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NEUTRONCROSS SECTION C&CULATIONS FOR FISSION-PRODUCT NUCLEI

#
E. D. Arthur and D. G. Foster, Jr.

Las Alamos Scientific Laboratory, University of California
Theoretical Division

LOISAlamos, Nev Plexico 87545

ABSTRACT

To eatiafy nuclear data requirements for fi6aion-
product nuclei, us performed Haueer-Feahbach mtati6tical
calculation with preequilibrium correction for neutron-
induced reactions on isotopes of Se, Kr, Sr, Zr, Mo, Sn,
Xe, and Ba between 0.001 and 20 MeV. Spherical neutron
optical parameter were determined by simultaneous fitp
to re60nance data and total crosc aection6. Iso6pin co-
efficient appearing in the optical potentia16 ware de-
termined through analyaie of t%e behavior of B- and p-
Wave 6trength6 as a function of ma6EJ for a Eiven Z.
Gamma-ray strength functions, determined through fits
to 6table-i60tope capture data, were used in the calcu-
lation of capture cross section6 and gamma-ray competi-
tion to particle anis6ion. The resulting (n,y), (n,n’),
(n,2n), and (n,3n) cross sections, the secondary neutron
emission spectra, and angular di6tributione calculated
for 19 fis6ion products will be averaged to provide a
re6ulting ENDF-type fission-product neutronics file.

To provide averaged neutronics information for fission-product nu-
clei we have performed nuclear-model calculation on a number of nuclei re-
6ulting from faat-neutron induced fi6aion of U-235 and Pu-239, To approxi-
mate the sum over the constituents of yield cunres for fission products, we
have chosen a weighted ●verage of the croaa aection6 calculated for a few se-
lected nucl.ides. These nuclei were chosen from the maximum and half-value
point6 of the yield curve6 for both low- and high-mass fragments, u6ing dis-
tinct eets for U-235 and Pu-239 fiosion. The re6ultlng 19 nuclide6 are li6ted
in Table I. We calculated, assuming ●ach of these as a target, cro6s section6
for the (n,y), (n,n’), (n,2n), and (n,sn) reactions, together with ●lastic
and inela6tic angular distributions and neutrun mission spectra in the inci-
dent neutron ●ner~y range bqteen 0.001 and 20 MeV.

We relied upon use of the Hauser-Feehbach statistical model/1/
to which we applied preequilibrium correction nece66ary at higher ●nergies.
T1.iscombination of nuclear models has generally ~rked well in the case of
neutron cross-section calculations on stable nuclei, once suitable input pa-
rameters have been determined. We did not include direct-reac i~hee~~: s
6ince these contribution make up a comparatively small part o! i
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CALCULATIONS
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reaction croes ●ection. We eou6ht to improve the reliability of the calcu-
lated reeulte obtained from the~e modele- through a careful determination of
input parameter. Generally we fitted various types of otable-ieotope experi-
mental data and then tried to determine meane by which to extrapolate these
parameter aete for use with unstable target nuclei. We further checked the
applicability of theee input parameters through comparison of calculated
croec ●ection6, euch as tho~e for (n,2n) reactions, to experimental results.

Special attention was paid to the determination of spherical neu-
tron optical parameters suitable for use over the major portion of the inci-
dent energy range. The uee of optical parameters that simultaneously describe
lawer and higher energy data is important for the calculation of (n,xn)
reactions where accurate compound-nucleue formation croes sections are r.ceded
at higher energies along with a reasonable description of the emission o:
low energy neutrons. We followed the “SPRT’’/2/ approach in which total cross-
section data available over a wide energy range were used with low-energy res-
onance data in a simultaneous fit. For extrapolation to neutron-rich nuclei,
we included isospin terms in both the real and imaginary potential. The coef-

ficient V1,W1 multiplying the rI E ~ terms were determined through fits to

the behavior of experimental s- and p-wave strength values as a function of rI
for a given 2, Ae an example, Fig. 1 illustrates our fit to xenon total-cross
section data while Fig. 2 comparee our calculated e-wave strength-function
values to experimental data for xenon isotopes having differing Z values. The
xenon optical parameter along with thoee determined for other nuclei involved
in these calculations appear in Table 71. The VI and WI coefficients ehown

u. Table II ●re &enerally larger than those determined from fits to data such
●e ●laetic scattering from separated isotopes in the MeV region./3/ The
cause for this discrepancy is not clear, but euch values are in agreement with
results obtained through similar analysea by ?!ewstead and Delaroche./4/

For calculation of capture croaa sections as well as to describe
gamma-ray competition to purticle emission, we chose to ba6e gamme-ray trans-
miaaion coefficients on determined valuee of the gamma-ray atrcngth function

21’r<r >
rather than to normalize them to the ratio ~ , where <ry> and <D> are the

