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COMPREHENSIVE NUCLEAR MODEL CAL’CULAT]ONS: INTRODUCTION TO
THE THEORY AND USE OF THE GNASH CODE

P. G. Young, E. D. Arthur, and M. B. Chadwick
ABSTRACT

A user's manual describing the theory and operation of the GNASH nuclear
reaction computer code is presented. This work is based on a series of lectures
describing e statistical Hauser-Feshbach plus preequilibrium version of the code
with full angular momentum conservation. This version is expected to be most
:applicable for incident particle encrgies between ! keV and 50 McV. General
features of the code, the nuclear models that are utilized, input paramciers needed to |
perform calculations, and the output quantities from typical problems arc described

- indetail. The computational structure of the code and the subroutines and functions
that are called are summarized as well. Two detailed examples are considered: 14-

" ‘MeV neutrons incident on 93Nb and 12-MeV neutrons incident on 238U, The
former example iltystrates a typical calculation aimed at determining neutron,
‘proton, and alpha emission spectra from 14-MeV reactions, and the latter exémple' :
demonstrates use of the fission model in GNASH. a |

1. THE GNASH NUCLEAR THEORY CODE OVERVIEW AND
" THEORETICAL MODELS '

A. Introduction

~_ The first version of the GNASH nuclear theory code was completed in 1974. The code has
- been developed continually since that lime'arid has been used often to supply various types of
nuclear data for applications. While the ongmal structure of the code has remained largely
unchanged luany improvements have been made over the years, including the addition of
preequilibrium corrections and a muIUple barrier fission model Several versions of the code are in

use, 1 ‘luding one adapted for use in generating activation cross sections for the Japancse fusion

rogran, ! and two versions with modifications and approximations suitable for higher ener

. , pp , £ gy
* calculauons.2 The code described here is referred to as the statistical Hauser-Feshbach plus
nreequilibrium version with full angular momentum conservation.




The first documentation of GNASH occurred in 1977.3 The present work summarizes a
sseries of lectures and computer exercises presented by Young at the International Centre for
Theoretical Physics (ICTP) in Trieste.? A similar set of lectures was given by Arthur in 1988.5

~ Section 1 summarizes general features of the GNASH code, the computational approach, and
“the nuclear models used in the code. Section 1T describes in detail the input parameters required for
" the code and cxplains the various quantitics that appear in the GNASH output. An input setup and
the resulting output for n + P3Nb reactions are used as examples. Section 11 provides a detailed
' _'dcécrip(inn of the structure of the code, including summaries of the major subroutines and
‘algorithms that are used. The final section (Sec. IV) covers the fission model in GNASH and
“details the input and output from calculations of n + 238U reactions. Also included in the final
section is a discussion of future improvements planned for the code.
| Four computer exercise scssions were held in conjunction with the ICTP lectures, and input |
~-and output files from these exercises are available from the Radiation Shiclding Information Center
at Qak Ridge and from the Nuclear Encrgy Agency Data Bank in Panis. In addition to the examples
described here, sample inputs and outputs are included for calculation of (n,y), (n,n’), (n,p), and
(n,@) cross sections from neutron i‘ntcract‘ions with 93Nb at lower energies, calculations for
incident neutrons, protons, and alpha particles up to 40 McV on 36Fe¢ and 33Mn, and proton-
induced calculations on 238U. Using these examples, simple excrcises can be performed such as
observing the cffects on calculations of varying level densities, y-ray strength: functions, and
preequilibrium parameters.  Additionally, the code capabilitics for handling more complxcau,d

. reaction chains that are required at higher energices are 1llustrated by the examples.
B. Summary Description of GNASH

- GNASH implements Hauscr-Feshbach theory in an open-ended sequence of reaction chains.
limitéd in numbcer only by the memory and spccd of the computer being utilized. The version of
the code used in the ICTP cxercises is dimensioned for 10 primary compound \\uclw Upto 6
types of radiation can be emitted from cach compound sy.stun. so that a maximum of 60 reaction
paths can be handled in a single calculation. The reaction chain followed in the n + 93Nb -
calculations of Exercise 1 is illustrated in Fig. 1. Note that the chains involving deuteron emission
are dashed hecause they are not included in lhe'samplc calculation but their addition would be
straightforward. {Much more complicated configurations have been calculated at higher cnergies
using a faster cvaporation version of the code.) Width fluctuation and preequilibrium corrections
including surface ctfects can be applied to the decay éhannels of the initial compound nucleus.
Three model choices arc available for continuum level densities and for gamma-ray strénglh :
functions. Maximum usc is made of experimental structure information for all residual nuclei



cccurring in a given calculation. For-actinide studics, the code contains a rather detailed fission
model, allowing use of up to three uncoupled fission barricrs.

The primary output irom GNASH are ‘absolute angle-integrated particle and gamma-ray
spectra plus excitation and deexcitation cross sections of discrete states. The calculated spcctré are |
integrated and summed, so that absolute reaction cross sections are readily obtainea. The present
configuration of the code permits the following incident particle types: neutrons, prolohs.
deuterons, tritons, 3He, and 4He. The same particles are permitted in decay channcls as well as
gamma rays. Examples of reactions tor which cross sections and emission spectra can he
calculated are (n,p), (n.d), (n,a), (nxn), (n.krjy). (p,xny), (a, pxoey), ctc. In Fig. 2, a schematic
is given that illustrates in more detail the first several reactions possible from the n + 93Nb example
of Fig. 1. In particular, an energy diagram is given that shows the binary and (n,2n) rcactions
from the main compound nucleus. -

The code has been used for calculations at energus as low as ().1 keV and as high as 100
MeV. The models utilized are expected to be most applicable for the cnergy range 1 keV to 50
MeV. Angular effects are not included in the calculations, as the results are normally used in
combination with the systematics-based parameterization of Kalbach6 to determine angular
distributions. For that purpose, the code provides tables of ratios of preequilibrium to total
emission cross sections as functions of emission energy for all outgoing particles, which arc
required for applying the Kalbach relations. |

GNASH has been used at Los Alamos to support data evaluations for a number of materials,
including ENDF/B-V and VI evaluations for 182.183.184,186W, 151,153y, 165Ho, 185.187Re,
237Np, 235.238(, and 239.240pPy (Ref. 7). It was utilized for comprehensive analyses of neutron-
induced reactions with 89Y and 90Zr (Ref. 8), and for calculations up to 40 MeV for 36Fe (Ref. 9),
1o 50 MeV for 39Co (Ref. 10), and to 100 MeV for 208Pb (Ref. 11). Additionally, the full angular
momentum version was used extensively up to about 50 MeV in generating neutron- and proton-
induced transport libraries to higher energies for 27Al, 288, 56Fe, 184W, and 238U (Ref. 12),
When GNASH is used for data evaluation work, a series of uuluy codes are normally used to
extract and format data from the outputs, as summarized in Scc ILF. .

C. General Theoretical and Computational Apprqach'

1. Hauser-Feshbach formulation . :
- Although many theoretical niode'ls are utilized, the Hauser-Feshbach statistical model
| provides the basic underpinning for the GNASH code. The discussion here follows closely the
description and nomenclature of Uhl13 and the references contained thercin. The prmcnpal'
assumption used in the calculation of cross sections and emission spectra from compiex reaction



processes is that the reaction proceeds in a serics of binary reaction stages, and at cach stage
particle and gamma ray cmission are calculated. The energetics of this process are illusirated
schematically in Fig 3. An initial compound nucleus is formed with excitation energy U, spin J,

and parity T1. This process (and all others occurring in the calcul.mon) is subject to constraints

lmposed by the following conscrvation laws:

e+B, =¢'+E +By = {cnergy] .
i+l+ R =i"+1'"+R' =] [spin] | (1)
p*P*(- 1) = p*P*-D¥ =11 [parity]

where € and €' are center of mass energics of incoming and outgoing particles a and a'; B, and By
are binding energies of the particles relative te the compound system: i, 1, p, and P arc spins and
paritics associatcd with light particles and the heavier target or residual nucleus; and R is the orbital
angular momentum. The primed quantities indicate the outgoing channel. v

The statistical model predicts reaction cross sections averaged over many resonances in lhe.
intermediate nuclei. The mean angle-integrated cross section for formation of the ﬁnal state (E, l'
- P ) by means of the (a,a") reaction is given as -

r (UJ.m E'I'P)
T(U.J.n) ' S

o, (ELP EP) = Jzn c,(€.1P; UJ.x)

where (U,J,x) are the quantum numbers of the compound states through which the reactions
proceed; 0,4(e,1,P; U,J,x) is the reaction cross section for formation of the compound nucleus with
quantum numbers (U.J.x); and I'y(U,J,x; E'I'P’) is the decay width of the compound nucleus
into the state (E'I'\P’) of the residual nucleus by emission of the particle a’. The quantity
- T'(U.J,m) is the total decay width of the compound nucleus state (U,J,x) and is the sum of all
" possible decay widths, | -

ruim=y» 3 T (UJmEI'PY), I | (3)
a E'rp 3 '

where the summation over a” includes all particles and gamma rays whose emission is energeticall'y
, possnble lrom (U J.x), and the second summauon mcludes all possnble states (E",I" P") in the
T ‘vanous resldual nuclei that result, consistent with the conservauon laws given in Eq. (. '

The nmcnon cicss section for formation of the compound nucleus can be expressed in terms
“of optical m)del transmission mel'ﬁcxents Tg? (e), a.s follows



. . | ) |
6 (€LP; ULn) = T @am )Y ;IfQ(Q,n)TQ(e). | @)

$=| 1] 2=]J-s

where k is the wave number of relative motion; S indicates channel spin, and the function f(2,%) is
unity if parity is conserved and zero otherwise, as provided by Eq. (1). Through use of the
reciprocity theorem (detailed balance) of nuclear reactions, the decay widths can be related to the
transmission coefficients:

1 ’il J+S a o '
r (UJLTEI'P) = s——- f(2,x) T, (U-E-B ) ' (5)
a 2np(U,J,n) s={ 71| o[ 7s| 2 a

where p(U,J,n) is the nuclear level density of the intcrmediate nucleus having the quantum
numbers (U,J,x). To obtain Eq. (5). the assumption is made that the optical model transmission
cocfficients, determined from analysis of cxperimental data on the ground states of nuclei, also
describe the inverse reactions on excited states of the residual nuclei. ,
In general, the energies covered in GNASH calculations exceed the range where there is
detailed information concerning discrete excited states. Thus, each nucleus occurring in a given
calculation is assumed to be comprised of a series of known discrete levels having quantum
numbers (Eg, Jk, Px), above which exists a continuum of levels described by a level density
function, p(E, I, P). Therefore, the summauons in thc above equatxons must be modified to :

o " mclude transitions in the continuum reglon For example, the expression for the total decay w.dlh

'[Eq. (3)] becomes

U-B
Y[
I'(U,l,n) = d ‘!&P, dE F_a,,(U,J.n; E.I.P) p(E.I.P)+zk:l"a,,(U,J,1t; Ek'lk’Pk) (6)
a* I, E. -

where the Ec is the lower excitation energy bound of the continuum region, and the k summation | 4
extends over the discrete states fiom Ex = 0 to Ex = Eg. ‘
‘In GNASH analyses, -detailed calculations are made of the .populations of discrete and
'commuum levels for all possible spins and panues If .‘P(")(U J,®) is the level population at
: ~ excitation energy U in the n'd compound system, then the population in the (n+1)th compound
system formed by emission of parﬁcle (a") is given by |




L ' (n)
(n+l) ' r . (U’Jvn; U'vJ'vn')
JUSEIE ‘““’(U I )Z, " (U J) -2 ™)
T 'u,J,n)
R U'+B

where Unmax is the maximum excitation encrgy attainable in the nth compound nucleus, which
depends on the incident projectile energy and the reaction path to that nucleus. The summation
includes those values of (J,x) that can couple via Eq. (1) to form (J',x’) levels in th2 compound
nucleus (n+1). It is understood that the integral in Eq. (7) also includes a sum over any discrete
states in the nih nucleus that are energetically able to contribute to PO+ 1 1), Note that Eq.
(7) also allows the explicit calculation of gamma-ray cascades if one considers the (n+1)1 and (n)th
compound systems to be the same, with emission channel (a') indicating gamma-ray emission.

The initialization of any decay sequence begins with the calculation of the cross section for
formation of the first or primary compound nucleus. This cross section is determined from Eq.
~(4), and the population of the initial levels in the first compound nucleus is given simply by

(n :
P UIn= o, (1P Ulm) U -¢- B) . (8)

* The quantity Fa-(")(U.J,n; U'J,=)/T'(U,J,x) in Eq. (7) represents the branching ratio of the
- partial width for decay by a given channel to a given (J,) level relative to the total width for all
“possible decays. This branching ratio can be snmply expressed in terms of transmlssxon.

icoefﬁcxems as follows:
r (Ulm U 1 S NS PO 1‘"‘ I
= fRr)T (U-U-B ). 9)
r(U.J.K) N(U,]’n) S"—‘I i'-]' I Q___l J-S' I Q a :

"~ where By is the binding energy associated with the decay of interest (zero for gamma-ray

emxssno::). and the summations are over the channel spms and orbital angular momema that can

fi connect the levels (U,J,n) and (U'J',n').. The denommator in- Eq. (9). N(U J,x), is proportional
" to the total decay width and can be expressed in terms of transmission coefficients: |



i+l J48 U'Ba'

N(UJm =) Y Y | au f(Qn)T (U-U-B. )p(U IP) +
- a r-PSIIIIQ-IJSIL

}+;f(2,n)T:'(U-UL-Ba,) o ('10.).

. where the primed quantities are dssocxaled with the nucleus formed by emission of the a' partxcle or-
: gamma-ray ' N

2. Computational structure
In this section a summary is given of how the Hauser-Feshbach equations of the previous

~ section are applied in the GNASH code. A detailed dcscnpuon of the structure of the code is
- reserved for Sec. III,

Equations (1), (4), and (7)-(i0),are applied directly in the calculations. Referring back to

~  Fig. 3, the incident particle brings in a certain amount of energy. exciting the main compound
ﬂ: nucleus to an excitation energy of Ug = € + By , where €, is the center of mass energy of the

.. projectile and By, is the projectile binding energy in the.compound nucleus. The level population

that occurs in the main compound nucleus is computed by mean of Egs. (4) and (8). (Note that ;he
level populations have the units of cross section; in GNASH the standard units used are bams for

- cross sections and MeV for energies.) The initial energy brought into the compound system
determines, of course, the maximum energies that can be reached in all reaction chains being
- considered. The available excitation energy range of each residual nucleus in a calculation is split

into continuum and discrete level energy ranges depending upon the amount of discrete level
information included. The continua of the various ‘products are divided into a series of equally
spaced energy bins for the calculation, as illustrated in Fig. 4. The continuum occurs in the shaded -

areas of the figure, and the discrete levels are indicated schematically at the lowest excitation .

energies. The figure shows the various decays possible from the K enzrgy bin in the Ith
compound nucleus, with the continuum-to-continuum (C-C) and continuum-to-discrete level (C-D)
transitions indicated. The energy bin index begins with K=1 at the maximum excitation energy

. reached in the main compound nucleus; K increases with decreasing excitation energy in each
| compound system that is permitied to decay. The populations in each energy bin and discrete level
" that can be reached by decays in a given compound nucleus are incremented as each energy binis
= permitted to decay, beginning from the. top. These calculations are camed out usxng Eqs 9) and
- (10). The population increments are indicated schemaucally in Flg 4 but in pracuce are stored as
. functions of residual nucleus number, excitation energy,. spin, and panty T




The calculations proceed systematically throegh all the compound nuclei considered in a
given analysis. The deexcitation of levels in compound nucleus K shown in Fig. 4, which is
formed by onc of the decay channcls from compound nucleus 1, is not calculated until nucleus 1
has hecn completeiy deexcited. In practice, a residual nucleus such as K in a complicated
calculation might be formed through several different reaction sequences. The code has the option
to combine all the level populatioi in a given residual nucleus from all sources, or to keep cach
reaction sequence scparate. This situation is illustrated in Fig. 3 for the product nucleus labelled
"Uag".

As the various cnergy bins and discrete Ievels are permitted to decay, center-of-mass spectra
are accumulated (AP/AU), and level excitation and deexcitation cross sections are accumulated,
both by individual rcaction and grouped according to radiation type (neutrons, protons, gamma
rays, etc.) These quantities cbmprisc the bulk of the calculated output from the GNASH code.

. 3. Corrections

When the GNASH code was first written, its main anticipated use was for calculations in the
MeV energy range for medium-to-heavy, targets, and no provision was made for direct calculation
of width fluctuation corrections. In subsequent years, however, increasing use of the code has
been made at lower energies where suéh corrections are important. Thercfore, as an interim
solution (still in use) to this problem, provision was made to read in a table of correction factors as
functions of incident energy. We normally utilize a modified version of the COMNUC code!4 to
calculate the table, utilizing the integral m=thod by Moldauer!3 and an approximation from Tepel et
al.16 1o calculate the correction factors. The further approximation is made in GNASH that a single
averaged correction factor can be used at each incident energy for each emitted radiation type; that
is, at each energy there a single correction factor for gamma rays, one for neutrons, one for
protons, e‘c.

The second major correction that is made to the basic Hauser-Feshbach calculations is for
nonequilibrium reactions. The exciton model of Kalbach!? is utilized for calculating
preequilibrium cross sections for each particle emitted in binary reactions,® and the cbmpound
nucleus cross section fcr each binary reaction as well as the continuum level populations of
- residual nuclei that can further dccay is modified t0 account for the corrections. A more complcte '
discussion of preequilibrium corrections is given below in the section on nuclear models.

Versuons2 (;f GNASH uscd in lug,her energy calculations also mcludc preequilibrium effects from tertiary
reactions.




D. Nuclear Models Utilized by GNASH

Summaries are given in this section of the major nuclear models used cither directly in the

GNASH code or indirectly by means of input quantitics. Additional discussion of some of the =

’ models occurs in Secs. II-1V.

1. Optical model particle transmission coefficients

All particle transmission coefficients are introduced into the GNASH calculations from an
external input file (TAPE10) that is obtained from either spherical or coupled-channel optical model
calculations  Because of the presence of spin-orbit coupling terms in optical potentials, such
transmission coefficients normally depend on orbital angular momentum, 2, and total angular
momentum, j=2 +i . Asimplied in the Egs. (3)-(10) above, we normally ignore spin-orbit
coupling in GNASH calculations, using transmission coefficicnts that depend only on the orbital
angular momentum quantum number. That is, the transmission cocfficients Tg?(e) are weighted
- averages of the Tg,ja(c). I« the case of spin 1/2 particles (neutrons, protons, tritons, 3He), the 2-

dependen transmission coefficients are obtained from the optical model calculations as follows:13

1

a
T @= 22+1)

a a ‘ : '
(QH)TQ,!u/z(s) + QTQ'Q_m(e)] . : (.“) |

Because of their spin 0 nature, transmission coefficients for alpha particles only depend on £ .
Although deuterons have spin = |, they are usually treated as spin O particles in GNASH
calculations, dep._nding on the optical model code code used to determine the transmission
coefficients.

A version of GNASH exists that includes spin-orbit coupling in the various summations.
We have verified that the effects on calculated cross sections and spectra of including spin-orbit
effects by use of Ty j(e) ransmission coefficients are small.

Spherical optical model transmission coefficients for GNASH calculations are usually
determined with the nonrelativistic SCAT code by Bersillon.!18 We have an early version at Los
Alamos that produces transmission coefficients in the required format for GNASH. If we require .
transmission coefficients calculated with a relativistic optical model, we use the SNOOPY code
developed by Madland.!9 SNOOPY treats the deuteron as a spin 1 particle, whereas the original

- version of SCAT makes the spin 0 approximation for the deuteron. A more recent version of
~ SCAT, described by Bersillon during this workshop, treats the deuteron as a spin 1 particle. .
| For calculations with incident neutrons or pro(oné on nuclei that are strongly deformed such
as r~-: earths and actinides, we usually use coupled-channcl optichl model calculations with the




ECIS code2Y (o obtain transmission coefticients. The required transmission coefficients are
obtaincd by combining elements of the S-matrix, as formulated by Lagrange, Madland, and
Bersillon.2! Use of transmission coefficicnts derived in this manner automatically accounts for
direct reaction components of the calculated cross sections, and no ad hoc renormalization is

. needed of the reaction cross sections calculated from the transmission coefficients.

2. Gamma-ray strength functions
Gamma-ray transmission coctlicients are calculated using one of several possible forms for
gamma-ray strength functions. The transmission coefficients are obtained using detailed balance, -
" exploiting the inverse photoabsorption process. The Brink-Axel22 hypothesis is used. permitting
" the cross scction for photoabsorption by an excited state to be equated with that of the ground state.
- The transmission coefficicnts for gamma-ray emission are obtained from the expression:

e (€)=2nf (€)ey " . : (12)

- where €y denotes gamma-my energy, X2 indicates the multipolarity of the gamma-ray, and f. 2(57)
is the cncrgy-dcpendem gamma-ray strength function. :

GNASH has three options available for calculating gamma-ray strength functions from built-
in models, in addition to a fourth. opuon of simply inpulting a table of fgi(€y) values. The three:

choices of built-in models are the Wclsskopf single-particle model,23 the Brink-Axel giant dnpole
- model,22 and the Kopecky-Uhl generalized Lorentzian model. % In pracuce. the latter two models
.arc most often used. '

- a. | Weisskopf approxlmatwn
The gamma-ray strength function wuh the Wensskopf approxnmauon23 is slmply ,

fxn(ey)=Cx2_=constantr " o j - (13)

' :where the default value for electnc dxpolc transmons is based on systcmaucs from Kopecky and
UhI% compiled for <e,> 7 MeV:

cm'='(4.6x10-l2)Al-9l [MeV3]. RV

- In practice, the Weisskopf option is rarely used and almost always is normalized using
2n<Iy>/<Do> data, as described below.

10




191y

b. Brink-Axel standard Lorentzian ‘
When the Brink-Axel22 option is chosen in GNASH, a standard Lorentzian form is used to
describe the giant dipole resonance shape, and the gamma- ray strength funulon is obtained from

GOCJ.Z
EY? + »3{2

- the expressnon

- (15)

f (89 = K:
Ei El (82

where 0o, I', and E are the standard giant dipole resonance parameters, usually taken from the

tables of Dietrich and Berman,26 and Kg; = 8.68 x 10-8 mb-! Me\  (nominally). Again, the
' constant Kg is frequently obtained by normalization to 2n<I"yy>/<Do> data, ax described below.

c .. Kopecky-Uhl generalized Lorentzian
The third built-in option in GNASH utilizes the generalized Lorcmznan form obtained by .
.Kopocky and Uhl24 to calculate the gamma-ray strength function: -

ey I 07ran’T | ?
fEl(e‘YT)':K[;:l 2 212 9 2+ - 51t ool“ (16),
E~-E) +&Te)y  E - .

Wherc,r(ey) is an encrgy-dependent damping width based on Fermi liquid theory

£+41tT2

-

l‘(&) r—~t—s— (17)
E
and T is the nuclear temperature given by
B_-¢
T=y/——~ - (18)

and Kg;j is the same as for the Brink- Axel model but égain can be determined from normalization.
10 21t<l“w>/<Do> data. The quantities By and a are the neutron binding energy and Fermi gas

_ \!evel densny parameter, respectively. The Lorcntzlan patametcrs of the gnam-dnpole resonance, E
- and I' are the same ° as with the Brink-Axel option.

1



In addition to El radiation, M1 and E2 as well as higher order components can also be
- included in GNASH calculations.  For M1, a standard Lorentzian expression is used for the
. jg'amma-ray strength function with built-in resonance parameters. When the Brink-Axcel option is
‘chosen for M1 transitions, the default parameters are 6= I mb, E =8 MeV, and T = § MeV,
although o, can be input dircctly. When the Kopecky-Uhl option is chosen, slightly different M1
resonance parameters are used, in particular, those recommended by Kopecky and Uhl:24 E = 41
A3 (MeV)and T =4 MeV.

Except when the Kopecky-Uhl formulation is used, a Weisskopf form (or constant) is used
for the E2 gamma-ray strength function. When the Kopecky-Uhl formulation is employed, a giant
_-resonance formulation is also uscd to calculate the E2 strength function, as follows:

.1 .2
o“s., r

f(c)=K. '
26 1.2(%_5) +8-2,ll

(9)

where K5 = 5.22 x 10-8 (mb-! MeV-2), E = 63 A-V3 (MeV), T = (6.11 - 0.12A) (MeV), and
op=1.5x 104 Z2 E2 A-V3/ T (mb).

As mentioned above, GNASH has the option of renormalizing any of the gamma-ray
strength functions that are chosen. When this option is chosen, the constants in the Egs. (13)-(16)
~are determined by renormalizing the gamma-ray strength function to match low-cnergy s-wave

rcsonance data. The normalization can be carricd out cither by directly inputting relative
contributions of X2 components (for example, E1, M1, and E2), in which case cach fxy is

- normalized scparately, or by using the absolute values of the individual components as calculated

by the code to cstablish the relative contributions and then just determmmg one overall
nofmalization constant. The normah/zuon is carried out as follows:

21: r ' | |
< 1)) 22 i | de'l‘x(e.)f(!J,J)p(S -€ .jn)+21x(e9f(21.j)
< I X2 j=| 2] 0

‘where the Jr sum is over the possible compound nucleus states that can be formed with s-wave
mcndcnt paruclcs the X2 sum is over the multipole radiations mcludcd in the calculation, the j' sum
“is over the spins in the final state, the f(2,),j") is a factor or 1 or 0 to force compliance with
mu'ltipc_)lc. radiation selection rules, and Sp is the separation energy of the projéctile in the
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¢ompoundjsystcm. The mean gamma width <I'y0> and mean level spacing <Dg> for s-wave
incident neutrons are usually obtained from the compilation of Mughabghab et al.27

The present version of GNASH is dimensioned for up to 6 values of gamina-ray
“multipolarity. The absolute contributions to Eq. (20) for each multipolarity can be input into the
code. Alernatively, one can use the absolute gamma-ray strength functions in Sgs. (13)-(18)

- above to calculate the relative contributions. If one uses multipole radiation other than EI, M1, and

"E2, then the relative contributions are estimated in GNASH as follows:

2 a 2

RMY) _ (n) 24 1 N\ T

: = 10 - =(0.45tm : . (21
R(ER) ~ m, ¢ R | (r Am ) i ‘

R(ER+1) _ R(MR+1) = 8x l0'4 : : o 22)

"REYH ~ RMY)
- where R(X2) indicates the rclativc_amoums of each muitipok diy.
3. Level density models ‘

S “The continuum level dcnsnty function p(U, J1t) ntroduced in Eq. (5) above has the
- l'ollowmg form in GNASH:

p(U.J,) = F(R) Fulpw) ' - @3

* where the spin and parity componcnts are given by28

F,gn):% B T @9
and . . . ' ' .||‘ o e . Prera ‘ . |
F,0LU) = 2’*”2 | -0ebls Zo(U)] e
. ZO(U) N - ) T : '
The Quamity o(U) is a spin cutofl’ functim@ given by the expression - | ' ‘i:. .
,o(U): écsr Am/{,ﬁ | ' o - (26) -

with Csc bing a constant equal to either 0.0888 (Ref.' 28) or 0.i46 (Rt 29).
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“Three built-in models of the cncrg&-dcpcndcnl lcvci density, p(U), are available in the
GNASH code. - Historically, the Gitbert and Cameron?® model has heen u_liliicd most often in
GNASH, although some use has been made of the backshitted Fermi-gas model, Y and in recent
years the extension of GNASH calculations to higher energies has motivated our use of the
;lgnalyuk' form of the Fermi-gas model. ! Use of either the Gilberi-Cameron or the Fgnatyuk
models is reasonably weli automated in GNASH with internal defaults that usually produce
reasonable results. In the case of the backshifted Fermi-gas model, all parametess must be input.
A description of the p(U) models follows. | '

a. Gilbert-Cameron model
The Gilbert and Cameron level density formalation consists of a constant u,mp«,raluru form

“for use at lower excitation energies and a thi pax form for use at higher enurgnes The constant

~ temperature form is given by
P.r(U)=.~}:cxp[(U+A-E°')/T] o - : @

where T is the nuclear tum[x.ralun, and Eg is a normalization factor. The quantity U is related to the

excitation enc rgy by U =E - A, where A is lhc pairing cnergy. The Ferrm gas form of the level'

dcnsuy is

p (1) = — 2P D o | (28)

12/2 o(U)U(aU)

where ‘a’ is the level density parameter.
The constant temperature and Fermi gas functions are illustrated schematically in Fig. S.
-The quantities NT(E) and Nf(E) are the cumulative number of levels in the two level density
' rcgions. obtained by integrating Egs. (27) and (28). The temperature lovek density is matched w0
the cumuiative number of known discrete lo vels (N“p) in the excna“enem interval EL to Ec,
as follows -

Ney(E)=N xn(E )+ ]ain(E) S - ®
A,
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Two different options are ava\lahle for utilizing Eq. (29) in the matching. The ongmal
: turmulal m simply assumes that chp(En = -00) = §), which leads to the expression

(E)=c (E—li“-) ' (29a)
exp exXp T . : ( 94

Eq (29a) is very convenient in that it can e used in circumstances where the structure of a nuclcus
18 mmpk—tcl\ unknown. that is, th re we only know that there is a ground state. In this case
NexpflE¢ = ) = [ s the only information available, but the' maiching can be done wnh Eq. (2Ya).
(This ' ads, of course, to the result that Eg =1).) | v

Fu: cases where there is significant information concerning the siructure of a nucleus,
however, the thove simple treatment can lead to a shght dntomon of the continuum lemperature
expressioa. mainly ncar the matching point. Bn such cases it is better 1o set the lower integration
limit around the 2™ - 4th excited state, and Eg. (29a) must be replaced by '

o . . El' -EO | |
cw(E)— “p(E)+ exp T -exp T exp ) | (29b)

Eg: (29b) is the usual option wsed in GNA?H for cakulation%‘of non-fissile target huclei For

- fission calcalations, the malchm;, rowtines for the tran.mmn stale% use Eqg. (29a) (see Section L. D s
bdow) ‘ : . .
' The constant wmperature ué&mu-gas expressions are matphed at excitation cncrgy En by
' reqmring that

and . o o : ‘ ‘ a0 |
: dp dp ' : '
—a—E—‘(E )= "—(E ) .

