LA.UR —88—1753 ¢ I\ (ll\) l‘\r - .l\. \; !LI)‘} { -_'—_/

Los Alamos National Laboratory 's operaled by the University of Cahtorria tor the Unned States Ospartment of Energy under co:‘"acl W-7405-ENG-26

LA-UR--88-1753

DEB8 014474

THE GNASH PREEQUILIBRIUM-STATISTICAL NUCLEAR MODEL CODE

TITlLe
AUTHOR(S) EDWARD D. ARTHUR
SUBMITTED TO PROCEEDINGS OF THE ICTP WORKSHOP ON APPLIED NUCLEAR

THEORY AND NUCLEAR MODEIL CALCULATIONS FOR NUCLEAR
TECHNOLOGY APPLICATIONS

(15 February - 18 March 1988)
DISCLAIMER

This report was prepared as an account of work sponsored by . zency of the United States
Government.  Neither the United Stutes Government no* any agency thereof, nor any of their
employees, makes uny warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, cempleteness, or usefulness of any information, apparatus, product, or
process disclosed. or represents that its use would not infringe privately owned rights. Refer-
ence herein to uny specific commercial product, process, or service by traude name, trademark,
manufncturer, or otherwise does not necessanily constitute or imply 1ty endorsement. recom-
mendution, or favoring by the United States Governinent or any agency thereof The views
and opinions of authors expressed herein do not necessarily stute or reflect those of the
United States Government or uny agency thereof,

By acceptarce of tn article the pubhiaher recognizen that the U S Governmaent relaing a nonesc'usive foyelly-lree licensa to publish of reproduce
the pubhished form ot tMs coninbubon or 10 allow others 1o do so for US QGovernmeni purposes

Tna Loy Alamos Natonar (aboralery requests thal Ihe publisher (denhily 1hia arhicle as work performed under the auspices of the U S Depariment of Energy

F‘di,' ! ‘5%
LoS LanAOS Leshamosatioraltzboratory

FORM ND 838 4 BISTRICUVIGN OF 1% amomens P IITED y
ST NO 229 0Y —tN ~


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


The GNASH Preequilibrium-Statistical Nuclear Model Code

E. D. Arthur
Theoretical Division
Los Alamos National Laboratory
Los Alamos, New Mexico USA

Abstract

The following report is based on materials presented in a series of lectures at the
International Center for Theoretical Physics, Trieste, which were designed to describe the
GNASH preequilibrium statistical model code and its use. An overview is provided of the
code with emphasis upon the code's calcuiational capabilities and the theoretical models
that have been implemented in it. Two sample problems are discussed , the first dealing
with neutron rnactions on 98Ni. The second illustrates the fission model capabilities
implernented in the code and involves n + 235U reactions. Finally a description is
provicted of cuirent theoretical model and code development underway. Examples of
calculataed results using these new capabilities are also given. This material is organized
into thrae sections as follows:

Section | - GNASH code overview and theoretical models,
Section |l - Code structure and problem input/output description,

Laction NIl - New development efforts.



SECTION | - OVERVIEW AND NI ICLEAR MODELS

I. Introduction

Three sections are used to describe the GNASH mulitistep Hauser Feshbach
preequilibrium nuclear rodel code. They describe the mode! formalism(s).the capabilities
of the code, and provide an overview of input requirecd and output obtained. The content of
these three sections are:

1.) GNASH overview and introduction to the theoretical models used

and their implementation within the code;

2.) Continuation of rmodel description, code structure, and problem setup;
and

3.) Current GNASH development.

Il. GNASH Overview

GNASH uses a muitistep impiementation of Hauser-Feshbach theory to calculate
decay sequencas from up to 10 compound nuclei in a given calculation for orne or several
incident Particle energies. Preequilibrium corrections based upon the exciton model of
Kalbach', modified to include nuclear surface effects, are applied to the decay of the first
compound nucleus. Up to 6 types of radiation can be emitted from each compound system
so that in one calculation a maximum of 60 reaction paths can be treated. To facilitate such
complicated reaction schemes, several options for automatic setup are available. Fig 1
provides an example of a reaction sequence inciuded in a recent calctlation of n + 642Zn
reactions.

To perform such calculations GNASH uses information from several input files as
illustrated in Fig 2. The primary data needed are (1) a mass and ground-state spin table, (2)
a file containing transmission coefficients (penetrabilities obtained from spherical or
deformed optical model calculations),and (3) discrete level data. For problems involving
inelastic scattering from permanently deformed or vibrational nuclei, direct reaction
contributions can be provided.

Output is also illustrated in the figure. The GNASH version tc be described in these
lectures provides angle-integrated cross sactions and spectral data for both particle and
gamma ray emission. Newer GNASH versions also provide angle-dependent spectra

based upon use of new expressions developed by C. Kalbach? to describe the
phenomenology of continuum particle emission angular distributions. A second method
uses the free scattering kernel in the generalized exciton model to produce angular
distributions.

Other GNASH features that are discussed are as follows. Two nuclear level density
models - the Gilbert Cameron3 and back-shifted Fermi gas4 - are available and are
adjusted to best fit discrete level data provided dunng the course of problem execu'ion. A
second feature concerns the choice of either the Weisskopt or Brink Axel form for gamma ray



transmission coefficients. In the latter case the de*ailed shape of the gamma ray strength
function can be given as input to the calculation, thereby providing considerable flexibility in
optimizing calculated gamma ray production spectra. Additionally the present code version
includes a rather detailed fission model, where for each compound system, up to three
uncoupled oscillators can be used to represent the fission barriar. At each barrier fission
transition states can be generated automatically given bandhead information provided by
the user. Fission barrier state densities are also modified (with an excitation-energy
dependent factor) to account for differing nuclear shapes existing at each barrier.

As a final point of introduction it should be noted that GNASH was developed primarily
for use at incident energies above those where width-fluctuation correction factors are
important. The code does not calculate such corrections explicitly, but such information can
be provided from external calculations. This allows GNASH to be used at lower energies
with reasonable accuracy.

lll. Nuclear Models in GNASH

The Hauser Fesbach statistical model provides the basis for the raajority of the cioss
section calculations performed in GNASH. The principal assumption used in the calculation
of cross sections and emission spectra from complex reaction processes is that the reaction
proceeds in a series of binary reaction stages. At each stage particie and gamma ray
emission are calculated. This process is illustrated schematically in Fig 3. An initial

compound nucleus is formed with excitation energy U and spin, parity JI1. This process (and

all others occurring in the calculation) are subject to constraints imposec by the following
conservation laws.

eE+By =€'+E' '+ B3 U energy (1)
i+1+ 8 ={+]+2 J spin
p®PR(-1)2 = p@P'®(-1)¥ M parity

where &,c' are center of mass energies of incoming and outgoing particles, B and By’ are
binding energies relative to the compound cystem, i,|,p,P are spins and parities associated
with light particles and the heavier target or residual nucleus and R is the orbital angular
momentum. Primed quantities indicate the outgoing channel.

Each nucleus occurring in the calculation is assumed to be comprised of a series of
discrete levels having specitied values of Ej,J;,I[1; above which a continuum of excitation
energies occurs which is described using a level density model. Figure 4 illusirates this
schematically. In GNASH integration over this continuum is accomplished by dividing it into
equispaced regions of width AE. This integration method is generally adequate for most
problems, but an option is allowed for further sp'itting of the first 2-3 bins into finer integration



bins for increased accuracy, especially around reaction thresholds.

