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"Li(p,n) NuclearDataLibrary for IncidentProton
Enegiesto 150MeV

S.G. Mashnik,M. B. Chadwick,P. G. Young,R. E. MacFarlane,andL. S. Waters
Los AlamosNationalLaboratoryLos Alamos,NM 87545

Abstract

Researcherat Los AlamosNationalLaboratoryare consideringthe possibility of using
theLow Enegy DemonstratiorAccelerato(LEDA), constructect LANSCE for the Ac-
celeratorProductionof Tritium program(APT), asa neutronsource. Evaluatednuclear
dataareneededor the p+'Li reaction,to predictneutronproductionfrom thin andthick
lithium targets. In this reportwe describeevaluationmethodsthat makeuseof experi-
mentaldata,andnuclearmodelcalculationsto develop an ENDF-formatteddatalibrary
for incidentprotonswith enegiesup to 150 MeV. Theimportant”Li(p,n,) and”Li(p,n,)
reactionsare evaluatedfrom the experimentaldata, with their angulardistributionsrep-
resentedusing Lengendregpolynomial expansions. The decayof the remainingreaction
flux is estimatedrom GNASH nuclearmodelcalculations.This leadsto the emissionof
lower-enegy neutronsand otherchaged particlesandgamma-raysrom preequilibrium
andcompouncdhucleusdecayprocesses.

TheevaluatedENDF-dataaredescribedn detail,andillustratedin numeroudigures.
Thesadataneedo betestedhroughusein radiationtransporsimulationsof thin andthick
lithium targetsbombardedy protons.



|. INTRODUCTION

As a partof the AcceleratoProductionof Tritium (APT) Project[1], theLow Enegy
DemonstratiorAccelerato(LEDA) hasbeenconstructedtthe Los AlamosNeutronSci-
enceCenter[2]. LEDA is a high-curreniow-enegy protonacceleratothat canbe used
to provide a sourceof neutronsfollowing protonbombardmenbn suitabletargets. For
instance high-Z targetscanbe usedto producespallationneutrons.However, thereis a
recentinterestin the useof a Li target, which, whenbombardedvith protons,canpro-
ducearelatively high yield of quasimonoenegetic neutronsin the forward directionvia
the "Li(p,n) reaction. In particular this reactionmay be usefulto provide neutronswith
enegiesnearl4 MeV, for materialgestingfor thefusionprogram.

In additionto the above application,quasimonoengetic and broadneutronsources
areneededor researchn otherareasn nuclearscienceandtechnologye.g. accelerator
transmutatiorof waste(ATW), radiationdamagestudiesmedicalisotopeproductionand
physicscrosssectionexperiments.

In orderto assesshe feasibility of usinga lithium targetto produceneutronsaccu-
rate evaluatedcrosssectiondataare needed.Thesedatacanbe usedto predictthe neu-
tron yield, aswell asthe neutronenegy andangulardependenciedrom both thin and
thick targets.(Thin targetsallow the possibility of producinggquasimonoenegeticneutron
sources, whereaghickertargetsproducebroad-spectrumeutronsources.)

This reportis organizedasfollows. Sectionll providesanoverview of reactionghat
canbe usedto provide neutronsourcesandSectionlll summarizesneasurediataavail-
ablefor the "Li(p,n) reaction. Thesedatainclude both high-enegy neutronsthat popu-
late the ground-statendfirst excited stateof "Be, aswell aslower enegy neutrongrom
the excitation of otherberyllium statesandcontinuumneutronsrom break-upreactions.
SectionlV describeur evaluationmethodsbasedon useof experimentaldataaswell
asnuclearmodelcalculationsIn SectionV we provide somefiguresthatillustratecertain
featuresof the evaluatedENDF data. Our conclusionsaanddirectionsfor futurework are
givenin SectionVI.

Il. BACKGROUND: QUASIMONOENERGETICNEUTRON SOURCES

Usually chaged-particlereactionsof thetype (p/d/t) + A — n+B + () areusedfor
the productionof fastquasimonoengeticneutronsihere, A is a light-weightnucleus,B
is theresidualnucleusandtheenegy release) valuecanbe positive or nggative.

