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COMPREIIENSIVE NUCLEAR MODEL CALCULATIONS: INTRODUCTION TO

THE THEORY AND USE OF THE GNASH CODE

,,
, ,, P. G, Young,E. D. Arthur,and M. B. Chadwick

,..
ABSTRACT’

A user’smanualdescribingthetheoryandoperation o! tk GNASH nuchm

reactioncomputercode is prcscntcd. This work is hascdon a series of lectures
describingk statisticalHau.ser-Fcshbachplusprccquilibriumversion01-thecode
with full angularmomentumconscrvaticm.This versionk cxpc~tcdto bc most

applicablefor incidentparticleenergiesbetween 1 kcV and 50 McV. General
‘featuresof thecock,thenuchmrmodelsthatarcutilized,ilq-mtparamcwrsneededto

performcalculations,andtheoutputquantitiesfromtypicalprob!cmsarcdescribed
indetail. Thecomputationalstruc~urcof thecodeandthesubroutinesandfunctions
that arecalledare summarizedaswell. Twodetailedcxampl~sareconsidcmi: 14-.,
:MeV’neutrons incident ”on9~Nb and 12-McV neutrons incident on 2~~U. ‘I%e

~, ‘formerexampleiltuswaksa typical calculationaimed at dcturnin@g neutron,
‘proton,andalphaemissionspectrafrom 14-MeVreactions,and the latterexample

~~•dt!momstra$esuseof the,flssionmodelinGNASH.

1,’ THE GNASH NUCLEAR THEORY CODE - OVERVIEW AND
~,: THEORETICAL MODELS

A. Introduction
,

The firstversionof theGNASfinucle~ @eorycodewascompletedin 1974. Thecodehas

bein developedcontinuallysince that Limeand has been used often to supply varioustypesof

While the original structure of the code has remained largelynuclear data for tipp]ications.
unchanged,nlany improvementshave,been made over the years, including the addition of,’
prdeq’uilibriurn’corrixtionsanda multipleb~er fissionrn~el. Severalversionsof thecodeamin

use;illl:ludingoneadaptedfor use in generatingactivationcrosssectionsfor the Japanesefusion
progrtiin,l and two versionswith modificationsand approxima~ionssuitablefor higherenergy
calcu~atlcms.zThe code deseribedhere is referredto as the sttitisticalHauser-Feshbach plus
~rwquilibriumversionwithfullangularmomentumconservation.

I
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series o!”ICCIUICSd compwr ~xcrcis~wprwnkd by Young tiI [hu Intcrnti[iondCcntrc !’or.!
Thcorctica]Physics (lCTP) in ‘rricstc.~ A“similarset O(Iwxurcswas given by Arthur in 1988.5

,.
Swion 1summ;iriwsg,cncrdIwtlurcs01tlwGNASHcode,tiwcornputtitionalapproach,,and

thenuckar modelsu.scdin tlwcixlc. %clionIIdcsu-ihesinhail theinputparanwtcrsrequircdfor
thecodeandexplainsthevariousquantiti~sthatappearin theGNASHoutput. An input~tup and

()~Nb,.cuctit)lls~~~usc(jas cxtimp’cs.the rtisul~ingoutiwt for n + “ Section J1lprovidesa dc[ailed,, ,.
description of the structure of the code,

.
including summtirics of the major subroutines and

idgiwithnisthat tireUSUI.The final .swtion(Sec. IV) covers the fissionmodel in GNASHand,.
details {hc inputand output from calculations of”n + z~~Ureactions. Also incluthxl in the final

~ sectionis a discussionof fumrcirnprovcmtintsphmncdfor thecode.
. Fourcomputer cxcrci~csessionswcrqheld in conjunctionwith the ICTPIccturcs,and input

:andoutput iilcs from these excrtii.scstireavailhblc‘fromtheRadiationShieldingInformtitionCenter,,
at OakRk.igcandfromtheNuclear,EnergyAgencyDataBankinParis. Inadditionto theexamples
dcscriiwd here, sample inputs and outputs arc inclu(lcd for calculationO((n,y).(n,n’),(n,p),and

(n,(x)cross sections from neutron interactionswith ~sNb at Iowcr energies, calculations for

incident ncumms, protons, and alpha particks up to 40 McV on S6FCand ssMn, a,ndproton-

induccdcalculationson 2~~U.Usingthcsc,cxamples,simplecxcrci.scscan bc p~rfo”rhkd-suchas
observing the effects on calculations of varying l&cI densities, y-ray strength functions, and
prccquilibriumparamc[crs. Additi@tlly, the code capabilitiesfor.handlingmorecomplicate.!.d
reactionchainsthatarc requiredathi~hcrenergiesarc illustrat~ by theexamples.

Summary Description of GNASH
. .

B.

GNASH implementslktu.scr-Fcs}~txlch[hcoryin& tpn-ended sequence,ofreactionchains,
limitddin nurnbcronly by themcmoryandspud of thecomputerbeingutilized. The ve&n of

the code used in the ICTPcxcrciscsis dimensionedfor 10primarycompound~l~lcl~i.Up to 6
typesof radia[ioncan hccmitwdfromeachcompoundsys~’m,so thata maximumof 60 reaction
paths can l-whandled in d single calculation. The reactionchain followed in the n + 93Nb .
calcultiti(msof Excrci.scJ is illustratedin Fig. 1. Noteth~tthechainsinvolvingdeuteronemission
urc dashed hccau.sctheyarc not includedin the samplecalculationbut their additionwouidbe

straightforward. (Much morecomplicatedconfigutitionshavebeencalculatedat higherenergies
usinga fmtcrcvaporatirmversionof thecode;) Width’fluctuationaxialprckquilibriumcorrections.

inciudingsurfucceffectscan hc appliedto the decaychannelsof the initialcompound,nucleus.
Three model choices arc availablefor continuumICVC1densitiesand for gamma-raystrength
functions. Maximumu.scis madeof experimentalstructureinformationfor all residual nuclei

2
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wcurring in a givencalculation, Foractinidcstudies,the codecontainsa ratherdctaihxifission

model,allowinguseof up to threeuncoupkdfissionbarriers.
The primary output from GNASHareabsolute angle-intcgratw.iparticleand gamma-ray

SpWMa p]US excitationand deexci[titioncrosssectionsof discrctcstates. Thectiluu]atcdspectraare.

integratedandsummed,so thatabsolutereactioncrosssectionsarc readilyohtaincci.The present
configurationof the code permits the following incident particle types: nt!utrons,protons,

dcutcrons,tritons.~He,and4He. The sameparticlesarc permittedin decaychi~.nnclsas WC]]as
gamma rays. Examples of reactions for which cross sections and emission spectra can he
calculatedarc (n,p), (n,d), (n,a), (nxn), (n,xny),(p,xny),(a, pxay), etc. In Fig. 2, a schematic

is giventhatillustratesin moredetailthefirstseveralreactionspossiblefromthen + ~sNbexample
of Fig. 1. In particular,an energydiagramis given tha~showsthe binaryand (n,2n) reactions

fromthe main compound nucleus.
,,

The code has been used for calculationsat energiesas low as ().1kcVand as high as’100
McV. The modelsutilizedare expectedto be mostapplicablefor the energyrange 1keV to 50
McV. Angulareffects are not includedin the calculations,as the resultsarc normallyusid in

combination with the systcmhtics-basedparamctcrizationof KalhachGto determine angular
distributions. For that purpose, the code provides tables of ratios of precquilibriumto total
emissioncross sectionsas functionsof emissionenergy for all outgoingparticles, which arc
requiredforapplyingtheKalbachrelations.

GNASHhas beenusedat LosAlamostosupportdataevaluationsfora numberof materials
includingENDF/B-Vand VI evaluationsfor l~2~ls3Jl~dol~GW,15IS1S3EU,16SH0,lgs~lgTRe,
Z37NP,zM.zq~u,and Zs%%opu(Ref.7). It was utilized for comprehensiveanalysesof neutron-

inducedreactionswith~9Yand%Zr (Ref.8),andforcalculationsup to 40 MeVfor fiFe (Ref.9),
to 50MeVfor S9C0(Ref. 10),andto 100MeVforz~~Pb(Ref. 11). Additionally,the fulIangular
momentumversionwasusedextensivelyup to about50 MeVin generatingneutron-and proton-
induccd transport libraries tohigher energies for 2TAI,zgSi,2GFe,~84W,and238U(Ref. 12),

WhenGNASH is used for dataevaluationwork,a series of Utility”codesare normally’used to
extractandformatdatafromthe”outputs,as summarizedin sec. 11.F. ~ ,.

c. General Theoretical and ComputationalApproach’.

1. Hauser-Feshbach formulation
Although many theoretical models are utilized, the Hauser-Feshbachstatistical model

providesthe b~ic underpinningfor theGNASHcode. .Thediscussionhere followscloselythe

descriptionand nomenclature,of Uhl13and the referencescontained therein. The principal
assumptionusedin thecalculationof crosssectionsandemissionspectrafromcomplexteaction

,,
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prmxxses is thut the reaction procccds in a series of hirmy rcac(ion stages, and at each stage

particleund gammaray cmissionarc calcultikxl. I“hcuncrgcticsof this processurc illustrtitcd
schematically in Fig 3. An initial compound nucleus is formed with excitation cncigy U, spin J,

ml parityIl. This process(and id]othersowurnng in the calculation)is subjcd to constraints

imposedby the followingconservationlaws:

&+ Ba = E’+ E’+ BaI = U [cncrgyl
,,

i +1 + 1 = i’ + 1’+ Q’ = J [spin]’

PXP*(-1)~= IIIXPIX(-l)!’sn [panty]. . .

whereEandS areccntcrof masscncrgicsof incomingand

(1)

outgoingparticlesa anda’;BaandBao

arc binding energies of the particles relative to the compound systcm; i, 1,p, and P arc spins and
paritiesassociatedwithlightparticle..andtheheaviertargetor residualnucleus;andQis theorbi,tal

angularmomentum.Theprimedquantitiesindicatetheoutgoingchannel.
The statisticalmodelpredicLsreactioncrosssectionsaveragedovermanyresonancesin the

intermediatenuclei. Themeanangle-integratedcrosssectionfor formationofthefinalstate(E’,I’,
P’)by meansof the (a,a’)reactionis givenas

.., ,

ra,(U,J,x; E’,1’,P’)
~a &sI.p; E’,1’.P’)= ~ CJa(C,I,P;U,J,X) r(u,J,7c) ‘

.(~)
, J.x

where (U,J,X)are the quantumnumbersof the compoundstates throughwhich the reactions

procccd;CJa(C,l,P;U,J,X)is thereactioncrosssectionfor formationof thecompoundnucleuswith
quantum numbers (U,J,X);and ra~(U,J,x;E’,1’,P’)is the decay widthof the compoundnucleus

into the state (E’,1’,P’)of the residual nucleus by emission,of the particle a’. The ipantity
~ r(U;J,n) is the total decay width of the compoundnucleussta~ (U,J,?) tid is the sum of all. !,
~‘“possibledecaywidths,

.

r(U,J,n) = ~ ~ ra,,(U,J,x; E“,I’’,P”), (3)
a“ E“,l’’,P”

wherethesummationovera“ includesallpai~iclesandg~ma rayswhoseemi~ion isenergetically
poisibIe from (U,J,Z),and the secondsumma~on“includesall possiblestates (E’’,I’’,P”)in the,.

,. varkwsqidual nucleimat“restdhconsistentwiththeconserimtionlawsgivenin Eq. (1).
,,

The rc@tion~i~~~sectionfor formationof the”compoundnucleuscti,be expressedin terms.
of opticalm,xkl transmissioncoefficients,TQa(@,as follows:

4
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(4)

wherek is [hewavenumberof rckttivemotion;S indicateschannelspin,andthe functionf(l,n) is
unity if parity is conservedand zero otherwise, as provided by Eq. (1). Through usc of the

reciprocitytheorem(detailedbalance)of nuclearreactions,thedecaywidthscan be relatedto the
transmissioncoefficients:

,.
,! i’+1’
. ra,(U,J,n;E’,l’, P’) = – 127cp(U,J,7c) z

S=1i’-l’
(5)

where p(U,J,x) is the nuclear level density of the intermediatenucleus having the quantum

numbers(U,J,X).To obtainEq. (5), the assumptionis madethat the opticalmodeltransmission

coefficients,determinedfromanalysisof cxperimentaJdata on the groundstatesof nuclei,also
describetheinversereactionsonexcitedstatesof theresidualnuclei.

In general,theenergiescoveredinGNASHcalculationsexceedthe rangewherethereis
detailedinformationconcerningdiscreteexcitedstates. Thus,eachnucleusoccurringin a giveh
calculationis assumedto be comprisedof a series of known discrete Icvels havingquantum
numbers (Ek,Jk, Pk), above whiche,xistsa continuumof levels describedby a,leve] density
function, p(E, 1.P). Therefore, the summationsin the above equationsmust be modified to

includetr~sitions in thecontinuumregion. Forexample,theexpressionfor tktotal dtiay width

‘[Eq.(3)1becomes

U-Ba

r(u*JJ~)=xz j dE raw(U,J,x;E,I,P)p(E,I,P)+ ~ ra,,(U,J,x; Ek,Ik,Pk)
a“ 1,P E

(6)
k~. !,

where the Ec is the lower excitation energybolindof thecontinuumregion,and thek summation

extendsoverthediscretestatesfromEX= Oto EX= ~.
In GNASHanalyses,detailed calculationsaremade of the,populationsof discrete and,,

continuum levels for all possiblespins“~d parities. If ~(n)(U,J,n)is’ the, level populationat

,excitationenergyU in the n~ compoundsystem,then the populationin the (n+l)~ compound
sy~~mfo~ed byemissionof particle(a’)is given.by ,,,,



,,.. .,, I

.,
,, !

.(n+l)
u

.!
max

Xj

r~~)(~,j,~; U’,J’,n’).,
?, .“ (U’,Y,Z’)= p(n+l)(U’,J’,Z’)

(n)
(IU~ (U,J,X) r(u,J,lr) (7)

J,n ~J’+B.,
,, , a“

whereUmaXis the maximumexcitationenergyattainable”in the n~ compoundnucleus, which
dependson the incidentprojectileenergyand the reactionpath to that nucleus. The summation

,,

includesthose valuesof (J,x) that can couplevia Eq. (1) to form (J’,rr’)levels in the compound

nucleus(n+l). It is understoodthat the integralin Eq. (7) also includesa sumover any discrete
statesin then~ nucleusthatareenergeticallyable to contributeto y(n+l)(u’,J’,#). NOW that Eq.

(7)alsoallowstheexplicitcalculationof gamma-raycascadesif oneconsidersthe(n+lj~ and(n)~
compoundsystemsto be thesame.withemissionchannel(a’)indicatinggamma-rayemission.

The initializationof anydecaysequencebeginswiththecalculationof thecrosssectionfor
formationof the first or primarycompoundnucleus. This crosssectionis determinedfrom Eq.

~(4)?andthepopulationof theinitiallevelsin thefirstcompoundnucleusis givensimplyby

(1)
~ (U,J,X)= 6a(&,I,P;U,J,@ 6(U- E- Ba) . (8)

The quantity rafn)(U,J,x; U’,J’,x’)/r(U,J,rt) in Eq. (7) representsthe branchingratio of the
partialwidthfor decayby a givenchannelto a given(J,z) levelrelativeto the totalwid~ for all,

possible decays. This branching ratio can be simply expressed in terms of transmission
coefficientsas follows:

ra,(U,J,n; U’,J’,X’)
1 i’+J’

r(u,J,7r) z= N(U,J,rc)~,=1i,,,

,$

where BaIis the binding energy associatedwith the decay of interest (zero for gamma-ray

emkion), andthesummationsareoverthechannelspinsand,orbi@angul~ momentathatcan
connectthelevels (UJ,X) and(U’~’,Z’)..“ThedenominatorinEq. (9), N(U,J,tc),is proportional.,
to”thet@l decaywidthandcanbeexpressedin terrtx$of transmissioneoeffici6nts:

.
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N(U,J‘*7$‘=”~
a’
x
I’,P’

i’+t’
E

S’=/i’-I’

,+S, LJ-B, :

~ j adU’f(R,x)T;(U-lJ’-B’ ) p(ti’,1’,P’)+
~1 J-S’I UC’ a’

wheretheprimedquantitiesareassociated.withthenucleusformedbyemissionof thea’particleor I
. .

gamma-ray. ,,
,.

2. Computational structure.,
In this sectiona summaryis givenof howthe Hauser-Feshbachequationsof the previous

sec[ionare appliedin the GNASHcode. A detaileddescriptionof the structureof the code is’,
reservedfor Sec.111.

Equations(l), (4), and (7)-(lO),amapplieddirectly,inthe calculations. Refefing back to
Fig. 3, the incidentparticlebringsin a certainamountof energy,excitingthe maincompound
nucleusto an excitationenergyof U. = c. + BO, whereC. is the centerof mass energyof the ‘.

projectileand BOis the projectilebindingenergyin thecompoundnucleus. The levelpopulation

thatoccursin themaincompoundnucleusiscomputedby meanof Eqs.(4)and (8). (Notethatthe
levelpopulations have the units of crosssection;in GNASHthestandardunitsusedare barnsfor ~,

cross sectionsand MeV for energies.) The initial energy brought into the compoundsystem

“determin~s.of course, the maximumenergiesthat can be reachedin all reactionchains being
considered.Theavailableexcitationenergyrangeof eachresidualnucleusin a calculationis split
into continuumand discretelevel energyranges,dependingupon the amountof discretelevel
informationincluded. The’continuaof the”variousproductsare dividedinto a series of equally

spacedenergybinsfor thecaIctdation,as illustra~ in Fig.4. fie continuumoccursin thesha&d :
areas of the figure, and the discretelevels are indicatedschematicallyat the lowestexcitation

energies. The figure shows the various decays possible,from the K~ ensrgy bin in the I[b ,.
compoundnucleus,withthecontinuum-to-continuum(C-C)andcontinuum-to-discretelevel(C-D)
transitionsindicated. The energybin indexbeginswith K=l at the maximumexcitationenergy
reachedin the maincompoundnucleus;K incre~ with decreasingexcitationenergy in each
compoundsystemthatispermittedto decay. Thepopulationsineachenergybinanddiscretelevel .‘

“thatcanbe reachedbydecaysina givencompoundnucleusare incrementedas eachenergybin is

permittedto decay,beginfiingfromthe.top.,Thesecalculationsarecarriedout usingE@.(9)and” ,
(10); The populationincmmen~areindicated~hematic~ly in Fig.4 butinpkictictimstod ~. ‘,,,
functionsofr~idti nucleusnum~r, excitationenergy,.spini’andpti’ty. -. . ~ .

7
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The calculationsprocccdsyst.cmuticallythrough till the compound nutilciconsidered in a“

given analysis. The dcexcitationof Icvclsin compound nucleus K shown in Fig. 4, which is
formedby m-wof the decaycham-wlsfromcompoundnucleus1,is not calculated unlil nuckus I

has been complc[ciydccxcited. In prac[icc, it rcsidwtlnucleus such as K in a complitxwtx!

calculationmightbe fornwdthroughseveraldifferentreactionsequcnccs.The code has [hc option
to combineall the level~(JpukitiOilin a givenresidualnucleusfromall sources,or to keepeach

reactionsequenceseparate. This situationis illustratedin Fig.3 for the product nucleus Iabellcd

“U3,4”.

As the variousenergybinsanddiscreteIcvclsarepermittedto decay,center-of-massspectra
are accumulated(A~/AU),and level excitation and deexcitation cross sections am accumulated,

I

1~both by individualrcac[ionand groupedaccordingto radiationtype (rwutrons,protons,gamma
rays,etc.) Thesequantitiescomprisethebulkof thecalculatedoutputfromtheGNASHcode.

● 3. Corrections
WhentheGNASHcodewasfirstwritten,its main anticipated U.SCwas for calcuhi!ionsin the

MeVenergyrangefor medium-to-heavy,targets,andnoprovisionwasmadefordirectcalculation
of width fluctuationcorrections. In subsequentyears,however,increasinguse of the code has

been made at lower energieswhere such correctionsare important. Therefore, as an interim
solution(stillin use)to thisproblem,provisionwas’madeto readin a tableof correctionfactorsas
functionsof incidentenergy. Wenormallyutilizea modifiedversionof theCOMNUCcodeldto

calculatethetable,utilizingtheintegralmethodbyMoldauer15andan approximationfromTeoelet
~.lb t. ca]cula~thecorrectionfactors.me furtherapproximationis madeinGNASHhat a single

averagedcorrection factorcanbe usedat eachincidentenergyforeachemittedradiationtype;that” ~
is, at each energy there a single correction factor for gamma rzys, one for neutrons, one for

protons,etc.
The secondmajor correction that is madeto the basicHauser-Feshbachcalculationsis for

nonequilibrium reactions. The exciton model of KalbachlT is utilized for calculating
preequilibriumcross sectionsfor each particleemittedin binaryreactions,”and the compound
nucleuscross section fcr each binary reaction* well:as the continuumlevel populationsof
residualnucleithatcan furtherdecayis modified,to accountfor thecorrections.A m6reCompletk ,

discussionofpreequilibriumcorrectionsisgivenbelowin“tiesc.ttionon nuclearmodels. ,
,,

.