For most calculations the separation energy for particle emission occurs well into this
continuum region. However for light nuclei known discrete leval data may include levels
that are unstable to particle emission. GNASH thus allows computation of paricle decay
from such levels.

The population of continuum bins P(N+1) that occur in the (n+1)th compound system
formed by decay ot the nth compound system is calculated via use of the expression:

+1) rn J' ' 11+
P(n (UJn) = J.dU' Z Pn(U'J'n') (U JTI ,UJn) (h+1)
JIr

roJm

(un)  (2)

where P(N) is the population of a given continuum bin specified by U'J'TT' in the nth
compound system, [ is the partial width appropriate for a decay from a system specified by

U'J'TT' to a continuum bin in the (n+1)"" compound systern specified by UJIT. This formalism
also allows the explicit calculation of gamma-ray cascades if one considers that the n+1 and
nth system are identical and are linked together calculationally by gamma-ray emission.
The calculational order used in GNASH (to be described later) handles gamma-ray
emission from a given continuum bin first, so that the starting population for particle decay
has been modified for gamma-ray ponulation and depopulation. Figure 5 provides more
schematic detail regarding the processes involved in the decay of a given compounc
system.

The initialization of this decay sequence begins via the calculation of the cross section
for formation of the first compound nucleus. This cross section is determined by summing
over transmission coefficients at the center of mass energy appropiate for the incident

channel via '
Cn (2041) B i
o, (EIP,UJN) = 2 ——-————(2|+1)(2i+1)2 T, @
Sel-il gab-ol

Thus P(1){UJM) = o, 8(U-e-By). The quanitity I'M{U'J'TI,UJN)/T(UJTT) represents the

branching ratio of a partial width for a given decay to the total width. The total width is the
sum over all such decay channels. The ratio of the partial to total width is determined via

(UYIT,UdN) : |
LU 'N(U'J'n')nz;dTn(U'U'Bn) (4)

where B, is the binding energy associated with the decay of interest (zero for gamma ray

emission), U is the resicual energy left by an emission of energy € during the decay. The
Hauser Feshbach denominator is the sum over all open channels consistant with the



angular momentum and parity rules indicated in (1). It contains contributions frcm both
continuum-continuum and continuum-levsl transitions:

NUUTE) = 3 [T p(U-e) + 3, TU-U-E)  (5)
I,P i

Here and in expression (2) p is the density of nuclear levels at a given excitation enegy U'-e
in the residual nucleus while the T's are transmission coefficients evaluated using optical
miodel penetrability Jata or an appropriate model for gamma rays.

IV: Evaluation of the Components of the Hauser Feshbach Expressions

A. Level Density Models - Gilbert Cameron

The level density model implemented in GNASH which has been used in most
calculations is that of Gilbert-Cameron. This model uses a Fermi gas form at higher
excitation energies along with a constant temperature form for lower energies. These two
components were illustrated in Fig3. The level density form is given by

(24+1) exp[ - (J +1/2) 2/ 202
2/2x o2

p(EJI) = pU) (6)

where U = E -A (A is the pairing energy) and o2 is the spin cutoff parameter determined via

o2 =C Jau A?® (5a)

where a is the Fermi gas paramoter. Two options are available in GNASH for evaluation of
o2 The first (and default) uses C=0.146 as determinsd by Reffo whila the second uses the

original Gilbert Cameron value of 0.088. To evaluate p(E) in this model either a Fermi gas
formis uced (above Ex > E match )

R 1 exp( 2/ au
12 2/no a1/4u5/4

p(U) = (7a)

or a constant temperature (Ex< Ematch)



(E-E,)

p(E) = %_— oxp —=—— (7b)

The pairing energy used to determine U in (7a) is determined from the Cook parameter set
for P(Z) and P(N). The Fermi gas parameter a is determined (in the default mode ) via

a/A =0.00917[S(2Z) + S(N) ]+ C (7¢c)

where the shell factors S(Z) and S(N) again are those based on the Cook parameter set and

C= 0.120 for a deformed nucleus and 0.142 for spherical cases. In the determination of level
densities in the code, the assumption is made that there is an equal probability for positive
or negative parity. Thus a factor of 1/2 multiplies Eq (6).

GNASH automatically adjusts Eq ,T, and Ematch by requiring that

Pr(Em) = Peg (Ep)

P;(Ep) = prg () (8)
E,

[ prE)E = N(EQ)

0

Here Nexp is the cumulative number of levels that exist up to an excitation energy E¢. This

information can be provided by the user via the problem input or it can be taken
automatically from the level data file used during problem execution.

B. Level Density Models - Back Shifted Fermi Gas

A second option for level density calculations in GNASH involvas use of the
back-shifted Fermi-gas model as implemented by Dilg4 . Here one form of the level derisity
describes the entire excitation energy region.

1 1 exp(J2au)

12/2 ga'* u +t)5/4
where the spin cutoft parameter is evaluated via

p(U) = (9)

02 = 0.015t A5/3 (9a)



and the nuclear temperature t is defined by
U=at-t (9b)
The spin dependent level density is then determined using eq.(6).

C. Transmission Coefficients

Particle emission transmission coefficients are determined from optical mode!
calculations as mentioned earlier. Gamma ray transmission coefficients are calculated
using either the Weisskopf single particle model® or the Brink-Axel’ giant dipole resonance
model. For the Weisskopf model the gamma ray transmission coefficient is ccmputed as

(2R+1)

T:\/(E‘Y)=KWE‘Y (10a)

For the Brink Axel model a giant dipole resonance form is assumed for E1 and M1 radiation
so that

1™ () = K, (0.0134) —2 il
°A nhic? (E-€) + (g, 1)

BA (10b)

In this expression E and I are provided as input for E1 radiation while for M1 radiation
default values of E = 8 MeV and I' = 5 MeV are assumed.

The constants can be determined through fitting neutron s-wave resonance data
2n<I“Y>/<D> data or through determination of a gamma ray strength function function. For

direct utilization of neutron resonance data GNASH determines the gamma ray transmission
coefficient normalization from

Bﬂ
<I"> 1 ' '
<D> - E}?J ;TY(E‘Y’Bn -U)p (UdN) de, (1)

Alternatively the gamma ray transmission coefficient normalization can be obtained through
determination of the ganima ray strength function by fitting neutron capture data in the mass



region of interest for a given set of calculations. The strength function is defined (for the
Brink Axel giant cipole resonance model) as

f oled

= (12a)
BA 2.2
(E1) +(@E-E,)
which is related to the gamma ray transmission coefficient by
] 28 +1
T = et (12b)

Utilization of the gamma ray strength function normalization directly avoids, in many
problems, difficulties arising from extrapolation of s-wave resonance data to unmeasured
cases as well as problems arising from level density contributions that arise in the
evaluation of Eq (11).

