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Li(p,n) NuclearDataLibrary for IncidentProton

Energiesto 150MeV

S.G. Mashnik,M. B. Chadwick,P. G. Young,R. E. MacFarlane,andL. S.Waters
LosAlamosNationalLaboratory, LosAlamos,NM 87545

Abstract
Researchersat Los AlamosNationalLaboratoryareconsideringthe possibility of using
theLow Energy DemonstrationAccelerator(LEDA), constructedatLANSCEfor theAc-
celeratorProductionof Tritium program(APT), asa neutronsource.Evaluatednuclear
dataareneededfor thep+� Li reaction,to predictneutronproductionfrom thin andthick
lithium targets. In this reportwe describeevaluationmethodsthat makeuseof experi-
mentaldata,andnuclearmodelcalculations,to developanENDF-formatteddatalibrary
for incidentprotonswith energiesup to 150MeV. The important � Li(p,n� ) and � Li(p,n � )
reactionsareevaluatedfrom the experimentaldata,with their angulardistributionsrep-
resentedusingLengendrepolynomialexpansions.The decayof the remainingreaction
flux is estimatedfrom GNASH nuclearmodelcalculations.This leadsto theemissionof
lower-energy neutronsandotherchargedparticlesandgamma-raysfrom preequilibrium
andcompoundnucleusdecayprocesses.

TheevaluatedENDF-dataaredescribedin detail,andillustratedin numerousfigures.
Thesedataneedto betestedthroughusein radiationtransportsimulationsof thin andthick
lithium targetsbombardedby protons.



I. INTRODUCTION

As a partof theAcceleratorProductionof Tritium (APT) Project[1], theLow Energy
DemonstrationAccelerator(LEDA) hasbeenconstructedat theLosAlamosNeutronSci-
enceCenter[2]. LEDA is a high-currentlow-energy protonacceleratorthatcanbe used
to provide a sourceof neutrons,following protonbombardmenton suitabletargets. For
instance,high-Z targetscanbe usedto producespallationneutrons.However, thereis a
recentinterestin the useof a � Li target,which, whenbombardedwith protons,canpro-
ducea relatively high yield of quasimonoenergeticneutronsin the forwarddirectionvia
the � Li(p,n) reaction. In particular, this reactionmay be usefulto provide neutronswith
energiesnear14MeV, for materialstestingfor thefusionprogram.

In additionto the above application,quasimonoenergetic andbroadneutronsources
areneededfor researchin otherareasin nuclearscienceandtechnology, e.g. accelerator-
transmutationof waste(ATW), radiationdamagestudies,medicalisotopeproduction,and
physicscrosssectionexperiments.

In orderto assessthe feasibility of usinga lithium target to produceneutrons,accu-
rateevaluatedcrosssectiondataareneeded.Thesedatacanbe usedto predict the neu-
tron yield, aswell asthe neutronenergy andangulardependencies,from both thin and
thick targets.(Thin targetsallow thepossibilityof producingquasimonoenergeticneutron
sources� , whereasthickertargetsproducebroad-spectrumneutronsources.)

This reportis organizedasfollows. SectionII providesanoverview of reactionsthat
canbeusedto provide neutronsources,andSectionIII summarizesmeasureddataavail-
ablefor the � Li(p,n) reaction. Thesedataincludeboth high-energy neutronsthat popu-
latetheground-stateandfirst excitedstateof � Be, aswell aslower energy neutronsfrom
theexcitationof otherberyllium states,andcontinuumneutronsfrom break-upreactions.
SectionIV describesour evaluationmethods,basedon useof experimentaldataaswell
asnuclearmodelcalculations.In SectionV weprovidesomefiguresthatillustratecertain
featuresof theevaluatedENDF data.Our conclusionsanddirectionsfor futurework are
givenin SectionVI.

II. BACKGROUND: QUASIMONOENERGETICNEUTRON SOURCES

Usually, charged-particlereactionsof the type (p/d/t) + ��� n �	�
�
� areusedfor
theproductionof fastquasimonoenergeticneutrons;here, � is a light-weightnucleus,�
is theresidualnucleus,andtheenergy release� valuecanbepositiveor negative.

Only neutronemissionforwardwith respectto thecharged-particlebeamis of interest,
since:1) theneutronyield is forwardpeaked,2) neutronemittedat 0 deg have thehighest
energy, 3) theseneutronsarecertainlyunpolarized.

For comparison,Table I shows the relevant kinematicinformation for a numberof
potentialreactionsasmonoenergeticneutronsourcespresentedby Drosgin Ref. [3].