Only neutronemissiorforwardwith respecto the chaged-particldoeamis of interest,
since:1) theneutronyield is forwardpeaked?) neutronemittedat O deg have the highest
enepy, 3) theseneutronsarecertainlyunpolarized.

For comparison,Table | shavs the relevant kinematicinformationfor a numberof
potentialreactionsasmonoenggeticneutronsourcepresentedby Drosgin Ref. [3].

IThoughourresultsshavn in this paperindicatethatoncetheincidentprotonenegy exceedsafew-MeV,
eventhin taigetsresultin a substantiahumberof lowerenegy neutrons.
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TABLE |
ProjectileThresholdEnegiesandNeutronEnegiesat0 deg in the LaboratorySystemfor
the GroundStateReaction,k,,,(0), for 180dey, £,0(180), andfor the BreakupReaction,

E,.gr, attheThresholdadaptedrom Drosg[3])

# Reaction Threshold (MeV) | E(0) | Eno(180) | F.BR
(Mev) (Mev) (MeV)
1 | %H(d,nPHe Groundstate 0.0 2.449
Breakup 4451 | 7.706 0.578
2 | S3H(d,n)y'He Groundstate 0.0 4.029
Breakup 3.711 | 20.461 0.305
3 | ZH(t,n)y'He Groundstate 0.0 4.029
Breakup 5.558 | 23.007 0.690
4 | S3H(p,nyHe Groundstate  1.019 | 0.064 | 0.064
Breakup 8.355 | 7.585 0.552
5 | "Li(p,n)’Be | Groundstate  1.881 | 0.030 | 0.030
1stexcitedstate 2.372 | 0.650
Breakup 3.697 | 2.016 0.059
6 | '"B(p,n)}'C Groundstate  3.018 | 0.021 0.021
1stexcitedstate 5.202 | 2.388
Breakup 11.256 | 8.473 0.081
7 | 'H(t,nyHe Groundstate  3.051 | 0.573 0.573
Breakup 25.011 | 17.639| 0.019 4.702
8 | 'H(Li,n)"Be | Groundstate  13.097 | 1.440 | 1.440
1stexcitedstate 16.514 | 3.842 0.540
Breakup 25.742 | 8.188 0.254 2.833
9 | '"H("'B,n)!'C | Groundstate 32.980 | 2.537 2.537
1stexcitedstate 56.842 | 11.880| 0.542
Breakup 122.998| 32.661 0.198 9.456
10 | '"H(*3*C,n)'*N | Groundstate  41.769 | 2.791 2.791
Breakup 68.798 | 12.175| 0.641 4.605
11 | 'H(*>N,n)!*O | Groundstate 56.199 | 3.319 | 3.319
1stexcitedstate 138.580| 25.726| 0.430
Breakup 172.181| 33.815 0.327 10.175

Only reactions# 4, 5, and6 arerelevantfor LEDA which accelerateprotons. Note
thata stronglimitation on neutronsourcepropertiescomesfrom the target construction.
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An ideal target shouldbe isotopically pure and self-supporting:otherwise,the specific
neutronyield will be lower becausef alower arealdensityof thetargetmaterial,andthe
additveswill increasdgheenegy spreadfurtherreducingthe specificneutronyield.

Forthep+'Li (#5)andp+''B (#6) reactionsisotopicallypuresolidtargetsarepossible.
Usually they have a backingwith good thermalconductvity (preferablytantalum)that
sernesasabeamstopandallows beampower removal by meansof an air jet or a water
spray

The!!'B(p,n)'C (#6) reactionhasa numberof advantage$3] comparedo the
Li(p,n)"Be: 1) a smallerminimum enegy, 2) a smallerkinetic enegy spread.33) a bet-
ter intrinsic enegy resolution(higherthreshold) 4) a muchwider monoenegeticenegy
range.However, the specificyield is typically afactorof 5 lower thanfor p+7Li, and,fur-
thermore ' B tamgetsaremoredifficult to producethan’Li targets. Thereforethis source
hasnotbeenusedmuchup to now. Furtherdetailsandreferencegsanbefoundin [3].