● VersionsofGNASHusedinhigherenergycalcuhtionsatsoinclu&preequitibriumeffectsfromtertiary
reactions.2,4



D, Nuclear Models Utilized by GNASH

Summariesare givenin this sectionof the majornuclearmodelsUSC(!eitherdirectlyin the

GNASHcodeor indirectlyby meansof inputquantities. Additionaldiscussionof some of the
modelsoccursin Sees.11-1-4.

1. Optical model particle transmission coefficients
All particletransmissioncoefficientsare introducedinto the GNASHcalculationsfroman

externalinputfile(TAPE1O)thatisobtainedfromeithersphericalorcoupled-channelopticalmodel

calculations Becauseof the presenceof spin-orbitcoupling terms in optical potentials,such
transmissioncoefficientsnormallydependon orbital angularmomentum,1, and total angular
momtmtum, j = 1 + i . As impliedin the Eqs. (3)-(10)above,wc normallyignorespin-orbit

couplingin GNASHcalculations,usingtransmissioncoefficientsthatdependonlyon the orbital
angularmomentumquantumnumber. That is, the transmissioncoefficientsT~a(Qare weighted

averagesof the TQ,ja(&). L thecaseof spin 1/2particles(neutrons,protons,tritons,%ie), the ~-

dependemtransmissioncoefficientsm obtainedfromtheoptical

+
T:(c) = 1 (g+l)T: Q+ln(c)+ QT;,Q-in(E)

(2Jl+l) , 1
modelcalculationsas follows:lg

. (11)

Becauseof their spin Onature,transmissioncoefficientsfor alphaparticlesonly dependon 1.

Although dcuterons have spin = 1, they arc usually treated as spin O particles in GNASH
calculations.dc~.nding on the op[icai model code code used to determine the transmission

coefficients.
A versionof GNASHexists that includesspin-orbitcouplingin the varioussummations.

We haveverifiedthat theeffectson calculatedcrosssectionsandspectraof includingspin-orbit
effwts byuseof TQ,j(&) transmissioncoefficientsamsmall.

Sphericaloptical model transmission coefficientsfor GNASHcalculationsare usually ~

determinedwiththenonrelativisticSCATcodeby Bersillon.18 We havean earlyversionat Los
Alamosthatprodu~ transmissioncoefficientsin the requiredformatforGNASH. If we n?quirc

transmissioncoefficientscalculatedwitha relativisticopticalmodel,we use the SNOOPYcode
dew.lopedby Madland.19SNOOPYtreatsthedeuteronas a spin 1particle,whereasthe originid

versionof SCATmakes(he spin Oapproximationfor the deuteron. A more recent versionof

SCAT,describedbyBersillonduringthisworkshop,treatsthedeuteronas a spin 1p~cle.
Forcalculationswithincidentneutronsor protonson nucleithatare stronglydeformedsuch .’

as r~-.;earthsand actinides,we usuallyusecoupled-channc]opticalmodelcalculationswith the

9
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ECIS codc2~ to ohtain transmission cocf!lcicnts. The required transmission cocffici’tmtsarc

obtained by combining clcmen[sof the S-mittrix,tis formulatedby Lagritngc,Madland,and
Bersillon.zl U.scof transmissioncocfticicntsderivedin this manrwr automatically accounts for

dircc[ reactioncomponcn[sof the citlcukttcdcross .scctiwts,and no ad hoc renormalizationis

neededof thenxtion crossscc{ionscalculated from the transmissioncoefficients.

2. Gamma-ray strength functions
Gamma-mytransmissmncocfticicntsarccalculatedusingoneof severalpossibleformsfor

gamma-raystrengthfunctions.The transmissioncoefficientsarcobtainedusingdetailedbalance,
exploitingthe inverse photoabsorption process. The Brink-Axelzzhypothesisis used. permitting

thecrosssectionforphotoahsm-ptionbyanexcitedstateto beequatedwiththatof t.hcgroundstate.

The~mmiSsion”cmflicicnLsforgamma-raycmissionareobtainedfromtheexpression:

(m

where&ydeno~s gamrna-r~yenergy, XQindicates the multipolarityof thegamma-my, md fXQ(~)
.“

is the energy-dependentgamma-raystrengthfunction. .,

GNASHhasthreeopti,onsavailableforcalculatinggamma-raystrengthfunctionsfrombuilt-
in models,in additionto a fourthoption of simplyinputtinga tableof fEl(&y)va!ues. The ~r~”

choicesof built-inm@els,aretheWci~kopfsingle-particlernode1,23the Brink-Axe]giantdipoIe
model,zzandthe Kopccky-UhlgeneralizedLorentzianmodel.~ Inpractice,the lattertwomodels,.
ammostoften,used. . .

..

a. Weisskopf approximation
Thegainma-&yiireng~hfunctionwiththeWeisskopf

fX~(t7)sCXQ=conwtt ‘

,wherethedefaultvalueforelectricdipoletransitions
uh]~ compiledfor <y>= 7 MeV:,

CEI’=“(4.6x10-IZ)AI-91[M~V:3]

. .
In practice,, the Weisskopfoption is rarely used
2z<r@<D~ data,as describedbelow.

,,
approximation~is simply

(13)

is basedon systematicfrom Kopeckyand

,,
. (14)

and almost always is normalized using

.,

10



.
b. Brink-Axel standard Lorentzian,

When[hcBrink-Axclzzoptionis cho.scnin GNASH,a s[andardLorcn(zianformis u.scdto

describethegiantdipolercsonanccshape,and thegamma-raystrengthfunctionis obtainedfrom
theexpression:

. . “(15)

where6., r, and E arc the standardgiant dipoleresonanceparameters,usually taken from the

tablesof Dietrichand Bcrman,26and K~l = 8.68x 10-8rob-l Mel (nominally). Again, the
constantKE1is frequentlyobtainedbynonnalintion to 2n<r#<D~ data,as describedbelow.

Kopecky-Uhl generalized Lorentzian :c.

The third built-inoptionin GNASHutilizesthe generalizedLorcntzianform obtainedby
K@eckyandUhl~ tocalculatethegamma-raystrengthfunction: ~~e•

(16)

.,
f.. .,.

whcrc,r(&y)is anenergy-dependentdampingwidti,ba&donFermiliquidtic@ ~ ~ ~~•

?E;+ 41r2 ,,
,r(~;= r -2

..!

.,

(17)

.

andT is thenucleartemperaturegivenby
,,

,’

JBn-&y
T= ~ (18)

. .
andKE]is thesameas for the Brink-Axelmodelbutagaincanbedeterminedfromnormalization “”
.to 2x<r#<D~ data. The quantitiesBnand a w !heneutronbindingenergyand,Fermigas

leveldensityparameter,respectively.‘!heLorentzianparametersof @ giant-dipoleresonance,E
; ‘andr, are thesameas withtheBrink-Axe]option.

11
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In ~ddi[ion t. E I radiutit)ll, M1 and E2 as WCIIM higher order cornponcnwcan itlsobC

:.

,,

included in GNASH calcultitions. For M1. iI s[diird Lorcntzianexpressionis used for the
gamma-ray strength function wi[h hilt-in rcsonimccpimmwncrs.When the Brink-Axcl option is

chosen forM 1 transitions,[hcdcl”ituhpitriimclcrstireC()= I mh, E = IIMcV,tindr = 5 MN,
although 6(,can be input dircutly. When the Kopccky-Uhloption is cho.scn,slight!y diffcrcn~M1

rwmancc parameters arc u.scd,in purticulur,tho,scrccommmkd by Kopcckyand Uhl:zAE =41
A-~l~(MeV)and~ = 4 McV.

Except whenthe Kopccky-Uhlformulationis u.scd,a Wcisskopfform(or constant)is used

fortheE2gammti-raystrengthfunclion.WhentheKopccky-Uhlformulationis cmploycd,a giant
msqnanceformulationis UISOu.scdto CXIlc,ulttlc*c E2strengthfunction,as follows:

,?

(19)

wh~rc K1~2= 5.22 x lo-~ (mh-l M~V-~),E = 63 A-1/3(McV),r = (6.11 -0. 12A)(McV),and

co=l.5 x 10-422 EzA-li~?r (rob).

As mentioned above, GNASH has the option of rcnormalizingany of the gamma-ray
strengthfunctions[hatarcchosen. Whenthisoptionis chosen,theconstantsin theEqs.(11)-(16)
arc dctcrmincdby rcnormalizingthe gamma-raystrengthfunctionto match low-energys-wave
rcsonancc data. The normalizationcan he carried out either by directly inputting relative
contributionsof XQcomponents(for example, El, M1, and E2), in which case each fx~ is

normalizedscparatc]y,or by usingtheabsolutevaluesof the individualcomponentsas calculated

, by, the code to cstahlish the relative contribu~ionsand thenjust deierrnining one overall
‘!

noinmlizationconstant.Thenormaliu,ttioniscamiedout~ follows:
,.

,.

(20),, ,,

,. ., wherethe Jz sum is over the possiblecompoundnucleusstates that can be formedwith s-wave

incidentparticles,MC.X2sum isoverthe,multipqleradiationsincludedin thecalculation;thej’sum

... :is over thti spins’in the final”state, the f(Q,J,j’)is a factor or 1 or.0 to forcecompliancewith

multipole radiation selection rules, and Sn is the separationenergy of the pro~ctile in the



compoundsystcm. The mean gammawidth e~~> and mean ICVC)spacing <Do> for s-wave

incidentneutronsarcusu~llyobtained from &c compilittionof MughubghabC[u1.27

The present version of GNASH is dimensioned for up to 6 vitlucs of gitmtllu-ray

mul[ipoltiri”ty.The absolutecontributionsto Eq. (20) for txtchmultipolarity can hc input in[othe
code. Altcmativcly, onc can usc the absolute gamma-ray strength t“uncti~)l,~in Zqs. [ 13)-(18)

above to calculatethetdativecontributions.lf oncuses multipokradiationothwthanEl, Ml, and
E2,&cntherelativecontributionsamestimatedinGNASHas follows:

Wd
R(EQ+i) R(MQ+l)~ * ~ ~~-’ - ;
R(W) = R(IWI)

whereR(XQ)indicatestherelativeamountsofeach‘muItipoltirily.

,, (2!)

I

(22)

,.

3. Level density models
The continuum level density function p(U,J,X), ntroduced in Eq. (5) above, m the ‘

followingformin GNASH: .,

. .

P(U,J$) = F~z) FJWU)p(U)

wherethespinandparityco~pom:ntsw givenby%

[

~J(j,u)=(:+1) ‘i”? ] ,exp -(j~~ ‘/2Uw)2
2U(U)2 . ,

Thequantity6(U) is itspmcutofffunctiongivenbytheexpression

,, (23)

. .
I ;

., .42?)
,,

. ,!,,, .,, ,,,

,.. ,-, I ., # . ,,

,,,

,.,

.,, .
,, , ,., ,4,, m .-.

L,. ,)

.,,

.,, -,

(26) “-’

withCSCbeinga constantequaltoeither0.!)888(Ref.28)orO.i46 (Ref.2W.
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:Thrcc built-in models,ofthe energy-~cpundcntIcgtclthmsity,p(lJ), arc aviiilablcin the

GNASHcode. Historically,lhuGiihcrt and Ctillwr(wJtim@l has,hwn u~ilizc*dmostoften in
GNASH,althoughsomeU.SChas hwn miuicd’ the bidshitlcd Fermi-gtismodd,~~and”ii]rcccnt
years the extensionof GNASHuidcuhuitmsto highermwrgics has ntt)tivattxfour usc d“ the
‘Igna[yukform O(the Fermi-gmmodel.~1USCof ci[hcr the Gillwrl-(!amcrunor Ihc Ignatyuk
models is rcasonahlywcli aull.)mti[cxlin GNASHwith intcrniddvf@s that uswtllyproduce
kmso,nablcR!SU]LS,In thecast O(the hackshiftcdFermi-giismodel,all parametersmusthi input.
A descriptionof Lhcp(U)mtdds follows. ,

a. Gilbert-Ca”meron model ~,

The GilburtandCumcr@ICVC1dcn~it~‘foi@@ionconsistsof:] conwanttcmpcraturcform,,
for u.sctiII(~wcrcxcitatifwcntgrgicsanda “R~~i$& !brmfor useat hlghcrencrg]es.Thcconstant”
tcmperiimrcformis givenby ..

I ‘:
,.

po#J)=~cxp[(u+&Eo)/t] (27)

I“
whereT is thenuchxirtcmpmmurcand@is a nwmalititionfactor.W“quantiiyU isdated to the
excitationenl’r~y by U = E - A,whereA is the pairingenergy. Tht*Fermigas formof the level’

,, densityis

%(u) =
cxp(2@j

1/4
12J2u(u)u(au)

(28)

where‘a’is the leveldensitypwarnetcr.

TheconstanttemperatureandFermigasfunctionstie illustrated.Sehcmaticallyin Fig.S.
,. . The quantitiesNT(E)and N~(E)arc the ~timulativenum~r of levels in the two level (lo@ty

regions,oMaincdby in[cgratingEqs. (27) ;md(28). .Itie tem@watuml-density is matchedM
thecurnulativenumberof knowndiscreteJ{vels(N~p)in.~e’’ti~~~-ti@tial ato%t
as follows: .

.,
,!

~. ,,.

(29)

— .- —— -. .-———...- —.- .-
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(290

,. !

~. (29iI)is vcrycon~wticntin thw it con“Wu.scdincircumslimxxwherethesfruc!urcof’a nucleus,,
is ~.~}mplvtt.)yunknown,that is, wherewc only knowthat there is a groundstate. In this case
NCxP@.= [})= i LStheonly informationtivailablt’,.but’the’mulchingcm Ix!&mcwi[hEq. (29a).
(hi: 1‘ads.l~fct)yrse,u) the result thatFq = [].)

Ft;; caies where [h~’rcis significant informationwnicrning ~hestructure of ii IWCICUS,
hi‘wcvcr,the ‘Ihovcslmplctrcutmcn[can 1A u) aslight d,lst~nionof thecontinuuk kmpuraturu

expression.mainlynear the malchingpoi:]t. .lnsuchciIscsit is IwucrL[),setthe Iowcrintegration
limitaroum;the2~ - 41hcxci~dstate,und~. (29a),mustbeq!pht(xxlby “

-4?))?’(3~~~~ “(29b)

Eq, (29b) is th.cusualoptioh~~d in GNASHfor calculations’ofnon-fissiletarget nuclei., %
fi~sioncalculations,the matchingroutinesfor ;hctransitionstatesuseEq.(29a)(w’ SwtionID.5
IAow). ‘,

‘k constanttcrnpkrature@fcmbgas cxpresakmswe,rn@tedatexcitation~nprgy~ by
,. ,.tqtifi~g that,

,,,

., ..p,,.(Ern) = PF(EW) ~., ,.

and
(q @ .
-#Em) = -#Em) .

(30)

,.

ThI’~~jtmbinatknof matchingsinEqs.(29)and(30)@ermines theconstantsl’, ~ dnd~.
.

The pairing energy A hat relams U and E is h“ sum of proton and ‘neutronpairing‘,,
corrections,P(Z) and P(N), and is determinedin GNASH fromthe Cooksz tabulation.’~
defaultvti!uesof the @ermi8Wleveldensity:paramcterin theGNASHc@e ttfefromGi)bertand

Cameron%u Fo!lows;
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i = ‘)”(MF)17[s(z)+‘(N)]+c (31)

whm S(Z)and S(N)w-cshell”factorsag~in[ukcnI“romthcCookpartimctcrset.32The constant~

isequalto [1.142McV-1forsphmixdnucleiandO.120McV-1forJcformcdnuclei.

b. Backshifted Fermi-gas model

With the lxxkshifuxiFm-rni-gusmodelO(Dilg,3~a single formulationdcscrihcsthe level

densityat allexcitationcncrgics,M follows:

(32)

wherethespincutoffcxfitissionis evaluatedin thisc~e by,,

(33)~z(u) = ().()15t As’s

,,
and[henucleartemperaturet isdefinedby

U = at2- t . (34)

“c. Ignatyuk form of Fermi-gas model .)

TheGilhcrtandCameronandtheback-shiftedFermigas leveldensityformulationsutiliman

energy-independent.level densityparameter,a, which somewhatrestricts flexibility at higher

energies.This difficulty is cornpoundtidby the effectsof shell ciosureison the Fermigas level,,
densityparanwtcrand on [heirpropagationto higtierenergies. To addressdw.scproblems,we
implementedthephcnomcnological1evel&nsitymodel-developedbyIgnatyuket ai,q~Inthis
modeltheFermigas parameteris assumedto be energydependentandis givenas a functionof
excitationenergy.U by thecxpre.ssio,l ‘ ,

a(u) = a [1 + f(uj WAJ], (33)

wherea is theasymptoticvalueoccurringat highenergies.Shelleffectsarc includedin the term

,5W,whichis determinedviaSW= ~x~Z,A)- Mi~(zA,~). In ourcalculationswedetiwminethe

expirnentil ”rnas.%s,MCXP(Z,A),throughuseof a prclimin~ versionof *C 1988.Wapstract id.
mtisscompilation,~zandwc calculateliqtiiddrop masses,MI@$A,~),throughu~ of standard
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liquid ~mpexprcssitmsevaluatedat it dcfwination~, Additiimtl energy dcpmdcncc in.a(U)

occursvia the term f(U)whichis givenby

f(u) = 1- Cxp(-yu) ‘ : (36)

wherey= 0.05McVwasdcuxmincdbyIgna[yukC[al.

Thus,thismodelpermitsshellcffiixs[o’b includedat lowcxcitutioncncrgicswhileat higher
energiessuch effectsdisappearas a(U) reachesthe asymptoticvaluea. This form is in better

agrccmcnt with results from,microscopicFermi gas models than the assumptionof energy
indcpendtinccfora. The asymptoticvalueof a(U)+a is givenbyIgnatyuket al. ~ a functionof‘,
massby theexpression

:=,q + p4 . (37)

with q = 0.154 and ~ = 6.3x10-5,and with a in units of MLV-Iand A in amu. In the default’

optionin lhcGNASHcode.howcwx,wcutili”zcArthur’sparametrization*1of Eq.(37),whichis
basedon fits to s-waveresonancedatazlandwhichresultedin the parametersq = 0.1375and~ =

-8.36x10-s.
,,

The Ignaiyuket al. Icvcldensitymodelis implementedin theGNASHcodeusingexactlythe
sameFermigas andconstanttemperatureformulasas am app!iedwith the Gil,bertand Cameron
representation,that is, Eqs. (23)-(30)above,and the continuummatchingand matchingto the

discrete’levelsis donein thesamem~ncr. Theonlydifferenceis theenergyandshelldependence
of the leveldensitypammcter,a(U),as specifiedin Eqs.(35)-(37).

4. Preequilibriurn and direct reaction effects

Aftercalculationof populationsof the first com~,und nucleususingthe Hauser-Feshbach

expressionsdiscussedhere,corrections for n,onequilibriumreactionmechanisms(preequilibrium
and dircc!-reactiuneffectson populationsandparticleemissionspectra)canbemiyie.lltemajor
~~j-1 (. j w cimtrih’IIionsis calculatedusingtheexciton‘preequilibriurnmodelas formulatedby
hill~s. .L ‘Ii; (‘O-B.33Thc corrktions @ wpIi@’&~@rthe initialHauser-Fekhbach

calculww, n~ beenmade.The logicfordoirigthiswill bea~dp laterinthediscussionof the
0 @tn~lizationof qpxm andpopulationincrements.