�
Thoughourresultsshown in thispaperindicatethatoncetheincidentprotonenergy exceedsafew-MeV,

eventhin targetsresultin asubstantialnumberof lower-energy neutrons.
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TABLE I
ProjectileThresholdEnergiesandNeutronEnergiesat0 deg in theLaboratorySystemfor
theGroundStateReaction,
���������� , for 180deg, 
�������������� , andfor theBreakupReaction,
 ���! , at theThreshold(adaptedfrom Drosg[3])

# Reaction Threshold (MeV) "#����$&%�' "#����$�(�)�%*' "+���! 
(Mev) (Mev) (MeV)

1 , H(d,n)- He Groundstate 0.0 2.449
Breakup 4.451 7.706 0.578

2 - H(d,n). He Groundstate 0.0 4.029
Breakup 3.711 20.461 0.305

3 , H(t,n). He Groundstate 0.0 4.029
Breakup 5.558 23.007 0.690

4 - H(p,n)- He 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,n)- He 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( � - C,n)� - N Groundstate 41.769 2.791 2.791
Breakup 68.798 12.175 0.641 4.605

11 � H( �10 N,n)�10 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 arerelevant for LEDA which acceleratesprotons.Note
thata stronglimitation on neutronsourcepropertiescomesfrom the targetconstruction.
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An ideal target shouldbe isotopicallypureandself-supporting:otherwise,the specific
neutronyield will belowerbecauseof a lowerarealdensityof thetargetmaterial,andthe
additiveswill increasetheenergy spread,furtherreducingthespecificneutronyield.

For thep+� Li (#5)andp+�/� B (#6)reactions,isotopicallypuresolidtargetsarepossible.
Usually they have a backingwith good thermalconductivity (preferablytantalum)that
servesasa beamstopandallows beampower removal by meansof an air jet or a water
spray.

The �2� B(p,n)�/� C (#6) reactionhasa numberof advantages[3] comparedto the� Li(p,n)� Be: 1) a smallerminimum energy, 2) a smallerkinetic energy spread,3) a bet-
ter intrinsic energy resolution(higherthreshold),4) a muchwider monoenergeticenergy
range.However, thespecificyield is typically a factorof 5 lower thanfor p+� Li, and,fur-
thermore,�/� B targetsaremoredifficult to producethan � Li targets.Thereforethis source
hasnotbeenusedmuchup to now. Furtherdetailsandreferencescanbefoundin [3].

Theadvantagesof thep+� Li reactionasaneutronsourcearethefollowing[3]: 1)Small
kinematicenergy spreadinsideof anopeningangle;e.g.,for anopeningangleof 354 deg,
the kinematicspreadis only of about0.15%(see,Fig. 3 in [3]). 2) Between0.4–and
0.7–MeVneutronenergy, theyield is higherthanfor the competingreactionp+- H (#4).
An additionaladvantageover thep+- H reactionis thehigherprojectileenergy thatgives
bettertime resolutionin TOF experiments.3) Theproductionof targetsis comparatively
simple. They usuallyconsistof lithium metalevaporatedon a tantalumbacking. Even
naturallithium canbe used[the (p,n) thresholdof 6 Li at 5.92MeV is outsidetheuseful
rangeof thep+� Li reaction].

Lithium-metaltargetsareeasilyandinexpensively prepared,requirenoelaboratesafety
precautionsin handlingbeforebombardment,and provide a relatively intenseneutron
sourcewhenbombardedby protonswith energiesexceeding
#798:��;<�=���=>?��@A3B�?;<�=���=��C
MeV [4]. Natural lithium consistsof isotopes6 Li and � Li with abundances7.42 and
92.58%,respectively. The � Li(p,n)� Be reactionwasreviewed in 1960by Gibbonsand
Newson[5]. Usefulinformationon kinematicsandtechnicalaspectsrelatedto theuseof��D/E Li maybefoundin [6]. Theoretically, usingthe F -matrix formalism,this reactionwas
studiedin [6]-[8].