The - mbination of matchings in Egs. (29) and (30) determines the constants T, Eg, and Em.
. Thc pairing energy A that relaes U and E is the sum of proton and neytron pairing
corrections, P(Z) and P(N), and is determined in GNASH from the Cook32 tabulation.” The

default values of the Fermi gas level denmy parameter in the GNASH code are from Gilbert and -

Cameron8 & follows:

15



a ' » :

e 0.00017 [ S(Z) + S(N) ] +C | (31)'
where $(Z) and S(N) are shell factors again taken from-the Cook parameter set.32 The constant C
is equal to 0.142 MeV-! for spherical nuclei and 0.120 MeV-! for deformed nuclei.

b. Backshifted Ferrhi-gas .model ,
With the backshifted Fermi-gas model of Dilg,30 a single formulation describes the level

density at all excitation energies, as follows:

1 ! uxp(ﬁ.ﬁ)
(U) Y (32)
122 g(U)a" (U + l)
~where the spin cutoff expression is cvaluatcd in this case by
o2(U) = 0.0151 AS3 | (33)
“and the nuclear temperature t is defined by
U=ai2-t . | o (34

¢. Ignatyuk form of Fermi-gas model |

The Gilbert and Cameron and the back-shifted Fermi gas level density formulations utilize an
energy-independent level density parameter, ia. which somewhat restricts flexibility at higher
energies. This difficulty is compounded by the cffects of shell closures on the Fermi gas level
density paramcter and on their prolpagation 10 hi'gher energies. To address these prdblems. we
xmplememed the phenomenological level density model dcveloped by Ignatyuk et al.3! In this
model the Fermi gas parameter is assumed to be encrgy dependcm and is given as a function of

_excnauon energy U by the expressio.

aU)y=a[l +(U)SWMU], (35)

where & is the asymptotic value occurring at high energies. Shcll cffects arc inciuded in the term
S8W, which is determined via SW = Mexp(Z.A) - Mig(Z,A B). In our calculations we determine the
experimental masses, Mexp(Z.A), through use of a prclimihary version of the 1988 Wapstra et al.
mass compilation,32 and we calculate liquid drop masses, Mjg(Z,A.B), through use of standard

16



liguid drop' expressions evaluated at a deformation P. Additional cnergy dependence in a(U).

occurs via the term f(U) which is given by
f(U) = 1 - exp(-yU) L | (36)

- where y=(1.05 McV was determined by Ignatyuk et .11
Thus, this model permits shell effects to be included at low excitation encrgics Whllb at hnghcr '
encrgics such effects disappear as a(U) reaches the asymptotic value a. This form is in better

agreement with results from microscopic . Fermi gas models than the assumption of energy
- md»pcndmw for a. The asymptotic value of a(U)—)O. is given by Ignatyuk ct al. as a function of

E mass by the cxpn,ssnon
=n+pA S o ) 37)

with n = 0.154 and B = 6.3x10-5, and with o in units of McV-! and A in amu. In the default’
option in the GNASH code, however, we utilize Arthur's parameterization!! of Eq. (37), which is
~ based on fits to s-wave resonance data2’ and which rcsulted in the paramcters 1) = 0.137S and B =
-8.36x105, - R | |

The Ignatyuk et al. level density model is implemented in the GNASH code using exactly the
same Fermi gas and constant temperature formulas as are applied with the Gilbert and Cameron
reprcsentauon that is, Egs. (23)-(30) above, and the conunuum matching and matching to the

- . discrete levels is done in the same manner. The only difference is the cnergy and shell depcndcnce _'

of the 'lcvel density parameter, a(U), as specificd in Egs. (35)-(37).

| 4. Preequilibrium and direct reaction effects

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 on populations and particle emission spectra) can be made. The major
~artel o cse contribotions is calculated using the exciton precqunllbnum model as formulated by
N - « "' CO-B.33 The corrections ate applied after the initial Hauser-Feshbach
calculauion nas been made. The logic for doing this will be addressed later in the discussion of the
- ormalization of specira and population increments, '



e ————————

a. Nucleon preequilibrium

The exuton model assumes that, after the initial interaction helwwn the mudenl particle and
the target nucleus, the excited system can pass through a serics of stages of increasing complexity
before cquilibrium is reached, and cmission may occur from these stages, giving the
preequilibrium particles. This process is illustrated schematieal.ly in Fig. 6, together with a sample
particle-emission spectrum showing the regions of importance of compound nucleus,
preequilibrium, and direct reaction emission. The different slages of complexity are classified
according to the number of particles and holes excited, and the exciton model calculations involve
solving a scries of master cquations that describe the equilibration of an excited system through a
series of two-body collisions producing more complex configurations of particle-hole pairs. The

master equation is |
4P

S0 =) (0 2)P(-2.0) + X (n+2)P(n+2.0) - @)+ A (n) + W)IP(n0), (38)

~where

o P(n,t) = probability that' the excited nuclear systcm exists in the exciton state n (n=p+h, the
number of particles plus holes excited) at time t; '

A+, A- = internal transidon rates for n—n+2 and n—n-2, respectively;

“W(n)= total particle emission rate from stage n summeu over all outgoing particles and
energies.

The initial condition for solution of these e'qu‘rations‘is:
P(ph0) = 8(p.po) S(hbo). 09

"where the initial particlec number is pg = 2 and mmal hole number is hg = 1 for nucleon-mduced

" reactions. Angle integrated cross sections are calculated from the relation

""ab) 0, 3 W, (1) t(0) . o @

, where. as before Ca is the reaction cross secuon, and %(n) is the mean hfeume for the exciton state,
deﬁned by
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)= [ P dr | | | 41)
t=0

“and Wb(n.é) is the average rate for emission of parﬁclc b with energy € from the nth exciton stage.

. The transition rates are calculated using Fermi's Golden Rule:

v=Emy, S @
-~ where | |
M= averaged squared matrix clement for two- -body interactions between specxﬁc mmal and

final states (parameterized according to the Kalbach34 systematics);
Y = accessible phase space for the transition.

| lTo calculate the accessible phase space, the cqu:dlslanl single-particle state density expressnon of :
; :Wllhams35lsuscdasfollows - S '

n ' n-1
g(E-_AM) o
p'ht(n-1)t °

o(p,h,E) = 43)

- where

. ;Ap h= factor restricting the number of allowed states due o the Pauh exclusnon prmcnple.
E=  excitation energy of the system; '
- 'g=  inverse of the single-particle level spacmg. related to the Fermi gas level density
| parameter by g = 6a/n2, or frequently calculated simply as A3

' The factor App is given by

5
2+h +n

_ P aday
Ap'h =E(p.h) ag (442)

with Ep being the minimum energy required for the configuration by the Pauli exclusion principle,

E igwen by Ep = [max(p,h))2/g . It should be noted that an alternative expression has also been used

" for Ap,p , namely,36
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. 2...2 ‘
-3h -
A _p +h +p .

pa™ dg @
~ " Rates for transitions allowed by the assumption of binary collisions (An=0,12) are
&(E-E (p+Lhe 1))
2u Mo P
M (phE) = 3
‘ @)

e 2w 2gph@d) [ (1) (p-1) (p-2) + (he1) (h2)
A(phE) == M. 2 [1’(,,-2) 8¢[E-E (p)] |°

" where M2 is the matrix element for two-body interaction between a specific initial and final state
and Ep is the Pauli energy for the mdxcated conf' guratwn In GNASH M2is parametenzed asa

- 'funcuon of e<F/n as follows:

A \/7MeV \/ZMeV e<2MeV

'k e o ‘
= © 2<e<TMeV (46)

A3e 7 MeV . _ : , ‘
=k 7<e<15MeV

A =

l; lSt&gV e>15MeV.

Ae

. with ‘¢’ in MeV. The constant k is usually set equal to 130-160 MeV3,
: The emission rate for parucles of type b and emission energy ¢ is obtained by consndenng a
B  deailed balance of the emission channel and the analogous absorpuon channel of pamcles b:

o - (2sb+l)‘ : m(ppth) s
: 4Wb(n.€)— 23 ubo(e)e—m—Q(P) o 7).

'<'whete:"
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‘ Sb.ub,pb = spin, reduced mass, and nucleon number of the cmitted parliélc.
U = residual nucleus excitation energy,
Op(€) = inverse cross section cvaluated at the emission energy of b,
Qu(p) = factor that takes imo account the distinguishability of ncutrons and protons in the

intranuclear cascade.37

Two methods are cmpioyed in GNASH 1o calculate Qb(p). The first is based upon the
assumption that in each pair-creation interaction, protons and neutrons are created with the relative
" probabilitics Z/A and N/A. The second form assumes the ncutron and proton p-h pairs are cxuted ‘
. in proporuon to the state densities of the configurations formed.38 '

b. Photon preequilibrium emission
The GNASH code also allows precquilibrium configurations to decay by El photon
. emission, through the giant dipole resonance (GDR) This preequilibrium photon decay mechanism

- - allows a simple estimate of the direct-semidirect capture spectrum within the framework of the

* exciton model.39 Eq. (40) is used for the precquilibrium photon emission spectrum (with the .
‘;j summation now started at the configuration pg=1, hg=0), and Wy(n,€) being the photon decay
rate frcm the nth exciton stage. This is determined by applying detailed balance using the Brink-
© Axcl hypothesis, and is found 10 be |

e > afe) g’ e (p-Lh-1E€) gn ©(p.h.E-€) S

. 4 _ i Y )

Wine)=| ——— , — + 3 (48)
n°n ¢ aph, E) g(n-2) +g" €, gn+gie,

where ©y(€) is the photoabsorption cross section for a photon of energy € on the residual nucleus, -
and is obtained using a Lorentzian parameterization from lhé tables of Dietrich and Berman.26
The inverse spacing of single particle levels is g = A/13.

The two terms within the round brackets desérib’e photon emission processes in which the
total number of excitons changes by either An=-2 (particle-hole annihilation), or An=0. The
dominant mechanism in the preequilibrium photon emission process corresponds to an initial 1p
- state decaying through the GDR to a /p staie of lower energy, and the photon emission spectrum |
peaks for photon energies in the region of the GDR. The GDRS which are built upon the final 1 p
- states are of a 2plh nature, though according to the Brink-Axel hypothesis they have a state
- densnty correspondmg to that of a Ip state. This explams why the dominant mechanism is |

o e b e e

determined by /p state densities even lhough the formation of mtermedxalc 2p1h GDR states is

implicitly included.
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- c. Composite particle preequilibrium |

In addition to the preequilibrium cross sections and spectial contributions caleulated using the
- exciton model, a sccond, more general class of nonequilibrium contributions, is included
automatically in GNASH nonequilibriu'micalculations. These are contributions arising from
particle pickup, knockout, stripping. cte., which are calculated using a phenomenology developed
by Kalbach.!7 In particular, these expressions are used to calculate composite-particle cmission
rather than using exciton model expressions, which would be modified to include "fit parameters”
such as preformation constants.

To determine contributions due to oick_up/stripping processes the semiempirical expression

o .
do - ' o8 (E, 180 4 4 1
T(a.b) = (28b + 1) pbe.ob(g) m}:(U) (20) ; E (——A—) 1.4x10 (McV) (49)

1S used Here A is the number of transferred particles, and 8y = 1 if an alpha is fomled 8(,- -l tf
an alpha is destroyed, and zero otherwise. The function f is

f(N.Z.AV.An)=(%)6An (2%)(1-40%(%1){2 | - B (50)

* . where A, and A, are the number of transferred protons and neutrons respectively. The oensnty of
‘;istatesmdetenmnedfrom AR o L |

o (U)- Zw(o,i.U) . (51

A second contribution describing. knockout and melastlc processes mvolvmg alpha clusters is
i'calculatcd from . , ——

S o, wp () S
‘F‘ a,b) = (2s +l)p eo(e) F [012MeV mb ] - (52)
pasa ‘ A ' |

where Fg =1 ,Fy =F, fJZA The density functton o)FK'l has the followmg forms dependmg

B 'upon the process involved:
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o ")=giga(u'i'5é_) o (5%
i “Fa :

where 1=n or p (p.a) or (n,a) knockout or (a.p) or (a,n) knoékoul; -

0 (V) -2u | o . (53b)
for elastic scauéring with excitation of an alpha particle-hole pair; and, -

w:;l(U) = grz‘ U+ gg U o - (53¢) |

for (a,a’) inelastic scattering exciting a nucleon pair. In these expressions gp = Z/(13 MeV),
gn=N/(13MeV), and g,o= A/(52 MeV).

d. Flux adjustment for preequilibrium contributions .
Once preequilibrium and other nonequxhbnum contributions are computed, they are used to
renormalize calculated spectra and continuum populauons The renormalization of calcula(ed
spectra for primary emission is acccmplished in the following manner: '

gr()_+(%)

CN NONEQ - o

, ps] - e
@) o @]

where F is the fractional reduction of the original éompOun’d nucleus clfoss section that is required
to conserve flux, given by '

; | de (d—") . (55)

_l_
Ten

and the sum runs over all the no;iequilibrium cross sections. It should be noted that if the
compound nucleus cross seé;ion for a given enérgy bin is zero (corresponding to cases where
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widely spaced discrete levels occur in the residual nucleus), then the calculated preequilibrium
cross section is also set to zero.
To correct the spin-dependent populations, P (U,J,x), computed from continuum-continuum
decay of the first compound nucleus for preequilibrium effects, the assumption is madc that the
- precquilibrium contribution (which is spin independent in this model) has thc same spin
o dlstnbulmn as the Hausor-chhbach nesults Therefore, the correction is:

d_O’(U )
( de )
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(&)
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r

PULT) =P (ULm) | F+ 56
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e. Correction for direct reactions

In addition to the nonequilibrium cross scections and spectral calculations described above,
GNASH also has provision for accounting for direct-reaction contributions to inelastic scattering.
These contributions are determined by means of external coupled-channel calculations using a code
such as ECIS20 or through distorted wave Born approximation calculations made using a coGe
such as DWUCK.40 There is no need to renormalize the reaction cross sections computed in
GNASH when coupled-channel calculations are used to provide the direct cross sections, because
the direct contributions are automatically removed from the transmission cocfficients provided by
ECIS. When DWBA calculations are used to provide direct reaction cross sections, however, the
original reaction cross scction in GNASH must be mducé’d'by the amount of direct reaction cross

section added in order to keep the total reaction cross section constant. This renormalization is

accomplished automatically by the code.

S. Description of the fission barrier model in GNASH

Within the Hauser-Feshbach portion of GNASH, fission can be included as a "decay” path

as follows. Up to three uncoupled barriers can be used to represent the fissioning system and each

barrier has the characteristics illustrated in Fig. 7a. At each barrier transition states occur that are

characterized by an energy, ETS, above the barrier as well as by spin and parity J*. At higher

encrgies above the barrier, discrete transition states are ‘re'pla‘ced by a coiitinuum of such states

' whnch is described by the Gilbert-Cameron level density model. F'ssnon transmission coefficients
- are determined through use of the Hill-Wheeler expression?! l'or penetration lhrough a parabolic
bamer of hcnght Ey, and curvature ho, as t'ollows
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pf' ' i L (57)

1+ cxp[ - %(U' Eb)]

Because 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, ' -

| TTS(U.J.n)=i_ ! ‘ =, (58a).

~ and the second gives the continuum of such staies,

T:(U.J <) = I de’ p(e'.J,x) (58b)
- S

1
l+exp[-%(U - Eb-e')] .

The summation limit N in Eq. (58a) is the number of transition states having spin and parity JX.
The integration variable e in Eq. (58b) runs from the excitation energy of the highest transition
state built on the fission barrier under consideration, that is, where the continuum region begins, to
an excitation energy high enough that contributions to the integral become negligible. In practice,
the upper energy limit of the integral in Eq. (58b) is set :in, GNASH to be &' =U - Ep + Mho,
‘where M can be input but the default value of M=S$ is usually.used. .

| " The fission model implemented in GNASH assumes the fully damped limit so that the total
' fission width is determined from the expmssion

o (2)
T

(59)

In this limit no account is made of complications due to states existing in other wells. Width
ﬂuctuauon cormrection factors (when used) are set to one for the fission channels.

~ The specification of the transition state spectrum at each barrier can be madc wuh either of
two options. On the one hand the actual states can be specified (E,.J,x) by the user in which case

the same spectrum of discrete levels is assumed 1o exist at each barrier. Altematively, different sets
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of bandhcad parameters can he provided for cach barricr and the transition state spectrum is

automatically constructed by

2 ' :
(N . 4
E"=E 2I[J(J+I) KK+D)] . | B (60)

At higher energics above the barrier where a continuum of transition states occurs, the
Gilberni-Cameron level density model is used to calculaw pTS(U). Provision is made for matching
of the Fermi gas and constant iemperature portions of this model using information provided or
wenerated for discrete fission transition states.  Finally, the fission transition state density is
modificd through externally provided factors which account for symmetry conditions existing at
each barricr.42  Enhancements thus arise from the breaking of nuclear symmetrics. Such
enhancements can be relawed to the spin cutoff parameters and thus its dependence upon the energy
‘above the barricr has been implemented in GNASH as varying as EV4 above | McV. Thus, the
| transition state density is modificd from ihe value calculated with the Gilbert-Cameron expressions
by | | |

oWy = (1, u") s %Wy | G

. where fp is the inputted density factor. (Below | MeV, the enhancement factor varies linearly from
210 fp.) At energics above 15 MeV, the enhancement is assumed to saturate, as mdlcatcd
(approximately) by the microscopic calculations of Jensen.43 At still higher cnergies, the
enhancement is assumed to decrease to unity. '

The behavior of the enhancement factor with excitation energy is illustrated in Fig. 7b for the
case where the input factor is fo = 4 (DFAC in Fig. 7b). The energies where the enhancement
factor saturates (USMAX), starts decreasing (USMAXI) and then returns to unity (USMAX2)
are sct in a DATA statement in the codt,

S ':."' DESCRIPTION OF THE INPUT DATA AND OUTPUT RESULTS FROM

GNASH
. A. General Comments on Input and Output
'The key concern in devising the GNASH input was to keicp problem-specific input as simple

as possible while permitting maximum flexibility in terms of paraxﬁctcr detail that may be desired
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for a spe- tic problem at hand. The general philosophy is to provide hulk data that frequently
remains fixed for a given problem in separate input files, together v :h a much simpler calculational
dircctory file (INPUT) that defines the reaction sequences 1o be calculated and the model options
and parameters to be used. More specifically, atomic mass and ground-state spin and parity data,
nuclear structure data, and optical model transmission coéfﬁcicm_s arc provided on separate files,
that is, TAPE | i, TAPES, and TAPEI(), rcspcctively. Thesc files contain data that can be shared
jointly among scveral problem types and thus do not have to be alered for cach specific
calculation. A simpler INPUT file is then used to direct the calculation and to modify parameterss
as nceded from run to run. The TAPES, TAPEI(, and TAPE 13 files, together with the INPUT
calculational dircctory file, must be present in the local mcapace for any calculation. A fifth file,
TAPE33, can be used to provide additional optional mp\n iformation, as outlined below A
schematic illustration of the GNASH input and oulpul informaGon is given in Fig. 8. |

A bricf description of problem setup is given in tiis section along with some details
concerning the additional data files that are required. The specific inpit sessp described here is for
n + 93Nb reactions at 14 McV, which is one of the available computer exercises,

As summarized in Sec. 1, the primary output from GNASH are absolute angle-integrated
particle and gamma-ray spectra plus excitation and deexcitation cross sections of discrete states,
The calculated spectra are integrated and summed, so that absolute reaction cross sections and
avcrage secondary particle and gamma-ray ,chergic:S are given. The present configuration of the
code permits incident particle types to be neutrons, protons deutesons, tritons, 3He, and 4He, with
the same particles (as well as gamma rays) permmcd in dccay channcts Thc otitput W Bﬂ’c
is for the 14-MeV n + 3Nb input case,

B. Description of Necessary Auxiliary Parameter Files

1. Ground-state spins, parities, and masses (TAPE13) ‘

Masses and ground state spins and parities for all GNASH calculations are obtained from the
input file TAPE13. The current mass valucs are based upon an interim set from Wapstfz‘-‘
obtained prior .0 the 1988 publication32 and supplemented in the case of unmeasured masses with
values fror. the Moller and Nix45 calculations. Unknown spins and paritics are flagged during
exccution, and J® = 0% (even A) and J® = 1/2+ (odd A) are used as defaults in the unknown cases.
A sample of the TAPE13 file is given in Appendix 1. This file includes data from the neutron
(ZA =1 where ZA = 1000*Z + A) to a heavy nucleus with ZA = 100274, corresponding to a total
of 3846 entries of input. Three words of data are read for each entry, with 5 entries per line of
data. The quantities read are LZA, ENER, SPNPAR, where LZA is the fixed point "ZA", ENER
is the mass excess in McV, and SPNPAR is the floating point value of 100 £ J, where the sign of J
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. is given by the parity, and the sign of SPNPAR indicates the parity. Note that the complete data
| 'ﬁlc has 4795 entries, comesponding t0 ZA = 122318, but only 3846 entrics are read by GNASTI,

The additonal masses are available if ever needed.

2. Nuclear structure data (TAPES)

Although discrete level data can be read from the input file, the preferred method is to read
such data from TAPES. Thus, a universal library for nuclear structure data can be used in many
problems. In practice, however, we usua"y usc a smaller subset of the structure file because of the
length of a universal file. The structure file prepared for the computer exercises contains data for a
wide range of nuclides in the neighborhood of 36Fe, 93Nb, and 238U, which are involved in the
sample problems.

The sequence of card image types required to construct the structure file appears in Appendix
2, together with a sampling of the structure data for 93Nb.  Note that the parity of levels is
indicated by the sign of the spin. Therefore, a spin and parity of J® = () is indicated by sctting AJ
= -(). Considering possible problerhs_ of machine independence, if there is avny question regarding
the parity in the J™ = (- casc, the quantity AT can be set negative and it will then be used to set the
parity when J = (). : ' | |

3. Particle transmission coefficients (TAPE10)

Particle transmission cocfficients are generally provided to GNASH from an exicrnal file,
usually TAPE1(). This procedure is followed to permit maximum flexibility in provjding such
input for calculations. To date, we have utilized the nonrelativistic spherical optical model codes
TCCAL (developed from routines in the COMNUC codel4) and SCAT, 18 the relativistic spherical
optical madcl codé SNOOPY 19 and the coupled channel deformed optical model code ECIS20 for
calculating transmission cocfficients. A version of GNASH has also been developed that mcludcs
an internal optical model routine but it is not in frequent use.

When GNASH was being developed in the early 1970s, the COMNUC code was in commbn
use, so we adopted its format for the transmission coefficient file. The format is described in
Appendix 3, including a sample of data from a TAPEI( file. Notc that transmission coefﬁciems for
the various particles appearing in a calculahon can be provnded in arbitrary particle order. Also, if
the NPART flag of Appendix 3 is ncgatwc. thcn total, shape elastic, and reaction cross sections
from the optical model calculations can be provided for each energy on the transmission coefficient
- grid. This feature is useful in providing a complete set of cross sections in addnuon to thosc

| resultxng from the GNASH calculations.
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C. Input or Calculation Directory File (INPUT)

The primary purposes of the INPUT 1< are to define the problem to be calculated, that is,
the incident particle, the target, and the reaction: sequences to follov, and to specify the models to
be used, together with appropriake paramcicrs as needed. Appendix 4 gives a complete description
of input options available for sctting up a problem. Arnendix 5 presents a specific problem setup
for a nonfissionable nucleus (1 + 93Nb- .hat is included in the computer exercises. Additional
sa.nple cases are included in the computer exercises, and a secund cxample involving ncutron
reactions on 23U is included in Sec. 1V to cover the input for a fission case.

The input example in App. 5 is a calculation of neutron, proton, and alpha cmission cross
scctions and spectra from 14-MeV neutron bombardment of 93Nb. (This problem was chosen
because a similar one was the subject of a model code comparison study sponsored by the Nuclear
Encrgy Agency in 1983.) Under each of the input lines or groups of lines are given the variable
names that are being read. (Note that due to space limitations, some variables at the end of several
of the lines have been omitted.) Delinitions of all the vanables are given in App. 4. While therc
are a number of input quantitics included in the input, many of the variables can simply be left
blank or zero to set code defaults, or the values shown here can be usca. In this discussion 6nly
the most important or frequently varied variables will be mentioned. |

The first two lines of the input in App. 5 provide alphanumeric descriptive information
regarding the calculation. The third line gives various print options plus the flag II.D, which is
very often used to modify the default level density parameters used in a calculation. In the sample
case of App. 5, ILD is not sct, but if it were >0, then additional lines would follow specifying new
level density parameters to override default values, as described in App. 4. The fourth line
specifies the INPOPT parametcr, which defines the input option to be used for directing the
reaction sequences to he calculated. The choice used in the example is probably the most
frequently used one, in that it permits one to el at a glance what reaction sequences are being
followed (lines 10-17), yet does permit some flexibility with parameters (using the ILD flag). The
sccond variable on line 4 that should be mentioned is NLDIR, which gives the number of states fdr
which direct reaction cross sections are read from TAPE33. In this case NLDIR is set to zero for
simplicity, but its usc is required in some of the computer exercises.

Line 5 gives many of the nuclear model option flags, and several of these are often varied.
Nl is the numnber of compound nuclei that will be followed in the calculation, NMP and LGROPT
arc used to define the gamma-ray strength function options, and LPEQ is a switch to turn the
preequilibrium correction on or off. Similarly, IFIS must be tumed on to include fission in a
. calculation, IBSF specifies the level density option to use, and IWFC must be set to read width-
fluctuation correction factors from TAPE33. The flag ICAPT must be set equal to one to calculate
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radiative capture cross sections and emission spectra. For caleulauons above a few MeV, where
captur is not important, it is recommended-to set ICAPT = () to speed up calculations. (In the case.
of ICAPT = 0, gamma-ray cascades are not calculated in the initial or main compound nucleus.)

Line 6 of the input in App. 5 gives the ZAs for the incident particle and the target nucleus, as
well as the important DE paramieter, which is the energy bin width to use in the calculation. In the
cxample in App. 5, a bin width of 1 MeV is uscd simply to keep running time short and 1o keep the
output reasonably short; a more typical bin width for a [4-McV calculation would be (.25 MeV.
Note that the incident particle ZAP is 1.0 for the neutron. If, for example, the incident particle
were an alpha particle, then ZAP would be set equal to 2004,

' Line 7 designates spin cutoff parameters, and lines 8 and 9 define the incident particle
encrgics to be calculated. Lines 10-17 define the reaction squences to calculate, under the input
op.on INPOPT = -1. The ordering of the ZACN is important. The initial or main compound
nucleus is given first (line 10), and every compound nucleus listed subsequently must have been
formed ia a previous reaction. For the cases shown, every compound nucleus decays by gamma
ray, ncutron, proton, and alpha emission. |

Lines 18-20in App. 5 specify that E1, M1, and E2 gamma-ray multipolaritics arce included in
the calculations, using default values for relative values of the gamma-ray strength functions.
Minimal input is included in lines 21 and 22 for the giant-dipole-resonance shape parameters, and
the preequilibrium normalization and composite system state density are given in line 23. .

By way of general comments, it should be mentioned that in specifying the decay sequence
for cmission of particles and gamma rays from a compound system, gamma-ray emission must
always be given first. While this is done iniemally by GNASH when automatic sctup options are
used (INPOPT = -1, 1, 2, or 3), this ordering must be specificd manually when INPOPT =0 is
specified. Also, when manual sctup (INPOPT = ()) is used, th- reaction parentage parameters,
CNPI and CNPIP, must be specificd. These parameters define the parent reaction that produces
the new compound system. In the example given here, that is, with INPOPT = -1, the code
automaticaily determines the parent reéetion(s) and lumps them together. This feature is jdiscussed
further in Scction ILE describing outputs.

For specitication of paramecters dealing with gamma-ray strength function shapes and
normalizations, several comments are appropriate. Firstly, regarding the shape when the giant-
dipole resonance (GDR) Brink-Axel option is used, the parameters EGt, GG1. EG2, GG2,
G2NORM, XNFEI, EGCONMI, GDSTEP, GDELS, GDFLSL, EGCON, EG3, GG3,

'G3NORM, and GDELE all can be used to tailor the strength funcuon shupe, as m:edcd These
paramclcrs arc described in detail in Appendix 4 and are lndncaled schemaumlly i Fig.9. In aclual
practice, however, the parameters other than the resonance encrgies and widths are seldom
required, and frequemly the only paramelers needed for the LGROPT = 2 or 3 cases arc a smgle

30




GDR cnergy (EG1) and width (GG1), as used in the present example. For the greatest flexibility
in specifying a gamma-ray strength function (E1 only), a tabulated E1 relative strength function can
be input using the XNFE1 parameter und TAPE33.

Finally, the Kopecky-Uhi24 gamma-ray strength function option is chosen in the example
case (LGROPT = 3), using the model 1o calculate the relative strengths of the EL, M1, and E2
functions (RE1 = 0. and GGDNORM = (). for default model values). The overall strength
function is normalized 10 2r<Iy0>/<Dg> =i SWS| = 0.0118 (line 10), as described in Sec. 1.D.2,
With the negative value of SWS on line 10, a single factor is applied to the model values for the
El. M1, and 2 gamma-ray strength functions to accomplish the desired normalization.

Discussion of the tission input option is reserved for Sec. IV. |

D. Optional Auxiliary File for Inputting Direct Reaction Cross Sections,
Width Fluctuation Corrections, and Tabulated Gamma-Ray Strength
Functions (TAPE33) ‘ '

As mentioned above, TAPE33 can be used to provide three additional types of information
pertinent to a given problem: :
I. if the XNFE]1 flag is sct on the problem input, then a tabulated shape appropriate to the -

El gamma-ray strength function can be provided;

2. if width Ructuation corrections are desired, the IWFC flag (line S of sample mput in
App. S) can be set to indicate the appropriate input on TAPE33,

3. the most common usc of this file is to provide direct reaction Cross section
contributions to inclastic scattering from discrete states by setting the NLDIR
parameter greater than 1. -

The input description appearing in App 6 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 spherical optical model calculations,
the rcaction cross section available for use in Hauser-Feshbach or preequilibrium calculations are
renormalized downward as described in Sec. I. However if coupled-channel caiculations are used
to produce the desired transmission cocfficients, then the direct-reaction components are already
reinoved from the transmissioh coefficicnts, th'a(i'i's. the reaction cr'oss‘scction obtained by |
summing the transmission coefficients al:eady excludes the direct reaction component. Therefore
no renormalization is necessary. In this latter case, NLDIR in the input should be mcremcnwd as .
- NLDIR+100 to indicate no renormalization is requnmd '
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E. Description of Output Data

Sclected portions of the output from the n + Y3Nb input given in App. § are presented in
App. 7. The shortened output of App. 7 is broken into sections given below for the purpose of

discussion.