Theadwantagesf thep+'Li reactiomasaneutrornsourcearethefollowing [3]: 1) Small
kinematicenegy spreadnsideof anopeningangle;e.g.,for anopeningangleof +5 deg,
the kinematicspreadis only of about0.15%(see,Fig. 3 in [3]). 2) Between0.4—and
0.7-MeV neutroneneqy, theyield is higherthanfor the competingreactionp+°H (#4).
An additionaladvantageover the p+*H reactionis the higherprojectileenepgy thatgives
bettertime resolutionin TOF experiments.3) The productionof targetsis comparatrely
simple. They usually consistof lithium metal evaporatedon a tantalumbacking. Even
naturallithium canbe used[the (p,n) thresholdof °Li at5.92MeV is outsidethe useful
rangeof thep+’Li reaction].

Lithium-metaltargetsareeasilyandinexpensvely preparedrequirenoelaboratesafety
precautionsn handling before bombardmentand provide a relatively intenseneutron
sourcewhenbombardedy protonswith enegiesexceedingF, = 1.880612 + 0.00009
MeV [4]. Naturallithium consistsof isotopes®Li and “Li with abundancesr.42 and
92.58%,respectiely. The "Li(p,n)"Be reactionwasreviewed in 1960 by Gibbonsand
Newson[5]. Usefulinformationon kinematicsandtechnicalaspectselatedto the useof
nat| i maybefoundin [6]. Theoreticallyusingthe R-matrix formalism,this reactionwas
studiedin [6]-[8].

It shouldbe notedthat, in general,no sourceof neutronds truly monoenegetic [9].
Even for a discretetransition,finite resolutionof the accelerategbrotons,protonenegy
lossin thetargetandkinematicseffectsall contribute to a broadeningf neutronenegy.
Secondarynodesof reactionswhich cancompetesignificantlywith the primaryreaction
modesatenepgiesabove theirthresholdsproduceeitherdiscretegroupsor broaddistribu-
tions of neutronswith enegiesdiffering from the primary-groupenegy. Until theyield
of secondaryneutrongs significantly smallerthanthe primary-groupyield, it is usually
possibleto dealwith thesecondaryeutrondy experimentamethodge.g.,time-of-flight)
or by the applicationof calculatedcorrections Whentheyield of secondaryneutronsoe-
ginsto dominatethetotal yield, thereactionceaseso be usefulfor applicationgequiring
monoenggetic neutrons Neverthelessgvenin this case pnestill mayconsidelLEDA as
ausefulsourceof neutrondor otherapplicationswhere“white” neutronsaresuitable.



ll. AN OVERVIEW OF AVAILABLE TLi(p,xn) DATA

Experimentallythis reactionwasmeasuredby severalgroups:

A) Fromthresholdto about8 MeV, by Meadavs and Smith, usingthe ArgonneFast-
NeutronGeneratof9, 10];

B) From 10 to about20 MeV, by Andersonet al., at LawrenceRadiationLaboratory
[11], andfrom 4.3t0 26 MeV, by Poppeetal. (the samegroup)usingEN tandemVande
Graaf accelerato(and AVF cyclotron,for £, > 15 MeV) at Livermore[12]. Poppeat
al. have beensummarizedn Ref. [12] practicallyall measurementsf this reactionbefore
1976,

C) At 15, 20, and 30 MeV, by McNaughtonet al., at the CrokerNuclearLaboratory
[13];

D) By anumberof othergroups(seeg.g.,[14]-[18]), atprotonenegiesabose 20 MeV.

Betweenl.9—and2.4—MeVbombardingenegy, the neutronsaremonoenegeticand
the reactioncrosssectionis large. Thereforethe “Li(p,n)”Be reactionhaslong beenused
asasourceof neutrongn,) attheseenegies[5].

Above 2.4 MeV thefirst excited stateof “Be at0.43MeV maybeexcited, producinga
secondgroupof neutrongn,). However, belov 5 MeV the zero-dgreeyield of thesdow
enegy neutrongs lessthanabout10% of the ground-stateield, sothatthe usefulnes®f
thereactionasa monoenggeticneutronsources only slightly impaired.

Above 3.68 MeV, the thresholdfor the three-bodybreakupreaction’Li(p,n*He)'He,
neutrongrom thismodecontributealsoto thetotal neutronyield. Thezero-dgreeneutron
spectrdrom this modearevery broad,of anevaporatve-typeform, andweremeasuredip
to £, = 7.7 MeV by Meadavs andSmith[10].