It shouldbe notedthat, in general,no sourceof neutronsis truly monoenergetic [9].
Even for a discretetransition,finite resolutionof the acceleratedprotons,protonenergy
lossin thetargetandkinematicseffectsall contributeto a broadeningof neutronenergy.
Secondarymodesof reactions,whichcancompetesignificantlywith theprimaryreaction
modesatenergiesabove their thresholds,produceeitherdiscretegroupsor broaddistribu-
tionsof neutronswith energiesdiffering from the primary-groupenergy. Until theyield
of secondaryneutronsis significantlysmallerthanthe primary-groupyield, it is usually
possibleto dealwith thesecondaryneutronsby experimentalmethods(e.g.,time-of-flight)
or by theapplicationof calculatedcorrections.Whentheyield of secondaryneutronsbe-
ginsto dominatethetotal yield, thereactionceasesto beusefulfor applicationsrequiring
monoenergeticneutrons.Nevertheless,evenin this case,onestill mayconsiderLEDA as
ausefulsourceof neutronsfor otherapplications,where“white” neutronsaresuitable.
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III. AN OVERVIEW OF AVAILABLE G Li(p,xn) DATA

Experimentally, this reactionwasmeasuredby severalgroups:
A) Fromthresholdto about8 MeV, by Meadows andSmith,usingtheArgonneFast-

NeutronGenerator[9, 10];
B) From10 to about20 MeV, by Andersonet al., at LawrenceRadiationLaboratory

[11], andfrom 4.3 to 26 MeV, by Poppeet al. (thesamegroup)usingEN tandemVande
Graaff accelerator(andAVF cyclotron, for 
#7IHJ�K4 MeV) at Livermore[12]. Poppeat
al. havebeensummarizedin Ref. [12] practicallyall measurementsof this reactionbefore
1976;

C) At 15, 20, and30 MeV, by McNaughtonet al., at the CrokerNuclearLaboratory
[13];

D) By anumberof othergroups(see,e.g.,[14]-[18]), atprotonenergiesabove20MeV.
Between1.9–and2.4–MeVbombardingenergy, theneutronsaremonoenergeticand

thereactioncrosssectionis large. Thereforethe � Li(p,n) � Be reactionhaslong beenused
asasourceof neutrons(n� ) at theseenergies[5].

Above2.4MeV thefirst excitedstateof � Beat0.43MeV maybeexcited,producinga
secondgroupof neutrons(n � ). However, below 5 MeV thezero-degreeyield of theselow
energy neutronsis lessthanabout10%of theground-stateyield, sothattheusefulnessof
thereactionasa monoenergeticneutronsourceis only slightly impaired.

Above 3.68MeV, the thresholdfor the three-bodybreakupreaction � Li(p,n- He). He,
neutronsfrom thismodecontributealsoto thetotalneutronyield. Thezero-degreeneutron
spectrafrom thismodeareverybroad,of anevaporative-typeform, andweremeasuredup
to 
#7L8NM�;OM MeV by MeadowsandSmith[10].

Above 7.06MeV, thethresholdfor thereaction� Li(p,n)� Bewith excitationof thesec-
ondexcitedstateof � Be,neutronsfrom thismode(n, ) alsobegin to contributeto thetotal
neutronyield, but this contribution is not significant[10]. Therefore,the usefulnessof
the � Li(p,n)� Bereactionasa sourceof neutronsat energiesabove 5-7MeV woulddepend
on a particularapplication.Only a very goodenergy resolutionwould allow oneto sep-
aratethe substantialnumberof n � neutronsto obtaina monoenergeticsource.However,
if theapplicationcantolerateincludingbothn� andn � neutrongroups,thenthe reaction
hasthe favorablefeatureof useof a cheapsolid target with a forward anglelaboratory
crosssectionapproaching7.4 mb/srat 
#7P8Q��4 MeV and14.5mb/srat 
#7P8R@=� MeV
(seeTable II with our compilationof presentlyavailableexperimentaldifferentialcross
sectionsof neutronsmeasuredat forward angles). It shouldbe notedthat althoughthe
neutronyield is large,thepresenceof low energy neutronsfrom differentreactionmodes
maylimit theusefulnessof the � Li(p,n)� Bereactionasa monoenergeticneutronsourceat
protonenergiesabove 10MeV [12].
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TABLE II
Compilationof measuredlaboratorydifferentialcrosssectionsat “zero” deg for the� Li(p,n)� Ben� andn � (0.0MeV and0.43MeV levelsof � Be) reactionsandtheratioof n �

to n� neutrons(whereavailable)asfunctionsof protonkineticbombardingenergy, 
 7 , in
MeV. Experimentalerrorsarenotshown if notgivenexplicitly in tablesor figuresof

