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FAST-NEUTRON TOTAL AND ELASTIC-SCATTERING
CROSS SECTIONS OF ELEMENTAL INDIUM*

by

A. B. Smith, P. T. Guenther and J. F. Whalen

Applied Physics Division
Argonne National Laboratory

ABSTRACT

Broad-resolution neutron total cross sectlons of elemental
indium were measured from 0.8 to 4.5 MeV. Differential-elastic-
scattering cross sections were measured from x 1.5 to 3.8 MeV at
intervals of »~ 50 to 200 keV and at scattering angles in the
range 20 to 160 degrees. The experimental results are interpreted
in terms of the optical-statistical model and are compared with

respective values given in ENDF/B-V.

*This work supported by the U.S. Department of Energy.
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I. INTRODUCTION

the development of a “regional” optical-statistical model (OM) suitable for

the prediction of neutron interactions with similar, but unmeasurable, fission-
product nuclides.! Other aspects of this program are described in references

2 to 10.

Elemental indium is very nearly monoisotopic (x 96% HStny. 11 g
fission-product yleld is relatively small (e.g., 0.02% for thermal neutron
induced fission of 233y), 115Ty ig one 89/2 proton short of the closed
shell at N=50. The isomeric level at 336 keVv (1/2-, t1/2=4.5 hours) is
often employed in dosimetry applications. Twenty five levels have been
reported over the excitation-energy range 0.5 to 2.0 Mev,11012 op o,
average excited-level spacing of » 60 keV. This profusion of levels
makes the direct observation of inelastically-scattered neutrons due to the

experimental approach is the (n;n',gamma) technique with its superior resolu-
tionl2, even considering gamma-decay uncertainties, Therefore, the present

consistent with the underlying concepts of the OM. Subsequent portions of
this report deal with; i) a brief outline of the experimental method, ii) the
experimental results, iii) an interpretation of the measured values in terms
of the OM, and iv) some comparisons of the experimental results with the
respective evaluated quantities given in ENDF/B-v.!3

II. BRIEF OUTLINE OF EXPERIMENTAL METHODS

The measurement sample was a cylinder 2 cm in diameter and 2 cm long,
machined from chemically pure indium metal. The sample density was determined
from precise weight and dimension measurements and there was no evidence of
sample non-uniformity. A1l the measurements employed the 7Li(p;n)7Be reaction
a8 a neutron sourcell, pulsed on for durations of ~ 1 nsec at a repetition
rate of 2 MHz. The mean neutron energy was determined to within * 10 keV by
control of the incident-proton beam and it was verified by the observation of
well known neutron-~total-cross-section resonances.l!S The incident-neutron
energy spread was determined by the thickness of the lithium-target film.

The neutron total cross sections were deduced from the observed transmis-
sions of essentially monoenergetic neutrons through the measurement sample in
the conventional manner.l® The measurements were made using the Argonne
total-cross-section apparatus described in Ref. 17. A massive shield and
collimator system was arranged about the neutron source so as to provide a 1

Samples and voids approximately 50 times a minute. This sample motion averaged
pPossible beam-intensity fluctuations and made independent monitoring of source



intensity unnecessary. In addition to the indium sample, the measurements
always included a carbon reference sample and, usually, several samples with
well known resonances. The neutron detector was a proton-recoil scintillator
placed approximately 4 m from the source on the beam axis. Conventional
time—-of-flight techniques were used to control the background and to separate
the primary neutron group of the source reaction from the second, and minority,
neutron group. In-scattering corrections were estimated and found to be
negligible. A random pulser, multiplexed in the measurement system, insured
proper correction for dead-time effects. Details of the neutron total-cross-
section apparatus and measurement techniques are given in Refs. 17 and 18.

The neutron elastic-scattering cross sections were measured using the
Argonne ten—angle time-of-flight system. !9 The scattering sample was placed
approximately 13 cm from the source at a zero-degree source reaction angle.

Ten flight paths were defined by massive collimators, distributed between
scattering angles of 20 to 160 degrees. Relative scattering angles were known
to * 0.1 degrees and the absolute scale to * 0.6 degrees. The neutron detectors
were proton-recoil scintillators placed approximately 5.4 m from the scattering
sample. The scattered-neutron velocity resolution was ample for the separation
of elastically-scattered neutrons from all known inelastically-scattered
neutrons. The relative responses of the detectors were determined by the
observation of neutrons emitted at the spontaneous fission of 252¢f,20

These relative detector responses were then normalized to the measured neutron
total cross sections of carbon in the manner described in Ref. 21. This
detector-calibration method implies scattering cross sections essentially
independent of any reference standard. The elastic-scattering cross sections
were deduced from the observed velocity spectra using the data-reduction
techniques described in Ref. 22. These included corrections for multiple-
event, beam—-attenuation and angular-resolution effects using a combination of
analytical and Monte-Carlo calculational procedures.

