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ABSTRACT 

An ion source for pu_laed operation ha'a been develop.ed, which ia baaed 

on producing a spark discharge between electrodes oi a transition metal in which 

ordinary hydrogen or deuterium has been occluded. The beam consists principally 

of ions of hydrogen and of the electrode material. No neutral gas i8 evolved 

between pubes. High be&m•current densities have been obtainecl, both with axial 

and with radial extraction. Various method• have been devised for filtering out · 

the heavy•mass components of the beam. 

!II 
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INTRODUCTION 

Thia paper summarizes the present state of development of the occluded

gas ton source. EarUer work haa been reported briefly1 and further details are 
z 3 available. ' The goal of the investigation has been to devbe a practical hydrogen 

ion aour(:e !or pulsed accelerator operation, which is based on the ionisation 

produced in a spark discharge between elec:t~odea _of a .trusition metal such ae 

titanium. Before use. the electrode• are nu~de to occlude a coneiderable quantity 

of normal hydrogen or deuterium. This mechanism was auggeated by the prior 

development of an evaporated occluded gas ion source by J. D. Gow. 4 Suitable 

geometrlea have been devised by which ions can be extracted from such a discharge. 

The specific current densittea obtained compare favorably with those produced by 

high-current arc dischar1es. The beam compoaition COll&ieta principally of ions 

of hydrogen and of the electrode material, in a ratio that depends on conditions of 

operation of the source and extraction of the beam. A particular advantage of this 

type of ion source ia that neutral gas ia not evolved between pulses, aa With con· 

ventional eourcea. 
Several metals in the tranaition regions of the periodic table have the 

ability to absorb exothermically (i.e •• occlude~ large quantities of hyclroaen. 5 

This absorption is accompaaied by large volum• expanaione--10 to 15"/o••&lld by 

embrittlement. Titanium., at room temperature, has the largest known occlusive 

capacity. Jn fact, the aaturatlon co~acentration of hyd.rogen in Ti is greater than 

in any other fo~m in which hydrogen ia known to exi"~t' at' atmoaphed;:: pre a sure •. 

In ac:lditlcni, Ti metal is avaUal)le c.ommerelally in many forms, and thua it waa 

the logical choice for the investiaations. 

The eviden-ce i8 quite co.nc:lusive that in. those metals which are exothermic 

occlud.ere hydrogen exists not only in lattice rifts, as for other hydrogen-absorbing 
. . . 6 

. subetancea, but also distributed regularly within the lattice structure. This 

hydrogen b contained in the atomic form, il at least partially ionized. and. in 
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fact, i~ probably tn the m~tallic state. 7 This last conclueion is suggested b'y 

the fact that although the hydrogen atom is small enough to require .rio expansion 

of the Pd lattice to contain it, the observed expansion is 11%. It hae been calc~l:A 

lated that metallic hydrogen would be stable relative to c<W~lent hydrogen at 
5 ~ 

pressures of not lese than Z.S X 10 atmospheres, and such an internal pressure 

in Pd would produce a .volume increaee of about 10%. 
:· . . ~/·"'-' ..... : ... :~· 

·· A controvef&Y has been reported in the literature on whether ions· can 

be obtained from palladium, the most thoroughly stuclied. exothermic occluder, 
' ' . 8 

· eolely by heating of the met~l. The problem is reviewed by Stansfield. ,He 

concludes •. in accord with our own experience, that there i• no spontaneous emis

sion of protons from hydrogenated pa.~lad.ium. However, tn a Jl!'ecent re-investigation 

· of the queatlon at Syracuse University, 9 a proton current of·lO • 10 amp wae ob• 

aerved10 from heated Pd, and with a aufflcieDtly low collector voltage--3 to s. volts-

to. ensure the a'baence of apuriou1 diachargea. The current thua obtained is 

sensitive to the degree of hydrogenation of the Pd. Howf.wer, thil current ia far 

lower than those at iaaue; e.~~, Frazustnt11 obaerved more than 0.3 ma. ,It la·'· . . . . 10 . . . . ' ... 
poe aible that the latter reault and other a atmUar to it ca~ be: explained on the 

ba,sie that unobserved low-current arc dlecbargea produced the iozdzatioa found. ia the 

prea~nce of heated palladium. On ·the theoJl!'etical Jiide, tt baa beell calcuiatecl, on . . . . + . 
the baala of eneray conservation, that the biDding energy of H ln Pd la 10.1 

electron volta. 12 This would preclude any thermionic emiaaiOD of protons. 

