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Abstract

TFTR deuterium neutral beams have been operated unintentionally with

significant quantities of extracted water ions. Water has been observed with an

Optical Multichannel Analyzer (OMA) during beam extraction when small water

leaks were present within the arc chamber. These leaks were thermally induced

with the contamination level increasing linearly with pulse length. 6% of the

beam current was attributed to water ions for the worst leak, corresponding to an

instantaneous value of 12% at the end of a 1.5 s pulse. A pre-calorimeter

collimator was damaged as a result of this operation. A similar contamination is

observed during initial operation of ion sources exposed to air. This latter

contamination is attributed to the synthesis, from adsorbed air, of either D20 or

the indistinguishable NI) 3. Initial operation of new ion sources typically produces

a contamination level of-2%. These impurities are reduced to undetectable levels

after 50 to 100 beam pulses. Once a water molecule is present in the plasma

. generator, it is predominantly ionized rather than dissociated, resulting in the

extraction of only trace amounts of hydrogenated ions. The addition of water to
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the extracted beam also reduces the optimum perveance, moving the typical

underdense operating point closer to optimum, causing the frequency of grid
P

faults to increase.

Close to 90% of the water extracted from ion sources with water leaks was

deuterated, implying that the potential exists for the production of tritiated water

during TFTR's forthcoming DT operation. Isotope exchange in the plasma

generator takes place rapidly and is believed to be surface catalyzed. The primary

concern is with 0 implanted into beam absorbers recombining with tritium, and

the subsequent hold up of T20 on cryopanels. Continuous surveillance with the

OMA diagnostic during DT operation will ensure that ion sources with detectable

•#ater are not operated with tritium.
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Several ion sources on the TFTR neutral beam injection system 1 were

operatedfora shorttimewith arcvoltageramping near the end ofthe pulse.2

Smallwaterleaksin theionsources,presentonlyduringsourceoperation,were

responsibleforthisphenomenon. Through the use ofthe OpticalMultichannel

Analyzer (OMA),3 the presenceofDoppler-shiftedpartialenergydeuterium,or

hydrogen,i.e,watercontamination,was identifiedas the causeofthe problem.

Water has longbeen known as a traceimpurityintheextractedbeams on TFTR

and machines at otherfacilities.4'5 In thisinstance,the quantityobservedfar

exceededpreviouslevels.

Despitethisdifficulty,neutralbeam reliabilityforTFTR physicsexperiments

" remained high throughoutthe run period.1 Ion sourcesoperatedreliablyfor

months with smallwaterleaks.Only when sourceoperationdeterioratedwith

unstablearc dischargeswere the subjection sourcesreplaced.Causes ofthe

leakswere subsequentlydiscovered,and remedialactiontakentopreventsimilar

occurrencesinthefuture.

Followingremoval of the leakyion sources,operationof the replacement

sourceswas observed.The surfacesofthenew sourceshad adsorbedairduring

maintenance,and a contaminationlevelofseveralpercentwas detected.Cleanup

requiredseveraldaysofoperation.

During the planned power breakeven experimentson TFTR, half of the

neutralbeam injectorswillbe operatedwithtritium.6 Implicationsofwaterleaks

intoionsourcesduringsuch operationarediscussedinsectionIV.
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IL EXPERIMENTAL APPARATUS

A. Neutral Beam Injection System

Each TFTR beamline has three Common Long Pulse Ion Sources (CLPIS) 7

developed by the Lawrence Berkeley Laboratory (LBL). Figure 1 is a cross-

sectional through the narrow dimension of the source. Two subassemblies can be

seen: the plasma generator, on top, and the accelerator, slightly below the center

of the figure. Positive ions, created in the discharge between the tungsten

cathodes and the copper anode, are accelerated in the three gap accelerator

through a potential difference of up to 120 kV. The accelerator structure, 12 cm by

43 cre, consists of four grids, each an assembly of 56 water-cooled molybdenum

grid rails. The plasma generator floats at high voltage with the potential

decreasing as the ions propagate through the accelerator, reaching ground

potential at the exit grid. Located around the periphery of the plasma generator,

near the first grid, are six water-cooled Langmuir probes used to monitor plasma

density and plasma uniformity, and serving as a real time interlock on plasma

stability.

After exiting the ion source, the beam enters the neutralizer, a rectangular

duct 15 cm wide, 50 cm tall, 250 cm long. Here, it collides with gas from the ion

source (- 0.7 Pa-m3/s) and gas fed directly into the neutralizer (-2.0 Pa-m3/s).

