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Nuclear DPata and Measurement Seriesg

Reports im the Argonne National! Laboratory Nuclear Data and
Measurement Saries present results of studies in the field of
microscopic nuclear data. The primary objective of the series is
the dissemination of information in the comprehensive form
Tequired for nuclear-technology applications. This Series is
devoted to:r a) measurad microgscopic nuclear parameters, )
experimental techniques and facilities employed in measurements,
c} the analygis, correlation and interpretation eof nuclear data,
and d} the compilation and evalwation of nuclear data.
Contributicng to this Series are reviewed to assure technical
competence and, uanless otherwisa stated, the contents can be
formally referenced. This Saries does not supplant formal
journal publication, but it does provide the more extensive
information reguired for technological applications (e.q.,
tabulated numerical data) in a timely manner.
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ANE /NDM-149
NEUTRONS AND ANTIMONY,

PHYSICAL MEASUREMENT AND INTERPRETATIONS

Abstract

New experimental information for the elastic and inelastic
scattering of * 4 & 10 MeV neutrons from elemental antimony is
presented. The differential measurements are made at = 40 or
more scattering angles and at incident neutron-energy intervals
of ® (0.5 MeV. The present experimental results, those previously
reported from this laboratory and as found in the literature are
comprehensively interpreted using spherical optical-statistical
and dispersive-optical models. Direct vibrational processes via
core-excitation, isospin and shell effects. are discussed.
Antimony models for applications are proposed and comparad with
"global™ "regional" and “specific" models zeported in the
literature.

1. Introduction

Elemental antimony comsists of approximately equal portions

of the two isotopes 1213h ana 123g,.  Both of these isotopes are
even in neutron number and odd in proton number, with one proton
beyond the closed shell at Z = 50 In this mass region the
extreme shell model dindicates very low-energy 19?!2 and 2d5f2

configurations [Law80}. These two single-particle configurations
are close together [Coh65,TME9], and the ground and first-excited

states shift from 5727 and 772 in **'sb to 7/2% and 5/2° in

1235h, respectively. In both cases the firsi-excited =state lies
at less than * 0.17 MeV and is generally not resolved in neutron
scattering measurements, except at very low incident energies

{and has never heen resolved in the case of 1215h}- Previous
experimental studies of neutron ecattering from antimony are
largely limited to energies of *< 5 MeV, and the large majority
of the experimental resultr camne from this laboratary
{[CC72],[5H&7],[5GWE2]),[SCWB4] ). Antimony total neutron cross
sections are better known but the amount of experimental
information above * 15 MeV is sparse {(see the total crosa section
geub-set of the referenceg). Both of the=ze antimony isotopes are

minpr fission products with cumulative yields of = 1ﬂ_2% or less
[ENDF] . However, they are near the shell closure and at the
upper end of the light-mass fission-fragment yield distribution.
Thus the fast-neutrom intaraction with the isotopes of antimony
is of applied interest in the context of the systematic behavior
of +the interaction with light-mags fission produocts. An
objective of +this work was the provision of a ™"regional”
optical-gtatistical model for extrapolation Ta the neutron
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interaction with nearby fission products. At the same time
better definitiom of the fundamental physical nature of the
fagst-nemtron d4interaction with antimony and its isctopes was

sought . 12151} and 12331} neutronic evaluated data files are a

part of the ENDF/B-6 fission-product evaluated-file system
(MAT-5131 and MAT-5125} {ENDF]. Both are largely based upon work
more than a quarter century old. The present new experimental
resulte and asseciated physical understanding make it possible to
bring these antimony evaluations up to contemporary standards, as
discugaged in the companion report, ANL/NDM-150.

L. Experimpental procedures

The present measurements were made using the fast
tima-of-flight method long employed at this laboratory
([CLS5),[Smi+92]). Cylindrical measurement samples 2 cm in
diameter and 2 cm long of high purity elemental antimony metal
were placed * 12 cm from a pulsed neutron source, The source
intensity was considerably enmhanced by the nse of a harmonic

bunching system acting on the incident ion beamn. The pulse
duration was * 1 nsec at a repetition rate of 2 MH=z. The

neatrons were produced via the D(d,n)aﬂe reaction [Drof7)] within
a gas target assembly so as to provide meutrons at the scattering
sample with an energy spread of # 300 keV at 4.5 MeV, decreasing
to * 100 keV at 10.0 MeV. For most of the measurements ten
scattered-neutron flight paths of ¥ 5 m length were concurrently

used, with scattering angles determined to within = 0.1°. Some
of the bigher-resclution inelastic scattering mnmeasurements
employed = 16 m flight paths and fewer scattering angles
{typically three). The scattered-neutrom detectors were liquid
scintillatorsg, ¥ 12 cm in diameter for the 5 m measurements and
“ 25 om in diameter for the 16 m measurements. All crosas
sectiongs were determined xelative to the H(n,n) standard [CSL83},
and all results were corrected for beam-attenuation,
miitiple-event and angular-resclution effects using monte-carlo
techniques [Smig9l].

J. Experimental regults

The ditfferential elastic-scattering measurements were made
at ® 0.5 MeV incident-enerqgy intervals from 4.5 = 10,0 MeV and at

forty or more scattering angles distributed between = 17° and

lﬁﬂﬂ. The effective scatrtersd-nesutron resolutions were =z 500
ke¥, thus contributions due to the inelastic-neutron excitation

of the first-excited levels in both 1218b and 1%23sb were included

with the elastircally-scattered component. The implication of
thig reseclution in the interpretation is discussed below. The
differential elastic-gcattering results are summarized in
Fig. 3-1. The normalization uncertaimties in these results wera
estimatesdt to he = 2 =+ 3%, and the statistical uncertainties
varted from = 1% to larger couantities in the minima of the
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Fig. 3-1. Measured differential "elastic-scattering™ cross
gections of elemental antimony. Symbols indicate the present
experimental results and curves denote legendre fits to the
measured wvalues. Mumerical wvalues indicate the approximate
incident energies in MeV. All figures herein are presented in
the laboratory coordinate system.
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digtributions.

