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A DIRECT EXTRACTION H- ION SOURCE* 

Paul W. Allison 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

Summary 

A direct extraction H- ion source of the Penning 
design described by Dudnikov’ has been built and 
tested. To date a beam of 108 mA has been extracted 
from a 10 x 0.5 mm2 slit and transported through a 
90” bending magnet into a Faraday cup at a duty 
factor of -7 Hz x 700 us (0.5%). The duty factor 
limitation is imposed by operating temperature 
requirements so that at reduced arc current a dc beam 
of 4 mA has been reached. 

General Description 

The surface-plasma H- ion source was first 
described by Belchenko, Dimov, and Dudnikov.2 In one 
of several later articles Dudnikov’ described a 
Penning design variation with overall properties more 
nearIy compatible with use on an accelerator, and 
such a source has been built at LASL according to the 
design presented in that article for use as an 
injector to a proton linac. The magnetron and duo- 
plasmatron H- source developments carried out by 
Sluyters and Prelecs have also provided information 
helpful in our development. 
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and transported with an n=0.85, p=8 cm, fJ=90° magnet 
of 3 cm aperture to a Faraday cup. The cathode, 
anode, extractor, and emission slit are of molyb- 
denum; the housing is of stainless. Cathode and 
source housing temperatures are monitored with 
thermocouples. The test stand is pumped with a 
2000 l/s diffusion pump, allowing gas flows of up to 
200 atm-cm3/min to be run continuously. Hydrogen 
flow into the source is controlled with a Veeco PV-10 
piezoelectric valve so that gas flow may be either 
pulsed or continuous. A 700-V, 10-A arc supply is 
used to start the arc in a dc mode, and a 300-L', 200-A 
transistor pulser is used for pulsed operation. A 
regulator for the extractor power supply has not yet 
been put into operation, but this will be necessary 
to reduce beam dispersion in the 90’ magnet. The ion 
source and its electronics are at high potential so 
that the extracted beam and Faraday cup are at ground 
potential. The emission slit dimensions are 10 mm x 
0.5 mm, and all H- ion currents have been measured at 
the Faraday cup. 

Operation 

Table I shows the present operating parameters. 
Best source operation occurs when the indicated 
cathode temperature is SOOO-600°C, probably close to 
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FIG. 1, cX%S.S SECTION THWlk% LASL MRSION OF IXJD’IIKfJY 
PENNING SOURCE, 

A cross section through the LASL source is shown 
in Fig. 1. A mixture of CszCr207 + Ti is packed into 
the anode structure to provide cesium for the 
discharge. A Penning discharge takes place parallel 
to the emission slit, from which ions are extracted 

*Work performed under the auspices of the U. S. Energy 
Research and Development Adminstration 

I’ABLE I 

Operating Characteristics 

H- current (1n.X) 
Arc cuw2nt (.A) 
Arc voltape 0’) 
Duty factor 
Average gas f1m 

iatm-cm’lminl 

108 50 2 
60 85 1 

-80 85 4s 
7 Hz x 0.7 ms 10 HZ x 0.7 rrs dc 

18 -- 65 

Gas density (10i5/m’) -4 -4 -2 
Wornali red cm tizvce -- 0.06 x 0.02 0.08 x 0.007 

l(cm-mrxl) ‘j 
htractor C”Yi-Crlt (ml:1 160 100-200 1 
Beam (II’) energy -1s -18 -18 
Normaliicd briphrncss -- 6 0.7 

[A/cm-mid) ‘1 
7hcrmal efficirnc? 0.023 0.007 0.044 

(,W/kkarc) 

