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IMPROVEMENTS TO THE NUCLEAR MODEL CODE GNASH FOR CROSS SECTION
CALCULATIONS AT HIGHER ENERGIES

P. G. Young

Los Alamos National Laboratory
Mail Swp B-243

Los Alamos, NM B7545

ABSTRACT

The nuclear model code GNASH, which in the past
has becn used predominantly for incident particle energies
below 20 McV, bas been modified extensively for cal-
culations at bigher encrgies. The model extensions and
tmprovements are described in this paper, and thelr signif-
icance is illustrated by compering calculations with exper-
imental data for incldent eaergies up 0 160 MeV.

1. INTRODUCTION

We have made a sumber of modifications 0 the
muclear model code GNASH! in order w0 ‘mprove the
accuracy of calculations at incident particle energies up to
200 MeV. Mos! important{ among the changes is the
adaptation of the code to pennit its use in conjunction with
quantum mechanical preequilibrivin calculations, imple-
meating (and extending) the theory of Feshbach, Kerman,
and Koonin2 (FKK) in our FKK-GNASH version of the
code.3 We have also incomorated & model for calculating
muhiple preequilibrium effects, that Is, we permit narticle-
bole states lefl afier the first preequllibrium particke is
emitied 10 further decay by "mulliple preequilibrium”
emission.* We demonstrate below that it is important for
certain applications to include mulliple preequilibrium
effects for secondary neutrons and protons as well as the
usual comrecticas in the primary decay channels. Additicn-
ally, we have developed an FKK-based formalisan for
estimating spin distibutions in preequilibrium reactions
and bave used this result to obtain an easily applicable
method for including spin effects in an exciton model 3

In wis paper we illustrat: the significance of the
model improvements and include comparisons of calcu-
lations with experimental data for several larget materials.
We apply both GNASH and FKK-GNASH to calcuiate
(p.xn) and (p,xp) reactions for incldent energies to 160
MeV (part of a recent Nuclear Energy Agency code Inter-
comparison),® which allows a comparison of semiclassical
and quantum descripions of preequilibrium emlsslon for
high cnergies. We also investigate angular momentum
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cffects in our new equilibrium and preequilibrivm modeling
by analyzing two phenoinena seagitive 0 spin distribu-
tons: (n,xny) discrete gamma-ray product .on for incident
neutron energies (0 200 MeV, and long:lived isomer pro-
daction in reactions important for fusion technology.

0. Swndard Models in GNASH

The standard GNASH code implements Hauserx-
Feshbach theory in an open-ended sequince of reaction
chaing, with full conservation of angular mogientum.
Transmission cocflicients for particles are obtained from
opucal model calculstions and for gamma rays from a
geocalized Lorentzian giant dipole resonance model. In
addition, optical model potentials are used o obtain inidal
campound nucleus formation cross sections, which then
determine the overall normalizatdon of all calculated
emission cross sections. Continuum level deasitics are
oblained from pbenomenological level density functions,
which are maiched at lower excitation energies to discrele
level data. Both discrete and continuum structure data are
utilized in GNASH calculations. Preequilibrium
correclions, which become increasingly important at
energies above 10 MeV, are made in the original GNASH
code using a semiclassical exciton model.” For actinide
studies, the code contains a detailed fission model,
allowing use of up to three uncoupled fission barriers.

M. Model Extensions for Higher Energy Calculations

A pumber of model improvements have been
incorporated in the GNASH code system that enhance its
capabilities in calculations for incident energies above ~20
MeV. These include improved level density representa-
tions as well as more appropriate direct reaction models and
higher energy oplical model potentials. In the sections
below we describe improved capabilities for calculating
preequilibrium reactions in the FKK-GNASH code.

A. FKK-GNASH

With a view loward improved predictive capabilities,
the existing semiclassical preequilibrium model in



GNASH has been complemented with an improved
quanium mechanical model from FKK preequilibrium
theory in our FKK-GNASH code. FKK theory, which bas
been used successfully to calculatc nucleoa-induced
reactions up 0 the pion threahold, describes reactions as
passing through a serics of particle-hole excitations, caused
by nucleon-nucleon ineractions as the nuclear system
evolves owards equilibrium. Preequilibrium emission
occurs when particle decay takes place from simple
particle-hale stages early in the reaction, and typically
results in high-erergy and forward-peaked pariicle
emission. In the FKK theory two different types of
preequilibrium emission can occur:  multistep direct
(MSD) and multistep compound (MSC). In FKK-
GNASH, we combinc the MSD and MSC preequilibrium
components with full Hauser-Feshbach calculations, which
allows the whole particic and gamma-ray emission
spectnam to be calculated in a consistent manner.