originalpublications


+7 ��ST�#�USV�W� Cross Ratio Reference Citedangle
(MeV) Section(mb/sr) FX8YSZ�W[�S\� of measurement
9.8 �];<�L3B�=;^� [11] 0.
14.3 M�;<_L3`�];^4 [13] 0.
15.1 M�;<_�� 0.30 [12] 3.5
15.9 �];<@ 0.28 [12] 3.5
16.9 C];OM 0.26 [12] 3.5
17.9 �=�=;a� 0.27 [12] 3.5
18.9 ��@];^> 0.27 [12] 3.5
19.4 ��bc;^�53`�?;<C [13] 0.
19.6 �*M�;^@53B��;<4 [11] 0.
19.9 ��bc;^_ 0.27 [12] 3.5
20.9 ��4];^C 0.27 [12] 3.5
21.9 ���];^@ 0.29 [12] 3.5
22.9 @=�];a� 0.30 [12] 3.5
23.9 @=@];db 0.30 [12] 3.5
24.8 @=4];dbe3Ubf;<C [15] 0.
24.9 @=4];^4 0.32 [12] 3.5
25.9 @=>];^C 0.35 [12] 3.5
30.0 @�M�;gM [19] 0.
29.4 _=4];^453Ubf;<� [20] 0.
29.6 @�M�;^�53B��;OM [13] 0.
30.0 @�M�;gM [19] 0.
30.2 _=@];^@53`_?;<� [21] 0.
35.0 @=C];a�h3`@?;<C [15] 0.
39.0 _=_];�3`>]; [22] 0.
39.2 _=_];^453`_?;<� [20] 0.
43. _=4];^�53B��;<@ [18] 0.
45.0 _]�=;^>53`_?;<� [15] 0.
48. @=C];^�53B��;<� [18] 0.
49.4 _]�=;^C53`@?;<4 [21] 0.
50.0 _=4];^@53`_?;<4 [19] 0.
50.0 @=�];^C53`@?;<C [23] 0.
50.6 _=�];gMi3`_?;<� [20] 0.
53. _=_];dbe3B��;<> [18] 0.
58. _*bc;^>53B��;<@ [18] 0.
60. _=>];�3Ubc; [22] 0.
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Continuationof TABLE II


+7 ��ST�#�USV�W� Cross Ratio Reference Citedangle
(MeV) Section(mb/sr) FX8YSZ�W[�S\� of measurement
63. _=_];^�53B��;<@ [18] 0.
68. _=_];^C53B��;<_ [18] 0.
78. _=4];^453B��;<> [18] 0.
80. _=4];^@53`@?; [17] 0.
87. _=4];a�h3`@?;<@ [18] 0.
95. _=_];^@53`_?;<� [24] 0.
100. _*bc;^C53`_?;<@ [25] 0.
120. _=4];^_53`_?;<4 [26] 0.
120. _�M�;gMi3`_?;j� [27] 0.
120. _=4];a�h3B��;j� [17] 0.
135. _]�=;dbe3`_?;j� [26] 0.
160. _=_];^�53`_?;kb [26] 0.
160. _=�];^@53`_?;kb [27] 0.
160. _=4];dbe3B��;<@ [17] 0.
200. _=�];^�53`@?;OM [28] 0.
200. _=�];^�53`_?;kb [27] 0.
200. _=4];a�h3B��;<� [17] 0.
200. _=@];dbe3`_?;j� [25] 0.
300. _=4];^_53`@?;kb [28] 0.
400. _=4];^�53`@?;kb [28] 0.
494. b��];dbe3B��;<> [17] 0.
644. b�@];gMi3B��;<_ [17] 0.
795. b�@];^C53B��;j� [17] 0.

As mentionedabove, then� andn � neutronyieldsarestronglyforwardpeaked.From
Table II onecanseethat their measuredcrosssectionincreasesmonotonicallywith in-
creasing
+7 . This is not true for thetotal neutroncrosssectionsintegratedover all emis-
sionangles,compiledin TableIII andshown for 
+75lm@=> MeV in Fig. 1. Onecanseethat
in contrastwith thezerodegreedifferentialcrosssection,the integratedcrosssectionde-
creasesmonotonicallyabove nY4 MeV, reflectingtheonsetof thestrongforwardpeaking.
Above 
 7 8oM MeV, the total numberof n � neutronswhich leave � Be in thefirst-excited
statesis alwaysgreaterthan25% of the numberof n� neutronswhich leave � Be in the
groundstate,reachingamaximumof about55%at 
 7 nBC MeV.
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TABLE III
Compilationof measuredlaboratoryangleintegratedcrosssectionsfor the � Li(p,n)� Ben�

andn� (0.0MeV and0.43MeV levelsof � Be) reactionsasa functionof protonkinetic
bombardingenergy, 
 7 , in MeV. Experimentalerrorsarenot shown if notgivenexplicitly

in tablesor figuresof originalpublications


#7 ��S\�p�USZ�W� Cross Reference 
#7 �1ST�#�USZ�W� Cross Reference
(MeV) Section(mb) (MeV) Section(mb)
4.48 @=C�@]; [12] 39.5 �K�];<��_ [15]
4.68 _]�K>]; [12] 40.7 ��M�;kbq_ [15]
4.88 _=_�4]; [12] 44.7 �K>];kb�b [15]
5.48 _=��bc;<4 [12] 60.1 �K@];<���53B��;<��_ [16]
5.88 @=4�C];<_ [12] 60.1 �K@];<��@53B��;<��@ [29]
6.88 �*Mr�];<4 [12] 62.0 ���=;<@��53B��;<4�� [16]
7.88 �=��M�; [12] 69.4 �K�];OMr�53B��;<��@ [16]
8.88 C*bf;<4 [12] 79.1 �?;<�=CL3U�?;OMq� [16]
9.88 >=4?;<@ [12] 80.0 Mq;<C=>L3U�?;<��� [29]
10.88 4=C?; [12] 88.9 Mq;kb�>L3m��;<��� [16]
11.88 4=@?;<� [12] 100.1 Mq;<@=CL3U�?;OM�M [16]
15.1 _�Mq;kb [12] 119.4 4?;<@=CL3U�?;kbq4 [16]
15.9 _=4?;<4 [12] 119.8 4?;kb��L3U�?;j��M [30]
16.9 _=_?;<C=4 [12] 120.1 bf;<�=�L3U�?;kbf� [29]
17.9 _]��;<4 [12] 135.0 bf;<_=�L3U�?;kbf� [29]
18.9 _=@?; [12] 138.6 bf;<C=CL3U�?;kbq_ [16]
19.9 @=C?;<> [12] 143.9 bf;<C�Ms3U�?;kbq_ [16]
20.9 @=�?;<� [12] 155. _?;<4i3`�];^@ [31]
21.9 @=�?;<@ [12] 155. _?;<�i3`�];^@ [32]
22.9 @=>?;<4 [12] 156.7 bf;<4=>L3U�?;kbq@ [16]
23.9 @=>?;j��C [12] 160.1 _?;OM=Ms3U�?;kbq� [29]
24.7 @=C?;j��C [15] 174.5 _?;<4=�L3U�?;<_�> [16]
24.9 @=>?;<_ [12] 190.0 _?;<�]�t3U�?;<@�b [29]
25.9 @=4?;<C [12] 191.0 @?;<�=4L3U�?;j�KC [29]
27.3 @=>?;<�=> [15] 199.1 _?;kb�>L3U�?;<_�4 [16]
29.4 @*bf;<�=_ [15] 252.0 @?;<4=�L3U�?;<_�� [29]
29.9 @*bf;j��@ [15] 301.0 ��;OM�_L3U�?;j�K� [29]
31.9 @=@?;kb�� [15] 349.0 ��;kbc�t3U�?;<@�> [29]
34.5 @=�?;<�*b [15] 400.0 ��;kb]Ms3U�?;j�K� [29]
34.9 @=�?;<4=_ [15] 480.0 ��;<�=�L3U�?;<��M [29]
36.6 ��C?;kb�> [15]
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Figure1: Measuredtotal crosssectionsfor the � Li(p,n��� � Be and � Li(p,n �W� � Be reactions
between4 and26MeV [12] togetherwith ourevaluationsin theENDF-6[33] format.

IV. EVALUATION METHODS

Theproductionof anevaluateddatalibrary for protonreactionson lithium posescer-
tain difficulties. In particular, nuclearmodelcalculationsbasedon statisticalpreequilib-
rium andequilibriumdecaytheoriesbecomeunreliablefor light targetnuclei,wherethe
nuclearlevelsarewidely spaced.For this reason,onewould like anevaluateddatalibrary
thatis based,asmuchaspossible,on measureddata.