Above 7.06 MeV, the thresholdfor thereaction’ Li(p,n)”Be with excitation of the sec-
ondexcited stateof “Be, neutronsrom this mode(n,) alsobegin to contrituteto thetotal
neutronyield, but this contribution is not significant[10]. Therefore,the usefulnessof
the”Li(p,n)”Be reactionasa sourceof neutronsat enegiesabove 5-7 MeV woulddepend
on a particularapplication. Only a very goodenegy resolutionwould allow oneto sep-
aratethe substantiahumberof n, neutronsto obtaina monoengygetic source.However,
if the applicationcantolerateincludingbothn, andn; neutrongroups,thenthe reaction
hasthe favorablefeatureof useof a cheapsolid target with a forward anglelaboratory
crosssectionapproaching’.4 mb/srat £, = 15 MeV and14.5mb/srat £, = 20 MeV
(seeTablell with our compilationof presentlyavailable experimentaldifferential cross
sectionsof neutronsmeasuredat forward angles). It shouldbe notedthat althoughthe
neutronyield is large, the presencef low enegy neutrondrom differentreactionmodes
may limit the usefulnes®f theLi(p,n)” Be reactionasa monoenegeticneutronsourceat
protonenegiesabose 10 MeV [12].



TABLE Il
Compilationof measuredaboratorydifferentialcrosssectionsat“zero” deg for the
"Li(p,n)"Be ny andn; (0.0MeV and0.43MeV levelsof "Be) reactionsandtheratio of n,
to ny neutrongwhereavailable)asfunctionsof protonkineticbombardingenegy, £, in
MeV. Experimentakrrorsarenotshovn if notgivenexplicitly in tablesor figuresof
original publications

E, (no + ny) Cross| Ratio Referencg Citedangle
(MeV) | Section(mb/sr) | R = n;/ng of measurement
9.8 8.0+£1.0 [11] 0.
143 | 73405 [13] 0.
151 | 7.38 0.30 [12] 3.5
159 |38.2 0.28 [12] 3.5
16.9 |9.7 0.26 [12] 3.5
179 |11.1 0.27 [12] 3.5
189 | 12.6 0.27 [12] 3.5
19.4 | 14.0£0.9 [13] 0.
196 |17.2+1.5 [11] 0.
199 | 14.3 0.27 [12] 3.5
209 |[15.9 0.27 [12] 3.5
219 |18.2 0.29 [12] 3.5
229 |[20.1 0.30 [12] 3.5
239 |224 0.30 [12] 3.5
24.8 |25.44+4.9 [15] 0.
249 | 255 0.32 [12] 3.5
259 |[26.9 0.35 [12] 3.5
30.0 |27.7 [19] 0.
29.4 |35.54+4.0 [20] 0.
29.6 |[27.0+1.7 [13] 0.
30.0 |27.7 [19] 0.
30.2 |32.2+43.0 [21] 0.
35.0 |29.1+29 [15] 0.
39.0 |33.+6. [22] 0.
39.2 [33.5+3.0 [20] 0.
43, 35.0 £ 1.2 [18] 0.
45.0 |31.6+3.0 [15] 0.
48. 29.8 +1.0 [18] 0.
49.4 |31.9+25 [21] 0.
50.0 |35.2+3.5 [19] 0.
50.0 |28.942.09 [23] 0.
50.6 | 30.7+ 3.0 [20] 0.
53. 33.44 1.6 [18] 0.
58. 34.6 £1.2 [18] 0.
60. 36. + 4. [22] 0.




Continuationof TABLE I

E, (no + ny) Cross| Ratio Referencg Citedangle
(MeV) | Section(mb/sr) | R = ni/ng of measurement
63. 33.8+1.2 [18] 0.
68. 33.94+1.3 [18] 0.
78. 355+ 1.6 [18] 0.
80. 35.2 + 2. [17] 0.
87. 35.1 £2.2 [18] 0.
95. 33.24 3.0 [24] 0.
100. | 34.9 +3.2 [25] 0.
120. |35.3+3.5 [26] 0.
120. | 37.7+3.1 [27] 0.
120. | 35.1+1.1 [17] 0.
135. |31.4+3.1 [26] 0.
160. |33.8+34 [26] 0.
160. |382+34 [27] 0.
160. |35.4+1.2 [17] 0.
200. |[38.8+2.7 [28] 0.
200. |38.0+3.4 [27] 0.
200. |35.14+1.0 [17] 0.
200. |324+3.1 [25] 0.
300. |353+24 [28] 0.
400. |[358+24 [28] 0.
494. |404+1.6 [17] 0.
644. |42.74+1.3 [17] 0.
795. | 429+1.1 [17] 0.