The angular digtributions of inelastically-scattered
neatrons were measured concurrently with the a2bova
elastic—gcattering determinations. Contributions from awvarage
excitations of = 1.1, 2.2 and 3.1 MeV were identified. The first
of these inelastic groups was by far the best defined, with
differential cross sections and their uncertainties illustrated
in Fig. 3-2. These cross sections correspond to the cumulative
excitation of levels in the excitation-encrgy range of
2 0.5 4+ 1.5 MaV, MAss discussed below, there are more than twenty
levaels in the two isotopes that contribute to these observad
ctatulative excitations. The resolution of those componants
transcended the experimental capability. Similar, but leas
definitive, results were obtained for the excitation of the
cumilative levals at 2.2 and ® 3.1 MeV. A fouw
inelastit-scattering measurements were made at = 7 = B MeV

incident energies and at scatiering angles cclumped near BDG,
using flight paths of 2 16 ®m in order to improve the resolution
of the inelastic components. An illustrative time-of-flight
spectra obtained at these longer flight paths is shown in
Fig. 3-3. Contributions due fo levels near 0.55 MeV are rasoclved
with other clumped groups corresponding to azcitatioms of = 1.0,
1.45, 2.1 and 2.4 MeV¥, but the ezperimental resolution remains
far from sufficient to fully define the known underlying level
structnre of the twe contributing isotopes. Tha differential
cross sections for the excitation of these inelastic groups are
consistent with the lemser resolution results of the above
shorter flight-path measurements to within = 20%. That is
acceptable agreement given the statistical uncertainties and
regsolution gquestions in the context of the complex underlying
structure.

4. Model Develapment
£-1. Data Basa

Tha total-cross-saction data base was taken from the files
of the National Nuclear Data Center and the private files of the
Argonne group. The respective components are cited in the total
cross section sub-set of the reference list. The experimental
total cross section information is not very comprehensive, much
of it is wvery old, and all of the cited walues pertain to
elemental cross sections. Isotopic antimony total cross sections
are limited to sevaral low-energy Sscts, not relevant te the
present. considerations, and to a single 2 14 MeV measurement
{DDK&A7] - The elemental experimentzal total cross sections were
averaged over 50 keV at incident energies below 0.5 MeVW, over 100
kaV from 0.5 to 5.0 MeV, and over 200 keV at higher energies in
aorder to smooth fluctwations and reduce the number of data
points. The latter energy-averaged values are shown in Fig. 4-1.
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Fig. 3-2. Measured differential "inelastic-scattering™ cross
secticns for the effective excitatiom of levels in elemental
antimony at an energy of * 1.1 MeV. The notation is identical to
that of Fig., 3-1, except fur the curves which indicate the
resulte of vibrational calculations as described in the text,
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At the lower energies fluctuations can be a concern in near
cloged-shell targets such as antimony. Furthermpore, they can
lead to self-shielding effects that will reduce the observed
total cross sections. A Tew total-cross-section sets in the
literature seem to have self-shielding distortions and thus were
abandoned .,

The elastic-scattering cross sections used in  these
interpretations were taken from the present work, previous work
by the Argonne group, and from the literature. Previously
reported work considered in formilating the elastic-scattering
data base is cited in the elastic-scattering sub-set of the
reference list. Over 90% of the available experimental
information comes from the Argonne work. This elastic-scattering
data base is illustrated in Fig. 4-2. There are no experimental
neutron elastic-scattering results above % 14 MeV (and the 14 MeV
distribution is wvery o0ld), a comwon shortcoming of neutron
studies. The uncertainties assigned to the differential
elastic-scattering data were those given by the various workers.
In some cases these individuals had considerably different
concepts of their uncertainties. Some of the elastic-scattering
data sets contained wmany angular distributions obtained at
closely-spaced incident energies, e.q. ref. [SH67]. In those
cases the measured wvalues were averaged over * 0.1 MeV incident
exerqgy intervals in order to smooth fluctuations and reduce the
number of data values to be handled in the interpretations., All
of the elastic-acattering results included inelastic-scattering
contributions due to the excitation of the first-excited levels
of one or both of the two onaturally occurring isctopes.
Inelastic-scattering data was used in some aspects of the

interpretations, as discussed below. That inelastic data is
confined to Argonne work of refs. [SHG67] and [SGWS82]}, and the
present measurements., The large majority of the

inglastic-scattering results represent effective cross sections
consisting of contributions from several individual compenents of
aeither isotope.

4-2. Fitting and Potential Parameters

It was assumed that the neutron interaction with elemental
antimony could be primarily zrepresented by a spherical
optical-statistical model (S0M). Some evidence of direct
reactions was dealt with using a coupled-channels model (CCMY.
The majority of the potential parameters were deduced Ffrom

fitting procedures minimizing xz defined by

o (i} - ¢ (i) 12
ey | =——1 u
i EXD
whera Jexp[i] denote measured quantities, acalti} the
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corresponding calculated waluas, and ﬁaexp the measurement

uncertainties. All the S0M calculations employed one of the two
vergions of the computer code ABAREX [Mol82], dealing with
igotopic amnd elemental targets, respectivaly. All the CCH
calculations uzed the code ECIS96 [Ray96]. Compound-nucleus
scattering processes ware eaxplicitly dealt with following the
formulations of Wolfenstein [{Wol51l] and Haunser-Feshbach [HF52],
ag modified for fluctuation and correlation effects by Moldauer

[Mnl8d]. Ten discrete exrited states in 121Sh up to exrcitations

of 2 1.3 MeV ware considered. Their energies, spins and
parities were taken from the Nuclear Data Sheats [NDS}. The a
values of the ground and first execited states of 1215b are 5{2+

and 7/2°, respectively. The first-excited state is at * 27 keV
and was not experimentally resolved from the elastic scattering
in any of the measurements. Thus the calculations included the
firgt-exeited inelastic component with tha alagtic scattering,

corregponding to the measurement resolution, The 1235h

calculations were treated in an analogous amanner using alaeven
excited levels uwp to % 1.5 MeV [NDS], anly in this instance the

3" values of the ground and first-eacited states are 7{2+ and

5f2+, respectively, the reverse of the 1215h case. The

inelastic-neutron execitation of the first excited state in 1235b

hags been resoived only at low incident energies. The excitation
of higher-lyirg levels was represented using the statistical
formalism and parameters of Gilbert and Cameron [GC65]. Neutron
radiative capture and other non-scattering neutron-indunced
reactions were assumed small and ignored.

