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USE OF THE NUCLEAR MODEL CODE GNASH TO CALCULATE
CROSS SECTION DATA AT ENERGIES UP TO 100 MEV

P. G. YOUNG, M. B. CHADWICK, and M. BOZOIAN
Group T-2, Theoretical Division, Los Alamos National Laboratory
Los Alamos, NM 87545, USA

ABSTRACT

The nuclear theory code GNASH has been used to calculate nuclear data fer ‘neident
neutrons, protons, and deuterons at energies up 1 100 MeV. Several nuclear m: ...1s and
theories are impe-tant in the 10 - 100 MeV energy range, including Hauser-I-eshbach
statistical thecz, | “erical and deformed optical models, preequilibrium theory, auclear
level densities, « s10n theory, and direct reaction theory. 1n this paper we summarize
general features Hf the models in GNASH and describe the methodology utilized o
determine releva .t model parameters. We illustrate the significance of several of the
models and incluce comparisons with experimental data for cenain target materials that are
imporant in applications.

1. Introduction

The first version of the GNASH nuclear theory code was completed in 1974,1 and it
has been developed continually since that time. Several versions of the code are in use,
including one adapted for use in generating activation cross sections for the Japanese fusion
program,2 and two versions with modifications and approximations suitable mainly for
higher energy calculations.3 The code discussed here is the base version and has been used
for calculations at energies as low as 1 keV and as high as 100 MeV. It is best
summarized as the statistical Hauser-Feshbach plus preequilibrium version with full
angular momentum conservation.®

GNASH has been used to supoort many data evaluations at inzident energies below
20 MeV . including several of the ENDF/B-VI evaluations. In recent years the code has
been extended for work at higher energies and has been uiilized in evaluations up to
incident energies of 100 MeV. In particular, it was used for comprehensive analyses of
ncutron-induced reactions to 40 MeV for 36Fe 3 1o S0 MeV for 39C0,% and 10 100 MeV
with nitial calculations for 208Pb.7  Additionally, a set of neutron- and proton-induced
transport data libraries were generated with GNASH 1o an incident energy of 100 MeV for
STAL 28BSy, S6F¢, 184W and 2387 ¥ and simular librarics ure presently under development
for deuteron-induced reactions w100 MeV on 27A1 and 208Pb,

In this paper we summarize the methods and procedures used in performing
calculations with GNASH in the energy range of 10 - 100 MeV. Because the basic
mcthodology is o utilize physically meaningful nuclear model parameters that result in
reasonable descriptions of expenimental data, we summarize in Sec. 2 the major models that
arc used in GNASIHL In Sec. 3 we describe some aspects of choosing model parameters
for higher energies and we illustrate features of the nuclear models by comparing
calculations with experimeantal data,  Finally, Sec. 4 includes some conclusions and
summuary remarks coneersing the use of GNASH at higher energices.



2. Nuclear Models Used in GNASH

A block diagram summarizing the various input and output quantitics for a GNASH
calculation is included as Fig. 1 The input information includes separate files of discrete
level decay data for all significant residual nuclei that are formed in a given problem, optical
model transmission coefticients, direct reaction cross sections, and ground-state mass, spin
and panty tables. The remaining model parameters, reaction sequences, calculational
energy range, etc., are provided in an INPUT file.

GNASH implements Hauser-Feshback theory in an open-ended sequence of reaction
chains, with full conservation of angular momenturn. Reaction chains are defined in the
code input, cither by direct specification of the sequence or by setting a tlag to indicate a
particular decay chain option. A schematic illustration of the decay processes that occur for
cach compound nucleus in a decay sequence is given in Fig. 2. Note in the simplified
expressions at the bottom of the figure that the change in populaton of states in the residual
nucleus (K') from transitions from the initial (K) nucleus is proporticnal to the
transmission coefficient, TTU-U'-B’), for the radiation and to the level density, p(U’), of
the final nucleus. Transmission coefficients for particles are obtained from optical model
calculations and tor gamma rays from a giant dipole resonance model. In additon to being
importanc for providing transmission coefficients, optical model potentials are used to
obtawui the inittal compound nucleus formation cross section, which then determines the
overall normalization of all calculated emission cross sections. Continuum level densities
are obtained from phenomenological level density functions,?-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.