1. Main OUTPUT file from n + 93Nb calculation
a. Nuclear mass, reaction sequencing, and parentage information

The first item appearing in a GNASH output (not shown in App. 7) is a mirror listing of the
INPUT file. Next is a listing of the Hollerith information at the beginning of the ground-stale mass
file (TAPE13), which is reproduced as item 1.A in App. 7. Iiem 1.B is a labelled listing of all the
input variables, including the dimensions for major arrays used in the calculations. Note that all
these dimensions are set in a PARAMETER statement and are easily increased or decreased,
depending on the available computer memory. Two constraints were imposed for the present
calculations as compared to our more usual configuration: the number of compound nuclei
(NIDIM) and buffers (NIBDIM) were decreased from 16 to 10, and the number of possible energy
bins (NKDIM) was decreased from 240 to 1(X). These changes result in a considerable reduction
in storage requircments. . '

Item 1.C of App. 7 gives a dcscﬁptioh of the decay chains and lists other data determined
from the problem setup, such as atomic masses and separation energics for gach channel. Scveral
items arc important to note in this section of output. Notice that (lower casc) I is used to index the
various compound nuclei that arc included in the calculation, running from 1 to 8 in this case.
Similarly, the index IP is used to label each outgoing radiation channel from the various compound |
nuclei. For this problem IP runs from 1 to 4 in all cases, indicating gamma, neutron, proton, and
alpha emission. A third index, IR, is used as a running index for all reaction channels, running -
from 1 to 32 in this problem The columns labclcd ZA1 and ZA2 give the ZA of the light and
heavy reaction products, and XMR, and § give the mass of the heavy (residual) nucleus and the
separation encrgy for cach channcl.

Beginning with the second compound nucleus (I = 2, ZACN = 41093.), the "I=..." and
"IP=..." statements just under ZACN indicate the I and IP of the parent reaction whose decay leads
to this ZACN. Note that for the compound nucleus 40092. (I = 5), the parcntage indicators are
"I=204." and "IP=302." Thesc numbers mean that this compound nucleus (40092.) was formed
in two preceding reactions, defined by 1=2, IP=3 and 1=4, IP=2. Also note that the "buffer
number” on the far right of the listing is the same for the two parent reactions as weil as the
_ gamma-ray emission channel of the I = 5 compound nucleus. This simply mcans that the
population data for the 40()92 compound nucleus are accumulated in one buffer from all reactions
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that form it. For this problem, the compound nuclei indicated by 1 = 5-8 all come from two parent
reactions. Finally, it should be noted that using the more manual input INPOPT = () it is possible
to avoid combining populations from multiple preceding reactions leading to a given compound
nucleus. This latter capability can be uscful in isolating contributions from specific channels.

In a complete output, item 1.C is followed by other input information, such as cross sections
from the transmission coclticient file, width-fluctuation correction factors if that option is used,
and direct cross sections (if inciuded) interpolated at the particular incident encrgy being calculated.

b. Gamma-ray strength function information

In Scc. 2 of App. 7 details of the gamma-ray strength function input and normalization are |
given. This printing occurs in cach of the major "1" or compound nucleus loops in the SPECTRA
subroutine, which is discussed further in Sce. 111 The column labeled "Constant” gives the
normalization constant applicd to cach strength function, followed by the 2n<I'y>/<Dg> inlcgral‘
[see Eq. (20) of Sec. I fer cach of the multipolarities, prior to normalization.

Note that messages beginning with "++++" are given in this part of the output to indicate that
it was not possible to carry out the level density matching prescribed by Egs. (29) and (30) for the
reactions flagged. When this occurS. GNASH simply sets the matching cnergy between the
Fermi-gas and temperature level density regions to a.low value, so that usc of the Fermi-gas
formula begins at a lower-than-usual cncrgy Frequently, this rcsults in the temperature ngioh
- being climinated altogether, that is, only the discrete levels and the Fcnm-gas level densuy are used
without precise matching.

c¢. Preequilibrium spectra
The precquilibrium parameters and résv.it; are printcd in the first compound nucleus loop of
the SPECTRA subroutine. The specira that result are included in Section 3 of App. 7, tabulated .
for the outgoing neutrons (ID = 1), protons (lD = 2), and alpha panticles (ID = 6). In the second
column for each 1D are the tabulated emission energies (midpoints of the encrgy bins), followed by
the preequilibrium component, the equilibrium component (suitably adjusted to account for lhe
preequilibrium flux), and the total emission spectrum value.

d. Ratios of preequilibrium to reaction cross sections .

The main paramcter required in the Kalbach systematics® for‘prcdicting particle angular

- distributions for a given emitted particle is the ratio of the precquilibﬁum cross section to the total
- emission cross section as a function of emission energy. These ratios:are provided in the GNASH
" output just before the close of the cbnipbun‘d nucleus loops in the SPECTRA subroutine. The
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ratios, which arc shown in Sec. 4 of App. 7, arc small (or zero) at low emission cnergies and

-approach unity at the highest energics, as expected.

¢. Binary reaction cross sections

Next in the GNASH output are the binary reaction and prccquilibriﬁm cross section
summarics, as shown in Scction 5 of App. 7. The first cross sections listed (with the x/s indicator)
are mainly those obtained trom the transmission coefficient file, or a combination of those results
with the compound nucleus calculations. For example, the total, shape clastic, and reaction cross
scctions that are listed come from TAPE10, but the elastic and nonelastic cross sections also
involve GNASH results. Note that, because the radiative capture flag was turned off for the
example case, the "radiat. capture x/s" has a different meaning, that is, it is the radiative capture
cross section plus the cross section for (s, yn’) reactions, as the latter have not been removed. In
fact, the radiative capture cross section at this cnergy is essentially equal to the direct-semidirect
capture cross section, computed to be 0.82 mb in this case.

Next in the output are the "binary reaction summaries”, which result entirely from the
GNASH calculations using the particle transmission coefficients. Note that in the cxample shown
* the GNASH reaction cross section is almost, but not exactly, the same as the reaction cross section
that comes on TAPE 10 directly from the optical model code. This difference is reasonable because
of dlffcncnccs in the integration routincs in GNASH and in SCAT (in this case).

Finally, the preequilibrium and compound nucleus cross sections for binary reactions are -
summamwd for all outgoing paruclcs

, f. Angle-integrated emission spectra for individual reactions
Following the integrated cross scctions are the angle-integrated emission spectra for
cindividual reactions (Sec. 6, App. 7). These results are given in columns for each reaction

-~ channel, tabulated at cach particle emission cnergy and given in the center of mass system of the

. outgoing particle plus nuclcus. At the top of each column are given the ZA of the compound
nucleus prior to decay, followed by the ZAs of ihe light and heavy reaction products. Discrete-
~ level decay and excitation cross sections are given, mainly for diagnostic purposes, followed by |
~ the total production cross section and average emission energy for each channel. The latter two
quantities are obtained by direct integration of the tabulated spectra that follow.

The individual reaction spectra are given for all 32 reaction channels included in the

calculation. The ordering of the spectra is the same as the reaction ordering in the input. '

‘ It is within this portion of th¢ output that cross sections for specific reaction paths can be
- determined. To do so, all particle paths leading toa specific compound nucleus must be summed
| together. From this sum cross sections for further decay by particle emission or fission must be
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" subtracted in order to obtain the desired reaction cross section. For the case of incident neutrons,’

~ some specific relations are as follows:

Oyp =Sy ZA+]) - D, S(ZIA)

i=n.p.a
O,y = SyZA+)- S(Z-ZA‘i)
i=n,p,a
0 =S (ZA+])- Y, S(@ZA)-0_
e i=n,p,a elas. | R
O 2 = Sa(ZA) - ._ﬁ‘:,’, as (Z.A-1) - ‘-(62‘,).

Opxn = SpZA+2X) - Y, S(ZA+1-X)

i=n,p,a

an',;p =S,Z.A) +SZ-1.A) - 3, S(ZLA- 1

. i=n,p,a

«=S (ZA)+S (Z2A-3)- Y S(Z-?A-4)

i=n p,

where S (ZCN.ACN) is the integrated cross section for particle i, Zcy and ACN are given by the
ZACN value at the top of cach column (ZACN = 1000 ZcN + ACN). and Z and A are the charge
and mass of the target nucleus (Z =41 and A =93 in the example here). Analogous equations can
be written for incident charged parﬁcles. , _
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 secuon should provide a similar cross section
value as Eq. (62), provided that enough multipolarities are included in the gamma-ray decays to
- prevent "trapping” of cross section in the continuum cascade calculatlons See Sec. ILE.Lh below .
. for more on cross section trapping.

g. Composite particie and gamma-ray angle-integrated spectra
Following the section dealing with cross sections and spectra for individual reaction paths are

similar data for composnc spectra produced by summing contributions over all reaction paths for -

~each outgomg radiation type (Sec. 7, App. 7). In this instance particle emission cross sections have

: muluphcmes included. Note that all spectra are angle integrated and spectra from individual
3 reacuons are given in the center of mass system of the recoxhng nucleus plus particle or gamma
ray.
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The integrated cross sections, average energies, and spectra are given in the same manncr as
* for individual rcactions, with the emission radiation types labelled at the wop of each column. The

~ final column on the right, labelled "g.neutrn”, is the spectrum of neutrons emitted following
radiative capture, that is, from (n,yn’) reactions. It is only activated if the radiative capture flag,
- ICAPT, is tumed on, so only zeros appear in the example of App. 7.

h. Discrete level cross sections: primary capture gamma-rhy, level
excitation, discrete gamma, and isomer production cross
sections

Following the spectral data in the output of App. 7 are discrete level cross sections computed |
for both particle and gamma ray emission (assuming IPRTLEV=1). These results follow the same
order as the individual particle spectra, that is, they follow the order that the reaction sequence is
input. The first quantitics printed (Scc. 8.A) are the gamma-ray cross scctions corrcsponding to
transitions from the capturing state in the main compound nucleus to the discrete levels in the
compound nucleus, that is, the cro s sections for the primary capture gamma-ray lines.
Obviously, these are small for 1. MeV incident neutrons and not of much significance in the
example case. Under item 8.B are given the discrete gamma-ray cross sections from radiative
capture in the main compound nucleus resulting from cascades among the discrete states, having
the reaction index IR = 1. Again, because ICAPT = 0 for the present calculation, the continuum
cascades for thc main compound nucleus were not included in the calculation, so the actual
numbers in item B have little meaning. The table has the same form, however, as for thc ICAPT =
1 case and is explained further for the (n,n"y) case described below.

Section 8.C of the App. 7 output contains all the rest of the discrete level data. The first three
sets of information, consisting of 5 columns in the output, are discrete level excitation or
production cross sections for the channel identified at the top of each set. For example, the first set |

of data under item C corresponds to the reaction identificd by the labels I=1, IP=2, IR=2, and the .

emitted particle has ZA = I (a neutron) and the residual nucleus has ZA = 41093, and by inference
the compound nucleus that emitted the neutron has ZA = 41094. Obviously, this is thé_
93Nb(n.n")93Nb* reaction to discrete states. Similarly, the next two sets of data under item C
correspond to 93INb(n,p)?3Zr* (IR = 3) and the 93Nb(n,a)90Y* (IR = 4) reactions to discrete
states. Note, that these are excitation cross sections only, that is, there is no gamma cascading yet.
The fourth set of data in Sec. 8.C is for gamma-ray decay of “3Nb discrete states (1=2, 1P = |
1, IR = 5) following (n,n’) reactions, that is, these results are for (n,n"y) reactions. The discrete'.
states are populated by the neutron reactions in the parent channel I = 1, IP = 2, given above In
all instances of gamma-ray decay, the output includes both level excitation cross sections (4“'
column in the output) and gamma-ray level decay cross sections (121 or last column in the listing). .
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The discrete levels are populated from both the continuum region and from higher lying discrete
levels. For isomeric states, that is, states whose decay is somchow impeded, the level excitation
cross section (column 4) is the isomeric state cross section.  For example, the excitation cross
section for le* <] number 2 in the IR = S data scction (55.5 mb) is the calculated cross section for
the well known 93Nb(n,n")?3MNb reaction that produces the J® = 1/2-, 14-year isomeric state. In
calculations involving nuclei with isomeric states, one must be careful to correct the decay scheme
for longer-lived states that do not decay “"promptly”. The definition of "promptly” depends on, for
example, the time scale of the measurement that is under comparison.

As pointed out in Scc. ILE.1.f above, the cross section for excitation of the ground-state
level after deexcitation of all higher levels gives the production cross section for the residual
nucleus. In the present example, this value (427 mb) corresponds to the 93Nb(n,n') integrated
cross section. In genceral, this value should be consistent with Oy g that is obtained using Eq. (62)
above, providing that the spin distribution of the discrete states in the calculation is broad enough
that no cross section is "trapped” in the continuum energy bins with no possibility of decay.
Trapping of cross section in the continuum region occurs when the angular momentum change
required for decay of continuum states to the discrete levels is inconsistent with the available
gamma-ray multipolaritics and can usually be avoided by adding more discrete levels or by adding
additional gamma-ray multipolarities. |

The next three discrete data sections give neutron, proton, and alpha deexcitation cross
sections from the continuum region of 93Nb (IR = 6, 7, and 8), followed by a section giving the
gamma-ray decay of 92Nb (IR =9). The latter reaction corresponds to discrete gamma rays from
93Nb(11.2nY)92Nb reactions. In an actual output, discrete cross scction results would be given for

all oth:r residual nuclei formed in the calculation, but for brevity these are omitied from App. 7.

i. Level density parameters and matching data
Finally, the last section of the output (Sec. 9, App. 7) providcs information on the various
level density parameters used for all residual nuclei in the calculation (assuming that the print
contrul parameter is set as in the present case, IPRTC = 1). Again, the results follow the same
order as the reaction sequence was input. Two tables of information are given covering the
following parameters: '

LIP.IR = Reaction indexes defined carlier;

1ZA1IZA2 = ZA numbers for the emitted radiation and residual nucleus in each channel. The
4 - level density parametcrs correspond to the residual nucleus;
A= Fermi-gas level density parameter; |

TEMP = Temperature in the temperature level density model;
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EO =
EMATCH =

ECUT =-

Constant in the temperature level density model;

Encrgy at the boundary between the temperature and Fermi-gas level deusity
regions; . y
Encrgy at which the discrete level region is joined to the temperature level density
region. Usually ECUT is the excitation energy of the highest discrete level used
in the calculation;

LEVELS AT ECUT = Number of the highest discrete level used in the calculation, including the

ECUTL =

ground state,
Excitation energy of the lowest level used in the calculation;

LEVELS AT ECUTL = Number of the level at ECUTL (l = ground state, 2 = first cxcncd state,

SIG2 =

Q=
PAIR =

" SEPN =

etc.) :

Average value of the spin cutoff parameter, 62, in the discrete level region when
the control parameter ISIG2 = 1; o

Q-value for the reaction or channel;

-Pairing energy, A, used in ievel density calculations [for example, see Eq. (27)),

usually determined from: PAIR = PZ + PN (see below) but PAIR can he
dmcctly input;

Mean lcvel spacing for s-wave neutrons, compuited from the Fenm-gas level
density expression using the paramelters given herc.

Neutron pairing energy [P(N)];

Proton pairing energy [P(Z));

~ Neutron shell factor from the Cook tables;32

Proton shell factor from the Cook tables;

Separation energy of the emitted radiation for the compound nucleus of each
channel; '

"Accumulated” separation for the compound nucleus of each channel relative to
the initial or primary compound nucleus. ‘

. ldenuﬁcauon mdex for the various emitted radiation types that 1s.

ID'= I for neutmns .

ID = 2 for protons

ID =3 for deuterons -

ID =4 for tn'ton‘s: .

ID =5 for 3He

ID = 6 for 4He .

ID= 7t'orgammarays. . o ,
Separatlon energy for neutrons relative to the ncsxdual nucleus (ZAZ).
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SPINT = Spin of the nucleus that results from separating a ncutron from ZA2 (used with
' SEPN to calculate DO for cach channel).

- The asterisks that appear in the “ECUTL" column indicate that cither discrete level data are
not present in the TAPES input for that ZA2, or that only the ground state is given. In either case
the determination of the matching parameters is necessarily done differently (note that EQ = 0, in
the flagged channels) from the case where discrete levels are known. See the discussion in Sec.
1.D.3.a, particularly Eqgs. (292) and (29b).

2. Binary output of continuum and level populations
All GNASH calculations of continuum and discrete level populations are output in binary
format on TAPE12. These data are used in the RECOIL code46 10 unfold the calculations to give,
for example, ncutron spectra from specific (n,xn) reactions for use in ENDF/B evaluations.

3. Auxiliary output files of discrete level and preequilibrium gamma-
ray data
Direct-semidirect radiative capture cross sections and photon emission spectra are output on
TAPES9. These results are mainly used for checking purposes.
Detailed cross section information on all discrete level reactions calculatcd in GNASH are .
output on TAPE60. These results are uscd in the undocumented Los Alamos code F6GAM that
' produccs ENDF/B-6 formatted gamma-ray producuon data.

F. Utility Codes for Analyzing GNASH Output

A number of utility codes have been developed at Los Alamos to convert GNASH oulpﬁt

files to other forms (ENDF/B files, thick target cross sections, etc.). Some of these codes are -

illustrated in Fig. 10, including summary remarks regarding their functions. Most of lhesc codes
are undocumented.

111. DESCRIPTION OF THE STRUCTURE OF THE GNASH CODE
A. General Description of the Computational Approach.
The approach followed in GNASH is to use a main driver program 1o orchestrate input,

‘problcm setup, and output of results. A set of subroutines and functions perform the various
model calculations and parameter manipulations. The basic Hauser-Feshbach calculations are
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carricd out in one large subroutine, described helow, that calls in the major model subroutines and
is essentially the heart of the code. The output from the code is provided in a standard form that
has remained essentially unchanged for many years. Conversion or modification of the output to
- other formats, such as ENDF/B-6, is accomplished by external utility codes, as outlined in Sec, 11,

- B. [Identification and Description of the Most Important Subroutines '

The structure of GNASH is illustrated in Fig 11. The main program module reads in
problem-specific information from the INPUT file. It also determines the masses and binding
- energies as well as ground-state spins and parities through calls to the function ENERGY. A call
" 10 LEVPREDP reads in discrete level information from TAPES, while a call to TCPREP reads the
particle transmission data from TAPEI(). A call to SETUP initializes level density, direct reaction,
- width fluctuation, and spline parameters. This completes the portion of problem sctup that is

~ independent of incident energy.
A DO loop over incident energy is next executed in the main program, and for cach incident
laboratory energy the following sequence occurs. SETUP? is called to determine energies and
" intcgration end points as well as transmission coefficients for the incident channel. Direct reaction

. cross scctions are also evaluated at the specified incident energy. The SPECTRA subroutine, - '

- which is described in detail below, is then called to carry out the major Hauser-Feshbach cross

 section calculations. If precquilibrium concctions are desired, the PRECMP subroutine is called

by SPECTRA after calculations for the first compound nucleus have been completed. Following

K the Hauser-Feshbach continuum and discrete level calculations, the subroutine GRLINES is called

" to calculate the deexcitation of all discrete levels by gamma-ray emission until the ground state is

reached. After completion of the calculations in SPECTRA, the main program calls PREGAMI to

~ perform the dircct-semidirect radiative capture calculation and to combined those results with the

* - SPECTRA output. Finally, the subroutinc DATAQUT is called to print output results. This whole
process is then repeated for the next incident cnergy.

, " Listed below are the subroutines and functions (indicated with asterisks) comprising
GNASH: |

I. LCSPACE -  Scts up storage, determines parent reactions for dcc'ay‘scqﬁcnccs, and assigns
bufters for the various compound nuclei. - B
2 ‘CHAINS - Constructs optional automatic reaction scquch. 'cS.
3. ENERGY -  Reads mass and ground state spin, parity for TAPE13. | | ,
4, LEVPREP- Rcads in level data from INPUT or more coxﬁmonly from TAPES. Prepares -
level data as needed for calculation. Calls SORTS. '
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SORTS -

6. TCPREP -

10.
11
12.
13.
14.
15.
16.

17.

18.

Al'9.'

20.

. SETUP-

SETUP2 -

SPECTRA-

INTERPI -
TFIS® -
BAND -
RFIS® -
LEVDSET -

DEFN"* -
AIGN* -

GILCAM -

LCMLOAD -

GAMSET -

FXCAL -

Sorts ZA data into ascending order.

Reads in particle transmission cocfficient from input or more commonly from
TAPE1(). Eliminates j-dependence of spin 1/2 arrays.

Determines accumulated separation energies for decaying nuclei and identifies
secondary reaction particles and photons. Initializes level density parameters
and reads direct reaction cross sections and width fluctuation factors (if

| desired) from TAPE33.

Determines energics appropriate to problem execution and integration end
points. Generates transmission coefficients for incident channel at a given lab
encrgy and also determines direct reaction cross sections appropriate for that
cnergy.

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.

Finds indices for interpolation.

Computes Hill-Whecler penetrability.

Buiids fission transition states from bandhcad information.

Computes fission transition state densities.

Determines pairing and Fermi gas parameters. Calls GILCAM for Gilbert-
Cameron constant temperature and matching parameters and DOGET to
compute Dopeerved:

Function that provides deformation energies for computations with Ignatyuk
level density. |
Function that provides the Fermi-gas level density parameter for calculations
with the Ignatyuk level density formulation. .
Dctermines constant temperature level density parameters by matching with
discrete states data and Fermi-gas level density.

Computes and stores transmission coefficients on energy grid required for Ith
compound nucleus. Similarly, calculates level density and Yrast values.
Provides a print of these quantities on integration grid if desired. ,
Sets up garhma ray cascade calculation. Dc;érmines Weisskopf, Brink-Axel,
or Kopecky-Uhl strength function parameters and calculates gamma-ray
transmission coefﬁcnems on integration g 1d Provides pnmout if desired.
Calls FXCAL. _ ‘ '
Computes gamma-ray strength function;
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21.

23.

| 25 BN (¥ ]
wn

30,

3L
32.
3.
34.
3s5.

36.
37.

38.
39.
40).
41.

42.
)
.. 44,
45,

WEISSKEF -

. INCHSUM -

GRLINES -

DATAQUT -

. LINEW2 -

CXFP -

. ISERCH" -
. PRECMP -

. PRECOC -

COMDEN -

TTRANS -
QBETA" -
OMEGA"* -
PRESPEC -
RESOL -

EMISS -
PICNOC -

FACTOR'® -
FF* -

OMEGA2"* -
PREGAMI -

INTERP -
SPLINE -
FUNDAK?® -
CUT -

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

Performs sum over s and 2 of incident channel for a given compound nucleus
spih and parity. |
Calqulalcs discrete gamma-ray cross sections, sums spectra to produce
integrated ‘cross sections, computes particle emission from particle unstable
levels. Reads level data from ‘TAPEY scrateh file. Calls ISERCH.

Main output routine, calls LINEW?2, '

Utility for BCD single line writes, calls CXFP.

Allows more efficient E-formatted writes.

Function that finds the necessary parameters for spline interpolation,

Main calling routine for preequilibrium corrections. Calls PRECOC.
Renomalizes spectra, cross sections, and populations. '
Based on PRECO-B program of Kalbach. Calls COMDEN, TTRANS,
EMISS, RESOL, PICNOC, PRESPEC. .

Determines composite nucleus state densities usmg Williams exprcssnons
Calls WELL, OMEGA.

Computes A, A, Ag.

Determines Qy, for proton neutron distinguishability.

Calculated (p.h) state densities.

Determine preequilibrium emission spectra; prints results,

Solves master equation as well as determines closed-form prccqunhbnum
results,

Calculates particle emission rates for a given p-h configuration. Detcrmmes
total emission rate. Calls WELL, OMEGA, QBETA. .

Determines contributions due to pickup knockout,and alpha particle reaction
processes. Calls FACTOR, FF, OMEGA2. - | S
Computes factorial. ‘

Computes f function needed for pickup, knockout. |

Computcs state densities fe‘quircd forv‘pickup.‘ knockout, etc.

Calculates pru.,quxhbnum gamma-ray emission cross sections using detailed
balance and the prescription of Akkermans and Gruppclaar 39

Interpolation function, '

Spline subroutine.

Used by spline subroutine.

Used to infer average spin cutoff from distribution of discrete states.
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46. AGET - Calculated Gilbent-Cameron Fermi gas parameters for D).

47. DUGET - Calculates Dy) from Gilbert-Cameron level density o’ parameter.

48. WELL - Calculates finite well depth correction factors for use in determining surface
~cffects in preequilibrium model.

4. GDR" - Function that calculates giant-dipole-resonance gamma-ray strength functions

for PREGAMI subroutine. |
50. NFACT®*-  Computes factorials for PREGAM1 subroutine.
51. STATEDEN®- Function that calculates state densitics for the PREGAMI subroutine usmg lhc '

unrestricted Wllhams cxpmssmn
C. Discussion of the SPECTRA Subroutine

The SPECTRA subroutine is the main calculational portion of the orogram and is where
partial and total widths, continuum population increments, and discrete level populations are
computed for all compound systems occurring in a specified decay-chain. Fig. 4 (Sec. 1.C.2)
illustrates schematically the technique used to accumulate populations during these decay
processes, while Fig. 12 provides a simplified description of the coding used to compute binary -
reaction processes involved in particle or gamma-ray decay.

Several nested DO {oops are used to handle the entire reaction sequence.  As illustrated in
Fig. 12 the outermost loop sums over all compound nuclei appropriate for the probicm. The next
loop sums over all energy bins (specificd by K) in the decaying compound nucleus defined by the
first loop. Once a continuum bin is identified, a third loop sums over all 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 continuum bin K to discrete levels in the residual nucleus
are accumilated. Increments to the partial and total widths for the specific J® compound nucléqs
state arc also determined.

After the caleulation 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 J® statce'hcginé For cach compound nucleus state specified by -
(U.J.x), the sum over all du,.ly channels (in a manncr analogous to the method used for population
of discrete levels) begins. For cach decay process (n.acuon type), a sum over the allowed range of
. cncrgy bins in the residual nucleus defined by the dccay is made. Within this sum contributions to
- both- pamal and total widths arc ‘obtained. Note that for both continuum- level and continutm-
: commuum tranmnons the same methodology is used to compute dccays no matter what lhc
‘ spcc:ﬁc radiation typc (gamma mye particle decay, fission). ' ' '
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After the calculation of partial and total widths has been completed, a series of similar loops
is used to normalize cach partial width by the 1otal width for the compound nucleus state specified
by (U.J.r). Contributions to spectra are computed and the total population reached by any
combination of decay paths and continuum bin decay are stored. Level population arrays are also
_incremented. If preequilibrium corrections are to be made (for the first compound nucleus), lhch
. PRECMP is called. Afterwards the loop over compound nuclei continues until all compound
- system decays that are energetically po.sible have been computed. Finally, GRLINES is called 10
-compute discrete gamma ray cross sections afier cascades have occurred and these are then added
N ko computed gamma ray spectra.

.D. Summary of General Guideiines for Calculations with GNASH

, In this section we list some guidelines that will help avoid problems when runni'ng the

 GNASH code:

k 1. When setting up reaction decay sequences, it is essential that the first decay
channel in each compound nucleus be for gamma rays.

2. Itis recommended that the second decay channel for the main compound nucleus
be inclastic scattering, that is, emission of the incident particle from the main
compound nucleus. '

3. No compound nucleus should be put into the reaction sequence until all reactions
that decay to it have already been entered.

4.  When setiing up reaction sequences for higher energy calculations, that is, ones
that involve formation of compound nuclei from multiple reactions paths with
different Q-values, the reactions with the largest (most positive) Q-vzilucs should
generally appear first in the input file.

5. When running neutron-induced reactions, our usual procedure regarding gamma-
ray strength function normalization is to input 2rn<I"y0>/<Dg> (SWS in the input)
using experimental data for the main compound system, and then to sct SWS to
zero for lhc.remainihg _con}pound nuclei. When this is done, the code uses the
same normalization factors for the gamma-ray strength functions for all
compound systems. These factors have been found to be slowly varying for
nearby nuclei.

- 6. Concerning yamma-ray strength functions for incident chafgéd particles, we
usually use normalization constants from a neamy.ncu&on-indu§ed calculation.
in this way we are able to utilize ;21:<r§o>/<Do> or 6ny(Ep) rerults from
experiments in determining the gamma-ray strength functions.
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7. Itis recommended that ICAPT = 0.be used in all calculations except those
specifically addressed to (n,y) radiative capluti: cross sections and spectra. The
main reason for this reccommendation is that including the photon cascade in the
first compound nucleus (ICAPT = 1) gfca;i'/ increases computation time at higher
energies, and the (n,y) cross section is usuclly negligible compared to (n,n'y) and
(n,xny) reactions at higher energies. - SR

- E. Examples of Calculations with GNASH

- In this section cxamples of calculations with GNASH are illustrated, mc,ludmg rcsults from
o the example calculations used in the computer exercises.

1. Examples of discrete/continuum level density matching ‘

Figure 13 shows some typical examples of matching discrete level structure with the

temperature level density function, Eq. (27). In these cases Eq. (29b) was used for the m.atchihg,

A comparison is given in Fig. 14 of matching the same discrete levels for 239Pu with the two
forms of the wmperature function given in Egs. (29a) and (29b). -

2. Neutron-, proton-, and alpha-induced reactions near A = 56

Results from calculations of several n + 56Fe cross sections as functions of incident energy |

using the input parameters from the computer exercises are compared with experimental data47 in

Figs. 15-17. Additionally, calculations of (p,n), (p,2n), and (o,n) cross sections on tafgets in lhc

.nenghborhood of 36Fe are illustrated in Figs. 18-20. These latter calculatnons mvolvc pa-
rameterizations similar to but not identical wnh thosc used in the compulcr exercises.

3. n+9Nb reactions .
‘Several comparisons to experimental data47 of calculauons of n + 93Nb cross scctions using
the present parameters (App. 5) are given in Flgs 21-24.

4. r + 238y and p + 238U results
Results from GNASH calculations of the 238U(n.!') Cross secuon using modcl parameters

o from the computer exercises are illustrated with experimental data4? in Fig. 25 A similar

o companson for the 238U(p.f) crnss section is given in Fig. 26.
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S. Neutron-induced reactions on Pb isotopes
Results from an extensive set of calculations of neutron-induced reactions 0a Ph isotopes
between Ep = 0.01 and 100 MeV!H are reproduced in Figs. 27-39. These results illustrate the wide
range of experimental data47 that can be represented in a consistent analysis.