III. EXPERIMENTAL RESULTS*

A. Neutron Total Cross Sections

The neutron total cross sections were measured from x~ 0.8 to 4.5 MeV
in steps of ~ 50 keV with incident-neutron resolutions of 50 to 70
keV. The measurement range was traversed several times with consistent
results. The measured values were combined and averaged over 50 keV incident-
neutron energy intervals to obtain the final results shown in Fig. 1. The
statistical uncertainties of the averaged values were { 1l%. Systematic
uncertainties were believed to be £ 1%. 1In particular, self-shielding
effects were estimated at the lower energies using the methods of Ref. 17 and
found to be approximately equivalent to or less than the above statistical
uncertainties. The present experimental results are in very good agreement
with the neutron total cross sections recently measured by Poenitz and Whalen
in an entirely independent set of experimentsl3, as illustrated in Fig. 1.

*Numerical results of this work have been transmitted to the National Nuclear
Data Center, Brookhaven Naitonal Laboratory.
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Neutron Total and Elastic-Scattering Cross Sections of Elemental
Indium. The present experimental results are indicated by X

(total cross sections) and O (angle-integrated elastic-scattering
cross sections). The neutron total cross sections of Ref. 23 are
noted by [0 symbols and the lower—energy elastic—-scattering results
of Ref. 24 by +. LIght curves are "eyeguides” constructed through
the measured values and heavy curves indicate the results of calcu-
lations as described in the text.



B. Neutron Elastic—Scattering Cross Sections

The neutron elastic-scattering cross sections were measured from 1.5 to
3.75 MeV in steps of £ 50 keV below 3.0 MeV and in 100 keV steps at
higher energies. Below 3.0 MeV the measurements were made at ten scattering
angles distributed between 20 and 160 degrees. At higher energies twenty
scattering angles were used. The statistical uncertainties of the measured
differential values were < 1%, except near the minima of the higher-energy
distributions. The detector calibrations were believed known to within z 3%.
Correction procedures introduced an additional uncertainty of £ 1%. Thus,
the overall differential-cross—section uncertainties were < 5%, again ex-
cepting the extreme minima of the higher-energy distributions. The measured
differential-elastic-scattering cross sections and their respective uncertain-
ties are illustrated in Fig. 2. These experimental results were least-square
fitted with 6th—order Legendre-Polynomial series to obtain the angle-
integrated elastic-scattering cross sections shown in Fig. 1. The angle-
integrated cross-section uncertainties were estimated to be x 5%. The
Legendre fitting procedure provided a good description of the differential
experimental values, as 1llustrated in Fig. 2. Neither the differential
elastic-scattering cross sections, nor the angle-integrated values, nor the
measured neutron total cross sections, displayed any significant energy-
dependent fluctuations. The present elastic-scattering results are in good
agreement with the lower-energy results reported from this Group a number
of years ago.2* The differential values of the two data sets reasonably
extrapolate to one another near 1.5 MeV, as illustrated in Fig. 2, and there
is a similar consistency between angle-integrated elastic-scattering values,
as illustrated in Fig. 1.

IV. INTERPRETATION AND DISCUSSION

The interpretation was based upon the measured differential elastic-
scattering cross sections, assuming the concept of a spherical optical-
statistical model (OM).2% The model parameters were determined by simultane-
ously chi-square fitting the differential elastic-scattering cross sections of
Fig.2; concurrently varying real and imaginary strengths, radii and diffuse-
nesses. The data base was not of sufficient energy scope to clearly indicate
the potential energy dependence. Therefore a real energy dependence of the
form V = Vv, - 0.3 x E(MeV) was assumed, in accord with proposed "global”
models.2® The imaginary strength was assumed to be energy independent. An
additional assumption was a spin-orbit potential of the Thomas form with a
6 MeV strength and the geometry of the real potential. The experimental data
base is in a transitional region. At the lower measured energies, compound-
elastic-scattering (CE) cross sections were appreciable and at the higher
energies the elastic-scattering cross sections were very largely due to shape-
elastic~scattering (SE) processes. The CE contributions were calculated using
the Hauser-Feshbach formula,27 as modified by Moldauer.2® The calculations
explicitly treated the excitation of nineteen discrete levels up to excitation
energies of ~ 1.6 MeV, assuming the energies, spins and parities of Ref.