V. Additional GNASH Models

A. Preequilibrium Model

After calculation of populations of the first compound nucleus using the Hauser
Feshbach expressions discussed here, corrections for nonequilibrium reaction mechanisms
(preequilibrium and direct-reaction effects) can be made on populations and particle
emission spectra .The major part of these contributions are calculated using the exciton
preequilibrium model as formulated by Kalbach in her code PRECO-B8. The corrections are
applied after the initial Hauser Feshbach calculations have been made. The reasons for
doing this will be addressed later in the discussion of the renormalization of spectra and
population increments.

The exciton model involves solution of a series of master equations that describe the
equilibration of an excited system through a series of binary collisions leading to more
complex configerations of particle-hole pairs. Specifically

dP(n.t)

5 - At (n-2)P(n-2.t) + A (n+2) P(n+2,t) -

[AT(n) +A” (n) + W(n)] P(n.}) (13)

where P(n,t) is the probability that the excited nuclear system exists in the exciton state n

(nap+h) at time t; A* and A" are internal transition rates for n—n+2 and n—n-2 respectively;
and W(n) is the total particle emission rate from a given exciton configeration summed over



all cutgoing particles and energies. The initial condition for solution of these equations is

P(NO) = 8, 8,

Angle integrated cross sections are calculated via

‘;—‘E’ (ab) =c, ¥ w, (ne) ) (14)
n
where t(n) is the mean lifetime for the exciton state defined by

.
T(n) = J' P(nt) dt (15)
0

and wp(n,e) is the average rate for emission of particle b with energy € from the nth exciton

state.
To solve eq(13) the foilowing quantities must be calculated. The state density fora
given p-h configeration existing at an excitation energy E is given

o (p,h,E) = (16)

where Agh = Epauii (P:h) - (p2 +h2 + n)/4gq and Epau" = max(p,h)/gq is the minimum energy
required for the configeration by the Pauli exclusion principle. The state dansity factor gg is
usually calculated as A/13 or by relating it to the Fermi gas a parameter through g = 6a/n2.
Rates for transitions allowed by the assumption of binary collisions (An=%2) are

3rE-E,  (p+1.h+1))°
+ . 2% MZ 9 - Pauli P+,
l (plhlE’ = h 2(""'1)

h (n-2)
A" (p.hE) = ?E’LMZ—QLp-Z—(-—- (17)

(n-1) (p-1) (p-2) +(h-1) (h-2)

#1102 "8 fE-E,__ (P

]

where M2 is the matrix element for two-body interaction between a specific initial and final
state and Epgy is the Pauli energy for the indicated configeration. In GNASH M2 is

parameterized as a function of e=E/n via



2
\/ 7 MeV V 2 MeV e<2 MeV
/ d<e<7MeV  (18)

7<e<15MeV

/15MeV
Ae e>15

The constant k is usually set to equal 130-160 MeV3.

In GNASH the state density for the initial p-h configeration is corrected to account for
variations of the single-particle state density with energy in the potential well and to account
for effects due to the finite depth of the nuclear potential. The first correction involves
replacing gg with

9%,
g(po,ho,E)=a—:‘:-lp /1+—rf\7 +h /1'F§V (19)

To account for the effect of the finite depth of the nuclear potential in limiting the energy of
hole degrees of freedom, the state density is modified via

L}

s

]

n-1

0(Py Ny EV) = 0(pyhy E)[1-0 (EH™ ] (20)

for E>V. For most configerations V = 38 MeV. However for the initial exciton configeration
(n=3) V varies between 38 MeV for low incident energies down to 11 MeV at higher incident
energies as determined from the following expression.

V=11+27[1- exp(E 227 1" (MeV) (21)

This expression results from a phenomenology developed by Kalbach? to account for
nuclear surface effects that occur at higher incident energies. It improves trie agreement with
higher emission energy portions of spectra produced at ircident energies greater than 50
MeV.

The emission rate for particles of type b and emissicn energy € is

(25b+1) w(pp- pb,h,U)

o () ede % (P.NE)

w,_(ng) =

b Q) (22)

n
3 "b°b
a2 h

where sp,lp.Pp are the spin,reduced mass, and nucleon number of the emitted particle, U is



the residual nucleus excitation eriergy, op(€) is the inverse cross section evaluated at the
emission energy of b,and Qp is a factor that takes into account the distinguishablity of

neutrons from protons for a given particle configeration. Two methods are employed in
GNASH to calculate Qp. The first is based upon the assumption that in each pair-creation

interaction, protons and neutrons are created with the realtive probabilities Z/A and N/A. The
second form assumes the neutron and proton p-h pairs are excited in proportion to the state
densities of the configerations formed. More detail is provided in Los Alamos report
LA-1c248 10,

B.Models for Other Nonaquilibrium Processes

In addition to the preequilibrium cross sections and spectral contributions caiculated
using the exciton model, two other classes of nonequilibrium contributions can be included
in GNASH calculations. The first accounts for direct-reaction contributions to ineiastic
scattering. These are determined via coupled-channel calculations using a code such as
ECIS or through distorted wave Born approximation calculations performed with a code
such as DWUCK.

A second, more general class of nonequilibrium contributions, are included
autoinatically in GNASH nonequitibrium calculations. These are contributions arising from
particle pickup,knockout,strinping,etc which are calculated using a phenomenology
developed by Kalbach2 which are discussed below. In particular these exprassions are
used to calculate composite-particle emission rather than through use of exciton model
expressions modified to include "fit parameters” such as preformation constants.

To determine contributions due to pickup/stiipping processes the semiempirical
expression

p-s 8,
dg—e(a.b) = (25,+1) p, €0(e) ;. :U) (20) (23)

Ea 2A

®4 (5 (12—0-) 81.4x10™ (Mev)?"

is used. Here A is the number of transferred particles and &, = 1 if an alpha is formed, -1 if
one is destroyed, and zero otherwise. The function f i3

£(NZ & &) = (22ZA) = @A) BB TE (o)

where A, and A,, are the number of transferred protons and neutrons respectively. The
density of states is determined from



of®(U) = A,:!&Au! 2:0)(0,i,U) (25)

A second contribution describing knockout and inelastic processes involving alpha clusters
is calculated from

K-l o]
dgg (a.b)=p ’ea (25, + 1) P,EO,(E) (26)
a™a
K-
k()
® ——— F,0.12MeV’/mb
A

where Fg=1,Fp = Fp= fZ/2A. The density function mFK' has the following forms depending
upon the orocess involved.
(a.) oq(U) = gjga(U-1/2g;j -2/9y) i=nor p; p.a or n,a knockout or (a,p) or (a,n) knockout

(b.) wp(U) = g2, U  elastic scattering with excitation of an a'oha p-h pair
(c.) wz(U) = g2n(U) + gzp(U) (a,o') inelastic scattering exciting a nucleon pair.
In these exprassions gp = Z/(13 MeV),gn=N/(13MeV) and gg= A/(52 MaY).

