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I. Introduction

The 20 TeV protonbeamcirculating in theSuperconductingSuperColliderSSCwould

haveemittedenoughsynchrotronradiationthatthephoton-stimulateddesorptionofgasmolecules

principally hydrogen would havehada significant impacton thevacuumpressureduring SSC

operation.[1] Photon-stimulateddesorptioncouldalsobeaproblemfor otherTeV-scalecolliders

like theproposedLargeHadronCollider LHC at CERN. Photodesorptionexperiments[2] on

cold LHe temperaturebeampipesectionsshow that significantamountsofmolecularhydrogen

accumulateon the cold pipe wall with increasingphoton irradiation and reacha point wherea

"monolayer" forms when the exposurereaches l02I1022 photons/rn. At this point the

equilibriumvaporpressurerapidly increasesandthebeampipevacuumdeteriorates. Since the

proposedSSC would havedelivered 102I10fl photons/mto the beampipe surfacein 8.6 days

during baselineoperations [2], the estimatedphotodesorptionlevels could have imposedan

unwantedupperboundon Collider operation.

To control thephotodesorptionof molecularhydrogen,it is advantageousto reducethe

amountof hydrogenin candidateSSC beampipe materialsand identify thoseproceduresthat:

1 lead to contaminationof the beampipe surfaceor materials,2 would reducetheamount
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of hydrogen on the surface or in the bulk and 3 could be used for in-situ cleaning during

Collider assemblyor during Collider maintenance.NuclearReactionAnalysis NRA can be

used to quantitativelymeasuretheamount of hydrogenon the surfaceor within half a micron

of the surface.The presentreport discussesdatathat hasbeenobtainedfor candidateSSCbeam

pipematerialsNitronix 40 StainlessSteel, Nitronix 40 55 coatedwith electrodepositedcopper

Silvex process, oxygen-free high conductivity copper Hitachi 101 OFHC and several

miscellaneoussamples. The work demonstratesthepotentialof thetechniquefor characterizing

thehydrogenconcentrationof acceleratorbeampipematerials,for assistingin the development

of bettervacuumsystemmaterialsfor TeV-scaleaccelerators,andfor thedevelopmentof better

beampipe constructionor maintenanceproceduresfor future acceleratorprojects.

II. The Exoeriment

The Nuclear Reaction Analysis NRA was done at the SUNY-Albany Accelerator

Laboratorywhosedynamitronacceleratorproducedthe6.36-7.4 MeV ‘5N beamusedto probe

for hydrogen. The basicideabehindtheexperimentis that the‘5N ionsbombardingthe sample

will undergonuclearreactionswith the hydrogenin the sampleand emit y-rays in an amount

proportional to the hydrogenconcentration.The ‘5N reactionmethodis illustrated in Figure 1

andkey physicalparametersaresummarizedin TableI takenfrom ref. 3. The specificnuclear

reactionis

‘5N+ H-."O-"2C +4He+ y

As Figure1 illustrates, thebeamis incidenton thesampleand the yield of thecharacteristic‘y
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ray 4.43 MeV is measured. The ‘5N + H reaction is a resonantreaction and the reaction

cross-sectionshownin Fig. 2 is more than four ordersof magnitudelargeron resonancethan

off resonance. This large enhancementof the reactioncrosssectionat the resonanceenergy,

E,, 6.4 MeV makes the ‘5N + H reaction particularly effective for concentrationdepth

profiling. For example,if thesampleis bombardedby ‘5N ionsat theresonantenergy,theions

will reactwith the surface hydrogenatoms and the 7-ray yield will be proportional to the

surfacehydrogenconcentration. If a sampleis bombardedwith ‘5N ions with an energyabove

the resonanceenergy, the 15N ions will lose energypenetratingthe sampleand thenthe y-ray

energywill be proportional to the hydrogenconcentrationat that depth.

The apparatusused for theNRA measurementsis thoroughly describedin ref. 4 which

reviews the useof the NRA techniquefor hydrogenanalysis. Figure3 shows a schematicof

the chamberused for this analysis. The chamberwas pumpedusing a diffusion pump and

forepumpandreacheda vacuumin the l0 Ton rangeduring analysis.Pumpdown timeswere

on theorder of ten minutes. The sampleswere piecesof beampipe 33 mm in diametercut

in half along thelong axis. Most of thepieceswerecleanedby theNSLS VacuumGroupusing

thesameproceduresemployedon samplesusedfor photodesorptiontesting. After cleaning,the

sampleswerewrappedin lint free tissueand handledusing standardUHV procedures.A subset

of the sampleswere not cleanedbut were handledusing the sameproceduresas the cleaned

samples. The sampleswere clipped into the rotatable samplewheel shown in Fig. 3 for

analysis.