,.
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a. Nucleon preequilibrium

~c cxciton modd assumesthat,uftcrlhc initial intcrwxionktwcen the incident’pwtkk’and

thetargetnucleus,thecxcitcdsystcmcm pussthrougha .scricsof stages of incrmsing complexity,,
hcforc equilibrium is rcachcd, and cmissinn may occur I“rorn”these stugcs, giving the

preequilibriumparticles.Thisprocessis illustrated.schcmaticxd!yin Fig.6, togetherwitha sample
particle-cmission spectrum showing the regions of importwwc of compound nucleus,

prwquilibrium,and direct reactioncmission. The diflmmt stagesof complexityarc classified
accordingto thenumberof patiiclcsandholesexcited,andtheexcimnmode!calculationsinvolve
solvinga seriesof rnastcrequationsthatdcscribcthecquilihrationof ancxcitcdsystemthrougha

seriesof two-bodycollisionsproducingmowcomplexconfigurationsof particle-holepairs. The
masterequationis

‘.
. . ,, ~n,t) = k+(n-2)P(n-2,t)+ k-(n+2)P(n+2,t)- [~+(n)+ X-(n)+ W(n)jP(n,t),~ (38)

,,

where ,.

,.., ,. ~P(n,t)= probabilitythat $e excitednuclearsystemexists in the excitonstaten (n=p+hithe
,, numberof particlesplusholesexcited)at timet;
,, A+, A-= intemajtransitionratesforn+n+2 md n+n-2, respectively;,.

‘W(n)=
:,. total particleemissionrate from stage n summedover all outgoingparticlesand

; , energies.
,’,’. .

The initialconditionforsolutionof theset$quationsis J,
., ,,

.,
,.

P(p,h,O)= ~(p,po)6(h,ho), ~ ,“ (39)
.,

‘“wherethe initialparticlenumhcris po= 2 and,initialholenumber“is~ = 1 for nuclegn-induced
,, n%wtions.,Angleintegrated,crosssectionsarecalculatedfromtherelation : “

where,asbefore,~a is thereactioncrosssection,

.,.
(40) ,

,

and%(n)“isthemeanlifetimefortheexcitonstate,,,

de@ed by
I

:..
.,
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.,.
.!

,.

w
,,

~(n)= ~ P(n,t)dt , (41)
t=a

,andWb(n,c)is theaveragerateforemissionof particleb ,withcngrgyc fromtic n~ excitonstage.
:, The transitionrata arecalculatedusingFcnni’sGoldenRuIc:.

!
~ 27( 2,, .,, =rM Y’,.

!. (42)

!.

.,

M*= averagedsqutmdmatrixclcmcntfor two-bodyintixactionsbetweenspecificinitial.and
finalstates(paramcteri7.edaccordingto theKalbach~systematic);

Y= accessiblephasespacefor thetransition.

‘ ,Tocalculatetheaccessiblephasespace,theequidistantsingle-particlestatedensityexpressionof.
Williams35is usedas follows: — .—

,.

,“
,,

,,
,

: where

;AP,h=,.
E=

“~=

gn(E -.APJ)”-l , :
@p,h,E)=

p! h! (n-l)! ‘ .:
,.

,.

“(43)
!.

.,

factorrestrictingthenumberof allowedstatesdue“tothePauliexcltisionprihciple;
.!

excitationenergyof th~system;
inverseof thesingk-particlelevel ipacing;.klatedto the Fermi gas level density
pararneterhyg = 6a/rc2,or frequen~-~culatedsimplyas A/13. ~

,. ., .

ThefactorAp,hisgivenby

A~h = EP(p,h)-
p2+ h2+n

* 4g (44a)
.

wifi.EP~ing theminimumenergyre@isedfti theconfigurationby,*EPauiiexclusionprinciple,

~~•“givenby~= [max(p,h)]2/g.Itshouldbeno@ thatanalternativeexprasionhasalsobeenused
““ ‘forAP,~, namely~G



2, 2 <
A=

p + h + p - 3h
pJl 4g “ ,,

,,.

(44b)

:Ra~ for~sitions allowedby theassumptionof binarycollisions(A@~2) ~, ,
.,

A+(P~ ~, “2X2g3[E-EP(p+l.h+l)12
9* =~M

2(n+l) .
!, (45)’

,, 2X 2 gph(n-2): k-(P,h,Ej=~M a
.[ 1~(n-1) (p-l) (p-2)+(h-1) (h-2)

-m 8g [E- EP(p,h)] ‘ ~~ ~~•üà~~•

whereM2,is the matrixelementfortwo-bodyinteractionbetw&na“specificinitialandfinals@e
andEp,is thePaulienergyfortheindicatedconfiguration.InGNAW M2is pwmetcri=d.~ a

‘functiOnofe=FJnasfollows: ““ :
,,

. . .

.M2=&&& ~~ ,“e <2MeV “‘

-k
rA3e 7 I&v 2 e e <7 h4eV (46)”

.,
_ k ~: I

,.

3 7 <e <15 MeV ,” ‘ “

=Aer ,,
k 15Mev :“;‘e>:15Me},; - ‘ .“””——

A3e
e ,,,,.

with‘e’inMeV. Theconstantk is usuallysetequalto 130160 MeVs.
Theemissionrateforparticlesof typeb andemissionenergye is obtainedbyconsideringa

detailedbalanceof theemissionchannelandtk analogousabsorptionchannelof particlesb:

I (2%+.1)’ a(p-pb,h,y) ~ ~p) ~
W#@ = —. . . # ~3 :bUb(e)& ,~p,h,~)’ b ‘

. .

Y

(47):.
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,.
,.

sb,~t)ppb=
., u=

Ub(&)=

: q(p)=
,,

,.

spin,mduccdma..s,and,nucle,onnumberofthc cmittedparticle,
:

residual nucleusexcitationenergy,
inverse~ros:sectioncvalua[cdat thecmissionenergyof b,

factorthattakesintoaccountthedistinguishabilityof neutronsandprotonsin the

intranuclearcascade.s7

Two methods arc employed in GNASH

assumptionthatineachpair-creationinteraction,

to calculate Qb(p). The first is based upon the

protonsandneutronsarecreatedwiththerelative

probabilitiesZIAandN/A.Thesecondformtissumcstheneutronandprotonp-h pairsareexcited
“inPr6pOdCJII to the state densitiesof theconfigurationsformed.sg

b. Photon preequilibrium emission

The GNASH code”also allows precquilibriumconfigurations to decay by El photon
emission,throughthegiantdipoleresonance(GDR)Thispmequilibriumphotondecaymechanism

allowsa simpleestimateof the direct-semidirectcapturespectrumwithinthe frameworkof the
exciton model.~g Eq. (40) is used for the preequilibriumphotonemissionspectrum(with the
summationnow startedat theconfigurationp~l, ho=()),and Wb(n,@being the photondecay

rate frcm the n~ excitonstage.This is determinedby applyingdetailedbalanceusingthe Brink-
A,xclhypothesis,andis foundto be

gz&y@p-l,h-l,E-&/ ~ n @P,h,E-&~
+

) “

(48)
g(n-2j+ g2&y g n +g287

where WE) is thephotoabsorptioncrosssectionfora photonof energyc on the residualnucleus,

and is obtainedusing a Lorentzianparameterizationfromthe tablesof Dietrichand Berman.~
Theinversespacingof singleparticlelevelsis g = A/13. I

The two krms within the round bracketsdescrib&photonemissionprocessesin whichtie
total numberof excitonschangesby either An=-2 (particle-holeannihilation),or An+. The

dominantmechanismin thepreequilibriumphotonemissionprocesscorrespondsto an initialZp I
statedecayingthroughtheGDRto a lp sta”~of lowerenergy,and the photonemissionspectrum

peaksfor photonenergiesin the regionof theGDR.TheGDRswhichare builtuponthe final Zp
statesare of a 2plh nature, thoughaccordingto the Brink-Axe]hypothesistheyhave..“astate
density correspondingto that of a lp state. This explainswhy the dominantmechanismis

,..

determinedby fp statedensitieseven thoughthe formationof inietiediate 2plh GDRstates is

implicitlyincluded.
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.,

c. Composite particle preequilibrium

In addition to the prwquilibriumcrosssectionsandspcctialcontributionscalcuhttcdusingthe
cxciton model, u second, more general cks of noncquilibriumcontributions, is included

automatically in GNASHnonCquilihrium:calculations. These arc contributionsarising from
particle pickup. knockout, stripping, ctc.. which arc calculated using a phenomcnology developed

by Kalbach.lT In particular,[hcscexpressionsarc usedtocalculatecomposite-particlecmission
ratherLhmusing cxciton model expressions, which would he modiiicd to include “tit parameters”

suchas pmforrmtionconstants.
To dete~ine contributionsduetopickup/strippingprocwsesthe.semicmpiricalexp~ssion .

,.

~‘isused. HereAis [henumberof trhnifci-redparticles,and~a = 1if an aipha’is formed,5u= -“iif
an alphais destroyed,andzerootherwise.

., 6%
. . f(N,Z,Av,A~= (~),

Thefunction#is ~

(50)

~.,where& andAvare the numberof transfe~edprotonsandneutronsrespectively.,Thedensityof

~‘stites isdeterminedfrom
.,

~i ‘., :,.. 0, ,. ,’

+s(w=&- O)(O,i,U). ~ ‘“ (51)
.Z” v“*1

A secondcontributiondescribingknockoutandinelasticproces&sinvolvingaiphaclustersis,..
~:c~culatedfrom ,,

+-I(U)

~ab)= F [().UMev2.mb-1]“‘ ‘~(2sb + 1)pbe~b(&): AZ, a ,
pa&a . .

,.

(52) ‘,

whereFa =,1, Fn= FP= @A. The densityfunction”~K-l h% tie followingfo~sde~nding “
, ‘

~~6~upontheprocessinvolved:
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‘“~’i’”)=giga(u-i-k)“ “
whcr~:i=nor p (pa’)or(n,a) knockoutor(a,p) or(a,n) knockout;

Qgi(u)=g:u

(53a)

(53b)

forelasticscatteringwithexcitatimofanalphaparticle-holepair;and,

U:*(U)=g:u + g; u (53C) ‘

for (cz,a’)inelasticscatteringexcitinga nucleonpair. h these expressionsgP= 2Y(13WV),
gn=N/(13MeV),and~= A/(52McV).

d. FIUXadjustment for preequilibrium contributions

Oncepreequilibrium andothernorquilibrium contributionsamcomputed,they~ ~ to
renormali~calculatedspectraandcontinuumpopulations.Therenormalizationofcidctdti”
spectraforprimaryemissionis accomplishedin thefollowingmanner:

%=’(%)+(%)_
CN

“ sF(&JcN+[(g)m+(g[;];‘, ‘““. (54)

whereF is the fractionalreductionof theoriginaIcompbundnucleuscrosssectionthatis ixx@red ~

tpconserveflux,givenby
,.

(55)

,,

andthe sum runsover all t@enonequilibriurncross seitions. It should@ notedthatif the
compoundnucleuscrosss&,tionfora givenenergybin“iszero,(correspondingto c- where

.
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widelyspaceddi.scrc[cICVCISoccur in the residual nucleus), then the cidculutcd prcequilibriurn

crosssectionis also.sctto ~croo
To correct the spin-dcpcndcnt populations, ‘~(U,J,x), computed from con[inuum-continuum

decay of the first compoundnucleusfor prccquilihrium effects,lhc assumption is ma~c that ~C

precquilibriumcontribution (which is spin indcpcndcnt in this model) has the same spin

distributionastheHauscr-Fcshbachnxults.Thcrcfom,thecorrectionis:

[ l“”. “()$!& :

~(U,J,X) = ~CN(U,J,X) F +
NONFQ :~

()

(56)
au) “ : : .

e. Correction for

In additionto the nonequilibrium
direct reactions

crosssectionsand

CN J

spectra]calculationsdescribedabove,
GNASHalsohasprovisionforaccountingfordirect-reactioncontributionstoinelasticscattering.
Thesecontributionsamdeterminedbymeansof cxtemalcoupled-channelcalculationsusingacode
suchas ECIS20or throughdistortedwave Bornapproximationcalculationsmade usinga code

such as DWUCK.40There is no need to rtmormalimthe reactioncross sectionscomputedin
GNASHwhencoupled-channeIcalculationsam usedto providethedirectcrosssections,because

thedirectcontributionsart automaticallyremovedfromthetransmissioncoefficientsprovidedby
ECIS. WhenDWBAcalculationsareusedtoprovidedirectreaction”crosssections,however,the
originalreactioncrosssectioninGNASHmustbe reduced”bythe amountof directreactioncross

swtionaddedin orderto keepthetotal”mactioncrosssectionconstant.~is renor&lizationis
accomphshcdautomaticallybythecode.

5. Description of the fission barrier modeI in GNASH

WithintheHauser-Feshbachpoqionof GNASH,fissioncanbe includedas a “decay”path
asfollows. Uptothreeuncoupledbarrierscanbeusedtorepresentthefissioningsystemandeach
barrierhasthecharacyxisticsillustratedinFig.7a. Ateachbarriertransitionstatesoccurthatare
characterizedby anenergy,ETS,abovethebarrieras wellas byspinand‘parityJ?. At higher
energiesabovethebarrier,discretetransitionst@xamreplacedby a continuumof suchstates.
whichis describedbytheGilberLCameronleveldensitymodel. Fissiontransmissionc&fficients
aredeterminedthroughuseof theHill-Wheelerexpnxsiondlfor~netrationthrough“aparabolic
barrierof height~andcurvatumro, asfollows:

., :.
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‘f= ~+cxp[.~(u-Eb)] ‘ ~~
(57)

Becausebothdi.scrctctransitionstatesanda continuumof such states occur, the total fission
transmissioncoefficientis madeupof twocontributions,thefirstdc.scribingdiscretetransition
states, ,, .,

..

., 2 1,T:s(U,J,rc)=

,[-( )]

*
i=), ];+Cxp - :..’ U - Eb- E;s

(58a)

,,

.!

andthesecondgivesthecontinuumofsuchstates,
,, ,.

00

T;jU,J,rr)= ~ dc’p(c’,J,x) 1

[ 1
. (58b)

, +exp .*(u - Eb- ~’)
E;m

The summationlimit N in Eq. (58a)is the numberof transitionstateshavingspinandparityJ%.
TheintegrationvariableC’in Eq.(58b)runsfromtheexcitationenergyof thehighesttransition

statebuiltonthef~sionharrierunderconsideration,thatis, wherethecontinuumregionbegins,to
anexcitationenergyhighenoughthatcontributionstotheintegralbecomenegligible.Inpractice,
theupperenergylimitof theintegralin Eq.(58b)is set in GNASHto be c’= U - ~ + Mho,

wtymMcanbeinputbutthedefaultvaltEof M=5is usitally.used
ThefissionmodelimplementedinGNASH,~mes$c,fullydampcd kmits6~atthetotal

“. fissionwidthis determinedfromtheexpression. .

(59)

In this limitno accountis madeof complicationsdueto statesexistingin otherwells. Width
fluctuationcorrectionfactors(whenused)m settooneforthef~ion channels.

Thespecificationof thetriutsitionstatespectrumateachbarrierc& bemadewitheitherof
twooptions.Oritheonehandtheactualstatescanbespecified(&,J,rc)bytheuserinwhichcase

thesamespectrumofdisctetelevelsis assumedtoexistateachbarrier.Alternatively,diffcn!mtsets
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of Ixmdhcmlpurumcwrscan tw provided foreachhwricrandthe transitionSLWspectrumis

automaticallyconstructedby

2[J(J+\) - K(K+l)] . :E“lS=E& + ~ (60)

At higher cncrgics ahovc the barrier where a continuumof trtinsitionstates occurs. the
Gilhcrt-Camm-mkvcl densitymodelis U.MXImcalculatepl’S(U).Provisionis madeformatching

of the Fermi gas andconstanttcmpcratutuportionsof this rnodclusing informationprovidt!dor

gcnwtcd l-ordiscrcwfission (ransitionsta[cs. Finally, the fission transitionstatedensityis
modifid throughcxtcmallyprovidedfactorswhichaccoun[forsymmetryconditionsexistingat

4? ~nhanccmcnu t~u5 ~fis~ fr~rn the breakingof nUChMrsymmetries. ‘Ucheach barrier. -
cnharwmcntscanhc relatedtb thespincutoffparametersandthusiLsdcpcndcnccupontheenergy
ahlw the barrier has beenimplcmcntcdinGNASHas varyingas Elt4 above 1McV. Thus, the
tramitionstatedensityis modifiedfrom‘b valuecalculatedwiththeGilbert-Carncronexpressions

@Y .—

. .

(61)

whcmfois theinputteddensityfactor. (BC1OW1McV,thecnhanccmcntfactorvarieslinearlyfrom

2 to’fo.) At cncrgics above 15 McV, the’cnhanccmcntis assumed to saturate, as indicated
(approximately) hy the microscopiccalculations of Jensen.4~ At still higher energies, the
cnhanccmcntis assumedto decmsc tounity.

The hchaviorofthccnhanccmcntfactorwithcxcitationenergyis illustrated,inFig7b forthe
casewhcmthe inputfactoris f~= 4 (DFACin Fig. 7b). ~c energieswheretheenhancement
factorsaturates(USMAX),startsdecreasing(USMAX1),andthenreturnsto unity(USMAX2)
amsetinitDATAstatcmtmtin thecode.

II. DESCRIPTIONOF THE INPUT DATA AND OUTPUT RESULTS FROM

GNASH

A. General Comments on Input “andOutput
.

,. , .’

The,key concernindevisingtheGNASHinputwastoiuxpproblcm-specificinputassimple
as possiblewhilepermittingmaximumflexibilityin termsof parameterdetailthatmaybedesired
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for a spo ~lt problemat hand. The gcrwralphilosophyis to prov!dchulkdatathatfrequently
rcrnainstix~xlfor a given problcmin .scpamtcinputfiles,togw.lwrv :.11amuchsimplercalculational
dirccmrytllc (INPUT)thatdefines Ihc rciictionqucnccs 10lx”calwliitcdandthemmlcloptions

andpararwm tok u,scd. More spccifical]y,atomicmass andground-statespinaridparitydata,
nuclear structure data, and optical mode]mmsmission’coeffiuicnL~am providedon separatefiles,

that is,TAPE1J, TAPER,and TAPE1O,respectively.Thesefilescontaindutathatcanbeshared
jointly anll~ngscv(~ralproblcm types and thus do not have to be ahmxl for each spdfic
calculation.A simp!rrINPIITfile is [henusedtodire~tthecalculationand to modifyparame@s

as nwdcd frommn to run. TheTAPE8,TAPElO,andTAPEII @es. togetkr with the IN,PUT
calculationaldirectoryfile,mustbcpresentin the localfi~~ for any calculation.A fifthfi~,
TAPE33,~’onbc used m provideadditiotialoptionalinpwtioffmnation,as outlined below. A
schematicillustrationof theGNASHinputandoutputinfofm~’k givenin ~~g.8.

A brief description of problem setup is given in this ,wfim ,along with some details
,,

concerningtheadditionaldatafile-sthatarerquimd. Thespccific,i~ -p describaihemisfor
n+ gJNbma~tionsat 14IvlcV,whichisoneof theavailablecomp~tefe~-$,

As summarizedin Sec. 1,theprimaryoutputfromGNASHareabsoluteangki-integrated
particleand gamma-rayspectraplusexcitationand deexcitatjoncrossstxtions of d~scmtesfates.

The calculatedspcctriiare integratedand surnmtM,so,that absoluterixictioncross sections and ‘

averagesecondaryparticleand gamma-rayenergiesare givwt. The ~se@ configurationof tlw
codepermitsincidentparticletypesto bc ncuirons,’proto~,deu~ons, titons, 3He,~4Hei witb

thesameparticles(aswellas gammarays)pg~it@dini@aychannek.T&@titjMde#@@JJ@$
is for the 14-McVn + 9sNbinput case. ‘‘

B. Description of Necessary Auxiliary Parameter

1. Ground-state spins, parities, and masses

Files

(TAPE13)

MassesandgroundstatespinsandparitiesforallGNASHcalculationsareobtaimxffromthe
input file TAPE13. The current mass valuesare basedupon an interim set from Wapst#
obtainedprior to the 1988publications andsupplementedin thecaseof unmeasuredmasseswith

valuesfronl the Mollerand Nix45calculations. Unknownspinsand paritiesare flaggedduring

execution,andJfi= O+(evenA)andJ~ = U2+(oddA)areusedas defauitsin the unknowncases.

