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REANALYSISOF TRITIUMPRODUCTIONIN A SPHEREOF
●LiD IRRADIATEDBY 14-MeVNEUTRONS

by

L. R. Fawcett,Jr.

ABSTRACT

Tritiumproductionand activationof’radiochemicaldetectorfoilsin a
sphereof 6LiDirradiatedby a centralsourceof 14-MeVneutrons has been
reanalyzed.The 6LiDsphereconsistedof 10 solidhemisphericalnested
shellswith ampulesof 6LiH,7LiH,and activationfoilslocated2.2,5, 7.7,
12.6,20, and 30 cm from the center. The Los AlamosMonteCarlcNeutron
PhotonTransportCode (MCNP)was used to calculateneutrontransportthrough
the 6LiD,tritiumproductionin the ampules,and foilactivation.The MCNP
inputmodelwas three-dimensionaland employedENDF/B-Vcrosssectionsfor
transport,tritiumproduction,and (whereavailable)foilactivation.The
reanalyzedexperimentallyobserved-to-calculatedvaluesof tritiumproduction
were 1.053+2.1$in ‘LiHand 0.999+2.1%in 7LiH. The recalculatedfoilac-
tivationo=served-to-calculatedr=tioswerenot generallyimprovedover those
reportedin the originalanalysis.

I. INTRODUCTION

The objectivesof thisexperimentwere (1) to investigatethe transport

of 14-MeVneutronsthrough6LiDand (2) to determinethe productionof

tritiumby these(andall othernewborn)neutronsin both ‘Li and 7Li. The

experiment,althoughsimilarto theWyman experiment,] differsin thatWyman

measuredtritiumproductionin 7Li fromneutronspassingthrougha (natural

lithium)LiD sphere.

To accomplishthe statedobjectives,a 60-cm-diamGLiDsphereconsisting
of a seriesof nestedsolidhemisphericalshellswas assembledwitha 14-MeV

J



neutronsourceat the center. Integraldeterminationof the neutronenergy

and fluxas a functionof distancefrom the centerof the spherewas madeby

radiochemicaldetectorfoilsplacedon and betweenthe shellsat severaldis-

tancesfrom the source. Tritiumproductionmeasurementsweremade with

quartzampules(somefilledwith ‘LiHand otherswith 7LiH)placedbetween

the shellsat variousdistancesfrom the centralneutronsource. Comparison

of reactionratesdeterminedby experimentand calculationteststhe ability

tocalculatethe integralover energyof the productof evaluatedcrosssec-

tionsand calculatedfluxes.

The originalanalysisof the experimentwas reportedin 1978.2 Although

in many casesthe calculatedvaluesfor both tritiumproductionand

radiochemicalactivationmatchedwellwith the experimentaldata,in other

casestheydid not. Since 1978 the capabilitiesof the transportcodehave

been expanded,and many ENDF/B-Vcrosssectionshave been formattedfor use

in thatcode. In addition,factorssuchas roomreturnwere not considered

in the originalanalysis,and thosefactorsneededto be investigated.Thus

thisreanalysisis presented.

II. EXPERIMENTALARRANGEMENT

The report,LA-7310,2describesin depththe detailsof the experiment,

and the readeris urgedto referto thatdocument. Only a briefreviewof

salientexperimentaldetailsis presentedhere. The 6LiDconsistedof 10

solidhemisphericalshellsof averagedensity0.7425g/cm3and isotopiccom-

position95.6 (at.%)6Liand 4.4 (at.%)7Li. Theseshellsweremachinedso

theycouldbe fittedtogetherto forma solidsphere,exceptfor a small

sphericalcavityat the centerto housethe tritiumtargetand threesmall-

diametertargetaccesschannels. The shellradiiwere such that

radiochemicaldetectorfoilscouldbe placedat 2.22,5, 7.62, 12.6, 20, and

30 cm from the centerof the sphere. Quartzampulesfilledwith 6LiH (sLi

95.5 at.%),7LiH (7Li99.9at.%),and air (forbackgroundmeasurements)were

placedin alcovesmachinedto accommodatethemat eachof the aboveradii,

exceptfor the 2.22-cmposition.

Neutrons(14-MeV)wereobtainedfrom the 3H(d,n)”Hereaction. A tritium

targetwas placedin the centralcavityand 300-keVdeuteronsfrom a

2



Cockcroft-Waltonacceleratorimpingedon the target. The C-W targetassembly

with someof the nestedshellsin placearoundit is shownin Fig.1.

Figures2 and 3 show the orientationof the ampuleswith respectto the

deuteronbeam. The physicalcharacteristicsof the ampulesare describedin

LA-731O. Figure2 showsthe orientationof the foilswithrespectto the

deuteronbeam. The foil nuclideswere “sSC,‘9Y, ‘OZr,169Tm,lglIr,lg31r,
197jju, 2351J, and 23*U. Detailson foil size,thickness,mass,and packaging

have beendescribedby G. W. Knobeloch.*

The combinationof compound-nucleusrecoiland targetthicknessproduced

smallbut possiblysignificantdeparturesfrom isotropyin neubronsource

energyand flux. Beforethe shellswere put intoplacearoundthe target,

the neutronfluxwas mappedover47 sr. For the originalanalysisthemapped

fluxand energyanisotropyinformationwas modeledintoa neutronsourcefor

calculationalpurposes. The samesourceroutinewas used in thisreanalysis.

The totalnumberof sourceneutronswas (9.42+0.28)x101S.—

III.ANALYSIS

The Los AlamosMonteCarloNeutronPhotonTransportCode (MCNP)3was

used to calculateneutrontransportin the 6LiDas wellas tritiumproduction

in the ampulesand foilactivationthrough

\
$i(E)oj(E)dE,

where:

@i iS the IIWtrOn fluencein (neutrons.cm-2.MeV-1) at ampuleor foil position

i, and

‘J is the reactioncrosssectionfor reactionj.