A typical run consistedof thefollowing: 1 Beforeirradiatingthesamples,the‘5N beam

waspositionedon a fluorescenttargetand thebeamfocusedto a small spot. The beamwasthen
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rasteredover a square6x6 millimeters wide. 2 After placing a Bismuth GermanateBGO

scintillation detectorin place, the beam was shutteredand thesamplemoved into position. 3

The samplewas irradiatedwith a monoenergetic‘5N ion beamand they-ray yield detected.The

15N doseirradiation wasmeasuredby integratingthecurrentcarried to thetargetby the‘5N ions.

The raw data 7-ray yield vs beamenergyis shownin Figure 4. The conversionof the data

to hydrogenconcentrationversusdepthis straight forward. Becauseat this energyrange, the

energy loss rate, dE/dx, of the ‘5N ions is constantwith energyto a few percent, the analysis

depthis given by:

x= E.Eres

dE
dx

The 7-ray yield is computed from the energy-integratedBreit-Wigner formula for a

resonantcross section, i.e. proportional to ir/2oI’, where a0 is the cross sectionat the

resonantenergy,and F is thewidth of theresonance.The 7-ray yield is alsoproportional to

the energy loss dE/dx of the incident ions because 7-ray yield is related to the amountof

hydrogenwithin theresonancedetectionwindow andthis is proportional to the thicknessof the

resonancedetection window. This thickness is inversely proportional to dEldx. For this

experiment,the hydrogenconcentrationPu was computedusing the following expression:

=n 4c1nl91 dE

where jj is the density of hydrogenin atoms/cm3,dE/dx is theenergyloss and Y is the 7-ray
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yield for a 2 j&Coulomb ‘5N ion dose. The prefactor 0.45 x io’ dependson the reaction

cross section, detectorefficiency etc. but is sampleindependent. For theexperimentalset-up

used, this prefactor was determined using a variety of samples with known hydrogen

concentrations.

An uncertaintyin the experimentalresults is imposedby the loss of hydrogenfrom the

samplesduring theexperimentout gassingor its uptakefrom theresidualgasesin thevacuum

chamber. The loss of hydrogencan alsobe stimulatedby the ‘5N ions. We believetheamount

of beamoff out gassingand adsorptionof hydrogenfrom thevacuumare negligible because

measurementson adjacentspotson a single samplescannedat thebeginningof sampleanalysis

and about a half hour later showed no difference in the amount of surfacehydrogen. The

problemof hydrogenloss during ‘5N irradiation can be evaluatedby examiningthevariation of

measuredhydrogenconcentrationasa function of dose. Figure5 showsthe loss of hydrogen

during 0.2 1iC irradiation stepsgiving a cumulativedoserangingfrom 0.2 to 8 siC. The 7-ray

signal decreaseswith increasing‘5N doseby a factor of 2 over the rangeof dosesstudiedand

much of the hydrogen loss occurswithin the first 2 1zC doseof ‘5N ions. Using the signal vs

doseplot, it can be inferred that the hydrogenloss is small provided the ‘5N doseis limited

to a few tenthsof a ftC. For thepurposesof this experimentthe ‘5N flux can be estimated

from theareairradiatedand thefact that the nitrogenions havea chargeof +2. The ‘5N dose

is 8.67x 1012 ‘5N / cm3 per iC of beam.

III. Resultsand Analysis

The experimentaldatais summarizedin TableIII which givesthe measuredsurfaceand
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bulk hydrogenatom densitiesfor Silvex electrodepositedcopper,Hitachi 101 OFHC copper,

Nitronix 40 Stainless Steel at a silicon wafer used as a standard to measurethe 7-ny

background.Hydrogenconcentrationprofiles for all thematerialssummarizedin TableIII and

a few miscellaneoussamplesareplotted and shownasFigures 6-19. The hydrogendensities

deducedby NRA are surprisingly similar for all of the SSC supplied materials.The plots of

hydrogenshow that eachSSCsamplehas a surfacepeakof hydrogenon theorder of 2-5 x 1016

H/cm2. In general the surfacehydrogendensity exceedsthat of the bulk by about two orders

of magnitude.The Silvex coppersamplesshoweda bulk hydrogendensityof 1.5 x 1021 H/cm3

for thesamplecleanedby theNSLS vacuumgroup and 1.3 x 102’ H/cm3 for thecontrol sample

not cleanedand scannedas receivedfrom SSCL. The hydrogencontentof thebulk Hitachi 101