1V. HIGHLIGHTS OF THE MULTIBARRIER FISSION MODEL IN GNASH,
AND PLANS FOR FUTURE DEVELOPMENTS OF THE CODE

A . Fission Model

1. Description of the fission model in GNASH
The theory associated with the fission model used in GNASH is described in Sec. 1.D.S.

2. Input example for fission cross section calculation

The input for the n + 238U calculation covered in the computer exercise examples is given in -
App. 8. The input is similar to the n + 93Nb casc in App. S except, of course, the fission ﬂag |
(IF1S) is set, and an additional line of input is required to input the number of fission barricrs to
use (line 6). In the example shown here, NBAR = 2, that is, a double-humped barvier is used.

The case shown is for 12-MeV incident neutrons, with a relatively straightforward decay
sequence, that is, only the gamma-ray, ncutron, and fission channels are considered. Note that the
fission channels are defined by setting ZAt = 99. in the decay scquences. At high enough incident ;
energy, proton competition might become significant, but this sctup should be adequate up to a
least 20 MeV. A more complicated input option (INPOPT = 0) is used in this case to specify the
reaction sequence. We typically use this sctup for fission problems, because there is usually an
intercst in specifying more of the level density and matching parameters, and INPOPT = 0 is
convenicnt for this purpose. Additionally, we alrcady necd to input a relatively large amount of
fission bamier and transition state data, so being concise is not possible. In the case shown, the
level density parameter, the number of discrete levels, the associated excitation energy to maich,
and the pairing cnergy are directly input for a number of the channels.

The LGROPT = 2 option was set in line S, directing use of the Brink-Axcl gamma-yziy
strength function (GSF). On lines 32-34, the RE1(MP) are directly input for E1 and M1 and are
used with SWS(1) = +).0063 to set the normalization constants GGDNORM(MP). Because
SWS(MP>1) are zero, the same GSF normalization constants arc used for all compound nuc_:ic'i.

E Note that even though finite values for GGDNORM(MP) are given in lines 32-34 of the input, the

normalization is determined by SWS(1). If, on the other hand, SWS(1) were to be set to zero,
then the inputted values of GGDNORM(MP) would be used for all compound nuclei, as described
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in the input description of App. 4. A double peak is used for the GDR Lorentzian (line 35), and

ti..» E1 GSF is held constant below EGCON = ().5 MeV (line 36). .
The fission barrier parameters begin on line 38, just following the preequilibrium model

input, where nominal values are used. The fission parameters are given in the exact same order as

the reaction sequences input in lines 11-31, that is, there is a set of barrier parameters for each

compound nucleus appearing in lines 11-31 that has a fission (ZAl =99.) decay mode. Therefore,
lincs 38-77 give fission barricr input for ZACN = 92239, lines 78-91 for ZACN = 92238, cic.
(The parameters given here are ones used in calculations for the ENDF/B-VI analysis of n + 238U
data.) .

Considering the input for ZACN = 92239, the barrier heights are given in MeV in line 38,
the values of he (MeV) for the barriers in line 39, and the level density enhancement factors for the
two barricrs in line 40). The barrier transition states appear next in the input (lines 41-77). Because
~ a positive value of FSTS is used, the actual excitation encrgics, spins, aiid parit s of the transition
states are read in this case, and the same set of transition states (lines 42-77) are used for both
barriers. Looking at the input for the second compound system, ZACN = 92238, a m,gau\c va!ue"
of FSTS is input (linc 81), which means that bandhead information is input with semratc bandhcad
' - data for cach barrier (lincs 82-91). In this case, the code aulomallcally constructs the transition
slalcs for the bandhead data, using Eq. (60) of Sec. 1.

3. Output example from fissicn calculatior, -
Excerpts from the output obtained for the n + 238U calculanon using the input dcscnbed
. above (Sec. IV.A.2) are given in App. 9. '

a. Input data
The first section of any GNASH output is a reproduction of the input data used for the
calculation. Following the first section, the input options are listed again with the variables
explicitly defined, as shown in Sec. 1 of App. 9. Note that for this case NLDIR = 119 is used,
which means that direct reaction cross sectior:s are expected for 238U states through level number
19 on TAPE33. Because NLDIR is grcater than 100 the mput dmcl reaction data are
“(predominantly) from coupled- channcl calculauons, 50 no reaction cross section renormalization is
. made by the code.

b. Reaction labeling, reaction péren(dge, lilasses, buffer numbers
The reaction sequences are given in Sec. 2 of App. 9, together with the parcmagc'indices. '
masscs, scparation energies, and compound nuclei buffcn Tris section of output is similar to the
previous example given in App 7.
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¢. Fission barrier parameters

_ -Section 3 of App. 9 repret ces the portion of the oulpul that gives the fission barrier
' '?ammclcrs for the various compound nuclei in the calculations, including all the transition-state
" data. The data are listed in the same order as the reaction sequence was input, namely, 239U first
barrier, 239U second barrier, 238U first barrier, ete. For 239U, the discrete transition state data n
~directly input, and the same data are used for both barriers, except different barrier heights are
added. In the casces of 238U and subsequent compound nuclei, the transition states are constructed

- from the separate bandhead information input for cach barrier,. The actual transition staw data was

- constructed using Eq.(60) of Scc. 1, and the data for 238U are shown in Scc. 3 of App.9.

d. Direct reaction cross section data

As mentioned above, the control parameter NLDIR is set to 119, which means that direct
reaction cross section data are read for the first 19 levels of the target nucleus from TAPE33.

' ~ Section 4 of App. 9 reproduces part of the output concerned with the direct reaction cross sections.
The results shown lie inside the incident energy loop, and include a printing of the dircct reaction )
cross scctions interpolated to the incident energy, 12 MeV in this casc. The direct reaction input -
data in TAPE33 must include all states up to the highest level with direct reaction data. Therefore,

- several of the cross sections have zero values. Also, because NLDIR is greater than 1(0), these
direct cross sections are from coupled-channel calculations (predominandy), and the reaction cross
- section resulting from the wransmission cocfficicnts is not renormalized downward by GNASH. In
actuz] fact, only the direct cross scction for states numbered 2-5 are from coupled channel
calculations, corresponding to the 2+, 4%, 6%, and 8+ states of the ground-state rotational band.
.- The cross sections for higher excuauon states result from DWBA calculauons of v:brallonal states

but are small compared to the coupkd -channel cross sections. I

e¢. Preequilibrium information

- More details of the output from the preequilibrium mode: calculations are included in Sec. §
, of App. 9 than were shown in the previous cxample in App. 7. In particular, Sec. 5 begins with ;i |
 table of the particle-hole occupation probabilities, followed by the precquilibrium and unadjusted
Hauser-Feshbach spectra. Finally, the corrected inclastic neutron spectra are given. '

f. Binary cross sections

The binary reaction cross sections from the n + 238y calculation arc given in Sec. 6 of App
"1 9, Again, the first set of integrated cross sWuons (adjacent to "lab neutron energy = 1.2000¢+01")
comes mainly from the opucal model cross sections on TAPEI10 and the direct cross sections on
TAPE33, with some integration of GNASH results. -Although annotated remarks are supplied

48




| , ’(bo‘ld face), it should be mentioned that under the "'bi.nary reaction summaries” section (which only

includes GNASH results). the reaction cross section is obtained entirely from the incident particle
transmission cocfficients, Because NLDIR is set greater than i(X), no correction was made in
GNASH to remove the DWBA component of the direct ctoss sections from the GNASH reaction
cross scctions (although the coupled-channel direct component is automatically removed from the

transmission coefficients).

g. Individual reaction spectra for n + 238U calculations
In Sec. 7 of App. 9 the energy spectra of emitted particles and gamma rays arc given,

together with integrated cross sections and average spectral energics. These nesults are similar to
the output example for 93Nb (App. 7), except in this case the spectral data have no meaning for the

fission casc (ZAl =99.), because only a cross section is computed in GNASH. The one entry in

the spectrum column is simply the fission cross section divided by DE, the bin width. Note that
the fission cross sections given in this section correspond to multichance fission, that is, the first-
'chanco fission cross section is 0.352 b, sccond-chance is 0.647 b, and third- chancc fission is
.':() 210 b for the casc shown.

h. Composite spectra for emission particles and gamma rays

Composite particle-cmission spectra, average cnergies, and integrated ci0ss sections are

given in Sec. 8 of App. 9. Again, the spectrum print has no meaning for the fission channel, as
the only entry in the spectral part of the fission column is the total fission cross section divided by
the energy bin width. It should be notcd, however, that while the other columns are valid,
ncutrons and gamma rays from fission fragments are not ihcludcd in GNASH calculations such as

“those discussed here. In order to compute cmission spectra from fission fragments, a separate set
-of GNASH calculations must be made that combines results from calculations like the present ones
with additional modeling for the distributions, excitation energies, eic., of the fission fragrjiems.

i. Level density information for n + 238U calculations

The level density parameters for the present problcm are given in Sec. 9 of App. 9. The
various quantities in the output tables are the same as dcﬁned in Scc. ILE.1.i. Note that asterisks

appear for all rcsxdual nuclcl in the "ECUTL” column, indicating that the snmple model [Eq. (29a)

| of Sec. L. D 3.a) was uscd for matchmg the temperalure level dcnsuy with the discrete levcl data.
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B. Plans for Future Developments

1. Cross sections from multiple preequilibrium processes
One of the authors (M.B.C) has developed a simple module for calculating cross sections
from multiple preequilibrium reactions.  Such effects can be important in czleul ‘ting certain
reaction cross sections, even at fairly low incident energics (30-40 McV). We have found that
(n.2nYy) cross sections can be particularly sensitive to secondary nucleon preequilibrium processes,
and we plan to incorporate the new coding into the full Hauser-Feshbach version of GNASH.

2. Automation of calculation of collective effects
The technique demonstrated here of including direct reaction effects from external
calculations has been used often and has provided mcaningful additions to many GNASH
analyses. However, it would clearly benefit users of the code to have an internal routine installed
_in the code to permit the calculation of cross sections from collective effects in an automaled
fashion. Accordingly, we plan to install a routine for estimating cross secuons from v1brauonal
_ levels based on a simplc model described by Kalka et al. 48

3. Photon-induced reactions

. The present versions of GNASH do not provide for incident photon calculations.” Most of -

the modeling required for such calculations is already in GNASH, and we olan to makc the
required changes to permit this option in lhe future. '

4. Vission fragment calculations
As mentioned above, GNASH can be used to calculate both primary fission cross sections
(as described above), and the neutron and gamma-ray emission cross sections from fission
fragments formed in the primary fission reactions. At pzesent, the latier can only be calculated m“
an automated fashion with the evaporation version of GNASH. We plan to develop a version of '
the full Hauser-Feshbach statistical/preequilibrium code to perform such calculations. | .

5. iIncrease user friendliness and generally tidy up coding . '
The GNASH code was developed ongmally as a calculational tool for prowdmg evaluated .
nuclear data, with little concern for a wnder distribution of the code than Jusl the authors. While -

‘many improvements in user friendliness have been made there are clearly many more that mlght be _

- ?mcorporated We plan to gradually build in more automauon and' to clanfy some of the ambiguities -
associated with setting up calculations.
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Fig. 1. Reaction chain for calculations of neutronmduced muons on 3Nb. -
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" APPENDIX 1

SAMPLE OF DATA IN GROUND-STATE MASS, J"FILE (TAPE13)

Masses bqsgd on Wapstra 1986 and Moller-Nix 1986 merged files, as obtained
from D. Madland (files MASS86 and MNB6, respectively). Spin, parities from
Total entries 47965.

BCDGRD3 and Nuclear Wallet Cards.

3846
S
1005
2007
3006
3011
4010
5007
5012
5017
6012
6017
6022
6027
7014
7019
7024
7029
8013
. 8018
8023

" 8028

8033
9018
9023
9028
9033
10018
10023
16028
3
1017

8.071380

33.790000
26.110000
‘14.085700
40.900000
12.607100
27.87G000
13.369500
45.270000
0.0000C0
21.035000
58.506000
112.246000
2.863433
15.871000
50.171000
100.506000
23.113000
-0.782200
18.174000
53.833000
108.875000
0.873400

3.353000.

33.707000
74.853000

5.319000
-5.156000
11.638000
46.634000
36.700000

100.
9959,
9999,

101.
9999,

100.
9999,

101.
9999,

100.
9999,
9999,
9999,

101.
9999.
9999,
9959 .
9999,

100.
9999,
95999,
9999.

101.
9999,
9999,
999a,

100.

102.
9999,
9999.
9999,

OCOO0OUVOCODODOLDODOODOCODO0OOODOOODODOCOOOOOOWnN

1001
2003
2008
3007
40086
4011
5008

6008

6018
6023
7010
7015
7020
7025
7030
© 8014
8019
8024
8029
9014
9019
19024
9029
19034,
10019
10024
10029

11018

5013

6013 -

10034 -

7.289429
14.931314
31.5980G0

14.907000

18.374000
20.174000
22.920400
16.562500
35.094000
3.12503.
24.920000
69.07200¢
39.500060
-0.101496
20.91300C
58.697000
111.525000
8.006540
3.332100
22.918000
.64.240000
33.610000
-1.487430
8.791000
39.530000
84.549000

1.751000

-5.95600¢
19.094000
54.725000
24.444000

100 -
100.
100.
-98,
100.
100.
102.
-98.
100.
-99.
100.
9999.
9999,
-99.
9999.
9999.
9999.
100.
102.
9999.
9999.
9999.
1100.
9999.
9999.
9999.
100.
100.

9999.0.

9999.
5999.

Date 10/25/88.

c
-

5
0
5
0
5
0
5
0
5
0
0
0
5
0
0
0
0
5
0
0
0
5
0
0
0
)
0
0
0
0

1002
2004
2009
3008
4007
4012
5009
5014
6009
6014
6019
6024
7011

7016

7021
7026
7031
- 8015
8020
" 8025

8030 .

9015
9020

9025 -

9630

- 9G35

10020
10025

10030.

- 10035
110X 5

12.135824
2.424910
40.810000
20.945600
15.768900
25.077000
12.415900
23.664000
28.913900
3.019908
34.047000
76.277000
24.890000
5.682100
28.076C00
68.179000
122.096000
2.855400
3.796900
32.568000
77.430000
16.770000
-0.017350
12.990000
48.392000
95.734000
-7.047800
-2.060000
22.880000
63.641000
"12.928000

101.
100.
9999.
102..
-98.
100.
-98.
9999
-98.
100.
39993,
9999,
9999.
-98.
9999 .
9999,
9999.
-99,
100.
9999.
9999,
8999,
102.
999y,
9999,
9999,
100.
9999,
9999
2999,
5999,

1003
2005
3004

3009 -

4008
4013
5010
5015
6010
6015
16020
6025
7012

7017

17022
7027
7032

8016 .

8021

8026
8031 -

95016
9021
9026
9031

~10016

10021
10026

-10031 -

10036
11020

14.949913
11.390000
25.120000
24.954100
4.941710
35.000000
12.050990
28.970600
15.699100
.9.873200
40.843000
89.624000
17.338100
7.871000
33.565000
76.553000
134.846000
-4.7370637
8.066000
38.394000
84.614000
10.680000
"-0.047500
20.32400¢
57.197000
23.989300
-5.737400

0.440G00.

32.430000
72.830000
6.839000

100.
-98,
9999,
-98.
100.
9999,
103.
9999,
-100.
100.
9999,
9999,
101.
-99,
9999,
9999,
9999.
100.
9999,
9999.
2999.
-100.
102.
9999,
99%9,
1060.
101.
100.
9999,
9999,
102.

OOOOM'OC‘OLﬂOQOOOOOOLHO.C)OU‘IOO.OOOU‘OU“U‘

10C4
2006
3005
3010
4009
4014
5011
5016
6011
6016
6021
6026
7012

7018

7023
7028
8012
8017
8022
8027

8032

9017
2022
5027
9032
10017
i09d22
10027
10032
10037
11021

25.
17.

1
4

17
94

840000
592600

.68000¢C
3.
11.
40.

840000
347700
100000

. £.668200
3¢
10.
13,
50.

101.

.34552C
12,

41.

§9.

32.
.809080
.440000
.479000
.551000

.951780
.830000
26.

67.
16,
-8.

.9530060

38

80.
-2.

000060
650430
094000
652005
95£00C

117005
17000¢C
58700¢C
060000

089000
456C00
480000
0272C0

923000
953000
189800

9999.
100.
-98.

9999,
-98.
100.
-95.

9999.
-98.
100.

9599,

9999.
-95.

9¢35.

5599.

9999.
100,
102.

- 100.

$995.

$999.
102.

9959,

9999,

9999.

.26,

100.
9995.
9999.
9999.

101.
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APPENDIX 2
DISCRETE LEVEL FILE (TAPES) INPUT PARAMETERS
For each residual nucleus requiring discrete level data the following card (record) 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 parameters may, be left blank
) (A). 1 card, FORMAT (8, I5, F12.6): ID, NL, F

~ (B) Outerloop onlewels(DOIoo N=1,NL)
, FORMAT {ae, }HQB 2F6.1, El25 16): NX, EL(N) AJ(N) AT(N) TAU NT

(C) Inner loop for each level (DO loopK =1, NT) |
' FORMAT(]ZX 16, 2F12.6): NF P, CP ' ,

PARAMETER ~ DESCRIPTION
'. D" 1000 * Z + A of the nucleus whose ievels are heing inpul. -
'NL: Number of discrete levels being input. |
F For card input, i.c., on INPUT file, set F = -1, for the last nucleus (hlghest ID) ‘

for which level dataaremput Normally, just set F = 0.

NX Levcl number (= N in DO loop), that is, NX = 1 for the ground state, NX 2
for the first excited state, etc. o

- EL(N) Energy in mnlhon electron volts (MeV) of the Nt level

- . AJ(N) Spin and parity of the Nth.Jevel. The sign of AJ(N) mdncates the panty For ‘
' example, AJ(N) = -0. 1smterpreted as a J* =0 state.

 AT(N) _ Isospin of the Nth level. It is not usedin GNASH and can be set to zero. Note

: tha' a value of 99. sometimes appears in the file, indicating an unknown
isospin. _

TAU . Half life ui the state in seconds. It is not used in GNASH and can be set to

zero. Note that a value of 99. sometimes appears in the file, indicating an
unknown half life. .

NT Number of gamma4ray brasiches from-the NU level to lower levels.

NF " Level number indicator'fdr.ﬁ“cvel’.wwhicfha"garnm'a-ray transition is occurring.
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Cp

41093

:‘10.

11

12

13

20

Gamma-ray branching ratio for the transition defined by N = NF. For bound -
states, the sum of P(N—NF) over the NT transitions possible for state N is
unity. For unbound states, the sum equals the total probability for decays other
than particle emission.

Probability that the transitions characterized by P(N—NF) are gamma-ray -
transitions. If, for example, there is a 20% probabnlxty that electron conversion
is the decay mechar.ism, then CP = 0.80.

SAMPLE FILES LEVEL DATA FOR 93Nb

0.000000 31390

Y&

20 0.000000  0.000000

0.000C00 4.5 99.0 0
'0.030820 -0.5 99.0 1

1 1  1.000000  1.000000 0.00000e+00
0.687000 -1.5 99.0 - 1
1 2 1.000000  1.000000 0.00000e+00
0.743910 3.5 99.0 o 1
1 1 1.000000 - 1.000000 0.00000e+00
0.808580 2.5 99.0 o 2

1 4  0.012346  1.009000 0.00000e+00

2 1 0.987654  1.000000 0.00000e+00
0.810410 -1.5 99.0 - 1

1 2 1.000000  1.000000 0.00000e+00
0.949830 6.5 99.0 1

1 1 1.000000  1.000000 0.00000e+00
0.978940 5.5 99.0 . 1

1 1 1.000000  1.000000 0.00000e+00
1.082670 4.5 .99.0 2

1 4  0.793651. ° 1.000000 0.00000e+00

2 L 0.206349  1.000000 0.00000e+00
1.253720 3.5 99,0 - 1

1 1 1.000000 1.oooooo 0.00000e+00
1.290000 -0.5 99.0 2

1 3 0.665290  1.000000 8.88890e+08

2 6  0.334710  1.0000G0 8.88890e+08
1.297240 4.5 99.0 o 3

1 8  0.220513  1.000000 0.00000e4+00
2z 4  0.266667  1.000000 0.00000e+00

3 1 0.512821  1.000000 0.00000e+00
1.315310 -2.5 99.0 2

1 5 0.186992  1.000000 0.00000e+00

2 4  0.813008  1.000000 0.00000e+00
1.500110 3.5 99.0 S |

1 1 1.000000  1.000000 0.00000e+00



(A)
(B)

©)

(D)

APPENDIX 3
TRANSMISSION COEFFICIENT FILE (TAPE]O)
(1 Record) FORMAT (14, 1X,7A8, A5 ): NPART, [BCDTC(I), I=1,8]

Outer loop on particles (DO loop N=1, INPART )
(1 record per N loop) FORMAT (43X, A8, 13X, 214, A8): XBCD NE, NN K

Input energy grid for particle N (internal identifier = ID),
(DO loop I =2, NE, 6)
(1-5 records per N loop) FORMAT (6El1.5, A6): [ETC(),ID), J =1, I+5§], K

Input optical model cross sections (optional) and transmission coefficients for particle N.
Outer loop on encrgy (DO loop I =2, NE) (1-8 records per energy)

(1 record if NPART is negative) FORMAT (4E11.4) DU1, DU2, DU3, DU4
(1-7 records per energy) FORMAT (6E11.4, A6): [TDUM(L), L = J, J+5], K

Parameter Description

NPART Absolute value is the number of particles for which transmission coefficients are

input. Set NPART negative to also input optical model integrated cross sectxons ‘
at each incident energy.

‘BCDTC(8)  Sixty-one columns of Hollerith descriptive information.

4 XBCD : ,j . Alphanumeric particle identifiers in A8 format, as follows: NEUTRON ,

"NE

NN
K

PROTON , DEUTERON, TRITON ,HE-3 , ALPHA .
Number of energies included in energy grid for the transmission coefficient array.
Number of coetficients input at each energy.

-Not used. Can be used as a card or record counter.

ETC(J.ID) Energy grid for transmission coefficients. The index J speciﬁes the ‘ene'rg'y-énd

- DUI

ID is an intemnal identifier that identifies the particle type, according to XBCD.

Incident particle energy in the laboratory system (MeV).
DU2 Reaction cross section from optical model calculation in barns. -
DU3 Shape elastic cross section from optical model calculation in bamns.
‘ DQ4 o Total cross section (DU2 + DU3) from opuca.l model calculatxon in bams

. .TDUM(L)' | iTransmxssxon coefﬁcnem array in the format used by the COMNUC code Thc' |

index L runs from 1 to NN for each energy on the grid. The coefficients are later
collapsed to remove the J-dependence from spin-orbit couplmg Coefficients are
stored as functions of energy for each particle. -
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EXAMPLE OF TRANSMISSION COEFFICIENT INPUT DATA FOR 23Nb

To

- Tg -

ele.

100

.0000e+00

_ 'Tz-l»

Te

RECORD
- NO, DATA
1 -3 n + nb-93 p.nagel parameters for model code compar. sc90tst2
-2 energies and penetrabilities for the neutron continuum 36 40
3 1.0000e-03 5.0000e-03 1.0000e-02 5.0000e-02 1.0000e-01 1.5000e-01
4 3.0000e-01 5.0000e-01 7.5000e-01 1.0000e+00 1.2500e+00 1.5000e+00
S 2.0000e+00 2.5000e+00 3.0000e+00 4.0000e+00 5.0000e+00 6.0000e+00
6 7.0000e+00 8.0000e+0U 9.0000e+00 1.0000e+01 1.2000e+01 1.4000e+01
7 1.6000e+01 1.8000e+01 2.0000e+01 2.5000e+01 3.0000e+01 3.5000e+01
8 4.0000e+01 4.5000e+01 5.0000e+01 5.5000e+01 6.0000e+01
9 1.0108e-03 1.3159%e+01 5.2973e+00 1.84572+01 :
"10 1.9365e-02 1.6416e-04 8,7075e-09 2.3414e-04 7.6980e-09 0.0000e+00
1] 0.0000e+00 0.0000e+00 0.0000e+00 ".0000e+00 0.0000e+00 0.0000e+00
12 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
13 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0,0000e+00
14 0.0000e+00 0.0000e+00 0.0000e+00 0..0000e+00 0.0000e+00 0.0000e+00
15 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 .
"16 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 C
17 5.0542e-03 6.5544e+00 5.2197e+00 1.1774e+01 .
.18 4.2770e-02 1.8288e-03 4.8529e-07 2.6008e-03 4.2927e-07 4.0560e-10
‘19 0.0000e+00 8.3941e-10 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+60
20 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
‘21" 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
22 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
‘23 v.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
24 0 000Ce+00 0.0000e+00 0.0000e+00 0.0000e+00
193 1.4152e+01 1.7558e+00 2.3064e+00 4.0521e+00.. .
194 6.8537e-C1 7.9966e-01 7.1564e-01 7.6002e-01 7.5721e-01 7.7759e-01
195 9.0647e-01 6€.8263e-01 9.0530e-01 5.0439e-01 6.2361e-01 6.5269%9e-01
196 4.7418e-01 9.6235e-02 1.1984e-02 3.5877e-01 2.7753e-02 1.5307e-03
197 1.9312e-04 2.3454e-03 2.3947e-04 2.3876e-05 2.9029e-06 2.6525e-05
198 3.0497e-06 3.4831e-07 0.0000e+00 3.5613e-07 0.0000e+00 0.0000e+00
199 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00 0.0000e+00
200 0.0000e+00 0.0000e+00 0.0000e+00 O .

.COMNUC ORDERING OF T,* FOR SPIN 1/2 PARTICLES, WHERE J = £  1/2
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~ APPENDIX 4
GNASH INPUT FILE DESCRIPTION

(A) (2 cards) FORMAT (.10A8): TITLE(N), N=1,20

(B) (I card) FORMAT (814): IPRTLEYV, IPRTTC, IPRTWID IPR’I SP IPRTGC
IPRE IGAMCAS ILD '

(B") Skipif[LD <]

(0 - NLDR cards) Format (*): NLDR
DO loop Il = 1, NLDR
(1 card per IT) FORMAT (*): IR, ALD(IR), ECLD(IR), XNLLD(IR)
ECLDL(IR), XNLLDL(R). PA(IR), SIG2(IR)

(C) (1 card) FORMAT (1014): INPOPT, KLIN, KTIN, NIBD, LMAXOPT, NLDIR,,.
R L ILDIN, LPDECAY, KSPLIT, LPOP, IHELV '
IQBETAI, ISURF, ISEADD, IBEOFF

(D) (1 card) FORMAT (1214): NI, NMP, LGROPT, LPEQ NIMAX, ICAPT, IFIS
: IBSF ISIG2, IWFC, LDELGC, ISPCUT, LGSFINT

0) SkipifIFIS=0

(1 card) FORMAT (414;,  NBAR, IDIAF, IHFACT, KFMAX
() (I card) FORMAT (7E10.3): 'ZAP, ZAT, DE, F.SllGCN,' EGS, SPINGS, PARGS_
(E) Skipif ISPCUT =0 - |

(1 card) FORMAT (2E10.3)::  SCUTFTR, éDFI‘R',OLD'GC o
(F) (1 card) FORMAT (14): NELAB

(G) (1-3cards) FORMAT 8E10.3): ELABS(N), N=1, NELAB
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(H)

(0-130 cards) Reaction-chain data. The form and complexxty of this segmem depend onthe
particular input option chosen as follows: o

(1) INPOPT = 1.2, or 3 (0 cards)

Reaction chains are set up automaucally

(2)INPOPT = -1 (1-8 cards) (DO loop I=1, NI)
FORMAT (8E10.3): ZACN(I), XNIP(I) SWS(), [ZZAI(IP) IP=2, NIP]

- (1 INPOPT =0 (2-130 cards)

M

)

(a) Outer DO loopI =1, NI. .
- (1 card per I) FORMAT (SEIO 3): ZACN(I), XNIP(I), CNPI(D),
CNPIP(I), SWS()

(b) Inner DO loop IP = I, NIP
i. (1 card per IP) FORMAT (8E10.3): ZAI(IR), XNL(IR), A(IR),
XNLGC(IR), ECGC(IR), XNLGCL(IR),
ECGCL(IR), XMESH(IR),
where IR is a running reaction index that defines a unique I, IP, for each.
reaction sequence. :

ii. ILDIN =] (Skip otherwise.)
' (1 card per IP) FORMAT (3E10.3): EOIN(IR), TGCIN(IR),
EMATIN(IR), SIG2(IR), PA(IR), EDS(IR)

(1-6 cards) (DO loop MP = 1, NMP) FORMAT (8X, Al, I1, 2E10.3):
LMGHOL(MP), LG, RE1(MP), GGDNORM(MP)

[2 cards IF LGROPT=2 (Brink-Axel option), 0 cards if LGROPT=1)
FORMAT (8E10.3) EG1, GG1, EG2, GG2, G2NORM, EG3, GG3, G3NORM

- FORMAT (8E10.3) SIGE1, EGCONM]I, EGCON ,GDSTEP, GDELS, GDELSL |

)

K)

GDEDELE XNFE1

[2 cards IF LGROPT=3 (Kopecky option), 0 cards if LGROPT =1} -

FORMAT (8E10.3) EG1, GG1, EG2, GG2, G2NORM, EG3, GG3, G3NORM

FORMAT (8E10.3) SIGEl SIGM 1, EGCON GDSTEP GDELS GDELSL
GDEDELE XNFEI : N

i LﬁEQ;o (0 cards), if LPEQ21 (1 card)]

FORMAT (8E10.3) F2, GG, (GR(M), M=1,6) -
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(L)SKIDJLIEIS_ﬂ

Outer DO Loop 1I = 1, NFISSION (Number of ﬁssxon channels)
(1 card) FORMAT (3EIO 3): EBAR(IILN), N=1, NBAR .
- (1 card) FORMAT (3E10.3): XBOM(II,N), N —l NBAR
.~ (1 card) FORMAT (3E10.3) DENFAC(II,N), N=1, NBAR
- (1 card) FORMAT (2E10.3): FSTS(I), ERFIS(I)

Skip 1st Inner DO Loop if FSTS(IN<O.
1st Inner DO Locp N = 1, IFIX(FSTS(II))

(1 card per N) FORMAT (2E10.3): EBBF XJPIF
END l1st Inner Loop

Skip 2nd Inner DO Loop if FSTS(I)20.