Charge changing collisions convert the incident ion beam into a near equilibrium

mixture of ions and neutrals by the time particles reach the end of the
t

neutralizer. 8 Some of the atoms are collisionally excited and emit light, which is

observed via an OMA tuned to the HcJDa line.
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Data regarding beam contamination were obtained with the OMA diagnostic,

" a computer controlled two-dimensional _idicon detector attached to the output of a

1 m SPEX spectrometer. 3 Water is observed indirectly via Doppler-shifted Balmer-

emission from the H, and/or D, dissociat_ton products of accelerated water ions.

The emission from these fragments is separated in wavelength from that of the

three main beam constituents because their velocity is approximately one-third of

the full-energy D. The OMA views the beam in the direction perpendicular to the

horizontal grid rails at a location 65 cm downstream of the exit grid. The angle,

e, between the OMA's line of sight and the beam is 60 °, providing a Doppler shi_,

towards blue, of the Balmer-u emission of the fast atoms relative to the unshii_d
o V

Balmer-u line of the thermal gas. The magnitude of the shift is Ak = k0_cose,

where _'ois the wavelength of the unshifled Balmer-(z emission, v is the speed of

the particle, and c is the speed of light.

From the intensities of the Doppler-shifted emissions of the full-, half-, and

third-energy D, from known cross sections, 9, 10 and from an estimate of the gas

line density from the ion source to the point of observation, the extracted ion beam

composition can be deduced. 3, 4, 11 Additionally, the widths of the Doppler-shifted

lines provide a measure of the beam divergence. 4, 12, 13

A typical OMA spectrum, with background subtracted, is shown in figures 2

and 3 for the case of 50.6 A of deuterium ions extracted at 95.6 kV for 1.2 s. The

abscissa is detector channel number (wavelength) and the ordinate is the number
d

of counts in each of the 500 channels. At the nominal dispersion of 8.3

. channels/,_, the detector covers 60 ,_. Evident left to right in figure 2 are the

Doppler-shifted full-, half-, and third-energy D lines in the center, and the
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unshifted Da line at the extreme right. Figure 3 presents the same data with an

expanded ordinate. Several small lines of a few hundred counts, e.g., in channels

368 and 413, are ascribed to molecular deuterium emission.

Spectral data are acquired during the entire beam pulse, with the number of

counts accumulating in each channel over the length of the pulse. Beam

composition, therefore, is a time average over the pulse duration.

A wavelength calibration was nece.ssary to determine the energy of the

hydrogenic water dissociation products. This calibration was performed using

nine neon lines spanning the 500 channels of the detector. It was found that the

detector channels were more closely spaced (by about 10%) at the edge of the

detector than in the center. An accuracy can be assigned to the calibration based

upon its prediction of the location of the half-energy D peak from the locations of

the third-energy D peak and the unshifted Da peak. Using this measure, the ,

wavelength calibration is accurate to +1/2 channel in identifying the Doppler-

shifted water dissociation products.

HE RESULTS

A _ _on of_ WaterIons

Data were takenduringtheepisodeofarcvoltagerampingas thepulselength

was stretchedfrom itsnominalvalueofI s upwards toward2 s. Spectraforthe

ion source exhibiting the greatest amount of water contamination are given in

figures 4-6, for pulse lengths of 1.1 s, 1.3 s, and 1.5 s, respectively. 43 A of ions
.#

were extracted at 94 kV in each case. Compared to figure 3, Doppler-shifted

Balmer-a emission between the third-energy D and the unshifted Dcz line are



prevalent, implying that a portion of the extracted beam ions are hydrogen-

bearing molecular ions. As the pulse length increased, the relative

contamination level increased. Time averaged impurity fractions for the cases of

" figures 4-6 were 3.8%, 5.6%, and 6.2%, respectively (assuming that the

contaminating molecules to be water). Since the increase is nearly linear with

time, an estimate of the instantaneous impurity content of the beam at the end of

the 1.5 s pulse is 12%. Source autopsies revealed that the leaky components were

either the Langmuir probes or accelerator grid masks. Both are actively cooled

with water. Upgrades have been instituted to prevent similar leaks in the future.

Since water leaks were found, it is deduced that the hydrogen-bearing molecular

ion contamination observed during this perriod of source operation was water.

