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Nuclear Data and Measurepent Series

Keports im the Argonne Natiomal Laboratory Nuclear Data and
Measurement Series pregent resultz of studies in the field of
wicroscopic miclear data. The primary objective of the series is
the dissemination of information in tha comprehensive form
required for nuclear technology applications. This BSerles is
devoted to: a) measured microscopic nuclear parameters, b)
experimental technigues and facilities amployed in measurements,
¢) the analysis, correlation and interpretation of nuclear data,
and d4) the compilation and evalunaticon of nuclear data.
Contributions to this Series are reviewed to assure technical
competence and, unless otherwise statad, the contents can be
formally referenced. This Series doas not supplant formal
journal publication, but it does provida the mcore extensive
information reguired for technological applications (e.g.,
tabulategd numerical data) in a timely manner.
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ANL /NDM-150
NEUTRONS AND ANTIMONY

12 123

NEUTROKIC EVALUATIONS OF 151:- AND 5b

Abstrxact

The mnew experimental resclts and recent extensive model
development discussed in  the companion repoxrt ANL/NDM-149
{5mi00], the new resonance parameterization of ref. {Mug09] and

experimental regults and models available in the literature, are

uged to construct neutronic evaluations for 121811 and 12351}

the ENDF/B-6 formats. These are comprehensive evaluations
extending from thermal energies to 30 MeV, and incluode all
reactions and processes commonly wused in applied neutronic
calculatione, Comparisens are made with ENDF/B-& MAT 5125 and
5131 files [ENDF].

1. latroductiion
Tke objective of the present endeavor was an upgrade of the

prior ENDF/B-& evaluations for +the +twoe mnaturally-cccurring

isotopes of elemental antimony, 12'Sb and 1238b. The

corresponding ENDF/B-6& evaluations (Mats 5126 and 5131) [ENDF]
ara a part of the fissionproduct files and are very cld, largely
dating back to the early seventies or before. New information,
as described in the companion report ANL/NDM-149 [Spi00] and ref.
[Mug99], makes possible comnsiderable improvement in  these
evaluations. Many of the same methods and results can be used to
axtend the ewvaluation process to the other and unstable isotepes
of antimony. That broadened =zcope iz nokt part of the present
work, but the stage iz set for such endeavors. The present
endeavors are "neutronic®™ evalunations, reprezenting the neutron
interaction with the two isotopic targets to incident emergies of
up to 30 MaV, Such a ercope is suitable for a large majority of
neatronic applications, extending from the thermal fission
reactors to fusion-eneryy concepis. The present evalunations do
not address charged-particle emission spectra, photon emission
. Bpectra, nor very minor reactioens having cross sections of a mb

or lesgs. Estimated wncertainties are qualitatively stated in
subsequent sections of this report where thay are realistic.
Both of the present evaluationz are in the ENDF/B-6 faormats, and
hoth have successfully passed routine checking procedures. The
corresponding mumerical data files have been forwarded to the
National HNuclear Data Center, Brookhaven Natiormal Laboratory.
Those interegsted in numerical wvalues should ingquire at that
Center.




2. Besonance parameters

Resolved and unresolved resonance parameters were explicitly
provided by Dr. Said F. Mughabghab and his co-workers [Mug99].
Theix very contemperary study uses a Bayesian analysis to
determine L assignments. J assigonments for resonances without
experimentally-determined spins are randomly made following the

2J+1 law. A bound level was not required for T2 Sb as the

radiative width of the first positive-energy resonance was
slightly modified to achieve a good description of the thermal
capture cross gecticn of 5.9 b. A bound level with a thermal

capture contribution of 0.97 b waz uzed for 1235b to provide a

total thermal capture CroOss section of 4.1 b. .|
potential-scattering radius of 6.1 fm was chosen for Lkoth
igotopes s0o as to I[it the coherent scattering amplitude of the
natural element. The resclved resonance parameters are feollowed
by unresclved resonance parameters consisting of s5-, p- and
d-wave contributions for the possible spin  values. The
unresolved average resonance parameters are given in Table 2-1.

Table 2-1. Average unresglved resonance parameters. Widths, I,
are in meV and spacings, D, in eVv.

F3 x 3 * %
. Y r, s, s7 55 D,
121
sh 91.0 50.0 91.0  0.34 3.0 1.5 15.0
1234, 97.0 50.0 97.0 .28 3.0 1.5 27.9

From systematics of ref. {MMIB1}, Part B, Figs. 5 and 7.
ek
Porter-Thomas analysis. An energy dependent level spacing iz

considered with parameters adopted from Mughabghabh and Dunford
[MD9B].

For 2lsh the resolved resomance description extends up to

2.5261 keV, followed by the unresolved resonance description
extending ©on up to 37.4 keV, the thresheld of the first
inelastic—scattering group, The comparable limit of the
resonance gdescription of ENDF/B-6 is & 0.922 keV and there is no
onresclved contribution. The corresponding energies for the
present +23sb evaluation are 2.4800 keV and 161.6 keV.  The
ENDF /B—6 lzaﬁb resonance region extends to 1.5096 keV with no
unresclved resonances. Thus the present evaluations provide
information in am important regiop which is not available from




ENDF /B-6._ Small adjustments were made to assure a reasonably
smooth match between the resomance representations and the energy
averaged cross sectiong of file 3.