Once preequiilbrium and other nonequilibirum contributions are computed, they are

used to renormalize spectra and pooulations P(U'JIT). For spectra this renormalization is
accomplished by readjustment downward of the calculated cornound nucleus contribution
which is then aaded to that determined from the nonequilibrium models described above -

do _gdo do, _ds, ,do\PS
de = de) on*lge) ron = ge e *ge ik | (27)

The remaining compound nucleus fraction F is determined as
1 do b
F=1-6&_§[IEE)W°C’€] (28)

If the compound nucleus cross section for a given energy bin is zero (corresponding to
cases where widely-spaced discrete levels occur in the residual nucleus) then the

calculated preequilibrium o is also set to zero. To modity spin-dependent populations
computed from continuum-continuum decay of the first compound nucleus, the assumption
is made that the preequilibrium contribution (which is spin independent in this model) has
the same distribution as the Hauser Feshbach results. Therefore

do (U) do(U)
PUJMor =P, (UJ)[F+(—— / 29
((Elkn)) r °"(<E|[g)[ " o Cgeon] (59



Dirsct reaction effects are not included in this renormalization because in this case the ooy
used in the preequilibrium and other expressions discussed above is renormalized
downward by oy = Opon- O 10 account for flux associated with direct reactior:s that is not
appropriate for use in the calculation of Hauser Feshbach or preequilibrium emission.

C. Fission

Within the Hauser Feshbach portion of GNASH fission can be included as a "decay"
path . Up to thres uncoupled barriers can be used to represent the fissioning system and
each barrier has the characteristics illustrated in Fig 6. At each barrier transition states occur
that are characterized by an energy above the barrier and spin,parity JII. Analagous to the
situation discussed earlier, discrete transition states are replace by at higher energies
above the barrier by a continuum which is described by the Gilbert Cameron levsi density
model. Fission penetrabilities are determined by use of the Hill Wheeler expression for
penetration through a parabolic barrier of height Ep and curvature hw

P =[1+exp(2n/ ho(E, E)f (30)

Since both discrete transition states and a continuum of such states occur, the total fission
transmission coefficient is made up of two contributions, the first describing discrete
transition states

TS 1
TS & (31a)
F % (14 2m/he (E' - U))

ana the second , the continuum of such states:

E

TS (UJm) = J' de p(U - E,+ E -€) P (€) (31b)
EL- -NOhm

The fission model implemented in GNASH assumes the fully-damped limit so that the
total fission width is determined via

e (Th+ )

T (i) - (32)

B o
TR+ Tp T

In this limit no account is made of complications due to states existing in other wells. Width



fluctuation correction factors (when used) are set to one.
The specification of the transition state spectrum at each barrier can be made in two
fashions. First the actual states can be provided directly (ExJIT) by the user in which case

the same spectrum of discrete states is assumed to exist at each barrier. Alternatively

different sets of bandhead parameters can be provided for each barrier and the transition
state spactrum is then automatically consiructed by

2

sang * o[ +1) - K (Ks 1) (33)

ETS___ E

At higher energies above the barrier where a continuum of transition states occurs, the

Gilbert Cameron level density model is used to calculate pTS(U). Provision is made for
matching of the Fermi gas and constant temperature portions of this model using information
provided or generated for discrete fission transition states. Finally the fission transition state
density is modified through externally- provided factors which account for symmetry
conditions existing at each barrier. Enhancements to the state density arise from the
breaking of nuclear symmetries. Such enhancements can be related to the spin cutoff
parameter ¢ and thus its dependence upon the energy above the barrier has been
implemented in GNASH as varying as E1/4. Additionally this enhancement is assumed to
saturate at energies greater than about 15 MeV above the barrier as indicated (roughly) by
the microscopic calculations of Jensen11. Thus the transition state density is modified from
the value calculated with the Gilbert Cameron expressions by

pTSU) =1, (1 + U™ p% (U) (34)

Here fg is the enhancement factor that is provided as input by the user.
Finally when fission calculations are made in combination with preequiiibrium
corrections the reaction cross section G’ available for use in the exciton model is reduced
by the calculated fissicn cross section oy’ = G5 - Oyigg. This procedure is based upon the

assumption that fission occurs principally when the system has equilibrated and does not
contribute during the early p-h reacticn phases associated with preequilibrium processes.



SECTION II- CODE STRUCTURE AND PROBLEM SETUP

I. GNASH Code Structure

The structure of GNASH is illustrated in Fig 7. The main program module reads in
problem-specific information from a card-image file.lt also determines masses and binding
energies as well as ground-state spins and parities through calls to the function ENERGY. A
call to LEVPREP reads in discrete level information from TAPE8 while a call to TCPREP
reads particle transmission data from TAPE10. A call to SETUP initializes level density,
direct reaction, width fluctuation and spline parameters. This completes the portion of
problem setup that is independent of incident energy. Then for each incident laboratory
encrgy the following sequence occurs. SETUP2 is called to determine energies and
integration end points as well as transmission coefficients for the incident channel. Direct
reaction cross sections are also evaluated at the specified incident energy. The SPECTRA
routine is called where the major portion of the cross section calculation process takes
place. If preequilibrium corrections are desired then PRECMP is also called after
calculations for the first compound nucleus have been completed. For most cases involving
complicated reaction processes , the program continues within SPECTRA until the decay of
all compound systems occurring in the problem has been determined. Finally DATAOUT is
called to print output results and the process is repeated for the next incident energy. Listed
below are the subroutines comprising GNASH.

1.LCSPACE - Sets up storage, determines parent reactions tor specitied
decay sequences.

2.CHAINS- Constructs optional automatic reaction sequences.

3.ENERGY - Reads mass and ground state spin,parity from TAPE13

4LEVPREP- Reads in level data from INPUT or more commonly from
TAPES. Prepares level data as needed for calculation. Calls SORT.

5. TCPREP - Reads in particle transmission coefficient from input or more commonly from
TAPE10. Eliminates j-dependence of spin 1/2 arrays.

6.SETUP- Determines accumulated separation energies for decaying nuclei; identifies
secondary reaction particles and photons, initializes level density
parameters, reads direct reaction cross sections (if desired) from TAPE33 as
well as width fluctuation factors.

7.SETUP2 -  Determines energies appropriate to problem execution and integration end
points. Generates transmission coefficients for the incident channel at a
given center of mass energy and determines direct reaction cross sections
appropriate for that energy.

8.SPECTRA- Main cross section calculation routine which is described
in detail later. Calls LCMLOAD, GAMSET, INTERPI, PRECMP,
and GRLINES. If fission is included calls RHOFIS, BAND,and
TFIS.

9. INTERPI - Finds indices for interpolation.

10.Funct TFIS - Computes Hill-Wheeler penatrability



11.Funct RFIS - Computes fission transition state densities.

12.LEVDSET - Determines pairing and Fermi gas parameters. Calls GILCAM for Gilbert
Cameron constant temperature and ratching parameters and DOGET to
compute Dobsewed.

13.GILCAM - Optimizes constant temeprature expression parameters

14.LCMLOAD - Computes and stores transmission coefficients on energy grid required for
Ith comipound nucleus. Similarly calculates level density and yrast values.
Provides a print of these quantites on integration grid if desired.

15.GAMSET - Sets up gamma ray cascade calculation. Determines Weisskopf or
Brink-Axel parameters and gamma ray transmission coefficients on
integration grid. Provides printout if desired. Calls FXCAL.

16.FXCAL - Computes gamma ray strength function.

17.WEISSKOPF - Computes normalization factor for gamma ray transmission coefficients.
Calls FXCAL

18.INCHSUM - Performs sum over s and | of incident channel for a given compound nucleus
spin and parity

19.GRLINES - Calculates discrete gamma ray cross sections, sums spectra to produce
integrated cross sections, computes particle emission from particle unstable
levels. Reads level data from TAPEY, calls ISERCH.

