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ABSTRACT

An ion source for pulsed operation has been developed. which is based
on producing a spark discharge between electrodes of a transition metal in which
ordiiaary hydrogen or deuterium has been occluded. The beamn conasists principally
of ions of hydrogen and of the electrode material. No neutral ges is evolved
between pulses. High beam-current densities have been obtained, both with axial
and with radial extraction. Various methods have been devised for filtering out

the heavy-mass components of the beam.
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INTRODUCTION

This paper summarizes the present state of development of the occluded-
gae fon source. Earlier work has been reported brieﬂyl and further details are
available. 2,3 The goal of the investigation has been to devise 2 practical hydrogen
fon source for pulsed accelerator operation, which is based on the {onization
produced in a spark discharge between electrodes of a trangition metal such as
titanium. Before use, the electrodes are made to occlude a considerable quantity
-of normal hydrogen or deuterium. This mechanisem was suggested by the prior
~ development of an evaporated occluded gas jon source by J. D. Gow.4 Suitable
geometries have been devised by which ions can be extracted from such a discharge.
The specific current densities obtained compare favorably with those produced by
high-current arc discharges. The beam composition consists principally of ions
of hydrogen and of the electrode material, in a ratic that depends on conditions of
operation of the source and extraction of the beam. A patticulai- advantage of this
type of ion source is that neutral gas is not evolved between pulses, as with con-
ventional sources.

Several metals in the transition regions of the periodic table have the
‘ability to absorb exothermically (i.e., occlude) large quantities of hydrogen. 5
This &hioxp'tidn is accompanied by large volume expansions--10 to 15%--and by
. embrittlement. Titanium, at room temperature, has the largest known occlusive
capacity. In fact, the satura.tion concentration of hydrogen in Ti is greater than
In addition, TH metal is available commerciany in many forms, and thus it was
the logical choice for the investigations.

The evidence is quite conclusive that in those metals wh!ch are exothermic
occluders hyd_rogen exiasts not only in lattice rifts, as for other hydrogen-absorbing
- subgtances, but also distributed regularily within the lattice structure. 6 This
hidrogen is contained in the atomic form, is at least partially ionized, and, in
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fact, is probably in the mé’t‘é.ll‘ic state, 7 ‘This last conclusion is nuggested by

the fact that although the hydrogen atom is small enough to require no expansion

of the Pd lattice to contain it, the observed expansion is 11%. I has been calcw-

lated that metallic hydrogen would be stable relative to cosmlent hydrogen at
preasures of not less than 2.5 X 10 atmospheres, and such an internal pressure

in Pd would produce a volume increase of about 10%.

' A controversy has been reported in the literature on whether iona can

be obtained from palladium, the most thoroughly studied exothermic occluder. v
- solely by heating of the metal. The problem is reviewed by Stansfield, 8 He
concludes. in accord with our own experience, that there is no spontaneous emis-
~ sion of protons from hydrogenated palladlnm. However, ina racent re-investigation

" of the question at Syracuse University. 9 a. proton current of 10° -0, amp was ob-
served 10 ' from heated Pd, and with a sufficiently low collector voltage-d to 5 volte--
to ensure the absence of spurious discharges. The current thus ebta.ined is '
- sensitive to the degree of hydrogenation of the Pd. However. this current is far
lower than those at {esue; e. g., Franstni“ observed more than 0.3 ma. It is
pouible that the latter result and othenlo |
hasis that uncbserved low-current arc dlachargee produced the ionization found in the
preaence of heated palladium. On the theoutical side, it has been caleula.ted. on

similar to it can be exphined on the

 the basis of energy conservation, that the binding energy of H' in Pd is 10. 7

electron volts. l? This would preclude any thermionic emiuion of protons.
Development of Source Geometry : , _
Based on earlier experience. ¢ an ettempt waa made to obtain a pulced

- release of ions by diacharging a iow-impedance pulse lino through a filament of
hydrogenated titanium. With currents through the filament of up to 2000 amip, no
positive-ion current was initially observed on a biased collector surrounding the
filament, However, after only a few high-current pulses, a change occurred such
that each subsequent pulse was accompanied by a bright blue flash in the vacuum
systern and positive-ion current to the collector. Examination of the filament ohowed
" that the 0.002-in. Ti had ruptured and formed a joint of high resistance. The high

