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IMPROVEMENTS TO THE NUCLE4R MODEL. CODE GNASH FOR CROSS SECTION
CALCULATIONS AT ELIGEER ENERGIES
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-fknltckM mmklcode GNAsmwllicll intbepasl
hbecmmal pcdmkuly fa bK4dUltpati* elllks
*W 20 Mcv, b km modJkd exte-ndwily fa d-
caMi’ats aibJgiErc?KYgka. IIEamklextedms and
@90vanau8 m ckdl.md inthis~,at dtklrdgdf-
tiblllltstmd byclmpnrhg CddatkU wilb cxp-
~ck&8fcr Mltk3MQa-gks up K)160Mcv.

we have made a Stmnbe.rd modmut.bnc tow
mukarmcdcl ede GNASH1in*m tmpovctbc
~ofddatkms atlllckkxtt ~cmcrgk$ upto
XXI MeV. MOM impmtant among * changes ls @

adqlWkmoftbc cdetopalIdt bllscirlclMjlInctkm witb
quantum tuchanical prceqdildum calalatkm% Lmpk-
mmdng (and extending) tlMtkory of ~ Kaman.
an4 Kocxdn2 ~) in OIU FKK42NASH vcrskm of W
*.3 We have* imqma.tcd a makl fcu cakulahg
muldpk ~uilhum cfft!cts, that I&wc -t ~k-
hdc slatM kft after the first pecqttllhhnn prtick is
emlttcd to funk decay by “mult.ipk pme.quilhrium”
mksicm,4 We ckmonsbale kdow thai k is impmam fcu
culain appiicalioN [o include multipk Precquilibrium
et-kcls for &mmMl-y neuwons and p34cms as well as the
tuual ~~ in Ihe piimary decay channels. Additkm-
ally, we have CkVelopd an FKK-based formalklll for
estimating spm distributions in pequllibrium utions
and have used his result to obtain an easily applicable
meibd for including spin effect-sin an excitom models

In this pq-ux we illuslrati lhe signifscanm of the
model improvements md include comparisons of calcu-
lations wltb exfd.rnental data fm scvemd target mati.
We apply Ixsth GNASH md FKK-GNASH 10 calculate

(p,xn) and (P,IP) reactions for Incldcnl energies to 160
MeV (part of a recent Nuclear Energy Agency cde lnter-
comparison),6 which allows a comparison of scmlcla.ssical
and quamum dcsaiptions of prcequilibrium emission for
high energies. We also invcstiga[c mgulm mmnentum

dTa2sin ourme@itrillm andpu4@hInmaldkng
by analyzing tWO @mcmena Salsitivc b spin clis.bibu-

tiolx: (nJn~ discrtu gamrm—ra y~udmf-~
nmtrmemugkS m2m Mcv, Snrlkmg.lkd&anapc F
-h KaUknlsimpmnn4 fafUdalmdmdogy.

Il. Smcttd MwM in GNASH

Tbc uandard GNASH code impluIHu ~-
)%xbbchtkr yinan opm-udd aqmceofrcactkm
chaln& whit fldl CmUawticm of Mgulu lmnUcaltUm.
llmddcm~fapmkbme d$akdti

--~ and forgmmaraylffcmla
&E—d.id LUemzkt giant d@k ~nmkl. In
dditimcJ@cd mcKbdpXealMx mcmedh30bdnkdtLal
aullpuund nuck4U fcmnadon CY’asxcctkmx, wb.icbtkl
dctemninc tbc overall ncmndiza tlon of all Calcul.ald
cdmicm txcm -cm. Cmtinuum kvd densities are
ob’takd fran @cnamdogdl kvcl dcdty fundkms,
whicbarc matdlcd a&bowc.rcxa@091 clUrgkstod&zcte
kvdti BothdiEcMc 8ndamthnunstmc@rc ware
utilized in GNASH calculations. Prcquilibrhtm
czwrc.ctlons, which become increaaingly @mrtarlt at
cn@M above 10 McV, arc mxk in tk cdginal GNASH
cmde using a LKMiclasskat excitcm mcdel.7 Fcu ectinidc
studies, @ co& contains a detailed fission model,
allowing use or up to three Uncoupkd ftion barrim.

III. M&l Extensions fcx Higher Erergy CakIJMons

A number O( mdel improvements have been
inccn-pcmted In the GNASH de system that enhance its
capabilities in calculations for incickmlenergies above -20
MeV. These include improved level density representa-
tions as well as more ap~c@ale direct reaction models and
higher energy optical model potentials,8 In tie sections
Mow we descrilx improved capabilities for calculating
freequilibrium rctions in the FKK-GNASH cock.