Asampleof theTAPE13fileis givenin Appendix1. This file includesdatafromtheneutron
(2A = 1where2A = 1000*Z+ A) toa heavynucleuswith2A = 100274,correspondingtoatotal
of 3846entriesof input. Threewordsof dataarereadforeachentry,with5 entriesperlineof
data.ThequantitiesmadamLZA,ENER,SPNPAR,whereLZAis the fixedpoint “2A”,ENER
is themassexcessinMcV,andSPNPARis thefloatingpointvalueof 100* J, wherethesignof J
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is givenby thuparity,and [hcsignof SPNPARindica[cslhcparity. Notethat thecompletedata.,
., filehtis479S entries, c(mxponding 10ZA = ,, ,-1223]ti but only 3/146entries w,rwd byGNAW1,

‘llwwiditionidmawwsamuvuiluhlcifcvcr nctidud.

2. Nuclear structure data (TAPE8)
Althoughdiscrcw Icvcl data can bc mad from ihc input ilk, theprclkrnx!methodis to read

such duta from TAPEK Thus, u universal library for nuclearstructuredatacan Ijcusedin many
prohlcms. In practice, however,we usually u.sca smaller subset of the structure file because of the

Icngthof a universalfile. llw structure file prepared for the computer exercisescontainsdatafora
wide range of nuclidcs in the neighborhoodof s~Fc,~~Nb,and 2~~U,whicharc involvedin the
sampleproldcrns.

The.sequcnccofcardimagetypesrcquimdtoconstructthe structure file ap~ars in Appendix

2, togc[hcr with a sampling of the siructurc da[a for ~~Nb. Note that the pari[y of ievcls is

indicated by the sign of the spin. Therefore, a spin andparityof Jn = 0- is indicmxlby.wttingAJ
= -(). Consi&ringpossibleproblemsof machineindependence,if thereis anyques[ionregarding, ,.
theparityin the J~= 0-case,thequ,anti(yATcanbcsetnegativeanditwilIthenk usedto.setthe
paritywhenJ = (). .,

3. Particle transmission coefficients (TAPElO)
Particletransmissioncocf!icicn~sarcgcnmallyprovidedtoGNASHfromancxwmalfile,

usuallyTAPElO.Thisprocedureis followedto permitmaximumIlcxibilityin providingsuch
inpu[forcalculations.To date,wc haveutiliied”the nonrclativisticsphericalopticalmodelcodes

TCCAL(dcvclotwdfromroutinesin theCOMNUCcodcJ4)andSCAT,~~therelativisticspherical

opticalmodelcoddSN(10PY,19andthecoupledchanneldefoficd opticalmo&l codeECU@for

calculatingtransmissioncoefficients.A versionof 5NASH hasalsokm developedthatincludes
an internalop[icalmodelroutinebutit is not in frequentuse.

WhenGNASHwasbeingdevelopedin theearly 1970s,theCOMNUCcodewas incommon
USC,so wc tidoptcdits fonmatfor the transmissioncoefficient file. The format is describedin
Appendix3, includinga sampleof datafroma TAPE10file.Notethattransmissioncoefficientsfor
thevariousparticlesappearingitiacalculationCan:beprovidedinarbitraryparticleorder.~w, if
theNPARTflagof Appendix3 ii negative,,tientotal,shapeelastic,andreactioncrosssections
fromtheopticalmodelcalculationscanbeprovid@foreaqhe~rgy onthetqnsmissioncoefftciqtt
grid. This fcattirc is useful in providing

.
.“ ti+ulting fromtheGNASHcalculations.

a completeset of crosss@ions in additionto those,.
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c. Input or Calculation Plrdory File (INPUT)

The primary purposes of the INPUT 1.:Garc to definethe problemto be calculated,thtstis,
theincidentparticle,the targcl,nnd tht- reactioj: sequencesto follovl,andto specify the modelsto

k u.scd,[ogethcrwithappropriateparam~~rsasneeded.AppeAx 4gives acompletedescription
of input options uvailab)cforScuingUpa problem.~p~ndix 5 presentsa specificproblemsetup

f(lr a iionfissionahlcnucleus(II *9~Ntjt,hat is includedin the computerexercises. Additional
sa.nplc cases itre included in [he~l~mputcrcxcrciscs,and a secundexampleinvolvingneutron

rbxions on 2~~Uis includedin ,%. IVtocovertheinputfor afissioncase.
The input example in App.5 is a calculationof neutron,proton,and alpha~missioncross

sectionsand spectra from 14-McVncutrwlbombardmentof g3Nh. (This problemwas chosen

ixxau.sca similaronc,wasthesuhjcctof a modelcodecomparisonstudysponsorvdby theNuclear
EnergyAgencyin 1983.) Undereachof the input linesor groupsof Iincsare giventhe variable

pamcsthittart’Iwingrc:d. (Nowthatdueto”spacelimitations,somevariablesatthe endof several
of [helin~*shavehc~*nomitted.) Definitionsof all thevariahlesare givenin App.4. Whilethere
arciInumkr of inputqwmtiticsincludedin the input,manyof the variablescan simplybe left
blankor zero to .SCLcodedefaults,orthevaluesshownherecm beuwd. In thisdiscussiononly
themostimportantor tkxpcritlyvariedviriabkswillbementioned.

The first two lines of she input in App.5 providealphanumericdescriptiveinformation
regardingthecalculation.The third line givesvariousprintoptionsplus the flag 11.D,whichis
veryoftenusedm modifythedefaultleveldensityparametersusedin a calculation.In thesample
cn.wof App.5, ILDis no~set, but if it wereM),thenadditionallineswouldfollowspecifyingnew
Icvcldunsityparametersto overridedefault values, as described in App.4. The fourthline
specifics the INPOPTparwncter,which defines the input option to be used for directing the

reaction scqucnccs to he calculated. The choice u~d in the example is probably the most
frequentlyu.scdorw, in ihat it permiLsonc to tell at a glancewhat reactionsequencesam being
followed(lines 10-17),yet does permit some flexibilitywith parameters (usingthe ILDflag). ‘Ilte
secondvariableon Iinc4 thatshouldhe mentionedis NLDIR,whichgivesthenumberof statesfor
whichdirectreactioncrosssectionsarc readfromTAPE33. In thiscaseNLDIRis set to zerofor
simplicity,but its useis requiredinsomeof thecomputerexercises.

Line5 givesmanyof the nuclearmodeloptionflags,andseveralof theseamoftenvaried.
N1is thenumberof compoundnucleithatwill be followedin thecalculation,NMPandLGROPT

arcusedm dctincthrgamma-raystrengthfunctionoptions,andLPEQ is a switch to turn tie

prccquilibriumcorrectionon or off. Similarly,IFIS must~ turnqion to includefissionin a
cal@ation, IBSF specificsthe leveldensityoptionto use,“ndIWFCmustbeset toreadwidth- “
fluctuationcorrectionfactorsfromTAPE33.TheflagICAPTrnustbesetequaltoonetocalculate
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rudia[ivcuupwc cross.s&tionsand crnission spc-ctra. For c~culationsatwvc a kw MeV,where
cap[urcis rw importim[,i[ is rccornmwhxiu),sctICAPT ={) to spctxlupAwlntions. (Int~ case
o! [CA~ = (),gammti-my ca.scadcsarc not cidculatcdin the initial or maincompoundnuclims.)

Line6 of the inputin App.5 givesk ZASfor the incidentparticleand thetargc[nucltxts,as

WCI1as th~’importantDEparariwtur,whichis theenergybinwidthto U.SCin thecalculation.in the
example in App,5,a binwidthof 1McVisu.scdsimplyto keeprunning[imcshortund to kwp dw

outputrcawnithlyshort;it.moretypicalbin widthfora 14-McVcalculationwouldbc0.25McV,
NOWthat the incident parti~lcZAP is 1.()for the neutron. If, for example,the incidcmparticle

wctuan idphapitrticlc,thtmZAPwouldhc.sctequalto2004.
Line 7 dcsignti~rs spin cutoff ptirtimcwrs, and J]ncs8 find 9 define the incidentparticle

cncrgicsto becalcultitcd.Linus10-17dc!lncthereactionsi-.qucnccs(ocalculate,undcf ‘hcinput
op.mn IN?OPT = -1. The ordering of the ZACNis important. The initial or main compound

nucleus is given first (Iinc lo), andcvwycompoundnucleuslisted suh.scqucntlymusthavebeen

formedi,]a previousrtxw[ion.For thecasesshown,everycompoundnucleus dwtys by gamma,,
ray, neutron. proton, and idpha cmissifm.

Lines18-20in App.5 specifythatEl, Ml, andE2gamma-raymuhipoktriticsamincludedin

the calculations,using default WIWS for relative valuesof the gamma-raystrength functions.
Minimal input is included in lines 21 and 22 for thegiant-dipole-resonanceshapeparamctcrs,,and

tic prccquilihriumnormidimionand compositesystemstate density are given in line 23.

By wayof generalcomm~nts,it shouldbe mentionedthat in specifyingthe decaysequence

for cmissionof particlesand g~ma rays frok a compoundsystcm,gamma-rayemissionmust
always he given first. Whilethis is doneinternallybyGNASHwhenautomaticsetupoptionsare

used (INPOPT= -1, 1,2, or’3),this ordering‘mustbe speciftcd,manuallywhut INPOPT = ()is
specified.Also, when manualsetup (INPOPT= 0) is used, tk reactionparcnutgeparameters,

CNP1and CNPIP,musthe specified. The.wparametersdefinethe parentreactionthat,produces
the ncw compoundsystem. In the examplegiven here, that is, with INPOPT= -1, the code,.
automaticallytletermi!mthep~rentreaction(s)andhtmpsthemtogether.Thisfeatureis,discussed
furtherin %ction 11.Edescribingoutputs.

For specification of parametersdealing wj@tgamma-ra} strcng[h funcfion shapes and

normalimtions,scwral commentsarc appropriate. Firstly,rc$ardingthestiapewhenthrgiant-
dipolc resonance (GDR) Brink-Axcloption is used, M parametersEG1, GGl. EG2, G(I2,

G2NORM, XNFE1, EGCONMI, GDSTEP, GDEL$ GD~~!L, ~GCON, EGI, GG3,

G3NORM, and GDELEall can bqused tot@lor tistrength function.shttpe,asmxded. These
pararnksamdescribcd indet@inAppendix4aJtdareindicat@sch&naticailyin Fig.9. Inactual
practice, however,”the paramcteisotlter”thanthe resonanceenergiesand widthsa~ seldom
required, and frequ~ntlytheonlyparametersneededfor the LGROPT= 2 or 3 casesarc a single
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GDRenergy (EG1)andwidth(.GG1),as usedin thepresentexample. For the greatestflexibility

inspecifyinga gamma-ritystrengthfunction (El only).a tahukttcdEl rcltitivc strengthfunction can
k input using chcXNFE1 pammwr andTAPE33.

Finally, the Kopccky-Uh124gammti-ritystrunglhfunctionoption is cho.wn in the example
cw (LGROPT= 3), using the model10calculatethe relativestrengthsof the El, M1, and E2
functions (RE1 = 0. and GGDNORM= 0. for default model values). The overall s[rcngth

functionis nornmliwdto 2rtcr&/<Do> =i SWSI= 0.0118(line lo), as dwcribcdin Sec. IOD.2.
W;ththe negative vah.wof SWSon Iirw1[),a singlefactoris applied[o the modelvaluesfor ~c

El, Ml, ml IH gamma-raystrengthfunctionsto accomplishthedesirednormalintion.
Di.scu.ssionof the fission input option is rc.servedfor .Scc.IV.

D. Optional Auxiliary File for Inputting Direct Reaction Cross Sections,

Width Fluctuation Corrections, and ‘X’abulatcd,Gamma-Ray Strength

Functions (TAPE33)

As mentionedabove,TAPE33can be usedto providethreeadditionaltypesof information
pertinenttoa givenproblcm:

1. if theXNFE1flagis seton theproblcrninput,thena tabulatedshapeappropriateto the
El gamma-raystrengthfunctioncanbcprovided;

2. if width fluctuationcorrectionsare dtxircd,the IWFCflag (line5 of sampleinputin

App.5)canhesetto indicatetheappropriateinputonTAPE33;
3. the most common usc of this file is to provide direct reaction cross section

contributions to inelastic scattering from di.scrctcstates by setting the NLDIR
parametergreaterthan1.

The inputdescriptionappearingin App. 6 providesinstructionsfor formatsappropriateto
TAPE33. NotethatwhenDWBArcsuhsarc usedto determinedirectreactioncontributionsand

the.wareusedwithreactioncrosssectionsdeterminedfromsphericalopticalmodelcalculations,

the reactioncros..sectionavailablefor uscin Hauser-Fcshbachor precquilibriumcalculationsare
renormalizfiddownwardas describedin WC.I. Howeverif coupled-channelcalculationsare u~d

to producethe desiredtransmissioncocfficicnts,thcnthcdirwx-reactioncomponentsarcalready
removedfromthe transmissioncoefficients,that is, the reactioncross section obtainedby
Summingthetransmissioncoefficientsakady excludesthedir&treactioncornpo~n~ Therefore,’
norenormalititionis necessary.1nthisIatter.case,NLDIRin the inputshouldbekcremcntgdas,
NLDIR+l(XIto indicatenotwtormalization
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E. Description of Output Data

I !$clcctcdportionsof the output from the n + ~3Nbinput given in App.5 arcprcscntcdin
App,7. The shortcnwl OUIpUIof App.7 is brokeninto sections given below for [hc purpose of

discussion.

1. Main OUTPUT file from n + 9~Nb calculation

a. Nuclear mass, reaction sequencing, and parentage information

The firstitcmappearingin itGNASHoutput(notshowninApp.7) is a mirrorlistingof the
INPUTtllc. Nextis a listingof theHolkith informationat thebeginningofthe ground-statemass

tile (TAPE13),whichis reproducedas itcm I.A in App.7. Itcm1.Bis a lakllcd listingof allthe
inputvw-iablcs,includingthedimensionsfor majoranays usedin thecalculations. Notethatall
the.scdimensionsarc WI in a PARAMETERstatementand arc easily incrutscd or dtxrwed,

dependingon the availddc computermcrnory. Two constraintswere imposedfor the present
cakwlalionsas compared to our more usual configuration:the number of compound nuclei

(NIDIM)andbuffers(NIBDIM)weredwmtscd from 16to lo, andthenumberof possibleenergy
bins(NKDIM) was dccma.sedfrom 240 to 100.”These changesrcsuh in a considerablereduction

in storagerequircmwtts.
I[cm I.C of App.7 gives a dc.scriptiohof the deeaychainsand listsother datadetermined

fromtheproblemsetup,suchas atomicmaisesand sepamtionenergiesforeach channel. .Several

itemswe importantto notein thiss~tion of output. Noticethat (lowercase)1is usedto indexthe
variouscompoundnuclei that arc includedin thecitIculation,runningfrom1 to 8 in thiscase.

Similarly,the index1Pis usedmMel eachou!goingradiationchannelfromthevariouscompound
nuclei. For thisproblcm1Prunsfrom 1to 4 in all cases,indicatinggamma,neutron,proton,and

alphaemission. A lhirdindex,,IR, is usedas a runningindexforall reactionchannels,running
from 1 to 32 in this problem. The columns’labeledZA1andZA2give the2A of thelightand
heavyreactionproducts,andXMR,andS give themassof theheavy(residual)nucleusandthe
separationenergyforeachchannel.

Beginningwith the secondcompoundnucleus (1 = 2, ZACN= 41093.), the “I=...”and
“1P=...”statementsjust underZACNindicatethe I and1Pof theparentreaetionwhosedecayleads
to this ZACN. Nowlhat for the compoundnucleus4(X)92.(1= 5), the parentageindicatorsare
“I=2f)4.”and “IP=302.’”Thesenumbersmeanthat thiscompoundnucleus(40092.)was formed
in two preceding reactions,defined by 1=2,IP=3 and 1=4,1P=2. Also note that the “buffer

number”on the far right of the listing is the same for the two parent reactionsas weil as the
gamma-rayemission channel of the I = 5 compound nucleus. This simply means that th~

populationdatafor the40092compoundnucleusamaccumulatedin onebufferfromall reactions
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that form it. For this problem, the compound nuclei indica!cdby I = 5-8 all uomc~“romtwoparent

nxtctions.Finally,it shouldbc no[ctlthittusing\hcmoremanutilinputINPOPT= Oit is possible
Mavoid combiningpopulationsfrommultipleprcccdingreactionsIcading to a given compound

nucleus.ThisMcr capihilitym k usd’ul in isolating contritwions from specific chitnncls.

In a complete output, item 1.Cis followedby other input information, such as cross sections
from the transmission cocl”fiticntfile, width-fluctuationcmrcctionfactorsif lha[op[ionis used,

anddirect cross sections(if included)intcrpoltitwlut the particularincidentenergy being calcuhcd.

b. Gamma-ray strength function information
In SW. 2 of App. 7 details of the gamma-ray strength function input and normalization are

givtm. This printing occursineachof themujor“1”orcornpoundnucleusloopsin theSPECTRA

subiou[inc. which is discussed further in SW. III. The column Iabclcd “Constant”gives the
normalizationconstantappliedm eachstrengthfunction,followed by the 2rc<r@<DO> integral

[SWEq. (20) of SW. I] fcr each of the muhipokwitics,prior to norn-mlizmion.

Note that mcs.sageshcginningwith “++++”am given in this part of the output to indicate [hat

it was not possib]c to carry out the ICVC1densitymatchingprescribedby Eqs.(29)and (30) for the

reactions flagged. When this occurs, ,GNASH simply sets the matching energy betweenthe

Fermi-gasand tcmpemturcIcvcldtmsitytigions to.a,low,value,so thatuse of the Fermi-gas
formulabeginsat a lower-than-usualenergy. Frequently,this resultsin the temperaturer@on

beingeliminatedaltogether,thatis,onlythedisctite levelsandtheFetmi-g~ Ievd,densityamusgd
withoutprecise matching.

c. Preequilibrium spectra

The pmquilibrium parametersandrrsvitsarc printedin thefirstcompoundnucleusloopof
the SPECTRAsubroutine. The spx~.rathat resultarc includedin Section3 of App.7, tabulated.
for the outgoingneutrons(ID = 1),protons(ID = 2), and aIphapa,fliclcs(1D= 6). In the ~ond

columnforeachIDarc thetabulatedcmissionenergies(midpointkof theenergybins),followedby
the preequilihriumcomponent,the quilibrium component(suitablyadjustedto accountfor the
precqui!ihiumflux),andthetotalemissionspectrumvalue.

d. Ratios of preequilibrium to reaction cross sections

The main parameterrequiredin the Kalbachsys~rnatic$bfor,prcdictingparticleangular

~d•distributionsfora givenemittedparticle is theratioof theprcquilibnum crosssectionto the~otal
emissioncrosssectionas a functionof emissionenergy.These ratiosare providedin the.GNASH,!

~”outputjust before the.closeof thecom’poundnucleusloopsin;theSPECTRAsubroutine.The
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ratios, which arc shown in Sec. 4 of App. 7, arc small (or zero) at low cmission cncrgicsand

,.

,.

,.
: ,

.,

! :

.,

.,

approachunityatthehighestcncrgics,ascxpcctcd.
.
. .

e. Binary reactioncross sections”
,

Next in the GNASH output are the binary reaction and prcequilibrium cross section

summaries, as shownin Section5 of App.7. The firstcrosssec[ionslisted(with[hex/s indicator)

are mainlythoseohtaincdfromthe transmissioncoefficientfiic,or a combinationof thoseresults
withthecompoundnuchwscalculations.Forexample,the total,shapeelastic,and reactioncross

sections that arc listed come from TAPE10, but the elastic and nonelasticcross sectionsalso
involve GNASH results. Note that, bccausc [hc radiative capture flag was turned off for the

examplecase,the“radia(.citptumx/s”hasa differentmeaning,that is, it is the radiativecapture
cross .scctionplus the crosssectionfor (n,yn’)reactions,as the latterhavenot km rcmoved. In

fact, the radiative capture cross sectionat this energyis essentiallyequal to the direct-semidirect

capturecrosssection,computedto bc0.82mhin thiscase.
Next in the output arc the “binaryreactionsummaries”,which result entirely from the

GNASHcalculationsusingtheparticletransmissioncoefficients.Notethat in theexampleshown
the GNASH reactioncrosssectionis almost,butnotexactly,thesameas thereactioncrosssection

thatcomesonTAPElOdiredy fromtheopticalmodelcode. Thisdifferenceis reasonablebecause
of differencesin theintegrationroutinesinGNASHandin SCAT(in thiscase).

Finally, the prcequilibriumand compoundnucleuscross sectionsfor binaryreactionsare

summarizedforalloutgoingpartickl.s.

f.