Gas efficiency -0.008 -0.004 0.0003 

‘Does not include focusing distortions 

the true average value. With a magnetic field of 2-3 
kCauss and a gas flow of 100 atm-cm3/min a discharge 
can be started at 300-650 V. With a 650 V, 0.05-0.1 A 
arc the cathode temperature rises rapidly but the 
source housing takes about l/2 hour to reach 300°C, 
at which time cesium is evolved from the powder 
stored in the anode and the arc impedance falls 
precipitously. A typical arc of 1.4 A, 40 V will 
maintain proper temperature for steady operation, and 
a dc beam, of 2.7 mA has been extracted at a gas flow 
of 21 cms/min. The stripping loss n of H- from H2 
flow Q into the vacuum chamber is calculated to be 

n(%)=Q(cm’/min)/4 

and this is confirmed by measurements in which extra 
H2 gas is bled into the chamber. Brief operation up 
to 4 mA (2.5 A arc) was tried; however, performance 
was somewhat erratic, probably due to high cathode 
temperature (7OO’C) and improper cesium balance. 
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Since the source is cooled primarily by heat conduc- 
tion down the high voltage insulators, substantial 
increases in the operating current could probably be 
achieved with simple cooling. No attempt has yet 
been made to do this. 

Once the low impedance dc arc is struck the 
300-V pulser can supply the arc power. Up to 180-A 
arc at about 100 V has been reached, about yhe 
current limit of the present pulser. The H yield 
has been measured under various conditions of gas 
flow, temperature (3O’C to 800°C), and duty factor 
over a range of arc current from 300 uA to 180 A. 
Under optimum conditions 

iH- = 0.002 iarc 

closely describes the yield over at least the range 
ZO-mA to 60-A arc current (Fig. 2). 

lo-’ I , , I , I I / I I , 

* / I, ,I* ,I, ,J 

10-j lO-2 
-I 

ARdOCUARENT ’ (A ) 
IO 100 

FIG, 2, H- !CN CURRENT '6 MC CWXENI 

After repeated cleaning of the source to 
eliminate cesium only about 0.1-A arc current could 
be reached without excessive temperature, but the H- 
yield was still about half normal. One probably 
cannot rule out the possibility that some cesium 
still remained in the surfaces; however, it is hoped 
to determine the optimum cesium density in the source 
with the use of a controlled external cesium vapor 
supply line, an experiment for which apparatus has 
been built. 

Gas flow into the source is monitored and ranges 
from about 20-120 atm-cm3/min in the continuous flow 
mode, the higher values generally being required for 
the highest arc current. Pressure measurements were 
made at room temperature and extrapolated to an 
estimated operating tern erature of 4S0°C, giving a 
gas density of l-4 x 10 P 5/cm3. In the pulsed mode of 
the arc the gas is usually pulsed also to reduce H- 
stripping losses in the “20 cm path to the Faraday 
cup. Measurements of the pulsed gas flow from the 
Veeco PV-10 piezoelectric valve showed that a minimum 
risetime of 400 us could be achieved, with a falltime 
of 1 ms, and that gas flow oscillated 520% at 1 kHz, 
presumably due to mechanical ringing of the valve. 
These variations can be seen in arc current, which 
rises and falls in -2 ms if a dc voltage is applied 
to the arc. Pulsed gas density in the arc can be 
inferred from the dc gas flow under comparable 
operating conditions. 

As long as arc power remains constant, operation 
seems stable at various duty factors. The highest 
current yet reached (108 mA, an emission density of 
2.2 A/cm2) was achieved at a duty factor of 0.5% (7Hz 
x 700 us), 18 keV extraction voltage (Fig. 3). This 
is a slightly larger current density than the 
calculated space charge limit, 2.1 A/cm', for the 
2.5 mm extractor gap used. 

It is interesting to note that the space-charge 
limited current for an H- beam is reduced by about 
20% if accompanied by an electron current ten times 
that of H-, therefore the electron density at the 
emission surface may be relatively low. 

Ion Optics and Emittance 

Beam transport calculations for the 90’ magnet 
point out an important feature of handling high 
current density (2 A/cm’) low energy (20 kV) beams. 
Calculations of the beam profile (assuming zero 
emittance) in the n=0.85 magnet show that the beam 
will strike the magnet poles for currents in excess 
of 15 m4, whereas a current of 108 mA has reached the 
Faraday cup ; moreover, photographs of the trajectory 
of a SO-mA beam reveal a well focused beam going into 
the Faraday cup. 

