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This paper demonstrates a new technique to significantly enhance the proton 

fraction of an ion beam extracted from a plasma ion source. We employ a magnetically 

confined microwave driven source, though the technique is not source-specific and can 

probably be applied equally effectively to other plasma sources such as Penning and 

multicusp types. Specifically, we dope the plasma with about I % H,O, which increases the 

proton fraction of a 45keV 45mA beam from 75% to 90% with 375W 2.45 GHz power to 

the source and from 84% to 92% for 500W when the source is operated under non- 

resonant conditions. Much of the remaining fraction of the beam comprises a heavy mass 

ion we believe to be N' impurity ions resulting from the conditions under which the 

* Work performed under the  auspices of the  U.S. Department of Energy The submitted manuscript has been authored 
by a contractor of the U.S. Government 

Accordingly, the U. s Government retains a 
nonexclusive, royalty-free license to publish 
or W r d u c e  the published form Of t h i s  

under contract NO. W-31-10SENG-38. ASTERTI contribution, or allow others to do fo, for 

DISTRIBUTION OF THIS DOCUMENT 1s' M%-m 



2 

experiments were performed. If so, this impurity can be easily removed and much higher 

proton fractions could be expected. Preliminary measurements show the additive has no 

adverse effect on the emittance of the extracted beam, and source stability is greatly 

imp roved. 

1. INTRODUCTION 

High current cw proton sources of high reliability are a current requirement for 

several proposed accelerator applications.' A desirable property of such sources is that 

the proton fraction of the extracted beam be as high as possible so as to avoid the need 

for selection of the desired ion, i.e., to enable direct injection into an accelerating structure.2 

Some sources described in the literature report proton fractions in the extracted beam of 

the order of 80%,3 the other unwanted components'being H2+ and H 3'. Even higher 
* .  

proton fractions have been achieved in more advanced sources. For example, close to 

90% proton fraction has been reported in a multicusp source4 which included the addition 

of a dipole magnetic field and auxiliary high current (9OA) low-energy electron injection, 

and in an advanced magnetically-confined microwave-driven source operating under 

resonant  condition^.^ This latter type of source is extremely simple in construction, is 

power and gas efficient, and is demonstrably durable over long periods of continuous 

operation'. Sources of this type are in operation at Chalk River Laboratories (CRL), 

Argonne National Laboratory (ANL), and Los Alamos National Laboratory (LANL). 

However, when operated on-resonance, experience shows that this source is subject to 
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plasma instabilities. It is thus usually operated slightly off-resonance, where it proves quite 

stable, though the proton yield under these non-resonant conditions is reduced to 75-80%. 

In order to increase the proton yield from this very efficient source when operated 

under more stable non-resonant conditions, we employ a technique long known in plasma 

chemistry.6 Specifically, the addition of minor constituents to microwave generated 

plasmas can greatly modify the species composition of the plasma,6 and increase the 

fraction of atomic neutral species with respect to molecular  specie^.^ 

Neutral atomic hydrogen sources with close to 100% purity have been made using 

this technique,' leading us to recognize that this may be a valuable technique for the 

production of high purity ion  beam^.^ (If there are only atoms in the source, then only 

atomic ions can be extracted). Indeed, recent experimentsg have shown that the addition 

of SI% of H20 to a microwave-driven plasma can change the extracted H'/H,'/H: ion ratio 
' .  

from 75/20/5 to 95/5/0, with 0', OH+ and H20' produced as impurities at the level of 

4,<1 ,<I parts per thousand, respectively. The proton fraction of the beam also generally 

increases as the 2.45 GHz power to the source increases. 

11. EXPERIMENTAL TECHNIQUE 

All of the measurements described here were performed on the 5OkeV ion source 

test stand located at LANL. The test stand incorporates a microwave-driven ion s o ~ r c e , ~  

triode extractor, single solenoid focusing and an emittance scanner (emittance measuring 

unit, EMU). The EMU is of the two-slit type and has been modified by the installation of 

a ramped electromagnet between the two slits so that it may also operate as a mass 
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spectrometer for beam composition measurements. The test stand has been described 

previously1° and in a companion paper at this conference." 

For the present experiments, the test stand was fitted with a system to introduce 

H,O vapor into the H, flow. This system consisted of a stainless steel H 2O sample bottle, 

a Nupro micrometer valve and a shutoff valve. 

Water normally contains significant quantities of dissolved nitrogen, and in previous 

 experiment^,^ distilled water was purged of all traces of nitrogen by repeated freeze-pump- 

isolate-thaw cycles. Because of very limited time (3 days) allowed for the joint laboratory 

experiments described here, we neglected to take these precautions. Indeed, the water 

was obtained from the laboratory cooling system, frozen in the sample bottle, pumped, 

isolated, and then connected to the source gas system. The result was that no dissolved 

nitrogen was removed from the water. The conseqgences are described in Section 111. 
4 .  