Due to the lack of cross sections for the dissociation of incident H20 + and

D20+, the extracted water fraction is computed assuming a thick neutralizer at

the observation point. 14 Support for this assumption is given in section IV.

Additional evidence for the presence of water is the appearance of an

unshifted Ha line. This line, isotopically shifted by 3 ,_ from Da, and evident at

channel 498 in figures 4-6, is absent under normal operation. Unshifted Ha

emission can arise from the excitation of thermal hydrogen (from the dissociation

of water in the plasma generator) drifl_g out of the ion source, or from hydrogen

dissociated from thermal water in the neutralizer. The ratio of the unshifted Ha

intensity to that of Da in figure 6 is < 0.05. This value is an upper limit since the

intensity of the unshifted Da line places the detector well into saturation.

An expanded view of the water dissociation product emissions of figure 6,
o

given in figure 7, indicates that the line shape is not a simple gaussian. It is the

sum of at least two unresolved lines. Candidate parent ions for this convolution of

Doppler-shifl_ Hv_fDa lines are D20., HDO +, H20+, DO., and HO+. Based upon



the spectrometer/detector calibration, the predicted locations of Balmer-_

emissionfrom theextractionoftheseionsareasgivenintablei.

A leastsquaresfittothedatainfigure7 was made todeterminetherelative

contributionsofthe possibleparentions.A gaussiandistributionwas assumed

foreach ofthesixlines.Alllinewere assignedthe same width. Each had its

centroidlocatedatthe channelgivenintable1. Individualamplitudes,and the

common linewidth,were varieduntila bestfitwas attained.The resultsofthis

fitareindicatedinfigure8,where thedataareplottedas solidcirclesand thefit

asopen circles.Contributionsfrom DO + and HO + were negligible.Contributions

from eachoftheotherfourlinesareplottedon thebottomwithno offset.The sum

ofthesefourpeaks,with an added 800 countbackground,is shown as open

circles. Agreement with the data is excellent. The molecular deuterium lines to

either side of the water dissociation product lines were excluded from the fit.

Composite contributions are: 56% from D20 +, 22% from DHO + (H_), 14% from

H20 +, and 9% from DHO + (D_). Da emission dominates Ha emission by a factor

of four.

R ot xtmcted Hydmgm

Hydrogen acceleratedas molecularhydrogen ionshas alsobeen observed.

Thisisclearinfigure9,an expandedview offigure6. Largelinesaretheusual

Doppler-shiftedfull-energy,half-energy,and third-energyDa lines.Small

numbered lineswere absentinthewater-freecaseoffigure3. Table2 liststhese
t

by theirparentionand Dopplershiftrelativetothatofthe full-energyD. An

isotopeshiftseparatesHa and Da emissionswiththesame relativeDoppler-shift.

Some ofthe designatedlinesare readilyvisible,othe_3are barelydiscernable.



The deuterium fragment of HsD + overlays the peak of the primary half-energy

line and is totally obscured. No f_tll-energy H was apparent. The line to the right

of the H2+ generated Ha (#1) is one of several attributed to molecular deuterium.

" The relativeabundancesofthe tracehydrogenmoleculeswere obtainedfrom

leastsquaresfitstothe threeprimarybeam components. Channels comprising

the tracemoleculeswere ignoredinthefits.Subtractionofthefitfrom the raw

data providedestimatesof the magnitudes of the traceslines. From this

calculation of the line intensities and from cross sections for excitation of Balmer-

a emission, 9, 10 estimates of the extracted ion fractions were made. The results

are 0.02% H2+, 0.5% DH +, 0.2% DsH +, and 0.02% H2D +. Uncertainties in the

magnitudes of the line intensities, and in the neutralizer line density, yield an

uncertainty in the calculation of these molecular ion fractions of ±25%.

" Little H s+ or H2D+ were extracted since they possess two trace atoms each and

are unlikely to be created in a deuterium-rich environment. DH + and D2H+, on
o

the other hand, are more plentiful because of the abundance of deuterium for

hydrogen to react with.

C. Secondary _ of Water Upon Beam Operation

The introduction of water into an ion source has a measurable effect upon the

beam composition and divergence. Data from the three pulses used above, plus a

fourth short pulse, are given in Table 3. Shown are the beam current (I), voltage

(V), perveance (I/V1.5), extracted D+, D2+, D3+, and water fractions, and full-width
d

at half-maximum of the full-energy Do line. The width of the D°(E) line is widest

for the case with the least amount of water contamination. This trend is well

supported since the error bars, ±1 channel, are much less than the total spread in
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line width. It is also apparent that the ratio of the D+ to D2+ fractions increases as

the water level increases, while the absolute value of the D+ fraction is

unchanged.