OFHC copperis alsovery high rangingfrom 6.1 x 1020 H/cm3 for the cleanedsampleto 9.1 x

1020H/cm3 for thecontrol sample. It is surprisingthat theOFHC samplehasso much hydrogen

given theextremelylow solubility of hydrogenin bulk copper. It is not as surprising that the

Silvex coppercontainson theorderor 0.01-0.10at% hydrogensincethematerialwasdeposited

electrochemically.As expectedtheNitronix 40 stainlesssteelhad thelargestbulk concentration

of hydrogen. Interestingly, the surface hydrogen concentration of the stainless steel is

comparableto thecopper samples.

The areadensityof thesurfacehydrogenwas evaluatedby integratingtheareaof a fitted

GaussianpeakseeFig. 8 or an asymmetricdoublesigmoid peakwherethe surfacehydrogen

peakshoweda clear tailing off into the bulk. The surfacearealdensitiesrangefrom: 2.3-2.6

x 1016 H/cm2 for the cleanedcoppersurfaces,3.2-4.7 x 1016 H/cm2 for the uncleanedcontrol

samples,and4.5 x1016H/cm2 for theNitronix 40 sample. A naturalquestionto poseis whether
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thesurfacehydrogenamountsmeasuredusing NRA arecomparableto theamountsof hydrogen

evolvedfrom thesesurfacesduringphotodesorptionexperiments.Photodesorptionofcomparable

materialshasbeendone for both warm [5] and cold SSC beampipes [2]. For thepurposesof

comparison,resultsfrom a warm tube experimenton a cleanbut unbakedSilvex electroplated

coppertubewill be used. The photodesorptionrun exposedthecopper-coatedtubeto 1.0 x lO

photonsper meterat theUlOb facility at Brookhaven. During therun theamountof molecular

hydrogenevolvedwas 1.7Ton-liters. Convertingthis to thetotal numberof hydrogenmolecules

liberated by the synchrotronradiation gives 6.0 x io’ total H2 moleculesfor the one meter

beampipeor 5.8 x 1016 H2/cm2. Thecomparablevaluefrom theNRA experimentis 1.15 x 1016

H2/cm2. The NRA estimateof the surfacehydrogenis within a factor of 5-6 of the measured

warmtubephotodesorptionof hydrogen. When comparedto thecold tube experimentin which

8.0 x 10’ H2 moleculeswere thermallydesorbedfrom a cold tubeafter theapplicationof 1.9

x 1021 photons. The NRA value is clearly larger than the 7.7 x l0’ 112/cm2measuredin that

experiment.It should also be observedthat the amountof surfacehydrogenalso exceedsthat

neededto saturatethe surface 3 x l0’ H2/cm2 by a factor of five.

Comparisonof the NRA datawith previousphotodesorptionexperimentssuggeststhat

the surfacehydrogenpeakbelievedto be connectedto a hydrogen-richsurfacelayer less than

100 A thick containsenoughhydrogento accountfor muchof theunwantedhydrogenthat enters

into the SSCvacuum.Whetherit accountsfor most of the hydrogenis an openquestion. The

resultsareconsistentwith observationsdrawn during warm tube photodesorptionexperiments

that the amount of hydrogen photodesorptionis somewhatsample independentfor unbaked

materials. TheNRA analysissuggestsall unbakedsampleshaveasimilar hydrogen-richsurface
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layerthat is acquiredeither during thecleaningprocessor by exposureto atmosphere.Hence,

it is logical to assumethat thephotodesorptionwill be samebecausethesurfaceshaveacommon

characteristic.

The NRA analysisof theSi wafer providesan importantcheckon the reliability of the

surfaceand bulk hydrogendensity measurements.The Si has an insignificant bulk hydrogen

concentrationand the ‘y -ray signal for bulk Si was two ordersof magnitudesmaller for the Si

than the best copper sample. The surfacehydrogenpeakwas smaller for Si than the copper

samples. Hydrogen contaminationof copper surfaces was also studied in conjunctionwith

efforts to developa cold neutron "bottle" [6]. For an unbakedCu bottle showinghigh neutron

capturelosses, the peaksurfacehydrogenareadensity was2 x 1016 H/cm2. In thecaseof the

copperstudied for the neutronbottle, the hydrogencontaininglayer wasestimatedto be 30 A

thick. The surfacehydrogenvaluesmeasuredfor Silvex electrodepositedcopperandHitachi 101

OFHC copper arecomparableto thosemeasuredfor similar coppersamplesover fifteen years

ago [6].