* 2nd Inner DO Loop NB = 1, NBAR
(1 card per NB) FORMAT (14): IBAND

* Innermost DO Loop KB =1,IBAND - -
(1 card per KB) FORMAT (3510 3) EBAND , XJPIBA, PIB1

END Innermost Loop L
END 2nd Inner Loop

' END Outcr Loop

-

RS

©a A
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TITLE
IPRTLEV

IPRTTC

IPRTWID

IPRTSP

DEFINITION OF GNASH INPUT FILE PARAMETERS
Descripti
Two cards of Hollerith information to describe the problem being calculated.

Print control for discrete level data. Set IPRTLEV = 0(1) to omit (include) print of
discrete level energies, spins, paritics, branching ratios, and computed cross sections.

Print control for transmission coefficients and gamma-ray strength functions. Set
IPRTTC = 0(1) to omit (include) print of input transmission coefficients and strength
functions. Set IPRTTC > | to print coefficients at every (IPRTTC-1)th energy on the
basic integration energy mesh. :

Print control for reaction decay widths. Set IPRTWID = 0(1) to omit (include) print |
of decay widths for each reaction channel on the basic integration energy mesh.

Print control for calculated energy spectra, as follows:

e IPRTSP = 0 to omit print of all calculated energy spectra.

IPRTGC

- JIPRE

" IGAMCAS

= 1 to only print composite spectra for each radiation in the calculation;
that is, composite spectra from emitted gamma rays, ncutrons,
protons, etc.

i
N

to print individual spectra from each decay process included i in the
calculation, omitting the composite spectra.

= 3 to print both individual reaction and composite spectra.

Print control for level-density information. Set IPRTGC = 0(i) to omit (include)
print of level- -density parameters for each residual nucleus in the calculation. Set
IPRTGC > 1 to print parameters and computer level densities at every (IPRTGC- l)‘h
energy on the basic integration energy mesh for each residual nucleus.

Print control for preequilibrium spectra and other parameters associated with the
preequilibrium correction. Set IPRE = 1 to include print, O otherwise.

This option is used mainly for ENDF evaluations where discrete inelastic scattering
gamma-ray lines and the continuum inelastic scattering comnbuuons are to be kept
separate:

"IGAMCAS = 0 All discrete gammas are included in continuum energy spcctra as

usual;

= 1 No discrete inelastic gammas (pure dnscrete or continuum) are

mcluded in energy spectra,

=2 No dlscre(e gammas at all are accumulated in spectra '

. IGAMCAS = 3 Both particles and gammas from pure dxscrctc mela.mc (only) are. -

excluded from the spectra
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IR

ECLD,
XNLLD

 ECLDL,

XNLLDL

SIG2(IK)

PA(IR)

INPOPT

Set equal to ! to read in level density parameters for residual nuclei in selected
reactions.

Running reaction index. Each IR designates a particular I, IP combination for which
level density parameters are given (see below).

Fermi gas 'a’ level density parameter for reaction IR.

XNLLD is the number of discrete levels at upper end of the excitation energy

range (ECLD) where cxperimental level data are used. Default values are the
maximum values of the level data read from TAPE 8. If only ECLD is input as zero,
then ECLD is determined from XNLLD and the level data on TAPES.

XNLLDL is the number of the discrete level (1 = ground staic) at the lower

excitation energy (ECLDL) used with XNLLD and ECLD in matching the Gilbert-
Camcron temperature level density function. If only ECLDL is input as zero, then
ECLDL is determined from XNLLDL and the discrete level data on FAPES. If ¢ither
XNLLDL or ECLDL is set ncgative, then the old method of matching to only
XNLLD and ECLD is used; that is, it is assumed that XNLLDL =0. at ECLDL =-

oo

Spin-cutoff, 62, for discrete level region. Determined from discrete level data on
TAPES if input as zero  Default is 0.

If not left blank, the pairing energy used in the Gilbert-Cameron level density will be
se: equal to PA(IR). If left blank, pamng energlcs from Cock et al. {Aust. J. Phys.
20, 477 (1967)] yare used.

Input control for designating the input opiion chosen to specify the reaction chains

- followed in the calculation. The following options are available.

INPOPT = 0 is the most general input option available for specifying the reaction
- chains and the various parameters associated with each chain. For
example, it permits (but does not require) input of level-density
parameters for each residual nucleus in a calculation. See description

of card input for details of reaction-chain input.

= -1 also permits general specification of reaction chains but uses
automatic features to simplify input. With this option, the code uses a
built-in level-density parameterization and automatically detcrmines
parentage of each decaying compound nucleus by assuming tha! all
. previous, unassigned reactions leading to a given compound nucleus
contribute to its initiai populauons of states.

= 1 to automatically follow the neutron chains from the initial
compound nucleus. A total of NI (see Card No. 5) compound nuclei

are included, and each is pennmcd to dccay by emission of gamma
- rays and neutrons, ‘ '

2 same as INPUT = | except each compound nucleus is perm.ttcd to
decay by emission of gamma rays, neutrons, protons, and alpha
particles.
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KLIN
KTIN

NIBD

LMAXOPT

'NLDIR

LPDECAY

KSPLIT

LPOP

 [HELV

INPOPT = 3 same as INPOPT = 2 except that the product nuclei that result from
proton and alpha emission are themselvcs allowed to decay.

Input file designator for discrete cnergy-level data (= S for card input, = blank or 8
for input on file TAPES). Note that TAPES is the recommended option.

Input file designator for transmission-coefficient data (= 5 for card input, = blank or
10 for input on file TAPE10). Note that TAPE1Q is the recommended option.

Number of large-core buffers set up for storing state populations in reaction products
that will further decay. The default value for NIBD is currently 10, which is also the

maximum dimension.!

Control for limiting the number of transmission coefficient (Tg) included in a

calculation by requiring that (22 + 1)T > Tpe101LMAXOPT  The default value is
LMAXOPT = 5.

Control for including direct reaction cross sections for inelastic scattering from
NLDIR ievels. If NLDIR is greater than 0, then direct reaction cross-section
information must be supplied on TAPE33 (sec below) in free format form. NLDIR
must include the ground state and all inelastic levels up through NLDIR, whetner or
not such levels have nonzero direct components. In the case of the ground state and
levels with no direct component, zeroes must be entered. Add 100 to NLDIR to add
in coupled-channel direct reaction cross sections, which are not used in renormalizing
the reaction cross section.

Input control (used only when INOPT=0) to directly read in Eg, T, and Ey, for the
constant temperature part of the Gilbert-Cameron level density function. (The
quantity Ep, is the matching energy between the constant temperature and Fermi-gas
parts of the function). Set ILDIN = 1 to input these quantities; set ILDIN = 0 to omit, -
which then permits these quantities to be determined automatically from the
cumulative number of levels. :

Control that permits discrete energy levels to particle decay. Set LPDECAY =0 (1)
to include (omit) particle decay from the levels. Note that if LPDECAY =0, then the
fraction of the population of any level that pa:ticle decays is taken as 1.0 - X B,
where Z By, 1s the sum of all y-ray branching ratios for that level.

Number of energy bins (beginning with the highest excitation energy bin in the first
compound nucleus) that utilize the improved integration scheme activated by the
XMESH (IR) parameter described below. The default value for KSPLIT is 5.

Any calculated bin population less that 10-LPOP! s assumed zero, Input of
LPOP = 0 is normally used, which sets default of 20.

Control to permit embedded discrete states in the continuum. Set IHELV = 0(1)t0
1gnore (activate). When activated, ECGC and/or XNLGC must be read in for those
reactions where the continuum cutoff is desnred below the hlghest levels used in the
calculation. : :

1 All important dimensions are set in a PARAMETER statement and are therefore easily changed.
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IQBETAI

ISURF
ISEADD

IBEOFF
NI
NMP

. LGROPT

LPEQ

'NIMAX

- ICAPT

IFIS

Set IQBETAI = 0 to include preequilibrium QBETA calculation, as usual. If
IQBETAL1 = 1, then QBETA is forced to equal 1, maximizing the necutron
preequilibrium contribution.

Set ISURF =0 (1) to omit (include) Kalbach's surface effects correction.

Set ISEADD = 0 (1) to omit (include) the addition of the shape elastic cross section
from TAPE10 (transmission coefficient file) in the outputted encrgy spectra and level
excitation cross sections.

Set IBEOFF = 0 (1) to include (omit) a crude kinematics and double-counting
correction for identical residual nuclei.

Number of compound nuclei that are permitted to decay in the reaction chain
(currently dimensioned for 10).2

Number of gamma-ray multipolarities permitted in radiative decays (currently
dimensioned for 6).2

Control for indicating the model desired for calculating gamma-ray transition

. probabilitics, as follows:

LGROPF 1 for the Weisskopf model;

2 for the Brink-Axel model;

= 3 for the Kopecky-Uhl model.

Preequilibrium control. Set LPEQ = 0 to omit preequilibrium processes in the
calculation. Set LPEQ=1(2) to use the new (old) QBETA option in the
preequilibrium calculation.

Maximum number of values of total angular momentum permitted in the calculation
(dimensioned for 40, which is also the default value). For even-A cases, Jmax =
NJMAX - I; for odd-A cases, Jmax = (2 * NJMAX - 1)/2. NJMAX also acts as a
control for increasing the JRAST values for all continuum levels (see SUBROUTINE
LCMLOAD). Set NJMAX = - NX to increment all JRAST levels by +INX]|. .
NJMAX is then reset to its default value.

Gamma-ray cascade control for initial compound nucleus: -

ICAPT = 0 to omit full gamma-ray cascade c_alclulation in the initial compound
nucleus (all subsequent compound nuclei do include the full cascade).

= | to include the full gamina-ray'cascade in calculations for all compound
nuclei. REER : ‘

Set IFIS > 0 to activate fission option.

2 See footnote 1.
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- IBSF

- ISIG2

IWFC

- LDELGC |

- ISPCUT

. LGSFINT

. IDIAF
- JHFACT
 KFMAX

ZAT

Control for setting level density option as follows:

= (G to use the Gilbert-Cameron level density form;

= 1 to use the Backshifted Fermi Gas level density option. When '
activated, the A(IR) and PA(IR) input parameters (below) must be input to
provide the BSF level density ‘a’ and pairing ‘A’ parameters;

= 2 1o use the Ignatyuk level density formulaticn.

Set ISIG2 = 1 to usc 62 (spin cutoff parameter SIG22) from the discrete level region,
linearly interpolated from the top of the discrete levels (ECGC) to the matching
energy between the Gilbert-Cameron temperatune and Fermi gas regions (EMATGC)
where a continuum expression for o2 is employed.

Set IWFC = 1 to input width-fluctuation correction factors on TAPE33 (see TAPE33
description below). Set IWFC=0 to omit width-fluctuation corrections.

IfLDELGC =0: Default A(IR) are taken directly from GC tables. .
If LDELGC =1: Default A(IR) are scaled from values from the GC tables in the

same manner that A(1) [main compound nucleus] varies from the - -

GC table values.

If LDELGC =2: Same as 0 except default A(IR) is scaled according to which value

of the spin cutoff constant is used (Gilbert-Cameron or Reffo) so
that <Dg>Gc is preserved. .

Set ISPCUT = 1 to change either SCUTFTR or SDFTR from their default values of -
0.146 and 1.5, respec:ively. See below for SCUTFI'R and SDFI‘R deﬁmuons Set
ISPCUT=0 to use defaults. . o

Control for angular momentum sum in renormalxzmg gamma-ray suangth functions
to 2n<l’y >/<Do> , as follows:

= 0 to include angular momentum sum, as usual;

= | to omit angular momentum sum. ’I‘Ius opuon was used for tesung
Kopecky-Uhl option and is not recommcndcd for genctal use.

Number of fission barriers (maximum of 3).

Diagnostic print for fission where 0(1) = off (on).

THFACT * to = integration range for fission barrier (default = 5).

Fine step control for fission barrier mtcgrauon. subdmdes integration stcp size by
KFMAX (default = 10).

1000 * Z + A for the mcldent particle or projectile, where Z is atomic numbcr and A
- is the (integer) mass number.

1000*Z + A for the target nucleus.
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"'DE Energy increment for the basic integration energy mesh (in MeV). A current
- maximum of 240 energy steps is permitied.? If the chosen value of DE is too s:nall,
_ the code automatically increases it to satisfy the 240-step limit.

FSIGCN  Constant multiplier applied to all calculated guantitics (default value is 1.0).
EGS Excitation energy'of the la}gct nucleus. If left blank, target is in is ground state.

SPINGS  Spin of the target nucleus. If left blank, the spin is taken from the value in the mass
table (TAPE13).

PARGS Parity of the target nucleus. If left blank, the spin is taken fron. the value in the mass
table (TAPE13). o

SCUTFTR Spin cutoff constant, ¢.g., 0.0888 for original Gilbert-Cam. ron valuc or (X 146 for
the Facchini and Saetta-Menichella value.: The default v.xluu 1 ().146.

" SDFTR Control for integration over the spm distribution for continuum level densities:

SDFTR = Negative to use old ‘method ot dew min ng I,y from YRAST
continuum formula (maximum spin at . . /enk,).

SDFTR =  Positive to inteJrate to an upper limit of J;; = SDFTR*<I>mean.
SDFTR = 0. to set default of SDFTR = 1.5.

"OLDGC  Set OLDGC = 1.0 to force use of the old method - | level matching whereby the

cumulative number of levels is determined in an  :gral from -eo to excitation energy.
ECGC(IR). Set OLDGC = 0. or blank utherwisc. :

NELAB  Number of incident neutron energies included in the « ‘culauon (maximum of 50).3
ELABS(N) Incident particle laboratory energics in McV for the calcu ation.

ZACN() 1000 * Z + A for each compound nucleus gha; is permittec dccay. (Iis the ilndex
' that specifies the decaying: compound nucleus.) '

XNIP(1) Number of decay ch. nncls included tor compound nucleu:. .”ACN(I). The minimum
' value is I, and the maximum is currently 5.4 The fixed-po a1t value of XNIP(I) is
NIP in the code, anc the decay index IP runs from IP = 1 10 NIP for each compound
nucleus. IP = | must correspond to gamma- ray decay. Als I=1,1"= 2 should

correspond to elastic scatu,nng _ :

SWS() Value of the (experimental) gamma-ray strength function fur s-wa ¢ neutrons.?

2n<I'y>/<Dg>, that is uscd to nonnahm the gamma-ray transition probabnlmes as
follows . ,

3 See footnote 1.
4 Sec footnote 1.
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| "zzmalp)

CNPI(])

'CNPIP(])

ZAN(IR)

XNL(IR)

‘XNLGC(IR),

"ECGC(IR)

- SWS = + to individually normalize the E1, M1, E2, ctc., components of the amma-

ray strength function, using the inpuited REI(MP) values to divide SWS into
individual components. In this case, the inputied RE 1(MP) should sum 1o 1.

SWS = - to perform one overall normalization of the gamma-ray strength function,
using the calculated absolute El, M1, E2, etc., components to determine
their relative values. Adjustments to the cakulatcd values can be made by
means of the inputted REI(MP), which do not nced to sum to 1.0 in this
case.

'SWS =0 to use absolutc E1, M1, E2, ¢ic.. strength functions as calculated from the

modcl used. Again, adjustments to the calculated fx2 can be made with the
inputted RE1(MP), which do not need to sum to 1.0 in this case.

1000 * Z + A for the radiation emitied from ZACN(I) by decay into dmnnd IP. Note
= (| (gamma ray) is assumned in all cases. Other - ssible values for IP

thatZZA1 (1) =
> 1are 1, 1001, 1002, 1003, 2003, and 2({M (the maximum ol IP is currently §).5

A twsion channel is designated by ZZA1(1P) = 99,

Parentage designator that indicates the previous compound nucleus index I whose
decay leads to the formation of ZACN(D).

Parcntage designator that indicates the previous decay index [P’ that leads to the
forination of ZACN(I). Note that multiple values of 1 anc P involved in forming a
given compound nucleus are indicated in 2- -digit increments in CNPI(I) and
CNPIP(I). For example, CNPI(I) = 20306 and CNPIP(I) = *°405 indicates that the
reactions defined by I'=2, IP" = 1; I'=3,IP'=4;and | = 6", IP = 5" all lead to the'
same compound nucleus, and a smglc state population storage bufter will be used for
that compound nucleus. This feature is avtomatically included when input option
INPOPT = -1 is used. Note that when multiple parentage 1. included, the most

positive Q-value reaction must appear left-most in CNPI and CNPIP. :

Same as ZZA 1 (IP) described above. Note that the runmng reaction index IR defines
a unique I, IP for each reaction sequencc

Number of discrete levels to be included in the calculation for the residual nucleus
formed in reaction IR. If XNL(IR) = 0, then the total number of levels input in the
Level-Data File (TAPES: see Sec. V of LA-9647) is used.

Level-density pérameter a, for us. in the level density formula for the rcsidual
nucleus formed by reaction IR. Set \(IR) = 0 to use built-in values [sce Eq. (14) in
LA-6947] for the Gilbert-Cameron o. lgnalyuk fonnulauons

Number of discrete levels, XNLGC(IR), at upper excitation energy lemmit,
ECGC(IR), that are matched together with the lower limit fit values of ANLGCL(IR)
and ECGCL(IR) [described below] in the code to the Gitbert-Cameron (or 1gmatyuk)
temperature level density. If both these parameters arc set Qqual t0,0, then the tatat
number of levels input in thé Levcl-Dais file is used. If ondy ECGC(MR).is O . then

- ECGC(IR) is determined from |em numbet XNLUC(IR) in the level data [rom

TAPES

3 See footnote 1.
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XNLGCL{IR), Number of discrete levels (1 = ground stake) and excitation cnergy at lower

 ECGCL(IR"

1.t for maiching the Gilbert-Cameron (or tgnatyuk) temperature level density, as
desci.hed above. 1 both are set cqual to zero, then XNLGCL(IR) = 3 is used, with
the appropr.ate ECGCL(IR) from the TAPES level data. If only ECGCL(IR) i zero,
then ECGCL(IR) is snm:larly determined from XNLGCL(IR). If cither
XNLGCL(IR) or ECGCL/IR) is set negative, then the old method of maiching to
only XNLGC and ECGC is used; that is, it is assumed that XNLGCL(IR) = 0. at
ECGCL(IR) = - oo,

AMESH(IR\ This is u parameter to tncrease the integration accuracy for low-particle cmission

EOIN(IR).

energwes in the conumuum. 11 4 non-zero, positive vatue is speciticd. then the top few
(KSPLIT) bins in the residual nucleus reached i this reaction will be subdivided mlo
smallei increments, each of 'width DE/XMESH(IR). Thus, if XMESH(IR) =

thon the aftected bins in the residual nucleus will be divided into 10 smaller: parts
Thix is csppually usclul around reaction thresholds that show a rapid rise in cross
sections. Thus feature 15 only used for particle channels and in practice is only
importir for neutron channels.

Ey p.xramucr in Gilbert-Cameron temperature level density function

PE) = SEgEMT 1l set to zero, EOIN is automatically deiermined by matching to

TGC[N(I‘{)

mewkwh

T parameter in GC temperature expression (above). Determined auwtomaltically if input.
as zero. ’

FMA.IN(IR) Exciation energy at which Gilbert-Cameron emperatuie and Fermi gas Ievel

EDS IR)

.densny functions arc mawhed. Determined automatically if input as 7ero.

If not left blank, then the value of EDS(IR) will detrmine the excitation cnergy of the
highest known or available discrete level. This aids in keeping the matching energy,
Ux. used between the constant lcmpcraturc and Fermi-gas level density cxpression.
ifrom having a value less than the' exmumon energy of the hnghcst dlscrele level,

LMGHOL(MP\ Hollenith E or M 10 designate the MP‘h radlalm: transition as t.,lu.lm, oF magnem.

LG
“REIMP).

'Mulupolc order of the MP® transition. |

Relative strength of the MPW transition. Set REI(MP) = 0 10 use a built-in value.

The summation of the RE1(MP) values should normally be unity when SWS is:
positive, i.c., the individual E1, M1, E2, et. contributions are detcrmined from the
inputted REI(MP) If SWS. is zcro or negative, then the REI(MP) should be
(numinally) 1.0 to use absolut calculated or inputied El, MI, E2, etc. strength
functions. In the case of negative SWS, an overall normalization is done but the
relative contributions of the fx® arc determined from the absolute fxR. I both the
utter cases the REI(MP) can be used for minor adj usunems of thc absolute values,
i.e., they are nominally 1.0 but one could be, e.g., 0.9 for a 0% decrease.
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GGDNORM(MP) Normalization factor to be uscd with the gamma-ray strength function for the

EG1.GG!

‘EG2,GG2,
G2NORM

MP® transition in the ZACN(I) compound nucleus if a zero value of SWS(I) is input.
{Normally these normalization factors are determined in an initial run with.

ABS[SWS(I)] set equal to the experimental value for 2n<[y>/<Do>]. When SWSis
positive, the individual GGDNORM(MP) are in general different because each
strength function is normalized according to the inputted RE1(MP). For negative
SWS, only one overall normalization is obtained and the relative contributions are
obtained from the inputted or calculated strength function values. If SWS(I) = ().,
then the inputted values of GGDINORM(MP) are used to multiply the absolute values
of the default strength functions. If both SWS(I) and GGDNORM(MP) are zero,
then the GGDNORM(MP) are set equal to one, i.., the default strength functions are
used without adjustment.

If LGROPT = 2 (Brink-Axcl form) or 3 (Kopecky-Uhl), then these are the posiiions
and widths of the giant dipole resonance (GDR). These must be provided since a
default is not used.

For deformed nuclei, these represent the position, width, and strength

(relative to the first GDR) of a second giant dipole resonance. That is, G2ZNORM is
given by the ratio 6m2/Om1 of the Lorentz photoneutron cross sections in the Berman
tables. : '

EG3, GG3, Position, width, and strength (relative to the first glam dlpolb resonance) ofa

G3NORM

SIGE1

EGCONM1

EGCON

GDSTEP

GDELS,
GDELSL

GDEDELE

possible "pygmy" resonance lying below the position of the main giant dnpole
resonance.

SIGEL is the El giant dipole resonance photoneutron cross section assouatcd with
the first peak of the Lorentzian ( i.e., Oy} in the Berman tables). It is.used in the
preequxhbnum (Chadwick) calculauon of the direct-semidirect capture cross section,

as well as in obtaining the absolute E1 gamma-ray strength function. If sctto zeroin . -

the input, a default value of 0.3 b is used.

Energy in MeV below which the M1 giant dipole résonance strength function is

constant. Set EGCONM I to a large value (e.g., 2 50 MeV) for constant M1 strength
function (Weisskopf approximation). .

Gamma energy below which the y-ray E1 giant dipole resonance strength function is
assumed constant (LGROPT=2 only).

This represents the step decrease that can be applied to the giant dipole resonance tail
between gamma-ray energies of GDELS and GDELSL (LGROPT=2 only). For
instance, a GDSTEP of 0.1 would result in a 10% reduction in the strength function
at all gamma-ray energies between Ey = GDELSL and Ey = GDELS.

Upper and lower range of y-ray energies to which the reduction specificd
by GDSTERP is applied (LGROPT=2 only).

For cases where GDSTEP > 0., GDEDELE defines the energy range over which the
step rises to its full value (LGROPT—Z only). That'is, the step increases linearly
from 0 to GDSTEP as the gamma-tay energy decreases from GDELS + GDEDELE
to GDELS. The default value for GDEDELE is 1 MeV. -
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XNFEI
SIGMI

Fz’f .

GG

GR :

Set XNFEI = 0. to use Brink-Axel giant dipole resonance model to calculate gamma-
ray strength functions. If XNFE! > 0., then tabulated gainma-ray strength function
at IFIX(XNFEI) encrgies is read from TAPE33. See TAPE33 description below
(LGROPT=2 only).

SIGMI1 is the photoncutron cross section associated with a Lorentzian
parameterization of the M| gamma-ray strength function. It is used in obtaining an
absolute M1 gamma-ray strength function. If set to zero in the input, a default value
of 0.001 b is used.

. The normalization factor (divided by 100) used with the Kalbach preequilibrium
- model. F2 usually has a value between 1.3 and 1.6.

The composite nucleus state dc,nsuv constant used in the preequilibrium model and .
generally defined as A/13 or 6a/r2, where a is the level density parameter for the
relevant residual nucleus.

State density constants for the residual nuclei appearing in the decay of the first .
compound nucleus. If left blank, then A/13 will be uscd Can also be relaled tothe -

~ Gilbert-Cameron level density parameter, a, by g = 6a/n2. Note:

GR(1) > neutron : 3 - GR(4) > deuteron
GR(2) - proton Lo GR(S) — triton

GR(3)—>aparticle -~ =~ - GR(6) - 3Hc particle

EBAR(II,N) Fission barrier heights in MeV.'

XBOM(ILN) s for each fission barrier.

DENFAC(II N) Factors that dm:clly muluply the level density at each barrier to account for‘ |

FSTS(@l)

ERFIS(IN)
EBBF,
XJPIF
[BAND
EBAND.

XJPIBA .
PIBI

symmetries.

Number of fission transition states to be used at cach barrier. Set FSTS(II) > 0. t0

read in the actual states and assume the spectra are identical at each barrier. Set
FSTS(II) < 0. w0 rgad in lhe bandhead information and then code conslructs the

~ transition states.

Moment of inertia parameter used to construct uansmon states with the gwen

~ bandhead information.

' When transitica states are read i in, these speclfy the energy, spin, and pamy

for each state (sign of XJPIF is pamy) .
N f han" cads for which bandhead mfonm_nion is read in.

Banahcad cnergy, spin, and parity for each bandhead read in.
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APPENDIX 5

n + 93Nb PROBLEN SAMPLE INPUT

RECORD - ~

NO - . _DATA COMMENTS

1 n + nb-93 calculation - gnScpOb tcnbtr nblevtr t33nbtr Descriptive information:

2 gnipnb2 14-MeV Test Calc for IAEA - Kopecky gsf .

- TITLE(N), N+1,20 e
3 .1 0 0 3 1 1 0 Print flags
' IPRTLEV, IPRTTC, IPRTWID, IPRTSP, IPRTGC, IPRE,
IGAMCAS, ILD
4 -1 0 0 0 0 00 0 0 0 0 0 ‘Input option flag, no. of
INPOPT, KLIN,KTIN,NIBD, LMAXOPT, NLDIR, ILDIN, direct levels read from A
LPDECAY,KSPLIT, LPOP, IHELV, IQBETAl, ISURF, ISEADD TAPE33. etc.

5 8 3 3 1 0 0 0 00 1 0 1 No. of comp'd nuclei, no. of ¥y-
NI, NKP LGROPT, LPEQ, NJMAX, ICAPT, IFIS, IBSF ISIGZ -ray multipolarities, Y-ray-.
IWFC, LDELGC, ISPCUT transmission coef, option,

preequilibrium flag,etc.

6 1. 41093. 1.00 ‘Incident particle ‘and
ZAP, ZAT, DE target specification.

7 .0.0888 0. 0. Spin cutoff constant
SCUTFTR, SDFTR, OLDGC specification.

8 +01 No. incident energies .
NELAB

9 14. 0.0 0.0 0.0 0.0 Incident energies.

ELABS (N),N=1, NELAB

G.0

e et g ey r———
(- RUBSHTH
. "
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 APPENDIX 5 (CONT'D)

RECORD

NO _ . DATA __ —_ COMMENTS
10 41094. 4. | -0.0118 1. .1001.1 2004. First CN and its decays.
11 41093. 4. -0.0 1. 1001. 2004. Second CN and its decays.
12 - 41092. 4. -0.0 1. 1001. 2004. Third CN and its decays.
13 40093. 4. -0.0" 1. -1001. 2004. Fourth CN and its decays.
14 40092. 4. -0.0 B 1001. 2004. Fifth CN and its decays.
15 40091. 4, -0.0 1. 1001. 2004. sixth CN and its decays.
16 39090. 4. -0.0 1. . 1001. 2004. Seventh CN and its decays.
17 39089. 4. -0.0 1. 1001. 2004. Eighth CN and its decays.
: ZACN(I),XNIP(I), SWS(I1), [zz51(19),12=2,nxp] X
18 el 0.0000 0.0000 = - - El gamma ray: defaults used.
19 ml 0.00000 0.0000 - - Ml gamma ray: defaults used.
20 e2 0.00000 0.0000 : S : - E2 gamma ray: defaults used.
LNGHOL (NP) , LG, RE1 (MP), GGDNORM (NP ) . '
21 16.59 5.05 0.0 0.0 0.0 ©.0.0 - GDR shape parameters.
. .BGl, GG1, EG2, - . GG2, G2NORM, BG3. ,
22 0.2 v 0.0 0.0 - - 0.0 0.0 . 0.0  GDR El photoneutror. cross N
SIGBl, - SIGNM1, ‘BGCON, - GDSTEP, GDELS, GDELSL section, more shape parameters
23 1.35 7.15 . 0.00. . 0.00 ... 0.00 . 0.00 Preequilibrium norm and
' : o . composite system state

_F2, . aa, 7 IGR(N)ouvloGJ,_

[

density. .




APPENDIX 6
- TAPE33 INPUT DESCRIPTION

A cammm
. Rcad (*) (EFEI(I), FEI(I), I = 1, IFIX(XNT’EI))

, _wherc: o .
L XNFE|1 = number of entries in table (see App 4).

. EFEI(I), FEI(I) = table of y-ray energies and El mlamy-ray strength funct|on'
' valuos '

—— e - -

B. Cmmmmm
3 Read (*) (ELDIR(J), J = 1, NLDIR)

Read (*) NEDD
Rcad ™) EMSHD(J) I=1, NEDD)

DOJ-lNLDlR : o o .
~ READ (*) (XSD(1,J), 1= 1, NEDD) e
ENDLo op - _ ' . o
Whe;e: |
i NLDIR = number of direct reaction levels to be read. See App. 4 for details.
' Note that if NLDIR > 100 (that is, for coupled-channel data), then
NLDIR =NLDIR - 100.
- ELDIR (J) = cxcitation encrgxes of levels for whicii direct cross sections will be
' read (stan wnh ground state and skip no levels--read zeros lf -
necessary). .
"NEDD = ‘number of mcxdem pamclc energies for whxch direct cross secuons are

, read.,

| "EMSHD(J) = mcndent energy mesh over whxch dn'ect Cross secuons are supplxed

. XSD(I,D‘ = dxrect reaction Cross secuons read for cach level (J) and mcldent
- :energy(l) SR
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C thcm.mmzﬂ

Read (*) NEWFC
" DOI=1,NEWFC
Read (*) EWFC(I) (WECI(LIID), ID = 1 7)
END Loop
DO 1=1, NEWFC
" Read (*) EWFC'(]), (WFC2(I 1D), IlD =1 7)
END Loop
where:
-NEWFC = number of incident. energnes for rcadmg width- fluctuatlon
correcuons :
EWFC(]) = incident energy mesh over which wxdth fluctuation corrections are
j ‘ - read.
N - WECI(LIID) = ratio of ocamcwd/oumw for ground-state reactions with IID =1
' -+ (neutrons), = 2 (protons) = 3 (deuterons), = 4 (tmons) : 5 (3He) =
o 6 (alphas), = 7 (gamma rays). .
- WFC2(IIID) = same as WFC1 except for reactions leaving the nesldual nucleus i in_

excited states. Note that zeros for both WFCl and WFC2 : are -

convertcd to I 0

—— -
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APPENDIX 7

. SELECTED PORTIONS OF MAIN OUTPUT FILE FROM n + 93Nb
1. ‘input Print Section

A. Mass File (TAPEl3) Description

MASS DATA INPUT T O SUBROUTINE ENERGY
Masses based on Wapstra 1986 and Moller-Nix 1986 merged files, as obtained
from D. Madland (files MASS86 and MNB&, respectively). Spin, parities from
BCDGRD3 and Nuclear Wailet Cards. Date 10/25/88. Tota. entries 4795.