20.DATAOUT - Main output routine,calls LINEW2

21.LINEW2 -  Utility for BCD single line writes, calls CXFP

22.CXFP - Allows more efficient E formatted writes.

23.PRECMP - Main calling routine for preequilibrium corrections. Calls PRECOC.
Renormalizes spectra, cross sections, and populations.

24 PRECOC - Based on PRECOQO-B program of Kalbach. Calls COMDEN, TTRANS
EMISS P=SOL,PICNOC, PRESPEC.

25.COMDEN - Determings composite nucleus state densities using Williams expressions.
Calls WELL,OMEGA

26.TTRANS - Computas A A.
27.Funct QBETA - Determines Qp for proton -neutron distinguishahility

28.Funct OMEGA -Calculates (p,h) state densities.

29.PRESPEC - Determines presquilibrium emission spectra,prints results.

30.RESOL - Solves master equation as well as determines closed-form preequilibrium
results.

31.EMISS -  Calculates particle emission rates for a given p-h configeration. Determines
total emission rate. Calls WELL, OMEGA ,QBETA

32.PICNOC - Determines contributions due to pickup,knockout,and alpha
particle reaction processes. Calls FACTOR,FF,OMEGA2,

33.Funct FACTOR - Computes factorial.

34.Funct FF - Computesf function needed for pickup,kncckout.

35.Funct OMEGA2 - Computes state densities raquired for pickup, knockout,etc.
36..NTERP - Interpolation function



37.5PLINE -  Spline function
38.Funct FUNDAK - Used in spline

39.AGET - Calculates Gilbert Cameron Fermi gas parameters for Dg.

40.D0GET -  Calculates Dg from Gilbert Cameron a parameter.

41.WELL - Calculates finite well depth correction factors for use in determing surface
eftects in preequilibrium model

42.SORT - Sorts ZA data into ascending order.

Il. The SPECTRA Subroutine

The SPECTRA subroutine is the main calculational portion of the program, and is
there partial and total widths, population increments as well as discrete level populations
are computed for all compound systems occurring in a specified decay chain. Fig. 5
illustrates schematically the technique used to accumulate populations during these decay
processes, while Fig. 8 provides a more complete description of the method used to
compute binary reaction processes involved in particle or gamma ray decay.

Several nested DO loops are used to handle the entire reaction sequence. As
illustrated in Figure 8 the outermost loop sums over all compound nuclei appropriate for the
problem. The next loop sums over all energy bins(specified by K) in the decaying compound
nucleus defined by the first loop. Once a continuum bin is identified, a third loop sums over
2ll decay channels specified for that compound nucleus. The decay type defines the
residual nucleus reached so that within this loop contributions from the decay of the
cnntinuum bin K to discrete levels in the residual nucleus are accumulated. Increments to

the partial and total widths for the specific JIT compound nucleus state are also determined.

After the calculation is completed for decay of the continuum bin K into discrete
levels in all residual systems, then the calculation for continuum to continuum transitions is

made. For a given energy bin K the sum over all JIT states begins. For each compound

nucleus state specified by UJIT the sum over all decay channels (in a manner analagous to
the method used for population of discrete levels) is made. For each decay process
(reaction type) a sum over the allowed range of energy bins in the residual nucleus defined
by the decay occurs. Within this sum contributions to both partial and total widths are
obtained. Note that for both continuum-level and continuum-continuum transitions, the same
methodology is used to compute decays no matter what the specific type( gamma rays,
particle decay,fission).

After the calculation of partial and total widths has been completec, a series of
similar loops are used to normalize each partial width by the total width for a compound
nucleus state specified by UJIT. Contributions to spectra are computed. Likewise the total
population reached by any combination of decay paths needed for further conpound
system decays is stored. Level population arrays are also incremented. If preequilibrium
corrections are made (for the first compound nucieus ) then PRECMP is called. Afterwards



the loop over compound nuclei continues until all compound system decays that are
energetically possible have been computed. Finally GRLINES is called to compute discrete

gamma ray cross sections after cascades have occurred . These are then added to
computed gamma ray spectra.

Ill. Problem Setup and Execution

A. Input

Here a brief description of the philosophy of problem setup will be given along with
information concerning additional datasets that are required. The key concern in devising
the GNASH input was to keep problem-specific input as simple as possible. This was to be
done while permitting maximum flexibility in terms of parameter detail that may be desirec
for a given problem . Additional files for input (discrete levels and transmission coefficients
for example) are used which can be shared jointly among several problem types and thus
do not have to be altered for each specific calculation. Tables | 2nd |l precent problem
setups that were covered in the computer exercises presented during the actual ICTP
lectures. Two cases are given, the first being for a non fissionable nucleus (n + 58 at 15
and >? MeV) while the second involves neutron reactions on 235U. References 12 and 13
provide a zomplete dascription of input options available for problem setup.

Several general comments are appropriate regarding input setup. In specifying the
decay sequence for emission of partices and gamma rays from a compound system,
gamma ray emission must always be first. While this is done automatically when automatic
setup options are used (INPOPT = -1,1,2 or3), this ordering must be specified manually
when INPOPT=0 is specified. Also when manual setup is used (INPOPT=0) the parameters
CNP(l) and CNPIP(l) must be specified. These provide information req.irad to determine
which decaying compound system and through what reaction the present compound
nucleus is reached. CNPI(l) specifies the decaying compound nucleus and CNPIP(l) gives
the specific reaction number involved in that compound system. Thus in the second problem
setup shown involving n + 235 U, the compound system 234U is reached through decay of
the CN 235y (which is 1=2) through neutron emission which is IR=2. Thus for 234y
CNPI(3)=2 and CNPIP(3)=2.

For specification of parameters dea'.ng with gamma ray transmission coefficient
shapes and normalizations asscciated with the Brink Axel model, several comments are
also appropriate. First of regarding the shape . EG1, GG1 ,EG2, GG2 ,G2NORM ,XNFE1 ,
EFCONM1, GDSTEP, GDELS, GDELSL, EGCON, EG3, GG3, G3NORM, and GDELE all
can be used to tailor the shape to that desired for the problem at hand. These parameters
are indicated schematically in Figure 9. In reality only the parameters describing the giant
dipole resonance energy (EG1) and rasonince width (GG1) are essential for calculation of
the transmission coefficient using the Brink Axal form. However it significant detail is
desired to specify the transmission coefficient shape, then XNFE1 can be set to a value
greater than zero. In this case the gamma ray strangth function shape can be read in from



TAPE33 ( see below) and XNFE1 then is used to specify at how many input energies
strength function values will be provided. To determine the absolute normalization of the
transmission coefficients as well the fraction of multipolarities desired the following
procedures are used. The specification of the fraction (RE1(*P)) of a given gamma-ray
polarity can be made via default values (RE1(MP)=0) or the relative strengths can be
provided by the user. In this case the sum of these relative strengths over all muitipolarities
should equal unity. The determination of the absolute normalization of the gamma ray
transmission coefficient for the MPth multipolarity is usually performed via a separate

calculation is which SWS(i) is set equal to the expaiimental values of 2n<I".,>/<Dg>. Such a

calculation will provide a normalization for each multipolarity used in the calcuiation. This
value should then be used to specify GGDNORM(MP) and SWS(!) should be set neyative.
This procedure thus determines the apropriate normalizations for the gamma-ray strength
function (see Section IV-C) which are then used for all compound systems occurring in the
problem.