As mentionedabore, the ny andn; neutronyieldsarestronglyforward peaked.From
Tablell one canseethat their measuredrosssectionincreasesnonotonicallywith in-
creasingl,. Thisis nottruefor the total neutroncrosssectionsantegratedover all emis-
sionanglescompiledin Tablelll andshavn for £, < 26 MeV in Fig. 1. Onecanseethat
in contrastwith the zerodegreedifferentialcrosssection theintegratedcrosssectionde-
creasesnonotonicallyabore ~ 5 MeV, reflectingthe onsetof the strongforwardpeaking.
Above E, = 7 MeV, the total numberof n, neutronsvhich leave “Be in thefirst-excited
statesis alwaysgreaterthan 25% of the numberof n, neutronswhich leave “Be in the
groundstate reachinga maximumof about55%at £, ~ 9 MeV.



TABLE Il
Compilationof measuredaboratoryangleintegratedcrosssectiongor the “Li(p,n)"Be n,
andn; (0.0MeV and0.43MeV levelsof "Be) reactionsasa functionof protonkinetic
bombardingenengy, £,, in MeV. Experimentakrrorsarenot shovn if notgivenexplicitly
in tablesor figuresof original publications

E, (no + ny)Cross| Referenceg| £, (no + ny)Cross| Reference
(MeV) | Section(mb) (MeV) | Section(mb)

4.48 | 292. [12] 395 |[18.03 [15]
4.68 | 316. [12] 40.7 | 17.43 [15]
4.88 | 335. [12] 44.7 | 16.44 [15]
5.48 | 304.5 [12] 60.1 | 12.00£1.03 |[16]
5.88 | 259.3 [12] 60.1 | 12.02+1.02 |[29]
6.88 | 178.5 [12] 62.0 | 11.28+1.58 |[16]
7.88 | 117. [12] 69.4 | 10.78+1.02 |[16]
8.88 | 945 [12] 79.1 | 8.09+0.71 [16]
9.88 | 65.2 [12] 80.0 | 7.96+0.80 [29]
10.88 | 59. [12] 88.9 | 7.46 +1.00 [16]
11.88 | 52.8 [12] 100.1 | 7.29 £0.77 [16]
15.1 | 37.4 [12] 119.4 | 5.29 + 0.45 [16]
15.9 |[35.5 [12] 119.8 | 5.40 £ 0.17 [30]
16.9 | 33.95 [12] 120.1 | 4.88 +£0.41 [29]
179 |31.5 [12] 135.0 | 4.30 £0.41 [29]
18.9 | 32. [12] 138.6 | 4.99 + 0.43 [16]
19.9 | 29.6 [12] 143.9 | 4.97 £0.43 [16]
20.9 | 2838 [12] 155. | 3.5+0.2 [31]
219 |28.2 [12] 155. | 3.840.2 [32]
229 |26.5 [12] 156.7 | 4.56 £ 0.42 [16]
23.9 ]26.19 [12] 160.1 | 3.77 £ 0.40 [29]
24.7 29.19 [15] 174.5 | 3.50 £0.36 [16]
249 |26.3 [12] 190.0 | 3.01 £0.24 [29]
259 |25.9 [12] 191.0 | 2.85 £0.19 [29]
27.3 | 26.06 [15] 199.1 | 3.46 £+ 0.35 [16]
29.4 | 24.03 [15] 252.0 | 2.58 +0.30 [29]
29.9 |24.12 [15] 301.0 | 1.73 +0.10 [29]
31.9 | 2248 [15] 349.0 | 1.41 £0.26 [29]
345 |20.84 [15] 400.0 | 1.47 +0.18 [29]
349 |20.53 [15] 480.0 | 1.08 +0.07 [29]
36.6 | 19.46 [15]
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Figure1: Measuredotal crosssectionsfor the “Li(p,n,)"Be and“Li(p,n; )"Be reactions
betweerd and26 MeV [12] togethemwith our evaluationsn the ENDF-6[33] format.