The geometryof the ‘Li shellswas modeledaccordingto the specifica-

tionscontainedin LA-731O,Part I, TableI. Threesmall(19,11.5,and 19

mm diam)channelswere cut intothe 6Lf shellsto accommodatethe a monitor,

. ‘H+beam,and coolingtubes(seeFig. 1). Thesetubes,theirchannelsand

3

—--—--—*Informationprovidedby G. W. Knobeloch,LOS AlamosScientific:Laboratory
officememorandumto D. W. Barr (April13, 1976).
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Fig. 2. Orientationof ampuleand foilplanes. Ampules145 and 164 are to

illustratehow w is measuredfrom the x-z planewith u=O on the -x

sideof they-z plane.

the tritium targetwaferwerenot includedin the MCNP model. The justifica-

tionfor theirexclusionis basedon the fact that thistubingapparatus

containingthe targetwaferwas in placewhen the 4m sr fluxmap was

measured. Therefore,any disturbancein the 14-MeVflux fromneutron

penetrationof the tubesor targetbackingis alreadyincludedin the source

routine.

E. Goldberg”has independentlyinvestigatedfor thisexperimentthe com-

binedeffectof the threechannelson tritiumproductionin the ampulesand

foilactivation.Goldbergcalculated‘channelcorrections”for bothampules

and foils. Generallythesecorrectionsfor tritiumproductionwere less than

1% exceptfor 6LiHat the 12.65-cmposition,wherethe correctionfactor

wouldincreasethe calculatedvalueby 3$. For foilactivationthe channel

correctionswere all 1% or less.
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A. TritiumProduction

All tritiumproduction

ampulemodeledfor theMCNP

calculationswere three-dimensional,with each

inputfile in the preciseexperimentallocation

listedlaterin TableIII (Resultssection). A typicalinputfile is at-

tachedas AppendixA. Althoughthe sphericalampuleshad stemson them,they

were treatedas sphereswithoutstemsto simplifythe geometricmodel. The

ampuleradiiused in the calculations(5 mmat the 5- and 7.7-cmpositions

and 9 mm at all otherpositions)matchedthe outsideratherthan

the insidediametersto make an approximateallowancefor stemvolume. The

LiH mass modeledintoeachampulewas takenfromLA-731O,Part I, TableVI.

The quartzshellof approximatelyl-mm thicknesswas not modeled.

Two sets of crosssectionswereused for both transportand tritiumgen-

eration. The firstset*was the sameas thosein the originalanalysis. The

purposeof usingthe same crosssectionsas usedby Jon Wallacezwas to in-

vestigatehow well the currentcalculatedvaluesof tritiumproductionwould

matchthoseof LA-731O. IndeedTableIII (Resultssection),whichcontains

the tritiumproduction,indicatesa goodmatchampule-for-ampulebetweenthe

resultsextractedfromLA-731Oand the presentwork for 7Li. The matchis

poorfor ‘Li ampulesat the 7.7- and 30-cmradialpositionsin that the cal-

culatedvaluesbetweenthisand the earlierwork differby 14% to 40%.

The largemismatchat thesetwo radialpositionswas expected. In the

originalanalysis,2to improvestatisticsthe ampuleradiiwere increased

from5 to 6 mm and 9 to 15.3mm in the 7.7-cmand 30-cmpositionsrespec-

tivelywithoutchangingthe ‘LiHdensity. Thus,the amountof hydrogenin

theseampuleswas increasedin the transportcalculations.This extra

hydrogencausedan artificialovermoderatingeffectin theseampulesthat

significantlyincreasedthe calculatedtritiumproductionby foldingan in-

creasedpopulationof slowerneutronswith correspondinglyhigher6Li(n,t)a

crosssections. A similareffectis suppressedin 7LiH-filledampulesbe-

causethe 7Li tritiumproductioncrosssectionhas a 2.8-MeVthreshold.A

sensitivitystudyin the currentwork indicatesthe degreeof importancefor

6LiH-filledampulesto be modeledwith the correctmass of 6LiH. An MCNP run

*ENDFJB-111 cross-section sets were employedfor both transportand tritium
productionexceptfor ‘H,for whichthe 1967 UK/LosAlamosevaluationwas
usedfor transport.

7



showedthat increasingthe radiusof the outermostampulesfrom0.9 cm to

2 cm withoutadjustingthe 6LiHdensityto keep the mass constantresultedin

a greaterthan30% increasein the calculatedvaluefor tritiumproduction

per 6Li atom.

The secondset of crosssectionsusedfor both transportand tritium

generationwas from the ENDF/B-Vevaluation.*It is upon thesecrosssec-

tionsthatthisreanalysisis based.

The isotopicabundancein the 7LiHampuleswas 99.9%7Li and 0.1% ‘Li.

In the calculationsthe 7Li ampuleswere treatedas if theycontained100%

‘Li. The isotopicabundancein the 6LiHampuleswas 95.5%6Liand 4.5% ‘Li.

In thiscase the 4.5% ‘Liand 95.5%‘Li tritiumproductioncontributionswere

calculatedand addedso thatthe calculationalmodelmatchedthe experiment

precisely.

B. RadiochemicalDetectorFoils

The radiochemicalactivationcalculationswere three-dimensional(using

pointdetectors)for neutronenergiesabove0.1 MeV and one-dimensional

(UsingSUrfaCehllieS) for energiesbelowO.1 MeV. Thus,the calculated

valuesof foilactivationconsistof the sum of two calculations.Of course,

one wouldpreferto use the three-dimensionalmodeloverall neutron

energies. Howeverpthe pointdetectorsrequireprohibitiveamountsof com-

putertimeper neutronhistorywhenneutronsare followedintothe lower

energyranges.