Wehave thereforeadoptedthefollowing approach.Therearenumerousmeasurements
of the important � Li(p,n� ) and � Li(p,n � ) direct reactionspopulatingthe groundandfirst
excited statesof � Be, and we have usedtheseexperimentaldatafor the crosssections
andangulardistributions in the evaluation. This is importantbecausemany aspectsof
the productionof neutronsourcesvia � Li(p,n) reactionsinvolve useof the high-energy
quasimonoenergeticn� andn � neutrons.To modelthe remainingcrosssectionavailable
for nuclearreactions,i.e. the overall reactioncrosssectionminus thesedirect reaction
crosssections,we useGNASH nuclearmodelcalculations[34, 35].
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Useof the GNASH calculationsis expectedto leadto someweaknessesin the eval-
uateddata,becauseof the aforementioneddifficulties in usinga statisticalmodel code.
However, we notethat thecalculationsdo, at least,includecertainimportantconstraints
suchasenergy, flux, angularmomentum,andparity, conservationlaws. SincetheGNASH
calculationsmakeuseof experimentalnuclearlevels information, they can also be ex-
pectedto leadto emissionspectrathatcorrectlyincludepeaksandgapsin thecalculated
energy-dependentspectraat thecorrectlocations,i.e. peaksat energieswherefinal states
canbeexcited,andgapswherethereareno final nuclearstatesavailable.

IV.A.Evaluationof ST� and SZ� crosssectionsandangulardistributions

The � Li(p,n� ) and � Li(p,n � ) evaluationswerebaseduponmeasureddata.Thecenter-
of-massmeasuredangulardistributionsof both the n� andn � neutronswerefitted using
Legendrepolynomials, w�x\y z {+zw�| 8

}~
�K�]� �s�����c�1����������;

For protonincidentenergiesup to 12MeV, suchLegendrefits havebeenpublishedby
Poppeetal., andthereforewe adoptedtheir results(Fig. 5 of Ref. [12]).

At higherprotonincidentenergies,we performedLegendrepolynomialfits to mea-
suredangulardistributions. For protonincidentenergiesof 15.1,15.9,16.9,17.9,18.9,
19.9,20.9,22.0, 23.0,24.0,25.0,and26 MeV, thereareavailablemeasurementssepa-
rately for n� andn � by Poppeet al. [12]. Above 26 MeV, therearefewer experimental
dataat only a limited numberof incidentenergiesandemissionangles,andfurthermore,
only datafor thesumof n� andn � areavailable.Weusedthemeasurementsby Battyetal.
[19] at 30 and50 MeV, by Gouldinget al. [30] at 119.8MeV, andby Watsonet al. [28]
at 134.2MeV. We fitted thesedatausingfor theratio F�8NSZ�W[�S\� a fixedvalueof 0.35,as
measuredby Poppeetal. [12] at 
 7 8�@=4];^C��
��� , andsmoothlyinterpolated/extrapolated
theresultingLegendrecoefficientsup to 
 7 8��K4=� MeV.

As an example,Fig. 2 shows the sumof n� andn � measuredtotal productioncross
section(for references,seeTableIII) asa functionof protonkineticenergy, 
 7 , compared
with our evaluation. Onecanseegoodagreementin the whole energy rangeup to 150
MeV.

IV.B.GNASHcalculations

Thelatestversionof theGNASH codehasbeendescribedin Ref. [34], andits latest
applicationin nuclearreactionevaluationwork hasbeendescribedin Ref. [36]. For this
reason,herewe provideonly anoverview of themodelsusedin thecalculations,concen-
tratingon new features.

GNASH calculationsof preequilibriumandHauser-Feshbachdecayrequireinput pa-
rameterinformationdescribingtheopticalmodeltransmissioncoefficients,nuclearlevel
densities,gamma-raystrengthfunctions,aswell asnuclearlevel informationfor all the

9
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gratedcrosssectionsfor the � Li(p,n��� � Beand � Li(p,n �W� � Bereactions(for details,seeTable
III) with ourevaluationin theENDF-6format.

nucleithatcanbepopulatedin thereaction.For mostof thesequantities,we useddefault
parameterinformation,asdescribedin Ref. [36]. Below, we provide informationon the
opticalmodelweusedfor � Li.

Although theappropriatenessof an opticalpotentialfor nucleonscatteringon a light
nucleussuchaslithium is questionable,we have, for pragmaticreasons,madeuseof a
relativistic potentialfor 6 Li publishedby Chibaet al. [37]. This potentialwasshown to
provide a surprisinglygoodrepresentationof availableelasticscatteringand total cross
sectiondata,for energiesupto a few hundredMeV [37]. Weconvertedthisneutronpoten-
tial for useon � Li by makingsmallisospincorrections,andproducedaversionfor proton
scatteringby includingCoulombcorrectionterms. Themodifiedpotentialsresultedin a
calculatedtotal neutroncrosssectionthat accountedfor measureddatafairly well. The
calculatedprotonreactioncrosssectionwasalsoin goodagreementwith measurements
(seeFig. 3).
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with the opticalmodelby Chibaet al. [37] modifiedhereasdescribedin SectionIV.B.
Experimentaldataarefrom Refs.[38, 39].

