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

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 vode GNASH has been used 1o calenlate nuclear data fer ‘neident
nc¢utrons, prolons, and deuterons at energies up o 100 MeV. Several nuclear m: -..1s and
theories are impenant in the 10 - 100 MeV energy range, including Hauser-I-eshbach
statistical thecy, | “erical and deformed optical models, preequilibrium theory, auclear
level densities, « o100 theory, and direct reaction theory. 1n this paper we summarize
general features Hf the models in GNASH and describe the methodology utilized 1o
delermine releva 1 model parameters. We itlustraie the significance of several of the
models and incluce comparisons with experimental data for certain targel matenials thai are
imponant in applications.

1. Introduction

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

GNASH has heen used to support 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 cnergies 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 10 50 MeV for 39Co0,6 and 1o 100 MeV
with initial calculations for 208Ph.7 Additionally, a set of neutron- and proton-induced
tansport data libranies were generated with GNASH to an incident energy of 100 MeV for
2TAL 28BSy, S6F¢, 184W and 238 8 and simlar libraries ure presently under development
for deuteron-induced reactions o 100 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 0 utilize physically meaningtul nuclear model parameters that result in
reasonable deseriptions of expeninental data, we summarize in Sec. 2 the major models that
are used in GNASIHL In Sec. 3 we describe some aspects of choosing model parameters
for higher energies and we illustrate teatures of the nuclear models by comparing
calculations with experimental data.  Finally, Sce. 4 includes some conclusions and
sumniary remarks concersing the use of GNASH at higher energies.



2. Nuclear Models Used in GNASH

A block diugram summarizing the various input and output quaniities tor a GNASH
calculauon 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 coetlicients, direct reaction cross sections, and ground-state mass, spin
and panty tables. The remaining model parameters, reaction sequences, calculational
cnergy range, ctc., are provided in an INPUT file.

GNASH implements Hauser-Feshbach theory in an open-ended sequence of reaction
chains, with tull conservation of angular momentum. Recaction chains are defined in the
code input, cither by direct specitication 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 simplitied
cxpressions at the bottom of the figure that the change in population of states in the residual
nucleus (K') from transitions from the initial (K) nucleus is proporticnal to the
transimission coefficient, 7{U-U" B’), tor the radiation and to the level density, p(U’), of
the tinal nucleus. Transmission coetficients for particles are obtained from optical model
calculations and tor gamma rays {rom a giant dipole resonance model. In addition to being
importanc for providing transmission coetticients, optical model potentials are used 1o
obtaui the initial compound nucleus formation cross section, which then determines the
ovesall normalization of all calculated emission cross sections. Continuum level densities
are obtained from phenomenological level density tunctions, 910 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 imporant at energies above 20 MeV
and are made in GNASH using the exciton model of Kalbach.!! We demonstrate below
that tor certain applications it is also important 1o include multiple preequilibrium effects for
sceondary neutrons and protons as well as the usual corrections in the primary decay
channels. Width tluctuation corrections can be applied to decays from the initial compound
nucleus, although these are not imponant for the energy range discussed here. For actinide
studies, the code contains a detailed fission model, allowing use of up to three uncoupled
fission barmiers. The models are expected 1o be applicable over a wide energy range, and
GNASH has been utlized from incident energies below 1 keV to above 100 MeV.

POPULATION INFORMATION
FORCALCULATION OF
OwucCK DIRECT COMPLEX SPECTRA
CAOGE SECTIONS g ot inlnal, o)
LEVEL SCHEMED

ECIS
TRANEMISSION
] CORFFICIENTS

REACTION CAQSY SECTIONS
LEVEL EXCITANON X-SEC
DISCARTE QAMMA X-SEC

'SOMARR RATIOS

GMASH

MASS AND G.0.

SPIN TABLE
NEUTROM
UAMMA RAY
n v
INPUT CARDS SPROTAA [c.\‘:..:"n'::.
(Raaction Chaing, C’Qmm::ll

inctdanl By gise,
Model Oplioas, eig |

ig. 1. Schemnatic representation of the input and oulput capabilities of the GNASIL code.
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Referring to Fig. 1, the primary ourput from GNASH are absolute angle-integrated
particle and gamma-ray spectra, and excitation and deexcitation 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, JHe, or *He. In addition to gamma rays, these same
particles are permitted in the decay channels. Angular etfects are not included in the
calculauons, as the results are normally used in combination with the systematics-based

parameterization of Kalbach!2 to determine angular distributions. For this purpose, the
code provides tables of ratios of preequilibrium to total emission cross secticns as functions
ot 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 perfonning GNASH calculations at higher energies
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 spectra tfor secondary particles and gamma
rays, without specification ot the cross sections tor 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 from (n,xy) reactions
(x=1-10) are mcasured.’ In particular, we have used the GNASH code to calculate cross
sections for all significant neutron-induced y-ray producing reactions on 208Pb up to Eq =
100 MeV. Demands on the modeling are obviously much more stringent in this case, and
caretul determination of certain modefpurnmeu:rs 18 essential,