Following the

individwdreactions

Angle-integrated emission spectra for individual reactions

integrated cross sections am the angle-integratedemission spectra for

(Sec. 6, App.7). Theseresultsaregiven in columns for each reaction
channel.tabulatedateachparticleemissionenergyandgivenin thecenterof masssystemof the

outgoingparticieplus nucleus. At the top of each columnare given the 2A of the compound
nucleusprior to decay, followedby the ZAsof the lightand heavyreactionproducts. Discrete-
Icveldecayandexcitationcross.scctionsarc given,mainlyfor diagnosticpurposes,followedby

the totalproductioncrosssectionand averageemissionenergyfor eachchannel. The latter two.

quantitiesareobtainedbydirectintegrationof thetabulatedspectrathatfollow.
The individual reaction spectra are given for all 32 reaction channels included in tie,

calculation.Theorderingof thespectrais thesameas thereactionorderingin theinput.
It is withinthisportion of thdoutputthat crosssections’for specificreactionpathscan be

determined.To do so.alIpwticle pathsleadingto a specificcompoundnucleusmust~ summed
toge~er. Fromthis sumcross sectionsfor furtherdecayby particleemissionor fissionmustbe
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,.
subtracted in order m obtain the desired reaction cross section. For the case of incident neutrons,”

somespecificrelationsarcas follows:
,,

~,p = SP(Z,A+I)- ~ Si(Z.l,A)a
i=n,p,a

,,

0 ~1~ = Sa(Z,A+l)- ~ Si(Z-2,A-~) ,, i=n,p,a

a = Sn(Z,A+l)- ~ S.(Z,A)-CYch, : “’n,n’ Ii=n,p,u

nZn= Sn(Z,A)- ~ Si(Z,A-l)o
, i=n,p,a

a“,Xn= Sn(Z,A+2-X)- ~ Si(Z,A+l-X) ~
i=n,p,a

;,nP= SP(Z,A)+ Sn(Z-l,A)- ~ S$Z-l,A-1)6
i=n,p,a

an na = Sa(Z,A)+ Sn(Z-2,A-3)- i ~P,aS#Z:~,A-4)*, =,

(62)

I

I
where Si (~~,~~) is the integrated cross section for particle i, ~~ and ACNam given by the

ZACNvalueat the topof eachcolumn(ZACN= 1O(K)~N + A~), andZ and A are thecharge

andmassof thetargetnucleus(Z =41andA =93 in theexamplehere). Analogousequationscan
bewrittenfor incidentchargedparticles.

Note that if gammadecayof the residualnucleusproducedby the reactionof interest is ,,
includedin the calculation,thensummationof the yield of,the groundstate and any long-lived

isomericstates,whichare Iistidintheditirete levelsection,shouldprovidea similarcrosssection
valueas Eq.(62),providedthatenoughrnultipolaritiesam included.in the gamma-raydecaysto

prevent“trapping”of’crosssectionin&continuumcaseadecalculations.* SW ILE.1.h~lOW.

formomon crosssectiontrapping.

g“ Composite particie and gamma-ray angle-integrated spectra
Following the section dealingti.thcrossse@onsandspectrafor individualreactionpathsare

similardatafor compositespectraproducedby summingcontributionsoverall nmctionpa~ for : :
eachoutgoingradiationtype(Se+.7;App.7). In thisinstanceparticleemissioncrosssectionshave

. multiplicitiesinclud@. Note that all”spectia are angle integratedad spectrafrom individual.
~,reactions~ giveninthe centerof masssys~m of-therecoi]ingnucleusplus.pilrticleorgainma

ray.
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The integratedcrosssections.averagecncrgks, and sptxtrti am given in the same mimncras

for individualreactions,withthecmissionradititiontypesMwIM at the topofwtchcolumn. The
final column on the right, labcllcd “g,neutrn”,is the spectnm of neutrons cmittcd following

radiativecapture,that is, from(n,yn’)reactions. It is onlyac!!vtitcdif the radiativecapturefhg,

ICAPT,is turnedon, so onlyzerosappear in the example of App.7.

,.
h. Discrete level cross sections: primary capture gamma-ray, level

excitation, discrete gamma, and isomer production cross

sections
Followingthespectraldatain theoutputof App.7 we di.scrctcICVCIcrosssectionscomputed

forhothparticleandgammar,~yemission(assumingIPRTLEV=l).ThesemstdtsfOllo\*t~.hcs~?

orderas the individualparticlespectra,that is, they follow the order that the rcacticmseqwmcc is

input. The first quantities printed (Sec. 8.A) arc the gamma-ray cross sections corresponding to

transitions from the capturing state in the maincompoundnucleusto the discrete levels in the
compound nucleus, [hat is, the crcs sections for the primary capture gamma-ray lines.

Obviously,theseare small for 1- McVincidentneutronsand not of much significancein the
ex<arnplecase. Clndcritcm 8.B are givlm[ticdiscrctc gamma-ray cross sectionsfrom radiative

capturein the maincompoundnucleusresultingfromcascadesamongthe discretestates,having
the reactionindexIR = 1. Again,becauseICA~ = 0 for the presentcalculation,the continuum
cascades for the main compoundnucleuswere not included in the calculation, so the actual
numbersin itemB havelittlemeaning.Thetablehasthesameform.however,as for~hcICAPT=‘
1caseandis explainedfurtherfor the (n,n’y)casedescribedbelow.

Section8.Cof theApp.7 outputcontainsall therestof thediscreteleveldam Thefirstthree
sets of information, consisting of 5 columns in the output, are discrete lc~el excitation or,..
productioncrosssectionsfor thechannelidimtified’atthe”topofeachset. Forexamplc,thefirstset”

of dataunderitemC correspondsto the reactionidentifiedby the labels1=1,IP=2,IR=2,andthe ,

emittedparticlehas2A = i (a neutron)andtheresidualnucleushas2A = 41093,andby inference
the compound nucleus that emitted the neutron has 2A = 41094. Obviously, this is the,
93Nb(n,n’)9qNb*reactionto discretestates. Similarly,the next two sets of data under item C

correspondto ~~N5(n,p)g3Zr*(IR = 3) and the ~3Nb(n,u)gOY*(IR = 4) reactions to discrete

states. Note,thattheseamexcitationcrosssectionsonly,thatis, thereis no gammacascadingyet.
The fourthsetof datain Sec.8.Cis forgamma-raydecayof ”%$Jbdiscretestates(1= 2, 1P= ~

1, IR = 5) following(n,n’)reactions,that is, these resultsare for (n,n’y)reactions. The discrete

statesare populatedby the neutronreactionsin the parentchannelI = 1,1P= 2, givenabove. In
all instancesof gamma-raydecay, the output includesboth level excitationcross sections(4M

columnin theoutput)andgamma-rayleveldecaycrosssections(12~ or lastcolumnin thelisting).
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The di.scrctclevelsax popttlatcd from both the continuum region and from higher lying discrete

levels. For isomcric states, tha[ is, states whose decay is somehow impeded, the Icvcl excitation

cross section (column 4) is the isomcric swc cross .scction. For example,the excitationcross

section for Ic*SInumhcr 2 in the IR = 5 datasection(55.5mb) is thecalculatedcrosssectionfor
the wellknowng3Nb(n,n’)g3mNbreactionthatproducestheJn = 1/2-, 14-ytxtrisomcricstate. In

calculationsinvolvingnucleiwithisomtxic Wt[cs,oncmustbccarefulto correctthedecayschcmc
for longer-lived states that do not decay “promptly”. The definition of “promp[ly”depends on, for ~~•

example,thetimescaleof themcasurcmcnttha[is undercomparison.

As pointed out in Sec. 11.E.1.f above, the cross section for excitation of the ground-state
hwcl afterdcexcitationof all higherICVCISgives the productioncross section for the residual
nucleus. In the pn.xentexample,this value (427 mb) corresponds to the ~3Nb(n,n’) integrated
cross section. In gwwral,thisvalueshouldbeconsistentwithan,nIthatis obtainedusingEq.(62)

above,providingthat thespindistributionof thediscretestatesin [hccalculationis broadenough
that no cross section is “trapped”in the continuumenergy bins with no possibilityof decay.
Trappingof cross sectionin the continuumregionoccurswhen the angularmomentumchange
requiredfor decayof continuumstaws m the discretelevels is inconsistentwith the available

gamma-raymultipokmiticsandcanusuallybcavoidedbyaddingmomdiscrctcIcvclsor byadding
additionalgamma-raymuh.ipolant.k

The next three di.scretcdata sectionsgive neutron, proton, and alpha decxcitationcross

sectionsfromthecontinuumregionof ‘3Nb(1R= 6, 7, and 8), foliowcdby a sectiongivingthe
gamma-raydecayof 92Nb(IR = 9). The latterreactioncomsponds to discretegammaraysfrom
g3Nb(rl,2ny)gzNbreactions. In an actual output, discretecrosssectionresuhswould~ givenfor

allotkr residualndci formedin thecalculation,butforbrevitytheseareomittedfromApp.7.

i. Level density parameters and matching data
Finally, the last section of the output (Sec. 9, App.,7)providesinformationon the.v~om

level densityparametersused for all rcsidud”nuclei in the calculation(assumingthat the print

controlparameteris set as in the p~sent case, IPRTC= l). Again,the results followthe same
order as the reactionsequencewas input. Two tibles of informationare”givencovering the
followingpararncters:

I.W.iR = Reactionindexesdefinedearlier;.,
!. IZA1.IZA2= 2A numbersfor theemittedradiationandresidualnucleusin eachchtinel. The

leveldensityparametcrscorrcspondto theresidualnucleus;,.
,A,= Fermi-gasIcvel’densitypararrteter; ~
TEMP= Temperatw in thetemperatureleveldensitymodel;
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.,

.

EO=
EMA7CH=

ECUT= ~ø

. .
.,,

.!

Constantinthetcmpcratumleveldensitymodel;
Energyat the boundarybclwccnthe temperatureand Fermi-gaslevel &nsity

regions;
Energyatwhichthediscretelevelregionisjoinedtothetcmpcratumleveldensity

region.UsuallyECUTis theexcitationenergyof thehighestdismtc levelused
in thecalculation;

LEVELSAT ECUT= Numberof thehighestdiscretelevelusedinthecalculation,includingthe
groundstate.

ECUTL= Excitationenergyof theiowmtlevelusedinthecaktdation;
LEVELSATECUTL= Numberof theIcvclat ECUTL(1 = groundstate,2 = fwstexcitedstate,

SIG2 =

Q=
PAIR=

Do=

PN =

Pz=

SN =

SP =
s=

SAC=

ID=

..

SEPN=

etc.)
Averagevalueof thespincutoffparameter,crz,in thediscretelevelregionwhen

thecontrolparameterISIG2= 1;
.’

Q-valueforthexwictionorchannel;
Ptiringenergy,A,usedin ievcldensitycalculations[forcxample,= ~. (27)],
usuallydctcrmincdfrom: PAIR= PZ + PN (see bdOW), but‘PAIRCm he

directlyinput;
Mean ICVCIspacingfors-waveneutrons,computedfromthe”Fermi-@slevel
densityexpressionusingtheparamercrsgivenhere; ~ÿ€
Neutronpairingenergy[P(N)];
Protonpairingenergy[P(Z)];
NeutronshellfactorfromtheCooktablcs;sz
ProtonshellfactorfromtheCooktables;
Separationenergyof theemittedradiationforthecompoundnucleusof each
channel;
“Accumulated”separationforthecompoundnucleusofcachchannelrelative~

theinitialorprima@compoiti nuc@si
,.kkntiticatior!indexforthcv@ouie@ittedtition~,h~k ,,’

ID:=Ifor ncutmnS~ ..

ID= 2 forprotqns ~~˜•D÷˜•H÷˜•L÷˜•
ID= 3 fordeutcmms ~t “: “’ ~” ~ .
ID= 4 fortritoris

ID=5 forsHe r,,

ID= 6 for~He’ .“
ID= 7 fwgamma rays; , : .,

!kparationenergyforncutronsmlativctothetidualnucleus (ZA2);
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~ SPINT= Spinof the nucleusthatresultsfrom.scparatinga neutronfromZA2(u.scdwith
SEPNtocidculatcD(1foreachchannel).. .

~ Theasterisksthatappearin the “ECUTL”columnindicittcthateitherdiscmtcievcldataiwc
notpnxcntintheTAPE8inputforthatZA2,orthatonlythegroundstateis given. Inei~cr case
thedeterminationof thematchingparametersis necessarilydonedifferently(notethatEO= O.in
theIlaggcdchwmcls)fromthecasewherediscrctcICVCISarcknown. SCcthediscussionin Sec. :
1.D.3.iI,particularlyEqs.

2. Binary

(29a)and(2%).

output of continuum and level populations

All GNASHcalculationsof continuumand discreteIcvclpopulationsare output in binary

formatonTAPE12. The.scdataareusedin theRECOILcodc~ to unfoldthecalculationsto give,
forexample,neutronspectrafromspecific(n,xn)reactionsforusein ENDF/Bevaluations.

.

3. Auxiliary output files of discrete level and preequilibrium gamma-

ray data

Direct-semidimctradiativecapturt crosssectionsandphotonemissionspectraareoutputon
TAPE59. Theseresultsm mainlyusedfor,checkingpurposes.

Detailedcrosssectioninformationo~all discretelevelmac(ionscalculatcdin GNASH~
outputonTApE60.Theseresultsareu&din theundocumentedL& AkIJnOS codtYF6GAMtiat

producesENDF/B-6formattedgamma-rayproductiondata. , ,.

F. Utility Codes for Analyzing GNASH Output

A numberof utilitycodeshavebeendevelopedatLosAlamosto convertGNASHoutput
files to otherforms (ENDF/Bfiles, thick targetcross sections,etc.). Some of thesecodes are

illustratedinFig. 10,includingsummaryremarksregardingtheirfunctions.Mostof thesecodes
amundocumented.

“III. DESCRIPTIONOF THE STRUCTURE OF THE GNASH CODE ,,

A. General Description of the Computational Approach”

Theapproachfollowedin GNASHis to use a maindriverprogram
problemsetup,andoutputof results. A set of subroutinesandfunctions
modelcalculationsandparametermanipulations.Thebasic
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‘,2. ‘CHAINS-

cmricd out in onc Iorgc sdwoutinc, dc.scrihd helow, that calls in themajor modcI suhroutincs and

is usscntitillythehcurtof [hcCOUC.The outpu[l“romtht code is providedin its[itmktrdform thtit

has mmaincdessentiallyunchangedl’orm;my ycurs. Conversion or moditlcation of the output to

otherfOMUtLS,suchas ENDF/B-6,is accomplishtxlhycx[cmtilu[ili[ycob, itsMind in SW”,Il.

B. Identification and Description of the Most Important Subroutines

The structure of GNASH is illustrutcd in Fig 11. The main program module rds in
prohlcm-spccitlcinformationfrom the INPUTIilc. It also dctcrmincsthe mas.scsand binding
cncrgicsas WCIIas ground-sttitcspinsand piwiticsthrough calls to the function ENERGY. A cd)

to LEVPREP rctids in discrctc Icvcl inforrna[ionfrom TAPE8, while a call [o TCPREP IWdS(hc

particle transmissiondata fromTAPEI(). A cull to SETUP initiali~xsIcvcldensity, direct rwiction,

width fluctuation, and splinc paramcwrs. This cornplctcsthe portionof prohlcmsetup that is
indqtmdcmof incidentenergy.

A DOloopoverincidentenergy is rwxtcxccutcd in the main program, and for each incident

laboratoryenergy the followingsequenceoccurs. SETUP2is citllcdto dctwminemwrgiesand
integrationend points a,,well as transmissioncoefficients for the incidentchwvwl.Directreaction

cross .scctionsare also evaluatedat lhc specifiedinci(,lcntenergy. The SPECTRAsubroutine,
whichis dcscrihcdin detail helow,is thencidlcdto carry out the majorHau.ser-Fcshbachcross

sectioncalculations.Ifpmcquilibriumcort~ctionsarcdesired, the PRECMPsubroutineis called
bySPECTRAaftercalculationsfor the firstcompoundnucleushavehum complctcd. Following

theHau.scr-Fcshbachcontinuumand di.scretcIcvclcalculations, the suhroutinc GRLINESiscalled

10calculatethedccxcitationof all di,scrctcIcvclshy gamma-raycrnissionuntilthegroundstateis
reached.Aftercompletionof thecalculationsin SPECTRA,themainprogramcallsPREGAM1to
performthedinxt-semidirectradiativecapturecalculationand to combinedthosercsukswiththe
SPECTRAoutput. Finally,thesubroutineDATAOU-iis calledto printoutputresults. Thiswhole

processis thenmpcatcdforlhenextincidenttmcrgy.

Listed below arc the suhroutincs and fuiwtions (indicated with asterisks) comprising

GNASH:

1. LCSPACE-

‘ 3. ENERGY-
4. LEVPREP-

ScLsup storage, detcrrnincs parent reactions for decay.sequcnccs,andassigns

Iwffcrs for thevariouscompoundnuclei. ~~
Constmctsoptionalautomaticreactionsequen:es.
Readsrnissand groundstatespin,parityforTAPE13.
Readsin Icvcldata from INPUTor morecommonlyfrom,TAPE8. Prcpms

Icvcl data itsneeded for calculation. CallsSORTS.
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5.sORTs-

6. I*CPREP-

.7. SETUP-

8. SETUP2-

9. SPECTRA-

1(1.INTERP1-

11. TFIS*-
12. BAND-

13. RFIS*-
14. LEVDSET-

15. DEFN*-

16. AIGN*-

17. GILCAM-

18. KMLOAD-

19. eAMsET-,,
,:

. . .

20. FXCAL-

Sorts2A dataintoascendingorder.

RWNISin particletrimsmissioncocfficicnlfrominputor morecommonlyfrom
TAPEIO Eliminatesj-dcpcndcnccofspin 1/2 arrays,

Determinesuccumulti[cd .scpuratitm cncrgics fordwaying nuclei and identifies

secondaryreactionparticlesand photons. Initializes ICVCIdensity parameters

and rwtdsdirect rtmctioncross sections and width fluctuation factors (if

desired)fromTAPE33.
Dctcrmincscncrgicsappropriateto problcmexecutionand integrationend

points. Gcncraks transmissioncoefficientsfor incidentchannelat a givenlab
energy and also dctcrmincs dire..t reaction cross sections appropriate for that

energy.
Maincrosssectioncalculationroutinewhich is describedilldetaillater.Calls
LCMLOAD,GAMSET,INTERPI,PRECMP,andGRLINES. If fission is

includedcallsRHOFIS,BAND,andTFIS.
Findsinc!iccsforinterpolation.

ComputesHill-Wheelerpenetrability.
BuiMsfissiontransitionstatesfrombandhcadinformation.

Computesfissiontransitionstatedensities.
Dcturnincs pairingand Fermi gas parameters.Calls GILCAMfor Gilbert-
Camcron constant (empcraturcand matching parameters and DOGETto
computeDtim~.

Functionthat providesdeformationenergiesfor computationswith Ignatyuk

Icvcldensity.
Functionthatprovidesthe Fermi-gasleveldensityparameterfor calculations
withtheIgnatyukIcvcldensityformulation.

Determinesconstanttemperaturelevel densityparametersby matchingwith

dismte statesdataandFermi-gasleveldensity.
Computesandstonx transmissioncoefficientson energygrid requiredfor I~

compoundnucleus. Similarly, calculates level density and Yrast values.
Providesa printof thesequantitieson integrationgridif desired.

Setsupgammarayc~ade calculation.~t&mines Weisskopf,Brink-Axel,
or Kopecky-Uhlstrengthfunctionp@mietersiindcalculatesgamma-ray
transmissioncoefficien~’onintegration~.fid. Providesprintoutif desired.
CallsFXCAL,~‘
Computesgamma-raystrengthfuWtion. ,. ~”

4.I
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21. WEISSKF -

22, INCHSUM .

23. GRLINES-

24. DATA(_)~-
~5. LINEW~-

26. CXFP-
27. ISERCH*-

28. PRECMP-

29. PRECOC-

30. COMDEN-

31. ITRANS -
32. QB~A* -

33. OMEGA*-

34. PRESPEC-
35. RESOL-

36. EMISS-

37. PICNOC-

38. FACTOR*-
39. FF*-

40. OMEGA2*-
41. PREGAM1-

42. INTERP-

43. SPLINE-

44. FUNDAK*-

45. CUT-

Computes normalizationfuctorfor gamma-raytransmissioncoefficicn~s.Calls

FXCAL,

Pcrfw-mssumovers ml Rof incidentchannelfor a givencompoundnucleus

spinandparity.

Calculates discrctc gamma-ruycross scc[ions, sums spectra to produce

integrated ‘crosssections,computesparticlecmissionfrom particleunstable
Icvcls.RMs leveldatafromTAPE9scratchfile. Cal!sISERCH.