D. Clean Up of Replacement Ion Sources

Four of the twelve ion sources used on TFTR have experienced water

contamination to some degree during this period of time. These sources were

eventually removed and repaired. O_A data was obtained during initial

operation of two of the replacement sources. Prior to any attempt at beam

extraction on a new ion source, the arc was conditioned by stowly increasing the

arc power over many pulses until 100 kW was attained. Such operation provides a

thorough discharge cleaning of the plasma generator. Still, initial beam

operation indicated a contamination level of several percent (assuming the

contaminant is water). These values approach that of all but the worst case leak

reported above. Without the preceding arc operation, it is certain that the initial

contamination would have been higher.

Figure 10 shows data from the initial operation of the two ion sources, with

the contamination level plotted versus shot number. Approximately 50 one second

beam pulses were required to reduce the contamination to the limit of

detectability.
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IV. DISCUSSION

The introductionofwater intoTFTR ion sourcesisdeleteriousforseveral

reasons.First,itaffectssourceoperation,making itdif_culttomaintaina stable

arc discharge.With arc stabilityadverselyaffected,reliablebeam operation

becomesformidable.Second,oxygenions,bothpositivelyand negativelycharged,

aredeflectedby thebendingmagnet ontoinadequatelycooledcomponents.Third,

waterwillexchangewith tritiumin thearc chamber producingtritiatedwater.

Sincethederivedairconcentrationoftritiatedwateris25,000timeslessthan that

of elementaltritium,15 the conversionof elementaltritiumto tritiatedwater

increasesthe radiologicalhazards associatedwith the TFTR DT experiments.

Tritiatedwaterproductionimpactsthetritiuminventorysinceitispumped on the
#

liquidnitrogensurfacesof the cryopaneland willnot be releaseduntilthe

cryopanelsare warmed to room temperature. Oxygen implanted intobeam

absorbersisan additionalsourceoftritiatedwater sinceitcan recombinewith

implantedtritium.

The watercontaminatedbeam operationreportedabovehas damaged thepre-

calorimetercollimator.The focalpropertiesof stiffions passingthroughthe

magnet, in conjunctionwith long pulseoperation(>1 s),are the conjectured

cause.2 A relatedconcernisbeam depositionontocomponentsinthenegativeion

direction.There isevidenceofsuch ionsstrikingthedifferentialpumping baffle

belowthepre-calorimetercollimatorand on themagnet supportstructure.Given

an equilibriumoxygennegativeionfractionof-10% ina hydrogentarget,leitis

clearthatsufficientnegativeoxygenionscan be producedtocreatean observable

- effect.Sinceallion sourcesshow evidenceofimpuritybombardment of the

differentialpumping baffle,itsoriginis clearlyairadsorptionin the plasma
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generator. While not a serious thermal problem for present operation, O is a

concern for potential upgrades of the beamline to long pulse operation.

Energetic oxygen implanted into beamline components will recombine with

tritiumduringthebeam pulsetoformtritiatedwater.Thisisdue tothefactthat

oxygenismuch more likelytobe releasedintheform ofwaterthan oxygen,17and

oxygen willrecombinewith implantedhydrogen_sotopesto produce water.Is

Hopefully,most oftheimplantedoxygenwillbe removedby subsequentdeuterium

operationas D20, althoughsignificantproductionoftritiatedwater willoccur

duringany tritiumpulsethatdepositsoxygen. Tritiumrecoveryfollowingthe

PreliminaryTritiumExperimenton theJointEuropean Torus(JET)has proven

tobemore difficultthananticipated.19

Upon enteringthe neutralizer,extractedwaterionsdissociate,producingO,

H, and D ionsand/oratoms. Interesthere liesin the fateofthe oxygen which

carriesaway -80% oftheincidentenergy.For nominal100 kV sourceoperation,

the equilibriumoxygen fractionsare:63% O, 25% O+,10% O',and 2% 0++.16

Oxygen atomsarepredominatelydepositedon thecalorimeter,orinjectedintothe

toksmsk. 0 +isdeflectedby themagnet,with-50% beingdepositedon thebottom

of the ion dump, the remainder spillingover onto the calorimeterentrance

scraper.2 TrajectoriesofO++ have yettobe computed,buttheywillbe deposited

inthevi_nityofthecalorimeter.O" willstrikethepumping bafflesand magnet.