V. EVALUATION METHODS

The productionof anevaluateddatalibrary for protonreactionson lithium posescer
tain difficulties. In particular nuclearmodelcalculationsbasedon statisticalpreequilib-
rium andequilibrium decaytheoriesbecomeunreliablefor light target nuclei, wherethe
nuclearevelsarewidely spacedFor thisreasonpnewouldlike anevaluateddatalibrary
thatis basedasmuchaspossible pon measurediata.

We have thereforeadoptedhefollowing approachTherearenumerousneasurements
of theimportant”Li(p,n,) and“Li(p,n;) direct reactionspopulatingthe groundand first
excited statesof “Be, and we have usedtheseexperimentaldatafor the crosssections
and angulardistributionsin the evaluation. This is importantbecausemary aspectof
the productionof neutronsourcesvia “Li(p,n) reactionsinvolve useof the high-enegy
guasimonoengeticny andn; neutrons.To modelthe remainingcrosssectionavailable
for nuclearreactions,.e. the overall reactioncrosssectionminus thesedirect reaction
crosssectionsye useGNASH nuclearmodelcalculationg34, 35).



Use of the GNASH calculationss expectedto leadto someweaknessem the eval-
uateddata, becauseof the aforementionedifficulties in using a statisticalmodel code.
However, we notethatthe calculationsdo, at least,include certainimportantconstraints
suchasenenqy, flux, angulamomentumandparity, conserationlaws. Sincethe GNASH
calculationsmakeuseof experimentalnuclearlevels information, they canalso be ex-
pectedto leadto emissionspectrathat correctlyincludepeaksandgapsin the calculated
enepgy-dependengpectraat the correctlocations,.e. peaksat enegieswherefinal states
canbeexcited,andgapswherethereareno final nuclearstatesavailable.

IV.A. Evaluationof ny andn, crosssectionsandangulardistributions

The "Li(p,ny) and’Li(p,n;) evaluationswerebaseduponmeasurediata. The center
of-massmeasuredangulardistributionsof boththe ny, andn; neutronswerefitted using
Legendrepolynomials,

do—c.m.

dQ

For protonincidentenegiesup to 12 MeV, suchLegendrefits have beenpublishedby
Poppeetal., andthereforewe adoptedheir results(Fig. 5 of Ref. [12]).

At higher protonincidentenegies, we performedLegendrepolynomialfits to mea-
suredangulardistributions. For protonincidentenegiesof 15.1,15.9,16.9,17.9,18.9,
19.9,20.9,22.0,23.0,24.0,25.0,and 26 MeV, thereare available measurementsepa-
ratelyfor ny andn, by Poppeetal. [12]. Above 26 MeV, therearefewer experimental
dataat only a limited numberof incidentenegiesandemissionangles andfurthermore,
only datafor thesumof ny andn; areavailable.We usedthemeasurementsy Batty etal.
[19] at 30 and50 MeV, by Gouldinget al. [30] at 119.8MeV, andby Watsonet al. [28]
at134.2MeV. We fitted thesedatausingfor theratio # = n;/no afixedvalueof 0.35,as
measuredby Poppeetal. [12] at £, = 25.9M eV, andsmoothlyinterpolated/gtrapolated
theresultingLegendrecoeficientsupto £, = 150 MeV.

As an example,Fig. 2 shavs the sumof ny, andn; measuredotal productioncross
section(for referencesseeTablelll) asafunctionof protonkineticenegy, £,, compared
with our evaluation. One canseegoodagreemenin the whole enegy rangeup to 150
MeV.

N
= Z A, P, (cosh).
n=0

IV.B. GNASHcalculations

The latestversionof the GNASH codehasbeendescribedn Ref. [34], andits latest
applicationin nuclearreactionevaluationwork hasbeendescribedn Ref. [36]. For this
reasonherewe provide only anoverview of themodelsusedin the calculationsconcen-
tratingon new features.