Mitinoutputroulinc,cidlsLINEW2.
Utilityfor BCDsingleIincwrites,callsCXFP.

AllowsmorecfficicntE-formiutcdwrites.
Functionthattlndsthencccsswyparametersforsplineinterpolation.

Main citlling routini for prccquilibrium corrections. Calls PRECOC.
Rcnmmdizcs spectra. cross.scctions,and populations.

Based on PRECO-B program O( Kalbach. Calls COMDEN, TTRANS,
EMISS,RESOL,PICNOC,PRESPEC.

Dctcrmincscomposiwnucleusstate @nsitics using Williamsexpressions.
,.

calls WELL,OMEGA. . . : .,
Computes1+, L., ~. .,

DctwrninesQbforprotonneutrondistinguishability.

Cakulatcd(p.h)statedcnsitks.

Dctcrmincprccquilihriumcmissionspectra;prints results.

SOIVCSmaswr equation as well as determinesclosed-formprccquilibrium

results.

Calculatesparticleemissionrates for a givenp-h configuration.Determines
totalemissionrate. CallsWELL,OMEGA,QBETA.
Dctcrmincscontributionsduc to pickup,knockout,and alphaparticlereaction

proccsscs.CallsFACTOR,FF, OMEGA2. .,

Ct~mputcsfactorial. “,
Complltc:sffunctionncc&dforpickup,knockout.

Computesstatedensitics”r~uiredforpickupiknockout,etc. .
Calculatcf;prccquilihriurngamma-rayemissioncross sectionsusingdetailed
balanceandtkcpresixiptionof AkkermansandGruppc1aari39
IntcrpOlationfunction.

Splincsubroutine. .,

Usedbysplincsubroutine;
Usedto inferaveragespincutofffromdistributionof discretestates.
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46. AGET-

47. IX)GET-

48. WELL-

49. GDR* -

50. NFACT*-

CalculimxlGilhc~-CitmcronFermigas pwtrncters for D(j.

Calculates D(JfromGilhert-CameronICVCIdensity ‘u’pwamcwr.

Calculmcs Iinitc wtll depth correctionfwxorsfor usc in determiningsurface

c!l’cct.sinprwqttilihriumrnodcl.
Function that calcuhucs giant-dipole-rcsonanccgammu-raystrcrigth”functions
forPREGAMI suhmu[inc.

Cornputcsfactorials lor PREGAM1subroutine.

51. STATEDEN”-Functionthitlcalculatesstatedcnsi[icsfor thePREGAMIsubroutineusingthe :
!,

unrustrictcdWilliamsexpression. ,,

C. Discussion of the SPECTRA Subroutine

The SPECTRAsuhroutinc is lhc main citlculationu) portion of the orogmmtindis where

partial and total widths, continuum population incrcmcnls, und discrctc Icvcl populations arc
cornpumd for all compoundsysmmsoccurringin u spccitlcddecaychain. Fig. 4 (Sec. 1.C.2)
illustrates schematically the [cchniquc used to accumulate populations duting these decay

proccsscs, while Fig. 12 provithxa simplitlcddc.scriptionof the codingusedto computebinary

reactionproces.scsinvolvedinparticleor gamma-rtiydecay.
!%vcralncswdD() kmpsarc u.scdm htindlc the cnlirc reaction scqucncc. As illustratedin

Fig. 12theoutermostloopsumsovsr all compoundnucleiappropriutcfor lhcprobicm.The next
loop sums over all energy bins (spccificd by K) in the decaying compound nucleus defined by the

first loop. Once a continuum bin is identified,a thirdloopsumsoverall decaychwmclsspecified

for thalcompoundnucleus.Thcdccay typedefinestheresidualnucleusrcachcdso thatwithinthis
loopcontributionsfromthedecayof thecontinuumbinK to discrctclevelsin the residualnucleus
arc accum:.ilatwi.Incrcmcntsto thepartialand totalwidthsfor thespecificJ~compoundnucleus
statearcalsodctcrmincd.

AfuxthecalculationiscomplctcdfordWayof lhccontinuumbinK intodiscretelevelsin aIl
residualsystcms,thenthecalculationforcontinuumtocontinuumtransitionsis made. Fora given

energybin K. [hcsumover all Jn suttcshcgins. For each compoundnucleusstate specifiedby
(U,J,n), thesumoverall decaychwmcls(ina manneranalogousto themethodusedforpopulation

of di.screwICVCIS)hcgins, Foreachdecayprocess(reactiontype),a sumovertheallowedrangeof

energy.binsin theresidualnucleusdefinedby thedecayis,made. Withinthissumcontributionsto
hotfipartial and total widthsarc.ohtairwd.Note thtit for both continuum-level
con~tinuumtransitions, the same,methodologyis used to compute decays no

specific”radiationtype(gammarays,phrticlcdecay,fission).

and.continuum-
matter what the
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Afterthecalculationof paflial and total widths has ken completed, a .scricsot similar loops

is usedto normalimeachpartialwidth hy the Iotal width for the compound nucleus staIc spccificd
by (U,J,X). Contributions[o spcctrti arc compukd and [hc LOMIpopulation rcachcd by any

combination of decay palhs and con(inuurn bin (kx.tiy m smxi. Ixwl population tirruys w also

incrcmcntcd.If prccquilihriurncorrcckms arc to k made(for the firstcompoundnucleus), then

PRECMPis called. Afkxwardsthe loop over compoundnucleiuontinucsuntil till compound
systcmdecaysthatarcenergeticallypo..~ihlchavekm computed. Finally, GRLINES is called to

compute discrctcgammaraycrosssectionsaf;crcti.scadcshaveoccurredtind[hcscarc [henadded

tocomputedgammarayspcctm. . .

D. Summary of General Guidelines for Calculations with GNASH “’~

In this section wc list some guidelinesthat will help avoid problcmswhen running the

GNASHcode:
1.

2.

3. .

4.

5.

6.

When setting up rtxw[iondecay scqucnccs,it is cs.scntialthat [hc first decay
channelineachcompoundnucleushe forgammarays.
It is rccommcndcdthatthe.scionddecaychannelfor themaincompoundnucleus

hc inelastic.scattcring,that is, emissionof the incidentparticlc from the main
compoundnucluisl

Nocompoundnucleusshouldbcput into[hereaction.sequcnccuntilall nxwtions
thatdecayto it havealreadybeenentered.
When.sctfingup reactionscqucnccsfor highertmcrgycalculations.that is, ones

that involveformationof compoundnuclei from multiplereactionspathswith

diffcmn[Q-values,the reactionswiththe largest(mostpositive)Q-v~lucsshould

generallyappearfirstin theinputfile.
Whenrunningneutron-inducedrwtctions,ourusualproccdurcregardinggamma-
raystrengthfunctionnormali7..tionis to input2x<r@<DO> (SWSin the input)

usingexperimentaldata for the maincompoundsystem,and then to set SWSto
mro for the remaining,cornpoundnuclei. Whenthis is done, the code uses the

same normaliza~ionfactors for the gamma-ray strength functions for all
compoundsystcms. These factorshave been found to bc slowly varying for
nearbynuclei.

Concerninggamma-raystrength functions for incidentcharged particles, we
usuallyuse normalintion consmts froma nearby.neution-inducedcalculation.
in this way,wc arc ahlc to utilize 21r<r@@O> or qj~En) reruhs from

experimentsindeterminingthegamma-raystrengthfunitions.
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It is recommendedthat ICAPT = f).be’used in all calculationsexcept those
specii’icailyaddressedto (n,y)radiativecapturecrosssectionsand spectra. The

mainreasonfor thisrccommcndutionis that includingthephotoncascadein the
firstcompoundnucleus(IC~= 1)g~atl’t increasescomputationtimeat higher
energies,and the (n,y)crosssectionis usu.~]lynegligiblecompamdto (n,n’y)and.,
(n,xny)rciictionsat highcrwwrgies.

~ E. Examples of calculations with GNASH
,.

In thissectionexamplesof calculationswithGNASHarc illustrated,includingresultsfrom
theexamplecalculationsusedin thecomputercxerciscs.

1. Examples of discrete/continuum level density matching

Figure 13 shows some typical examples of matching discrctc lcvci structure with the
temperatureleveldensityfunction.Eq. (27). In thesecasesEq. (29h)wasux,d for thematching.

A comparisonis given in Fig. 14of matchingthe same discrete levels for 23% “with”thetwo
formsofthc temperaturefunctiongivenin Eqs.(29a)md”(29b).

2. Neutron-, proton-, and alpha-induced reactions near A = 56

Resultsfromcalculationsof severaln + 56Fccrosssectionsas functionsof incidentenergy

usingthe inputparametersfromthecomputerexercisesamcomparedwithexperimentaldataqyin
Figs. 15-17. Additionally,calculationsof (p,n),(p,2n),and(a,n) crosssectionsontargetsin the

neighborhoodof 5bFe arc illustratedin Figs. 18-20. These lattercalculationsinvolve pa-
rameteriz..tionssimilarto butnotidenticaiwith”thoseusedin thecompukrexercises.

3. n + gaNb reactions ‘” .

Severalcomparisonstoexperimentaldata’$Tofcalculationsof,n + g3Nbcrosss&tions.using
~, thepresentparameters(App.5) amgiveninFigk.21-24. , : ,.

ResultsfromGNASH caic,ulationsof the23gU(nJ)crosssectionusingmodel parameters
‘fromthe computerexercisesaie illustrated with experimt%taldataqzin Fig. 25. A similar

,,

‘,,’”comparisonforthe238U(p,f)crn~ s&tioriis giveninFig.26. .
.. ,.,,
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5. Neutron-induced reactions on Pb isotopes

Resultsfrom an extensiveset of circulationsof ncu[ron-inducedreactionson Pb isompcs
hc[wccn~ = (1.01and lot)McVII arc rcproduml inFigs.27-W. These resultsillustrtitcthuwide

range ofuxpwimcntal dNa47 that citnhcmprc.scnlcdin aconsistentmdysis.

Iv.
,,,.

,,’

,,

HIGHLIGHTS OF THE MULTIBARRliIR FISSION MODEL IN GNASH,

AND PLANS FOR FUTURE DEVELOPMENTS OF THE CODE

A. Fission Model ‘“ ~ ,.
.,

1. Description of the fission model in GNASH
The theoryassociatedwiththe Ilssionmodelu.scdinGNASHis dc.scribedin .Sec.1.D.5.

2. Input example for fission cross section calculation

The inputfor then + ~~~Ucalculationcmwrcdin dwcomputcrcxcrci.scexamplesis givenin
App.8. The input is similar to the n + ~~Nbcase in App.5 cxccpt,of course, the fission flag
(IFIS)is set, andan additionallineof inputis requiredto inputthe numhcrof fissionbarriersto

use(line6). In theexampleshownhere,NBAR= 2, thatis, a tiouidc-hwrtpcdharrieris used.
The case shownis for 12-McVincidentneutrons,with a rc}ativclystraightforwarddecay

sequence,that is, only the gamma-ray, neutron. and fission channelsarcconsidered.Notethatthe
fissionchannelsaredefinedbysetting2A} = 99. in thedecay.Scqucnccs.A[highenoughincident

energy,protoncompetitionmightbecomesignificant,but this setupshouldbe ad~uate up to a

least20 McV. A morecomplicatedinputoption(INPOPT= O)is usedin thiscase to specifythe

reactionsequcncc. Wc typicallyU.SC[hisscmp for fissionproblcms,bccau.sethere is usuallyan
interest in specifyingmore of the Icvcldensityand matchingparameters,and INPOPT= Ois

convenientfor this purpose. Additionally,wcalreadyneedto inputa relativelylargeamountof

fissionharrierand transitionstatedata, so beingconciseis not possible. In the case shown,the

leveldensityparameter,the numberof discrctclevels,theassociatedexcitationenergyto match,

andthepairingenergya~ dircctiyinputfora numberof,thechannels.
The LGROPT= 2 option was set in Iirie5, directinguse of the Brink-Axclgamma-ray

strengthfunction(GSF). Onlines32-34,the REl(MP)arc directlyinputfor El and MI and arc

used with SWS(1) = +0.0063 to set the nonrtalimtionconstantsGGDNORM(M~). Because
SWS(Mi%l)are“zero,thesameGSF normqliza;ionconstantsarc used for all compoundnuclei.
Nowthateventhoughfinite.valuesforGGDNORM(MP)aregivenin lines32-34 of theinput;the

normalizationis dctermiricdby SWS(l). If, on the otherhand,SWS(l) were to be set to Zro,

thenthe inputtedvaluesof GGDNORM(MP)wouldbe usedforallcompoundnuclei,a..dcscri@d
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APPENDIX 2.

DISCRETE LEVEL FILE (TAPE8) INPUT PARAMETERS

For each residual nucleus requiring dismtc level data the following card (record) sequence is
required. Note that the essential parameters that must be specified are: ID, NL, NX, EL(N),
AJ(N), NT, NF,P, and CP. The other parameters may,be left blank.

~: (A)

(B)

(c)

1 card, FORMAT (18, 15, F12.6): ID, NL, F

Outer looponlevels (I@loop N=l, NL), ,
FO~AT (16;FIQli, 2F6. 1, El 2.,5,16): NX, EL(N), AJ(N), AT(N), TAU, IVY,,

Inner loop for each level (DO loop K =1, NT)
FORMAT (12X, 16, 2F12.6): NF, P, CP

TIO~

., ,D’

NL:

..

F

!, NX

‘ EL(N)

. AJ(Nj

AT(N)
,,.

TAU

~“

W

1000 * Z + A i~fthe nucleus whose levels are being inpu~

Numtyx of dis’rete levels being input.

For card, input, i.e., on INPUT file, set F = -1. for the last nucleus (highest ID)
for which level data are input. Normally, just set F =.0.

Level number (= N in DO loop), that is, NX = 1 for the grouhd state, NX = 2
for the first excited st@e,etc.

Energy in million electron voks’(MeV) of the N~ level.

Spin and parity of the I’@ level. The sign of AJ(N) indicates the pa&y. For
example, AJ(N) = -O.is interpreted as a J~ =0- state.

Isospin of the N~ level. It is not u~din GNASH and can be set to zero. N@e
that a value of 99. sometimes appears in the file, indicating an unknown
isospin.

Half life UI the state in seconds. It is not used in GNASH and can be set to
zero. Note that a value, of 99: sometimes Appears “inthe file, indicating an
unknown half life.

Number of gamma-ray braxches frormthc I@ level to lower levels.
,.

Level q~.ber indicator for.ti~mel~m-ag ~ma-ray transition is.occurring.
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“P

CP

.

.,

41093

: ;,

3

4

5

6

7

8

9.

10

11

12 ~

13

.

.

.

2;

Gamma-ray branching ratio for the transition defined by N + NF. For bound
staks, the sum o!’P(N+NF) over the NT transitions possible for state N is
unity. For unbound states, the sum equals the totid probability for decays other
than particle emission.

Probability that the transitions characterized by P(N+NF) are gamma-ray
transitions. If, for example, there is a 20% probability that electron conversion
is the decay mechanism, then CP = ().8(). “:

SAM?LE FILE8 LEVEL DATA FOR 93Nb

20 0.000000 0.00,0000 0.000000 31390”” - ‘ ‘
0.000 COO

‘0.030820
1 1

0.687000
.1 2
0.743910

1“1
0.808580

1 4
2 1

0.810410
1 2

0.949830

0:97894:
1 1

1.082670
1 4
2 1

1.253720

1?29000;
1 3
2 6

1.29724,0
1 8
2 4
3 1

1.315310,,
1 5
2 4

1.500110
1 1

4.5 99.0
-0.5 99.0

1.000000
-1.5 99.0

1.000000
3.5 99.0

1.000000
2.5 99.0

0.u12346
0.987654

-1.5 99.0
1.000000

6.5 99.0
1.000000

5.5 99.0
1..000000

4.5 .99.0
0.793651,
0.206,349

3.5 :99.0
1.000000

-0.5 99.0
0.665290
0.334710

4.5 99.0
0.220513
0.266667”
0.512821

-2.5 99.0
0.186992
0.813008

3.5 99.0
1.000000

,, 0
1

1.000000 0.00600e+O0

1
1.000000 0.0000 Oe+OO

1 ,’.
1,.000000 0.0000Oe+,OO

2
1 .00!) 000 O. O@OGOe+OO
1.000000 0.0000Oe+OO

1
1.000000 0.0000 Oe+OO .“

1. .
1.000000 0.0000Oe+OO

1
1.000000 0.0000 Oe+OO

‘2”
1.000000 0.0000Oe+OO ~~
1.000000 0.0000 Oe+OO

1
1.000000 0.0000 Oe+OO

2
1.000000 8.88890e+08
1.0000GO 8.88890e+08

3’
1.000000 0.0000 Oe+OO
1.000000 0.0000oe+oo -
1.000000 0.0000 Oe+OO

2
1.000000 0.0000 Oe+OO
1.000000, 0.0000 Oe+OO

1
1.000000 0.0000Oe+OO
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APPENDIX 3

TRANSMISSION COEFFICIENT FILE (TAPE1O)

(A) (1 Record) FORMAT (14, IX,7A8, A5 ): NPART, [BCDTC(I), 1=1,8]

(B) Outer loop on particles (DO loop N=l, INPART I)
(1 record per N loop) FORMAT (43X, A8, 13X, 214, A8): XBCD, NE, NN, K

(C) Input energy grid for particle N (internal identifier= ID),
(DO 100pI =2, NE, 6)
(1-5 records per N loop) FORMAT (6EI 1.5, A6): [ETC(J,ID), J = I, 1+5]9K

., -

,.

.
.“

.,

(D) Input optical model cross sections (optional) and transmission cocl’!icientsfor particle N.
Outer loop on energy (DO loop I = 2, NE) (1-8 records per energy)

(1 record if NPART is negative) FORMAT (4E1 1.4) DU,l, DU2, DU3, DU4
(1-7 records per energy) FORMAT (6EI 1.4, A6): [TDUM(L), L = J, J+5], K ~,

I’ar~el&t

NPART

BCI)i’C(8)

.XBCDi

,NE, .,

NN

K

ETC(J,ID)

DU1

DU2

DU3

DU4. . .

TDUM(L)

Scrir)tion’

Absolute value is the number of particles for which transmission coefficients are
input. Set NPART negative to also input optical model integrated cross sections
at each incident energy.

Sixty-one columns of Hollerith descriptive information.

, Alphanumeric particle identifiers in A8 format, as follows: NEUTRON ,
PROTON , DEUTERON, TRITON , HE-3 , ALPHA .

Number of energies included in energy grid for the transmission coefficient array.

Number of cufficients input at each energy.

Not used. Can be used as a card or record counter. :

Energy grid for transmission coefficients. The index J specifies @e energy aqd
ID is an internal identifier that identifk theparticle type, according,to XBCD. -,,

Incident particle energy in the laboratory system (MeV).
.,

Reaction cross section from optical model calculation in barns.

Shape elastic cross section from optical model calculation in barns.

Total cross section (DU2 + DU3) from optical model calculation in barns.
,,.

Transmission coefficient array in the format u~d by the”COMNUC “code. .The
index L runs from 1 to NN for eaeh energy on the grid. The coefficients are later
collapsed to remove the J-dependence from spin-orbit coupling. Coefficients are
stored as functions of energy for each particle.
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EXAMPLE OF TRANSMISSION COEFFICIENT INPUT DATA FOR 93N b

RECORD
ML DATA

1

2
3
4
5

,. 6
7
8
9

; 10
11
12
13
14

,. 15
““16
17
ia
19
20
;21
22
’23
24
.
.
.

193
194
195
196
197
198
199
200

.

.
:.