The real potential was azgumed to have the Saxon-Woods form,
and the imaginary potential the derivative-Saxon-Woods form
[Hod94] . The spin-orbit potential was taken to be real and of
the Thomas form with the parameters fixed to those given by
Walter and Gugs [WGB6]. The initial fitting procedures followed
the five =steps long used by the author [Smi+92}. First,
six-parameter fits to the elastic-scattering data base alone were
carried out wvarying rteal- and imaginary-potential strengths,
radli and diffusenesges, from which the real diffuseness, A, was

fixed. Then, the real radius, r, was detexrmined from
five-parameter fitting keaping a_ fixed to the above wvalue
{herein all radil are expressed in the reduced form where
Ri = ri-ﬁlfa and A is the target mass). Four- and

three-parameter fits then progressively determined the ilmaginary
radius, L and imaginary diffuseness, a,- From this set of

successive fitting steps the geometric parameters were determined
from the elastiec-scattering distributions. This sort of
elastic-Bcattering fitting is sensitive to the partial

1¢



angular-momentum cowponents and gives definition of the
geometries. At this point the fitting was extended to include
tetal cross sections up to ¥ 30 MeV. The later are sensitive to
the total angular momentum but not particularly to the
components, however they provide a much wider emnergy scope for
potentlal determinations than the elastic-scattering alone.
Using this elastic-acattering amd total c¢ross section data base
and the fixed geometry, two-parameter fits determined the real,

Jv, and imaginary, J“, potential strengths expressed in terms of

volupe-integrals-per-nucleon {Ji}.

The dnitial SOM fitting determining the geometry was
confined to elastic scattering and done energy by energy using
the above two formulations of ABAREX. In the first of these
{termed "el" herein) both isotopes of the element were
concurrently fitted assuming real- and imaginary-potential
etrengths given by V = ?G * vl-ﬁ and W = Hg & Wl'ﬂ, respectively,

where vn and Hu are isoscaler strengths, Vl ang Hl the isovector

gtrengths and » = [(N-Z)}/A, the nuclear asymmebry. The signs in
the two expressions are negative for neutron-induced reactions
and positive for proton reactiona ([Hod71],[Sat69]}. The
isovector strengths were given the wvalues vl = 24 MeV and

Hl = 12 Mev throughout this work. These magnitudes are generally

coneistent with average quantities in the literature
{ [Hod94], [Bat69]). It was further assumed that the form of
isoscaler and isovector potentials was the same, The latter
assumption is commonly used but is doubtful as vl is probably

concentrated near the nuclear surface ([Hod%4] ,[Satée9]).
However, isovecter contributions are relatively small and the two
igsotopes of antimony have nearly the same n values, therefore
this qualitative approximation does not particularly influence
the results. In the second approach [termed "iso" herein) the
fitting dealt with each isotope separately assuming that the
measuraments pertained to that isotope alone. A weighted average

0f the parameters chtained by fitting 1215b and 123$b waz then
conetructed to chtain eslemental geometric parameter values., The
two sets of geomeiric parameters were very congistent with one
another and the average geometric wvaluea were used over a large
anergy range as discussed helow.

In an effort to concurrently improve the description of
measured elastic-scattering and total cross sections a unified
procedure was used in determining real- and imaginary-potential
strengths, concurrently fitting the elastic scattering and total
croge sections of both isotopes over the antire energy range of
available experimgntal information, Twanty nine experimental
elastic distributions wera used, extending from 1.55 to 14.0 MeV.
Lower-energy distribontions were not used as they are "bland" in
angular depanxience and provide little guidance to the choice of
the potential. Thirty one total cross sections, extending from

i1




62 keV to 28 MeV, were constructed from averages of the
experimental data base. It was assumed tThat the real-potential
strength had a linear energy dependence. This is consistent with
the affects of non-loacality and the Hartree-Fock behavicr of the
potantial in a Finite medium ([Hod71].[PBG&2]). The
imaginary-potential strength was allowed to take a gquadratic
enargy dependence. This is a reasonable assumption as one would
expect the surface-iraginary strength to increase with energy as
more channels open and then plateau to an approximately
enerqgy-independent wvalue, This model with the linear-guadratic
energy—dependent assumptions was termed the "LO" potential. The
potential geometries were fixed to the average of the values
resulting from the "el"™ and "iso" fitting and the isovector
gtrengths were ag defined above. The LQ fitting then reduced to
the adjustment of five parameters:- (1) the zero-energy intercept
value of the isoscaler real potential, (2} ite energy dependence,
{3) the =zero-energy intercept of +the isoscaler imaginary
potential, (4) its linear and {5} gquadratic energy-dependent
terms. In concurrestly fitting such a data base consisting of
total and differential-scattering cross sections judgment must be
exarcised in the weighting of the input data if both types of
data are to effectively comtribute to the determination of the
model parameters. The two types of data are measured in quite
different manners with different types of uncertainties. In the
present fitting wvarious relative weights were given to the total
cross sections. If each total cross secktion is given the same
weight as esach difFerential wvalue the effect of the total cross
gections on the parameter selection is essentially zero.
Increasing the weight of each total cross sectlon relative to the
differential walue, it wan found that an enhancement of the
weight of the total cross sections by a factor of * 20, relative
to the differential wvalues gave a considerable improvement in the
degeription of the total cross sections over tha enargy range
G ~+ 30 MeV while retaining a goenerally acceptable description of
the calculated differential elastic-scattering. The result is
compared with the measured eslastic-scattering data in Fig. 4-2.
The eorresponding model parameters are given in Table 4-1.
Throughout this work potential parameters are listed to a number
of significant figuras. This precision makes it possible to
accurately raproduce tha calculatienal rasults, however the
significant figures of the stated parameters do not necessarily
imply parameter uncertainties. The latter are associated in a
complex and mecertain mammer with the data bases, the fitting
procedures and the weighting factors. The energy dependenciesg
are physically realistic, as disacussad below, The agreesment
between measured and calculated elastic ecattering extends to the
lower energies of the data base, well below the energies of the
distributions used in the parameter derivatien. At the same time
the description remains good to 10 MaeV, with some deterioration
at 14 MeV. The latter is a very old [(more than 30 years}
diffarential distribution. It wonld be very uwseful if there were
some good antimony elastic-scattering distributions at higher
energiag, Concurrently the parameters give a reagsonable
description of the elemental total cress section to at least 30

12




Table 4-1. SOM parameters deduced by concurrently Fitting
differential-elastic and total cross sections of both isotopes.
The potentials are given for the "LQ" and "(QD" models, as
described in the text. The J; waluas are calculated assuming the

elemental mass. "E" is the incident energy in MaV and "#" the
asymmetry defined as » = (N-Z)/A.