The two-partcalculationis thoughtto be justifiedon the premisethat

the downscatteredneutronfluenceapproachesisotropy. In

analysis,pointdetectorswere usedfor energiesabove7.4

talliesbelow7.4 MeV.2

Pointdetectors,whichweremodeledin the inputfile

tal coordinatesof the foils,tally

location. A surfacetallyproduces

31ENDF/B-V cross sections were used
ceptfor 2H and ‘Li,for whichthe

the neutronfluenceat

the original

MeV and surface

at the experimen-

the detector

an integratedfluenceover an entire

for transportand tritiumproduction,
1982Los AlamosGroupT-2 evaluations

ex-
were

employed. The GroupT-2 evaluationfor 7Li is the same-asENDF/B-VRevision
2. The 2H evaluationis the sameas ENDF/B-Vexceptthe libraryusedhere
has beenupdatedwithcorrelatedenergyangulardistributionfor the (n,2n)
reaction.

8



surface. To obtainacceptablestatistics,the pointdetector?unsrequired

100 000 histories;the surfacetallyruns requiredat least2011000 histories

and in somecasesas many as 600 000.

In general,two setsof crosssectionswere usedfor both transportand

radiochemicalfoilactivation.The firstset was the sameas thoseused in

the originalwork2exceptfor a9y(n,y) activation in whicha f~le‘as

preparedforMCNP thatwas similarto thatused in LA-371O.* Again,the pur-

poseof usingthe same crosssectionsas wereused in the previousanalysis

was to investigatehow well the currentcalculatedvalueswouldmatchthose

obtainedby Jon Wallace2. AppendixB is a comparisonof the experimentally

observed-to-calculatedratiosbetweenthiswork (basedon crosssectionsfrom

the previousanalysis)and the resultsin LA-731O.

The secondset of crosssectionsusedfor transportthroughoutthis

reanalysiswas from the ENDF/B-Vevaluation.ENDF/B-Vcrosssectionswere

alsoused for activationin thosecaseswheretheywere available, In cases

whereENDF/B-Vdosimetrycrosssectionswerenot availableor otherdosimetry

crosssectionswere used in additionto thoseof ENDF/B-V,thosecrosssec-

tionsare identifiedin TablesV & VI in the Resultssection.

c. Perturbations

The effectsof severalphysicalphenomenawere automaticallyincludedin

the experimentalresults. Thesephenomenawere investigatedin the theoreti-

cal analysisto determinewhethertheirinfluenceson the systemwerelarge

enoughto be includedas correctionsto the calculatedvalues.

1. Self-and Cross-Activation

In the foilpositionscloseto the neutronsource,somefc>ilswere

packagedon top of one anotherto conservespace. Thus not onlywouldthere

be self-activationof a foil fromneutronsbornwithinit, but also cross-

activationfromneutronsborn in the superimposedfoil penetratingthe first

*Fileprovidedby R. C. Littleand R. E. Seamon,Los AlamosNational
Laboratory,ItCrossSectionsfor 89Y(n,Y),1!memorandumto L. R. Fawcett,Jr.
(JulY21, 1981).
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foil. The magnitudeof self-and cross-activationwas calculatedfor radia-

tivecapture(usingMCNP) in the innermostposition,wherethe effectwas

expectedto be most pronouncedbecausethe 14-MeVfluxcomponentwas highest

and therebypermittedneutronproductionfromhigh-thresholdreactions. In

the 2.22-cmpositionlg7Auand 23eUfoilswere packagedon top of eachother.

The followingcontributionsfromneutronsborn in thesefoilswere

considered:

a. (n,y)activationin 23’Uand 197AUf’rom f’ission neutronsborn in

238u?
b. (nty)activationin 238u and 197AUfrom (n,.2n) neutronsborn in

238u.

c. (njY) activationin 238Uand 197AUfrom (n,sn) neutronsborn ‘n

238u, and

d. (n,Y)activationin 2381Jand 197AUfrom (n,2n)neutronsborn in
197AU,

When contributionsa. throughd. were addedand comparedto the totalactiva-

tionfromall otherneutrons,it was foundthatthe self-and cross-

activationeffectsweresmall:238U(n,Y),1.9% and 197Au(n,Y),1.1%.

Nevertheless,thesecorrectionsare includedin TablesV and VI in the

Resultssection. Contributionsa. throughd. were also calculatedfor (n,f)

in 230Uat the 2.22-cmposition. The effectwas verysmall(0.1%). Self-

and cross(n,2n)-activationswere not calculatedbecausethe vastmajorityof

newbornneutronshave

197Auand 236U.

2. Room Return

energiesbelowthe thresholdfor the (n,2n)reactionin

The experimentwas performedin a largesteeland concreteroom. The

roomwas measuredwith respectto the locationof the 6LiDsphereand modeled

forMCNP.

themodel.

foilsfrom

1% for the

tributions

Structuresand equipmentaroundthe spherewere not includedin

The calculatedcontributionto the activationof the outermost

neutronsthatescapedthe sphereand laterreturnedwas less than

severalmaterialsand reactionsconsidered.The room returncon-

are summarizedin TableI. Becausethesecontributionsare less

than1%, theyare not includedin the radiochemicalactivationresults

presentedin TablesV and VI (Resultssection).

10



TABLE I

ROOMRI%TURN

FRACTIONALCONTRIBUTIONTO ACTIVATIONOF THE FOILSAT 30 CM

Nuclide

235U

238U

45~c

89Y

169Tm

~97Au

238U

%he high-threshold
sidered because
degradedin energy.

3. Off-CenterSource

Reactiona

(n,f)

(n,f)

(n,Y)

(n,Y)

(n,Y)

(n,Y)

(n,Y)

energy(n,2n)

Fractional
Contribution

.0023

.0004

.0062

.0072

.0076

.0064

.0056

reactionswere not con-
returningneutronsare likely to be

It cannotbe determinedwhetherthe neutronsourcewas off center;

however,observed-to-calculatedratiosconsistentlylargerthanunityfor the

(n,2n)activationsin the 2.22-cmposition(seeTableVI, Resultssection)

leadone to considerthe possibilityof the sourcebeingcloserto the foils

thanit was supposedto havebeen. MonteCarlocalculationsweremade for

selectedfoilswherethe neutronsourcewas positionedoff centersuch that

it was 2 mm closerto the foils. The ‘on-centerVand ~off-center~calcula-

tionsare comparedin TableII and discussedin the sectionon results.