One final special note regarding problem input specification. If fission transition
states are calculated via bandhead parameters, then the parameters EBAND, XJPIBA, and
PIB1 must be provided. EBAND is the bandhead energy relative to the fission barrier and
XJPI band specifias the spin and parity of the bandhead member. PIB1 can be left blank in
most cases but must be specified (PIB1 = -1.) when J® = 0" so that input can be properiy
transcribed into the approprate spin and parity values.

As mentioned above several other input files are required. Masses and ground state
spins and parities are read from TAPE13. Masses used are tased upon the 1982 Wapstra
mass file. Unknown spins and parities are flagged during execution. In such cases ground
state spins JT = 0% (even A) and J® = 1/2* (odd A) are then used as a default in ths
calculation. Although discrete level data can be read from tho input file, the preferred
method is to read such data from TAFES8. Thus a universal library for nuclear strucuture data
can be used in many problems. The sequence of card image types required to constn.ct this
file appears in Table 3.

Transmission coefficients for the projectile and outgoing particles are generally read
in via TAP'210. We have adapted the format used by COMNUC and also now produced by
SCAT for these transmission coetficients. The format is describec in Ref 12. An example of a

portion of a transmission coefficient file indicating the convention used for TQ; 's is also

provided. Note that transmission coefficients for the various particles appearing in a
calculation can be provided in an arbitrary order. Additionally the total, shape elastic, and
reaction cross section data can be specitied for each energy on the transmission coefficient
qrid in addition. This feature is useful in providing a complete set of cross sections in
addition to those resulting from the GNASH calculations. Finally TAPE33 can be used to
provide seversl types of additional information pertinent to a given problem. As noted above
if the XNFE1 flag is set on the problem input to a value greater than zero, then an E1 gamma
ray strength function shape can bhe provided. This shape is then normalized using the value
of GGDNORM spaecified for the problem. If width fluctuation corrections are desired they are
also provided via TAPE33. However the most common use of this file is to provide irect



reaction cross section contributions to inelastic scattering. The input description appearing
in References 12 and 13 also provides instructions for formats appropriate to TAPE33. Note
that when DWBA results are used to determine direct reaction contributions and these are
used with reaction cross sections determined from spherica! optical model calculations, the
reaction cross section available for use in Hauser Faeshbach or preequilibrium calculations
is renormalized downward as described before. However if coupled-channel calculations

are used to produce the desired transmission coefficients, then ooy = £y ToCC = oR -0

Therefore no renormalization is necessary. In this case NLDIR in the input should be flagged
as NLDIR+100 to indicate no renormalization is appropriate.

B. Output

Again details concerning problem output viere provided in the computer exercicises
and sample problem outputs were provided alorig with the preliminary GNASH ICTP lecture
notes14, Output expected from a given problem run will occur in 5 main parts. The first part
provides a list of the input as well as a description of the decay chains and other data
determined from problem setup. For fission problems a detailed listing of fission oarrier and
transition state parameters determined from ths input are given. Secondly if direct reaction
data is provided, such cross sections interpolated at the particular incigent energy are listed.
Then preequilibrium output is provided which is tollowed by renormalized Hauser Feshbach
calculatioris appropriate for the first compound system. Binary raaction and preequilibrium
summary cata then occur. (Note that the preequilibriury normalizations listed have no real
meaning for the present code version.)

This begins the main part of the output data. 't is followed by data from individual
reactions in which level decay, level excitation, and total production cross sections are
given. Spectra resulting from the decays from the specified compound nuclei are also
provided. It is within this portion that cross seclions for specific reaction paths can be
determined. To do so all particle paths leading to a specific compound nucleus must be
sumed together. From this sum, cross sections for futher decay by particle emission or
fission must be subtracted to obtain the desired cross section. Note that if gamma decay of
the residual nucleus produced by the reaction of interest is included in the calculation, then
summation of the yield of the ground state and any long-lived isomeric states (which are
listed in the discrete level section) should provide a similar cross section value. This holds
true it there are enough multipolarities included in the calculation in order to prevent
trapping of cross section in the continuuum. Foliowing the section dealing with cross
sections and spectra for individual reaction paths are similar data tor composite spectra
produced by summing contributions over all reaction p:aths occurring in the calculavon (if
IPRTSP=3 or 1). In this instance particle emission cross sections have multiplicities
included. Note th.at all spectra are angle integ-ated and spectra from incividual reactions are
given in the center of mass system of the recoiling nucleus plus particle or gamma ray.
Fission "spectra" have no real meaning.



Following these spectral data are discrete level cross sections computed for both particle
and gamma ray emission (assuming IPRTLEV=1).Finally if IPRTGC=1, information is
provided for level density parameters appropriate for all nuclei appearing in the calculation.



SECTION Il - CURRENT DEVELOPMENT

l. Introduction

In this final section, a brief description of current developments underway in the
GNASH code will be given. These are meant to improve the models used in the code as
well as to increase capabilities for higher energy calculations. The areas that will be briefly
addressed are (1.) implementaion of an evaporation model with a full treatment of gamma
ray competition to particle emission; (2.) implementation of an " s-wave " approximation to
the Hauser Feshbach formalism; (3.) multistage preequilibrium emission within the exciton
model framework; (4.) implementation of the Ignatyuk level density model; and (5.)
development of capabilities for calculation of angle-dependent particle emission spectra.

Il. Evaporation and S-Wave Approximation Models

The evaporation model implemented in GNASH is based upon the formalism of
Buttner14 . The same structure used in the code for standard Hauser Feshbach calculations
has been retained so that partial widths for continuum -continuum transitions involving
particle emission are calculated using the expression

Emax
r, = (2sb+1)_|'de[Z(zrm)TJZ € p(Epu-€) (35
E_ 2

min

A similar contribution is calculated for continuum-level transitions except in this case only
transmission coefficient sums evaluated at the exit particle energy involved in the transition
appear. This procedure ignores effects due to the spin, parity of the levels involved. For

gamma rays a similar form is used
E

o«23=] dgorEm-e (36)

2
L) CZE

where since only E1 radiation is included, the photoabsorption cross section Oy is

determined from giant dipole resonance data.

The implementation of this evaperation version has allowved practical calculations at
higher projectile energies, since runing times are significantly smaller. Additionally the code
has been modified to include the dacay of up to 70 compound systerms in one calculation

and from each compound nucleus n,p,d.t,a,and y emission are automatically included. Thus



cross sections for up to 420 reaction paths can be determined in one calculation. To
facilitate problem setup, the input has been greatly simplified so that the user has only to
specify ranges in AN and AZ from the target overwhich the reaction sequence will be
computed.