Preequilibrium corrections become increasingly important at energies above 20 MeV
and are made in GNASH using the exciton model of Kalbach.!! We demonstrate below
that for certain applications it is also important to include multiple preequilibrium effects for
scconaary neutrons and protons as well as the usual corrections in the primary decay
channels. Width fluctuation corrections can be applied to decays from the initial compound
nucleus, although these are not important tor the energy range discussed here. For actinide
studies, the code contains a detailed fission model, allowing use of up to three uncoupled
tission barmiers. The models are expected to be applicable over a wide energy range, and
GNASH has been utilized from incident energies below | keV to above 100 MeV.
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Fig. 1. Schematic representation of the input and output capabilitics of the GNASH code.
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Referring to Fig. 1, the primary ourput from GNASH are absolute angle-integrated
particle and gamma-ray spectra, and excitaton and deexcitauon cross sections of discrete
states. The calculated spectra are integrated and summed to provide absolute reaction cross
sections. The present contiguration of the code permits the incident particle type to be
neutrons, protons, deuterons, tritons, He, or *He. In addition to gamma rays, these same
particles are permitted in the decay channels. Angular effects are not included in the
calculatons, as the results are normally used in combination with the systematics-based
parameterization of Kalbach!2 1o determine angular distributions. For this purpose, the
code provides tables of ratios of preequilibrium to total emission cross secucns as functions
of emission energy for all outgoing particles, as required in applying the Kalbach relations.

J. Calculational Method and Parameter Selection for the Nuclear Models

The methodology followed in performing GNASH calculauons at higher ¢nergies
vanes from problem to problem and clearly depends on the end use of the results. For
cxample, several of the libraries we have developed are mainly for radiation transport
calculations and only contain total emission specura for secondary particles and gamma
rays, without specitication of the cross sections for individual reactions or discrete level
transitions.8  On the other hand, we are also involved in analyzing results from mea-
surements in very detailed experiments where individual gamma rays trom (n,xy) reactions

(x=1-10) are measured.” In particular, we have used the GNASH code to calc.ul.uc Cross
sections for all significant neutron-induced y-ray producing reactions on 298Pb up to Eyp =
100 MeV. Demands on the modeling are obviously much more stringent in this case, and
caretul determination of certain mode? parameters is essential,

A typical sequence of operations ia the course of calculations might include the
tollowing: (1) compile level structure data for all residual nuclet in a calculation; (2 obtain
optical niodel potentials for all the particles of interest in a calculation and verily their
validity over e energy range of interest; (1) compile data on direct reactions that might be
of interest for an analysis; (4) venify level density, y-ray strength tunction, preequilibrium,
and fission model parameters to be used by calculating the available experimental data; (5)
verily by sample caleulatons that all important decay channels are included in the problem
Elaboration of some of these steps with examples is given below. In p.lru'culur we
compare the effects of dllf«.er model or parameter choices in caleulations of different
reactions, with emphasis on <O8Ph(n.nxy) cross sections tor specific y-rays.



A1 Opncal Potenniuis

I'here are a large number of global optical model petentials available for incident
nucleons, and these are trequently used in GNASH calculations where accuracy
requirements are only modest. However, a basic problem exists in currying analyses 1o
energies of 100 MeV or higher, because transmission coefficients are required in the
Hauser-Feshbach calcuiations to low particle energies and global potentials usually do not
cover such a large energy range. One method of handling this problem is to combine two
powentials that span the energy region of the calculation, with particular attenuon to selecting
a matching energy where the reaction cross sections from the two potenuals are consistent.
We have frequently combined the Madland!3 higher energy potential for protons and
deuterons with one of the common lower energy potentials.