4. ChargedParticleProduction

It is well knownthatwhen 14-MeVneutronspenetrate‘LiD,abundant

high-energychargedparticlesare produced. Some of thesechargedparticles

11



Reaction

89Y(n,2n)

‘97Au(n,2n)

238U(n,2n)

238U(n,f)

197Au(n,Y)

238U(n,Y)

TABLE II

SOURCEOFF-CENTERCOMPARISONS
(ForSowce 2 mm Closerto Foils)

OBSERVED-TO-CALCULATEDRADIOCHEMICALACTIVATIONS

Neutron
Source
Position

CENTERED
2 mm

CENTERED
2 mm

CENTERED
2 mm

CENTERED
2 mm

CENTERED
2 mm

CENTERED
2 mm

FoilDistanceFromSphereCenter(cm)

2.22

1.255
1.039

1.140
0.944

1.168
0.969

1.253
1.040

1.522
1.480

1.477
1.394

5

1.003
0.915

0.986
0.895

1.148
1.054

1.068
0.984

1.327
1.311

1.265
1.242

7.62

1.000
0.968

0.892
0.876

1.075
1.o64

1.037
0.985

1.166
1.143

1.135
1.114

12.6

0.953
0.886

0.958
0.901

1.111
1.104

1.075
1.052

1.o46
1.o6o

1.005
1.020

interactwith 6LiD to producesecondaryneutrons. Indeedwe have calculated

the chargedparticleproductionfor this ‘LiDsphere. For eachsource

neutron,4.5 deuterons,1.4 alphas,0.8 tritons,and 0.25 protonsare

produced.UnfortunatelyMCNP,as currentlyconstructed,doesnot transport

chargedparticles.Therefore,the numberof new neutronsproducedby these

chargedparticlesis unknownbut couldhavebeen significantin the ex-

perimentalresults.

D. Errors

Valuescalculatedby theMCNP TransportCode are accompaniedby a

statisticalerrorcorrespondingto one fractionalstandarddeviationof the

mean. No estimatesof cross-sectionuncertaintiesare included. The preci-

sion of the experimentalvalueswere takenfromD. W. Barrsand LA-731O.

12



Theseare the uncertaintiesassignedto observedand calculatedvaluesfound

in TablesIII and V (Resultssection). In addition,for tritiumproduction

the experimentersestimated6$ systematicerrorin the observedvalueszbe-

causeof normalizationsand the standarddeviationin the neutronsource

strength. Generallythe errorsquotedon observed-to-calculatedratiosare

for one fractionalstandarddeviationand consistof the squarerootof the

sum of the squaredexperimentaland calculatedfractionalerrors. When un-

certaintieswere derivedby otherformulations,themethodis explainedby

footnotesto the tables.

IV. RESULTS

A. TritiumProduction

TableIII containsthe tritiumproductionfor eachampuleand the cor-

respondingobserved-to-calculatedratios. The layoutof the tableis such

thatone may readilycomparethe calculatedvaluesfromLA-731Owith thoseof

the presentwork. Whereasspecifictritiumproduction,f(r),is reportedin

LA-731O,the absolutetritiumproduction,N, is reportedhere. Absolute

tritiumproductionis definedas the numberof tritonsproducedper Li atom

in an ampulefor the totalnumberof sourceneutrons.

tritiumproductionare relatedby

N = f(r)n ,

4nr2

where

f(r) is in unitsof tritonsproduced.mm2
Li atom.sourceneutron

n is thenumberof sourceneutrons,and

r is the distancefrom the neutronsourceto the

mm.

TableIII shows

to-calculatedratios

in the presentwork.

thatENDF/B-Vcrosssectionsdid

Specificand absolute

centercjfan ampulein

not improveobserved-

in 6Li over thosewhereLA-731Ocrosssectionswereused

The improvementin 6Li ratioscameabout.by calculating
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TABLE 111
TRITIW PnooucTIoU- 06SERVE0ANo cALCULATEoa

Li ~le
Isotope No

6 136
137
145

138
139
140

141
142
143

104
111

106
110

7 183
186

147
173

149
171
172

101
114

103
109

Location

-b

(~) (ded

299.5 20
299.5 - 20
299.5 135

201.5 - 15
201.5 - 35
201.5 -145

127.5 - 30
127.5 -135
125.5 30

77.64 - 55
76.66 40

51.2 - 45
49.5 50

299.5 - 20
299.5 120

201.5 -125
199.5 35

127.5 - 30
125.5 30
125.5 135

77.68 - 40
75.66 55

49.5 - 50
51.5 45

N(obs)cx 10’3
Experiment

(
TritonsProduced

Li At- )

14.3 : 6S
15.0 i 6$
15.0 : 6$

37.6 * 6$
36.4 * 6S
41.7 i 6$

63.9 i 6\
65.2 : 6\

103 : 6S
101 i 6$

0.949 t 6S
0.937 : 6S

11.7 t 6S
11.9 t. 6S
11.9 : 6$

38.5 : 6$
38.3 : 6S

91.7 i 6$
91.0 : 6S

IA(Calc)ex 10’3
Il(calc)dx 10’3 PresentWork

LA-731O LA-731O 0’s

(‘rit~Ap&y-”l(TrityAp~d”cw
2.53
2.56
2.35

15.0
14.0
14.5

36.6
33.9
35.9

74.2
75.4

95.5
101

1.00
0.911

3.93
3.97

13.6
13.5
12.8

42.7
46.5

106
101

%he ouoted uncertainltles on both observed and calculated values
are for one fractional standard deviation. In addition, there 1s
an eatleated 6Z systematic error in the observed values which 1s
not factored into the errors quoted here.

bAngles above the parting plane in the experimental configuration
are poaitive;anglesbelow the partingplaneare negative.