Development of Source Oeometry 

. Baaed on earlier experience, 4 an att~mpt wa• made to obtain a pulsed 

release of ions by diacharging a low-impedance pulse Une through a filament of 

hydrogenated titanium. With currents through the filament of up to 2000 amp, Do 

positive-ion current waa initially obaerved on a biased collector aurroun~ing the 

filament. However, after only a few high-current pulses, a change occurred euch 

that each subeequent pulse was acco~npanf.ed by a bright blue flaeh in the vacuum 

syetein and poeitive-ion current to the collector. Examination of.tbe filament·ahowed 

that the O.OOZ·in. Ti had ruptured and formed a joint of high resistance. The high 

pulee .. ttne potential produced a spark discharge acrose thia joint. Further expari• 

mentation showed that the collected ion ~urrent increa•ed with the Dumber of aUc:h 

joints and .that the presence of a thin insulator in each gap foWered the apa_.k, ,~ 
' • i. .. . . ' 

threshold voltage and ena~ed a predictable electricalreaietance. After conai.derable 

evolution, the source appeared aa abown in Fig. 1, a stack of alternately epaced Tl 

and mica washers, strung on an insulator l'or support and alignment. To meaew-e the · 

if)n output, the source waa surrounded with a collector biased with respect to that aide 
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of the source which W&l at fixed potential •. The single-gap form of the device 

ha.:a been adapted by Bostick for the stUdy of the effect of electromagnetic fields 
. l . .'bl .... 13 on p aama ·. o~a. · 

Such an unconfined plasma is unsuited to the extraction of a concentrated. 

beam of ions. Con•equently, a rear.rangetPent of the geometry was undertaken, 

' eo that the discharge was confined to the inside of the w~ttaher column. Limiting 

the volume resulted in a very dense plaama from which ions eoul4 he extracted 

at one end of the column. . . .. .· . 
. ' 

·One problem that &rose immediately was how to confine the discharge 
' ' 

t~ the inside of the washer s~.a~k• Making the outer diameter of the insulators 

larger than that of the washers did not eliminate the tendency 'of the diScharge to 
·, ' . 

. frequently prefer the outside of the stack. The additional feature found necessary 

was to t~tgger t.he discharge in the central re1.ion. ·· T~ do this; an in_aulated wire 

was inserted through the eolid,electrode so that t~ tip was conc:~ntric with the 

fh!'at waeber. A microsecond. high-voltage pulse was diae~rged between these 

laat two elements. The resulting ionization both. initiated the d.hcbarge .of the 

pulee tiue and eneured the proper path. Th,ia trigger method made it possible 

to operate at lower pulse•line potentials than would be possible otherwise. The 

polarity of the so_urce pulse line and the. relatilte polarities of the source and the 

trigger puleee do not aifec~ pel'formance eo loft~ as the source is used. without a 

magnetic:: field. 

As a circuit element, the source acta like a hydrogen thyratl'on, and 

presents negligible impedance when in eerie a with the_ pultle -line termiu.tion Z 
0

• 

For Z
0 

in the raege SO to 115 ohma, it bas be.en found poaaible to pass sufficient 

current through the source to provide apace-cbarge•limited ion beams at reasonable 

J1Ulse-line charging voltages, i.e. • 3 to 10 kv. One method ~providing the trigger 

pulse-is to diaeharge a··c:apaeltor through a pulse transformer whose secondary 
' . ' . . ie acrose the trigger ~gap. If the trigger pulse does not aupply sufficient current, 

the pulse line is ctelayed.-·i. e., tt jitters--or does not discharge at all. Satisfactory 

circuit components have been found to be a 0.5-..,l capacitor and a 6:1 step-up 

transformer whose secondary insulation ia adequate for the pulae .. line voltage. In 

addition, it la desirable to finish the output end of the pulae line with an inductance 

instead. of a capacitor in order to prevent any premature extinction of the discharge. 

'· It insulators are used whose dielectric strength is low enough so that appreciable 

leaka~e current le drawn by the source, a triggered ball gap is .inserted in aerlea ·. 

j with the pulse line. 
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Basically, the source was composed of a stack of titanium waahera 

separated by thin mica washers of eliahtly larger outer diameter. Prior to their 

allaembly in this aanclwicb, the titanium washers wel'e heated and outgaaaed in 

vacuum. They were then allowed. to cool in an atmosphere o1 hydrogen or deuterium. 

Thta treatment allowec1 the titamum. to occlude approximately 400 cc of hydrogen 

per gram of tit&Dium metal. 
. . 