A typical sequence of operations in the course ot calculations might include the
tollowing: (1) compile level structure data for all residual nuclei in a calculation; (2) obuin
optical nsodel potentials for all the particles of interest in a calculation and venly their
validity over rie energy range of interest; (1) compile data on direct reactions that might be
ot interest for an analysis; (4) verity level density, y-ray strength tunction, preequilibrium,
and tission model parameters to be used by calculatung the available experimental data; (3)
verity by sample calculatuons that all important decay channels are included in the problem.
laboration of some of these steps with examples is given below. In particular, we
compare the etfects of ditferent model or parameter choices in calculations o ditferent
reactions, with emphasis on <U8Ph(n,nxy) cross sections tor specitic y-rays,



A1 Opneal Potennig

[here are a large number of global optical model petentials available for incident
nucleons, and these are frequently used in GNASH calculations where accuracy
requirements are only modest. However, a basic problem exists in currying analyses o
energies of 100 MeV or higher, because transmission coetticients are required in the
Hauser- Feshbach calcuiations to low particle energies and global potentials usually Jo 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
4 matching energy where the reaction cross sections from the iwo potentials 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
mcasurements on Pb isotopes from the WNR/PSR facility at LAMPF, and three of the

otentials we are studying are compared 10 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 specitically at n + 208Ph data over the entire cnergy range shown. In
particular, the Schutt et al.!6 potential results trom an analysis of n + Z08Pb elastic
scattering data to ) MeV and total cross section data between 2 and 250 MeV. The Finlay
et al.!7 potential results from an anaiysis of similar data between 7 and 50 MeV. For the
calculation in [ig. 3, the Finlay potential was utilized to about 60 MeV and the Madland
potential!3 at higher energies. The coupled-channel potential is a simple extrapolation of
the low-cnergy Young and Shamu potential described at this symposium!8 that reasonably
reproduces ditferential elastic scattering 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 n + <O8Pb calculations using the above three optical potentials are
compared in Fig. 40 experimental results from Vonach cral. !9 The two cases shown are
tor the 370-keV gamma ray trom the “U3Pb(n,2ny)<U7Pb reaciion, corresponding to the
transition from the 5/2- first excited state 10 the 1727 ground state, and tor the 803-keV
gamma ray frem the 298Pb(n, 3ny)2U6Pb reaction (2* first excited state to the U* ground
state). A standard set of models and parameters was used in the calculations, including the
leve! density representation by Ignatyuk et al. 19 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 entire energy range, but the calculations
with the coupled-channel potenual appears to represent the data best. _ _

In extending GNASH calculations frem the typical ENDF/B energy limit of 20 MeV
to a range of 100 MeV, it is preferable to utilize relativistc kinemaucs in the supporting
optical model calculations. In addition, care must be taken in the calculations to ensure that
appropriate angutar momentum is permitted in the optical model transmission coetticients
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 Imax = 20 and Inax = 32 are
compared, with the later limit being appropnate for this energy. The results shown are
neutron emission spectra at 309 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 tor
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,9 the back-shitted Fermi gas model,2! and a
form of Fermi gas model by Ignatyuk et al.10 that includes an energy-dependent level
density parameter and the damping out of shell effects at higher excitation energies. The
I¢natyuk model is 1n better agreement with microscopic Fermi gas models, and its more
realisiic treatment of saell effects is especially important at higher excitation ¢nergies tor
calculations on target nuclei such as 208Pb that lic at or near shell ciosures. The computed
level density of 2O8Pb using the Gilbert and Cameron formulation and that of Ignatyuk et
al. difter atexciation energies above 50 MeV by many orders of magnitude.8
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[he results of GNASH caleulations of 208Ph(n xny) cross sections using the
Gilhert-Cameron and Ixnatyuk formulations are compared in Fig. 6 with the measurements
ol Vonach eral. 1 The cases shown are for the 570-keV gamma ray from the “98Pb(.2ny)
reaction, similar to Fig. 4, and the Y61-keV gamma ray trom the 298Ph(n,7ny) reaction
from the 2* first excited state to the ground state of 20ZPh. The main eftect of using the
Gilbert and Cameron model is to successively shift the shape of (n,xny) reactions 10 higher
cnergies, with the effect becoming larger with increasing x. The Ignatyuk formulaticn
clearly agrees beter with the experimenual data.