%bserved tritiumproductionextractedfra LA-7310, Table VI. P.12.
(Tr~tona producedper Li atom by 9.42 x 10’5 Sourceneutrons.)

%alculated tritiumproductionextractedfromLA-7310, TablesVII and
IX, PP.22-23. (Tritona producedper Li atom by 9.42 x 10’5 source
neutrona.)

1.94
1.83
1.76

14.0
14.8
14.5

37.9
35.8
37.9

65.2
61.6

99.0
98.9

t 9.1s
t 7.5$
* 7.5$

* 3.9s
:4.1s
* 4.3$

: 3.0s
:3.1s
:3.1s

t 4.6S
A 4.2$

: 3.6z
i 3.8$

1.01 : 6.7$
0.908 i 7.3$

3.92 : 4.8$
3.63 i 5.2$

13.8 f 3.2S
13.9 * 3.3s
13.6 : 3.2S

45.9 * 3.3s
46.1 t 3.2S

113 : 2.0$
103 i2.ls

N(Calc)fx 1013
Present Uork
ENOP/B-V 0’S

(Trltons.ProducedLiAtcm )

2.10 : 8.61
1.91 t 6.9S
2.08 * 10.9S

14.3 t 3.7$
13.6 t 3.8$
14.6 : 3.8S

35.7 * 3.3s
36.o i 3.2S
37.8 : 3.4s

64.o * 4.7$
63.5 * 4.3$

96.5 * 3.8$
94.1 i 3.5s

0.911 : 6.7S
0.864 t. 7.2$

3.64 : 4.8$
3.27 t 5.0S

12.0 * 3.3s
12.4 * 3.3s
11.9 : 3.3s

40.4 i 3.3s
41.0 : 3.3s

99.2 : 2.11
89.6 : 2.25

Observed
Calculated

LA-731O

0.814
0.896
1.20

0.950
1.07
1.03

1.03
1.07
1.16

0.861
0.865

1.08
1.00

0.949
1.03

0.863
0.973

0.858
0.884
0.930

0.900
0.823

0.861
0.904

Observ-g Observedg
fialculated Calculated
PresentUork PresentUork
LA-7310 O’S EUOF/B-VOOS

1.o6 i 11S
1.25 : IOf
1.6o t 10S

1.02 i 7s
1.01 t 7s
1.03 t. 7s

0.992 : 7$
1.02 i 7s
1.10 i 7$

0.980 : 8S
1.o6 : 7;

1.04 t 7s
1.02 : 7$

0.940 : 9s
1.03 i 9s

0.867 : 8$
1.o7 t 81

0.846 : 7$
0.855 * 7$
0.876 : 7$

0.839 t. 7$
0.831 ~ 7S

0.812 : 6S
0.883 t 6;

0.981 t 10S
1.20 i 9s
1.35 : 12X

1.00 i 71
1.10 * 7s
1.03 i 7%

1.05 * 7s
1.01 i 7\
1.10 i 7s

0.992 t 7$
1.03 i 71

1.07 t. 7$
1.07 i 7$

1.04 t. 9%
1.o8 x 9\

0.926 : 8S
1.18 t 81

0.973 t 7$
0.960 I 7S
1.00 t 7\

0.953 t. 7$
0.934 : 7$

0.924 t 6%
1.o2 : 61

production calculatedin this work using ENDF/B-111cross%’ritium
~ectiondata for both transport and tritium productionexceptfor

H lnwhich the 1967 UK/LoS Alamosevaluationwas employed in trans-
port. (Trltonsproducedper Li atom by 9.42 x 1015 source neutrons.)

fTritim pr~uctlon calculated in this work usiu ENDF/B-V cross se~
tion data for both transport and tritum production. (Tritons pro-
duced per Li atom by 9.42 x 10’5 sourceneutrons.)

8The quoted errorswere determined froma squareroot of the sum of
the squaresccabinationof the observedand calculateduncertainties.



withampulesat positions7.7 and 30 cm whichcontainedthe correctmass of

‘LiH. For 7Li,the improvementin ratiosis due to the use of ENDF/B-Vcross—
sections.

WhereENDF/B-Vcrosssectionswereusedfor both transportand produc-

tion,the observed-to-calculatedratiosare unitywithinthellmitsof the

quoteduncertaintiesfor 9 of 13 6LiHampulesand 9 of 11 7LiHampules.

Inspectionof the columnheadedN(OBS)in TableIII showsthatthe ex-

perimentalvalueof tritiumproductionper ‘Li atom in ampule;45 was 29$

greaterthanthatof the averageof the otherampulesat 299.5mm. In no

othercasewas therean experimentalvariationbetweenampules(ata given

radius)anywherecloseto thismagnitude. Thereis no knownreasonwhy the

measuredvalueof tritiumgenerationin ampule145 shoulddifferfrom thatof

the otherampulesat the 299.5-mmposition. It was not because145 had the

bestview of the floor. Ampule145 was on the tophemishell. We believe

thatampule145 shouldbe excludedfrom the database.

The averageobserved-to-calculatedtritiumproductionratiothatassigns

equalweightto eachampuleis obtainedby averagingthe observed-to-

calculatedratiosfor a particularLi isotope. When ENDF/B-Vcrosssections
wereused for transportand production,the averageratiofor ‘Li (excluding

ampule145) is

(Obs./Calc.)t in ‘LiH . 1.053 : 2.1%*

The averageratiofor 7Li (includingall ampules)is

(Obs./Calc.) t in 7LiH . 0.999 :2.1%*

The informationpresentedin TableIII is summarizedin TableIV by

presentingthe averagetritiumproductionat eachradius. In Che present

workwithENDF/B-Vcrosssections,the observed-to-calculatedratiosfor ‘Li

rangebetween1.01and 1.09. For ‘Li theylie between0.943and 1.06. If

ampule145 is omitted,theO/C ratiosare unitywithinthe limitsof the

quoteduncertaintiesin 6 of 10 cases. FromTableIV it is evidentthatthe

use of ENDF/B-Vcrosssectionsresultsin improvedobserved-to--calculated

ratiosfor 7Li.
*Thisuncertainty,determinedby the formulationin IIOte e of TableIV, does
not includethe 6% systematic error in the observed values.