For assembly, the waaher .stack waa held in potaition with a loading mandrel 

while the two anocle pieces were screwed £ll'mly together. After. the mancbel was 
' . 

removed, the stack was held in. poeition solely by compression. 

· Axial Extrac:tioa · 

For axial extraction the washer stack .Waa mounted ae sh~ in Figs. l ·· 

anct' 3. The !ocustng aeometry used wu aimUa.r to the geometry developed by Oow 

and Foeter, 5 coneieting of u extractor (or probe) in Pierce geometry which waa 

held at a potential of -8 to .. ta kilovolts with respect to the source, ~:focusing 

electrode whoae potential could be &djwated. to control the beam focus, and. an 

accelerating electrode at a potential of -80 to -100 kv with respect to the source. 

By a clsange of the voltage applied to the focue electrode, the beam focue could be 

adjueted without changing the value ol the beam current. When the snout of the 

extl'actor wae changed from a conical metal aurfac:e with a hole at the apex to a 

surface of the same shape made of 3Z-mesh screen, an order·of-magnitude increaee 

in beam was obtained. For a pulee length of 500 .mlc:roseconde, lt was neceaeary 

to Undt the repetition r•te to ·approximately one per second, so that the titanium 

waehers would not get eo hot that they wou.ld lose their occlwled hydrosen. 

When maes ana.lyaia of the axially extracted beam wae firet done, the 

heavy-maee components dominated the spectrum. In an effort to improve the 
< 

proton ft'action, the plaema drift tube shown ill J'ige. Z and 3 was added. A small 

solenoidal electromagnet gave an acljuetable masnetic field. of a !ew hundred gauee 

in the region of the plaema tube. 

The Ughtei: iona would be confined by the axial magneUc field, while the 

heavier tons would be more likely to drift radially agalnat thla field •. ·. In fact, it 

was found that the P,ere presence ol the plasma drift tube with zero magnetic field 

gave a conaidera.ble reduction.in the heavy-maea components without reducing the 

proton beam. However, the pl'oton l"&tio could be furthel' improved by trimming 

·the plaama .. tube magnetic !leld to ita optimum value. 

The maae analyais was done ae ahown in Fig. 4. Most o! the accelerated 

beam wae .collected in a carboft cup, which was parotected by a guard ring. A 

blae curve run on the mp9()tential indicated that secondary .. electron emissln 
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did not materially chanse the ob8eJ"ved currents. A 1/16-lnch hole ia the back 

of the cup allowed a small fraction of the total beam to pass through into a !D&g .. 

netic spectrometer. The tranamlsaion was thue limited in order to minlmt&e the 

apteading and defocusing e.b.&racteriatic: of larae beam current•. The transmitted. 

beam was bent by the magnetic field. and a £rac:tioD was coUectecl in the spectrometer 

cup. To obsenre the maas spectrum of tbe beam, the magnetic field waa varied 

while the geometry wa• held fixed. 

The mass epectru.m obtained b shown in Flg. S. In interpretlns thia 

information, one must remember that when the. spectrum is obtained. by varying 

the magnetic fiel4, the width of each masa peak la proportional to the magnetic 
. . 
field at that ptlint. Thus the_ amount o! beam a.aaoclated with each m.aas peak ia 

prop~rtional t~ the bei-glf ·of that peak, but n_ot to the a1.'e& undet- the peak. Since 

the spectrometer resolyft-on was such that the beavier .. maes peaks were Bot resolved, . + . ·. . ·. . 
the exact ratio of H to the total beam is somewhat uacertain, but would see~ to be 

at least SO!fo. The total beam collected in the accelerator cup was ZOO milliamperes, . . . + ' . . . 
and thue there would be 100 milliamperes of H available for further acceleration. 
Since the apace-chaJtge spreading caused by a particular i<m componen~ in the beam· 

· is pt'oportional to the. square rOot of the mass of that ton, the heavy-ion contamination 

in the beam cauaea a diaproporticmate apace-charge sprea4lng •. and would have to 

be tUtered out before the beam waa further accelel'ated. If this eovce were used. 

with an electrostatic accelerator it seems clear that turther develOpment would be 

needed. to filt-er out the heavy ioas ·without defocusing too many deuterons. A 

suggestion f01.' overcoming the space-charge defocusing in the accelerator tube 

itaeU is 4iac'uaaed by Wilcoxl' in the following paper. 

