sources at Novosibirsk and their 
operation were later confirmed at Brookhaven. 13 

In 1981, in Novosibirsk, Bel' chenko developed a 
"honeycolllb" lIIulti-aperture source with focusing of 
a- ions from spherical dimples on a cathode surface 
to the Circular elllission holes in the anode. A total 
a- ion current of .11 A was obtained at pulse 
lengths less than 800)lsec. 14 

In 1919, s surface-production a- source was de
veloped at LBL with the purpose of generating a con
tinuous, self-extracted a- ion current of 1 A, and 
to accelerate this bealll to "'" 40 ke V. Fig. 1 is a 
schematic of the negative ion source. The device is 
a 38-1 lIIulticusp source with 14 colUlllns of permanent 
magnets installed on the external wall. 15 The 
source pressure is normally maintained at 1 x 10-3 
Torr and a steady-state hydrogen plasma is generated 
by primary electrons elllitted frolll eight tungsten 
filalllents. To produce negative ions, a water
cooled concave, 1II0lybdenum converter (8 cm high and 
25 CIII long) is inserted into the plasllla through two 
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Fig. 1. Schematic diagralll of the LBL self-extraction 
negative ion source. 

*This work was supported by the Director, Office of Energy Research, Office of Fusion Energy, Departlllent of 
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feed-through insulators. By biasing the converter 
negatively (-200 V) with respect to the plasma, posi
tive ions fr01ll the plasma are accelerated across the 
sheath and strike the converter surface. Negative 
ions that are formed at the converter surface are 
then accelerated back through the sheath by the same 
potential. The bias voltage on the converter thus 
bec01lles the ion extraction potential. The converter 
surface is curved to ge01lletrically direct the nega
tive ions through the plasma to a position at the 
exit aperture. The B- field in this region is made 
strong enough to reflect all energetic electrons, but 
it produces only a small lateral displacement on the 
trajectories of the energetic H- ions. The elec
trode defining the exit aperture is electrically iso
lated so that a positive bias potential can be 
applied for electron suppression as well as for 
space-charge control. Cesillla vapor is introduced 
into the system from an ell:t e rna 1 oven througb an 
obaically heated coaxial tube located below the exit 
aperture. 

After emerging from the source exit aperture, the 
a- ion beam is accelerated to higher energies by a 
four-electrode accelerator. Witb the discharge 
operating at 80 V and 100 A, a continuous, self
ell:tracted beam of H- ions higher than 1 A has been 
obtained. 15 The converter was biased at -160 V and 
the converter current was 20 A. The spectrometer 
signals show that the high mass impurity in the beam 
is less than 1%. The self-extracted beam has been 
accelerated to 34 keY for a pulse length of 7 s. The 
pulse lengtb was limited by the themal capacity of 
the inertial beam stop. With maximllla plllaping capa
city, the ratio of electrons to negative ions 
Ie/I- in the accelerated beam was 0.38 and the 
gas efficiency of the source was about 13%.15 

In short-pulsed sources, the converter can be 
covered with cesium atoms during the off-time between 
pulses. The optimllla cesium and hydrogen coverage on 
the converter surface will euable the source to gene
rate high H- ion current density. In dc source 
operation however, it is difficult to maintain the 
proper coverage as the Cs+ ions sre very effective 
at sputtering away the cesium coverage. For this 
reason, the new surface-conversion source16 con
structed at LBL· for the 400 keY TPP based beamUne 
baa an independently heated so,,!rce cbamber wall 
(Pia. 2). This arrangem~nt~~ll enable tbe c •• illla 
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Fig. 2 Surface conversion source and 80 keY 
pre-accelerator. 
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condensed on the wall to recycle back to the source 
volume and therefore increase the amount of neutral 
cesium arriving st the converter surface. The 
permanent magnets are encapsulated in rectsngular 
stainless-steel tubes through which water can be 
passed. Thus, the _gnets are kept under a maximum 
operating temperature of 250· C. 

In 1981, a large Mark V magnetron source had been 
developed at Brookhaven. I} This source was 
operated in dc mode and could generate 100 mA of 
H- beam current. A new method of providing plas_ 
for a surface converter has also been pursued. This 
method employs hollow cathodes, mounted in a 200 G 
axial magnetic field to provide a dense, thin strip 
plasma at a source pressure much less than that 
required by the magnetron geometry. Figure 3 shows a 
schematic diagram of th~s HCD source. 17 H- ions 
are formed at a biased converter and self-extracted 
across the _gnetic field. H- beams in ex.c:ess of 
0.1 A have been obtained. 

ULt:zJ -I. 

Fig. 3 Schematic of the Brookhaven HeD source. 

