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(’SE OF THE N[JCLEAR NI(JDEL CODE GNASH TO CALCULATE

CROSS SECTION D.AT;\ AT ENER~[Es up TO 100 ~lEV

P. G. YOLTNG, M. B. CHADWICK, ~nd M. BOZOIAN

Grol~p T-2, 7?leoretical Di\’ision, Los.4 krnos iVational hborutoq

Los Alurnos, Nk! 87545, USA

The nuclear r.heorycode GNAStI has been used (o calculate nuclear dma fcr ‘rlcident

ncur.rons, protons, and deuterons at energies up to 100 MeV. Severat nuclear mi .:1s and
Ihcories are impe-rant in I.IIe 10- 100 MeV energy range, including Hauser.lwsbbwh
SliillS1.iCal lheCi, ‘terical W-ILI Ucfor-cnedopr.icafmodels, preequilibrium lbeory, nuclear
Icvel densities, I“ l~on theory. and direc( nmxion hcoI~. In his paper we summarize
~cncraf !_cwres )f r-hemmfels iu GNASH and (,lescri”~ rhe mer.hoddogy utilized [o
delerminc releva ,( mcxkl parameters, We illustrate rhe significance of severaf of tie
modelsand incluti comparisonswilh expimenral dautfm ccnain targel mareriafslhm are
imfxma.nim applications.

1. Introduction

“Hw Ilrst version of (he GNASH nuclear theo~ code was completed in 1974, I and it
has been dcvclopd continually since hat time. Several versions of [he code arc in UW,
including onc aduptcd for use in generating activtitiol~ cross sections for the Japanese fusion
program,z and two wrsirms wi[h modillca[ions and approximations suitable mainly for
higher crwrgy ci.dculations,j The code discus,ud hm-e is the base version and has hew-r used
l’~~rctilculations at energies as low as 1 kcV and as high as 100 MeV. 1; is best
summarized us the statistical Hauscr-Fcshbach plus prtwquilibrium version with full
wrgula.r momcnlurn ccm.serv~tion.4

GNASH has ken used m Sup:jort many (.iMa evaluations at incident crrwgics Ix:low
20 McV, including scverii[ of the EN13F/B-VI evaluations. In rcccnt years the cork has
hccn cxwndcd t.or work aI higher cncrgics and has btxn uiilizcd in cvalua[ions up [o
incident cncrgics of 100 McV, [n particular, it was used for corn mhcnsive amdyscs of

?!ll:~]lr[ln-indu~~d r~a~tions (0 40 McV for 5~Fc,5 (O 50 McV for ~ C0,6 and to ](M) McV
70XPb 7 Additionally a WI of neutron- and promn-inductx.iwi(il lniti~l calculations for - . !.

1:’;lnspt)~!data Iikwics wt:re
:?tjl, Ms,, 56~c,

~cncrwcd with GNASH m an incldcnt energy o! I(H) McV for
lWW, and A3H”J,Nand simlltir Iibrarics tire presently under dcvclopmtml

t’~)rdcutur(~n-inducrxl mac(ions M I(M) McV on 27AI and ~~~Pb.
[n Ibis paper wc summurizc the mcthmls iind procrxlures USC(I in performing

c;~lculaii(ms with GNASH in ~hc crwrgy rtingc O( 10 - 100” McV, Bccausc the b~sic
ln~’(hi~d~)l(~gy is io u[ilil,c physi(:~lly meaningful tluclcar rnodcl purtimcmrs [hat rcsull in
r~lus~muhlcdcscrip’ions of cxpcr-imcnral data, wc summa.riz~ in SW, 2 the major modc]s LIML
drc u,$cd in ~lNASi{. In %c, 3 wc dcscrilw some ilsfxct$ of choosing rnorkl puramclcrs
I’or higher cncrgics unrl wc illuswtim I“caturcs ()( [hc nuclear models by compuring
~~lcul~ti~ms with uxlwrimu,lml dd[d, Finally, SW, 4 includus some conclusions ml
sull]l]lury rcn]~rk,s c[~rw[’r:irl~ LIWu,scof GNASH tit higher cncrgics,



~ Xuclear \lodeIs L’sed in GN,\SH-.