Radial Extraction 

The eource baa also been adapted to radial extraction of-the beam.· Flgui'e 

~ is a. bloek diagram o£ the asaoc:iated electronic components employed. The pulse 

line wa_e charged by a variac -controlled. 5 ·kv power supply. The current require

ment for this s-upply ia a function ot the pulae-recur&-ence frequency, which, £or 
. ' 

this work, was arbitrarily set at JO per minute. The characteristic impedance 

of this six-section Une was 16 ohms. A ael'iea realator was used to rmatch the 

bnped.anee ef the pulae line. The pulse length was 400 microaeconda, and with 

the Une charged to the ·5-kv level, the arc cul'rt\!)nt w&a 165 amperes. The actual 

voltage a£)pearing across the arc during operation was· in the range of 100 to 1 Z5 

volta. 

The arc was triggered by a pulse. ''from a thyratron-controlled pulee 

transformer. · This pulse also fired a aer-ies gap, which ift turl\ trigg-ered the 
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main ball gap, allowing the pulee Une to cliscbarge ac-ross the. wa.aher stack. The· 

plasma, apparently led by the electrons, moved down the tube, along the magnetl~ 

field, into the region of the exit slit. For purposes of extraction, the source and 

its a1soclated equipment were made positive, and the extractor electrode wat 

·ground.ed. 

The analysis of the prOducts of the ion eource was carrlecl out ie a 180° 
. . 

.. mae a -a~ctrometer arrangement, at shown in Fig. 7. lone were colleetecl at the 

.1.80~ focal point 1)y meau of a traveling Faraday cup, or could be observed by 
means of a phoephored screen which could be lowered. to intercept the bea"'. 

The aerioue beam spreading brought about by apace ·oharge f•c·ee in the 
beam, after it bas paeeed the extractor, mwst be largely eliminated in order to 

provide focuaecl image a. Although in a clc itlot_ope separator the time required. ·to 

rteutralise the apace charge ia'·n~ of areat importance, for pUlsed toll beama ttme 

ia oi major concern, a.a neutrali~ation hal to be established for each ion pulae in a 

time milch aborter than the .pulse duration. 

This problem wae satt.factorUy bandled by the installation ot beam• 

~eutraliaing platea. Before these plates were .installed, the beam wu diverged 

parallel to the magnetic: field 'by iJpace•eharse forcel to I<W:h an extent that ~~ly 
a: amaU fraction could be collected. The plates, made of aluminum, were positioned 

in eucb a way that some of the iona, particulazly before the beam waa neutralized, 

struck the 1urfac:ee at gra.zin1 incidence and released aecond.ary electrone. Tbeee 

electrons were effectively trapped by the magnetic: fieW ancl ael'ved to neut.-alize 

the Coulomb forc:ea within the beam. 

With this method, evidence of good spac:e-c:hat:'ge neutl'aliaation wa.a ob· 
·1 . . 

aerveci with realdual gaa pressures aa low aa S X 10 • This pressure repretented 

the base of the vacuum ayatem uaed, an4 all work done was at or very near this 

pressure. It was later obilel'ved that adequate space-charge neut:taliaa.tion w·ould 

be obtained even after the lower aluml~um surface had been removed, indicating 

that auffic:ient electrons were being produced from the upper aur!ace alone to 

neutralize the beam present. _ 

For the data taken (Fig. 8) definition wae not atreaaed, and the collimating 

slit for the Faraday cup waa made 1/l. inch wide. "rhe absc:i••a for each chart 

represents the cup's position as it was moved, one full alit width at a time, through 
approximately 10 inches. · L·\:•::··'1 

~~<: 

The upper chart, taken at 10 kv extraction potentia~ , covers t~ epectrum 

from mass ~ through approximately mass 16. In order to eatend the cov-erage to 

mass 48, or singly ionized titanium ions, the extraction potential was lowered to 
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3.4 kv. Under theae ccm.ditlons, deuterium was present at the maximum travel 

of the Faraday cup and singly Ionized titanium at the minimum. 

These spectra show· that when the source was operated in a magnetic 

lie-ld its high-mass output did not represent a eerioua contamination. Hydrogell 

leotopes represent more than 80" of the ion output of the d.euterium-lG&ded source. 