For nuclei more removed trom shell closures, the effect seen in Fig 6 is much less
pronounced. In Fig. 7 is shown a calculation of the 36Fe(n.2ny)33Fe cross section for the
93 1-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.

o) (=4 . —
- y8 Me¥ d » p
98 MeV d = °*Ph, 30 Degrees 3 o de b. {03 Degrees
- !a! o Smelt Daracier
- @ Suek Derenrar -"”' :'::'s:':"':"o
? 2 @ (Lerge Dotaurar ONASN. l.-"- ;]
3 } ies- GNASH L =20 ‘e L
g —— GNASA. L. =32 '1
""" al) .
ot .
] E 9
>
27 1
§ .
= NG 9}
e
¥ 21 . t
* 'g‘
E 2 ! _
Jo 13 09 00 0o 10000 00 100 wo 0o w0o )23
NEUTRON EMISSION ENERGY (MaY) NEUTRON EM.SSION ENERGY (M.e)

t'ig. S. Neutron emission spectra calculaled with 1wo different angular momenium cutoffs (zom a su)pp})ng
I't 1argel bonbarded with Y8 MeV deuterons at J0Pand 105°. ‘The measurements are frown Miuun et al.?

v Q
ﬂ - "'Pbtn.2ny)""'Ph E 20 970 Mev "Phin2nn)""'Pb E o0 981 Mev
) ‘ p & Venath a1 ot 1997
‘ v e Uidberi-Comoron Lla: Uen
'._ ——— tgralyul Lav Uen Ne
2 b\ ; \
9 '-_ <2 - e,
3 ’ + ~.
A "~
: bpobo
-]
> ?
?
® VYeoneth ov w WV}
2iltbory Lumeren ser Llan
—— ‘graipul ver Hen
: 9
b= A - -
Q9 vy wu o Jd W 09 (TR LV LTI
Neutign Luaryy (Mae¥! Nenran Tuauipy tMeY)

Fig. 6. Camparison of 298P, 20y)2071b and <08Phn, 7uy)2¥ 2% cross sections calculnted with 1wo
level density modets? 19 with the daw of Vanaca et a1V



A3 Preequahbrium and Direct Reacrions

The importance of preequitibrium processes at higher incident energies is well
¢stablished. Preequilibrium reactions are pictured as successive excitation ot particle-hole
pairs 1 nucleon-nucleon collisions, disiributing the incident energy among particle-hole
pairs until equilibration is reached. The particles emitted in the carly (simple) contig-
urations typically contnibute to the high-energy part ot the emission spectra. Many
preequilibnum calculations assume that at most only one nucleon is cmilled_ 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 proceed to equilibrium
via a series of nucleon-nucleon collisions. Composite reactions such as towal particle
cmission are not drastically altered by the addition of multiple preequilibnum emission
processes, even at neutron energies as high as 90 MeV .8 The situation is quite ditferent,
however, for cenain teruary reactions such as (n,2ny) and (n,3ny) reactions, because the
high cnergy component of second neutron emission tends to directdy populate lower lying
discrete states that produce gamma rays. This effect is illustrated in Fig. 8 by comparing
GNASH calculations with and without multiple %rcequilibrium reactions for the 570-keV
and 803-keV gamma rays from 208Pb(n,2ny)207Pb and 208Pb(n,3ny)206Pb reactions,
respectively. Again, the calculations are compared to the measurements of Vonach et al 19
inclusion of multiple preequilibnum eftects 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 Born 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 reacuons, direct reactions must also be taken into account at higher
cnergies. In calculations with GNASH, we utilize the simple model of Serber22 coupled
with experimental information on total (d.n) or (d.p) cross sections to incorporate these
direct effects. This method was used in the calculatons 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 ditterent models and parameter choices in calculations with the GNASH
code conrirms the importance of good optical model powntials and level density models that
include reasonable represenuations of shell effects. The imponance of including direct
reactions in deuteron-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 effects 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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