.+ bl~>ck Lliagrw-n summfizing [h~ v~(~us inpu[ ~nd OU[pU[ qu~[itics for J GNASH
c~lcul~lion is included a-sFig. 1 The input inform~tion includes scparaw ilk O( discrctc

k!vcl decay data ford] significant residuill nuclei r-h are iorrntxl in a given problem, op~ical
mwkl transmission coelllcien~, direct reac[ion cross .scc[ions, and ground-state mass, spin
:~nd parity tables. The remaining model paramc[crs, reaction sequences, calcula[ional
energy range, etc., are provided in an INPUT tile.

GNASH implements Hauser-Feshbach [heory in an open-ended sequence of reaction
chains, with full consemation of angular momentum. Rcmxion chains arc defined in the
code input, ci[her by direc[ specification of the sequence or by setting a tlag to indica~ a
particular decay chain option. A schematic illustration of lhe decay processes that occur for
each compound nucleus in a decay sequence is given in Fig. 2. Note in the simpliilcd
expressions at the bottom of the figure hat the change in population of states in the residual
nucleus (K’) from transitions (rem [he initial (K) nucleus is proportional to the
transmission coefficient, T( U- U’-B’), for [he radiation and to the level density, p(U’), of
[he tlnal nucleus. Transmission cm>fficients for particles are obtained from optical model
calculations and for gamma rays from a giant dipole resonance model. [n addition LObeing
important for providing transmission c~tl-lcients, opticaI model potentials are used to
ob[w,i the initial compound nucleus formation cross section, which hen determines the
OVC:Lll normalization of all calculated emission cross sections. Continuum level densities
~rc obtained from phenomenological level density functions,g, 10 which are matched at
lower excitation energies to the available discrete level data, Both the discrete and
continuum structure data are utilized in GNASH calculations.

Prequilibrium ccmecrions become increasingly important at energitx above 20 hlcV

and are made in GNASH using the exciton model of Kalbach. 11 We demonstrate below
t-hat for certain applications it is also important to include multiple preequilibrium effec~s for
secondary rwutrons and protons as well as [he usual corrections in [he primary Llccay
channels, Width Fluctuation corrections can be applied 10decays from the initial compound
nuckus, although [hcsc are not important for I.IWenergy range discussd here. For aclinide
studies, the code contins a detailed fission model, ollowing use of up 10 lhrec uncoupled
tlssion ba.rricrs. The models are expected to he applicublc over a wide energy range, and
GNASH has ken utilized from inci(,lcn[ energies below 1 kcV [o tibovc 100 McV.
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Referring to Fig, 1, [he primary ouTput from GNASH are absolute angle-integrated
pu-title and gamma-ray specua, and excitation and deexcitation cross sections of discrete
s[ates. The calct~lwed spectra are integrated and summed to provide absolute reaction cross
scc[ions. The present contlguration of [he code perrni~ [he incident pticle type [o be

rwu[rons, promns, deuterons, tilons, gHe, or ~He. In addition to gamma rays, these same
pmicles are permitted in tie decay channels. Angular effects are not included in [he
calculations, as [he results are nermally used in combination with the systematics-lmed
pm.rneterization of Kalbachl~ to determine angular disui!mtions. For his purpose, the
code provides ubles of ratios of preequilibrium to total emission cross wuww as functions
~~femission energy for idl outgoing particles, as required in applying the Kalbach relations.

~. Calcdadonal Method and Parameter Selection for the Nuclear Modeh

The methodology followed in pcr[onning GNASH calculations at higher energies
vJrics from problem [o problem and clearly depends on tie end use of the rcsulLs. For
cx~mple, several of tie libraries we have developed are mainly for radiation transport
c~lcul~[ions and only contain total emission specua for secondary pmiclcs and gamma
r~y$, wl[hout specification of [he cross sections for individual reactions or discrt!te Icvvl
[r~nsi[ions. ~ on [he other hand, we are idso involved in analyzing results from mca-
surumcnLs in very dcuilcd eqxrimcnts where individual gamma rays trom (n,xy) reactions
(x- I - 10) arc mcusured.~ In particular, we have used the GNASH code to calculiILe cross
sucti(ms for all signiticartt neuuon-induced y-:ay producing rtmctions on ~08Pb I.Ip to En =
lot) \lcV. Dcmmjs on [he modulin are obviously much more s[rirtgent in l~k c~.se, and