It seems clear that positive ion neutralization 
of the H- beam has been closely achieved, with a 
chamber pressure of 10-5-10-4 mm Hg, not surprising 
considering that a IIO-mA, 20-keV beam would have a 
potential drop of 1.6 keV across it in the absence of 
neutralization. Any attempt to use electrostatic 
focusing would cause these positive ions to be swept 
out of the beam, thus magnetic focusing is seen to be 
distinctly advantageous where space charge is 
important. 

If zero current is assumed, it can be shown that 
the maximum emittance that a beam can have, based on 
its trajectory in the magnet is: 

where 

E = ncrmalized emittance (B*f area/n) 

ri = initial radius at entrance to magnet 

r f = final radius at exit of magnet 

1595 



p = ion radius of curvature in magnet 
The normalized brightness is given by 

sin $ J?Z- 
a 

x= $1-n 

sin E 2J” 
aY = 

6 

and the equality holds only for optimized initial 
convergence. When our conditions 

(yi=0.025 cm, xi=0.5 cm, n=O. 85, p=8 cm, 

yfGl.5 cm, xfGl.5 cm, Sy=O. 0062 are applied 

~~40.4 cm-mrad 

ey<O, 03 cm-mrad 

Some preliminary emittance measurements have 
been made by the pepper-pot method, wherein small 
holes in the Faraday cup allow beamlets to pass 
through and drift to a glass plate, where scintilla- 
tion gives the beamlet diameters and hence their 
angular divergence. 

The normalized emittance of a I-mA beam is thus 
estimated to be 0.02 x (cO.004) (cm-mrad)’ 
for a SO-mA beam is 0.06 x 0.02 (cm-mrad) ‘. 

and that 
These 

cannot be regarded as ultimate values for several 
reasons. 

First, the quoted values do not include the 
distortion produced by magnetic and electrostatic 
focusing aberrations, and this is substantial 
although presumably reducible to a low value with 
proper design. Second, the normalized emittance can 
be written as 

d- 2 Tl c=r. - 
1 mc 2 

where Tl is the random transverse energy (or ion 
temperature) and ri is the radius at the plasma 

surface, thus for cx=0.06 cm-mrad and ri=0.5 cm 

T147 eV, a reasonable value for ion 
temperature; however, the value calculated using E 

Y 
and r is Tl = 300 eV, unlikely since the arc 

voltaie is only -100 Volts. 

The arc and the extracted ion currents are gener- 
ally noisy, but sometimes relatively quiet currents 
are produced, resulting in an increase in H- current 
by as much as 100%. No emittance measurement has been 
made with a quiet arc, but there is reason to believe 
that the emittance will be low since very noisy arcs 
have produced beam of very bad emittance. (See also 
Ref. 1.) 

B=-?.L 
IT*63 E 

XY 

=j mc2 
n TI 

if it is assumed that the effective value of Tl is 
the same in x and y. Therefore if distortion in the 
beam phase space produced by extraction and focusing 
can be made sufficiently low, high current density at 
extraction will lead to a beam of high brightness. 
Since high current density in an accelerating column 
is difficult to handle, the extracted beam must be 
refocused magnetically for reduced density. If an 
effective ion temperature of 10 eV could be reached 
for a 2 A/cm2 beam then the brightness would be 60 A/ 
(cmmrad) ‘, unusually good. 

Future Work 

The results obtained so far are preliminary and 
leave many questions unanswered. A separately 
controlled cesium injector will be used to explore 
the effect of cesium density. It is hoped that this 
will lead to quieter arcs. The space-charge limit of 
the source can be increased by a factor of 6 by 
reducing the extractor gap to 1 mm. An ion energy 
analyzer has been built with the hope of 
understanding H- production and ion temperature in 
the plasma, and an electronic emittance scanner is 
nearing completion. To achieve ultimate brightness 
it will be necessary to design a low aberration mag- 
net for the arc and focusing regions. Ultimately an 
extention of the duty factor will be necessary. 
Cooling can help, and Thomas D. Hayward of Los Alamos 
has suggested a rotating cathode version. With a IO- 
cm wheel diameter and a rotational speed of of 1800 
rpm the duty factor could be extended 31.4 times for 
the same average power density into the arc 
electrodes. Design of this source is being studied. 
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