GNASH calculationsof preequilibriumandHausefFeshbaclidecayrequireinput pa-
rameterinformationdescribingthe optical modeltransmissiorcoeficients,nuclearlevel
densitiesgamma-raystrengthfunctions,aswell asnuclearlevel informationfor all the
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Figure2: Comparisorof the sumof measured12, 15, 16, 26, 28] laboratoryangleinte-
gratedcrosssectiondor theLi(p,n,)"Beand’Li(p,n; )" Bereactiongfor details,seeTable
[II) with our evaluationin the ENDF-6format.

nucleithatcanbe populatedn thereaction.For mostof thesequantitieswe useddefault
parameteinformation,asdescribedn Ref.[36]. Below, we provide informationon the
opticalmodelwe usedfor “Li.

Althoughthe appropriatenessf an optical potentialfor nucleonscatteringon a light
nucleussuchaslithium is questionablewe have, for pragmaticreasonsmadeuseof a
relativistic potentialfor °Li publishedby Chibaetal. [37]. This potentialwasshowvn to
provide a surprisinglygoodrepresentatiomf available elasticscatteringand total cross
sectiondata,for enegiesupto afew hundredMeV [37]. We corvertedthis neutronpoten-
tial for useon "Li by makingsmallisospincorrectionsandproducedaversionfor proton
scatteringoy including Coulombcorrectionterms. The modified potentialsresultedin a
calculatedtotal neutroncrosssectionthat accountedor measuredlatafairly well. The
calculatedprotonreactioncrosssectionwasalsoin goodagreemenwith measurements
(seeFig. 3).
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Figure3: Protonreactioncrosssectionof “Li. The solid curve shavs valuescalculated
with the opticalmodelby Chibaet al. [37] modifiedhereasdescribedn SectionlV.B.
Experimentablataarefrom Refs.[38, 39].

Sincethe GNASH codeincludesn, andn; neutronemissioncontributionsfrom com-
poundnucleusandpreequilibriumdecay thesecrosssectionshadto be ignoredsince,in
our evaluation,they arebasedon measurementsThereforewe wrote a utility codethat
takesa GNASH output, modifiesthe n, andn; neutronemissioncrosssectionsto zero,
andin theevaluatedile introduceghecrosssectiondasedn experimentasdescribedn
Sec.lV A above.

Examplesof the “Li(p,xn) calculatedzero-dgreedouble-diferentialcrosssectionsof
neutronsareshavn in Fig. 4, comparedvith measurementsSolid linesshawv theresults
from the GNASH calculationsDashed-lineshav the ng andn, contributions(evaluated
from the measurements)Comparisonsare madewith £, = 15, 20, and 30 MeV data
of McNaughtonet al. [13], £, = 40 MeV dataof Jungermaretal. [14], andat £, =
55, 90, and 140 MeV dataof Byrd and Sailor[40]. In thesefigures,in additionto the
highest-enagy peakdueto n, andn; neutronsseverallower-enegy peakdueto n, andn;
neutronsrepresentinghe populationof the 4.55-and6.51-MeVstatesn “Be areevident
(seealso,e.g.,Fig. 2in Poppeetal. [12], whereeventhe peaksy n, andns, representing
thepopulationof the7.19-and10.79-MeVstatesn “Be areclearlyobsered).
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Figure4: Zerodegreeneutronemissionfrom the “Li(p,xn) reaction.Solid lines shav the
resultsfrom the GNASH calculationsdashedined shav ny andn; contributionsevaluated
from the measurementd. he GNASH-calculatedspectrahave not beenbroadedusingthe
experimentakesolution.Dataarefrom Refs.[13, 14, 40].
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We emphasizehat the GNASH resultsshavn in Fig. 4 have not beenbroadenedo
accountfor the experimentaldetectorresolution. This explains why peaksanddips are
obsenedin the calculatedenegy-dependenspectrabut are not seenso prominantlyin
theexperimentadata.Overall, it is evidentthatthe evaluationaccuratelyrepresentthen,
andn; neutronsasit shouldsinceit is basedon the experimentadata. Thelower-enegy
neutronsfrom the GNASH calculationagreewith the measurementesswell, but it is
hopedthatthe accurag obtaineds sufficientfor LEDA designcalculations.

V. ENDF Data

In this sectionwe shav somegraphicalrepresentationsf the evaluatedENDF data.
Thesdigureshelpillustratecertainfeaturesof theevaluation.Thefiguresshavn herearea
smallsubsebf figuresproducedautomaticallyby the NJOY code[41]. Thefull setof fig-
urescanbeviewedontheT-2 WWW site, by first goingto http://t2.lanl.ge/data/he.html,
registering,andthenclicking on premadeplotsin Postscripformatfor protons
(http://t2.1anl.g@/data/p-ps/).