fL’drrful dctcrminwion of certain mode para.rmwrs is es.wrwiitl,
,\ [ypicid suqucncc of operations ill tt,e tour.u ot’ calculations might iI:cludc [he

foll~)wing: ( I ) compile Icvel structure data for all residual nuclei in u calculation; (7) ohin
~~plicid II;O(JCI potentials for till lhc particles i)! interest in a culculat.ion ml vwrify [heir
v,LllLtity ~w~~rI.IC energy range cd’inkmsl; ( 1) compik data on dirtxt reactions thut migh[ k
01”inlcrcst !~)r an analysis; (4) vcrlfy ICVCIdcnsily, y-my strcnglh function, pmquilibriulm,
Jnd tissi(m m(dcl piuarnctcrs [0 IN UW hy cdcululing the availuhlc c~pcrimcnt.al UWI; (5)
vcril’y hy wrnplc ckuliuiuns [hal all impmmt dccuy channels am included in k prohlcm,
l~l~hor~[i~~n t~t st~mc 01 the.se steps wi~h examples is given Iwlow. In pur[icular, wc
~’omparc [lw uffcc[s ut di(fcrcnt model ~~rparanwter uhoiccs in calcultitions O: dilfcrcnt
rc~ctl(lns, with (’mph~$is (m ~~)”Ph(n,nxy) cr~ms scc[ions ft~r spccitlc y-ruy~,



l-hum -m J l~rgc numttcr O( global optical mode] pc[cntids JvtilJblc ~or incident
nuclcons. ~nd these ~r~ frqucn[ly used in GNASH calculations wh~’rc wxurficy
rquircmcnLs w ~mlv mm.ks[. However, a basic prohlcm cxisLs in cuying ~na-lyscs m
cncrgics of 100 ~lcv (Jr higher, Iwxtuw transmission wclllcitm~ drd required in [hc
Hmwr-Fcshbach ~a]cui~[l~ns to low particle energies and global potcntia.k USUally do not
cover such a large ~nergy range, One method of handling this problem is [(Jcornbinc two
powrttials hat sp~ IJIe ~ne~gy region of LIW calculation, wiLh pticular a[tention 10S&ding
d matching energy WIW~ he rc~ction cross se~tiorts from the two potentials are consis[cnI.
We have frequently combined the Madland13 higher energy potm’ttia.l for protons itnd
deutcrom with one of Lhecommon lower energy potentials. 14

Best results are usually ob(ained if analyses have been performed lending [o
polen[ials for tie spwitk m.rget nucleus and energy range under investigation. We are
uumndy using GNASH to amdyw high-resolution neutron-induced gamma-ray production
mcmurernents on Pb iso[opes from the WNR/PSR facility at LAMPF, ard Lhree of lhc
~okm-h.ls we arc studying are compared to ncu”mn total cross section measurt!mentsls on
-()~Pb in Fig, 3. of the three optical model curves shown, only the Schutt et id. lb analysis
wits dircc[cd speciilca]ly at n + ~~*Pb data over the entire energy range shown. In
particular, W Schutt et al. 16 polenlial results from an analysis of n + -08Pb elas[ic
.scatterin~data [o W MeV wtd [mid cross wxion data between 2 and 250 MeV. The Finhty
CI al. I T p.xential results from an anaiysis of similar da~ between 7 and 50 MeV. For [he
calculiuio~: in fiig. 3, LtteFinlay potrntial was utilized to about 60 MeV and the Madland
polcntia.1 I J at higher energies. The coupled< hwtnei potential is a simple extrapolation of
[he Iow-crtcrgy Young and Shamu potential described at this symposium 18 hat reasonably
reproduces differential elastic .scaueringdata near 20, 30, and 40 McV. All k ptcntials
Jgme with the meimrrcment to within = 2% at energies below 60 MeV, but the couplcd-
churmel and Mwknd poumtials lie -5-7% beiow he data in the 70 I(N) McV range,
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l<c~ul[.~(r~~m[hc n + ~~)~Phcdcul~[illns using ~hc ;lbOVC(hrcc [~p[icd po[untid.s MU.
~~,mp~rcd In FIC. 4 [o t~pcrimcn[d rcsulu [rum V~~nd~’hLitid. ‘() Tht LW(JCLWSshown m
l“,~rlhc 570-kC~ gu-nma r~y from [hc ~~)~Pb(n,2ny)207Pb reaction, corresponding [o the
[rdn.sl[i{~nl’r~~m[hc 5/2- Ilrst cxciwd st~te [o [hc 1/2- ground SLJtC,~nd [or [he X03-kcV
gJmm J rtiv fri:m lhc ~+ !Irst c,xci[~LiSUM [o [ht ()+ ground~()~Pb(n,3ny)2~~Pb reaction (..
\[J[c ). .+ ~LJI_IdmiSCLof mwkls md parameters WJS usd in [hc cdcul~tions, including I_IW
Icvc! dcnsi[y r-cprcsentation by Ignacyuk ut al. 10and default precquilibrium and gim[ dipole
rcsonmct p~a.rneters. None of the op[ical model choices results in calculated (n,xy) cross
.wu[ions Lhat agree perfecily with the data over the entire energy range, but dw cicul~lions
with tie coup] ed-~h~ne] po~ntia.1 appears to repent lhe dilta best.