- pulse -line potential produced a spark discharge across this joint. Further experi- '
mentation showed that the collected ion current increased with the number of cuch
Joints and that the presence of a thin insulator in each gap lowered the spark.
threehold voltage and ensured a predictrable electrical resistance. After conoiderable
evolution. the source appeared as shown in Fig, 1, a stack of alternately 'npaced Ti
and mica washers, strung on an insulator for support and _aligninehf. To measure the
fon output, the squrce was surrounded witha collector biased with respecttothat side o
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of the source which was at fixed potentiel. The eing‘le;gap form of the device
haas been adapted by Bostick for the study ef the effect of electromagnetic fields
on plasma blobs. 13 '
Such an unconfmed pla.ema le unsguited to the extraction of a concentrated _
beam of ions. Coneequently. a rearrangement of the geometry was undertaken, |
80 that the discharge was confined to the inside of the washer ¢olumn. Limiting
the volume resulted in a very dense phtma from which ione could be extracted
at one end of the column, .
§ One problem that areae immediately wa.e how to confine the discharge
' to the ineide of the washer etack. Making the outer diameter of the insulators
larger than that of the washers did not eliminate the teudency ‘of the diacharge to.
frequently prefer the entside of the stack. The edditienal feature found necessary
 was to trigger the discharge in the central region. - To do this; an ineula,ted wire
was inserted threngh the solid electrode so that the tip was concentric with the

firet washer. A microsecond high-voltage pulse was discharged between these
‘last two elements. The resulting ier_;ization both initiete_d the discharge of the
_ pulse line and ensured the proper path. This trigger method made it possible
to operate at lower pulse-line potentials than would be possible otherwise. The
polarity of the source pulse line and the r‘e’lati\?re polarities of the source and the
trigger pulees do not affect performance 80 long as the source is used without a
. magnetic field. ' - : '

Asa a circuit element. the source acte like a hydrogeu thyratron, and

preaente negligible impedance when in series with the pulse-line termination Z,
For Z, in the range 50 to 125 ohms, it bas been found possible to pass euificient
current through the source to provide space-charge-limited ion beams at reasonable
pulge-line charging voltages, i.e., 3 to 10 kv, One method of providing the trigger
pulse. is to discharge a capacitor through a pulse transformer whose secondaiy

is across the trigger'?gap. If the trigger pulse does not supply sufficient current,
- the pulse line is deleyed--i. e., it jitters--or does not discharge at all, Seatisfactory
circuit components have been found to be a 0.5-uf capacitor and a 6:1 step-up
transformer whose secondary insulation is adequate for the pulse-line voltage. In
addition, it is desirable to finiah the output end of the pulse line with an inductance
instead of a capacitor in order to prevent any premature extinction of the discharge.
If insulators are used whose dielectric atrength is low enough so that appreciable
leakage current s drawn by the source, a triggered ball gap is inserted in series
with the pulse line. ‘
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Bauically. the source was composed of a stack of titanium washers
separo.ted by thin mica washers of clightly larger outer diameter. Prior to their
aucmbiy in this sandwich. the titanium washers were heated and outgassed in
- vacuum. They were then allowed to cool in an atmosphere of hydrogen or deuterium.
This trestment allowed the titanium to occlude approximately 400 cc of bydrogen '
per gram of titanium wetal. ,

For assembly, the washer suck was held in poumcn with a loading mandrel
while the two anode piecen were screwed firmly together. After the mandrel was
remmed. the stack was held in posmon solely by compreuion. '

- Axial Extraction g ‘ .

For axial extraction the washer stack-'v’”i'a‘- mounted as shown in Figs. 2
and 3, The focusing geometry used was similar to the geometry developed by Gow
: and'Foater.us consisting of an extractor (or probe) in Pierce geometry which was
held at a potential of -8 to -12 kilovolts with respect to the source, & focusing
electrode whose potential could be adjusted to control the beam focus, and an
: "ac‘celerating electrode at a potential of -80 to -100 kv with respect to the source.
By a change of the voltage applied to the focus electrode, the beam focus could be
adjusted without ehanging the value of the beam current. When the snout of the
extractor was changed from a conical metal surface with a hole at the apex toa
surface of the same shape made of 32-mesh screen, an order -of -magnitude increase
in beam was obtained. For a pulse length of 500 microseconds, it was necessary
to limit the repetition rate to approximately one per second, so that the titanium
washers would not get so hot that they would lose their occluded hydrogen.

When mass analysis of the axially extracted beam was first done, the
heavy-mase components dominated the spectrum. In an effort to improve the
prdton fraction, tl;e plasma drift tube shown in Figs. 2 and 3 was added. A small
solenoidal electromagnet gave an adjustable ma.gnetic field of & few hundred gauu
in the region of the plasma tube.