SincetheGNASH codeincludesn� andn � neutronemissioncontributionsfrom com-
poundnucleusandpreequilibriumdecay, thesecrosssectionshadto be ignoredsince,in
our evaluation,they arebasedon measurements.Thereforewe wrote a utility codethat
takesa GNASH output,modifiesthe n� andn � neutronemissioncrosssectionsto zero,
andin theevaluatedfile introducesthecrosssectionsbasedon experimentasdescribedin
Sec.IV A above.

Examplesof the � Li(p,xn) calculatedzero-degreedouble-differentialcrosssectionsof
neutronsareshown in Fig. 4, comparedwith measurements.Solid linesshow theresults
from theGNASH calculations;Dashed-linesshow then� andn � contributions(evaluated
from the measurements).Comparisonsaremadewith 
 7 8���4 , 20, and30 MeV data
of McNaughtonet al. [13], 
 7 8Rb�� MeV dataof Jungermanet al. [14], andat 
 7 84=4 , 90, and140 MeV dataof Byrd andSailor [40]. In thesefigures,in addition to the
highest-energy peakdueto n� andn � neutrons,severallower-energypeaksdueto n, andn-
neutrons,representingthepopulationof the4.55-and6.51-MeVstatesin � Be areevident
(seealso,e.g.,Fig. 2 in Poppeet al. [12], whereeventhepeaksby n. andn0 , representing
thepopulationof the7.19-and10.79-MeVstatesin � Beareclearlyobserved).
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resultsfrom theGNASH calculations,dashedlinedshow n� andn� contributionsevaluated
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We emphasizethat the GNASH resultsshown in Fig. 4 have not beenbroadenedto
accountfor the experimentaldetectorresolution. This explainswhy peaksanddips are
observed in the calculatedenergy-dependentspectra,but arenot seenso prominantlyin
theexperimentaldata.Overall,it is evidentthattheevaluationaccuratelyrepresentsthen�
andn � neutrons,asit shouldsinceit is basedon theexperimentaldata.Thelower-energy
neutronsfrom the GNASH calculationagreewith the measurementslesswell, but it is
hopedthattheaccuracy obtainedis sufficient for LEDA designcalculations.

V. ENDFData

In this sectionwe show somegraphicalrepresentationsof theevaluatedENDF data.
Thesefigureshelpillustratecertainfeaturesof theevaluation.Thefiguresshown herearea
smallsubsetof figuresproducedautomaticallyby theNJOY code[41]. Thefull setof fig-
urescanbeviewedon theT-2 WWW site,by first goingto http://t2.lanl.gov/data/he.html,
registering,andthenclicking onpremadeplotsin Postscriptformatfor protons
(http://t2.lanl.gov/data/p-ps/).

Figure5 shows theprotonelasticscatteringangulardistribution for incidentenergies
up to 150 MeV. The increasedforward-peakingwith increasingincidentenergy is evi-
dent. Figure6 shows the angulardistributions,reconstructedfrom the ENDF Legendre
coefficients,for then� andn � emittedneutrons.

Four separatefiguresarecombinedtogetherin figure 7. On the top left, the overall
crosssectionsfor the n� , and n � reactionsare shown, as is also the “remaining” cross
section,designatedas MT=5, that is usedin the GNASH calculations. The sumof all
thesecrosssectionsis thereactioncrosssectionasshown in Fig. 3.

In Fig. 7, top right, the inclusive productioncrosssectionsare shown for the light
ejectiles. Note that, unlike for reactionson heavier nuclei, thesedo not keepincreasing
with incidentenergy up to 150 MeV, but insteadbecomeapproximatelyconstantabove
40 MeV. This energy corresponds,approximately, to the total bindingenergy of � Li, and
thereforeabove this energy it is not possibleto obtainadditionalparticleproductionby
increasingtheincidentenergy.

In Fig. 8 lower-left, a perspective plot is shown of theangle-integratedneutronemis-
sionspectraobtainedfrom GNASH, asa functionof incidentenergy. Theincreasingrole
of preequilibriumhigh-energy neutronemissionis seenasthe incidentenergy increases.
Finally, in Fig.7 lower-right thetotalheating(MeV/collision)is shown asa functionof in-
cidentenergy. This includesenergy transferredto all secondarycharged-particles,except
protons(sincethis is theprojectile,andit is thereforeassumedthata transportcalculation
will alwaysbeexplicitly trackingthesecondaryprotons).