B. Input File Information

n + nb-93 calculation - gnScpOb tenbtr nblevtr tidnbur
gnipan' 14-MeV Test Calc for IAEA - Kopecky gsf

the date and time of this calculatijon are 11/06/91 16:20:32 S o
GNASH Version and Date: GN5XOb, 1 Nov. 1991 - Version for Trxeste (3/92) course. .

iprtlev= 1- iprttc= 0 iprtwid= U iprtsp= 3 iprtgc= 1 iore= 1 igamcas= 0°
inpopt=-1 klin= 8 ktin=10 nibd= 0 imaxopt= 0 iseadd= 0

nldir= 0 ildin= 0 ila= O lpop= O . : : .
lpdecay = -0 (0 = on, 1 = off) ksplit = 5 ihelv = 0 igbetal= 0 isurf= 0 ibeoff= O
ibsf= 0 isig2= 0 iwfc= 1 ldelgc= 0 ispcuts 1 lgsfint= 0 '

number of lcm buffers is 10

maximum number of energy bins is 100

approximate storage requirements for 1-, 2-, 3-dimensional variables in common = ° 4611 33094
total storage requirements of common variables = 228321 : :
nidim= 10 nipdim= 6 njdim= 40 nkdim= 100 nldim= 36 niddim= 7 nlevdim= 60

needim= 38 ngrdim= 100 nmpdim= 6 nfedim= 25 nfissn=19- nibdim- 10 ‘nfacdim= 51
nupdim= 40 neddim= 40 ks= 35 '

ni= 8 nmp= 3 lgropt= 3 lpeq= 1 njmax= 40 jcapt= 0
jrast level increment = 0

zap= 1. zat=41093. de= 1.000 mev xmt= 92.90638 amu sp= 7.229 mev ecutoff= 2.10 mev
acn= 0.000 /mev fsigen= 1.000 defen=0. spint =. 4.5 - pit= 1. s : :
scutftr= 0.08880 sdftr= 1.50 ioldge= 0 Lo

xncxdent energxes (mev) = 1.400e¢01

CALCULATION -

187616
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1. Input Print Section (cont'd)

€. Reaction Labeling, Reaction Parentage, Masses, Buffer Numbers

[= 1= 2. WNE )

i ‘zacn nip parent s-wave ip ir zal za2 xmr s nlev def a nlgc ecyr L .Afor
== ess-- ~-- (line 2) strength, energy -- -~ c-e- ee=-- {amu) (mev) .- --- {(/mev) ---- {mav neattoer
1 41094. 4. -1.180e-02 7.229
i= 1. ipa 1. 1 1 0. 41094. 93.907 0.000 0. 0.0.000 0. 0.0 1
’ 2 2 1. 41093. 92.906 7.229 0. 0.0.000 0. 0.0Gu
k] 3 1001. 40093. 92.906 6.537 0. 0.0.000 0. 0.002
4 4 2004. 39090. 89.907 2.308 0. 0.0.000 0. 0.000
2 41093. 4. 0.000e+00 8.830 )
i= 1. ip= ‘ 2. 1 S 0. 41093. 92.906 0.000 0. 0.0.000 0. 0.000
2 6 1. 41092. 91.907 8.830 0. 0.0.000 0. 0.000
3 7 1001. 40092. 91.90% 6.04z 0. 0.0.000 0. 0.000. 5
4 8 2004. 39089. 88.906 1.933 0. 0.0.000 0. 0.000 8
3 41092. 4. . 0.000e+¢00 7.883 ) _
i= - - 2. 4p=s - 2. 1 9 0. 41092. 91.907 0.000 0. 0.0.000 0. 0.000 3
: 2 10 1. 41091. 90.907 7.883 0. 0.0.000 0. 0.000 0
3 11 1001. 40091. 90.90¢ 5.847 0. 0.0.00¢C 0. 0.000 6
: : : 4 12 2004. 39088. 87.910 4.582 0. 0.0.00C" 0. 0.000 )
4 40093. 4. 0.000e+00 6.734
i= . 1. ip= . 1 13 G.- 40093. 92.906 0.000 0. 0.0.000 0.- 0.000 4
2 14 1. 40092. 91.90% 6.734 0. 0.0.000 0. 0.000 5
3 1S 1001. 39092. 191.909 9.576 0. 0.C.000 0. -0.000 0
) S 4 16 2004. 38089. 88.907 3.334 0. 0.0.000 C. 0.000 0
5 40092. 4. ) 0.000e+00 8.635 . . .
i= 204. ip= 202. 1 17 0. 40092. 91.90% 0.000 0 0.0.000 - 0. 0.000
: : 2 18- 1. 40091. 90.906 8.635 0 0.0.000° 0. 0.000
3 19 1001. 39091. 90.907 9.397 0. 0.0.000. 0.. 0.000
B . ) ) . 4 20 2004. 38088. 87.906 2.966 0 0.0.00¢C .0. 0.000
6 40091.. 4. 0.000e+00 7.19%5 ’
i= 305. ip= 302. 1 21 0. 40091. 90.906 0.000 0. 0.0.000 0. 0.000 6
o ’ ' o 2 22 . 1. 40090. 89.905 7.19% 0. 0.0.000 0. 0.000 0
3 23 1001. 39090. 89.907 8.694 0. 0.0.000 0. 0.000 ?
. 4 24 2004. 38087. 86.909 5.443 0. 0.0.000 0. - 0.000 0
7 39090. 4. 0.000e+00 .6.857 .
i= C . 106, ip= - 403. 1. 25° 0. 39090. 189.907 0.000 0. 0.0.000 0. 0.000- 7
: 2 26 1. 39089. 88.906 6.857 0. 0.0.000 0. 0.000 8
3 27 1001. 238089. 88.907 7.567 0. 0.0.000 0. 0.000 . 0
T ‘ o - 4 28 "2004. 37086. 85.911 6.17¢ 0. 0.0.000 0. 0.000 0
8 3908%. 4. 0.000e+00 11.480
i= 207. - ipe - 402. 1 29 - 0. 39089. 88.906 = 0.000 0. 0.0.000 0. 0.000 8
) A 2 30 1. 39088. 87.910 11.480 0. 0.0.600 0. 0.000 0
M ‘3 7 31 1001. 38088. 87.906 7.078 0. 0.0.000 0. 0.000 0
i 4 32 2004. 37085. 84.912 7.964 0. 0.0.000 0. .0

0.000
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2. Gamma-Ray Strength Functions

ST AAR T QOF SPECTRA SUBROUTIN E
Time From Start Of This Energy = 0.007 Sec. Total Elapsed Time = 5.164 Sec.

++++ gilcam subroutine unable to match discrete levels with level density function for

++¢+ gilcam subroutine unable to match discrete levels with level density function for residual nucleus in reaction ir

START OF I=1 LOOP IN SUBROUT i N E SPECTRA
Time From Start Of This Energy = 0.086 Ssec. Total Elapsed Time = 5.243 Sec.

'-jmakcn = 16

‘sigrtot= 1.7559¢¢Q6 sigdwba= O.OOOOQfOO'Aaigcn% 1.7559%e+00 ratcndwé 1.0000e~06

Gamma-Ray Strength Fuhctidn'Ndrmqlizacion: i= 1 lgropt= 3 lgsfint= 0

Radiation RE1 Constant Strngth Funct
el 1.0000e+00 2.5536e+00 3.5862e-03
ml 1.0000e+00 2.5536e+00 7.3044e-04
e2 1.0000e+00 2.5536e+00 3.04386-04

- EXP..SWS(i) =-1.1800e-02 GNASH SWS = 4.6210e-03 NORMALIZED SWS = 1.18006é-02

GIANT DIPOLE RESONANCE PARAMETERS USED IN CALCULATIONS:

RADIATION EGR GGR  SIGPHOTN
El°  16.5900 5.0500 2.000e-01
El 0.0000  0.0000 0.000e+00
El 0.0000  0.0000 0.000e+00
M1 - 9.0202 4.0000 1.000e-03

E2 13.8603 . 4.9831 2.148e-03

residual nucleus in reacticn ir

15 esee

22 *-rse

e

P

e e
e




3. 'Ariéequilibrium Cross Sections

IZ1

spectyra after preequilibrium for id = 1 ) o o .
I e {mev) preequil (b/mev) mod equil{b/mev) total (b/mev) -
1. 1.000 0.7574e-01 0.4102e+00 0.4860e+00
2 2.000 0.8790e-01 0.2260e+00 0.3139%e+00
3 3.000 0.8704e-01 0.}317e¢00 0.2187e+00
4 4.000 0.7974e-01 © 0.6590e-01 0.1456e+00
S 5.000 - 0.7302e-01 0.2978e-01 0.1028e+00
6 6.000 . 0.6644e-01. 0.125%7e-01 0.7901e-01
7 7.000 . 0.5903e-01 0.4911e-02 0.639%4e-01
8 '8.000 0.5125e-01 0.1824e-02 0.5307e-01
9 9.000 - 0.4362e-01 0.6697e-03 0.4429e-01
10 10.000 0.3630e-01 0.2383e-03 0.3654e-01 .
11 11.000 0.2919e-01 - 0.8315e-04 0.2928e-01
12 12.000 . 0.2206e-01 0.3938e-05 0.2206e-01
13 13.000 0.1462e-01 0.1096e-04 0.1463e-01
14 14.000 ' 0.6509e-02 -0.1392e-05 0.6510e-02

spectra after preequilibrium for id = 2 _ -
i e{mev) - preequil (b/mev) mod equil {b/mev) total (b/mev)
1 1.000 0.1418e~10 . 0.3724e-09 0.3866e-09
-2 2.000 0.6732e-06 0.1219e-04 0.1286e-04
3 3.000 0.5373e-04 0.618le-03 0.6718e-03
4 4..89 0.5721e-03 0.3846e-02 0.4418e-02
S $.000 . . 0.2363e-02 - 0.8525e-02 0.108%e-01
6 6.000 0.540de-02 0.969¢e-02 0.1510e-01
7 . 7.000 '0.8165e-02 0.6718e-02 - 0.1488e-01
-8 8.000 -0.9692e-02 - 0.3337e-02 - - 0.1303e-01 -
9 . 9.000 0.1011e-01 - 0.1342e-02 - 0.1145e-01
10 10.000 0.9733e-02 10.4437¢-03 -0.1018e-01
11 11.000 - 0.8879e-02 0.1240e-03 0.9003e-02
12 12.000 0.7546e-02 0.2720e-04 0.7573e-02
13 13.000 0.5891e-02 0.2746e-05 0.5694e-02
14 14.000 0.3882e-02 0.5367e-06 0.3883e-02
18 15.000 0.7203e-03 0.4400e-06 0.7207e-03
spectra ~fter preequilibrium for id =
i ©elmu., preequil (b/mev) . mod equil(b/mev) total (b/mev)
D - 1. 000 -0.0900e+00 '0.0000e+00 ‘0.0000e+00
v 2.000 0.0000e+00 0.0000e+00 . - 0.0000e+00
3 3.000 0.0000e+00 - 0.0000e+00- 0.0000e+00
4. 0.8959%e-10

4.000

0.2509e-11

0.8708e-10
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1. s
S
]
8 . .
9 9
10 10.
11 S B
12 .
13 S &
.14 14
: 15 .18,
16 16.
17 ‘ 17.
18 ‘186,
19 19.
START OF I-=

® < o . .
. .

.000

Time.From Start Of This Energy =

Gamma-Ray Strength Function Normalizatﬂon:

+1119¢-08

0
.000 0.7238e-07
.000 0.1545e-05
.000- 0.1661e-04
.000 0.1103e-03
000 0.4846e-03
.000 0.1565e-02
000 0.2542e-02
.000 0.3342e-02
.000 0.3588e-02
000 0.3234e-02
000 0.2529¢-02
000 0.1643e-02
000  0.8043e-03
000 . 0.2277e-03
2 LOOP I
. 0.655 Sec.

.3050e-07
0.14656-05
'0.21490-04
0.1456e-03
0.5559e-03
0.1314e-02
0.2137e 02
0.1647e-02
0.9843e-03
0.4565e-03
0.1720e-03
 0.5446e-04
0.5196e-05
0.6338e-05
0.1935e-05

N SUBROUTINE SPECTRA
(3 Total Elapsed Time =

i= 2 lgrobte 3 lgsfint= 0

Average Camma Energy®**2.5 = 7.62071e+00 MeV**2.§
Gamma Fraction Above 5 MeV =

0.01329

¢.000
12.000
1.452e-01

N~

9.972e-01 9.

2.000
12.000
1.047e-02
9.964e-01

BT« V]

2.000

12.000
0.000e+00 0
6.008e-01 7

4. Preequilibrium Ratios
ﬁe fract bin energies 1.000
: ' 11.000
neutron 5.990e-02
9.972e-01
pe fract bin energies 1.000
11.000
proton 1.961le-05
9.8629-0;
pe fract bin enetgiés 1.000
11.000
alpha . 0.000e700
o o 3.876e-01
END OF I LoopP 1IN

Time From Start Of This Energy =

SUBROUTINE
3.07¢ Sec.

3.000

13.000
.591e-01
972e-01

3.000
13.000
.799%e-02
.964e-01

3.000
13.000
.000e+00
.725¢-01

4.000

14.000

§.319e-01
9.972e-01

4.000
14.000
1.109e-01
9.964e-01

4.000
14.00¢C
4.286e-06
8.871e-01

- 5.000
15.000
6.823e-01

9.972e-01

5.000
15.000
2.02%e-01
9.964e-01

5.000
15.000
8.76%e-05
9.495e-01

"SPECTRA

Total Elapsed Time =

0.3161e-0"
0.1%37e-05%
0.2304e-04
0.1622e 03
0.667 e-03
0.. %e-02
G.:. 0002
0.4189%e-02
0.332€e-02
0.3044e-C2

0.340¢€e

0.2533e-02
0.1¢ike-02
-0.8106e-03
0.2297e-03

5.312 Sec.

6.000

8.4C%e-01

6.000
16.0C0
3.4E8e-01
9.964e-01

6.000
16.0C0

7.072e-04
9.789%e-01

8.231 Sec. .

(YN ]

7.000

.232e-01

7.000

.451e-C1

7.000
17.000

.442e-03
.78%e-01

W

-433e-01

8.600
18.000

..925e-.02'
.78%e-01

9.0CC
19.GC0

.842e-(2
.78%e-0!

o

-
<.

e —————
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5. Binary Integrated Cross Sections -

n + nb-93 calculation - gn5cpOb tcnbtr nblevty t33nbtr
gnipnh2 14-MeV Test Calc for IAEA - Kopecky gsf

lab neutron energy = 1.4000e+01 mev

binary reaction summaries (cdmﬁduhd nucleus only)

t~tal
elast. -
nonelastic
total reaction

shape elastic
compd elastic

direct reaction
compd reaction

radiat. captu.e
semidir capture
discrete inelas

x/8
x/8
X/Ss
x/s

x/s
xX/8

X/s
xX/s

xX/8
x/8
A/S

(barns)
(barns)
(barns)
(barns)

(barns)
(barns)

(barné)
{barns)

{barns)
(arns)

{barns)

reaction sigma
product (barns)

reaction  1.7559e+00  GNASE omly
gammaray 4.2323e-03
neutron 1.6719%e+00
proton €.5615e-02
helium-4 !;(1926-02

. ===--- pre-equilibrium summary ------
ip = id = 1 outgoing particle = neutron

initial exciton number = 3
compound x-sec{barns) =

ip =

ipl.

cémpo@nd x-sec (barns) =

id =

id '«

outgoing particlé e
initial exciton number = 3
c9mpound_x-seclbarhs) -

8.83916e-01

3.46911e-02

preq normalization =

4.0771e+00
2.3260e+00
1.7511e+00
1.7565e+00

2.3206e+00
5.4055e-03

0.0000e+00

1.7€65e+20

5.0491e-03
8.1679e-04
3.7795e-02

$.00000e- 04

preeq x-sec(batny) s

proton
preg normalization -

5.00000€- 4

preeq x-sec(bamms: »

_ 6 outgoing particle v helium-d .
injtial exciton number s

‘27 preq normalizatian w
Rreeq x-sec(barns) =

7.50336-02

$.00000e-03"

TAPER10 (Spherical Optical MNodel)
TAPE1O shape el. x/s + GMNASH com. el.
TAPR10 react. x/s - GNASH conm.

x/s
elas. x/s

TAPR10

TAPR1O

GMASH
-(lothinq input on TAPRI?;

TAPE10 total react. x/s - direct reac. x/s

Not applicable (ICAPT - 0)
Direct-semidiraect calculation
GNASH

7.3245¢e- 01
7.30190e-22

23\ 869e-02
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level
level
totral

Individual - Reaction Emission: Spéctra'

-':s p é éit ra

't'.zacn=41C94':acn=41094,zacn=¢1 94 zacn=410%4 2acn=41093 zacns= 4109‘”
' ‘zals 0
. 2a2=41092

decay &/s=
excit c/s=
prod. c/s=

avg.energy {(mev)

k

O om-~JOONh U é& Wiy -

L R S e N I I (SR
—~ OWVD IO NGB W O

enexgy
{mev)

1.00000-
2.00000
3.00000
4.00000

$.00000
6.00000
7.00000 -
8.00000
9.00000
10.00000
11}00000
12.00000

©13.00000

4.00000
15.00000
16.00000
17.00000

- 18.00000

19.00000
20.00000
21.00000

2als 0
2a2=41094
sigma
- (barns)
1.325%86-7
1.51602-7
5.1705¢€-3

sigma
{b/mev)

3.65114-5

1.45520-¢
2.51728-4
3.23787-4
3.71382-3
4.08206-4
4.36704-4
4.63333-¢
4.28213-3
3.58961-4

3.05302-4°

2.67047-4
2.38743-4
2.20218-4
2.10896-4
1.97704-4

.. 1.72024-4
- 1.32718-4

9.68041-5
7.13414-5

£ 3.34145-5

from

zal= 1

2a2=41093

sigma
{barns)
0.00000.0
4.32008-2
1.61637.0

sigma
{b/mev)
4.8598¢4-1
1

.3.13903-~
-2.18710-1

1.45644-1
1.02801-1
7.90089-2

6.39373-2
'5.30733-2.

4.42945-2
3.65360-2

2.92776-2"

2.20638-2

1.4€266-2

6.£1042-2
0.0300040

0.00000+0 "
0.00000-0:

0.00000+0

0.00C00+0

0.00000+0

10.00000+G

O\D-‘b..l

B Y I S O O PO

coocooco

zal= 1001
za2=40293
sigma
barns)
7.00000+0
1.04975-2
1.07706-1

sigma

(b/mev)

.Bo62-10
.265615-5
.71825-3
.41842-3
.08882-2
.50981-2
.48828-2
.30291-2
.14539-2

.57308-3
.89423-3
.86251-

.20721-9
.00000.2
.00000.2
.00000.C
.00000+0
.00006.90
¢.0C200+0

e | "-l i

J01771-2
L00227-3

individual

zal= 2004
za2=390%0
sigma
(harns)
C.00000.0
2.68803-3
2.75902-2

sigma
{b/mev)

- 06.00C0C.0

0.0000C.0

<.00000+0 .

£.9586-11
3.16140-§
1.53742-6
2.30398-5
1.62188-4
6.66213-4
1.79882-3
3.70207-3
4.1889€-3

1 4.32617-3

4.04402-2
3.405872-3

2.58339-3
T 1.64772:3.

8.10641-4

©2.29664-4

0.00000+0

0.00000+G

O OO VOO OWWWII W = Gt U= NN

sigma
{barns)
5.229822-1

9.50230-1"

1.2803240

sigma
{b/mev)
.04835%-1
.51869-1

.12664-1
.64009-2
.69978-2
.18668-2
.43261-3
.37203-3
.03521-4¢
.01149-5
.80156-5
.65087-¢

.00000+0
.00000+0
.00060+0C
.00000+0
.00060+0
.00000+0
.00000+C

.07668-1"

.51678-7.

reactxons

zal= 1
za2=41092
_sigma
(barns;
0.0000G.C

©5.40385-2

1.18394+0

sigma
{E/mev)

-7.815¢5-1

2.72429-1

1.16799-1..

3.89312-2
4.22537-3

0.00000.C.

0.00C00.0

10.000060.0

0.00000+0
0.00000+0
0.00000+2

0.00C00.0
0.00800.¢C
.00009.C .

2

G.00C002.90
£.00000+0
0.00002.2
0.006006-C

0.00000.0 .

0.00000+0C

0.00000+C .

zacn=41092
zal= 1001
ca2=40092
sigma
ibarns!
C.00CCs.C
2.5103z2-2
2.8146cC-2

sigma
(h/me

.14191-5
.42386-4
.38662-4
.80782-¢
.928%57-4
.66599-5
.0867¢-5
.00C0C<0
.00023.%
L00C0Ce 2

L05202.0

.0023C+D
.9500040
.00CIC5
LCO0A040
LJ0500+0
0:0C030.0
0.0C00CO
0.00000+0

onocuoﬁnooowmu-JQQMQ

.22565-7

.00C8392.8

2acn=41063

zal= 2C04 .
za2=330¢&9

sigma

{parns} .
C.20000e9
2.11450-3

sigma
{b/mev)
L0006«
2000040
.02732-9

L2676 -
.6070¢-4

.22036-¢
.54360-4
L74975-
. 35605 -
.193143- S

.GG50C.

[

.30000+2

.C00GC0
.00000« ¢
©90.00000-2
0.0000C.C

C\OOO(‘.von(.-mhnn-4wwwoo

0.00000+0

.77493-7

L28T84-4

‘- .i:

.0033C 0-
L0002

.08t

~ o

L02000.7
LGOOT0.0
LCO05C.n
.6020¢C.:
L0050

L0605
.6I06a-C

.C CC?v(

.0OTT0.C.

COGC&.C
.000C9.¢
.002CC-
L00C3C .S

LOUOOQOMOOOO OO MO M Ul - 4
. 3. '

a4y
]
< i

A

By

AN I N 4
LY YD B
)

4
C> O

s e
0

(SO ANS Y]
@ 4
(R I N eI A N SIS

[aNA NI a]

v e e .o
€Y £ €Y €Y D e € Y ) O Y In
L)

EOR T e N S 2 3 2 % BN 3% e B &0 BUSS JNRG IRRRNRY 3

O QDO e

Yy
.

[T S

‘

.5I02C

o

o
’

~

P .

[ 3]

A A A
(S IS ]

Y O QY D

.

YT YD O DO O LMY Y
EENCRC B QI &6 IO 0 B 4 }

'

ety D CY Y Oy

[
.
L% BN 4

-
(o3
-
<



YA

Individual Reaction Emission Spectra (cont'd)
"Vs'b'e"c tra Vf‘: om individuyal reactions

zgén-61092 zacn=41092 2acn=40093 zacn=<.(-3 2acn=40093 2acn=40092 zacn=40092 zacn=40092 zacn=43092 zacn=40092
zal= 1001 =zal= 2004 zal= 0 zal- 1 2al= 1001 2al= 2004 zal= 0 zal:s i zal= 1001 zal= 2004
2a2=40091 za2=39088 242=40093 2a2=40092 2a2<3909C 2a2:38089 2a2=40092 2a2<40C%51 2a2-39091 2a2=38088

e m————- - - B R G e e e - —e e me- - - [, - - .= m—-— e cemne - P S e —-—

sigma sigma sigma sigma sigma - sigma " sigma sigma sigma sigma
{(barns) (barns) {barns) {barns) {barns) (barns) {parns) (barns, {rarns) (barns)

level decay c/s= 0.00000+0 0.00000+0 4.56551-2 0.90000+0 0.00000+0 93.00000+0 5.05764-2 0.00300+0 0.09000+0 0.00003+0

level excit c/s= 0.00000+0 0.00000+0 9.88175-2 2.33905-2 3.1381-11

.BS8219-7  7.84296-2 0.0000CG+0 0.00000.7 4.3174-18

"
total prod. c/s= 0.00000+0 0.00000+0 2.02370-1 2.56031-2 3.4014-11- 2.89320-7 ©.26654~2 . £.0C000+2> 0.0000C.0 4.3174-18

avg.energy (mev; 0.00000+0 0.00000+40 1.65171+40 9.01371-1 2.33703+0 6.32685-0 7.37214-1 1.00000+0 0.00000+0 4&.00500+0

k

W U W N

—
o w

11
12
13
14
15
16
17
18
19
20
21

e maeaa- D A R . —crmme-—- P [ .. em - e e -~ meerenney  eescemnes mememecee=

) 'enerdy sigma sigma sigma sigma sigma sigma sigma sigma sigma . sigma

~ (mev) (b/mev) {b/mev) {b/mev) (b/mev}) ~ (b/mev)  (b/mev) A{b/mev; {b/mev) . (b/mev) tb’rev)
- 1.00000 0.00000+0 0.00000+0 1.08402-1 2.28511-C 1.5340-14 0:00000+0 5.79632-2 0.00000«0 3.00¢ o€ C.C ..»0
2.00000 0.00000+0 0.00000+0 4.78133-2 2.3563%-3 2.2517-11 0.00000+0 1.30916-3 0.00000+0 0.0C. .c.0 7 3000
©3.00000 0.00G00+0 0.00000+0 3.23330-2 3.57272-¢4 1.1480-11 8.2933-11 2.30487-4 0.00000+0 . 23000« <.50000:
4.00000 0.00000+0 0.00000+0 9.94107-3 3.70817-5 1.5068-15 7.78587-9 5.91966-5 0.00000.. J.000C:. 4.3, :-.8
5.00000  0.00000+0 0.00000+0 .2.95387-3 1.34657-6. 0.00000+0 4.64960-8 3.2760 -5 3.20001-0 0.00 .J+0 O. w00
6.00000 0.00000+0 0.00000+0 7.19801-4 7.40859-9 0.00000-0 1.06292-7 3.4579F-8  0.10.23«0 0.0t 10«0 . 5000+0
7.00000 0.00000+0 0.00000+0 1.81662-4 6.9349-14 0.00000+0 1.01017-7_ 6.7327 .3 7 °000+0 - 10000.0 C.2C00C-
8.00000 . 0.00000+0 0.00000+0 2.47779-5 0.00000.> 0.00000+0 2.68057-6 0.00000+0 2..500C. ©.000C2.C¢ 0.000". .
9.00000 0.00000+0 0.00000+0 7.47020-7 0.0C000+0 0.00000+0 7.3963-10 0..000040 C.0000C+C G.00C%3+0 0. ... ..J
10.00000 0.00000+0 0.00000+0 1.55967-7 0.00000+0 0.00000+0 3.34€8-1¢ ©£.000° «2 2.7° 20«0 0.507 2340 2000040
11.00000 - 0.0000040 "0.00000+0 3.38871-8 0.00000+0 0.00000+0 0.00000-0 0.CC30+0 . o0ul0el Q.00<00+r 710075040
12.00000 0.00000+0 0.00000+0 2.40195-9 (.00000+0 0.00500+0 0.0000.+0 C.. 00040 1.%0000+. 0.0000¢ €.006000+0
13.00000 . 0.00000+0 . 0.00000+0 2.4217-11 6.00000+0. 0.00000+0- 0.0:000+0 0.00000-> 0.0000¢2 5.300 .- 0.u0G000
14.00000 0.0C000+0 0.00000+0 _ 4.2864-16 0.00000+0 0.00000+0 ..00000+0 0.00033«0 0.00300+3 0..3 . .-0 0.50600.n
15.00000 0.00000+0 = 0.00000+0 0.00000+0 0.00000+0 0.00000+C 0.000C 0 0.0002048 C.03000e2 .0 20340 9.00000+0
16.00000 0.00000+0 0.00000+0  0.00000«0 0.00000+0 0.00000+C 0.00000+0 C.00000+0 =.00300+0 0.7.200+0 ©-00000<0
17.00000 0.00000+0 G.00000+0 0.00000«0 0.00000+0- 0.00000+0- 0.0000040 0.50000e0 £5.00000+0 & 2000060 C.00010 -
18.00000  0.00000+0 0.00000+0 0.00000+0 0.00000+0 J.00000+0 ©0.000000 0.0000040 0.00000«0 ¢ )0000-~ 0,007 260
19.00000  0.00000+0 0.00000+0. 0.00000+0 0.00000+0 0.00000¢0 0.0000040 0.0000C+0 C.0C300«0 -0.30000-0 0.7.:00+0
20.00000  0.00000+0 0.00000+0 0.0000040 0.00000+0 0.00000+C¢ 0.00000+0 0.C0000+G Q.003C -0 ©.00000.0 0.0:000+0
0 ¢ 0 .. 0000-2

21.00020 . 0.00000+0 0.00000+0 0.00000+0 ~0.00000+0 .00000+0 .0C000+0- 0.00000+0 0.000(.+0 0.70C00+¢
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level decay c¢/s=
level excit c/s=
total prod. c/s=

avg.ene:g? {mev)

k
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1.00000
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3.00000
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7.00000

8.00000 -

.9.00000
10.00000
11.00000
12.00000
13.00000

14.00000 -

15.00000
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17.00000
18.00000
19.00000

20.00000 .
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‘zaiz - 0
2a2=40091
sigma
{barns}
0.00000+0
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sigma
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0.0000040
0.000C0+0
0.00000+0
0.00000+0
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6. Individual 'Reaction
| spectra irom

zacn=39089 2acn=39089
2al= 1001 zal= 2004
2a2=38088 za2=37085

sigma sigma

: i {barns) (barns)
level decay c/s= 0.00000+0 0.00000+0
level excit c/s= 2.2085-19 0.00000+0
total prod. c/a= 2.2085-19 0.00000+0

avg.energy (mev) 7.500(0-1 0.00000+0
k energy sigma sigma
(mev) (b/mev)  (b/mev)
1.00000 2.2085-19 0.00000+0
2.00000 0.00000+0 0.00000+0
3.00000 0.00000+0 0.00000+0
4.00000 0.00000+0 0.00000+0
S.00000 0.00000+0 .0.0000040

7.00000 - 0.00000+0 0.000004+0
8.00000  0.0000040 0.00000+0
9.00000  0.00000+0 0.00000+0
10 10.00000  0.00000+0 0.00000+0

11 11.00000 0.00000+0 0.00000+0

OO IOV E W+

12 " 12.00000 0.00000+0 - 0.0000040 -

11 .13.00000 0.00000+0 0.00000+0
.14 14.00000 0.00000+0 0.00000+0
15 15.00000 0.00000+0 .0.00000+0
16 ' 16.00000 0.00000+0 0.00000+0
.17 17.00000 . 0.00000+0 0.00000+0
18 18.00000 0.0000040 0.00000+0
19 19.00000 0.00000+0 - 0.0000040

6.00000  0.00000+0 0.00000+0°

Emission Spectra (cont‘'d)

individual reactions

20 20.00000 0.00000+0 0.0000040

21 21.00000 0.00000+0 0.00000+0

I

SO g et

. pge
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total prod. c/s=

avg.energy {(mev)

k

-

[ SR S R S
O30V & W

[ S ¥
-~ o

[y )
~ OV Va W -

energy

{mev} .