TR S N AL W e e e i S R il ey oy gy S —————— T —— —— —— — A i —ry

Heal potential

a, = 0.6393 (fm)
Ty = 1.2391 (fm)
(L)} model
V = 52_5350 - 0.4239 5 - 24.0:'#n (MeV)
Jv = 463.4 -~ 3I.T73I91-E -211.7-¥ (He?—fm3]
(Q0) model
¥V = 62,2598 - D.1129 'K - 0-0151-3 - 24.0'n {MeV)

J_ = 460.9 ~ 0.9957+E ~ 0.1332:E° -211.7:n (MeV-fm")

b

Imaginary potential

a, = 0.6495 (fm)
r, = 1.2056 (fm)
(LQ) model

W = 4.7431 + 0.4096-E - 0.0097E>

I, = 54.17 + 4.6780-E - 0.1108 B2
{Q0) model

W = 4.4000 + 0.4161 K

Jw = 50.30 + 4_.7521:E

12.0: 1 {(MaV)
137.0m {HE?-fME]

I

0.0093.E% - 12.0'n (MeV)

0.1062 E> ~ 137.0+#% (MeV-fm>)

1
k

Spin-orkhit potential [WGS6]

a,. = 0. 560
rsu = 1.103
vso = 5.767 - 0.015'E + 2.0'n (MaV)

13



Me¥, as illustrated in Fig. 4-1. The measured and calculated
values agree to within a few percent over the entire enerqgy
Tarncge,

Predictably, tha total-croes-zsection description Was
somewhat improved by assuming a quadratic—quadratic model {"oG™)
having guadratic energy dependencies of both the real- an
imaginary-potentials, as illustrated in Fig. 4-3, while at the
same time providing a somewhat improved description of the
elastic scattering, as illustrated in Fig. 4-4. The resulting Qf
potential parameters are also given im Table 4-1. The QQ
imaginary potential is essentially identical to the I result,
while the real potential takes a somewhat convex energy
dependence that does not greatly differ from the lipoear 10 shape.
The possible contribution of a volume absorption was examined by
introducing such a potemtial in the LQ fitting procedure above 15
MeV. The resulting volume-potential strengths were small with no
clear improvement in the description of the observables or the
chi-square resulting from the fitting procedures, Volume
absorption is doubtlesa a factor at higher energies but the
available antimony experimental data base, largely limited to
incident energies below = 10 MeV, does not allow one to identify
it.

Both the LQ and QD potentials are similar as E ~+ 0 and thus
give es8entially the same s- and p-wave strength funcitions [Sn
and 51, respectively). The results calculated with the 00
potential are Sn = 0,7672 and 51 = 3.235 for 1215b and SO =

0.7458 and S, = 2.926 for *“’sb (all in units of 10°%). These

results are in reasonable agreement with those resulting from
cther optical-model predictions [MDHS81], but the calculated 50

are approximately a factor of two larger than deduced from
egperiment. Such Su differences are commonly encountered in this

mass region and have been attrributed to doorway effects [Sha&3].

Cluarly, the inelastic-scattering results of Fig. 3-2 for an
average excitation of % 1.1 MeV are not consistent with the above

S0M interpretations. Neither the scattered-neuntron angular
distributions nor the cross-gection maqnitudes can be attributed
to compound-nucleus procesges. Therae must be significant

direct-reaction contributions that make up aggentially all of the
inelastic-scattering cross sections observed in the preseant
experiments as compound-nucleus contributions are essoentially
negligible at the energies of the present experiments and the
resulting compound inelastically-scattered neutrons should be
distributed symmetrically about 90 deg. The antimony isotopes
kave 51 protons, one beyond the closed shell at 50 protons, and
are even in neutron number. Thus, in the context of the extreme

14
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shell model, the ground and low-lving first excited states can be
attributed to the lg?f2+ and Zﬂ5f2+ proton configurations, with

the 1h11;2+ proton configuration lying above * 1.5 MaV [LawB0].
The 19?;2 and 2d5f2 configurations are very clogse together
{(#< 100 ke¥) in this mass region ([Coh&5], [TM6%]) and, indeed,

invert going from 1215b to 123Sh. The better known structure aof
1235b hags ten levels with established spins and parities at
excitations from % 0.5 =+ 1.6 MeV [NDS]. If oma assumes that

these levels are due to core excitations coupling the lg?fz and

2d5jz proton configurations to the 2% % 1_05 MaV wibrational
level of the 1225n. core, on# chtaing thae ten axcited levels
reported between = 0.5 and 1.6 MeV, and the agsumption is

conaistent with the reported 1" values. The only exception is a
possible additiconal level at = 1.5 Mav, That lewal is neither

confirmed nor is its J value egtablished. Thus, the simple
core-excitation approximation is reasonahly consistent with the

reported 1235h excited structure that is expected to contribute
to the inelastic-scattering resulting in the excitaktion of the
average level in elemental antimony observed at an EI = 1,1 MaV

in the present ezperiments. The game g=impla approzimation
applies to 121Sh relative to the IEDSn core, although the
121

excited level structure of Sh iz Dot as well known. In hoth
cases the direct inelastic scattering could be due to the

vibrational nature of the Sn yrast z* lavels at = 1.05 MeV. With
that assumption, the inelastic-scattering cross sections were

calculated using the QQ potential, coupling the g.8. and yrast 2"
level of the 8n isoctopes with a simple first-order vibrational
coupling (bherein this core-excitation model is termed the *CX
model). With a ﬂz = 0.115, the results illustrated by the curves

aof Fig. 3-2 were obtained. Concurrently, the introduction of the
core-coupling contributions improved the description of the
measured total cross sections, as illustrated in Fig. 4-1. The
agreement between the calculations made with this simple model
and the inelastic-scattering values measured in the present work
ig remarkably good. ‘The inelastic-scattering calculations were
net eaxtended to the higher-lying levels due to uncertainties in
both +the measured structure and its contribution to tha
observations, but, clearly, direct-reaction mechanisms are again
the primary contributors to the inelastic processes obgerved in
the present measurements. There are some measured elemental
inelastic—neutrun*scatterinq data for antimony at lower incident
anergies ([SCW82],[S5H67]) where compound-nucleus processes are
the dominant factor. In these cases the measured results
generally represent averages of complex and uncertain underlying
structure. Given these uncertainties, the above SOMs reasonably

17



acepunt for the lower-energy experimental inelastic-scattering
results, as illustrated by the examples given in the companion
report, ANL/NDM-150.