3. ¢ . ] -

Evaluater energy-averaged isotopic neutron total cross
sections were calculated using the dispergsive oprical potential
af Table 5-1 of the companion repori ANL/NDM-149 [SmiQ0]. There
arg essentially neo experimental isotopic total cross sections to
tast the isotopic evaluations. Howaver, there is a reagscnable
bhody of elemental measured total cross sections as cited in the
ref, list. The two present isotopic evaluations were combined to
construct the equivalent evaluated elemental total Cross
gections. These elemental evaluated results are compared with
the experimental values in Fig. 3-1. The agreement between the
evaluated and measured coross sections is  remarkably  good,
generally only several-percent differences from = 0.1 to 30 Mav,
Thege differences are of the same order as the uncertainties
agsociated with the individuoal measured valupes alone. Thus, it
iz reasonable to estimate the uncertainties associated with the
continiaum evaluated total cross sections at several percent. Any
significant improvement will require some wvery excellent new
measurements, preferably using isotopic samples.

The present evaluated total cross sections differ from those
of ENDF/B-6 by amonnts considerably in excess of reasonable

uncertainties, as is illustrated by the '2°8b example of

Fig. 3-2. There are similar discrepancies for lzle. Of course,

theze differences in the two sets of totalt-cross-section
evaluations will cascade through other aspects of the files. The
ENDF/B-& total cross sections seem to have been calculated using
a potential that is, arguably, inappropriate at higher energies.

1. E1 . . _

The evaluated elastic-gcatitering cross sections of IEISh and
12 3Sh were constracted from the LQ potential defined in Table 4-1
of the companion report ANL/NDM-149. The calculations followed
the procedures as desecribed in ref. [Smid0], and included
compound-nucleus contribntions where appropriate. It has been
shown that this potential and associated calculational procedures
lead to very good descriptions of the available experimental
evidence, and that the results are physically reasomable, as
diacussed in detail in ref. [Smi00]. The angle-integrated
elastic-scattering cross sections are presented in the 3-2 file
section and the relative angular distributions are expressed in
section 4-2 as legendre-polynomial expansions. The
angle-integrated cross-section magnitudes were slightly
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adjusted to assnre that the sumg of the warious partial coross
sections are consistent with the above total cross sections. The
adjustments were generally small. Both of the files were ascayed
to assure that the elastic-scattering representations were
congistent with Wick's Limit" [wWiec43]. An illustrative example

of the elastic-scattering evaluations is given by the 1215b

results of Fig. 4-1, The estimated uncertainties in the preszent
evaluated elastic-scattering cross sections are 3-4% bhelow % 10
MaV where the elemental ezperimental data base is reasornably
good. Ar the higher energies the uncertainties bhecome larger but
gtill they are qgrossly smaller than the digscrepancies with the
ENDF /B-6 results which are nearly a factor of two larger at = 20
Mea¥. Furthermore, at highar energiezs the elastic scattering
cross gections are increagingly contreolled by Wick's Limit which
is fixed by the reasonably known total cross sections. Fig. 4-2
tlilustrates a few of the elagtic-zcattering differential cross
121

secticng of the present S5b evaluation. Similar results were
ohtained for 1235h. As the energy increases the anisotropies
baecome wvery large. ENDF/B-6 specifies isotropic elastic

Ecattering at all energies, clearly an inappropriate description.
It is unlikely that the present elastic-scattering evaluations
can  he substantively improved without some good-quality
elastic-gcattering meagurements gpreading over the ¥ 10 to 30 MeV
range. The lack of such measurements is a common problem
throughout the periodic table,.

5. Ine i cmscat - .

The evaluated inelastic scattering due ta the s¥citation of
discrete levels used the same structures defined in the companion
report, ANL/NDM-149, The excitation energies, spins and parities

were taken from the HNuclear BPata Sheets [NBS]. Ten levels
{including the g.s8.) were used for 1215h up to excitation
energies of 1.322 MeV, and eleven in 1235h up to 1.%11 MeV. The

respective cross sections and angular distributions of the
emnitted neutrons were calculated using the LO peorential given in
Table 4~1 of the companion report [SmidO0]. These calculations
were bhased upon the assumption of compound-nucleus processes. In
addition, a small direct-reaction contribution was included unsing
the wvibrational core-coupling model described in ref. [Smi0d0].

The total result of coupling the 5;2+ and ?;2+ single—particle
level=s to the respective tin cores, assoming the wibrational
interaction, was calculated and then spread over the 10
contributing states weighting the various contributions by
(2F+1}). This is a very crude approximation but it does introduce
the small direct-reaction contribution into the evaluated
discrete inelastic-scattering process. As such it brings a
qualitative consistency with the experimental results at higher
energies where the compound-nucleus processes are deficient. In
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moest applications the impact of the direct reactions will be
negligible as the respective direct cross-section components are
quite small. The cumilative contributions of the discrete
inelastic cross sections is illustrated in Fig. 5-1.