.
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In Fig. 4 the averageobserved-to-calculatedratiosobtainedin the

presentwork usingENDF/B-Vcrosssectionsare comparedwithcalculationIV

fromLA-731O,PartII, TablesVI and VIII. For 6Li the ratiosfrom the cur-

rentwork,althoughgreaterthanunity,are more consistentlycloseto one

thanare thoseof LA-731O. That is, the presentworkexhibitsless scatter.

For 7Li the presentresults,althoughexhibitingsomewhatmore scatterthan

thoseof LA-731O,are in generalmuch closerto unity.

B. RadiochemicalDetectorFoils

Exceptfor the neutronsourceroutine,theMCNP inputmodelwas con-

structedindependentlyof thatof the originalanalysis. It was felt thatif

I 6Li
● ENDF/B-v
x LA-7310

n 1.2

r 1.1I AMPULE 145 OMITT~
a ●

x :
-J 1.0 ● :------------------------ ------------,.
3 x
~ ().9

I

x
a 0.8
~

n
IJ.1

7Li

> 1.2
u
UJ 1.1
U) ● ●

m LO -----------------------,---,--------
o ● ● x

●

0.9 x
x x

x
0.8f

o 50 77 127 201 300

RADIUS (mm)

Fig. 4. Averageobserved-to-calculatedtritiumproductionat eachradius.

The presentwork

and production.

of TablesVI and

is basedon ENDF/B-Vcrosssectionsfor transport

The LA-731Ovalueswere takenfrom calculationIV

VII in PartII of thatdocument.
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the previousresultscouldbe reproduced,thatwouldlendweightto the

validityof the presentmodel. When the samecrosssectionsas thoseof LA-

7310were used,the calculatedradiochemicalactivationvaluesproduced

observed-to-calculatedratiossimilarto thoseof the previousanalysis. A

perusalof AppendixB showsthatin only2 of 81 casesdo the ratiosdiffer

by more than10%. Usually,the ratiosmatchwithin1 or 2%. The overall

averagedobserved-to-calculatedratioswere 1.031for the originalworkand

1.011 for the presentwork usingthe samecrosssections.

At thispointit was expectedthatcalculationswith the morerecent

ENDF/B-Vcross-sectionevaluationswouldresultin improvedindividualob-

served-to-calculatedratios. Suchwas not true. The resultsof the

recalculationare presentedin TablesV and VI. TableV containsthe ex-

perimentaland calculatedvalues. TableVI ismore interestingbecausethe

calculatedvaluesare comparedwithexperimentthroughobserved-to-calculated

ratios. Althoughthe most up-to-dateENDF/B-Vcrosssectionswereusedfor

transportthroughout(andfor foilactivationwhen theywereavailable),the

resultsare in many casesunsatisfactory.The use of ENDF/B-Vactivation

crosssectionsdid not generallyimprovethe resultsand for Au(n,Y)made

themworse. Approximately1/3

differfromunityby more than

1. (n,2n)Activation

of the observed-to-calculatedratiosstill

lo%.

Thesereactionsare the most troublesomein

the sameway. The observed-to-calculatedratios

2.2-cmpositionand generallydecreaseto values

thatthe resultsall fail in

are largerthanunityin the

substantiallylessthan

unity in the 30-cmposition. (Seen,2n,Fig. 5.) Even calculatedvalues

fromalternativeactivationcrosssectionsfor lg7Au(n,2n)and 230U(n,2n)did

not mitigatethe problem. Nevertheless,partof the difficultymay lie with

the (n,2n)crosssections. A crosssectionwith smallerpositiveslopenear

the reactionthresholdand a largerpositiveslopenear14 MeV woulddecrease

the calculatedvaluesat deeppenetrationand increasethemcloseto the

source,where14-MeVneutronspredominate.

Possiblythe neutrontransportcrosssectionsmay not be degradingthe

energyof deeppenetrationsourceneutronsquitesoonenough. Small

18
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decreases in neutron energiescorrespondto verylargedecreasesin cross-

sectionvaluesfor thesehigh-threshold-energy(n,2n)reactions.

The shapesof the (n,2n)plotsstronglysuggestan off-centerneutron

source. Movingthe sourceoff centerand 2 mm closerto the foilssolvesthe

problemfor (n,2n)at the 2.2-cmposition;however,thatmove is detrimental

to the previouslyfairlysatisfactoryratiosfor *9Y and lg7Auat larger

radialdistances. (SeeTableII.) Thus a slightlyoff-centersourcecan be

onlypartiallyresponsiblefor the (n,2n)problem.

Finally,enoughhigh-energysecondaryneutronsfromchargedparticle

reactionsmay be producedto make a significantcontributionto the observed

activationvaluesat shallowfoilpositions.

2. (n,f)Activation

Two setsof activationcrosssections(ENDF/B-Vand LA-7310)wereused

for thisreaction. Both producedgoodresultsin all positionsexceptfor

238Uat 2.2 cm. Here againthe calculatedvalueswere significantlyless

thanthe observed. As can be seen in TableII calculatedactil’ationswith

tha sourcemodeled2 mm closerto the foilsbroughtthe 2.2-cmO/C valuevery

closeto unitywithoutdetrimentto the ratiosfor deeperfoils.