The FKK-GNASH code bas been used to calculate
ncutron and proton emission spectra from n + 93Nb
reactions? and from p +90Zr and p + 208Py reactions.b
The lanter calculations are part o4 a code intercomparison
activity by the NEA, which also includes calculations
using our standard GNASH code. A comparison of
cakculated and measured® angle-integrated neutron emission
spectra for 160-McV proton reactions on 99Zr is given in
Fig. 1, and comparisons of the angular distributions are
given in Fig. 2 for emission energies of 80, 100, and 140
MeV. Both the FKK-GNASH and stindard GNASH
calculations are seen ¢o reasonably reproduce the measured
data. Angular effects are incorporated in the standard
GNASH results by means of the systematics of
Kalbach, !0 which appear to be valid out to back angles.
The FKK-GNASH calculations reproduce the angular
distribution reliably ai angles below ~100° but tend to fall
off o rapidly at far back angles.

B. Multipk Preequilibrium

The FKK theory, as originally formulated, only takes
into account the preequilibrium emission of onc particle
{(vimary preequilibrium emission). The assumptlion is
that this particle carries away 80 much energy that the
remaining exciled residual nucleus cannot emit another
preequilibrium particle, and instead becomes equilibrated
before urdergoing cotnpound-nucleus decay. This assump-
tion begins to fail, however, for nucleon energies above a
few 10’s of MeV, where it becomes possible 10 emit more
than onc particle through a preequilibrium mechanism.
We refer to this process as mullple preequilibrium and
have developed formalisms for compulting its effects, both
a preliminary version in the context of the exciton model8
(as shown in Fig. 1) and a preferred model utilizing 1°KK

Energy (MeV)

Fig. 1. Comparison of calculated and measured® angle-
integrated neutron emission specua frons p + 997 reactions st
a proton energy of 160 MeV.

Fig. 2. Mecasured® and calculated angular distriiutions of
neutrons from 9(’Z.r(p.ln) reactions for E, = 160 MeV ac
several emission energiea.

theory.4 This latier model makes use of DWBA matrix
elements that are already delermined in FKK calculations of
primary preequilibrium and is Werefore straightforward w
implement in FKK calculations.

A clear indication of the importance of including
muitiple preequilibrium processes in calculations above
~30 MeV can be seen in comparisons of theoretical
calculations with high-resolution measurements of gamma-
ray excitation functions from (n,xny) measurements,
Calculations with and wilhout multiple preequilibrium arc
compared to mcasurements! ! of the 0.803-MeV gamma-
ray from the 207Pb(n,2ny) reaction in Fig. 3, which
results from decay of the 2* first excited state of 206Pb w
the 0* ground state. This type of reaction is particularly
scnsilive to multiple preequilibrium effects because the
additional high-cnergy component in ncutron emission



i) €, = 0803 eV
0 [ 4
- | —mmwﬁmﬂ
- —-— No Muftiple Preeq, W

Cross Section (mb)
3,

T
N

]

1

_ )

10' . 14_1 s T 1 [
0 20 40 80 00 20 w0 18O 200

Energy (MeV)

Fig. 3. Calculation of the 2°7Pty(n,2nr7) cross section with and

without muitiple preequilibrium compared to experimental
data I

from the (n,2u) reaction (rclative to the equilibrium
process) leads to greatly enhanced (2,207) cross sections at
higher incident encrgies.

We have also demonsuated the importance of
multiple-preequilibrium effects by imposing the constraiit
of unitarity on calculations of p + 99Zs calculations at 80
and 160 MeV.4 These calculations show that if multiple
ruqunhbnum clfects are Ignored and experimental

0Zs(p.xp) and (p,xn) data are fit by including only
primary preequilibrium, then the suiz of the primary
preequilibrium cross sections exceeds the reaction cross
section at 80 MeV by ~15% and at 16C MeV by -50%. It
should be emphasized that conclusions such as these based
on thearelical/experimental comparisons can only be ¢ -awn
if the calculations include a complete description of all
conuibuling processes.