A. FKK4.3NASH

With a view toward improved predictive capabilities,
the exisiing semiclassical prccquilibrium model in



GNASH has ~ OOtIlphcJ@ wiIb an hl~V@d
q-lure ~ modcJflcMr FKKpe@libdmn
Uwy&icnx FKK6NMHaxk. =lbIXWY, WhiChh8S
bem Uaod sUccULfUUy 10 cahllak nltek4m-~
rcElkns uptolbEpilm~ ~~as
pR=@!-@atiof W~-
by nuckm-nuckcm in@XJlolU mtbemUelear8y81em
evolves towada @liMmI. I%eu@lilxkm emiamoa
oocurawben pardckdccay mk.cspkcc ffCRSSimpk
Particle-imleslage-sc arlyint lleleaelhsd lypkally
results in high~:ergy aM fcward-peaked pml.icle
emksion. In Ibe FKK theary two dilicrent ~ of
prcqrilibrium cmition can oecw mdlstep direct
(MSD) and multislep compound (MSC). In FKK-
GNASH, we cunbim the MSD ad MSC WC@.IJlmium
emqKmmUwitb full*-FUbbcJl &Uk$om&whM
tiOWS * wbok partick and e-my tion

~~~~~s~~.

Tbe FKK-GNAsti cdchasbeuru8edto Cakuhue
imtrorrandprotoncmissicmqxctm fromn+93Nb
rcactlonss andhosnp+%andp+=l% ~.b
Twlatlu ddalirw wcpmoll’aarde WrcUllparimn
aclivity by the M WhiCb h hCht&# ~OSiS

rising our sumdard GNASH co&. A cuqdsoa of
calcUkdaluJmeaswd9 an~@tdoeUtmemksim
~ for ldl-MeV potcm ~ On%hkgivcain
Fig, 1, and cunpadsons of b angular distributkma are
given in Fig. 2 fm dssiontmeqgic so fal,uxlandhul
MeV. Boti M FKK43NASH and mnda.rd GNASH
calculaliaa$ m - Ur~Y~~~
dam Angular eff- are kqmrwed in be Xlandard
GNASH results by means of the systernatics of
Kalbach,10 WbiCh _ to be W OUlto back angb.
The FKK-GNASH calculations reproduce the angular
distribulkul reliably at angles bdow -lW but tend 10 fall
off w rapidlyat farbackangles.

B. MultipiePrequilibrium

‘he FKK Lhc4ny,as originally formulated, only lakes
inlo aum.rnt & preequilibriurn edxskm of one panicle
@irnruy Pfequilitium emission). The assurnpllon is
lhal Ibis particle fies away so much energy Lhal be
remaining exciwd residual nucleus cannel emit arrol.her
prequilibriurn particle, and instead becomes quiiibrmed
before urdcrgoingcompound-nucleus &cay. This assumpt-
ion begins 10 faii, however, for nuckrn energies above a
few 10s of MeV, where il times possible to emit more
lhan onc pmticie Ihrough a prequllibriusn mexhardsm.
We refer 10 Ibis process as multiple prccquilibrhrm and
have developed formalisms for computing ha effects, lmlh
a preliminary version in lhe context of Ureexcimn modc18
(a%shown in Fig. 1) and a preferred mcxkl u[ilizing PKK

,
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Fig. 1. Cumpuison of Ukulxrd d SMlxsd mgl4-
htxgrued nolOxoa&ssionspocuXfraup +*; reUaimUu
~ - =gY “f lfi WV.
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Fig. 2, Meurrred d cxkuhtsd xrrgulu distri udoos of
neutrons from %r(p.xn) rmctions for ~ = 160 McV w
scvcrxl emission encrgiea.

lkWY.4 This Ialler model makes use of DWBA mwrix
elanents tbalarealredy dwzmbwd InFKK calculadans of
primaryprequilibrium and is I&efore suaightiorward to
irn~kznem in FKK G#CUtiOM

A clear indication of Lhe importance of includhg
multiple pecquilibrium ~ocesses in calculations abme
-30 MeV can be se-en in comparisons of Iheoretkal
cxdculatims whh high-rcsolullcmmcasummenw of gamma-
ray excilulirm functions from (n,xny) measurements.
Crdcuiationswilh and wilhcrwmultipbeprequilibrium arc
compared to mcasurementsl 1 of & 0.803-MeV gamma-
ray from tie 2°7Pb(n,2ny) reaction in Fig. 3, wbicb
results from decay of& 2+ frrstexdled slate of 206Ptr10
Ure0+ ground stale, Ilk lype of rcxl.ion is pari.iculariy
sensitive 10 multiple prequilibriurn effecls brxause tic
additional high-energy componcm in ncutrrm emission
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K&3. Cddadoa oftbe%’qllal-f)creu ~wilhalld
without muttipk pmaquilibdum ~ b expimcnht
dd.a.11

frcbm the (IQrl) reaclkm (relative to the equilibrium

m)tiw~!’~ (Umuo==dmat
biglrs ildrkzlt ezqies.

We have also demoawated the importance of
multi~uilibrium effects by imposing W cmstrabt