Sufficient water vapor pressure exists in the"samp1e bottle at room temperature to 

give about 1 % by volume to the hydrogen flow with the micrometer valve open about one 

quarter of a turn. However, unknown to us at the time, the new micrometer valve, when 

apparently in the closed position, was in fact open a full eight turns. Because of this, when 

the isolation valve on the water delivery system was opened with the micrometer valve 

apparently closed, the source and diagnostic chamber was deluged with water vapor, the 

ratio of H2/H,0 being 20/80 as measured on a residual gas analyzer (RGA) in the 

diagnostic chamber. The water delivery system was isolated, the micrometer valve re- 

zeroed, and the system pumped for about two hours. Nevertheless, in the time available, 

the water in the system could not be reduced to the baseline values obtained the previous 
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working day. The experimental results described in the next sectm are presented in light 

of these two limitations, i.e., probable contamination of the water with nitrogen, and a non- 

zero background of water in the source and vacuum chamber. 

111. EXPERIMENTAL RESULTS 

All measurements of the beam composition were made with the test stand focusing 

solenoid turned off. Under these conditions, the beam diameter at the entrance of the 

EMU was about 10 cm. Beam composition measurements were taken at three radial 

locations across the beam, namely, at the beam center and 1.25 cm. and 2.5 cm. from the 

center. The entrance slit to the EMU measured 0.015 x 5 cm. 

Fig. I shows measurements taken at the center of the beam, with 375W rf power 

to the source. Fig. (la) is the baseline beam compos-ition obtained before the introduction 
'. . 

of any water: the proton fraction is about 75% (here proton fraction is defined as a 

percentage of the total ion current passing through the EMU detector slit). Fig. (1 b) is the 

beam composition after flooding the system with H,O vapor, described above, and then 

pumping for about two hours. In Fig. 1 b, the source gas is H, with an unknown amount of 

residual water and the proton fraction is about 85%. Fig. (IC) is the beam composition 

after introducing a rather large quantity (7.6% on the RGA) of water to the source 

producing an apparent proton fraction of close to 100%. 

Data taken at radial positions 1.25 cm. and 2.5 cm. over an extended mass range 

and with 500W rf power to the source show a peak at a mass in the mid-teens, which the 

mass spectrometer is unable to resolve, but is either N' from an N, impurity in the water 



6 

or 0' from H,O. Representative spectra taken at 2.5 cm. radial position of the EMU for 

water concentrations of 3.3% and 1.4% as measured by the RGA are shown in Fig. 2. 

Measured nitrogen fractions in the diagnostic chamber arising from the water impurity are 

1 .O% and 0.65% respectively in 2a and 2b. 

The resolution of the spectrometer (separation of the mass peaks) depends on the 

offset of the second slit of the EMU from the undeflected-beam axis. Moving the front slit 

off-axis changes the incoming-beam angle. Keeping a fixed physical displacement of the 

second slit relative to the first, as was the case between Fig. 1 and Fig. 2, therefore, 

changes the peak separation versus magnetic field (as can be seen in the H' -H l  

separation in the two figures). With the second-slit displacement of Fig. 1, the peak 

magnetic field was insufficient to bring the N+/O' peaks on scale, accounting for the lack 

. I  of a heavy-mass peak in this figure. , .  
However, as far as hydrogen species are concerned, (Le., H', H2+, H3+) Fig. 1 does 

demonstrate that close to 100% protons can be obtained if one can tolerate the heavier 

mass. Heavier mass ions are easier to reject by the focusing solenoid prior to accelerator 

injection than are lighter impurity ions. 

At this point, we present our reasons why we believe the heavy mass peak to be N', 

and thus a quantity that can be removed under the more controlled conditions described 

ear lie^.^ First, we know N, to be an impurity in our water sample; second, N, is indeed 

seen to increase in the diagnostic chamber (and thus, obviously, in the ion source) as the 

water concentration is increased; third, in previous experimentsg carried out at high mass 

resolution, the main heavy impurity was 0' at the level Of 4 parts per thousand of the beam 
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for 95% proton composition. Finally, and most convincingly, the heavy mass peak was 

observed to decrease in the present experiments as a function of time, while the H' and 

H2+ absolute magnitudes remained constant. This is what would be expected as the more 

volatile N, evaporated from the water sample under vacuum conditions. 