3. (n,Y) Activation

Here only the 8gY(n,Y),197Au(n,y) 79197.713 (see footnotesC, d~ and i

of TableV for identification),and 23*U(n,Y)92238.553resultsare accept-

able;all othersdisplayundercalculationin eitherthe ShallOh’ or deep

penetrationregionsor both. 169Tm(n,y) shows OverCalCulatiOn in the rnid-

penetrationregion. Modelingthe neutronsource2 mm closertc,the foilsdid

not significantlyreducethe undercalculationin the shallowpenetration

position. This is not surprisingin lightof (n,Y)crosssectionsbeing

relativelysmallin the high-energyregion. Thus increasing

14-MeVneutronsadds littleto calculatedvalues.

The 197Au(n,Y)79197.713 activation cross-section file,

acceptable results, has the same shape as that of ENDF/B-IV,

the exposureto

whichproduces

but iS

everywhere6% larger.

and VI by 79197.50, is

The newerevaluation,ENDF/B-V,identifiedin TablesV

much lowerin thehigh-energyregion. At 14 MeV the
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ENDF/B-Vevaluationis smallerthanthatof ENDF/B-IVby a factorof 10. At

9 MeV it is smallerby a factorof 39. Usingthe ENDF/B-V(n,Y)fileresults

in grosslyundercalculatedvaluesin the shallowpenetrationregion.

For 238U(n,y)both the crosssectionsets92238.713and 92238.50produce

largeundercalculationat smallradialpositions.However,themodified

cross-sectionset 92238.553(describedin notef of TableVI) producesac-

ceptableresultsat all foilpositions.The resultsfrom 92238.553

demonstratethe sensitivityof calculatedactivationto changesin the
238u(n,y) Cross section at the high-energyend” This cross-sectionfile is

composedof what thewriterbelievesto be the mostreliabledataup to 1.1

MeV. Beyond1.1MeV the cross-sectionvalueswere arbitrarilychosenbased

on an educatedguessas to what the high-energycross-sectionvaluesmust be

to produceacceptablecalculatedactivation.The modifiedand ENDF/B-V

238U(n,y)crosssectionsare comparedin Fig.6.

Figures5a through5n are graphsof datatakenfromTableVI.

v. CONCLUSIONS

Althoughresultsfrom the radiochemicalactivationpart of this

reanalysisleavemuch to be desired,the tritiumproductionresultsfor both

‘Liand 7Li are quiteacceptable.The use of ENDF/B-Vcrosssectionsfor

bothneutrontransportand tritiumproductionand the modelingof ampules

with correctradiiand filledwith the samemass of LiH as in the experiment

producecalculatedvaluescloseto the experimentalvalues. When one takes

intoconsiderationthe uncertaintiesfor eachampuleassociatedwith the ex-

perimental(6%systematicplus 6% statistical)and calculatedvalues(2%-9%

statistical),the observed-to-calculatedratiosare remarkablycloseto

unity.

Why the foilresultsare not comparablein qualityto thosefor tritium

productionremainsunanswered.We are convincedthatourMCNP inputmodel

faithfullyreproducedthe geometryand conditionsof the experiment(except

for the beam,a-monitorand targetinsertionchannels,stemson the ampules,

and the possibilityof an off-centerneutronsource). This statementis sub-

stantiatedby the fact thatwhenwe used the same crosssectionsemployedin

the originalanalysiswe were able to reproducethoseobserved-to-calculated

foilactivationratiosto a highdegreeof precision.
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The investigationof severalfactors(self-activation,roomreturn,and
off-centersource)thatmay have influencedthe experimentalresultsfailed,

withone exception,to materiallyimprovethe observed-to-calculatedratios.

The one exceptionwas the off-centercalculation.Here the (n,?n)and (n,f)
ratiosat the 2.2-cmpositionwere broughtvery closeto unity. However.for

1
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foilsin the 5-, 7.6-,and 12.6-cmpositions,the new (n,2n)calculated

valuesweregenerallytoo largefor 89Yand lg7Au. For thoseobserved-to-

calculatedvaluesof (n,Y)thatwerelargerthanone in the 2.2-cmposition,

movingthe sourceoff centerreducedtheseratiosby only3 to 4%, and the

ratiosfor the more distantfoilswere essentiallyunchanged. In lightof

theseseveralobservationsit can be concludedthatalthoughan off-center

neutronsourcemay have contributedto O/C ratiosfor (n,2n)reactionsin the

2.22-cmpositionbeinglargerthanone,unidentifiedproblemsremainwith

someof the otherO/C valuesthatare stillfar fromunity.

Use of the most recentENDF/B-Vcross-sectionsetsfor neutrontransport

in 6LiDand for foilactivation(incaseswheretheywere available)failed

to improveobserved-to-calculatedratiosand in somecasesmade themworse.

If subsequent(n,2n)and (n,Y)cross-sectionevaluationsfor 197Auand 2SSU

are largerin the 14-MeVregion,one wouldexpectsomegeneralimprovementin

theirobserved-to-calculatedratios.

Finally,the effectof secondaryneutronsborn from chargedparticle

reactionsneedsto be investigated.As mentionedearlier,it is knownthat

chargedparticlegenerationIn this 7LiDassemblyis prolific. Unknownis

whetherthe numberof neutronsbornfrom thesechargedparticlesis

significant.SinceMCNP currentlydoesnot transportchargedparticles,this

questionmust remainunansweredfor now.
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APPENDIXA

TypicalTritiumProductionInputFile

IMCNP VERS1ON BB2B 07/14/81 945OCC1ON2 T 07/14/83 16:00:35
*****************************************.***.************.*****.*****
INP

K
3-
4-
5-
6-
7-
8-
9-

lo-
11-
12-
13-
14-
15-
16-
17-
16-
19-
20-
21-
22-
23-
24-
25-
26-
27-
28-
29-
30-
31-
32-
33-
34-
35-
36-
37-
38-

%-
41-
42-
43-
44-
45-
46-
47-
48-
49-
50-
51-
52-
53-
54-
55-
56-
57-
58-
59-
60-