The lighter fons would be confined by the axial magnetic field while the
heavier fons would be more likely to drift radially a_gah_ut this field. In fact, it
was found that the ;i'aere presence of the plasma driif tube with 2EY0 magneticv field
gave a coneidersble reduction in the heavy-mass components without reducing the

~ proton beam. However, the proton ratio could be further improved by trimming

'~ the plasma-tube magnetic field to ite optimurm value. '
' - The mass analysis was done as shown in Fig. 4. Most of the accelerated
beam was collected in a carbon chp. which was protected by a guard ring. A
bias curve run on the cuppotential Viudic_a'ted that secondary-electron emission
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did not u_:éterially change the observed currents. A 1/16-inch hole in the back
of the cup allowed a small fraction of the total beam to passe through into a mag-

_netic spectrometer. The transmission was thus limited in order to minimige the

epreading and defocusing characteristic of large beam currents. The transmitted
beam was bent by the magﬁetic field and a fraction was collected in the spectrometer |

cup. To observe the mass spectrum oi the beam, the magnetic field was variad
" while tha geometry was held fixed. | |

The mass spectrum obtained is shown in Fig. 5. In interpreﬁng this
fnformation, one must remember that when the spectrum is obtained by varying
the magnetic field, the width of each mass peak is ptoportional to the magnetic

jfield at that point. Thus the amount of beam associated with each mass peak is

proportional to the heigh} of that peak, but not to the area under the peak, Bmca
the spectrometer rasotuﬁon was auch that the heavier-maes peaks were not resolved,

- the exact ratio of ﬂ to the total beam is somewhat uucartain, but would secem to be

at least 50%. The total beam cbuected in the accelerator cup was 200 milliamporcs, .

‘and thus there would be 100 miluamperes of H “available for further acceleration.

Since the space-charge spreading caused by a partlcular fon compenent in the beam.

" is proportional to the square root of the mass of that ion, the heavy-ion contaminatién
“in the beam causes a disproportionate sgace-charge spreading, and would have to
' be £iltered out before the beam was further accelerated. K this aource were used

with an electrostatic acce!erator it seems clear that further development would be

needed to filter out the heavy ions without defocusing too nbany deuterons. A
. suggestion Ior overcoming the space-charge defocusing in the accelerator tube

itself is discussed by Wilccx,. in the iouowing paper. '

. Radial Extraction

~ The source bas aleo been adapted to radial extraction of the beam. Figuﬂa '
% is a block diagram of the associated electronic components employed. The pulse

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

ment for thiclsupply is a function of the pulse —racuzf'rence frequency, which, for

 this work, was arbitrarily set at 30 per minute. The characteristic impedance

of this six-pection line was 16 ohms. A series resistor was used to match the
impedance of the pulse line. The pulse length was 400 microseconds, and with
the line charged to the -5-kv level, the arc current was 165 awperes. The actual
voltage appearing across the arc during operation was_'in't'he range of 100 to 125

The arc was 'triggered by a pulse_.' _ from a thyratron-controlled pulse
transformer. Thia pulse also fired a series gap, which in turn triggered the
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- ;}'main‘ba‘ll gap, allowing the pulse line to discharge across the washer stack, The

plasma, apparently led by the electrons, moved down the tube, along the magnetic -
field, into the region of the exit alit. For purposes of extraction, the source and’

 its auociated equipment were made pogitive, and the extractor electtode wWas

The analysiu of the products of the ion source was _cérricd out in a 180°

,,4'maaa -spectrometer arrangement, as shown in Fig. 7. Ions were collected at the
’ 180 focal point by means of a traveling Faraday cup, or could be observed by

means of a phosphored screen which could be lowered to intercept the beam. -
‘The serious beam spraading brought about by space -charge forces in the

beam. after it has passed the extractor, must be largely eliminated in order to
- provide foculed images. Although in & dc iaotopa separator the time required to

neutralize the space charge is not of great importance, for pulsed ion beams time

. is of major concern, as neutralization has to be esta.bnahed for each ion pulse in a

time much shorter than the pulse duration, :
This problem was satisfactorily handled by the installation of beam-
neutralizing plates, Before these plates were installed, the beam was divergad

~ parallel to the magnetic field by space-charge forces to such an extent that only

a small fraction could be collected. The plates, made of aluminum. were positioned
in such a way that some of the ions, particularly before the beam was neutralized,

“struck the surfaces at grazing incidence and released secondary electrons. These
electrons were effectively trapped by the magnetic field and served to neutralize

the Coulomb forces within the beam. | | | .

With this method, evidence of good space-cha:g'e neutralization wasg ob-
served with residual gas pressures as low as 3 X w""’; This pressure represented .
the base of the vacuum system used, and all work done was at or very near this
pressure. It was later observed that adequate space -charge neutralisation would
be obtained even after the lower aluminum surface had been removed, indicating
that sufficient electrons were being produced from the upper surface alone to
neutralize the beam present.