1.00000
2.00000
3.00000
4.00000
$.00000

6.00000
. 7.00000
8.00000 -

9.00000
10.00000
11.00000

'12.00000

13.00000
14.00000

15.00000-

16.00000

17.00000
18.00000 -
-19.00000

20.00000

© 21.00000

neutron

spectrum

——w ...

(barns)
2.83043+0

sigma

{b/mev)

1.2643440

5.89164-1

3.35946-1
1.84617-1

. 1.07028-1

7.90089-2
6.39373-2

0 8.30733-2
- 4.42945-2

3.65360-2
2.92776-2

©.2.20638-2.
1.46266-2"

6.51042-3
0.0200040
0.00000+0
0.00000+0

7 0.00000+0
"0.00000+0

0.0000040
0.00000+0

O I U wd D s s s e e e U e O

comp

proton
spectrum

sigma

-{barns) -

1.10521-1

8.34258+0

" sigma

{b/mev)

.22974-7
.42834-5
.41423-3
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.49795-2
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.01771-2

.89423-3
.88251-3
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0.00000+0
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spectrum

_sigma . ..

{barns)
0.00000+0

‘signa
{b/mev)
0.00000+0
0.0000040

'0.00000+0

G.0000040
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0.0000040
0.00000+0

0.00000+0

0.00000+0
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0.00000+0
0.00000+0

.0.0000040

0.00000+0

.0.00000+0
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-0.00000+0
0.0000040

0.00000+0

spectra

" triton

spectrum
sigma

- {barns)

0.00000+6C

sigma
(b/mev)
0.00000+0
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- 0.00000+0

0.00000C40

-0.0000040

0.00000+0
0.00000+0
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0..00000+0

0.00000+0

0.00000.0
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"0.000004+0 _
0.0000040
0.0000049

0.00000+0
0.00000+0

helium-3.
epectrum
. sigma-
(barns)
0.00000+0

........

sigma
{b/mev)
0.60000.0
0.00000+0
0.00000+0
0.0000040
0.00000+0
0.00000+0
0.00000+0

0.00000+0

0.00000+0
0.00000+0
0.00000.0
0.00000+0

. 0.00000+0
0.00000+0 -
0.00000+0 .

0.00000+0
0.00000.0

0.00000+0 -
0.00000+0

0.00000+0

0.00000+0 °

0.00000+0
0.00000+0

o

COMNEIFNWOOL O 6N & ds sd s nwwoo
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spectrum

sigma
{(barns)
2.97982-2
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.00000+0

.11032-9
.85368-7
.27572-5%
.02349-4¢
.48885-¢
.23253-¢
.12061-3
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.23090-3
.32617-3
.04403-3
.40572-3
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.64772-2
.10641-¢
.29664-4
.0000040
.00000+0

.00000.0

Composite Particle and Gamma-Ray Production Spectra -

‘gammaray

spectrum

sigma
(tbarns)
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sigma
{b/mev)
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.47355-3
.84787-1
L82077-2
.88494-2
.27349-2

.80137-3
.63694-4
.55457-4
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.47394-4
.21170-4
.10896-4
.97704-4
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.45192.0

.92736-3
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spectrum
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sigma
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8. Discrete Level Cross Sections | o  5 | o o o o
A. Primary ‘Capture Gamma-Ray Cross Sections: .- - - o : o -{

primary capture gamma ray cross sections in barns

621

level no: leve

1 energy gamma energy cross section

1 _0.00000 21.07882 4.4293%7-09 .
2 0.04095 21.03787 2.28466e-09 !
3 "0.05872 21.02009 3.15975¢-09 1
4 0.07868 21.00014 ¢.91731e-0% j
5 0.11340 20.96541 3.92099e-09 :

6 0.14035 20.93946 1.82744e-09 !
7 0.30161 20.77721 1.86085e-09 P

'8 0.31185 20.76697 3.24993e-09 :

.9 0.33417 20.74465 2.36042e-09 f
10. 0.39627 20.68254 2.73233e-09

11 ~0.45021 20.62861 2.74995e-09

12 0.63166 20.484716 3.37798e-09

13 . 0.64092 '20.43790°  4.17202e-09 -

14 0.66574 - 20.41308 2.25771e-09

15 0.78493 20.29389 - 2.49603e-09

16 0.7929¢ 20.28588 2.49367e-09

17 0.81784 20.26098 2.87093e-09

18 0.82090 20.25792 3.46201¢-09

19 0.8957¢ - 20.18308  2.53337e-09

20 0.92400 -20.15482 1.

67524e-02

i.
P

f:i;
oo
Lo
I
IR
L
[ :
|
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'B. Capture Gamma-Ray Cascade Cross Sections (only meaningful for ICAPT=1)
£=1 “ips 1° irs1  zal: 0 7a2«41090  separation emergy = 0.000 mev.  accumulated separation energy = 0.

: ; ‘0.0dovmev: :éécumu}afed separaticn energy = 0.000 mev
number of level-in residual nucleus = 20 _number of gamma rays ’ )

40 residual nucleus id =4109¢

level level spin, product icn number of°  final. ~ final transition - conditional = gamma - gamma product ion

no energy parity cross section transitions levgl energy probability probability number energy cross section
: T (mev) ' (tarns! 7 no (mev) . = . {mev) {barns)
1 0.0000 + 6.0 5.5047e-08 C0
2 0.3410 + 3.0 3.7850e-08 1 - : S o
o : 1 0.0000  '1.0000 . 1.0000 1 0.0410 3.7850e-08
3 0.0587 « 4.0 . 9.9871e-09 2 _
. ' ‘ 1 0.0000 ©  0.1106 1.0000 2 0.0587 1.1650e-09
2 . . 0.0410 0.8894 ~.1.0000 3 0.0178 8.8822e-05
4 C.0787? « 7.0 6.7156e-09 1 : . _ e - , ,
’ : 1 0.0000 - 1.0000 1.0000 4 0.0787 6.7156¢-09
S - 0.1134 + S.0 8.8635e-09 2 o ‘ :
_ A ' 1 0.0000 0.9709 - 1.0000 5 0.1134 8.€053e-09
3 0.0587 0.0291  1.0000 6  0.0547 2.5816e-10
6 0.1404 - 2.0 1.9466e-08 . 1 o S | ‘ A o -
SR - - 2 0.0410 1.0000 "11.0000 7 0.0994 1.9466e-08
7 0.3016 - 2.0 3.4898e-09 ° o _ . : ; L S
' 6 0.1404 1.0000 - 1.0000 8 0.1613 3.4898e-09
8  0.3118'+ 4.0 4.2633e-09 1 o o o L ,
' ' T 5 0.0587 1.0000 1.0000 9 0.2531 4.2633e-09
9 0.3342 + 3.0 4.8536e-09 2 o , SR : : :
o 2 0.0410 0.9671 ~1.0000 10 0.2932 4.694Ce-05
6 0.1404 - 0.0329 1.0000 11 0.1938 1.856Ce-10
10 0.3963 - 3.0 6.2927e-09 -3 . o . : _
: L S 2 0.0410 0.0290 - 1.0000 - 12 0.3553 - 1.8240e-10
3 0.0587 "0.2464 1.0000 13 0.3376  1.5504e-05
6 0.1404 0

.7246 1.0000 T 14 0.2559  4.5600e-09
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C. ‘Level Bxcitatioh Cross Sections from Particle and Gamma -Ray Reactionb;
Discrete Gamma-Ray Cross Sections; Isomer Production Cross Sections

i= 1 ips 2 . ir=2 zal=s 1 za2=41093. _separation energy = -7.229 mev - accumulated separation energy = 0.000 mev-
number of levels in residual nucleus = 20 . C

level -level spin, iso- production S

no energy parity _spin. cross.section

{mev) ) (barns) - Sy : o i P

1 0.0000 « 4.5 99.0 5.4055e-03 . CUTheesl I . :

2 0.0308 - 0.5 99.0 1.1050e-03 - o T I s T

3 0.6870 - 1.5 99.0  5.990ze~24- . : , : e R A R A

4 0.7439 «+ 3.5 99.0 1.1945e-03 ‘ : B

5 0.8086 + 2.5 99.0 8.9807e-04

6 0.8104 - 1.5 99.0 5.9337e-04 : : _ :

7 0.9498 + 6.5 99.0 1.8318e-03 ; : : : - , .

8 0.9789 + 5.5 99.0 1.6664c-03 : R o E e :

9 . 1.0827 + 4.5 99.0 1.4354e-03 Lo

10 1.2537°+ . 3.5 . 99.0 1.1520e-03 |

11 1.2900 - 0.5 99.0 2.8631e-04 ! ,

12 1.2972 + 4.5 - 99.0  1.4146e-03 g

13 1.3153 -. 2.5 99.C = 8.5343e-04 1

14 1.3200 - - 2.5 99.0 8.5312e-04 .

15  1.3352 + 8.5 99.0 1.8486e-03

16 1.3698 -- 0.5 - 99.0 1.1941e-03

17 1.395% + 2.5 99.0 . 3.6091e-03 i
18 1.4834 + 3.5 99.0 4.7560e-03

19 1.4911 «+ 7.5 99.0 . . 7.7543e-03

+ 3.5 99.0 4.7503e-03

20 1.5001

i= 1 ip= 3 ir= 3 zal=1001 2a2=40093 separatiohvenergy = 6.537 mev ‘accumulaied separation energy = 0.000 mev
number of levels in residual nucleus = 15 . : : : .

level level spin, iso- production
no _energy - parity spin cross section :
{mev) : ‘(barns) ‘
. . }
1 0.0000 + 2.5 '99.0 7.2072e-04 S
2 0.2668 + 1.5 99.0 2.0380e-03 o
3 "0.9471 + 0.5 99.0 9.2682e-04 - . o .
4. .1.0180 .+ 0.5 --99.0- '9.1773e-04
5 1.1685 + 0.5

99.0 2.6657e-04




1.2220

(3 . 0.5 99.0 2.6453e-04
7 1.4253 + 1.5 99.0 §.1848e-04 - : _
8 1.4508 + 1.5 99.0 5.1657e-04 T
9 1.4640 + 3.5 99.0 1.0565e-02
10 1.4701 « 2.5 99.0 7.8275e-04
11 1.5980 « 2.5 99.0 7.683le-04
12 1.6500 « 1.5 99.0 5.0144e-04
13 1.8267 + 2.5 99.0 7.4266e-04
14 1.9095 «+ 0.5 99.0 2.3838e-04
15 1.9185 «+ 0.5 99.0 2.3804e-04
i= 1 ip= 4 ir= 4 zal-2004 za2=39090 separation energy = 2.305 mev accumulated separation energy = 0.000 mev

number of levels in residual nucleus = 15

[A %!

level level spin, iso- production
‘no energy parity spin cross section
{mev) {barns)

1 0.0000 - 2.0 99.0 9.9405e-05
2 70.2025 - 3.0 99.0 1.3026e-04

3 0.6820 « 7.0 99.0 2.1819e-04

4 0.7767 + 2.0 99.0 9.9026e-05

5 0.9540 « 3.0 99.0 1.3250e-04

6 1.0470 « 5.0 99.0 1.9426e-04

7 1.1900 + 4.0 95.0 1.5708e-04

8 1.2150 «+ 0.0 99.0 1.9574e-0S

9 ©1.2980 + 6.0 99.0 4.8323e-04
10 1.3710 - 1.0 99.0 1.4144e-04
11 1.4170 - 3.0 99.0 3.0976e-04
12 1.5700 - 1.0 99.0 -1.3779e-04
13 1.6410 - 1.0 -99.0 1.3645e-04 .
14 1.7600 - 2.0 .99.0 ' 2.2035e-04 .
15 1 - 2.0 99.0 2

.8130

.1870e-04



tel

i= 2 ip= 1 ira § zal= 0 242241093 separation energy = 0.000 mev accumulated separation energy = 7.229 mev
number of level in residual nucleus = 20 number of gamma rays = 32 residual nucleus id =41093

level  _ level spin, production number cf final final transition conditional gamma gamma product ion
no energy parity cross section transitions level energy probability probability number energy cross section
(mev) (barns) no (mev) (mev) {barns)
1 0.0000 « 4.5 4.2741e-01 0
2 '0.0308 - . 0.5 S$.5461e-02 1 o )
: .1 0.0000 1.0000 . 1.0000 1 0.0308 5.546le-02
3 0.6870-- 1.5 1.6525e-02 1
2 0.0308 1.0000 1.0000 2 . 0.6562 1.6525e-02
4 ~ 0.7439 « 3.5 6.8415e-02 1 - . .
: 1 0.0000 1.0000 1.0000 3 0.7439 6.8415e-02
5  0.8086 + . 2.5 3.1563e-02 2 A . _
o : : : 4 0,7439 0.0123 1.0000 - 4 -0.0647 3.8967e-04
. 1 0.0000 0.9877 - 1.0000 5 0.8086 3.1173e-02
6 0.8104 - 1.5 2.3779e-02 1
i ‘ 2 0.0308 1.0000 1.0000° . 6 0.7796 2.3779%e-02
7 - 0.9498 + 6.5 1.0068e-01 1 _ N
' : 1 - 0.0000 1.0000 1.0000 7 0.9498 1.C068e-01
8 0.9789 + 5.5 3.5444e-02 1
: 1 0.0000 1.0000 1.0000 8 0.9789 3.54844e-02
9 1.0827 « 4.5 2.2303e-02 2
4 0.7439 0.7937 1.0000 9 0.3388 1.770ie 02
1 0.0000 - 0.2063 1.0000 10 1.0827 4.6022e-03
10 1.2637 s+ 3.5  1.4483e-02 1 ,
. o . : 1 0.0000 1.0000 1.0000 11 1.2537 1.4483e-02
11 1.2900 - 0.5 2.7124e-03 2
. : 3 . 0.6870 0.6653 1.0000 12 0.6030 1.8045e-03
6. 0.8104 0.3347 1.0000 13 0.4796 9.0787e-04
12 1.2972 « 4.5 1.5956e-02 3
' - 8 0.9789 €.2205 1.0000 14 0.3183 3.5185e-03
[ 0.7439 0..667 1.0000 15 0.5533 4.2549%e-03
1 - 0.0000 0.5128 .- - 1.0000 16 1

.2972 8.1826e-03
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i= 2 . ip= 2 irs 6 zala 1 za2=41092 ° geparation energy = 8.830 mev accumulated sepétaiiﬁn-eﬁ§r§y = 7.229 mev
- number of levels in residual nucleus = 20 : : o : . . : . -

level level spin, iso- production

no. . energy parity spin - cross section
(mev) {barns) i
1z
1 0.0000 « 7.0 99.0 1.9347e-01 : : , , .
2 0.1385 ¢« 2.0 99.0 1.7726e-02 S ‘ ) ;
o3 0.2259 - 2.0 99.0 1.8010e-02 - ' : o
4 0.2856 « 3.0 99.0 2.4910e-02 3
5 0.357¢ «+ 5.0 99.0 5.1698e-02 S
6 0.3898 - 3.0 99.0 2.7278e-02 T : L . ‘ L
7 0.4802 ¢« 4.0 99.0 3.2313e-02 . o ) S . B
8 ©.0.5012 + 6.0 99.0 6.8847e-02 T s i ' : '
9 0.9751 + 0.0 99.0 1.2298e-03 - "
10 1.0894 - 1.0 99.0 3.2063e-03 ' :
11 1.1501 - 1.0 99.0 3.0882e-03
12 1.3098 « 5.0 99.0 1.8714e-02 - : : : A : : sy
13 1.3240 - 2.0 99.0 5.2876e-03 : : AR : C R
14 1.3455 « 2.0 99.0 S.0643e-03 : ‘
15 1.3740 « S0 99.0 1.7855e-02 S L S
16 1.4102 +  S.0 99.0 1.7366e-02 : R s —
17 1.4244 ¢« 3.0 990 7.683%5e-03 S o -
18 1.4228 - 4.0 99.0 1.30S5e-02 !
19 1.4679 + - 4.0 99.0 1.1109e-02 i
+ 1.0 99.0 2.4809e-03 :

20 1.4815

=2 ip=-3 jra= 7 2al=1001 - za2=40092 separation ederthé 6.042 mev accumulated sepgrét{on enefgy = 7.229 mev
nunber of levals in residual nucleus = 15 L o ‘ . : - e

level " level spin, iso-  production

no energy ' parity = spin cross section . o L o
(mev) ' . (barns) - ' : —_ o

1 ~0.0000 « 0.0 99.0 7.0798e-04

2 0.9345 2.0 93%.0 4.3840e-04

3 1.3828 « 0.0 $9.0 3.6447e-05

) 1.495¢4 « 4.0 99.0 4.5113e-04

5 1.8473 « 2.0 - 99.0 1.0302e-0¢ K
6 2.0667 « 2.0 99.0 .7.3388e-05 J :
7 2.150C « 5.0 99.0 2.4172e-04 - ’ . T -

8 2 - 3.0 0 7.1828e-05 . . ’ ' 3

.3397 99.




9  2.3983 99. .9334e-05

IS 4.0 0 9
10 2.4860 -~ S.0 99.0 1.2457e-04
11 2.7435 -~ 4.0 99.0 4¢.7837e-05
12 .2.8197 « 2.0 99.0 °1.6958e-05
13 2.8640 + 4.0 99.0 3.9752e-05
14 .2.9036 « .0.0 99.0 2.5233e-06
+ 5.0 99.0 5.5422e-05

15 2.909S

i= 2 ipeud ir= 8 zal1=2004 2a2=39089 separation eneirgy = 1.933 mev accumulated separation energy = 17.229 mev
number of levels in residual nucleus = 13 ’ '

GEl

level level spin, iso- production
no energy parity spin cross section )
(mev) (bar.as)
1 0.0000 - 0.5 99.0 7.5099e-04
2 0.9092 4.5 99.0 1.0289e-03
3 .1.5070 - 1.5 99.0 7.803%e-05%
4 1.7445 - 2.5 99.0 ° 7.4772e-0S
) 2.2220 2.5 99.0 3.4051e-05
6 2.5300 « 3.5 93.0 2.7217e-05
1 2.5665 « 5.5 .99.0 6.3064e-05
8- 2.6220 + 4.5 :99.0 3.4557e-05
9 2.8710 « 3.5 99.0 1.0660e-05
10 . 2.8810 - 1.5 -99.0 .3.8300e-06
11 . 3.0670 - 1.8 99.0 3.0124e-06
12 '3.1060 - 1.5 99.0° 2.8d42le-06 , i
3.1380 - 1.5 99.0 2

.70;4e-os

e ey e




i= 3 ip= 1
number 9§ level in residual nucleus

level level

no

9€T

10

_energy

imev)
0.0000

0.1355
0.2259

0.2856

0.35%4.

0.23898

~0.4802

0.5012

0.9751

1.0894

ir= 9

spin,
parity

2.0

3.0

5.0

4.0

6.0

0.0

1.0

production
cross section
{barns)

1.1839%e+00

4.5079e-01
2.0753e-01
1.6001e-01
1.5255e-01

1.2608e-01
9.09500-02

1.6942e-01
2.9595e-03

7f3403e-03

number of

final

transitions level

no

[ S

» A

N W

zal= 0 2a2-41092 separation energy -=.

final
energy

{mev)

0.0000

£ 0.1355
0.1355
0.0000

0.2856 -
0.2259

0.1355

0.3574-

0.2856

0.0000

0.2259

0.2856

0.2259

0.1355

0.000 mev
20 number of gamma rays = 35

transition conditional

gamma

probability probability number

11.0000

"1.0000

1.0000

1.0000

.6096
.9615
0.0288

oo

o

.2424

0.7578

1.0000°

1.0000

0.2000
0.5405
0.2595

1.0000

1.0090

1.0000

1.0000

1.0000.

1.0000
1.0000

1.0000

1.0000 -

1.0000

1.0000

©1.0000

1.0000

1.0000

~ O wm

10

11

12
13
14

_ gamma

-energy

{mev)

0.1355 .

0.6904

0.3574

'0.1042

0.1639
0.2543

0.1228
0.1946

0.5012

0.7452

0.8033

0.£635

 0.9539

accumulated separation energy = 1€.060 mev
residual nucleus id =41092 '

prcduction . ..

Ccross section
{(harr:s)
4.;079e-01
2.9753¢~01
1.6001e-01
1.5255e-01

L2i23e-53
.2123e-01
.6370e-03

W e

2.20469e-Cz
€.8902e-C2

1.6542e-31

t
w
“n
¢
(32}
L]
1
(39 ]
to

.4681e-03
.9678e-02
.904%e-03

[N



LET

[N

@O OJJIJJOOAOUNUN NI NS & dd W N )N = s s e

'ﬁ evel

ip ir - izal ' iza2

bUNHALJMO—‘thHQUNH‘SUNH_“("NH&UNH.‘I.UNH

WO W

W WA NN NN DI N I 2t 3t ps 4s 4o et b b pud
N OV IOV G&WNHOW®EJAWUV NS WO

c
1 .

1001
2004

1001
2004

1001
2004

1001
2004

1001

2004

1001
2004

-1001

2004

1001
2004

41094

41093
40093
39090
41083
41092
40092
39089
41092
41091
40091
35088

40093
40092

39092
38089
40032
40091

‘39091
-~ 38088

40091
40090
39050
38087
39090
39089
38089
37086
39089

39088

3goss
37085

density

{/mev)
11.814
10.758
11.901
9.75%9
10.758
10.153
10.854
9.365
10.183
9.751
10.252
10.471
11.901
10.854
11.385
10.043
10.854
10.252
10.352
9.647
10.2852
9.850
" 9.759
10.734
9.7%9
9.365
10.043
10.761
9.365
10.471
9.647
11.602

temp
{mev)
0.743
0.956
0.597
0.769
0.956
0.878
0.721
0.996
0.878
0.952
0.831
0.872

0.597

0.721

'0.873

1.011
0.721
0.831
0.784
1.005
0.831
1.100

.0.769

0.77%
5.769
0.996
1.011
0.608
0.996
0.872
1.005
0.787

B 'LQvélf'pgnéiﬁyA Parameters and

paraa«wes}¢t

el
{mev)

-1.443°

-1.756
0.300
-0.280
-1.756
-1.248
1.022
0.619
-1.248
-0.713
-0 098
-1.367
0.300
1.022
0.000
0.523
1.022

-0.098

0.0c0
1.507
-0.058
-1.728
-0.280

0.892.

-0.280
0.619
0.523
0.000
0.619

-1.367
1.507
0.000

ematch
{mev)
3.741
7.540
2.656
3.331
7.540
5.109
4.808
1.597
5$.109
6.805
5.314
5.297
2.6598
4.808
0.088

1.583

4.808

5.314

4.541
©2.527
5.314
2.348
3.331
1.599
3.331
1.597
-1.583
0.544
1.597
5.297
2.527

6.010

uatchind' Results =

e r s

ecut
{mev)
0.95381
1.504%
1.9231
1.8395%
1.5046
1.4883
2.9124
3.1540
1.4883
2.0802
2.4089
1.2815
1.9231
2.9124

©0.0000

3.2768
2.9124
2.4089
0.0000
4.3125
2.4089
4.5994
1.8395
2.8935
1.8395
3.1540
3.2768
0.0000
3.1540
1.2615
4.3125
0.0020

levels ecutl
at ecut (mev)

20.
20.
15.
15.
20.
20..
15.
13.
20.
15.
15.
15,
15.
15.
1.
15,
15.
15.
1.
15.
15.
15.
15.
15.
15.
13.
15.
1.
13.
15..
15.
1.

.7155
:9825
L7294
.7155
.2557
.4391
.6257
.2557
1134
1.6742

HOHKMMOOOOOO

- 0.5337 -

0.9825

1.4391

(AR R KRN N ]

1.7067

1.4391
1.6742
2.9763
1.6742
2.2525
0.7294
1.0810
0.729¢
1.6257
- 1.7067
1.6257
0.5337
2.9763

LA R R LN NJ

.0687

levels

sig2

at ecutl

OWwiWwo Wiwwvww wwo Wwwo W Wit WwWiv v Wwww W w

0.000
0.000
0.000
0.000
0.000

© 0.000

0.000
0.000
0.000
0.000
0.000

©0.000

©0.000 -
© 0.000
" 0.000

£.000
0.000
0.000
¢.000C
0.000
0.CC0
0.000
©.000
0.00C
G.000
0.000
0.000
0.600
0.000
0.000
0.000

. 0.000

q

(mev)
7.2292
0.0000
0.6919
4.9247
0.000¢C
-8.8305
-6.0423
-1.9326
-8.8305
-16.713%
-14.6774
-13.4128
0.6919

. -6.0423

-8.8844
-2.€423
-6.0422

-14.6774.

-15.4398
-9.0078
-14.6774
-21.8720
-23.3712
-20.1205
4.9247
-1.9226
-2.6423

-1.2449 -

-1.9326
-13.4128
-3.0078
~9.8961

pair do
(mev) {ev)
-0.240 8.049%e+01
C.880 1.856e+GC2
0.550 1.447e+G3
0.300 2.028e.03
0.880 1.856e+02
0.270 2.49%0e+02
1.710 2.869%e+02
1,220 4.862e+01
0.270 2.490e+02
1.190 4.463e+01
1.100 4.38Be«03
0.290 1.237e+02
0.550 1.447e+03
1.710 2.869%e+C2
-0.210 5.411e+02
1.250 1.298e-04
1.710 2.869e+02
1.100 &£.388e+03
0.910 4.107e+02
0 2.170 1.134e-02
1.100 4.388e+03
2.020 £.06%e-U1
0.300 2.028e+03
1.240 1.04%e+03
0.300 2.028e+03
1.220 4.862e-01
1.250 1.298e4+04
0.04C 5.963e+01
1.220 £.8€2e+01
0.290 1.237e+02
2.170 1.134e+02
1.500 2.350e+01
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9. 'P?INT OF LEVEL DENSITY PARAMETERS AND MATCHING RBSULTS (CONT'D) . ..

i ip ir izal iza2 pn P2 sn sz s sac id sepn spint

{mev) (mev) {mev) mev) {mev} {mev} {mev)

1 1 1 0 41094 -0.50 0.26 14.90 -16.€8 0.000 0.000 7 7.2292 4.5

1 22 - 1 41093 0.62 0.26 13.81 -16.68 7.229 G.000 1 8.8305 7.0

1 3 3 1001 40093  -0.%50 1.09  14.50 -16.43 6.537 0.000 2 6.7342 0.0

1 4 4 2004 239090 0.01 0.29 13.23 -16.89 2.305 0.000 6 6.8573 0.5

2 1 58 0 41093 0.62 0.26 13.81 -16.68 0.000 7.229 7 8.8305 7.0

2 2 6 1 41092 0.0} 0.26 13.23 -16.68 8.830 7.229 1 7.88230 4.5

2 3 7 1001 40092 0.62 1.09  13.81 -16.43 6.042  7.229 2 B.6351 2.5

| 2 4 8 2004 239083 0.93 0.29 12.88 -16.89 1.933 7.229 6.11.4602 3.0

3 1.9 0 41092 0.01 0.26 13.23 -16.68 0.000 16.060 7 7.8830 4.5

3 210 1 41091 0.93 0.26 12.88 -16.68 7.883 16.060 1 12.052¢4 8.0

3 311 1001 40091 0.01 1.09  13.23 -16.43 5.847 16.060 T2 7.1948 0.0

3 4 12 2004 39088 0.00 0.29 14.38 -16.89 4.582 16.060 6 9.3514 0.¢

4 113 0 40093  -0.50 1.99 14.90 -16.43 0.000 6.537 7 6.7342 0.0

4 214 . 1 40092 0.62 1.09  13.81 -16.43 6.734 6.527 1 8.8351 2.5

4 315 1001 3903 -0.50 0.29 14.90 -16.89 9.576 6.537. .2 6.5554 0.5

4 & 16 2004 380893 0.01 1.24  13.23 -16.41 3.334 6.537 6 6.3656 0.0

5 117 0 0092 0.62 1.09  13.81 -16.43 0.000 13.272 7 8.6351 2.5

5 218 1 .40091 °  0.01 1.09  13.23 -16.43 8.635 13.272 1 7.1946 0.0
— S 319 1001 39091 - 0.62 £.29 13.81 -16.89 9.397 13.272 2 7.931% 2.0
pod S 4 20 2004 38088 0.93 1.24  12.88 -16.4)  2.966 13.272 6 11.1127 §.5

6 121: 0 40091 0.0l 1.09  13.23 -186.43 0.000 21.907 ST 7.1946 0.0 -

6 2 22 1 .40090 ~ 0.93 1.09 . 12.88 --16.43 ~ 7.195  21.907 1 11.9709 3.5 ,

6 3 23 1001 39090 = 0.01 0.29 - 13.23 -16.89  8.69¢ 21.9Q7 2 6.6573 0.5

6 4 24 2004 38087 - -0.00 1.2¢8 14.38 -16.41 .  5.443  21.907 6 8.4281 0.0

7 125 0 39090 0.01 0.29 .13.23 -16.89 0.000 2.30% 7 6.8573 0.5

7 226 1. 39089 0.93 - 0.29 12.38 -16.89 6.857 2.305% 1 .11.4502 $.0

7 327 1001 38089 0.01 1.2¢  13.23° -16.41 7.567 . 2.305. -2~ 6.3656 0.0 -

7 4 28 2004 37086 0.00 0.04 14.38 -16.22 6.170 2.30% 6 . 8.6512 2.5

8 129 - 0 39089 0.93 ‘0.29 12.88 -16.89 0.000 ~ 9.162 7 11.4802 3.0

8 z 30 1 39088 0.00  0.29 - 14.38. -16.89  11.480 -9.162 1 9.3514° 0.5 -

'8 3311001 38088  0.93  1.24 12.88 -16.41 7.07% 9.162 2 11.1127- . 4.5

8 4 32 2004 37085 1 6 2.0

.46 0.04  '15.62 -16.22 7.964 9.162 -10.4878
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APPBNDIX 8

n o+ 23'0 PROBLEN SANPLE INPUT

RECORD

NQ

—RATA

1 U238 + n fission calculation - gnScpOb tcu8tr ulevtr

2 gnipu8 14-MeV Test Calc for IAEA (Exc.Funct.Exer.)
TITLE(N), N+1,20
3 1 0 0 3 1 01 0 0

10

IPRTLEV, IPRTTC, IPRTWID, IPRTSP, IPRTGC, IPRE,

IGAMCAS, ILD

-0 0 0 0 0119 .1 1 0 ©O0 0. 0 .1

-INPOPT,KLIN KTIN,NIBD, LNAXOPT, NLDIR, ILDIN,
LPDECAY,KSPLIT, LPOP, IHELV, IQBBTAI ISURF, ISEADD

3 3 2 1 0 0 1 0 0 © o 1

'NI,NNP, LGROPT, LPRQ, NINAX, ICAPT IFIS, IBSF, ISIGZ. :

IWFC, LDERLGC, ISPCUT

2 0 4 s
NBAR, IDIAF, IHFACT, KPNAX

1. 92238. 0.50
ZAP, ZAT, DE
0.0888  -1.0 1.0
SCUTFTR, SDFTR, OLDGC
01
NELAB
12.0 0.00 0.00

: 0.00 0.00
BLABS (N),N=1,NELAB ' S

——COMMENTS

Descriptive comments .