VI. SUMMARY AND FUTUREWORK

Our new evaluationfor protonson � Li is available in the ENDF-6 format for usein
radiationtransportcalculations.By usingandtestingthesedatain simulationsof thick and
thin lithium targets,wehopeto obtainfeedbackonpossibleimprovementsthatareneeded.
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Figure5: Protonelasticscatteringangulardistributionof � Li at differentincidentenergies
up to 150MeV.
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Figure6: Angulardistributionsfor n� andn � neutronsfrom p + � Li interactionsatdifferent
incidentenergiesup to 150MeV.

For completeness,we list herea coupleof areaswherewe know thereis room for
improvement.Thefirst point discussedbelow emphasizesweaknessesin theENDF eval-
uationthatmaybeproblematicfor simulationsabove 30MeV.

Firstly, asdiscussedin this report,theangulardistributionsof thehigh-energy n� and
n � protonswererepresentedin theENDF file usingLegendrecoefficients. However, the
scarcityof measureddataatvariousanglesin themeasuredangulardistributionsledto dif-
ficulties in obtainingaccurateLegendrerepresentations.Furthermore,at higherincident
energies(above 30 MeV), thedataat forwardanglesoftenshowedanextremediscontin-
uousincreasein crosssectionat zero-degrees.This wasimpossibleto fit accurately, and
our resultingLegendrefits thereforeunderpredictedthezero-degreedataabove 30 MeV,
by up to a factorof two. To solve thisproblem,it maybenecessaryto abandontheuseof
a Legendrerepresentation,andinsteadusetabulatedrepresentationsof theangulardistri-
butions.
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Figure 7: Dif ferentchanelcrosssections,neutronangle-integratedenergy spectra,and
heating(MeV/collision) asfunctionsof incidentenergy for p + � Li interactions,asindi-
cated.

Secondly, our analysiswasnot developedto includeanaccuratetreatmentof gamma-
ray production,but insteadfocussedon neutronemission.Indeed,thenuclearlevel infor-
mationin the GNASH calculationsdescribingthedecayof excited statesby gamma-ray
emissionwasnot carefullychecked.Therefore,if gamma-rayemissionbecomesof con-
cernin LEDA targetdesignstudies,anupgradeto thisevaluationmaybeneeded.
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A. S. CLOUGH, andJ. B. HUNT, “The 6 Li(p,n)6 Be and � Li(p,n)� Be Reactionsat
IntermediateProtonEnergies,” Nucl.Phys.A, 120, 297(1968).

17



[22] J. L. WACHTER,R. T. SANTORO, T. A. LOVE, andW. ZOBEL, “FastForward
NeutronProductionin the � Li(p,n)� BeReactionfor 41-and64-MeVProtons,” Nucl.
Instrum.Methods, 113, 185(1973).

[23] M. BOSMAN, P. LELEUX, P. LIPNIK, P. MACQ, J. P. MEULDERS, R. PETIT,
C. PIRART, andG. VALENDUC, “NeutronBeamFacility at theLouvain-la-Neuve
IsochronousCyclotron;CrossSectionsfor FastNeutronProduction,” Nucl. Instrum.
Methods, 148, 363(1978).

[24] A. LANGSFORD,PR/NP7,p.28,Atomic Energy ResearchEstablishment(Harwell)
(1964).

[25] R. POURANG,Ph.D.Thesis,KentStateUniversity(1989).

[26] J. W. WATSON,B. D. ANDERSON,A. R. BALDWIN, C. LEBO, B. FLANDERS,
W. PAIRSUWAN, R. MADEY, and C. C. FOSTER,“A Comparisonof Methods
for DeterminingNeutronDetectorEfficienciesat MediumEnergies,” Nucl. Instrum.
Methods, 215, 413(1983).

[27] T. N. TADDEUCCI, C. A. GOULDING, T. A. CAREY, R. C. BYRD, C. D. GOOD-
MAN, C. GAARDE, J. LARSEN, D. HOREN, J. RAPAPORT, and E. SUGAR-
BAKER, “The (n,p) Reactionas a Probeof BetaDecayStrength,” Nucl. Phys.A,
469, 125(1987).

[28] J. W. WATSON,R. POURANG,R. ABEGG, W. P. ALFORD, A. CELLER, S. El-
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