.,

-3 n + rib-93 p.nagel parameters for model code compar. sc90tst2
energies and penetrabilities for the neutron continuum 36 40

1.0000e-03 5.0000e-03 1.0000e-02 5.0000e-02 1.0000e-01 1.5000e-01
3.0000e-01 5.0000e-01 7.50C)Oe-01 1.0000e+OO 1.2500e+O0 1.5000e+O0
2.0000e+OO 2.5000e+O0 3.0000e+OO 4.0000e+OO 5.0000e+OO 6.0000e+OO
7.0000e+OO 8.0000e+Ob 9.0000e+OO 1.0000e+Ol 1.2000e+Ol 1.4000e+Ol

1.6000e+Ol 1.8000e+Ol 2.0000e+Ol 2.5000e+Ol 3.0000e+Ol 3.5000e+Ol
4.0000e+Ol 4.5000e+Ol 5.0000e+Gl 5.5000e+Ol 6.0000e+Ol
1.0108e-03 1.3159e+Ol 5.2973e+O0 1.8457e+Ol
1.9365e-02 1.6416e-04 8.7075e-09 2.3414e-04 7.6980e-09 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO ‘.0000e+OO 0.0000e+OO 0.0000e+OO
0.0000e+OO O.O!)OOe+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0,0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO O.CJOOOe+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+O@ 0.0000e+OO 0,0000e+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO
5.0542e-03 6.5544e+O0 5.2197e+O0 1.1774e+Ol
4.2770e-02 1.8288e-03 4.8529e-07 2.6008e-03 4.2927e-07 4.0560e-10
0.0000e+OO 8.3941e-10 0.0000e+OO O.O!100e+OO 0.0000e+OO 0.0000e+60
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO ..
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO
O OOOCe+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO .

1.4152e+Ol 1.7558e+O0 2.3064e+O0 4.0621e+O0., :!

6.8537e-Cl 7.9966e-01 7.1564e-01 7.6002e-01 7.5721e-01 7.7759e-01
9.0647e-01 6.8263e-01 9.0530e-01 5.0439e-01 6.23kle-01 6.5269e-01
4.7418e-Gl 9.6235e-02 1.1984e-02 3.5877e-01 2.7753e-02 1.5307e-03
1.9312e-04 2.3454e-03 2.3947e-04 2.3876e-05 2.9029e-06 2.6525e-05
3.0497e-06 3.4831e-07 0.0000e+OO 3.5613e-07 O;OOOOe+OO 0.0000e+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO O.OQOOe+OO
0.0000e+OO 0.0000e+OO 0.0000e+OO 0.0000e+OO

-.,,

COMNUCORDERING OFT$FORSPIN1/2 PARTICLES,WHERE J=I*U2
.,

+0 : T1- T2- .Tl+. .. T2+ ‘“T3-

T4- T3+ T4+ T5- T6- T5+

etc.

,.
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APPENDIX 4
,,

GNASH INPUT FILE DESCRIPTION

(2 cards) FORMAT (1OA8): TITLE(N), N = 1,20

(1 card) FORMAT (814): IPRTLEV, IPR’IX, IPRTWID, IPRTSP, IERTGC
IPRE, IGAMCAS, ILD, , ~

,,

(O- NLDR cards) Format (*): NLDR

DO loop 11 = 1, NLDR

(1 card per 11)FORMAT (*): IR, ALD(IR), ECLD(IR), XNLLD(IR),
ECLDL(IR), XNLLDL(IR), PA(IR), SIG2(IR)

(1 card) FORMAT (1014): INPOPT, KLIN, KTIN, NIBD, LMAXOPT, NLDIR,
ILDIN, LPDECAY, KSPLIT, LPOP, IHELV,,,

IQBETA1, ISURF, ISEADD$IBEOFF

(1 card) FORMAT (1214): NIj NMP, LGROIT, LPEQ, NJMAX, ICAPT, IFIS,
IBSF, ISIG2, IWFC, LDELGC,, ISPCUT, LGSFINT

Is = Q

NB&?, IDIAF, IHFACT, ~MAX ,,(1 card) FORMAT (414):

(1 card) FORMAT (7E1O.3): :ZAP, ZAT,’DE, FSIGCN, EGS; SPINGS, PARGS.;

(1 card) FORMAT (2E1O.3): iCUTFI’R, SDFI”R;OLDGC ‘ -

(1 card) FORMAT (14): NELAB : ,, .. . ..

(1-3 CiidS) FORMAT 8E1O.3): ELABS(N), kl, NELAB . . . ‘ ,...
r ,.

., . .

. .

)01



,,

(H)

. .

.“(J)

@

(J:)

,.

(K)

...,, .,,..

.
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(O-130cards) Reaction-chain data. The form and complexity of this segment depend on the

particular input option chosen, as follows:

T
=(1) NPOPI’ 1.2. orl(O cards)’

Reaction chains are set up automaticidly.
,.

) INPOPT=-1.(1-8 cards) (DO loop 1=1, I@

FORMAT (8E1O.3): ZACN(I), XNIP(I), SWS(I), [ZZAI(IP), IP=2,NIP] : ‘

) INPom = Q(2-130 cards) ,.
.!

; (a) Outer DOloop 1=1, NI
..

~(1 card per I) FORMAT (5E 10.3):,ZACN(I), X~p(I). LNPI(l), ~,,
CNPIP(I), SWS(I)

(b) ker DO loop 1P= 1, NIP
i. (1 ctid per I’P)FORMAT (8EI0.3): ZAI(IR), XNL(IR), A(IR),

XNLGC(IR), ECGC(IR), XNLGCL(IR),
ECGCL(IR), XMESH(IR), ,,

where IR is a running reaction index that defines a unique I. 1P;for each.
reaction sequence.

ii. IN = 1 (Skip otherwise.)
(1 card per 1P)FORMAT (3E1O.3):EOIN(IR), TGCIN(IR),

EMATIN(IR), SIG2(IR), PA(IR), EDS(IR)

(l-6 cards) (DO loop MP = 1, NMP) FORMAT (8X, Al, 11,2EI0.3):
LMGHOL(MP), LG, RE1(MP), GGDNORM(MP)

[2 cards IF LGROPT=2 (Brink-Axel option), Ocards if LGROIT=l]
FORMAT (8E1O.3) EG 1, GGl, EG2, GG2, G2NORM, EG3, G(33, G3NORM
FORMAT (8E1O.3) SIGE1, EGCONM1, EGCON,GDSTEP, GDELS, GDELSL, -

GDEDELE, XNFE1

[2 cards IF LGROPT=3 (Kopecky option), Ocards if-LGROIW=l-J -- -
FORMAT (8E1O.3) EGl, GGl, EG2, GG2, G2NORM,’EG3, GG3, G3NORM
FORMAT (8E1O.3) SIGE1, SIGM1, EGCON,GDa~P;’GDELS, GDELSL,

. . GDEDELE, X~l ; ~~ ~~ ., ~~ ~~ ,
,,

[if LPEQ=O(0 cards), if LPEQ>l (1 card)] ,,.

FORMAT (8EI0.3) F2, GG, (GR(M), M=l, 6) -. -: \ “ : :
,.

., ,. -, .
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Outer DO Loop II = 1, NFISSION (Number of fission channels)
(1 card) FORMAT (3EI0.3): EBAR(II,N), N = 1, NBAR
(1 Cd) FORMAT (3E1O.3): XBOM(II,N), N = 1, NBAR
(1 card) FORMAT (3E1O.3) DENFAC(II,N), N = 1, NBAR
(1 card) FORMAT (2E1O.3): FSTS(II), ERFIS(II)

Skip 1st Inner DO Imop ifFSTS(II)SO;

1st Inner DO Locp N = 1, IFIX(FSTS(II))

.

(1 card per N) FORMAT (2E1O.3): EBBF, XJPIF ,
END Ist Inner LQOp

. .

Skip 2nd Inner DO Loop if FSTS(U)20.

2nd Inner DO Loop ~ = 1, NBAR
(1 card per NB) FORMAT (14):IBAND

..

.,
Innermost DO Loop KB = 1, IBA.ND ~‘ ‘
(1 card per KB) FORMAT (3E10.3):.;EBkND;mIBA,, PIBl

END Innermost Loop
.. .. .

END 2nd Inner Loop
.

.!

,.

.. ..

“E?JDhter Loop
.,
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TITLE

IPRTLEV

IPRTIC

IPRllYID

IPRTSP
..,,

,..

.,

IPRTGC

IPRE

IGMCAS

.’:”,. .:

!;,
:,

,,

DEFINITION OF GNASH INPUT FILE PARAMETERS

Two cards of Hollerith information to describe the problem king calculated.

Printcontrol for discrete level data. Set IPRTLEV =0(1) to omit (include) print of
discrete level energies, spins, parities, branching ratios, and computed cross swtions.

Print control far transmission coefficients and gamma-ray strength functions. Set
IPRTI’C = 0( 1) to omit (include) print of input transmission coefficients and strength
functions. .SetIPRTT’C>1 to print coefficients at every (IPRITC- 1)th energy on the
basic integration energy mesh.

Print control for reaction decay widths. Set IPRTWID = 0( 1) to omit (include) print
of decay widths for each reaction channel on the basic integration energy mesh.

Print control for calculated energy spectra, as follows:

IPR~SP = O to omit print of all calculated energy sptxtra.

= 1 to only print composite spectra for each radiation in the calculation;
that is, composite spectra from emitted gamma rays, neutrons,
protons, etc.

= 2 to print individual spectra from each decay process included in the
calculation, omitting the compositi spectra.

= 3 to print both individual reaction and composite spectra.

Print control for level-density information. Set IPRTGC = 0(i) to omit (include)
print of level-density parameters for each residual nucleus in the calculation. Set
IPRTGC >1 to print parameters and computer level densities at every (IPRTGC- 1)~
energy on the basic integration energy mesh for each residual nucleus.

Print control for prcequilibrium spectra and other parameters associated with the
prcequilibrium correction. Set IPRE = 1 to include print, Ootherwise.

This option is used mainly for ENDF evaluations where discrete inelastic scattering
gamma-ray lines and the continuum inekistic scattering contributions are to be kept
wparate:

IG*CAS = O

= 1

= 2

ItiAMCAS = 3

All discrete gammas are included in continuum Energy spect.m,as
usual;

No discrete inefastic gammas (pure discrete or’continuum) are
included in energy spectr~ ,”

,,..
No discrek gammas at d am icaunulat& in spectrx :,,.

Both particlcs “andg~mas from’pu~ discre= inekzstic (only) are
excluded from”ihe s@tra.
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ILD

ECLD,
XNLLD

, ECLDL,
.! XNLLDL

SIG2(1R)

PA(IR)

INPOPT

.’

,’

.

Set equal to 1 to read in lCVC1density parameters for residual nuclei in selected
reactions.

Running reaction index. Each IR designates a particular 1,1Pcombination for which
level density parameters are given (see below).

Fermi gas ‘a’Ievcl dcnsi[y pmrnctcr for reaction IR.

XNLLD is the number of discrete levels at upper end of the excitation energy
range (ECLD) where experimental lCVCIdata arc used. Default values are the
maximum values of the level data read from TAPE 8. If only ECLD is input as zero,
then ECLD is determined from XNLLD and the level data on TAPE8.

XNLLDL is the number of the discrete level ( 1= ground state) at the lower
exci[a[lcn energy (ECLDL) used with XNLLD and ECLD in matching the Gilbert-
Canwron temperature level density function. If only ECLDL is input as zero, then
ECLDL is determined from XNLLDL and the discrete level data on FAPE8. If either
XNI.LDL or ECLDL is set negative, then the old method of matching to only
XNLLD and ECLD is used; that is, it is assumed that XNLLDL = O. ~t ECLDL = -
00.

Spin-cutoff, &, for discrete level region. Determined from discrete level data on
TAPE8 if input as zer~ Default is 0.

If not left blank, the pairing energy used in the Gilbert-Cameron level density will be
se: equal to PA(IR). If left blank, pairing energies from Co6k et al. [Aust. J. Phys.
20,477 (1967)] mre used.

Input control for designating the input option chosen to specify the reaction chains
followed in tie calculation. The following options are available.

,-

=

0 is the most general input option available for specifying the reaction
chains and the various parameters associated with each chain. For .
example, it permits (but does not require) input of level-density
parameters for each residual nucleus in a calculation. See description
of card input for details of reaction-chain input.

-1 also permits generitl specification of reaction chains but uses
automatic features to simplify input. With this option, the code usa a
built-in level-density parametrization and automatically determines
parentage of each decaying compound nucleus by assuming tha! all
previous, unassigned reactions leading to a given compound nucleus
contribute to its initial populations of states.

1 to automatically follow the neutron chains from the initial
compound nucleus. A total of NI (see Card No. 5) compound nuclei
are included, and each is permitted to decay by emission of gamma
rays and neutrons. ‘

2 same as INPUT = 1except ~h compound nucleus is permitted to
decay by emission of gamma rays, neutrons, protons, and alpha
paIticles.
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KLIN

KTIN

NIBD

LMAXOPT

NLDIR

. .

ILIxN

LPDECAY

KSPLIT

LPOP

‘IHELv

INPOPT = 3 same as INPOPT = 2 except that the product nuclei that result from
proton and alpha emission are themselves allowed to decay.

Input file designator for discrete energy-kwel data (= 5 for card input, = blank or 8
for input on file TAPE8). Note that TAPE8 is the recommended option.

Input file designator for transmission-coefficient data (=5 for card input, = blank or
10 for input on file TAPE 10). Note that TAPE lO is the recommended option.

Number of large-core buffers setup for storing state populations in reaction products
that will further decay. The default value for NIBD is currently 10, which is also the
maximum dimension. 1

Control for limiting the number of transmission coefficient (Tgj included in a
calculation by requiring that (21 + 1)T > To*10-1LMAXOPTI. The default value is
LMAXOPT = 5.

Control for including direct reaction cross sections for inelastic scattering from
NLDIR levels. If NLDIR is greater than O, then direct reaction cross-section
information must be supplied on TAPE33 (W below) in free format form. NLDIR
must include the ground state and all inelastic levels up through NLDIR, whether or
not such levels have nonzero direct components. In the case of the ground state and
levels with no direct component, mroes must be entered. Add 100 to NLDIR to add
in coupled-channel direct reaction cross sections, which are not used in renormalizing
the reaction cross section.

Input control (used only when INOPT=O) to directly read in ~, T, and Em for the
constant temperature part of the Gilbert-Cameron level density function. (The
quantity &is the matching energy between the constant temperature and Fermi-gas
parts of the function). Set ILDIN = 1to input these quantities; set ILDIN = Oto omi~
which then permits these quantities to be determined automatically from the
cumulative number of levels.

Control that permits discrete energy levels to particle decay, Set LPDECAY = O(1)
to include (omit) particle decay from the levels. Note that if LPDECAY = O,then the
fraction of the population of any level that p~ticle decays is taken as 1.0- Z Bm,
where Z Bm is the sum of aJly-ray bmnching ratios for that level.

Number of energy bins (beginning with the highest excitation energy bin in the first
compound nucleus) that utilize the improved integration scheme activated by the
XMESH (IEl)parameter described below. The default value for KSPLIT is 5.

Any calculated bin population less that 10-ILPOPIis assumed zero. Input of
LPOP = Ois normally used, which sets default of 20.

Control to permit embedded discretd states in the continuum. Set IHELV = O(1) to
ignore (activate). When activated, ECGC and/or XNIX3C must be read in for those
reactions where the continuum cutoff is desired below the highest levels used in the
calculation.

1All importantdimensionsare set in a PARAMETERstatcmm andarethereforeeasilychangtxt.
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IQBETA1

ISURF

ISEADD

IBEOFF

NI

NMP

,,. .

‘ “~LGRoPr

LPEQ

NJMAX

ICM

IFIS

Set IQBETA 1 = O to include prccquilibrium QBETA calculation, as usual. If
IQBETA 1 = 1, then QBETA is forced to equal 1, maximizing the neutron
preequilihrium contribution.

Set ISURF = O( 1) to omit (include) Kalbach’ssurface eff”ts comection.

Set ISEADD = O (1) to omit (include) the addition of the shape elastic cross section
from TAPE lO (transmission coefficient file) in the outputted energy spectra and level
excitation cross sections.

Set IBEOFF = O (1) to include (omit) a crude kinematics and double-counting
correction for identical residual nuclei.

Number of compound nuclei that are permitted to decay in the reaction chain
(currently dimen~oned for 10).2 -

.

Number of gamma-ray multipolarities permitted in radiative decays
dimensioned for 6).2

Control for indicating the model desired for calculating gamma-ray
probabilities, as follows:

LGROPF = 1 for the Weisskopf model;

= 2 for the Brink-Axel model;

= 3 for the Kopecky-Uhl model.

(currenily

transition

Preequilibrium control. Set LPEQ = O to omit preequilibrium processes in the
calculation. Set LPEQ= 1(2) to use the new (old) QBETA option in the
preequilibrium calculation.

Maximum number of values of total angular momentum permitted in the calculation
(dimensioned for 40, which is also the default value). For even-A cases, JmaX=
NJMAX - 1; for odd-A cases, Jm= =(2 * NJMAX - 1)/2. NJMAX also acts as a
control for increasing the JRAST values for all continuum Ievels (see SUBROUTINE
LCMLOAD). Set NJMAX = - NX to increment all JRAST levels. by +INXI.
NJMAX is then reset to its default value.

Gamma-ray cascade control for initial compound nucleus:

ICAPT = O to omit full gamma-ray cascade calculation in the initial compound
nucleus (all subsquent compound nucIei do include the full cascade).

= 1 to include the full gamma-ray”cascadein calculations for ill cmmpound
nuclei.

Set IFIS >0 to activate f~sion option.

,, ,,

.

Zsc!efoomofe 1.

107



,1 .,

,’
I.___. —. .——

IBSF

‘‘ IWFC

,,

LDEKiC
,.

,,, ,.
. . .

. .

ISPCUT,.

,“:”:L?GSFINT
,.:

:.. .

,.

,,

NBAR,.

“’ IDIAF,.. .

~: IHFACT
.,. ,. .

KFMAX

ZAT

Control for setting level density option as follows:

= C to use the Gilbert-Cameron lCVC1density form;

= 1 to use the BackShiftedFermi Gas level density option. When
activated, the A(IR) and PA(IR) input parameters (below) must be input to
provide the BSF Icvcl density ‘a’and pairing ‘A parameters;

= 2 to use the Ignatyuk level density forrmdaticm.

Set ISIG2 = 1 to use 62 (spin cutoff parameter SIG22) from the discrete level region,
linearly interpolated from the top of the discrete levels (ECGC) to the matching
energy between the Gilbert-Cameron temperature and Fermi gas regions (F.MATGC),
where a continuum expression for crzis employed.

Set IWFC = 1 to input width-fluctuation correction factors on TAPE33 (see TAPE33
description below). Set IWFC=Oto omit width-fluctuation corrections.

If LDELGC = 0: Default A(IR) are taken directly from GC tables

If LDELGC = 1: Default A(IR) are scaled from values from the GC tables in the
same manner that A(l) [main compound nucleus] varies from the
GC table values.

If LDELGC = 2: Same as Oexcept default A(IR) is scaled according to which value
of the spin cutoff constant is used (Gilbert-Cameron or Reffo) so
that <Do= is presetved.

Set ISPCUT = 1 to change either SCUTFI’R or SDFIR from their default values of
0.146 and 1.5, respec~vely. See below for SCUTFIR and SDITR definitions. Set
ISPCUT=O to use defaults.

Control for angular momentum sum in nmonqalizing gamma-ray stnmgth functiois

to 2~<ry >/<D& , as follows: ,.

= Oto include angular momentum sum, as usu@ . .

= 1 to omit angular momentum sum. This option w= used for testing
Kopecky-Uhl option and is not recommended for general use.

Number of fission bamiers (maximum of 3).

Diagnostic print for fission where 0(1) = off (on).

IHFACT * tk~= integration range for fission barrier (default = 5).

Fine step control for fission barrier integktion, subdivides integration step sim by
KFMAX (default= 10).

1000 * Z + A for the incident particle or projectile, where Z is atomic number”and A
is the (integer) mass number.

1000 * Z + A for the target nucleus.
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“DE

FSIGCN

EGS

SPINGS

PARGS

SCUTFTR

,SDIWR

.,. ,
!

‘OLDGC

NELAB

ELABS(N)

ZACN(I)

XNIP(l)

Sws(l)

. .

Energy increment for the basic integration energy mesh (in MeV) A currcn~
maximum of 240 energy steps is permitted,~ If the chosen value of DE is toos wI1,
the code automatically increases it to satisfy the 24fMep limit.

Constant multiplier applied to all calculated quanthics (default value is i .0).

Excitation energy of theta&t nucleus. If Icti blank, target is in J:%ground stw.

Spin of the target nucleus. If left blank, the spin is taktm from the v.tluc in the mass
table (TAPE13).

Parity of the target nuckms. If left blank, the spin is taken fron. the vahw in the mass
table (TAPE13).

Spin cutoff constant, e.g., 0.0888’ for original Gilbert -Cam, ron value or (!.1&i for
the Facchini and Saetta-Menichella value. The dctault value ]>0. j 46.

Control for integration over the spin distribution for continuum icvcl dens4ies

SDFIR = Negative m use. old method ot dc tit’mirl I g Jm:~Xfrom YRAST
con-tinuum formula (maximum spilt :lt.1 . mn k,).