2. Physical Comments
5-1. Isospin

It has long been known that the potential =strengths are
related to isespin through the expression

I ) -
Jgo= (1 s SR Y (5-1)

where "+" refers to protons and "-" to neutrons, J"; and £ ; are

constants, # is the asymmetry equal to {(N-Z)/A, and "i" can be v
or w corresponding to the real or imaginary potential,
respectively ([Lan62],[GS58]). There are three ways of using

neutron-reaction results to determine the constants J? and & i:_

1} evaluating Eq. 5-1 for a broad isotopic or isobaric range of
measurements, 2Z) comparing (p,p) and (n,n) potential results, and
3) evaluating Eg. 5+~1 from potentials over as wide a mass range
as possible. The first these methods is not wiable in the
present study as there are but two isotopes of elemental antimony
separated by only two mass units and there are no izsotopic or
ispbaric measurements available. The second method can not be
used as relevant {p,p) or other light charged-particle results
are little known {(none giving detailed potentials). The third
mnethod is wviable using the S0M potential systematics following
from a oumber of previous studies at this laboratory extending
over the wide mass range = 40 =+ 238 and the asymmetry range
= = 0,277 ({[Smi26],{Chi+90], [LGS86], [6mio4]),[5G93]), [Chit+32],
[SGLB6], [Smi97A],[Smi%5],[Smi9?]), [Smid9],[5C96], [LGSA7], [LGSE9],
[5897]1,[S6GL88],[Smi+92A]). However, care must be taken to avoid
distortions due to common size effects. 'The reference energy was
chosen to be B MeV as being central to the range of the data
base, an energy not unduly influenced by dispersion effects and
an energy reasonably free of compound-nucleus uncertainties.
Using this range of potentials, one arrives at the systematic
reduced real-potential radius ezpressed in the form

- 1/3 -
Ly = Fg rl,a’h ' (5-2)

where T, and L, are constants. Least-square fitting to the large
data base gives T, = 1.1673 and T, = 0.37083 fermizs {[Smid9],

These wvalues are wvery similar to the neutron results of ref.
[Chi+90] but lead to zscmewhat smaller T, values then resulting

from some proton studies [Hod70]. For elemental antimony Eg. 5-2
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gives LI 1.2421 fm, compared with the 50M value o©of 1.2391

deduced in the present work. The agreement between the
systematic prediction and the present work is a remarkable 0.2%
despite the fact that determinations of r, by fitting are fraught

with the ‘Jrvz ambiguity. The diffusenesses a, aned a of

Table 4-1 have conventional wvalues. The L ig gigonificantly
greater than the £, in a mammer that iz consistent with

potentials based upon Llow-energy strength functioms [Mel63].
Thus the geometries of Table 4-1 are supported by a considerable
body of previous work.

The zyztematics of real-potential strengths at 8 MeV are
given by

3
J, = K IL - E_nl-x. ", (5-3)

where Kﬂ and év are constantz [Chi+50]. ARgain least-sguare
fitting the large potential data base, one cbtains Eo = 232.96

MeV-fm® and §_ = 0.447 ([Smi99] and references cited therein).
Eq. 5-3 predicts at 8 MeV a J, = 410.7 MeV-fm® for elemental

antimony compared with tThe average of 399.0 He‘il'—fm3 deduced from
the present SOM (LQ). The difference is only * 2.8%, a good
agreement. Furthermore the £v value is reasonably consistent

with that deduced Ifrom nucleonnuclecn interactions {[GPT68],
[GMP70}), however it is approximately half that obtained from a
simple analysis of real potentials across a wide mass range
{fe.g., [FCR77],[HW72]} as the latter simple approach is distorted
by a zmize effect that approximately doubles Ev‘ One would like

to make the same szyztematic comparisons of Jw values.
Unfortunately, J“ is quite sensitive to the nuclear structure of
the particular target, resulting in a wide scatter of s valuesg.

5-2. Dispersive effects

It is well known that there is a dispersion relationship
linking real and imaginary optical potentials and reflecting
causality ([Sat83],[Lip6&],[Pasb67],[Fesb8]). Thia relationship
can be axpressed in the form

o JH{EI )]

P : -
J(E), = J(Blyp + 5 J‘_m — dE"', (5-4)
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where JHF iz the strength of the local-equivalent Hartree-Fock
potential, J" is the satrength of the imaginary potential, and "p¥

denotes the principle walue of the integral. The integral of
Eq. 5-4 can be broken into two partes, a surface component given

by fl‘st and a volume part given by ﬁ']m::-" where
+o J_[E']
M= E J S g (5-5)
-» E - E'
and
+o J__(E")
i v
AF =_I YO am'. (5-6)
voo TJ .. E - E
Then Jv{E]’ = Jeff(E} + A‘L]E{E} and Jeff{E] = .]HF[E) + aJvﬂ{EJ,

where J_(E) and er(E} are surface and volume imaginary-potential
strengths, respectively. Jyp and ﬁJm are approximately linear
functions of the energy in the present considerations thus they
can not be experimentaliy distinguished. The effect of Eg. 5-4
is to add a surface component to the real Saxon-Woods potential
consisting of some fracktlon of Js‘ The magnitude of thia

fraction was evaluated using the methods of ref. [LGS87}. It was
assumed that the imaginary potential was entirely a surface term
up to 25 MeV and then that component fell Iinearly to zerc at &)
MeV. Concurrently, the wvolume-imaginary potential strength was
agsumed to increase from zero at 25 MeV toc a 60 MeV value
equivalent to that of the surface component at 25 MeV, Thus the
total imaginary potential strength reose to 25 MeV and then
remained constant to higher energies. The Js was assumed to have