At Oak Ridge National Lab., a calutron source 
(Fig. 4) has been used to generateH- ions by 
surface process. 18 A biased molybdenum converter 
is aligned along the _gnetic field, and operating 
with 5 sec pulses. With the converter biased at -150 
~ the source. has produced 23 mA of H- at an 
extraction density of 56 lIlA/cmZ• The i x Ii 
extracted electron. are intercepted on a +1.5 kV 
electrode. 

H" 

BEAM --------- 8 

Fig. 4 The ORNL SITEX source. 
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~lume H- Ion Source 

There are many reaction processes which can lead 
to the formation of H- ions in a hydrogen dis
charge.19 aowever, the cross-sections are usually 
too small to account for the large concentration of 
H- ions observed in the plasma. Experiments in the 
Ecole Poly technique, France have shown that under 
certain conditions, H- ion concentration can be 
higher than 20% in the central part of a hydrogen 
discharge. 20 It is now generally believed that 
dissociative attachment of vibrationally excited H2 
molecules could be the main process of H- ion 
production. 21 ,22 

In the last three decades, attempts have been 
made to extract H- ions directly out from the 
plasmas of various kinds of ion sources. From the 
duoplasmatron, H- ion current between 11 II A to 2111A 
(current density J- "" 120 IllA/cm2 ) have been ob
tained in short pulse mode operation. 23 

In 1963, Ehlers et al. in Berkeley developed a 
Penning=type ion source to ge~erate H- ions for 
cyclotrons. 24 Figure 5 shows a diagramatic drawing 
of the source. The magnetic field of 4 kG needed for 
the operation of the ion source is normally generated 
by the magnet of the cyclotron. A 0- ion beam of 2 
IlIA. has been extracted from the arc in a direction 
normal to the magnetic field with a discharge voltage 
of 300Vand a discharge current of 5 A. The gas 
consumption was approximately 23 sccm. Subsequently, 
this source was modified so that a recess was I118de on 
the src chamber where the extraction slit was 
located·. With this new geometry, continuous H- ion 
currents in excess of 5 IlIA (J- "" 40 IllA/cm2 ) 
have been obtained. 25 

"UB 121l 

Fig. 5 Cross-sectional view of the Penning H- ion 
source. 

In 1982, this reflex-type negative ion source was 
again modified in 8erkeley so that the anode was div
ided into two sectione; a top anode part and a wall 
anode part. 8y applying a proper biasing potential 
between these two anodes, the extracted currents of 
9.7 IlIA (r "" 100 'AA/cm2 ) for a- and of 4.1 IlIA 
(J- "" 42 IllA/cm2 ) for 0- were obtained in a dc 
operating mode. 26 

In 1971, a magnetron plasma source, shown sche
matically in Fig. 6.J was developed in Novosibirsk by 
8el' chenko et al. 21 In this source, the discharge 
ch8lllber has the shape of a race track and the plasma 
is kept circulating in the narrow space by the E x 8 
drift motion. The a- ione were extracted from the 
plaIDa through the slit in the anode, elongated per
pendicularly to the magnetic field. A short pulsed 
beam of a- ions with a current up to 22 IlIA and a 
high emission density of 220 lIIA/cm2 was obtained 
witb discharge currents as high as 100 A and at an 
arc voltage of 500 V. The source pressure was 
estimated to be about 1 Torr. 
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Fig. 6 The magnetron a- ion source. 

Although the sources mentioned above can provide 
reasonably high H- ion current density, they are 
not easy to be acalable to fona amperes of H- ion 
beam in long pulse or continuous operation. In tbese 
sources, the sas flow and tbe arc power required are 
too high to be useful for a neutral beam injection 
system. In addition, one must find some methods to 
remove the large currents of electron which accompany 
the H- ion beam. 

Recently, a novel method of extracting volume
produced H- ions directly from a multicusp ion 
aource haa been reported. 28 This type of plasma 
generator has demonstrated its ability to produce 
large volumes of uniform and quiescent plasmas with 
good gas and electrical efficiency. It is shown that 
the addition of a "magnetic filter" to the source 
will not only enhance the H- ion yield but sizably 
reduce the extracted electron component. 

Under normal operating conditions, the plasma 
potential in a multicusp source is several volts 
positive relative to the anode wall. The beam
fOnlaing electrode (plasma grid) floats negat! ve with 
respect to the plasma. Thus positive ions are accel
erated to this electrode by free-fall. Negative ions 
however, are trapped electrostatically within the 
pla8llla volume as their thermal energy is too low to 
surmount the potential barrier. In order to extract 
negative ions from the source, the beam forming elec
trode must at least be connected to anode potential. 
Then, a small a- current could be extracted, but it 
was accompanied by a large electron current (-9000 
times the a""' ion current). When the electrode was 
biased more positive than the anode, the plasma 
potential also increased by about the same amount. 
There was no significant change in the extracted a
ion or electron current. 