The primary constituents,O and O+,willrecombinewith implanted hydrogen

isotopestoproducewater.The fractionofthiswaterthatistritiatedremainstobe

determined.
t

Contaminationof'r_'i'llneutralbeams has arisenfrom two sources:water

leaksand adsorbedmonolayersofair.The leakswere thermallyinducedsince

the leakrate_creased with pulselengthand therewas no evidenceofleaking
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___ between beam pulses. Approximately one gram-mole of water was extracted from

the sum of ali pulses during operation of the leakiest source. A second gram-

mole was obtained from the cumulative operation of three other leaky source_

° duringthe same time period.The potentialhazard from water contvminated

beam operationduringtritiumoperationisseen inthe factthatthe quantityof

deuteriumreactingto form water duringthiswater-leakepisodeexceedsthe

maximum on-siteinventoryofelementaltritium.

Water is presentin the air adsorbedon the ion sourcesurfacesduring

maintenanceas was seenin figure10. However, most ofthe waterproducedin

the dischargecomes from the more plentifuladsorbedoxygen combiningwith

deuterium.Thislooselybound layerofaircleansup aideroforderone hundred

beam pulses. The integratedquantit.yof water detected(-3.5torr-l)during

. cleanup correspondsto approximately100 monolayers. While thislevelof

contaminationissignificant_itisonlya smallfractionofthatexperiencedduring

- thewaterleak.

ltislikelythatammonia isalsoproducedduringdischargeswith adsorbed

air.The resultantDoppler-shiftedBalmer-a emissionfrom deuteronsproduced

viadissociationofD20 and NI)3 areindistinguishable.Crosssectionsforthe

productionofBalmer-_emissionfrom ammonia incidenton deuteriumhave not

been measured. If,forthe purposesofthisdiscussion,itisassumed thatthe

ammonia and water productionratesin the discharge,and the Balmer-_

emissioncrosssectionsarethesame,thentheBahner-aemissionfrom ammonia

wouldbe approximatelytwicethatfromwater,forthecaseofan aircontaminated

ionsource.In sucha case,thecontaminationgiveninfigure10 isapproximately

2/3due tonitrogenand 1/3due tooxygen.No unshiftedl-lc_isobservedduringthe

cleanupofadsorbedairbecauseofthesmallquantitiesofadsorbedwaterrelative

tonitrogenand oxygen.
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Cleanup of hydrogen isotopes proceeds much faster than the cleanup of

adsorbed air. It takes only one moderate arc pulse, or less, to remove any

adsorbed gas from prior operation with a different isotope. 8 Of order one

monolayer of gas is involved in this cleanup. Preceding source operation would

have removed the many layers of adsorbed air.

A large unknown with adsorbed air is the cleanup during the arc

conditioning which precedes beam operation. Contamination levels were highest

during the first beam pulses following arc conditioning. Even more water is

presumed liberated during arc conditioning discharges. While the potential

exists for the production of tritiated water during arc conditioning, it can be easily

avoided by performing ali conditioning with deuterium.

Water contaminated beam operation at LBL has also resulted in the

observation of D2O+ extraction. 4 Only a single Doppler-shit_d water dissociation..

product line was apparent in their data. The LBL spectrum had a small

unshifted Ha line, indicative of the presence of H20. Our experience is somewhat

different. A water leak in a TFTR ion source produces a Doppler-shifted water

dissociation product line with two distinct components as well as an unshifted Hu

line. This Ha line was even apparent during arc discharges. During clean up of

adsorbed air, the unshifted Ha line is absent. The signal to noise ratio during air

cleanup is not great enough to state that the water dissociation peak contains only

D20 or NI) 3 fragments with no HDO or H20 (i.e., no Ha emission), but that is our

conjecture.

The dependence of the beam divergence upon water contamination level, as

presented in Table 3, cannot be explained by the small changes in perveance

among the pulses listed. Based upon a typical perveance scan, 20 the change in

divergence [D°(E) line width] over the range of perveances in Table 3 is only 7%.
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This is contrasted with an observed 34% change in the line width as the water

contaminationincreasedfrom 1% to 6%. What has transpiredis that the

introductionofwaterhas alteredtheoptimum perveanceofthesourcethrougha

changein theeffectivemass oftheextractedions.At thenominalcompositionof

thebeam,theaveragemass oftheextracteddeuteriumionsis2.56.The addition

of 6% deuteratedwater changed the average mass of extractedions to 3.6.