Print flags

~Input setup option, no. of -

direct levels read from
from TAPE33

Set no. of CN's, Y-ray multi-
polarities, y-ray SF
option, preeqg. flag, etc.

No. of fission barriers

Projectile and target

description, energy bin width.

A Spin cutoff constant

specification.

No. of incident energies -

Incident energy



o%-°

11

12

13

14

15

17

18

19
20

21

22
23
24

25

26
27
28
29

bf.."

92239 3. 0. 0. +0.00630
ZACN, XNIP, CNPI, CNPIP, SWS
0. 0. 29.088 0. 0. 0.
ZAl, XNL, A, XNLGC, BCGC, XNLGCL,
0. 0. 0. 0. 0. 0.
BOIN, TGCIN, EMATIN, S1G2, PA, BDS
1. 0. 29.482  17. 1.000 0.

" ZAl, XNL, A, XNLGC, BCGC, XNLGCL,
0. 0. 0. 0. 1.36 0.
EOZN, TGCIN, ENATIN, SIG2, PA, BDS

99, 0. 29.088 0. 0. .o,
ZAl, XNL, A, XNLGC, BCGC, XNLGCL,
°o. . o. .. 0. - 0. 0.
BOIN, TGCIN, BMATIN, S1G2, - PA, BDS
92238. 3. 1 . -0.

0. 0. 29.482  17. 1.000 0.
0. 0. ‘0. 0. 1.36 0.
1. 10, 29.766 0. 0. 0.
0. 0. 0. 0. 0.74 0.
99. 0. 29.482  17. 1.000 0.
0. 0. 0. 0. 1.36 0.
92237. 3. 2. 2. -0,

0. 10. 29.766 0. 0. 0.
0. 0. 0. . o. 0.74 0.
1. 0. . 28.532 .. 0. 0. . 0.
0. 0. 0. 0. 1.40 0.

CONMENTS

First CN, no. decays, gamma-

ray strength funct. norm.

Gamma emission

Neutron emission

_Fission channel

Second CN, no. decays, parent

reaction indicators (I, IP)

Gamma emission

- Neutron emission

Fission channel
Third CN no. decays, parent
reaction indicators :
Gamma emission

Neutron emission




1

NO 'f'f;jnuna;.z o L
30 99, 0. 29.766 - o. 0. 0.
31 0. 0. 0.. - 0. 0.74 0.
32 el 0.9 .5763
33 ml 0.1 125.76
34 e2 0. 27.06
LNGFOL(KP)aLGoRBl(NP))GGDNORK(NP)
35 10.77 2.37 13.80 5.13 1.476
- EG1, GG1, EG2, GG2,  G2NORM
36 0.3 0. 0.500 0. 0. 0.
! SIGR], SIGN], EGCON, GDSTEP, GDELS, GDBLSL'”
37°1.3 17.92 | | |
38 6.24 5.99
BBAR(1l), EBAR(2)
39 1.00 .50
XBOM(1), XBOM(2)
40 12. 2.
D!N?AC(l)oDBN?&C‘z)
41 +036.
FSTS
42  .0015 0.5 o
43 .012 -1.5
44 .032  -2.5
45 .06, ~  -3.5

. _COMMEBNTS

Fission channel

' El-gamma-ray norm.

Ml gamma-ray norm.
E2 gamma-ray norm.

Gamma-ray shape parameters

GDR El photoneutron cross
section.

Preequilibrium norm.and

composite system state
density

‘Barrier heights 23%y -

Barrier widths 239y
Barrier enhancements 239y

No. transition states to
directly read for 239y

1st transition state
2nd transition state
3¥d cransition state
4th transition state

T = ey

LR R T i e e G ol R e B el i o o R R R R
- e e .
.t o -




AR

BECORD
NO
46 .096
47 .14
48 .192
49 .252
50 .001S
51 .013
52 .033
53 .061
54 .097
55 .141
56 .193
57 .253
58 .1
59 .12
60 .148
61 .184
62 .228
63 .28
64 .1
65 .12
66 .148
67 .184
68 .19
69 .202
70 - .222
71 .25
72 .286
73 .195
74 .207
75 .227
76 .255
77 .291

BBBP,

%

36th transition state



ent

RECORD

NO
78 5.77 5.31
BBAR(1), EBAR(2)
79 0.50 .50
XBOM(1l), XBON(2)
89 3.5 2.0
DENFAC (1), DENFAC(2)
81 -1.
7 rgrs
82 4
IBAND
83 - 0. 0. 1.
84 0.3 0. '-;7,
85 0.7 2. '
86 0.9  -1. -
BBAND,  XJPIBA, PIB
87 4
 zeawn
88 0. 0. 1
89 0.3 0. -1,
90 0.7 2.
91 0.9 -1. Ny
BBAND, XJPIBA, PIB
92 6.03 5.63
93 0.50 .50
94 01.8 1.8
95 -1.

. e COMMENTS

- Barrier heights 238y
" Barrier widths 238y

Parrier enhancements 238y

Flag indicating bandhead data
No. transition state
bandheads, barrier a 238y

Begih-bandhead data barrier A

No. bandheads, barrier B 238y

bandheads, barrier A 238y

Begin béndhead"data barrier B -

~* Begin barrier parameters, 237y

b e e memy

o e s e -

e ) YTy —— ey s e e
e P .

O U S



791

96
97

98
09
100
101
102

103 -

104
105
106

107

]
N WHO
vownawnm

S wNRvo
T XY X, XY

A

D

. .
t N )
[
- e
el
~
X
L)
.
-

'Begin transition state daca,r
'barrxer A, 237y :

'Begxn trans1tlon state data, -
barrier B, 237y

.y

0 O S
R T B e P P N ]

e e 3o
- Lt e
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APPENDIX 9

... :SELECTED PORTIONS OF OUTPUT FILE FROM n + 238U CALCULATION

1. 1Input Data

U238 + n fission calculation - gn5cpOb tcuBtr ulevtr t33nutr
gnipud - 14-MeV Test Calc for IAEA {Exc.Funct.Exercise)

the date and time of this calculation are 11/06/91 15:26:41

GNASH Version and Date: GNS5XOb, 1 Nov. 1991 - Version for Trieste {3/92) course.
iprtlev= 1 iprttes= 0 iprtwida 0 iprtsp= 3 iprtges 1 ipre= 1 igamcas= 0
inpopt= 0 klin= 8 ktin=10 nibda 0 lmaxopts 0 iseadd= 0

nldir= 119 ildins ] ilde 0 lpops 0

lpdecay = 1 (0 = on, 1 = off) ksplit = S jhelv « 0 iqgbetal= 0 isurf-= 1 ibeoffw 1
ibsf« 0 isig2= 0 iwfc= 0 1ldelgc= 0 ispcuts 1 lgsfint= 0

number of lcm buffers is 10

maximum number of energy bins is 100

approximate storage requirements for l-, 2-, 3-dimensional variables in common = 4611 33094 187616

total storage requirements of common variables = 225321

nidim= 10 nipdim« 6 njdim= 40 nkéim= 100 nldim= 36 niddim= 7 nlevdim= 60 )
needim= 38 ngrdim= 100 nmpdim= 6 nfedim= 25 nfissn=10 nibdim= 10 nfacdime 51
nupdim= 40 neddime 40 kas 35 )

ni= § ampz= 3 lgropt= 2 lpeqs 1 njmax= 40 icapt= 0

jrast level increment = 0 -

zap= 1. 2at=92238. de= 0.500 mev ' xmt= 238.05078 amu  3pa.4.806 mev ecutoff= 0.10 mev

acn= 29.088 /mev ~fsigcn= 1.000 defconsl. spint = 0.0 pits 1.
acutfrr= 0.08880 sdftre 0.00 ioldge= 1

incident ‘energies (mev) = 1.2008401 -
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2. Reaction Labeling,

1 92239.

i=

2 92238.

i=

i=

4 92236.

i=

5 92235.

i=

3 92237.

nip parent
~-- {(line 2) strength, energy

ip=

ip=

ip=

©0.000e+00
ip= :

[ 9]

0.000e+00 6.153

W N N

I TR

TN

Reaction Parentage,

ir

LS )

[ -

®

10

11
12

13

14

Massges,

. 239.
. 238.
. 239.

. 238.
. 237,
. 238.

. 237
. 236.
. 237

. 236.
. 235.
. 236.

. 235.
. 235.

054
051
054

051
049
051

.049

046

.049

046
044
046

044
044

Buffer Numbers

-]

{mev)

.000
.806
.000

.000
.183
.000

.000
.126
0.000

0.000
6.545
0.000

0.000
0.000

a

{/mev)

29.1
29.5
29.1

29.5
29.8
29.5

29.8
28.5
29.8

28.5
29.0
28.5

29.0.
29.0°

ecgc

{mev)

0.000
1.000
0.000

1.000
0.000
1.000

0.000
0.000
0.000

0.000
0.000
0.000

0.000

0.000,

bufier
number

1
2
0

s

o

(S
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3. Plssion Barrxier Parameters

S eeecascaccesccann-. -multi hump fission barrier parameters -------c---cccooaa-oo .
za-fis ebarl ebar?2 ebar3 hbarl hbar2 hbar3 denfacl dernifac2 . denfacl . hfecu

92239. 6.2409 5.9900 0.9000 1.00 0.50 0.00 12.00 2.00 0.00
fission transition states for za = 92239. barrier number 1
e(mev). barrier height (mev) j-pi
0.0015 - 6.2415 -0.%

0.0120 - - 6.2520 -1.5
0.0320 : 6.2720 -2.%
0.0660 6.3000 -3.5
0.0960 . o 6.3360 -4.%
0.1400 © 6.3800 ’ -5.8
0.1920 ’ ’ ’ - 6.4320 -6.9
0.2520 : 6.4920 -7.5
0.0015 o 6.2415 0.5
0.01390 . 6.2530 1.5
0.0330 6.2730 2.5
0.0610: 6.3010 3.5
0.0970 - . 6.3370 4.5
0.1410 - 6.3810 5.5
0.1930 ’ 6.4330 6.5
0.2530 6.4930. 7.5
.0.1000 . . 6.3400 1.8
0.1200 '6.3600 2.5
" 0.1480 o 6.3880 ‘3.5
- 0.1840 _ . 6.4240. 4.5
0.2280 _ . 6.4680 5.%
.0.2800 ‘ 6.5200 6.5
0.1000 ’ S 6.3400 -1.8 -
0.1200 . 6.3600 -2.5
0.1480 . - 6.3880 -3.% -
0.10840 6.4240 -4.5
0.1900 . . 6.4300 0.5
0.2020 - 6.4420 1.8
0.2220 6.4620 2.5
0.2500 6.4%00 3.5
4.5

0.2060 6.5260

for barrier 1 the continuum begins at 0.292¢+00 mev
- there are - - 36. transition states up to an energy of 0.291e+00 mev
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3. ‘;?iaaibn Barrier Parameters (Cont'd)

fission transition states for za = 92239. barrier number 2

- e{mev) barrier height (mev) j-pi

. 0.001% .+ 5.9915 -0.5
0.0120 . . 6.0020 -1.5
0.0326" 6.0220 -2.5
0.0600 6.0500 -3.5
- 0.0960 6.0860 -4.5
0.1400 6.1300 -5.5%
0.1920 6.1820 -6.5
0.2520 6.2420 -7.5%
0.0015 - §5.9915 0.5
0.0130 6.0030 1.5
0.0330 6.0230 2.5
0.0610 6.0510 3.5
0.0970 ‘6.0870 - 4.5,
- 0.1410- 6.1310 5.5
- 0.1930 6.1830 6.5
0.2530 6.2430 7.5

0.1000 . 6.0900 1.5 .

= 0.1200 6.1100 2.5

o ©0.1480 6.1380 3.5 °
0.1840 6.1740 4.5
0.2280 . - 6.2180 8.5
- 0.2800 . 6.2700 6.5
10.1000 6.0900 -1.5
0.1200 6.1100 -2.5
0.1480 6.1380 -3.5

0.1840 . A . 6.1740 -4.5 -
0.1900 ) L .. 6.1800 . 0.5
0.2020 6.1920 1.5
0.2220 , 6.2120 2.5
©0.2500 6.2400 3.5
0.2860 . 6.2760 4.5
~ 0.1950 : 6.1850 -0.5
- 0.2070° . . - 6.1970 -1.5%
- 0.2270 . .6.2170 2.5
0.2550 . 6.2450 -3.5
-4.5

0.2910 . 6.2810

for barrier 2 the continudm begins at 0.292e¢+00 mev .
there are 36. transition states up tc an energy of 0.291e+00 mev
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3. riesion Barrier Parameters (Cont'd)

------------- multi hump fission barrjer parameters ---------eceaccocoueo

za-fis ebarl ebar2 ebar3l hbarl hbar2 hbar3 denfacl denfac2
92238 5.7700 5.3100 0.0000 0.50 0.50 0.0 3.50 2.00
fission transition states for za = 92238. barrier number 1
. e(mav) barrier height (mev) j-pi
0.0000 : . - -8.7700 0.0
0.0240 $.7940 2.9
0.0800 5.8500 4.0
0.1680 5.9380 6.0
0.2880 6.0580 8.0
0.4400 6.2100 10.0 -
0.3000 6.0700 -1.0
0.3240 6.0940 -3.0 -
0.3800 6.1500 -5.0 ’
0.4680 6.2380 -7.0
. 0.5880 6.3580 -9.0-
0.7000 6.4700 2.0
0.7240. . 6.4940 3.0
s 0.7560 6.5260 4.0
09.7960 6.5660 5.0
0.8440 6.6140 6.0 .
0.9000. 6.6700 7.0
0.9640 6.7340 8.0
1.0360 = 6.8060 9.0
1.1160 . 6.8860 10.0
0.9000 * 6.6700 -1.0
0.9160 6.6860 -2.0
0.9400 6.7100 -3.0
©0.9720 6.7420 -4.0
- 1.0120 6.7820 -$.0 -
1.0600 .o 6.8300 -6.0
- 1.1160 . - - 6.8860 -7.0
1.1800 . . 6.9500 -8.0
1.2520 7.0220 -9.0 -
1.3320 7.1020 -10.0

for bartie: 1 the continuum begins at  0.133e+01 mev ,
there are . 30. transition states up to an energy of- 0.133e:01 mev

~denfac3 '

0.00

' hféc;
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3. Fission Barrier Parameters (Cont'd)

fission transition states for za =

e (mev)
0.0000 -
0.0240 .
0.0800
0.1680
0.2880
0.4400
0.3000 |
.. 0.3240
. 0.3800"
34680
705880
0.7000
0.7240
0.7560.
0.7960
0.8440
0.9000
0.9640
v 0360
T . 1.1160
. 0.9000.

0.9160: .

0.9400°

: 0.9720:"

; 1.0120:

© . 1.0600:

1.1160 ;.

1.1800
1.2520

©1.3320: - -

for barrier 2 the continuum begins at

there are

barrier height {mev)
- 5.3100

- 5.3340

5.3900

5.4780

5.5980

$.7500

5.6100

5$.634Q

5.6900

$.7780
5.8980
6.0100
6.0340
6.0660
6.1060
6.1540
6.2100
- 6.2740
6.3460

6.4260

.. .6.2100
82260

6.2500 -
6.2820

6.3220

6.3700

6.4260
6.4900
6.5620
6.6420

92238. barrier number 2

0.133e+01
‘30. transition states up to an energy
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4. Direct Reaction Cross Section Data

DIREC
STILL I

‘T RE
=1

ACTION/PREEQUILIBRIUM PRINT SECTION

Loovp

N SUBROUTINE

PP+t It ettt e itrees eolab =

‘nl

OO VAWV E LN

direct

. elev(mev)

0.00000
0.04491

0:.1484)

0.30721
0.51830
0.68010
0.73190
0.77570
0.82670
0.92570
0.93080

. 0.95020 -

0.96630

0.56730°

0.99300

0.99750
£ 1.03730
'1.05660

1.059%0

SPECTRA/FRECMEP

12.00 Mm@V <e¢tetteetrtstttsstsstere

Xsec<¢ input

x-sec (b}

0.00000e+00
2.60060e-01
$.18632e-02
8.76205e-03
9.98163e-04
0.00000e+00

- 1.66996e-02

0.00000e+00
0.00000e+00
0.00000e+00

© 0.00000e+00
- 0.00000e+00

0.00000e+00
$.12099e-04
0.00000e+00
$.94030e-03
1.90750e-03

0.00000e+00 -

3.96579e-03

: COﬁblod-chinol ' reactions: Levels 3-5
Sum of cross sections = 0.3217 b

MA foacﬁionu Levels 7, 14, 16, 117, 19
sSum of cross sections = 0.02%902 b

sum of all direct cross sections = 0.3507 b
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5. 1‘?:g6§uilibriﬁh‘ Information

preequilibrium spectra calculated with precoc

occupation probabilities p0= 2 ho= 1 )

target zs 92. n=146. pProj z= Q. n= 1

g= 17.920 ex 17.250

scale factor = 1.300 strength lett= 0.654

number of iterations= 1.870e+02 elapsed time d4.573e-09psec
Pp h ocpilp.h) equi (p.h) . -

1 0 4.191e-09. 2.012e-14
21 1.082e-07 1.53¢e-12
3 2 2.136e-05 1.946e-09 . -
4 3 6.9486-04 4.679e-07
S 4 8.378e-03  3.358e-05
6 .5 4.982e-02  9.07Se-04
7 6-1.390e-01 1.058e-02
8 7 2.006e-01 5.786e-02
9 8§ 1.599e-01  1.562e-01
10 9 7.307¢-02 2.1dle-01
11 10 1.937e-02  1.503e-01
12 11 ° 2.950e-N3  5.376e-02
13 12 2.490e-U&  9.568e-03
14 13 1.083e-05  8.14de-04
15 14 2.112e-07  3.118e-0S
16 15  1.361e-09  4.916e-07
17 16  1.069e-12 2

.812e-09

particlé spectra 2= 0 nx= }
first emission at p= 1

target 2= 92. n=146. proj--z=- 0 n= 1

P0= 2 nl= 1 9=17.920 e=17.250

reaction cross section = 2.7888 b

number cf iterationsz 1.870e+02 . .elapsed time 4.573e-09psec
scale factor = 1.300 strength left= 0.654 '

closed (orm sum starts at pa= 2.

o

0

-

RS NPT
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5. Preequilibrium Information

o

pfraci.d&bt.psﬁm.csum‘Spp(J'1)
i.pfract,

VONONeWN

spectra after preequilibrium for id
e(mev)

10,
10.
11.
11.
12.

spfis,spp

VODDATAANN NS & win N~ O

.500
.000
.500
.000
.500
.000
.500
.000
.500
.000
.500
.000
.500
.000
.500°
.000
.500
.000
.500
000

500
000
500

000 -

preequxl(b/mc..

.1243e+00
.1473e+00
.1534e+00
.1479e+00
.1376e+00
.1274e+00
.1176e+00
.1081e+00
.9997e-01
.9244e-01
.8540e-01
.7917e-01
.73%6e-01
.6797e-01

.4894e-01
.419Se-01

© 0.3467e-01

0.2716e-01
0.1935e-01
0.1109e-01
0.7561e-02

.8954e-01

.6201e-01
.5563e-01

= 1

(Cont*d)

mod equil(b/mev)

O0.00000000_OOOOOOOOOOOOOO

.1035e+01
.7487e+00
.5230e+00
.3094e+00
.1598e+00
.7721e-01
.3562e-01
.1576e-01
.6677e-02
.2726e-02
.1065e-02
.3962e-03
.1405e-03
.4704e-04
-1510e-04
.4804e-05
.1511e-05
.4700e-06
.1443e-06
.4188e-07
.1755%e-09
.4147e-08
.5985e-09
.4901e-09

total (b/mev)

0.1124e+01
0.2730e+00

"0.6704e+00

0.4628e+00

-0.3078e+00

0.214%9e+00
0.1630e+00
0.1333e+00
0.1148e+00

"0.1027e+00

0.9351e-01
0.8580e-01
0.7931e-01
0.7361e-01

0.6798e-01

0.6202e-01
0.5564e-01
0.4894e-01

0.4195¢-01
- 0.3467e-01
- 0.2716e-01

0.193%e-901

0.11G%e-01

0.7561e-02

6. 499e 01 2 789e000 9 763e- 01 2 786e000 1. 083e000
1 6.499%e- 01 1.083e+00 7 08le-01"
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8. Biﬁary Actosn Sections

1U238 « Eission calculation - gnScpOb teuBtr ulevtr tidnutr
gnipuB ..-MeV Test Calc for IAEA ({Exc.Funct.Exercise)

lab neutron energy = 1.2000e+01 mev total x/s tbarns) =
' ’ elastic x/s (barns) =
nonelastic x/s (barns) =
total reaction x/s (barns) =
shape elastic x/s (barns) =
~compd elastic x/s (barns) =
direct reacticn x/s (barns) =
compd reaction x/s (barns) =
radiat. capture x/s (barns) =
gemidir capture x/s (barns) =
- discrete inelas x/s ‘barns) =
binary reaction summaries (compound nucleus only)
reaction sigma
product . (barns)’
reaction 2.7888e400 {Also includes DWBA component
gammaray 3.0013e-03
neutror, . 2.2442e+00
fiasion $.4165e-01
------ p}e-equilibtium summary ------
ip . 2 .16 = 1 outgoing particle = neutron
initial exciton number = - 3 preq normalization = .

compound x-sec(barns) = 1.45772e+00

N W whownm

w

w

4.0720e-03.

-

$.00000e-04 . T
9.80034e-01

.6771e+00

.5761e+00
.1011e+00
.1014e+00

.5757e+00
.3552e-04

.5071e-01
.7507e+00

.0707e-03
.7266¢-01

TAPE10 (Coupled Channel Opt. MNod.)

TAPELD shape el. x/s + GNASH com. elas x/s
TAPR10 react. x/s - QGNASE com. elas. x/s
TAPR1O

TAPELO
GMASH

Coupled-chan. + DWBA (TAPRI})
TAPE1O total reac. x/s - direct reac. x/s’

Mot applicable (ICAPT « O0)
Direct-semidirect calculation
GUASH ’

of ditoéé ronc:ién cross sections)

preeq x-sec{barns) =
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7. Indivicual Reaction Spectra for n + 3238y calculation
spectra from individual reactjions
2acna92239 zacn=92219 zacn=92239 zacn=92238 zacn=9%2238 racn=92236 2acn=92237 zacn=92237 zacn=92227 zacn=92736
zal=" 0 zals 1 zal= 9% =zals 0 zals 1 zal= 9% zal- ¢ zals 1 al= 9% zals 0
2al=92239 242592238 :a2=92239 242292238 2a2:-92237  2a2:9223f a2=92237 2a2:92236 2a2:92237  242:92236
sigma sigma sigma sigma sigma sigma sigma sigma sigma ‘siygma
(barns) {barns; !rarns) {(barns; {barns; (barns) tbarns! ibarns: {harns) (barns)
level decay c/s= 5.2127-12 0.0000C«0 0.00000¢0 1.46594+0 0.00000+0 0.00000+0C 3.36647.0  T.00000.0 0.00000+0 £.70731-2
level excit c¢/sa 8.5503-12 3.72993-1 0.00009+0 2.14281+0 7.36047-2 0.00000+0 4.67186+0 2.93585-2 0.0000040 7.65317-2
total prod. c/s= 4.66092-3 - 2.7884640 3.52036-1 2.17018«0 1.45491+0 6.46382-) €.60°92.0 2.9458%-2 - 2.09626-1 4.7C731-2
avg.energy (mev) ¢.99646+0 3.68726+0 3.75000-1 B8.62285-1 7.99491-1 3.75000-31 A.21130-1 3.75003-1 3.75000-2 3.75000-:-
k energy sigma sigma sigma sigma sigma " sigma sigma sigma sigma sigma
{mev) {(b/mev) (b/mev) {b/mev) {b/mev; (h/mev) ib/mev) ib/mev) tbimev) tb./mev) tb/mev;
i 0.50000  1.27829:5 1.12427.0 7.0{072-1 2.85162+0  1.712F7+40 1.29276+45 B.O0TTIA.C  5.89171-3  £.19253-1 9.41463-0
S -1.0000CG-  1:10713-4 8.72025-1 O0.00000+0 4.20288-1 <.3681%-1 -0.00000+) 2.2€384.0 v.0NCCOsC  C.00000+0 C.C00CC.T
K 1.509%0 J3.02899-4 6.70373-1 0.00000+0 3.87178-1 2.048336-1 2.00000+0 -1.40€75.0 2.3300C~0 8.0002C«3 0.0C00C.C
< 2.00038 5.16237-4 4.02830-1 0.00000.0 3.36220-1 1.C¢7992-1 0.000U0C«C 2.06342-] G.00020+8  €.0009G«C 0.CCO0%L
¢ 3.0000 6.78175-4 3.07764-1 0.00000+0 1.86311-1 3.$342€-2 .000C0.0 4.C0322-1 G.0000%+0  C.CLO20W0 0. 0000(.3
. .00 7.55151-4 2.14862-1 0.00000.0 %.048675-2 1.01063-2 C2.00000.0 1.70035-1 0.0C000+2 C.OCCTGe0 0.CCO0T-C
- 2.5C000 7.49908-4 1.62992-1 0.C0000+0 3.99979-2  2.74381-3 0.03000+0 6.2624%-2  3.00C0C+Q  0.0CICTe2 2.00300+C
3 $.0000C. . 6.84684-4 1.33312-1 0.00000.C 1.57129-2 6.71290-4 0.C000CC 1.93064-2 0.00000+0 O0.000004C 0.0030GQ0
2 21.5000¢C 5.86023-4 1.14811-1. 0.00000+0 6.90976-3 1.39828-% 0.00000+0- 5.0:1271-3° 0:00000+0 0.000C0+0 0.C3906-0.
W 5.00000 4.76015-3 1.02695-1 0.00000+0 2.90826-3 2.87892-5 0.00000.0 T.483927-¢ {.00000+0 C.00Q00+,0 O.CCI00-D
P 5.50000  3.69524-3 9.35059-2 0.0000040 1.13511-3 3.67361-6 I.CCO00+2 :.08140-% ¢.0000Ged C.OCOCC+0  $.00000.¢
10 6.00000 2.75524-4 B.57981-2 -0.00000+0 3.96423-4& 1.74826-": 0.00000.C =.®930D0-° C.N0000+0 (.0000C«0 C.00300-<
L3 6.50000 1.99670-4 * 7.93104-2 0.00000+0 1.32084-¢ 0.00000+C 0.00000+C 0.000C0«C C.0C00C«0 0.00000C.2 _G.0000C.C
14 7.00000 1.44699-4 . 7.36116-2° 0.00000+0 5.33627-5 0.00000+0 0.00000C 06.023900+0 0.3C00C«U " 0.CO00GC0 0.C92000.C
1% 7.50000  1.03532-4 6.79830-2 0.0000040 2.07200-5 0.00000+0 --0.00D000.0 0.03005+0 0.000QC.0 Q.000C0+¢ 0.00300+0"
16 8.00000 9.08910-5 6.20181-2 0.00000+0 8.25609-6 0.00000+0 G.00000+0 Q0.00000+&  $.00000.0  0.0000040 0.0030040.. ...
7 8.50000 - 8.61038-5 "5.56360-2 0.00000+0 3.36838-6 0.060000+0 Q.00000+0 O.020000 6.2000C+0 0.0C0G0+0 0.0J00C.0
18 -9.00900 9.46976-5 4.89406-2 0.00000+0 1.34517:6 0.00000+0 0.00000+0 0.0000040 T.0C0CC«0  5.2C300+0 £.20000+0
13 9.50000 1.18936-4  4.19506-2 0.00000+0 6.27644-7 0.00000«0 0.00000«0 ¢.0000C«C C.2C00C0 9.CJJ20-0 6.02000+C
20 10.00000 - 1.61364-4 -3.46680-2 0.00000.0 1.99914-7 .0.00000+.C 0.00000+0 C.0CU005 ©0.0000C-C J.CCIVLe0  0.00000+¢
21 10.50000 2.09821-4 2.71555-2 (0.00000+0 9.83935-8 0.00000+0 0.00600¢0 C.00000+3 GC.00030¢0 2.0003C0 0.00000.C
22 11.00000 2.28213-¢4 7.74007-2 0.0000000 3.04278-8 0.000C0+C 0.00000.0 C.0000C«C G.0000C«> 0.C000C.0 (.02008+C
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