Best results are usually obtained if analyses have been performed leading to
potentials for the specific target nucleus and energy range under investigation, We are
currendy using GNASH to analyze high-resolution neutron-induced gamma-ray production
measurements on Pb isotopes trom the WNR/PSR facility at LAMPF, and three ot the

otenuals we are studying are compared to neuiron total cross section measurements!S on
~08Pb in Fig. 3. Of the three optical model curves shown, only the Schutt et al.!6 analysis
was directed specifically at n + 208Ph data over the entire energy range shown. In
particular, the Schutt et al.!6 potential results from an analysis of n + <08Pb elastic
scattering data to 40 MeV and total cross section data between 2 and 250 MeV. The Finlay
et al. 17 potential results from an anaiysis of similar data between 7 and 50 MeV. For the
calculation in Fig. 3, the Finlay potential was utilized to about 60 MeV and the Madland
potential 13 at higher energies. The coupled-channel potential is a simple extrapolation of
the low-¢nergy Young and Shamu potential described at this symposium!8 that reasonably
reproduces differential elastic scauering data near 20, 30, and 40 McV. All three potentials
agree with the measurement to within = 2% at energies below 60 MeV, but the coupled-
channel and Madland powntials lie =5-7% beiow the data in the 70-100 MeV range.
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Results trom the o+ “O8Ph caleulations using the above three optical potentials are
compared 1n Fig. 4w experimental results from Vonach et al.1 The two cases shown are
for the 370-keV gamma ray trom the <U8Pb(n,2ny)<U7Pb reaciion, corresponding to the
transition from the 5/2- first excited state 1o the 1727 ground state, and tor the 803-keV
gamma ray trem the 2O8Pb(n, 3ny)2U6Pb reaction (2* first excited state to the O* ground
state). A standard set of models and parameters was used in the caleulations, including the
level density representation by Ignatyuk et al. 10 and default preequilibrium and giant dipole
resonance parameters. None of the optical model choices results in calculated (n.xy) cross
sections that agree perfectly with the data over the entre energy range, but the calculations
with the coupled-channel potenual appears to represent the data best. ‘

In extending GNASH calculatons trem the typical ENDF/B energy limit of 20 MeV
to a range of 100 MeV, it is preferable to utilize relativistic kinemaucs in the suppornting
optical model calculations. In addition, care must be taken in the calculations to ensure that
appropriate angular momentum is permitted in the optical model transmission coefficients
provided to GNASH. This latter effect is illustrated in Fig. 4, where the vesults of
GNASH calculations of d + <08Pb reactions to 98 MeV using lmax = 20 and Ipax = 32 are
compared, with the latter limit being appropniate for this energy. The results shown are
neutron emission spectra at 30° and 1059 trom a Pb stopping target and are compared to the
measurements of Martin et al.20 It might be noted that, while the validity of the Kalbach
angular distribution systematics!2 have been thoroughly verified for incoming and outgoing
nucleons, the results in Fig. 4 confirm their applicability over this angular range for
incident deuterons and emission neutrons.

3.2 Level Densities

The GNASH code presently includes three options for phenomenological level
densities: the Gilbert and Cameron modei,? the back-shifted Fermi gas model,2! and a
form of Fermi gas model by Ignatyuk et al.!0 that includes an energy-dependent level
density parameter and the damping out of shell effects at higher excitation energies. The
I¢gnatyuk model is 1n better agreement with microscopic Fermi gas models, and its more
realisue treatment of siell effects is especially important at higher excitation energies tor
caleulations on u1r§cl nuclei such as 208Pb that lie at or near shell ciosures. The computed
level density of <O8Pb using the Gilbert and Cameron formulation and that of Ignatyuk ct
al. differ atexcitation energies above 50 MeV by many orders of magnitude.8
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transnsion coeticients trom three ditferent optical model potentials with the data of Vonach et a0



I'he results of GNASH caleulations of 30”Ph(n.xny) Cross sections using the
Gilbent-Cameron and Ignatyuk formulatons are compared in Fig. § with the measurements
of Vonach etal. 1 The cases shown are for the 570-keV gamma ray from the <U8Ph(.2ny)
reaction, similar to Fig. 4, and the 961-keV gamma ray from the 2U8Pb(n,7ny) rcaction
from the 2* first excited state to the ground state of O°Pb. The main eftect of using the
Gilbert and Cameron model is 1o successively shift the shape of (n,xny) reactions to higher
cnergics, with the effect becoming larger with increasing x. The Ignatyuk formulaticn
clearly agrees beuer with the experimenual data.