Optimalperveancewas concomitantlyreducedfrom 1.7to 1.43microperv(10-6

AV'I.5).SincethedataofTable3 was takenata perveanceof1.47microperv,the

introductionof6% waterdecreasedtheoptimum perveancetoa valueclosetothat

beingrun. Insteadofbeingunderdense,thenew operatingpointwas verycloseto

optimum perveanceand the divergencedecreased.The resultwas improved

divergenceand an increaseinthenumber offaultswith timeduringthepulse.

The accuracyof the calculationof the relativewater contentof the beam

hinges on the validityof the assumption of a thick neutralizertarget.

Unfortunately,crosssectionsforthecollisionaldissociationofwateron hydrogen

arenotknown. Inaccuraciesinthe calculationofthe watercontentresultsince

crosssectionsforthe productionofHa emissionfrom beam constituents9,10and

water21 canbe different.The waterdissociationcrosssectionisatleast2x10"17

cm 2 at the velocitiesofinterest.21 However, thisisonlythe crosssectionfor

dissociationthatproducesHa emission.A mean freepath of-350 cm isimplied

basedon thisprocessalone.Whilethetotaldissociationcrosssectionisprobably

much larger,theassumptionofa thicktargetforan O beam cannotbejustifiedon

thisbasis.
q

Ithas been shown thatas a deuteriumbeam propagatesdown a neutralizer,

. the relative magnitudes of the Ha emissions from the three primary extracted

ionic constituents are insensitive to the neutralizer line density traversed. 12 A
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similar effect is true for incident water. It is assumed that cross sections for the

production of Hcz emission from an incident water molecule on H2 are the same

as those for H2 on water vapor at the same velocity. With this assumption and

data from reference 21, the cross section for Hcz emission from incident 100 keV

D20 (2x10 -17 cm2) is only slightly different from the contributions of the weighted

sum of the two hydrogenic dissociation products of water (2 x 8.2x10 "18 cre2).

Therefore, the calculation of the water content of the beam only weakly depends

upon whether the water has 3issociated or not.

A water molecule in the arc chamber experiences a total ionization cross

section of 2x10 "16to 3x10 "16cm2 due to 30 to 100 eV electrons. 23"25 The primary

ionization product is H20 +, with H+ and OH+ produced in lesser quantities. At

lower electron energies, the H20 + fraction becomes more dominant, e. g., 90%

H2 O+ at 5 eV23 versus 80% at 100 eV.26 For an electron density in the plasma

generator of 1.6x1012 cm'3, 27 the mean free path for water ionization is 20 m,

implying that water molecules will reach a surface before suffering ionization by

collision with electrons. The total ionization cross section for H2 is lx10 "16cm2 at

70 eV. 28 Its dissociation cross section is similar in magnitude, peaking at the

lower energy of 20 eV.28 Given that it is easier to ionize water than hydrogen, the

gas efficiency for water should be greater titan for hydrogen, i.e., it should exceed

50%. 8 Water admitted to the plasma generator should be ionized and extracted,

only a small fraction should escape as thermal water molecules. In addition, the

extracted water should be accompanied by only a small amount of OH+.

Upon reachinga cleanarc chamber wall,a watermoleculewillmost likely

dissociate.17,18,29 The wallsin theseionsourcesareassumed tobe cleansince

the workinggas can be switchedwithoutcleanup.8 Itispostulatedthatthearc

dischargemaintainstheanode ina stateofcleanliness.An oxygenatom on this
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surface will recombine with the dominant hydrogen specie, deuterium,

producing heavy water. 18 Deuterated ammonia is produced the same manner.

The exchange reaction H2 + D2 ¢_ 2 HD was studied soon af_r the discovery of

deuterimn. It was found that a mixture of H 2 and D2 attained equilibrium

concentrations of H 2, HD, and D2 in a few minutes. 30 This reaction has been

studied extensively since its pure protium equivalent is the simplest chemical

reaction known and is amenable to theoretical modelling. 31 Subsequent research

has found that the reaction proceeds via D + H 2 ¢_ KD + H and H + D2 ¢_ HD + D,

with H and D produced via surface catalyzed dissociation. These reactions attain

equilibrium in seconds at 1000 K and 100 Pa. 32 On molybdenum surfaces, such as

on the CLPIS's accelerator grids, only a single surface interaction is necessary to

reach equilibrium. 33 Since measurable H20 + and HDO + were extracted from our

. sources, it is concluded that the efficiency of surface catalyzed isotope exchange,

while high, is less than 100%.