. TL16D

TRITIUM PRODUCTION IN L16
1 0
4 4 -0.743
64 -0.743
84 -0.743
10 4 -0.743
12 4 -0.743
21 0
136 5 -0.363
137 5 -0.346
145 5 -0.342
138 5 -0.31
139 5 -0.33
140 5 -0.35
141 5 -0.33
142 5 -0.32
i43 5 -0.36
104 5 -0.27
111 5 -0.23
106 5 -0.27
110 5 -0.26

1 so 2.230
SD 5.001

: so 7.616
8 SO 12.602

-1
1 -4 106 110
4 -6 106 110 111 fo4
6 111 104 143 f4f 142
8 -% 141 142 143 138 139

10
140

-12 138 139 140 136 137
12

145
136 137 145

-136
-137
-145

-138
-139
-140
-141
-142
-143
-104
-111
-106

-110

10 so 20.002
12 SO 30.002
136 S -26.44 10.24 -9.624
137 s -26.44 -10.24 -9.624
145 s 19.90 21.18 7.244
138 S -18.29 -5.215 -6.657
139 s -15.51 -11.56 -5.645
140 s f5.5f -41.56 5.645
141 s -10.37 -6.375 -3.776
f42 S 6.472 -9.016 3.084
143 s -10.21 6.275 -3.718
104 s -4.185 -6.360 -f.523
Ili s -5.5f8 4.928 -2.009
106 S ‘3.402 ‘3.620 -1.238
?10 s -2.990 3.792 -f.088

0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.9
0.5
0.5
0.5
0.5

IN 1 1 1 1 1 204 12R
MODEO
SRc .21 .4889 14.13 0 0 0 0 .5201 14.13 .5105 14.13 0
FILES 14 BBSRC
EO 1-6 1-5 1-4 1-3 1-2 1-1 2-1 5-1 1.0 2.0 5.0 10.0 13.0 15.5 20.0
F4 136 137 145 138 139 140 141 142 ~43 104 111 106 110
FM4 0.942E-8 1 205
F24 136 137 145 138 139 140 f4f f42 143 104 111 106 110
FM24 0.942E-8 2 205
Ml 3006.50 1.0
M2 3007.55 1.0
M4 1002.55 0.5 3006.50 0.4782
M5

3007.55 0.0246
1001.50 0.5 3006.50 0.4775 3007.55 0.0225

NPS 300000
CTME 60
TOTNU
ERGN O 20.0
CUTN 1.0E123 1.OE-7 -0.1 -0.05
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Reaction

89Y(n,2n)

90Zr(n,2n)

169Tm(n,2n)

19’ Ir(n,2n)

197Au(n,2n)

238U(n,2n)

‘931r(n,2n)

‘9’ Ir[n,Y)

‘931r(n,n’)

235U(n,f)

238U(n,f)

45Sc(n,Y)

89Y(n,Y)

‘69Tm(n,Y)

‘97Au(n,Y)

238U(n,Y)

APPENDIXB

Ratio o? Observed-to-CalculatedaRadlochemlcalActivations:
A Comparison of the Present Work (Based on LA-7310 Cross Sectimm)

and the Results frca LA-7310

Activation

Cross Section

39089.713b
w

40090.7032
,1

69169.713
II

77191.713
II

79197.713
II

92238.713
n

77193.703

77191:713

77193.713
II

92235.7J3
II

92238.713
n

21045.713
11

39089.113d
It

69169.713
n

79197.713
II

92238.713
u

Notes

LA-731OC
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O

Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-731O
Present Work

LA-7310
Present Work

LA-731O
Present Work

LA-731O
Present Work

Distance frcxn Source (cm)

2.22

1.256
1.254

1.135
1.128

1.136
1.118

1.163
1.172

0.971
0.906

1.026
1.034

1.438

~he neutron transport cross sections used to ob-
taincalculatedvaluesWerethesameasthoseem-
ployed in LA-731O. They were from the ENDF/B-111
evaluation except for 2H where the 1967 UK/Los
Alamos evaluation was used.

bActivation cross sections identified by .703 and
.713 are Cross 9eCLiO?ISeb3used in LA-7310. They
are described in:P.Soran,Los Alamos Internal
Document, Table I (June 16, 1981).

1.575

5.00

1.035
1.037

0.983
0.995

1.004
0.993

0.999
0.989

0.979
0.970

1.102
1.o8o

1.o61

1.067

0.740
0.748

1.030
1.o16

0.992
0.969

1.054
1.o61

1.015
1.031

0.962
0.973

1.059
1.099

1.243
1.248

7.615.-—

1.039
0.979

0.992
D.9~8

0.997
0.934

0.984
0.922

0.974
0.912

1.057
1.025

1.062

1.060

0.793
0.750

1.001
0.961

0.999
0.968

1.077
1.061

1.028
1.051

0.943
0.930

1.041
1.032

1.189
1.194

12.60——

0.984
1.002

0.941
0.962

1.003
1.019

0.921
0.936

0.939
0.954

1.032
1.011

0.994

0.993

0.908
0.888

1.00U
0.987

0.998
0.932

1.084
1.08?

1.011
1.032

0.878
0.865

0.983
0.973

1.129
1.107

20.00

1.020
0.985

0.849
0.829

0.992
0.956

0.916
0.883

0.925
0.892

1.058
1.064

1.007

0.998

1.453
1.390

0.989
0.943

0.995
0.970

1.085
1.046

0.978
0.988

0.860
0.827

0.964
0.939

1.107
1.011

30.00

0.966
0.907

0.819
0.773

0.973
0.940

o.f375
0.846

0.919
0.887

1.085
1.012

1.046

1.028

1.047
0.981

1.121
0.997

1.438
1.384

0.991
0.990

1.404
1.346

1.079
1.031

1.166
1.120

CLA-7310, P.26, Table XII.

%ross section set .113 is similar to that used in
LA-731O and is described by R. Little and R. Sea-
man, Los Al mos National Laboratory, ‘Cross Sec-
tions for ‘9Y(n,Y), II memorandum to L. R. Fawcett

(JUIY 21, 1981).
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