In extending GNASH calculations frcm the [ypical EITDF/B energy limi[ of 20 NIcV
[o a range of 1(K) MeV, it is preferable to utilix relativist.ic kinematics In [he supporting
t~p[]~~ rno&] C~~~a[l~ns. [n ~ddi~on, cm must IX taken k tile cakulations [Oensure that
Jppropnilte Mgular momentum is pxrnitted in Lheoptical model Transmission cocfticicnls
provided to GNASH. This latter effec[ is illustrated in Fig. 4, where [he vxults of
GNASH calculations of d + ~o~Pb reactions m 98 MeV using 1- = 20 and I- = .32 are
compa.md, with the latter limit being appropriate for this energy. The results shown are
ncu[rcm emission spwtra at W and 105~ from a Pb stopping targe[ and are compared [o tie
mcasuremen~ of ,Mm.in et JI.ZO It might k noted [hat, while tie validity of the Kalbach
:mgula.r disuibution systcmaticslz have been thoroughly veritled for incoming and outgoing
nuckons, the results in Fig, 4 confirm [heir applicability over this angul~r range for
incident dcutcrons and cml.ssion neuuons.

3,2 L.elel Derr.si[ies

The GNASH code pre.sen[!y includes three options for phenomenological Icvcl
densities: [he Gilbert and Cw-rwrcm modci,g the back-shifted Fermi gas modcl,~ ~ and a
l~)rm 01 Fermi gas model by Ignatyuk et a.1.lo that includes an energy-dependent Icvcl
density para.nwtcr m-id t-k damping out of shell effects at higher excitation energies. The
Igna[yuk mmicl is In Iwttcr agrccmen[ wi’h microscopic Fermi gas models, and its more
r~’a]lsliu [rrdlnwnt 0! silt’]] cftecLS is CS

r
cially important at higher exciution energies for

~.~lculutit~ns on w ct nuclei such as ~0 Pb that lic a[ or near shell ciosurcs. The computed
[Icvcl dcnsi[v ot’ :~ Pb usin~ the Gilbert and Cameron formulation and that O( [un~t~uk CL

d. dlt”fcr J[ ~xcitatiun erwrg~ti above 50 MeV by many orders of magnitude, ~ - ‘

‘08PbLnh #’Pb E,=O 3?0 M.V
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- ~(~gPts(n.xn~) cross scctiuns using theI.hc rtsul[s t~f GN.ASH cdculii[ion.s ill
(;ilh’sl-Cdmc’rt~n and Ignatyuk (ormul~[ii~ns uc cornpud in Fig. 6 witi Lhcmuw.ucmcnLs
,)1’Vlln~~h c[ al. i’) TIw ca.w’s shown arc for [he 570-kcV gmma ra - J(~~Ph(,2ny)
rcac[ion. $Imlliu [o Fig. 4, iuui [hc 961-kcV gamma ra
(r(lm [hc 2+ -

. ~0# from Lhc‘~$~($;ny) rcx[ion
Ilrst cxcid sutc to [hc ground sttuc ot -Ph. The ma]n tiftw of using [hc

Gilbcn and Ca.rruron model is to suucessivcly shifL Lhc shap of (n,xny) reactions [o higher
cncrgics, wir-h [he c(fcct becoming Iwger wilh incrcuing x. The Ignatyuk formulalwn
~’lcilrly agrees hcuer widl tie experimental data.