●verage gamma-ray width ●nd spacing f~r a+ave resonances. For unstable nu-
clei the try> mnd <D> valuee would have to be deduced from their systematic

behavior over the mesa region of intercat. Use of the gauma-ray strength
function f(cy) defined by

i



TABLE II

Element ‘o

SPHERICAL OPTICAL Parameters

a
r

r
a

r ‘o

Se 54.8 43 +.35 1.24 0.62 12.5
Kr 52.75 22 -0.34 1.24 0.62 10.1
Sr 49.4 n -0.15 1.24 0.62 8.5
Zr 48.6 0 -0.33 1.24 0.62 7.9

no 50.8 17 -C.22 1.24 0.62 4.8
Sn 56.3 50 -0.28 1.25 0.57 4.4
Xe 55.4 50 -0.35 1.25 0.65 12.8
Ba 49.0 22 -0.15 1.25 0.74 7.8

33 0.36 :.26 0.65 14.5
35 0.5 1.26 0.65 13.5
36 0.5 1.26 0.58 12.9
35 ().3 1.26 0.58 11

7 o.A5 1.26 0.58 9.75 (Ref. 5)
15 0.5 1.25 0.56 9.5
50 0.4 1.25 0.56 17.1
32 0.48 1.25 0.58 13

aReal and imaginary (Saxon derivative) forma used wre

v=vo- Vlq + aE

w.wo- Wln + BE
r

w m h~
o - WI%max

with V and W in He”V; r , ar, r , and a
i

~ In fm.
r

Spin orbit values used wre

= 6.2 FfeV,
‘so

= 1.12 fm. = 0.47 fm for Se, Kr, ,Sr, Zr, Ho i90topes.
‘so as(,)

‘so = 7.; FieV,
‘so

= 1.25 fm, aso = 0.65 fm for Sn, Xe, and ba, isotopes.
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(1)

o
where Sn
density,
eumed to

then the

18 the neutron separation energy and is the compound systea level

●laminates much of this uncertainty. If the strength function is as-
have a giant dipole resonance form piven by

(2)

coustant appearing in Eq. (2) can be determined from fits to capture
cross sections and epectra-available for stable isotopes. This strength- func-

2fl<r >
tion should not vary as rapidly as ~ ; thus one can extrapolate its use

to neutron-rich nuclei with greater confidence. As an example, Fig. 3 illus-
trates calculated gamma-ray strength functions for various Sn compound systems
as detenined from fits to capture data on Sn-116, Sn-118, Sn-119, and Sn-120.
The extracted strength function varies at most by a’;wt 507’, a part of which
may result from the fact that recent capture measur~~]ents in the kelr region do

2~<r >
not exist for these nuclei. On the other hand, the & ratios vary by a

much ‘larger amount, ranging from values of 0.0003 for n + Sn-120 to 0.013 for
n + Sn-119. Figure 3 illustrates the range covered by strength functions de-
termined for representative nuclei in this work.

Additional parameters needed for the present calculations included
discrete level data, level-density information, and preequilibrium parameters.
Some discrete level information was available from experimental measurements
that was augmented in some cases by information based on shell model argu-
ments./6/ To represent the continuum region where no discrete level informa-
tion existed, ‘~e used the Gilbert-CameroLl level density expreszi.ons/7/ with
the Cook parameters/8/ as obtained from a systematic study of resonance spac-
ings near the neutron binding energy. Preequilbrium corrections were applied
using the Kalbach master equations model./9/

At low energies we used the COMliUC/10/ Hauser-Feshbach statistical
code tith the inclusion of width fluctuation corrections. At higher energies
the preequilbrium-statistical model code GNASH/n/ was used to calculate
cross sections and spectra resulting from multistep reactions. Figure 5 il-
J.ustrates some of the preliminary calculations we made to further check our
input parameter values. Here our calculated values are compered to experi-
mental data for the Zr-90(n,2n) and Sn-l12(n,2n) reactions.

Figures 6 and 7 illustrate calculated results for several major
neutron reactions on Xc-7.38 and Xe-139 (solid and dashed curves, respectively).
As shown in Table I, we calculated crass sections for both even and odd ~SC-
topes of a given element so that the final results, averaged over both cross
section sets, would not be bidsed by such odd-even effects. The capture
cross sections calculated in Fig, 6 used the same ga~a-ray strength function.
The principal reason for the different low-energy cross-section values IS the
differing neutron separation energies fo: these two isotopes. The capture
cross section for Xe-139 becomes smaller than tl t for Xe-13@ above 0.2 Me~’
because of competition from inelastic scattering off ~.ow-lying states in Xe-139.
Nest dis~imilarities in cross-secticn shapes shown in Fig, 7 occur because
of threshold differences resulting from the odd-even character of these two
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calculated for Xe-138 and Xe-139 (solid and dashed curves,
respectively).
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. isotopes. Preequilibrium effects are apperent iz that the higher energy por-
.- tiorm of the (n,n’) and (n,2n) cross siections have higher values than would

.- be, obtainad from pure Rauaer-Feshbach calculations. This in turn decreases
the peak values obtained for the calculated (n,2n) and (n,3n) cross sections.

Similar calculations have been completed for all nuclei listed in
Table I. Presently we are ns~embling cross sections, spectra, and angular
distributions which till be averaged to produce an ENDF-like file for neutron
reaction properties on prompt fissiofi products.
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