NRA analysis was also doneon some copper sampleselectroplatedin a heavy water

solution, a gold film and a nickel film Figs. 14-19. All thesamplesshoweda hydrogen-rich

surfacelayerand thecopperfilm madein heavywaterhad thesamebulk hydrogenconcentration

as the Silvex copper sample. The gold film had nearly two orders of magnitudemore bulk

hydrogenthan thecoppersamplesandeven morehydrogenthan the Nitronix 40 stainlesssteel.

The Ni film resembledtheNitronix 40 samplein theamountof hydrogen. Clearly, theplating

procedureshaveaprofoundimpacton theamountof hydrogenincorporatedin thesamples. The

amountof hydrogenuptakeduring electroplatingis not clear. The idea behind using a heavy
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watersolvent was to substitutedeuteriumfor hydrogenduring electroplatingand hopethat the

physical propertiesof deuterium would minimize its escapeinto the vacuum.The N’5-based

NRA can alsodetectdeuterium,but a careful examinationof the y -ray spectrumshowedthat

thesamplescontainedlittle or no deuterium. This castsdoubton theincorporationof hydrogen

and certainly deuteriumfrom the water used in electrodeposition. The culprit might be the

additivesusedduring various electrodepositionprocessto control various thin film properties.

Figures20 & 21 showplots of the surfacehydrogenpeaksfor cleanedand not cleaned

Silvex electroplatedcopperandHitachi 101 OFHCcopper.The NRA techniquecan discriminate

betweenthecleanedand not cleanedsurfacesand show: 1 the amountof surfacehydrogenis

reducedupon cleaning and 2 thethicknessof the hydrogen-richsurfacelayer is reducedby

cleaning.

IV Summary

The NRA experimentdetailed in this report provides useful new data concerningthe

amountof hydrogen in candidateSSC beam pipe materials.All of the samplesstudied have

hydrogen-richsurfacelayers that contain on theorder of 2-5 x 1016 H/cm2. This is comparable

in magnitudeto theamountof hydrogenevolvedduring warmtubephotodesorptionexperiments

where io-iCP photons/m10 -10’s photons/cm2are applied to the surfacesof beampipe

materials. This suggeststhat thesurfacelayercontainsa significantfraction, if not, most of the

hydrogenbeing convertedto molecularhydrogenin the beampipe. Hydrogendiffusion from

thebulk may alsobe a problemanda superficial assessmentof theresultsshowsthat thebulk
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copperhydrogendensitiesaresurprisingly large i.e. on the order of 0.01-0.1at % H.
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Table I

Nuclear Reaction Cross Section Characteristic?

Reaction ‘5N + H l5 + H

Resonanceenergy [MeV] 6.385 13.35

Cross sectiondo
at resonance[mbj

1650 1050

Resonancewidth 1’ [keVi 1.8 25.4

u0I’ [mb * key] 2970 26700

Relativeyield 1.000 9.0

dE/dx in Si [MeV/jzm] 1.45 1.35

I’/dE/dx [ttm] 0.0012 0.0188

Energy of next resonance
[MeV

13.35 18.0

Gamma-nyenergy [MeV] 4.43 4.43

a From Xiong et al. Ref.[3].



TableII

Metal Matrix Parameters Density and N’5 Energy Loss

Element-. Cu Fe Au Si

Z 29 26 79 14

p g/cm3 8.96 7.86 19.3 2.33

n 1Oatoms/
cm3

8.46 8.06 5.90 5.0

dE/dx MeV/
mg cm2

3.78 4.53 2.02 6.05

dE/dx
MeV/i

3.39 3.56 3.89 1.41



Table III

HydrogenDensitiesin SSC Beam Pipe Materials

Material p surfacepeak
H atoms/cm3

p bulk
H atoms/cm3

Surfacep
H atoms/cm2

Silvex cleaned 4.8 x 1022 1.5 x 102* 2.3 x 10*6

Silvex not cleaned 4.5 x 1022 1.3 x 10 3.2 x 1016

Hitachi 101
cleaned

3.9 x 1022 6.1 x 1020 2.6 x 1016

Hitachi 101
not cleaned

4.9 x 1022 9.1 x 102° 4.7 x 1016

Nitronix 40
not cleaned

5.9 x 1022 2.8 x 102* 4.5 x 1016

Silicon Wafer 9.0 x 102’ < 10’s 9.3 x io’
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