a wvalue of zero at the Fermi Energy [EF}, and to follow a
quadratic energy dependence from EF toc zero energy, ait which

point it continued to 25 MeV as given by the L model. in
addition, *he entire imaginary potential was taken tao be
symiteltric about EF [JFLM7T7TY. The Fermi EBnergies of the two

antimony isotopes are similar (-8.924 Mev for 12131) and -7.718
MeV for 12331}} and thus a weighted average of EF = ~7.892 MeV was

used in the dispersive caleunlations. With these assumptions, the
fraction of the surface—-imaginary potential added to the the real
potential was calculated as a function of energy with the resnlts
shown in Pig. 5-1. That fraction falls monotonically with energy
from = (.75 at zerc energy to small negative values at 30 MeV.
The same caiculations give the energy dependence of the above
&JS(E] integral comtribution. The latter rises Ifrom zero at Eg

to ¥ 35 He‘i.’—~fm3 at, zero energy and then monotonically falls with
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energy to small walues at = 30 MeV¥ as illustrated in Fig. 53-2.

With the above dispersion contribution the entire LQ fitting
procedure was repeated. The geometric paramelters of the
imaginary potential and the real diffuseness were assumed to be
the same as those of the 10 model, above. The raeal-potential
radius will change, as the dispersive effect shifts the shape of
the real potential, and thus it was a part of the Fitting
procedure, together with the linear represeantation of the real
potential strength and the guadratic representation of the
imaginary strength. The resulting parameters are summarized in
Table 5-1 (herein this potential is tarmed the "Disp-A”
potential). In principle the fitting should be iterated to
converge on the dispersive effects. This was not dgne as the
potential changes were anot large. The results of this fitting
procedure gave a very nice description of the experimental total
cIpss sections, as illustrated in Fig. 5-3. However, there was
gsome dJdetericration of the description of the higher-energy
elastic-scattering distributions compared to that of the L model
results, as illustrated in Fig. 5-4. The characterization of the
differential elastic scattering can he improved by increasing the
real radius and repeating the fitting procedure employed to
determine the parameters of Table 5-1 keeping T, fixed to the

larger walue, as illustrated by the parameters of Table 5-2
(herein denoted as the "Disp-AA"™ medel) and the calculated and
measnred elastic-scattering comparisons of Fig. 5-5. However,
this improvement was achieved at the eXpense of BcHie
deterioration of the description of the measured total cross

sections. Predictably, these discrepancies can be largely
eliminated if all the real- and imaginary-potential geometries
are allowed to wvary in the fitting procedure, However, the

Tesulting model parameters take rather unphysical values. These
considerations suggest that the dispersion effect is significant
in the fast-neutron interaction with antimony. However, the
expexrimental data base {particularly with regpect to
higher-energy elastic scattering) is not sufficiently strong for
quantitative assessment of the effect.

5-3. Effective mass

Early on the velocity dependence {(i.e. non-locality) of the
muclear potential received considerable attention {e. g., refs.
[BLMS54],[Brut+5a],[Beth6],{PB62] and [WHWGHD]). It was shown by
Brown et al., using a dynamic theory of vibrations, ihat the
non-locality leads te the expression ([BDSE79],[MNB81],[Baut+B82])

*

= 0.64 + 0.36[1.0 + |E - Eg|/(2hy_}172, (5-7)

ElE

*
where "m" is the free nucleon mass, "m " the effective mass, "E"
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Table 5-1. The "Disp-A" model parameters deduced by concurrently
fitting differential-slastic amd total cross sectiocns of both
isoteopes, as dagcribed in the text. The imaginary-radius, the
diffusenesaes and the spin-orbit potential are taken from the LO
model of Tabla 4-2. The Ji values are calculated assuming the

elemental mass. "BE" iz the incident ensrgy in MeV and "#" the
average asymmetry defined as » = (N-Z)/A.

T ———— ——— ———T— — T —— . T . A " T W =i e e iy o ke —— T T R T St T T ———

Real potential

a, = 0.6293 (fm}

r, = 1.1184 (fm)

V = 59.1290 - 0.5248-E - 24.0-n (MaV)

J, = 392.0 - 3.4789*E -159.1%y [He?—fma}

Imaginary potential

a, = 0.6497 {fm)

r, = 1.2956 {(fm)
= 4,0420 + 0.5689:E - ﬂ.DlEl*E2 = 12.0:% (MeV)

W
d, = 46.2 + 6.4798 E - 0.1383/E° - 137.2.# (MeV—fu>)
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Tabkle 5-2. The "Diap-AA" model parameters dedonced by fitting
differential-elasti¢ and total cross secticns of bokth isotopes
fixing the real-potential radiuvs to 1.2116 and the rest of the
geometric paramatars to those of Table 5-1, a=s described in the
text. The J; values are calculated assuming the elemental mass.

"E" is the incident energy in MeV and » = (K-Z)}/A.

gy ey e R e T ——— S R R AL A e e ol ek ey o N L S ———— i ——— ——

Real potential

2, = 0.6393 (fm)

r, = 1.2116 (£m)

V = 52.6581 ~ 0.3100-E - 24.0+% (MeV)

3, = 436.2 - 2.6425-E - 198.8:n (Mev-fm°)

Imaginary potential

a

, = 0.6497 (fm)

1.2956 (fm)

H

H
Ir

w
W = 2.5036 + 0.2692-E - 0.0045-E> - 12.0-5 (MeV)
J_ = 51.5 + 3.0778'E - 0.0514-E> -137.2.% (MeV-fm®)
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thea energy, “EF" the Fermi Energy and hwn = 41;’&1"' 3.
Concurtrently,

* dv

where UL ig the local real potential [Satf3]. Well away from EF'
E 3
Eq. 5-7 leads to :+ # 0.68, a wvalue consistent with nuclear
&
matter egtimates. At EF' E_ of EBq. 5-7 clearly rises to unity

whitrh is qualitatively consistent with the shell-model potential
in the low-MeV region ({BDS79],[Coh651). Eq. 5-8 and the present
*

L

LJ potential imply that :7]“ % 0.58 well away from EF' That walue

is somewhat smaller than indicated by Eg. 5-7 but probably within
reasonable uncertainty given the limited range of the data base
used in determining the potential.