Perhaps of more cpneern than the high-maea output waa the rather aubatantial 

amount of protons present in the spectrum. As the vacuum was obtained by the 

use of an inadequately trapped oil diffusion pump. it is possible that aome of the 

proton output was the reeult of hydroge11 liberated from the oil vapor. However, 

it COU:ld ab:etV.ably have been t~ result of inadequate deJaeaing of the tit;mlum 

wa.ahera. It W• latter le the caee the uae of vacuum •procee ae4 metal. in which 

co•iderabty lees hydrogen ie bdtiltlly present, than in tile commercial arade, may 

result in a decrease in the proton level, with a corresponding iacreaae in the 

deuterium fraction • 

. With the rather large amount ot protons preeent, it waa impoeelble to. 

gauge the ratio of atomic to molecular tons from the deuterium spectrum. as the 

maea-Z peak included molecular hydrogen tone aa well •• atomic deuterium. Fo1' 

this reason. the operation of the source with ordlnary hydrogen-loaded washers 

W&$ tried. 

The spectrum shown ln Fig. 9, which waa thoroughly representative. 

f?i the several taken, revealed that the ratio of protons to molecular lone was 

higher than 90tft. The result• obtained with the source operating in a magnetic 

field were .conaid.erably better, litoth with reepec:t to the ratio of atomic- to 

molecular -ion output and to the· level of hlgh-mae.a outp~t. than for no-field 

operation • 

. J:igure 10 ia an exploded view of one of the geometries teate4, With 

this model, a etnsle suppol"t mounted the eource aa well as the extractOl". The 

aaeemhly was coaxial, with the shielded quart• ring serving as the high-voltage 

insulator as well as the extl'a.ctor mount. The lou output was monitored by a 

carbon cup, which completely surrounded the extractor. In order to increase 

the extracting area. this unit incorporated three parallel ext~ac:tlDg elite . 
. The data in Fig. 11 were indicative o( the type of outputs obtained. . Thie 

b the mea•ured output of a two-alit geometry ill which th• extraction potential 

was extende4 to ZO kv. The solid line represented the output o£ the aour~e after 

1 hoar o1 operation or after nearly 1800 pulaee. The output of 400 ma at the 

ZO-kv point repJ"eaented. very nearly a apace .. cha.rge-limite4 condition for the 

gecm1etry used. In relation to slit area, this was the equivalent of ?.Z amperes 

per square inch. 
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c The operation of the source wae continued for 11 hours, and it ie in-

.• tereating to note the drop in the output measured at the end of thie time. Thta 

b _a decrease of some ZO% in level at t~ ZO-kv. point after approximately ,ZO,OOO 

pulses. This apparent dec:ret!l&e in plaema de~,.ity may well indicate a dec.reaaed 

. avat,abhity of the OcC 1U4ed gas with time. . Sotne variation in Ctlt"!'ent oUtput was 

. generaily obeerveci, ae weU, from one pulse to the next. Again this could indicate 

that the. amount of occluded gas llherated clortug any one dischargtt is not necessarily 
' ' ; .. ... • • •l • 

a c_on~tu.lt. The ion output wae aleo dependent oa the level of t~:Lt magnetic fie-~ • 

. !leproduct.ble dec:re~eee in output of 30ffb have been· observed u~on lowell'ing of the 

magnetic fte-kl trom 4 to Z kil~g•~••· The ma.gnetic field uaed for theee tnveetigatlona 
. .. . - . . 

~d an upper Umit ol 4.5 kUogausa., ancl·all data taken were .at or "\l'ery ~ear this 

'• · limit. The effect on ioft .output ot·magnetic: fie14a greater than this is not yet known. 

' This wo~k waa d9ae .. under the a~aplcea of the U. S. Atomic Eaergy .. 

· 'Commhaion • 

..... . . ·:.-

.. 
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Legends 
Fig. 1. Filament-type ion source. 

Fig. 2. Ion source for axial extraction. 

i'tg. J. IQn source for axial extra.ction. 

Fig. 4. Foeusing geometry and ma.ss-analyala geometry. 
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Fig. 5. )A.aas analysis of eource output obtained with axial extra.ctt~. 

Fig. 6. ·Block diagram of equipment ~aed for Opel'ating aOUJ"c:e lD magnetic field • 

.Fig. 7. Arraagement of maas spectrometer. 

·Fig. ·a. Spectz\lm from 4eutedum-loa4ed. souce. 

Upper: extraction potential, 10 kv: field, 4000 gauss 

· Lower: 3.4 kv, 4000 gaus . 

. .Flg. 9. Spectrum from hydrogen-loaded source. Jtstraction potential, 10 kv; 

field, 4000 gauss. 

Fig. 10. ExPloded vi~w of oeclucietl-gas ion solace and extractor unit.

Fig. 11. Ion current aa a function of extraction potential. 

Cuve A: output after 1 hi' of operation, 7 .z amp/ln. 2 at 10 kv. 

Curve B: output after 11 hr of operation, s.as amp/tn.·a at 10 kv. 
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