Oflmitarily cmmkulalioasofp+% eabdmionsa180
and 160 MCV.4 I-kSe dadatkm show that if multipk

P
uilibfium effecls sre Igncwd and cxpctimenlal

.ti.xP) d (JVn) cka are fil by including only
pmuuuy prccquilitium, them the sw of the primary
prccquilihium uoas secticms cxeeds lhe raa.icm cross
~ at60MeY by -15’% ad at 16CMeV by -50%. It
should bcemp&tsizcd tJJatctmchJslcmssuchastksebsed
mlthecr&W experimental clmlpmisals m only k d -’awn
U the GJculations include a cmmphwe &saiption of all
cmrmibut.ing poeescs.

C. Spin Effeu.s in Fhequihhium

We have dcveqxxl M MSD foi-malism within be
FKK lheory that accounls for nonzero spin in
ptwquilibrium reactions (such a fomalism was ckvelopj

earlier for MSC reactions’2, and, by considering the
relationships tetwcen FKIUMSD and exaton by, also
have obtained a new and easily applicable method for
including spins in the exciton model,5 In tk FKIQ?dSD
W, wc remove UC criginal FKK spin-zero approximation

by treating tie fpfh states excikd in the interaction as
absorbing the uanskmcd angular momenlu after which
heir angular momentum couples wit.b the intinsic “core”
sfrin of the lar~e[. This allows us [o use much of the
exisliug MSD Calcula[ional formalism while accounting
for finite inlr-insic spin in a straigh~foi-ward manner. The
exlcnsiou 10 the cxcimu model was molivaled by tic work

OfAkkmnmSandKOninp13*ObSeHI bOWUICmK
dadmmc&ls*w*otk. Ikscwttfati
exea130mcfkl sfdDdistxibIJtk3ndrcaio81 IMKMfrana
ptu@ibritunsmgeNisgivtmby

1

PN(J)=~ z—$,,,$:(9’(1)

1

(21+1)(2*1) (2s,+1)
s, 4

wbefen= p+h=2N, wbuci~ pjeaikmxl

ejectibe spi.ns, fLsttlc t8rgus@m JAstbe spin Of the

re&ualrubckus dArougbcaqlling whhmgulafn Kmmaml

~ M spin flip ~~ and R.(f) is a Gaussian angular
&s&ibUtkmfunction

(-3

ad u:=o.24dw islbcspincu-df.

We have mmpased lhe FKK and exeitom spin-
distrituIti mcdels by aludzbn“ g 14-MCVtmmcnl-~
nzztkaU cml%ifthat p’Xtuce IiM25.14 25J2-~
suuein l%If(&= l.ll McV)andtbe 31-y, 16+ lsuncr
iII 178Hf @x m 2.45 MeV).s We find that tbe
paquilibrhun qmetra from !be two mcdcls are quite
similar athigkadalku2a2ex g~bWtbeFK.K spccma
isreduc&l rd&iveto dleexcima sp4Xraat lower esllMcm
energies. This effect occurs because the multistcp
czrntributicmsin k FKK cakuhticms are Sijjtd.fiidy
W12dk-ftk0i12tbC cXCitO12CMC %aampk, ai5MeV
residual nuekus energy the FK-K 2%tep is only 3% of

Ik I%lcp, compard to 17% fa & Cxcho case. l-his,
aloog with he large rniaoaI\ic DWBA amplitude-s we

oblain for low / transfers, leads to a FKK spin
distribution weighled toward Iowes spins than in tie
exciton model ca.w, as is slmwn in Fig. 4
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J (units of h/2d

I;ig. 4. Compuison of residual spin dinLrihution in 17911[ n( an

excihtion energy of 5 Me-i uhing FKK and excilon prerqui -

Iihrium m(wielb,



Tabk 1. TIEOretiwel~d Eaperiurentel14-MeV Neutmn-
~-Snctimsfatbe~ “ oflsom&c5ta&4rn
Hun

RelElim FKKExcium ~’4
MaH MuM——

wif(na) 2.33 mb 10.82 mb 629 * .35 mb
-.+17WHf [16+]

I’%f(rLn? 2.93 mb 15.23 mb 12.8* 1.5 mb
+’-% [12.5+]

Ivm Conchskls

meFKK and excimsr molkls UlaI we have developd
md incorpmut! inm be GNASH-FKK ca!e b’C been

Shown 10 give a very a.alisfacloly rkhpliun of fKcequl-
lituium WIions Oulb an iucidemlnucleon energy of 160
McV. We have summarized a fomalism for determining
multiple precqu!libriumemksion ti is saaigbticn dfd to
implemenl in FKKIMSD Calculations mid have
demonstrated be impmlancc of mullipk ~uilibriurn
reactkm at higbm energies. in palicuhw, inclusian of this
effect is essential if agreemcmt with measurements of
panicle emisstin spccwa and flux comwvamrr are to be
simultaneously acbievtxl. Ftily, we have PW an
MSD formalism that accounts for fiNte spins, and have
devekmcd a mw andensily applicable me4hodfor including
spin effects in h excilon model.
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