Figure 7 is a schematic of the multicusp source 
with the magnetic filter in place. Ths filter was 
constructed by inssrting square permanent magnet rods 
into copper tubes through which a square broach had 
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Fig. 7 Schematic diagram of the multicuap ion source 
with a magnetic filter. 



been passed. The filter magnetic fields are made 
strong enough to prevent energetic primary electrons 
from leaving the source chamber. Positive ioos 
however, can penetrate the filter fields aod the 
interellting feature of this filter geometry is that 
the electrons which accompany these ions are very 
cold. These cold electrons are unable - to generate 
additional positive ions but they can enhance the 
formation of H- ioos by reacting with the 
vibrationally excited H2 or with the H2+ or 
H3+ ions. 29 ,30 

The magnetic filter reduces the positive ion and 
electroo density in the extraction chamber and this 
effect can be enhanced by applying a positive voltage 
\'b to the beaar-forming electrode. An additional 
effect of this positive bias is to raise the poten
tial of the plasma in the extraction chamber relative 
to the potential in the source chamber, and the re
sult is to enabJe the H- ions formed in the source 
region to flow into the extraction chamber. 

Figure 8 shows the use of a weak filter and a 
positive bias produces a factor of 10 increase tn the 
H- current plus a factor of 3 decrease in the 
number of electrons extracted. The use of a stronger 
Ulter results in a slight increase of H- at the 
proper biall plus en additional factor of 2 dec rea lie 
in electrons extracted. The net improvement of using 
the filter in this calle is nearly two orders of mag
nitude with an Ie/IH- ratio of 100. 

r 
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Fig. 8 (a) The extracted H- ion current and, (b) 
the extracted electron current as a function of the 
biall voltage on the beam-forming electrode. 

IL has been demonstrated in the aame experiment 
that the extracted electron current can be further 
reduced by inlltalling two tlny ceramic magnets at the 
extraction aperture. The extraction electric fields 
cause the electronll to E x B drift vertically in a 
cycloidal laotion, and they are thus separated from 
the beam. The much heavier H- ions pass through 
the extraction gap with little effect. A small wire 
(biased pOlliti ve relative to the beam-forming elec
trode) placed at one end of the extraction slot was 
used to intercept the drifting electroos so that they 
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would not leak out of the extractor. With this ar
rangement, the ratio of la-lIe has been improved 
to almost unity. 

Recently, H- ions were extracted from this same 
magnetically-filtered cusp source but it was operated 
at much hi gher current and in a pulse mode at Los 
Alamos National Lab. 31 The - accelerated beam waa 
mass-analyzed for accurate H- current and emittance 
measurementa. A plot of the H- beam current as a 
function of the arc current Id is shown in Fig. 9. 
The H- ion beam current increases almoat linearly 
with Id. At an arc current of 350 A, an H
current density of 38 mA/cm2 was obtained. The 
source pressure was adjusted between 2.5 to 4.5 x 
10-3 Torr. The total impurity content was found to 
be less than 2% and the la-lIe ratio varied from 
1/3 at low extracted current to 1/12 at the highest 
current density of 38 mA/cm2 • These new results 
demonstrate that volume-produced H- ions extracted 

"Il'-IIU, 
Fig. 9 .The extracted H- beam current aod current 
density from a 3-uua diam. aperture as a function of 
arc current. 

from a magnetically-filtered, multicusp source can 
provide high quality H- beams with suffiCient 
current denllity to be useful for both neutral beam 
injection and accelerator applications. 

In recognizing the high potential of volume H
ion production, several other neutral beam develop
ment laboratories in the world have started to 
extract H- ions from the multicusp or -bucket
sources. At Culham Laboratory, H- ion current 
density of about 5 mAl cm2 has been obtained from a 
20 x 20 x 24 cm3 bucket source operated with an arc 
current of 50 A. In Japan, the neutral beam group at 
JA!1U has recently succeeded in extracting a beam of 
a- ion with current density as high as 4 mA/cm2 
from a bigger bucket source. However, more research 
and development work ia needed in order to scale the 
source operation to larger extraction area and per
haps With multiple beamlets. In addition, the magnet 
geometry at the extraction electrode must be opUa1z
ed to achieve electron suppression without degenera
tion of ion optics. Should this succeed, one could 
operate a large area multicusp source to provide H
ions in much the same manner as is now used to pro
vide positive hydrogen ions for neutral beam systems. 

Summary 

In just 20 years, steady-state H-' ion beams 
have been improved from several milli-ampere to more 
than 1 ampere. However, it must be recognized that 
negative ion source development for fusion appli~ 
cation is still in the early stage and many problems 
remain to be solved. Volume H- or D- ion sources 
appear to be the best candidate for the production of 
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high energy neutral bealls. These sources do not re
quire cesiUli and this may be important for maintain
ing very high ion accelerating potentials. Neverthe
Ie •• , on. mu.t find schslles to reduce the large 
current of electrons which could accompany the ex
tracted negative ion beam. 
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