For the data taken (Fig. 8) definition was not atreased. and the collimatlng
slit for the Faraday cup was made 1/2 inch wide. The abscissa for each chart
represents the cup’s position as it was moved. one full slit width at a time. through
apprcximately 10 inches. : S T A

The upper chart, taken at 10 kv extraction potentiag, covers the spectrum
from mass 1 through approximately mase 16. In order to extend the coverage to
mass 48, or singly ionized titanium ions, the extraction potevx'xtial was lowered to
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3.4 kv. Under these conditions, deuterium was present at the maximum travel
of the Faraday cup and singly ionised titanium at the minimum,.

These spectra show that when the gsource was operated in 2 magnetic
field its high-mass output did not represent a serious contamination. Hydrogen
isotopes represent more than 80% of the ion output of the deuterium-leaded source,
?erhapa of more concern than the high-mass output was the rather. substantial
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 some of the
' préto‘n output was the result of hydrogen liberated from the oil vapor. However,
it could conceivably have heen the result of inadéquate degassing of the titanhim
washers. I this latter is the case the use of vacuum-proceued metal, in which
comiderably less hydrogen is initially present, than in the commercial grade, may
result in a decrease in the proton level, with a corresponding increase in the
deuterium fraction. ' : | :

'With the rather large amount of protons present, it was imposaible to.
Jgaugé ghg ratio of atomic to molecular ions from the deuteriuvm spectrum, as the
mass-2 peak included molecular hydrogen ions as well as atomic deuterium. For
this reason, the operaﬁon of the source with erdinary hydrogen-loaded wasghers
was tried. .

The spectrum shown in Fig. 9, which was thoroughly repreaentative
‘of the several taken, revealed that the ratio of protons to molecular ions was
higher than 90%. The results obtained with the source operating in a magnetic
field were considerably better, both with respect to the ratio of atomic- to
‘ ~_mclecular -ton output and to the level of high-mass output. than tor no-field
operaﬁon.

. Figure 10 is an exploded view of one of the geometries tested, With
this model, a single support mounted the source as well as the extractor. The
' assembly was coaxial, with the shielded quarts ring ierv_ing as tho high-voltage
insulator as well as the extractor mount. The ion output was monitored by a
carben ¢up, which completely surrounded the extractor. In order to increase o
the extracting area, this unit incorporated three parauel extracting slits.

The data in Fig. 11 were indicative of the type of outputs obtained. This
is the measured output of a two-slit geometry in which the extraction patential |
was extended to 20 kv. The solid line represented the entput of the source after
1 hour of operation or after nearly 1800 pulses. The output of 400 ma at the
20-kv point represented very nearly a space-charge-limited condition for the
geometry used. In relation to slit area, this was the equivalent of 7.2 amperes
per square inch.
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- The operation of the source was continued for 11 hours, and it is in-
~ teresting to note the drop in the output measured at the end of this time. This
is a decrease of some 20% in level at the 20-kv point after approximately 20,000
pulau. This apparent decrease in plumn density ‘may well indicate a decreased
> avallability of the occluded gas with time. -Some variaticn in current output was
‘ 'generally observed, as well, from one pulee to the next. Again this could indicate
that the amount of occluded gas liberated dgriug any one discharge is not necessarily
a ci:i‘x"athni The fon output was also depenﬁdent on the level of the magmtic field,
ﬁ Raproducible decreases in output of 30% have been cbserved upon lowering of the
magnetic field from 4 to 2 knogauu. The magnetic field used for these inveatigationc '
. had an up;:er limit of 4.5 kilogauss, and all data taken were at or very near this |
- limit. The efiect on ion output of magnetic ﬁolds grester than this is not yet known.,
"' ' This work was done under the auapicet of the U. 8. Atomic Energy
L ;"'Commiuion.
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Legends

Filament-type ion source.

Ion source for axial extraction.

fon source for axial extraction.

Focusing geometry and maas«-anél'ysu geometry,
Mass analyais of source output obtained with axial extraction.

‘Block diagram of equipment used for operating source in magnetic iield

Arrangement of mass spectrometer.

Spectrum from deuterium-loaded source.

Upper: extraction potential, 10 kv. field. 4000 gauss
Lower: 3.4 kv, 4000 gauss.

. Fig. 9.

Spectrum from hyérogen-loaded 'a'ource.. Extraction potential, 10 kv;

field, 4000 gauss.
Fig. 10. Exploded view of occluded-gas ion source and extractor unit.
Fig. 11, Ion current as a function of extraction potential,
‘Curve A: output after 1 hr of operation, 7.2 amp/in. 2 at 20 kv.
Curve B: output after 11 hr of operation, 5.85% amp/!;n.‘2 at 20 kv.
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