For nuclei more removed from shell closures, lhe effect seas in Fig 6 is much ICSS
pronounced. Irs Fig. 7 is shown a calculation of the s6Fe(n.2ny)ssFc cross section for the
Y-1l-kcV gamma ray, [~gelh~r wi~ the measurements of Larson.21 The calculmion; with
Iwdl [he Gilben-Ca.meron and Igmttyuk level density models result in essentially equivalent
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The importance ()( prcequi!ibrium proccsscs Jt higher incident energies is well
~.\[~hli\hcd. Prwqui]it)rium reactions are pic[urcd M succcssi~e cxcita[ion of panicle-hole
p~irs In nucleon-nucieon collisions, dismbutlng the incident erwrgy among par[icle-hole
p~irs utl[i] cquilihration is reached, The particles emi[tcd in [he early (simple) config-

urations typically contribute 10 the high-energy pan of [he emission spectra. Marty

preequilibrium ca]cula[lons assume that al most only one nucleon is emitted from a
preequilibrium stage. In this case preequilibrium nucleon emission would come from the
dominant 2plh stage, and Me residu~ fplh nucleus is assumed to prmeed to equilibrium
via a series of nu~l~on-nucleon ~o]]islons. Composite reactions such as tOId particle
emission are no[ drastically al~red by tie addition of multiple preequilibnum emission
processes, even at neutron energies as high w 90 MeV.B The situation is quite different,
however, for certain tertiary reactions such as (n,2ny) and (n,3ny) reactions, because the
high energy component of wcond neutron emission tends to direcrly populate lower lying
discrete states that produce gamma rays. This effect is illustrated in Fig, 8 by comparing

GNASH calculations with and without multiple reequilibnum reactions for the 570-keV
{~nd N)?-keY’ gamma rays from zOgPb(n,2ny)2 TPb and 2Q8pb(n,3ny)206Pb reactions,

respectively. Agti, the calculations are compared 10 the measurements of Vonach et A.19
inclusion of multiple preequiiibrium effects is sem to be essential for reproducing the
crwrgy dependence of the cross sections at higher energies.

The need to include direct reactions in evaluations of neuuon or proton induced
reactions is well known. In those cases, direct cornponenu are usually calculated in
distorted wave Born approximation codes such as DWUCK, or in coupled-channel codes
like ECIS. 1[ one is concerned with calculating neuuon or proton emission spectra from
dcutcron-induced reactions, direct reac[ions mus[ also be taken into account at higher
energies. In calculations witi GNASH, we utilize the simple model of Serber~2 coupled
wi[h cxperimen~l information on total (d, n) or (d,p) cross sections to incorporate these
dircc[ cffccL$. This method was used in the calculations of neutron emission from 9&MeV
dcutcron re~ctions with ~O~Pbshown in Fig. 5, which agree well with s[opping ~get mea-
surements. The exten[ of the !%rber conuibution is shown in the angle-integrated neutron
cmlssion spectmm of Fig. 9 for 60-Me V deuterons on 20~Pb. The conwibution is a
maximum n~ar 1/2 of [he incident deutrron energy and increases the cross seclion M
emission cncrgws dwve = 15 MeV by a f~ctor of 2 or mule.

I ...... ... .I



4. Conclusions

I-hr uw (>Idilfurcn[ mcxkls and pam.rrwtcr choices in calculations wi[h Lhc GNASH
~(J& ~i)n[ir-ms [h~ imp~~~~~ O( good” opti~~ m~d~] po~n[i~s ~d IWCI dcnsi!y modch lh~[

include rc~wmahle rcprcsenwions O( shell c[fcc[s. The imporunce of including dirccl
rcwli:ms in dcu[mm-induced nucleon-emission calculations is contirmed, dnd use of d

simple Scrbcr model is shown to give good ~grwment with data. Finally, the impo~ance
of mulliple preequilibrium effects in calculations of (n,2ny) and (.n,3ny) reactiuns is
dcmonsLrated, [ogethcr wiL5 the applicability of l-hemodel used in the GNASH cock.
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