Figure 3 shows a summary of beam composition measurements, which & include 

the heavy mass fraction, at a radial distance of 2.5 cm. from the center of the beam with 

500W rf power to the source as a function of water concentration as measured on the 

RGA. The arrows extrapolate to the zero water concentration obtained in baseline 

measurements for 500W rf power to the source.'' 

Although a conservative maximum proton fraction of about 92% is obtained at a 

water concentration of 1% as shown in Fig. 3, the decrease in proton fraction at higher 

concentrations is attributable entirely to the increase' in the heavy ion fraction. If, as we 

believe, the heavy mass peak is due primarily to the N, impurity in the source, this is easily 
4 . .  

': 

removed and considerably higher proton fractions may be obtained. 

Emittance measurements taken at different power levels to the source and with H,O 

admitted show no deterioration in the source emittance by the action of the additive. 

Furthermore, the H20 additive had a very noticeable effect on the stability of the source. 

During operation with H,O, no plasma instabilities and no extractor electrode breakdowns 

were observed during the morning conditioning, as sometimes did happen without the 

additive. 
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MECHANISM OF PROTON ENHANCEMENT BY WATER ADDITIVES 

Because the molecular fraction of the additive required to produce dramatic changes 

in plasma composition is so sma1Il7 and because the effect is somewhat non-specific in the 

type of additive usedl6t7 it seems unlikely that the catalytic property of the additive is a gas- 

phase property, and more likely results from a surface action whereby recombination of 

atoms from the gas phase to molecules on the surface is prevented. This results in higher 

atomic neutral fractions in the plasma, and hence a higher extracted atomic ion fraction. 

Mechanisms have been proposed to explain atom enhancement by additives in neutral 

hydrogen sources which have been observed at very low temperatures,'2 (below 50°K). 

Essentially, in those experiments, a layer of water (or other) ice is formed, off which the 

atoms bounce and never get a chance to recombine. 

In our experiments, the source walls are at a9emperature of about 375" K. At this 

temperature, no ice layer can form and the neutral H atoms attach to the metal lattice of 

the wall, where they migrate until they meet another H atom and then recombine. The 

effect of the additive in this case is believed to be via blocking of the lattice sites, 

preventing the H atoms from diffusing together and re~ombining.'~ In effect, the additive 

is acting as a surface poison, preventing recombination of atomic H species into molecular 

H2 species which could then desorb into the gas phase and be a source of additional H2+ 

ions. Previous experiments support this me~hanism.~ 

If this is the mechanism responsible for atomic ion enhancement, then one may 

expect the effect to be further enhanced by cooling the body of the source to increase the 

sticking probability of the additive to the surface. We have added cooling to the walls of 
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the source at Argonne and seen an improvement in the proton fraction. Finally, one 

should note that this technique for proton enhancement is a general one, Le., it is not 

source-specific, and should be equally effective for any type of volume ion source providing 

the source can be made to run reasonably cool, so that the additive can stick to the surface 

and not be thermally desorbed. 

V. CONCLUSIONS 

We have demonstrated that the addition of about 1% by volume of H,O to a 

microwave-driven discharge can significantly increase the proton fraction and hence the 

proton current of an ion beam extracted from a hydrogen plasma. The additive has no 

deleterious effect on the emittance and results in more stable source operation. The 

probable mechanism responsible for these effects.:implies that this technique can be 

profitably applied to any type of volume ion source. 
q .  
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Fiuure Captions 
Figure 1. Beam composition obtained for 375W rf power to the source, (a) pure H,, 

extracted H+/H;/Hg ion ratio is 7512312, (b) H2 plus unknown amount of H,O 

after inadvertently flooding chamber with H20 and then pumping for 2 hours, 

extracted H+/H;/H,+ ion ratio is 85/15/0, (c) H , plus 7.6% H, 0 extracted 

H+/Hl/Hg ion ratio is about 1 OO/O/O. Fig. I c is the first spectrum we obtained 

with a "controlled" introduction of H,O. 

Beam composition measured over wide mass range for 500W rf power to the 

source, (a) H2 plus 3.3% H20 showing a heavy mass, M', which appears in 

the mid-teens, the extracted ion ratio H+/H2+/H,+/M+ is 84/2.5/0/13.5, (b) I-& 
plus 1.4% H20, the extracted ion ratio H+/H,+/H3+/M+ is 92.5/7.5/0/0. 

Beam composition vs. percentage of H,O added to the source for 500W rf 

power. Though the proton fraction is apparently a maximum of 92.5% with 

I .3% H,O, one should note the decrease in proton fraction for higher H,O 
percentage is entirely due to the increase of the heavy mass M+. If M+ is 

Figure 2. 

Figure 3. 

indeed N+ from impurities as we believe, it is easily removed and much '. . 

higher proton fractions could be expected. 
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