Concurrent with this evaporation model development is the implementation of an
approxsmatlon to standard Hauser-Feshbach theory known as the "s wave
approximation15". In this model the standard Hauser Feshbach cross section expression

oo 00 1+ 2
- 1‘5 Z (1) T, (25, +1) ZTﬁ (€) p—(g’-‘ﬂ (37)
l=0 2-0 Jali-2l

is replaced with

- = E,l
- -:3 g(zm)r' (25, +1) D (22+1) T, (e)g(D—)- (38)

=0

Here T) is the transmission coefficient for the ith partial wave of the projectile, p(E.J) is the

level density for the residual nucleus, and D is the total width obtained by integrating over all
emission energies and exit channels. In gcing from (37) to (38) the assumption is made that

p(E,J) can be replaced with p(E,l) which means that the spin distributions in both the
compound and residual systems are the same. The spin distribution in the initial compound
system is determined by the standard sum over incident channel transmission coefficients
available from an optical modal calculation. This spin distribution is then projected
unchanged throughott the problem.

A main motivation for implementation of this approach is the development of a fast
and reliable method for gamma ray production calculations at high projectile energies.
Figure 10 illustrates that for the case of 50 MeV n + 956Fe reactions, the s-wave
approximation produces resuits that are similar to those from a full Hauser Feshbach
calculation. For evaporation calcuiations using the methods described above , the results
obtained are lower, and many of the features which result from discrete gamma-ray lines are
absent. The underprediction of gamma production cross sections obtained trom an
evaporation calculation persists until incident energies around 60 MeV are reached. Fig 11
illustrates this point. Finally Fig 12 illustrates gamma ray production cross sections
calculated using this methcd to data for n + Ta reactions measured by Gould and Wender
(personal communication 1987) between 20 and 80 MeV.

fIl. Nuclear Level Density Model Development

The description of nuclear level densities at high excitation energies presents a



major problem in statistical model casculations. Such difficulties are comolicated by the
effect of shell closures on the Fermi gas parameter and their propogation to higher energies.
A method for adressing them is use of the model developed by Ignatyuk1® which has now
been implemented in GNASH. This mode! assumes the Fermi gas parameter a to be 2nergy
dependent in contrast to the assumption of the other ieve! density models discussed in these
lectures. Thus a=a(U) which is given by

a(U) = a{1 +f(U)SW/U] (39)

where a is the asympotic value for the Fermi gas parameter occurring at high energies.
Shell effects are included in the term 3W = Mexp(Z,A)-Mig(Z,A, ) where a is the deformation.
This terrn is evaluated in GNASH using the Wapstra 1982 mass compilation along with

standard liquid drop mass results calculated at the deformation . The term f(U) provides the

energy dependence and is f(U)=1-exp(-.05U). Finally the asymptotic form of a was fit as a
function of mass. The following result was obtained

a/A=0.1375-8.36x10-9 A. (40)

This model thus permits shell effects to be inciuded at low excitation energies while
at higher energies such effects disappear as a(U) approaches the asymptotic value of a.
This result is in better agreement with results obtained from microscopic level density
calculations. Fig 13 compares the 208Pp total level density calculated with this model to
results obtained from the Gilbert Cameron modei.

IV. Multistage Preequiiibrium Emission

At higher projectile energies there is an increasing probability that ,after
preequilibrium emission has occurred within the target nucleus, residual systems still have
enough excitation energy to emit particles in a preequilibirum phase rather than through an
equilibrium process. This situation can be handled straightforwardly within the exciton
model discussed earlier by changing the initial conditions to

P (n"=n-b) =W, (ng,) T (nE) (41)

In GNASH for such multistage contribution calculations, the master equations are not
solved in detail, but the assumption is made that only transitions of the type n— n+2 (A¥) are

important. Thus closed fcrm expressions can be determined for the angle-integrated
preequilibrium cross seciion contributions. The multista,¢ preequilibrium ~ross section is
then computed using



6
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The initial exciton numbers extend from 2 to 6 and the sums in the residual systems extend
to no + 6. The mean lifetime and depletion factors appearing in Eq (42) are given
respectively by

W, (ne,) t(n.E)
Emnx

A'(EY) + ) J' W, (n".¢) de
o

T(n*E") =

(43)

D(n*} H[1-1:(n E)ZI W, (' €)de
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where E* = E-B-gy, Preequilibrium components are calculated for AZ=0,1 and AN=1,0 from

the Z and N of the target system. Figure 14 illustrates the effect on a calculated 90 MeV p +
27 Al neutron emission spectrum. Although the effects are not large with respect to total
emission spectra for the<c energies, the yields of specific residual nuclei occurring in the
calculation can be signitically affected for incident energies greater than about 50 MeV.

V. Angle Differential Spectra

Two methods have been developed to calculate angle dependent spectra in
GNASH. The first uses an extension2 of the Kalbach-Mann systematics'7 to determine the
angular distribution of continuum particle emission. In this new extension the Legendre
coefficient expansion associated with the previous systematics was replaced with ‘an

exponential in cos@. The resulting expression developed by Kalbach and implemented in
GNASH is

dzo 1 do _a

dﬂdeb = 4r de W [ cosh(acos®) + f

Ms‘Dsinh ( acos0)) (44)

where fysp represents the cross section portion occurring through multistep direct
processes (ories involving unbound p-h configerations). In GNASH this quantity is assumed



equal to the tota! preequilibrium cross section resulting from interaction with the target
nucleus.Once this choice of parameterization in terms of cos® was determined, a straight
line fit was made versus cos6 to extract a slope parameter. Kalbach found tnat such slopes

exhibited a systematic behavior which depended most strongly upon the outgoing channel
energy of the emitted particle. This behavior is illustrated in Fig 15 where slopes determined

from the analysis of (p,p'),(p.d), and (o) data on 56Fe are shown.

The second method for angular distribution calculations is based upon the
generalization of the exciton preequilibrium model using a free scattering kernel as
developed by Akkermans,Gruppslaar, and Reffo18. Generalization of the exciton

preequilibrium model results in the replacement of the expression for the mean lifetime
t(n,E) with t(n,E,Q) as follows

t(n,EQ) = t(n,E)Q (n,Q) (45)

where
(n-n )2
Q(nQ) = Z(“z) ’ 2, (ny) P, (cose) (46)
2

Here || are eigenvalues for this equation and ¢, is defined as

(22+1)
4ar uQ

NUNE (46a)
PQ are Legendre coefficients. It Legendre coeeficierits from 2=0 to 4 are included then the

double differential emission spectrum can be obtained from
o (n-n )2
N 2‘ 2,
Nb(e.Q) alre : Wb(n,e)t(n,E){1 + 2(3) coso

(n-no)l2 3

5.1 3 cos?e -+
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Fig 16 compares angular distributions calculated using these two approaches to the 90
MeV 27Al(p,xn) data of Kalend!'® for an emission energy of 20 MeV. Here both models
provide a good representation of the data. However the free scattering kernel is applicable
primarily at higher incident energies since effects due to the nuclear medium are not
included. At lower incident energies this model fails to reproduce cross sections occuring at
backward emission enargies.