For nuclei more removed from shell closures, the effect seen in Fig 6 is much less
pronounced. In Fig. 7 is shown a calculation of the 36Fe(n.2ny)35Fe cross section for the
931-keV gamma ray, together with the measurements of Larson.2! The calculation: with
both the Gilbert-Cameron and Ignatyuk level density models result in essentially equivalent
agreement with the experimental data in Fig. 7.
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A3 Preequlibrium and Direct Reacrions

The importance of preequilibrium processes at higher incident energies is well
cstablished. Preequilibrium reactions are pictured as successive excitauon of particle-hole
pairs in nucleon-nucleon collisions, distnibuting the incident energy among particle-hole
pairs untl cquilibration is reached. The particles emiuted in the carly (simple) contig-
urations typically contnbute 1o the high-energy part of the emission spectra. Many
preequilibnum calculations assume that at most only one nucleon is emiued_ from a
preequilibrium stage. In this case preequilibrium nucleon emission would come from the
dominant 2p/h stage, and the residual /p/h nucleus is assumed to proveed to equilibrium
via a series of nucleon-nucleon collisions. Composite reactions such as total particle
cmission are not drastically altered by the addition of multiple preequilibnium emission
processes, even at neutron energies as high as 90 MeV.8 The situation is quite different,
however, for cenain teruary reactions such as (n,2ny) and (n,3ny) reactions, because the
high energy component of second neutron emission tends to directy populate lower lying
discrete states that produce gamma rays. This etfect is illustrated in Fig. 8 by comparing
GNASH calculations with and without multiple Brcequilibrium reactions for the 570-keV
and 803-keV gamma rays from 208Pb(n,2ny)207Pb and <08Pb(n,3ny)206Pb reactions,
respectively. Again, the calculations are compared lo the measurements of Vonach et al. 19
inclusion of multiple preequilibnum effects is seen to be essential for reproducing the
cnergy dependence of the cross sections at higher energies.

The need to include direct reactions in evaluations of neutron or proton induced
reactions is well known. In those cases, direct components are usually calculated in
distorted wave Bom approximation codes such as DWUCK, or in coupled-channel codes
like ECIS. If one is concerned with calculating neutron or proton emission spectra from
deuteron-induced reactions, direct reactions must also be taken into account at higher
cnergies. In calculations with GNASH, we ulilize the simple model of Serber22 coupled
with experimental informaton on toul (d.n) or (d,p) cross sections to incorporate these
direct effects. This method was used in the calculations of neutron emission from 98-MeV
deuteron reactions with 208Pb shown in Fig. 5, which agree well with stopping target mea-
surements. The extent of the Serber contnbution is shown in the angle-integrated neutron
emission spectrum of Fig. 9 for 60-MeV deuterons on 208Pb. The contribution is a
maximum near 1/2 of the incident deuteron energy and increases the cross section at
cmission energics above = 15 MeV by a tactor of 2 or moue.
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4. Conclusions

The use of difterent models and parameter choices in calculations with the GNASH
code confimms the importance of good vptcal model potentials and level density models that
include reasonable representations of shell effects. The imponance of including direct
reactions in deutcron-induced nucleon-emission calculations is confirmed, and use of a
simple Serber model is shown to give good agreement with data. Finally, the importance
of multiple preequilibrium etfects in calculations of (n,2ny) and (n,3ny) reactions is
demonstrated, together with the applicability of the model used in the GNASH code.
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