11. Higher-energy excitations were regresented by the statistical formalism
and parameters of Gilbert and Cameron. 9 Radiative capture cross sections
were relatively very small and thus were ignored in the fitting grocedures.
All calculations were carried out using the computer code ABAREX 0,
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The target spin is large (9/2+) and a number of differential elastic-
scattering distributions were involved in the fitting procedures. Thus the
calculations were somewhat tedious but they steadily converged to the parameters
given in Table 1. These parameters are similar to those previously found to
be suitable in this mass—energy region.z“10 The imaginary radius is larger
than that of the real potential, as is commonly observed in potentials based
upon low—energy strength functions.3! The parameters of Table 1 provide a
very good description of the observed differential elastic-scattering cross
sections, as illustrated in Fig. 3. The calculated and measured values are
generally consistent to within the experimental uncertainties. There are
minor differences between measured and calculated results at the extreme
minima of the distributions near = 2.0 MeV where the calculations are
particularly sensitive to the CE contribution. In this region the CE contri-
bution is largely determined by the low-excitation energies of the statistical
level representation. There may be considerable deviations from the general
statistical parameters of Ref. 29 in this low-energy region. This minor
shortcoming can be alleviated by modification of the statistical-level para-
meterization but such parameter—adjustment procedures were not pursued. The
parameters of Table 1 also provide a very good description of the measured
neutron total and angle-integrated elastic-scattering cross sections, as
illustrated in Fig. 1. More than 90% of the measured values agree with the
calculated results to within the experimental uncertainties alone.

V. COMPARISONS WITH ENDF/B-V

ENDF/B-V13 contains 113In (MAT-9473) and 1151n (MAT-9477) evaluated
files. These two isotopic files were combined to obtain an elemental file for
comparison with the present experimental results. Comparisons of measured and
evaluated neutron total and elastic-scattering cross sections are illustrated
in Fig. 4 and some comparative numerical values are given in Table 2. The
evaluated neutron total cross sections are generally lower than the measured
values; increasingly so as the energy decreases. The differences are several
times the experimental uncertainties. Above z 2.0 MeV, the evaluated
elastic-scattering cross sections are considerably larger than the measured
values by amounts that are 3 to 5 times the experimental uncertainties.

These differences are reflected in the nonelastic cross section where that
implied by the evaluation is 30% to 50% smaller than that indicated by the
measurements over much of the experimental energy range. The nonelastic
discrepancies are large and will be reflected in the inelastic-scattering
cross sections above z 2.0 MeV.

VI. CONCLUDING COMMENTS

The present measurements give improved definition to the neutron total
and elastic-scattering cross sections of elemental indium in the few-MeV
region. Parameters of an optical-statistical model were deduced from the
measured elastic-scattering cross sections. This model provides a very good
description of the observed cross sections and is a suitable vehicle for extra-
polation to both lower and higher energies. The model parameters are similar
to those generally found applicable to this mass—energy region and are used

for the development of a general "regional” model to be described elsewhere. !
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The measured neutron total cross sections are consistently larger than those
given by ENDF/B-V and the measured elastic-scattering cross sections are
smaller than the evaluated quantities above x 2.0 MeV. A consequence of

this are large differences between nonelastic cross sections ag deduced from
the measurements and the evaluation and these differences will be reflected in
the inelastic—scattering cross section.
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Table 1. Optical-Model Potential Parmaeters?

Real Potentialb

Strength Vo = 47.285 MeV
Radius® Ry = 1.267 F
Diffuseness ay = 0. 644 F

/a2 = 446.0 MeV x F3

Imaginary Potential®

Strength Wy = 8.494 MeV
Radius Ry, = 1.317 F
Diffuseness ay = 0.406 F

J/A, = 62.64 MeV x F3

2\ssume spin-orbit term of Thomas form with
6 MeV strength and the geometry of the real
potential.

bSaxon form, assume energy dependence of
V=V,-0.3 E(MeV).

€A11 radii expressed as R = Ry X Al/3,
dIntegral per nucleon.

eSaxon-derivative form.
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Table 2. Comparisons with ENDF/B-y13
ENDF-EXP
— (2)
ENDF
En(MeV) ct Uel Uuouel
1.0 ~4.6 - -
1.5 -6.1 =5.6 -19.6
2.0 -5.8 +3.3 -37.5
2.5 -3.1 +10. 9 -44.1
3.0 ~4.6  +14.2 -48.1
3.5 -1.7 +18.8 -36.6
4.0 =0.5 +20.0 ~33.8