SDFTR = Positive to intqrate to an upper limit of J,l , = SDFTR*CI>-,

SDFTR = O.to set default of SDFI’R = 1.5.

Set OLDGC = 1.0 to force use of the old mt8rhod t. level matching whereby the

cumulative ntrmber of Ievds is determined in an ,.:grtilfrom-= to excitation cmergy
ECGC(IR). Set OLW”= O. or blank otherwi.su.

Number of incident neutron energies included ii) the ~ :culam.m (maximuM of 50).3

incident particle laboratory energies in McV for the dak atim.

1000 * Z + A fbr each compound nucleus ~at is Perm’ittec J decay. (1 is the index
that specifies the dccayinp cmrnpoundnticlcus.)

Number of decay ch rinds included for compound nucleu;, 7~CN(I). The minimum,
value is 1, and the maximum is currently 5.4 The fixed-pc It vaiue of XNIP(i) is
NIP in the code, ani, the decay index W runs from 1P = 1 to NIP f!weach compound
nucleus. JP = 1~ correspond to gamma-ray decay. Ak I = 1, ??= 2 should”
cormpond to elastic scattering.

Value of the (experimental) gamma-ray strength function f,,; s-wti ;(o n~utrons, ”

27C<ry>kD&, thal is used to n~nnalize the g~ma-ray tmnsition probabilities, as
follows: :

..

;.

—.

3 set?footnoIe1.
4 Sec footnotet.
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ZZA1(IP)

CNPI(I)

, CNPIP(I)

ZA1(lR)

XNL(IR)

AIR)
!$

SWS = + to individually norrnalizfi the E 1, M1, E2, etc., components of the amma-
6+/ray strcn@h function, using the inpuucd RE 1(MP) vitks to divide S S into

individual compommt.s. ln this case, the inputted RE 1(MP) should sum LO1.

Swfs = - to perform onc overall normalixwion of the gamma-ray shxmgth function,
using the calculated absolute El, M 1, E2, e[~., components to dctcrminc
their relative values. Adjuslmcnts to the calcul~[cd values can be made by
means of the inputted RE1(MP), which do not ncwl I(Jsum to 1.() in this
Case.

SWS = 0 to use ahsolutc E 1, M 1, E2, CW,,strength functions as cakuhitcd from the
model USLXI.Ag@n,adjustments to the cakxdatcd fxl can hc made with the
inputted REI(MP), Whichdo not nwd to sum to 1.()in this case.

1000 + Z + A for t%!radiation emitted from ZACN(I) by decay in[o channci 1P. ~
w-zzAUku~ . OthcL lssiblc values for W
> ! WY 1, 1001, 1002, !{W3, 2003. and 2@4 (th~ maximum tjl”1P is cutitmtly 5).5
A t“msionchannel is designat~d by 22A I(lP) = 99.

Pitrcntage designator that indkatcs the pm’viouscompound rtuclcus index 1’vvhosc
decay leads to the formation of ZACN(t).

Parentage designator th~t indica~$ the previtms decay indc.x 1P’that leads to the
formation of ZACN(I). Note that multiple values of 1anc :P involved in forming a
given compound nucleus arc indicated in 2-digit increments in CNPI(I) and
CNPIP(I). For exampk, CNP1(l) = 20306 and CNPIP(I) = !‘;405 imiicates ~hatthe
reactions t!cfined by I’ = 2, W“ = 1; I’= 3, 1P’= 4; and I = 6’, !P =5’ all lead to the
same compound nucleus, and a single state population storage bulkr will be used for
that compound nucleus.” This feature is automatically included when input option”
JNPOPT = -1 is used. Note that when multiple parentage ls included, the most
positive Qvalue ~action must appear left-most in CNW and CNWP.

Same as ZZA 1(1P)described above. Note that the running reaction index lR defines
a unique I, 1Pfor each mction sequence

Number of disqetc lCVCISto be included in the calculation for the residual ‘nucleus
formed in reaction IR. If XNL(IR) = 0, then the total number of levels input in the
Level-Data File (TAPE8: see SW V t~fLA-9647) is ~d. ,,

Level-density parameter, a, for us: in the level densit formula for the residual
rnucleus formed by reaction II?. Set \(IR) = Oto use bui t-in values [see Eq. ~14) in

LA-6947] for the Gilbert-Cameron m lgnatyuk fonrm]ations.

IXNLGC(IR), Number of discrete levels, XNLGC(IR), at upper excitat@n energy limi~
ECGC(IR) ECGC(IR), that axematched together wi~ the lower limit fit values 6fXJMKiCL(lR),

and ECGCL(IR) [described below] in the co&to the Gi&rt-CP (or -)
tern~rature level density. ,If both dwqar,arnetkrs q ~ @t@ w,% then the (QW!
number of levels input in ~ tevcl-~ file is us@, If * -~)1 is 0, tkn
ECGC(IR) is de~nni~ed from Ie# qjjinw X~(lR) in ,#k level h from
TAPE8.

.,

Sseefootnotc1.
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XNLGCLi[R), h’utnki of discrctc lCVCIS( I = ground x) and cxciltition (mcrgy tit Iowcr
E~GCL(lR } J.,nit for mtilching the Gilhqt-Cumsron (or Ignatyuk) wmpwaturc Icvcl density, as

tkxsci.kd iihovu. if both iirc WI ~“quiilto /,ero, then XNLGCL(IR j = 3 is u.wd, with.:. the apprtqvk ECGCL(lR) from”ti TAPE8 level dw, lf only ECGCL(IR) ii uro,..
then F.CGCL(lR) is similarly determined from XNI.GCL(IR,). If either
XN1.CCL(IR J or ECCKL(lR) k set ncga~ivc, then the old method of matching 10

,, LJnl>XNLGC and E(X.K is used; that is, it is assumed that XNLGCL(IR} = O. at
ECGCL{IR) = - ~.

XMESH(IR ! ?7iis is a parameter m mweasc the intcxration accuracy for Iow-partic]c emission

.,

,,
.

EO~(Ht)

,!

energies in me cqnunuurn. If a non--zer{l,‘~sitivc value i; spcci!icd~ then the top few
(KSPLIT) bin~ in the residual nuckus rcachcd in”this ruc;ion will he subdivided into
>malki incrcmcll~s, each of “width DED(MESH(IR). Thus, if XMESWJR) ~ ~o,
th.n the ?Itccted bins in the residual n,uclcus will k divided inm lo smaller parts.
Thlx is csptiiaily USCI’UIaround reaction thrdiohks that sht)w a rapid ri.ti in tress
wctlons. Thl~ !’caturc 1~~mly used for particle chtinncls and in practicu is omly
lmport:w’ for neutron chiinrwls.

@ pramcter in Gilhcrt-Carnmm tempcraww lCVCIdci]sily [unction
p(E) = ~’~~x-~o)~. if .sct m zcn), EOIN is auuima~ica]ly dcicrmmcd by ma~dhing to
d“scrctc lCVCIS. ,,

TGCIN~l’ <) T parameter in GC temperwurc qwessi?n (shove). IMtermincd imlornulicall y,if input
as zero.

FMA il~(iR) EXCItation enirg y at which Giihert-Cumcron tempcriitul c. and Fm-mi gas level
density functions are matdwd. Dctcrmirwd automatically if inpu[ as WO.

EDS,IR) It’nm left blank, then the value of EDS(lR) will detc~inc the excitation energy of the
highest known or av4We discrctc Icvel. This aids in keeping dw matching energy,
L!X,used hctwcxmthe c~t temperature and Fermi-gas ICVC1density’ expression,
t’rom having a value less than the’excitation energy of the higlwt discrete levclt

LMGHOL(MP\ Wknth E or M t(1designate the M@ radhtive transition as clectiic or mag&ic.,,

LG Multipok order of the M~ transition.

RE1(MP) ~ Rekdtive st.nmgth of the MP~ transition. ,Set RE}(MP) = 0 m usc a built-in value.
The summalion of dw RE 1(MP) vahes &hQuid normally bc uni~y when SWS is
positive, i.e., the individual E 1, Ml, E2, etc. cc)ntribtilions am dctcrminq! from the
inputted RE l(MP). [f SWS. is zero or negative, then the REI (MP) should be
(numinally) 1.0 to use ahsolu~ calculated or inputt&d El, M 1, E2, etc. strength
functions. ‘In the case of ‘negative SWS, an overall normalization is done but the’
relative contributions of he fx~ “amdetermined from _t!w@plgtg fxR. .01 both the

~. ‘~tter c- t- QEl(MP)-cin hi ‘usedfor minor adjustments of the absolute ‘values,
,, di.e., they aJQnomihdly ’1.0 but one could be, e.g., .9 fiwa @% dccnwse.
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GGDNORM(MP) Normalization fiactor to be used with the gamma-ray strength i-unction for the

EG 1,GG1

EG2,GG2,
G2NORM

EG3, GG3,
G3NORM

SIGE1

EGCONM1

EGCON

GDSTEP

GDELS,
GDELSL

GDEDEE
:,

M@ transition in the ZACN(I) compound nucleus if a zero value of SW’S(I)is input.
[Normally these normalization factors arc determined in an initial run with
ABSISWS(I)] set equal to the experimental value for 2x<ry>/<D&]. When SWS is
positive, the individual GGDNORM(MP) are in gtnwral tliffcrcnt because each
strength function is normalized according to the inputted RE 1(MP). For negative
SWS, only onc overall normalization is obtainwl and the relative contributions are
obtained from the inputted or calculated strength function wtlucs. If SWS(I) = 0.,
then the inputted values of GG!3NORM(MP) am used to multiply the absolute values
of the default strength functions. If both SWS(I) and GGDNORM(MP) arc zero,
then the GGDNORM(MP) arc set equal to orw, i.e., the default strength functions arc
used without adjustment.

If LGROPT = 2 (Brink-Axel form) or 3 (Kopecky-Uhl), then [hc.scarc the posi~ions
and widths of the giant dipole resonance (GDR). These must bc provided since a
default is not used.

For deformed nuclei, these repn.xcnt the position, width, and strength
(relative to the first GDR) of a second giant dipole rcsonancc, That is, G2NORM is
given by the ratio ~~um~ of the Lorentz photoneutron cross sectifms in the Berman
tables.

Position, width, and strcngih (relative to the fiist giant dipole resonance) of a
possible “pygmy” resonance lying below the position of lhc main giant dipole
resonance.

SIGE1 is the E 1 giant dipole resonance photoneutron cross section associat@ with
the first peak of the Lorentzian,( i.e., cm] in the Berman tables). It is used in the
preequilibrium (Chadwick) calculation of the direct-semidircct capture. cross section,
as well as in obtaining the absolute E 1gamma-ray strength function. If set to tiro in
the input, a default value of 0.3 b is used.

Energy in MeV bdow which the M 1 giant dipole resonance strength ft.mction is
constan~ Set EGCONM 1 to a large value (e.g.,,250 MeV) for constant M 1 strength
function (Weisskopf approximation).

Gammaenergy below which the y-ray El giant dipole resonance strength function is
assumed constant (LGROPT=2 only).

This repnxents the step decrease that can be appiied to the giant dipole resonance tail
between gamma-ray energies of GDELS and GDELSL (LGROPT=2 only). For
instance, a GDSTEP of 0.1 would result in a 10% reduction in the strength function
at all gamma-ray energies between 1$ = GDELSL and ~ = GDELS.

Upper and lower range of ~ray energies to which the reduction specific(l
by GDSTEP is applied (LGROPT=2 only).

For cases where GDSTEP >0., GDEDELE defines the energy range over which the
step rises to its full value (LGROPT=2 only). That is, the step “ linearly
from O to GDSTEP as the gamm~-;ayenergy ~ from GDEWDEDELE
to GDELS. The defaultvalue for GDEDELEis 1 MeV.
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XNFE 1

SIGM 1

F2 :

GG

EBAR(H,N)

——— .. ——.— .—...—

Set XNFE1 = (), to use Bnnk-Axel giant dipole resonance model to calculate gamma-
riy strength functions. If XNFE 1 >0., then tabulated gamma-ray strength function
at IFIX(XNFE 1) energies is read from TAPE33. See TAPE33 description below
(LGROPT=2 only).

SIGM 1 is the phomnc.utron cross section associated with a Lorentzian
pararneterization of the M 1 gamma-ray strength function. It is used in obtaining an
absolute M 1 gamma-ray strength function. If set to zero in the input, a default value
of 0.001 h is used.

The normalization factor (divided by 100) used with the Kalbach preequilibrium
model. F2 usually has a value between 1.3 and 1.6.

The composite nucleus state dcnsitv constant used in the prequilibrium model and.
generally defined as A/13 or 6a./Ir2,where a is the level density parameter for the
relevant residual nuckxw.

State density constants for the residual nuclei appearing in the decay of the first
compound nucleus. If left blank, then A/l 3 will be used. Can also be related to the
Giibert-Cameron level density parameter, a, by g = 6a/7r~. Note: ~”

GR( 1) + neutron GR(4) -+ deuteron
GR(2) + proton GR~5j + t@on
GR(3) + a particle GR(6) + SHCparticle

.

Fission hairier lwights in MeV.’—
.,

XBOM(II,N) hais for each fission barrier.

DENFAC(II,N) Factors that @irectlymultipiy the level density at each barrier to account for

FSTS(H)

EREIS(II)

EBBF,
XJP1,F

lB.4.ND

EBAND,
XJPIBA,
PJB1

symmetries.

Number of fission transition states to be used at wh barrier. Set FSTS(II) >0. to
read in the actual states and assyrne the spectra a~ identical at each barrier. Set
FSTS(II) <0. to read in the bandhead information and then code construc,Isthe
transition state...

.Moment of inertia parameter used to construct transition states wi~ the given
bandhead information.

I

When transiti~n states am read in, thae spaify the energy, spin, “&dparity
for each smte (sign of XJPIF is parity):

~,
,..

f ban’”cads fof which bandheid information is @ in.

Bamlhcad energy, spin, and p@ty foreaeh band~ @@ in.
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,. -

% APPENDIX 6

TAPE33 INPUT DESCRIPTION
. .

,.
XNFEI >0,

Read (*) (EFE1(I), FE1(l), I “=1, IFIX(XNFE1))
..

whe~:
XNFE1 = number of entries in table (.&eApp. 4).

EFE 1(I), FE1(I)= table of y-ray energies and El @& yway strength function’
Vducs.

------
. .

.— ,.

Read
Read
Read,

.,

where:

(*j (ELDIR(J), J = 1, NLDIR) , ,,
(*) NEDD ,., .!
(*) EMSHD(J). J = 1, NEDD) ‘ ‘ “

DO J=l, NLDIR . .
READ (*) (XSD(I,J),I = i, NE13D), -. ..- - ,.
END LOOp

NLDIR =

ELDIR (J) =

‘ NEDD =
1

EMSHD(J) =
.

XSD(I,J) =’

.
.

,, ,,

.,

number of direct reaction levels to be read. See App. 4 for details.
Note that if NLDIR >100 (that is, for coupled-channel data), then
NLDIR = NLDIR -100.

excitation energies of levels for whicil direct cross sections will be
read ,(start with ground state and skip no levels--read zeros if
necessary).

number of incident particle energies for which direct cross sections are
read, —...,.
incident energy mesh over which direct cross sectio,ns~ supplied. :

,..

direct reiiction cross sections-r6ad,for eikh level (J) apd incident ~ ~.,-. .,. ,!
energy (I).

,..
..

.,,.,.

..

.-

-..
,\, ,. ,,. . ,-,.

,., ,
. . . .

. .,
.

..

,,
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,,
....,

,,, - ... ,,, ,,.’

,/. ,., ,, .,,.:. ,.. .
..—. ._

,“
,.

,,

,.

c.
::

.:

FC>Q

Rad (*) ~WFC

DO 1=1, NEWFC
Read (*) EWFC(I), (WFC1(I,
END LOOp

DO I= I. NEWFC

ID), IID = 1,7)

Read (*)”EWFC’(1),(WFC2(I,IID),IID = 1,7)
END LOOp -

energiesnumber of
corrections.

width-fluctuation

EWFC(I) =

WFC1(I,IID) =

WFC2(I,IID) =

incident energy mesh over which width-fluctuation corrections are
read.

ratio of o~aa for ground-statereactions with IID = 1
(neutrons), = 2 (pro= (deuterons), = 4 (tritons) = 5 (sHe), =
6 (alphas),= 7 (gammarays).

,.
,.

..

.,

. .

same as WFC1except for reactions leaving the qxidual nucleus in
excited states. Note that’”tires .fof I@ “.WFCU“fid-WFC2-&i- - “.

,,
.. <-$

,..

converted to 1.0.
.,

,..

,.

,..
,,..,.
.,,

!.

,,

...—.
,,

,.
..

,..

,:

. .,
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.

.
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1. Input. Print Section (cent’d). .

Reaction Parentage,
l:.
(

<.rc. Reaction Labeling, Masses, Buffer Numbers

ip
.-

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1

ir
--

-clef a nlgc
-- (/mev) ----

0.0.000 0.
0.0.000 0.
0.0.000 0.
0.0.000 0.

0.”0.000 0.
0.0.000 0.
0.0.000 0.
0.0.000 0.

0.0.000 9“.
0.0.000 0.
O.o.ooc 0.
0.0.000 o.

0.0.000 0.
0.0.000 0.
O.c.000 o.
O.c.000 o.

0.0.’000 o.
0.0.000 “o.
0.0.000. 0.
0.0.000 .0.

0.0.000 0.
0.0.000 0.
0.0.000 0.
0.0.000 0.

0.0.000 0.
0.0.000 0.
0.0.000 .0.
0.0.000 0.

i zacn nip
-- . -- -- -- -

1 41094. 4.
i=

parent s-wave

(line 2) strength, energy
-1.180e-02 7.229

1. ip= 1.

zal
----

za2
..---

xmr
(amu)

s

(mev)

0.000
7.229
6.537
2.305

0.000
8.830
6.042
1.933

0.000
7.883
5.847
4.S82

0.000
6.734
9.576
3.334

0.000
8.635
9.397
2.966

0,000
7.195
8.694
5.443

0.000
6.857
7.567
6.176

0.000
11.480
7.07s
7.964

nlev
.-

0.
0.
0.
0.

0.
0.
0.
0.

0.
0.
0.
0.

0.
9.
0.
0.

0.
0.
0.
0,

0.
0.
0.
0.

0.
0.
0.
0.

0.
0.
0.
0.

1
2
3
4

0. 41094.
41093.
40093.
39090.

93.907
92.906
92.906
89.907

0.():1
O.00’J
0.003
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000

0.000
0.000

0.000
.0.000
0.000
0.000

0,000
0.000
0.000
0.000

0.000
0.000
0.000
0.000

0.000
0.000
0.000
“0.000

1.

1001.
2C04.

2 41093. 4.
i=

0.000e+OO 8.830’
1. ip= 2. 5

6
7
8

0. 41093.
41092.
40092.
39089.

92.906
91.907

91.90s
88.906

.

100L
2004.

5
8

3 41092. 4.
i=

0.000e+OO 7.883
2. .ip’= 2. 9

10
11
12

0.
1.

1001.
2004.

~ “: .

0
6 i:,,
0 ( 4

41092.
41091.
40091.
39088.

91.907
90.907
90.906
87.910

0.000e+OO 6.734
1. ip= 3. 13

14
15
16

G. 40093.
40092.
39092.
38089.

92.906
91.905
91.909
08.907

4-
5
0.
0

.

100:.
2004.

0.000e+OO 8.635
204.”ip= 302.

5 4Q092. 4.
i= “ 17

18”
19
20

0.
1.

.1001.
2004.

40092.
40091.
39091,
30088.

91.905
90.906
90.907
87.906

5
6“
o
0

6 40091.. 4.
i=

0.000e+OO 7.195
305. ip= 302.. 21

22
23
24

0.
1.

1001.
2004.

40091.
40090.
39090.
38087.

90.906”

89.905
89.907
86.909

6
0
7
0

2
3

4
0.000e+OO .6.857

106. ip= 403. 1
2
3
4

0.000e+OO 11.480
207. ip= - 402. 1

7 39090. 4.
i= 25

26
27
28

o.
1.

1001.
2004.

39090.
39089.
38089.
37086.

89.907
88.906
88.907
95.911

7
8
0
o“”

8 39089. 4.
i= 29

30
31
32

0.
1.

1001.
2004.

39089.
39088.
38088.
37085.

B8.906
07,910
87.906
84.912

0.0.000 0.
O.O.GOO o.
0.0.000 o.
0.0.000 0.

8
0 1

0
0

4

.- .J 2
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4
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