L5-4., Quadrupcle deformations

The core—-coupling approximation used in the above
inelagtic-scattering desceriptions iz based on sgingle proton
confiqurations coupled with the yrast 2' levels of the 1295:1 and
the 1225:1 cores. The electro-magnetic quadrupole ,:'-'2 values of

these two states are 0.1075% and 0.1036, respectively, or an
average of = {,1056 [Ram+&7]. The above inelastic-gcattering
degeriptions used a wvalue of ;52 = 0(.11i5. The tin cores are at

closed proton shells thus, in the sense of the core-polarization
model of Madsen, Brown and Anderson {[{MBA75], one should be
dealing with neutron wibratora. In =zuch a situation, they

predict that the ratio of the ,fi‘lzm in the neutrom interaction to
thea ﬁgm in the electro-magnetic interaction should be

ﬁlszﬁgm = 1.063. The same ratio following from the present

inelastic-gcattering descriptioas it 1.089; a quita good
agreement with the theoretical prediction. Howavear, one shonld
more properly compare deformation lengths, conventionally defined
by 52 = 52~rv. Then the ratio following from the present work is

52“;55"‘ % 1.125, still a wvalue reasonably consistent with the

theory of ref. [MBAT5]. These ratioa are encouraging,
particularly in view of the approximations used in the present
inelastic-secattering descriptions.
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5-5., Shell dependence

The isotopes of antimony are only one proton above the
closed shell at Z = 50, I+ has been argued by Lane et al.
{Lan+59], Brown et al. [BDL59] and others that the absorption
strength should be shell dependent with significantly smaller
values at or near shell closures. Experimental evidence and the
mass ddependence of the Sﬂ strength functiona supports such a

concept {[VSM64], [MDHEL1]). The absorption strengths of the
present poterntials [i. e,., "LQ" and "QQ" models) are guite small,
particularly at low energies. Hot omly are these small wvalues
consigtent with the concept of reduced absorption strengths nearx
shell closures, but they are also in good agreement with the mass
dependence of +the absorption strength over the mass range
A = B0 = 125 as suggegted in ref. [SGW84]. Io that reference it
ig shown that absorption strengthas are smail at or near N = 50
and Z = 50 closed shells with a pronounced maximum between. This
shel! modulation of the absorption strength is asomewhat distorted
by deformation effectz but the latter are not a particular
concern in the present context. At the higher energies
frequently used as a basis for "global® model interpretations
shell effects are less prominent and usually ignored. This may
be unfortunate as "global" model development tends to place heavy

reliance upon closed-shell nuclei such as 45Ca and zﬂan. For
example, it is noted below that the "global" model of ref.
[REF79}, largely based upon closed-shell nuclides, has an
unusually small absorption strength. Shell-dependent absorption
effectg are not unigque to neutron processes, and have been
ohgerved in a variety of charge-particle reactions (e.q.,
[JGRT79}, [Her+80] and [FHGS2Z]). Madels should be cognizant of the
£hell dependence of the absorption strength if the objective is
gquantitative calculation. Failure to do so0 may have been a
contributing factor in the deterioration of antimony regulte
calculated with several *“global" medels, as discussed belaow.
Some "regional" models giving attentionm to shell effects {e.g.,
that of ref. [S5GWS84}) do much better.

5-6. Comparisons with Other Potentiale

It is of interest to compare the present potentials with a
sampling of spherical potentials found in the literature. Such
comparisong can give guidance in the use of models for the
provision of antimony data for applied purposes, and ¢an
iliukinate some physical differaences. There are a great number
of optical-model potentials found in the literature, of wvariable
qualities and physical gscope. Here the comparisons are limited
to a few of the more prominent reported "global™ potentials, and
to a specific antimony potential.

The first comparison is with the SGW "specific" potential
{Emith, Guenther and Whalen, ref. [SGME2]). The SGW potential
was deduced from slemental antimony low-energy {i.e., < 4-5 MaV)
neytron total and elastic-gscattering data. it is a simple

30




potential with strengths Jv = 429.9 - 2.667-E He‘if-me and
JH[surfa:e] = 54.0 Me?—fma. These strengths are reasonably
consistent with those of the present "LG" and "0G" potentials.
The 5GW gives as good a description of the elemental
elagstic-scattering distributions and total cross sections as
obtained with the present L and () potentials. This good
rperformance of the SGW potential is surprising as it was
determined only from low-energy experimental information and yet
it nicely extrapolates upward in energy by nearly an order of
magnitude. For many applications the simple SGW potential will
suffice, and it is easy to use.

The second comparison is with the BG "glokal™ potential
{Becchetti and Greenlees, ref. [BG69]1}. This is a widely
referenced potential that is largely based upon protom data. It
should be gemerally applicable to antimony in the range of the
present studies. The strengths of this potential for the neutron

interaction with antimony are Jv = 409.5 — 2_501-E He"."-fma and

J"(surfar:e] = I06.1 - 2.402-E He\'&fmﬂ. In addition, there is

volume absorption above an incident energy of * 7 MeV. The Jv of

the BG potential is smalier than that implied by the present
work, though the difference is partly compensated for by a lesser
energy dependence. The imaginary strength is Jlarger than
indicated by the present work and has an unuscal energy
dependence. One would have thought that the surface-imaginary
strength would increase with energy up to ten or more MeV as more
channels open, contrary to the behavior of the BG potential. The
BG potential leads to antimony elastic-scattering angular
distributions abowve # 5 MeV that are not representative of the
meagured values. The antimony total c¢ross sections calculated
with the BG potential differ from the measured values by + 5-10%
below ¥ 15 MeV, depending upon where the comparisons are made.

The WH "global" potential {Wilmore and Hodgson, ref. [WHG4])
is an early and sieple potential that contains no spin-orbkit
interaction, The potential strengths are

J, = 451.5 - 2.564'E - 0.0173-E° MeV-£m> and
J“{surface} = 73.1 - 0.407'E HeV-me. The Jv for antimony is
larger than found in the present work and the enerqgy dependence
of the J e is hard to justify, as noted above, The

elastic-gcattering distributions calculated with the WH potential
sigqnificantly dewviate from the measured wvalues above = 4 MeV,
particularly at large angles. The c¢alculated total cross
gactions agree reaconably well with the measured wvaluss above
% 15 MeV but at lower energies there are significant differances,
both pegitive and negative. Thus the WH potential is not

suggestad for quantitative antimony calculatione in the sanergy
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range of the present congiderations.