Figure5 shaws the protonelasticscatteringangulardistribution for incidentenegies
up to 150 MeV. The increasedorward-peakingwith increasingincidentenegy is evi-
dent. Figure 6 shavs the angulardistributions, reconstructedrom the ENDF Legendre
coeficients,for theny andn; emittedneutrons.

Four separatdiguresare combinedtogetherin figure 7. On the top left, the overall
crosssectionsfor the ng, and n; reactionsare shavn, asis alsothe “remaining” cross
section,designatedas MT=5, thatis usedin the GNASH calculations. The sum of all
thesecrosssectiongs thereactioncrosssectionasshovn in Fig. 3.

In Fig. 7, top right, the inclusive productioncrosssectionsare shavn for the light
ejectiles. Note that, unlike for reactionson heavier nuclei, thesedo not keepincreasing
with incidentenegy up to 150 MeV, but insteadbecomeapproximatelyconstantabore
40 MeV. This enegy correspondsapproximatelyto the total binding enegy of “Li, and
thereforeabove this enegy it is not possibleto obtainadditionalparticle productionby
increasingheincidentenengy.

In Fig. 8 lower-left, a perspectie plot is shavn of the angle-intgratedneutronemis-
sionspectraobtainedirom GNASH, asa functionof incidentenegy. Theincreasingole
of preequilibriumhigh-enegy neutronemissionis seenastheincidentenegy increases.
Finally, in Fig. 7 lowerright thetotal heating(MeV/collision)is shavn asa functionof in-
cidentenegy. Thisincludesenegy transferredo all secondarychaged-particlesexcept
protons(sincethisis the projectile,andit is thereforeassumedhata transportcalculation
will alwaysbeexplicitly trackingthe secondaryrotons).

VI. SUMMARY AND FUTUREWORK
Our new evaluationfor protonson “Li is availablein the ENDF-6 format for usein

radiationtransportalculations By usingandtestingthesedatain simulationsof thick and
thin lithium targets,we hopeto obtainfeedbaclonpossiblamprovementghatareneeded.
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Figure5: Protonelasticscatteringangulardistribution of “Li at differentincidentenegies
upto 150 MeV.
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Figure6: Angulardistributionsfor ny andn; neutrongrom p + “Li interactionsatdifferent
incidentenegiesupto 150MeV.

For completenessye list herea couple of areaswherewe know thereis room for
improvement.Thefirst pointdiscussedbelov emphasizesreaknessem the ENDF eval-
uationthatmaybe problematidor simulationsabore 30 MeV.

Firstly, asdiscussedn this report,the angulardistributionsof the high-enegy n, and
n,; protonswererepresenteth the ENDF file usingLegendrecoeficients. However, the
scarcityof measuredlataatvariousanglesn themeasure@ngulardistributionsled to dif-
ficultiesin obtainingaccuratd_egendrerepresentationsi-urthermoreat higherincident
enepgies(above 30 MeV), the dataat forward anglesoften shaved an extremediscontin-
uousincreasean crosssectionat zero-dgrees.This wasimpossibleto fit accuratelyand
our resultingLegendrefits thereforeunderpredictedhe zero-dgreedataabose 30 MeV,
by upto afactorof two. To solve this problem,it maybe necessaryo abandorthe useof

a Legendrerepresentatiomndinsteadusetalulatedrepresentationsf the angulardistri-
butions.
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Figure 7. Differentchanelcrosssections,neutronangle-intgratedenegy spectra,and
heating(MeV/collision) asfunctionsof incidentenegy for p + “Li interactionsasindi-
cated.

Secondlyour analysiswasnot developedto includean accuratéreatmenpf gamma-
ray production but insteadiocussedn neutronemission.Indeed the nucleardevel infor-
mationin the GNASH calculationsdescribingthe decayof excited statesby gamma-ray
emissionwasnot carefully checked.Therefore jf gamma-rayemissionbecomeof con-
cernin LEDA tamgetdesignstudiesanupgradego this evaluationmaybe needed.
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