The combination (and implementation) of these models have produced the GNASH
code system which is illustrated in Fig 17. As discussed before a variety of reaction models
are available for use in calculations covering a wide incident energy range. Angular
distributions are available using the methods described above. Finally auxiliary codes exist
for formatting of GNASH-calculated data into the new ENDF File6 format and for determining
thick target spectral yields for incident charged-particle reactions.
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n + 58Ni Problem Input

n + ni58 vax gnash test
1-15-88

1 0 0 3 1 1

-1 0 0 0 0 17

1. 28058. 1.0
2
15. 20.
28059, q,. -.1
28058. q, -.1
27058. 3 -.1
27057. 3. -.1
26055. 2 -.1
el 82 .12
ml 18 .008
19.0 5.5
0.0
1.6 4.538

Print flags
Input setup option flag, no
of direct levels read from
TAPE33
No of CN, no of gamma ray
multipolarities, gamma ray
TC option,preeq flag
Target specification
No of incident energies
Incident energies
1001. 2004. lst CN
decays
1001. 2004. 2nd CN
decays
1001. 3rd CN
decays
1001. 4th CN
decays
5th CN
decays
El fract and norm
M1 fract and norm
GDR shape parameters

Preequilibrium norm and
composite system state
density
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Table 2

n + 235y Problem Input

12
0 1
0 1
1.
0. 0
1 2
2. 2
.06
14.1 4,
.001 .001
1,
1.

Print flags

Input setup option

No of CN specification, gamma ray

option, preequilibrium and fission

flags

no of fission barriers

Target and projectile description

No of energies

Energy
-.1 lst CN and no of decays

SWS specification

gamma emission

neutron emission
fission

-.1 2nd CN,no of decays, CNPI,
CNPIP, SWS specification
gamma emission

neutron amission

fission
-.1 #rxd CN, no of decays,
CNPI, CNPIP, SWS
specification

gamma emission

neutron emission
fission

gamma ray normalization

1.25 garma ray shapo
parameters
0. 99. more shape data

preequilibrium normalization and
state density data

barrier heights 236y

barrier widths

barrier enhancements

No of transition state bandheads

barrier A
Begin bandhead data barrier A

Begin bandhead barrier B
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43

44
45
46
47
48
49
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51
52
53
54
L]
56
57
58
59
60
61
62
63
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Discrete Level File Input Parameters

For each residual nucleus requiring discrete level data the following card sequence
is required. Note that the essential parameters that must be specified are ID, NL, NX,
EL(N) , AJ(N), NT, NF, P, and CP. The other values may be left blank.

(A) (1 card) FORMAT (I8, IS5, F12.6): ID, NL, F
(B) Outer loop on levels (DO loop N = 1, NL)

FORMAT (16, F12.6, 2F6.1, E12.5, I6): NX, EL(CD), AJ(N), AT(N), TAU, NT
(C) Inner loop for each level (DO loop K = 1, NT)

FORMAT (12X, I6, 2F12.6): NF, P, CP

Paramater Description

1D 1000 * Z + A of the nuc)eus whose levels are being input.

NL Number of levels being input.

F For card input, set F = -1, for the last nucleus (highest
ID) for which level data {s input. Otherwisge, set F = O,

NX Level number (= ), that is, N = 1 for the ground state,
N = 2 for the first excited state, etc.

EL(N) Energy in million electron volts of the l'th level; that 1igs,
EL(1l) =« 0.

AJ(N) Spin and parity of the Nth level. The sign of AJ(N) indicates
the parity. For example, -0. is interpreted 1s a J" = 07 state.

AT(N) Isospin of the Nth level (1f unknown, it is set equal to 99.0).
AT(N) is not used in the calculation at present.

TAU Half-1ife of the state in seconds (if unknown, it is set equal
to 99.0 or 0.0). TAU is not used in the calculation.

NT !lumber of gamma-ray branches from the Nth level to lower levels.

MF Level number indicator for a level to which a gamma-ray tran-
sition is occurring.

P Camma-ray branching ratio for the transition defined by N =+ lF,
For bound states, L P(N = NF) = 1. For unbound states, X P(N

NF NF

+NF) = the total probability for decays other than particle
emission,

CP Probability that the transitions characterized by P(N = NF)

Jre ganma-tay transicions. If, for example, there is a 207
probability that electron conversion is the decay mechanism,
then CP = 0,80,



FIGURES

. Decay sequence for GNASH n + 84Zn calculation.

. GNASH input files and output capabilities.

. Schematic of decay sequences.

. Residual nucleus specification by discrete levels and a continuum

excitation energy region.

. Method for calculation of decays from a given compound system.

. Representation of fission "decay” in GNASH.

. GNASH strucure.

. SPECTRA subroutine logic.

. Schematic representation of gamma-ray transmission coefficient

shapes within the Brink Axel model.

10. A comparison of gamma-ray production spectra resulting from 50 MeV
n + 96Fe reactions as calculated using the Hauser Feshbach model,
"s-wave" approximation, and evaporation model.

11. Total gamma-ray produrtion calculated using the same three models.

12. A comparison of the gainma-ray production cross section calculated
using the evaporation model to the data of Wender and Gould for n + Ta
reactions between 20 and 80 MeV.

13. The 208pp Iavel density calculated using the Ignatyuk and Gilbert
Cameron models.

14, A comparison of 90 MeV 27Al(p,xn) emission spectrum calculated with
and without multistage presquilibirum emission to the data of Kalend.

15. Angular distribution slope parameters determined by Kalbach from
analysis of particle reaction data for S56Fe.

16. A comparison of the angular distributions for 20 MeV neutron emission
resulting from 90 MeV p + 27 Al reactions calculated using the Kalbach
angular distribution systematics with that using the free scattering
kernel within the exciton model.

17. A schematic representaion of the current GNASH nuclear model code

system.
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U0 40U R=1,NKCN For ith CN begin icop on energy bin K

Do 301 IP=1NIP For each K bin loop over possible decay channels InitialContinuum-
Do 280 N=1,NLEV2 For each residual system loop over discrets levels Level Transition
Accumulate populations and increment total width sum Calculation

(gamma-ray and particle emission, fission)
End N and IP loops

Do 300 iIP=1,NIP Loop over possiile decays

For a CN state of E, spin, and parity loop over | and |nma! Continuum-
S sums Continuum Transition
Do 180 KP = KLOW,KUP For a given K and IR, loop over Calculation

all coninuum bins avaiable in the residual system
Accumuiate populasions for continuum-contir  im transitions ,
and increment total width sum otal width
END IP, spins, and KP loops lculation completed,

Do 851 IP=1,NIP Sum over possible decays lall population increments obtained

Do 695 KP= KLOW,NK2 Loop over continuum bins in residual system
Normalize populaions 0r CONENULIM-LONNULIM
transilions by total width, accumulate spectral contributions
Store populations ri2eded for subsequent CN's

END KP loop Normalize all

Do 800 N=1,NLEV2 Loop over levels in each residual system

Normalize level population increments by 1otal width populations by total
Add nto specya widih

END N loop

END loop over decays

END compound nudleus K loop

END loop over decaying CN
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Direct reaction j

(ODWBA,CCOM)

INPUT Optical Mode! Discrele level data Nuclear masses
FILES penelrabilities, (ENSDF, CDRL) (1977 Wapstra) cross seclions
inverse (¥
Slatistical theories (Hauser-Feshbac
evaporation, s-wave approx)
S exciton preequilibnum model
GNASH (one stage and multistage)
Preequilibrium |
emission spectra Particle, gamma-
OUTPUT ray emission spectra
/8¢
Discrete level
Cross sections
F0/6e5Q @ GNFILES

—»ENDF File6
formatted files

Thick target yieids,
spectra for incident
charged particles