The WG "global" potential (Walter and Guss, ref. [WGBE]) is
based upon both neutron and proton experimental data (including
neutron polarizations). The strengths are J = 226.8 - 2.540 E
Heli’-—fm3 arud Jw{surfa:e] = 73.4 -~ 1.368E Hev—me- The former ig
reasonably consistent with that of the present work, but tha
latter again shows a negative energy dependence wvery likely
resulting from the higher energies used in developing the model.
Concurrently, there ig a significant wvolume-absorption strength
at all enargies, an unusual configquration that is not supported
by the present interpretations. The WG potential does not give a
good description of the antimony elastic-secattering distributions
above & 3.5 MeV and is significantly discrepant with the measured
total cross sections (both posgitive and negative deviations)
below & 15 MaV,

The REKF "global®™ model (Rapaport, Kulkarni and Finlay, ref.
[REF79]) was deduced from neutron interactions with closed-shell
targets for incident neutron energies of = 7 -~ 26 MeV, Antimony
iz near a cloged shell so this potential should be reasonably

applicable in the present context. The strengthg are
.]v = 4(08.4 - Z,41B:E HeU-me and Jw{surface} = 22.6 + 4.12:-E
MeV—fm° for E{15 MeV. There 1s apother branch of J for ¥ > 15

MeV that seems to be significantly discontinues with the lower
energy hranch, Thare is also an incressing wvolume absorption
term above 15 MaV, The Jv is lower than fourd in the present

work though the difference ig partly compensated for by a lesser
enargy dependence. The imaginary strength has a strong energy
dependence and i wvery small at low energies. The antimony
elastic scattering calcnlated with the RKF potential is in good
agreement with the observations, approximately equivalent te the
dezgcriptions obtained with the LQ model, above. The description
of the antimony total cross sectioms ise good above about =2 10 MeV
but deteriorates at lower energies, with discrepancies of ¢+ 5-10%
from the measured wvalues. However, of the "glohal™ models
examinad here, the RKF potential provided the best antimony
results.

The EF "glecbal®™ potential (Engelbrecht and Fiedeldey, ref,
[EFE7]} is an extension of the low-energy model of Moldauer
[Mole3] to higher energies using complicated exponential energy
dependencies o0of the real and imaginary strenglihs. The
higher-energy considerations extend io 150 MeV._ The
parameterization is awkward and no conventional spherical optical
model code that will bandle it is known to the author. The
compariscns made here reguired scme wodification of the
ABAREX calculational code. The antimony elastic-scattering
calculated with the EF potential is in gualitative agreement with

LY

measured values but with gquantitative discrepancies above # 5
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Me¥. The agreement between calculated and measured total cross
sections is good above = 13 MeV but at lower energies there are
significant discrepancies, with the calculated results generally
Iying low. The performance of the EF potential in the antimony
calculations 1s not outstanding.

The above non-inclusive comparisons indicate that SGW and
RKF potentials give reasonable descriptions of the measured
antimony neutron-interactions. These descriptions are not quite
as good as obtained in the detailed studies of this work. Thex
other potentials examined (BG, WH, WG and EF} have sarious
shortcomings that make them guestionable for quantitative
calculatione in the present context. There are many other
optical-model potentials out in the literature [PP76]. None of
them 1s unique and wvery possibly there are others beyond those
examined here that would give suitable or better antimony
results. However, if the practitioner wantg quantitative results
cne shonld4 be wvery rcareful in the sgelection of the potentials
used. Of course, one would expect "specific" or "regional"
potentials to perform better than "global®"™ potentials asg thay
should reflect imdividual structural effects of the particular
targets.

§. Summary Remarks

Thea present measgurements considerably extand the
experimental knowledge of fast-neutron scattering from elemental
antimony. That understanding is now reasonably good up to 2 10
MeV, but essentially nothing is known at higher energies nor with
regpect to isotopic antimony neutron scattering. These remaining

deficiencies inhihit both basic and applied understandindg.

Spherical optical potentials were deduced from the availahle
neutron total and scattering information using hoth linear and
gquadratic energy dependencies of the potential strengths. These
models were reasonably descriptive of the obzervables, including
neutron total and elastic-scattering cross sections. They also
provided 30 and Sl etrength Ffunctions similar tn those ohtained

with other optical potentials found in the literature. However,
the S o values are not as small as reported by some measurements,

possibly as a consequence of specific structural effects not
consistent with the model. The 1inelastic peutron =scattering
obsexved in +the pregent measurements is inconsistent with
compound-nucleus concepts and thus is largely, if not completely.
due to direct-scattering processes. It is well described by a

simple core-coupling model coupling the the yrast 5/27 and 772"

levels of the two antimony isotopes to the yrast 2" quadrupole

vibrational levels at = 1.1 MeV of the underlying lann and 122811

closed-shell cores. The quadrupole deformations used in the
inelastic calculations are reasonably consistent with those
deduced from coulomb excitation studies and with the prediction
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of the core-coupling moxlel.

The present antimony interpretations are consistent with
systematics of real-potential geometry and strengths as deduced
from specific potentials generated as a result of a large number
cf Argonne studies., The resulting isospin dependence agreegs with
that deduced from the consideration of nuclecn-oucleon forces.
Dispersive affects are an important congideration with
significant inmpact on the caloulated total amd scattering cross
sections. Unfortunately, the lack of a higher-energy data base
for interpretation compromises the quantitative aralysis of the
dispersive processes. The present potentials imply an effective
mass that is qualitatively consistent with theoretical estimates
and single-particle configurations. The present potentials are
characterized by relatively small imaginary-potential strengths
as one would expect for targets near the closed shell ak 2 = 54.

The antimony SOM potentials deduced in the present work are
4 guod wehicle for applied antimony calculations. They provide
calculated results notably better than most global and regional
omodels. Such an application of these models to the provision of

comprehensive pentronic evaluated files for 12151‘1 and 123511 in
the ENDF-6 formats 1is described in the companion report,
AKL/NIM-150. *The reader is encouraged to examine that document.
It is a good illustration of the application ¢of the present work,
and presents a number of additional comparisons of measured and
calculated quantities in a wide scope.
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