" Finally, there is the issue of isotope exchange of the hydrogen atoms and

molecules produced via the dissociation of water with deuterium. Cross sections

have been measured for H+ + D2 -_ HD + + D and H+ + D2 _ D+ + HD. The HD +

production cross section reaches a peak of 3x10 "17cm2 at 4 eV while that for D.

production is resonant, increasing to many times 10"16cm 2 below 1 eV. 34"37 For a

deuterium ion source pressure of 0.5 Pa, the mean free path for HD production is

of order 35 cm, a distance comparable to the size of the arc chamber. Mixed

molecules should be produced via this reaction.

Cross sections have also been measured for H2+ + D -_ H + HD .. They are

5x10 "16cm2 at 2 eV, and exceed 10"15cm2 b_low I eV. 38 While this reaction has a

large cross section, little H2+ is present to fuel it.

Given the efficiencies of the processes above, little H . is expected in a water

contaminated beam. Isotopic exchange processes in a plasma are efficient.
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Hydrogen freed from water by wall catalyzed isotope exchange would rapidly

combine with deuterium to form HI), the dominant hydrogenated ion observed.

The HD+ fraction of the beam would be less than the D20. fraction, as observed,

since the gas efficiency of HD is less than that of water.
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FIGURE CAPTIONS

Figure 1. Cross-sectional view of the Common Long Pulse Ion Source showing
%

both the arc chamber and accelerator assemblies.

Figure 2. Typical deuterium beam spectrum taken with the 500 channel

Optical Multi-channelAnalyzer.

Figure 3. Same as figure 2, but with the ordinate expanded to show the details

of the full-, half-, and third-energy D components of the beam.

Figure4. Water contaminatedOMA spectrumfrom a I.I s deuterium besm

pulsefortheionsourcewiththeworstwaterleak.

Figure5. Water contaminatedOMA spectrum from a 1.3s deuteriumbeam

pulsefortheionsourcewiththeworstwaterleak.

Figure6. Water contaminatedOMA spectrum from a 1.5s deuterium beam

pulsefortheionsourcewiththeworstwaterleak.

Figure 7. The data of figure 6, with the abscissa expanded, showing the line

shape of the emission of the hydrogenic products, of water

dissociation in the neutralizer.
J

. Figure 8. Fit, open circles, to the data, solid circles, of figure 7 . The fit

includes left to right, HDO + (Dcx),D20+, 1-12O+, and HDO + (Hcg).
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Figure 9. Details of the OMA spectrum of figure 6 due to extracted

hydrogenated ions: I) H2+, 2) DH +, 3) H2D+, and 4) D2H+.

Figure 10. Contamination of two replacement ion sources (one open circles, one

solid circles) versus shot number.
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Table 1. Candidate parent ions for the Doppler-shif_d water-
dissociation product line.

Dovpler.shiited atom _

H HzO + 398.0

D D2O+ 387.1
H HDO+ 400.6

D HDO+ 384.7

D DO+ 382.1

, H HO+ 395.2
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Table 2. Deuterium and hydrogen atoms present in a water
contaminated beam, their parent ions, and the
relative Doppler shi_ of the Bahner-a emission.

fimlre6 desim_ation atom (enerev) _ Dopplershift

H(E) H+ 1.41

D(E) D+ 1

1 H(E/2) Hs+ 1 ,

2 D(2E/3) DH + 0.82

2 H(E/3) DH + 0.82 •

D(F.J2) D2+ 0.71

D(E/2) HsD + 0.71

3 H(E/4) I-IsD+ 0.71

4 D(2E/5) D2H+ 0.63

4 H(E/5) D2I-I+ 0.63
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Table 3. Dependence of beam species and divergence upon theQ

water contm_ination of the be_m.

41.9 A 93.9 kV 1.46x10 "6AV1.5 71.7% 24.0%. 3.3% 1.0% 24 channels

42.6 93.8 1.48 71.4 21.6 3.2 3.8 19

42.9 93.9 1.49 71.2 20.4 2.9 5.6 18
d

42.3 93.8 1.47 70.5 20.4 3.0 6.2 18

t
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