C. Spin Effects in Preequilibrium

We have deveioped an MSD formalism within the
FKK theory that accounts for nonzero spin in
precquilibrium reacuons (such a fonnalism was developed
carlier for MSC reactions!2) and, by cousidering the
relationships tetween FKK/MSD and exciton theory, also
havc oblained a ncw and easily applicable method for
including spins in the exciton model.3 In the FKK/MSD
case, we remove the original FKK spin-zero approximation
by trcatling the /plh slates excited in the interaction as
absorbing the wransferred angular momentum, afler which
their angular momentum couples with the intrinsic "core”
spin of the target. This allows us to use much of the
existing MSD calculational formalism while accounting
for finitc intrinsic spin in a straightforward manner. The
extension to the exciton model was motivated by the work

of Akkermans and Koning,!3 who observed bow the FKK
and exciton models relate (0 cach other. The result for the
exciton movdel spin distribution of residaal noclel from a

preequilibrium stage N is given by
aset) 1 | 143 J1+8
+
‘DN(J) = (2141X2i+1) G5, +1) ; ZR-(O' @
S, =0 Sofi-3,| t=i0-5

where a = p + h = 2N, where i designates projectile and
cjectile spins, I is the arget spin, J is the spin of the
residual nucleus througt coupling with angular momentum
£ and spin flip Sy, and Ra(l) is a Gaussian angular
distribution function

R(O=Zfren|-5F]. @

and 0’3 =0.%4nA% is the spin cu--off.

We bave compared the FKK and exciton spin-
distribution models by calculzting 14-McV neutron-induced
reactions on 79H[ that produce the 25.1-d, 25/2- isomeric
staic in 179Hf (Ex = 1.11 MeV) and the 31.y, 16* isomer
in 178Hf (E;, = 2.45 MeV).3 We find that the
preequilibrium spectra from the two models are quite
similar at higher excitation energies, but the FKK spectra
is reduced relative to the excilon spectra at lower emission
cnergies. This effect occurs because the multistep
coatributions in the FKK calculations are significanuy
smaller than in the excilcn case. For example, at § MeV
residual nucleus coergy the FKK 2%-step is only 3% of
the 1%4.step, compared 10 17% for the exciton case. This,
along with the large microscopic DWBA amplitudes we
obwin for low { transfers, leads to a FKK spin
distribution weighted toward lower spins than in the
exciton model case, as is shown in Fig. 4

me E =5 MeV Spin Distrbution |
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Lig. 4. Comparison of residual spin distribution in '7%11f at an
excitation energy of 5 Me'v using FKK and excilon preequi-
librium models.



The resulls of the isomer-production calculations from
the FKK and exciton models are compared (0 experimental
data!4 in Table 1. The differest spin distributions from
the two models lead o significantly different isomer cross
sectons, In fact, bowever, the uncerntainties in the
calcuation (mainly neutron transmission cocflicients and
struciure data) arc sufficient! + large that cither model leads
to results reasonably consisteit v-+h the experimental data,
al'bouch the FKK values are sou.cwhat low. Our new
exciton model calculations agree better with the
measurcments than our earlier ones, which assumed
equilibrium spin distributions for both equilibrium and
precquilibrium reactions. 13

Table 1. Theorctical and Experimental 14-MeV Neutron-
Induced Cross Sections for the Production of Isomeric States n
Hafolum

Reaction FKK  Exciton  Experiment!4

Model _Modd =

1Mo 20) 233 mb 1082 mb 629 .35 mb
-»178m2Kf 16+)

1Y Kp,n") 293mb 1523 mb 128+ 1.5mb

—119m2y¢ (12.54)

IV. Conclusioas

The FKK and exciton models that we have developed
and incorporaled into the GNASH-FKK code have been
shown (o give a very salisfactory description of preequi-
librium reactions out 0 an iucident nucleon energy of 160
MeV. We have sumrmarized a formalism for determining
multiple preequilibriun emission that is straightforw ard (0
implement in FKK/MSD calculaiions and have
demonstrated the importance of raultiple preequilibrium
reactions at higher energics. 1n particular, inclusion of this
effect is essential if agreement with measurements of
particle emissivn spectra and flux conservation are (o be
simultaneously achieved. Finally, we have presented an
MSD formalism that accounts for {inite spins, and bave
develoned a new and easily applicable method for including
spin effects in the exciton model.
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