The angular distributions of neukrons emitted due to the
excitation of discrete levels are expressed as
legendre-polynomial espansions. At low energies these are

symmetric aboutb 90° as the processes are very largely due to
Ccompound-nuecleus processes. However, as the energy increases
inte the MeV range there is a prooounced and growing angular
dependence due +to direct-reaction contributions. This 1is
illustrated in Fig. 5-2, relevant to the excitation of the 0.9%47

MeV level in 121Sb. The experimental knowledge of the isctopic
contributions is non-existent, and not very defimnitive for the
element as discussed in refs. [Smi00), [SH67] and [S5GWB2]. With
these inelastic-scattering uncertainties, it is speculative to
more specifically estimate the uncertainties in the evaluated
discrete-inelastic cross sections.

The continuum inelastic scattering was initially calculated
using the statistical wmodel ¢ode STAPRE [UThl+76] with a
direct-reaction component and the LQ potential of ref. [5miC0],
in consort with calculations determining the contributions to
other reaction chamnels, as described below. The calculated
result was then slightly adjusted to assure consistency with
other aspects of the file. The emiitted nentron spectrum has an
angle-energy correlation, particularly at higher energies. There
is no experimental knowledge of such correlations in antinony.
Furthermore, in the laxrge majority of applications of antimony
data {(e.g. fission-reactor neutronics) continuum neutron emissicn
is assumed to be isotropic and the emission spectra are averaged
over all angles. In addition, the inclusion of continuvum
angle—energy correlations and the presentation in file-6¢ formats
agreatly eztends the size of the evaluations. In wview of these
considerations, the present evaluations provide angle-averaged
spectra and asgsume isotropy of continuum-neutron emission. That
representation is sufficient for the vast majority of users, and
more economical to handle. The resulting inelastic-continuum

evaluations are illustrated Dy the lzlsh resnlt shown in
Fig. 5h-1. The enerqgy dependence is physically reasonable, with
the large compoungd-nucleus contribution falling to a
direct-reaction tail at higher energies as competition with other
chatnels {e.g., (n,2n')) sets in. There is a small up-turn in
the continuum cross section between 25 and 30 MeV. The neglect
of wvery weak reaction channels such as that of the (n;m',t)
reaction, as described below, contributes to thiz effect. EBince
there are no experimental results for wverification of the
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Fig. 5-2. Illustrative inelastic-neutron angular distributions

for the excitation of the 0.947 MeV level of 121$b. The incident
energies are numerically given ino MeV.
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antimony continuum-inelastic calculations it is Qifficult to
estimate the uvuncertainty to e associated with Lhe corresponding
evaluated gquantities. 2 reasonable estimate may be 10% at
energies where the magnituede is large, increasing as the cross
section magnitude falls.

Of COUurse, the above components sum ta the total
inelastic-scattering cross saction. Fig. 5-3 illustrates the

result for the case of 1215h- Above saveral MeV the present

evaluated total-inelastic cross sections are grossly different
from those given in ENDF/B~6.

6. Radiati l .

There is some scattered experimental knowledyge of the
radiative capture cross sections of the two stable antimony
isotopes, as cited in the relevant porticon of the reference list.
These isotopic values were largely obtained using activation
technigques. There is more experimental information for radiative
capture in the elemenyt, some of it from seemingly reliable tank

measurements. With this weak experimental data base, the
evaluations were constructed from calculations, subjectively
adjusted to "hast™" describe the elemental sxperinental
information. The calculations used the Brink-Axel formalism

{ [Bxrish], [Axeb2],[L¥yn69]), implemented with the spherical
optical-statistical-model code ABAREX, as described in ref.
[Law38]. These calculations give an energy-dependent shape of
the cross section, and the normalization is adjusted by wvarying
the s-wave capbture strength. After the calculakians gave
reasonable isotopic results tThey were combined to obtain the
elemental capture cross sections. There remalins a lot of scatter
in the elemental experimental resulis bul the comparisons with
the calculated values are far better then those for the isotopes
alcne. The whole procedure was ilerated several times, ending
with the results illustrated in Figs. 6-1 and 6-2, The elemental
experimental results are reasonably described uwp to the maximum
energy 0f experimental availability (= 4 MeV). &4t lower energies
several of the larger data sets are simply discrepant amd the
calculations can only strike a reasonable average. At very low
energies Einor adjustments were made to assure that the continuum
capture CraOss sections reasonably match to the averages
constructed from the resonance values. The sSubjective
uncertainties in these capture evaluations are rather large,
perhaps 10 —+ 25% below 5 MeV. By 10 MeV the capture cross
sections become very =mall and at higker energies they become
very uncertain. There is 7o experimental information and the
models wused in  the present evaluations do not include
contributions from pygmy resonances, etc. These higher energy
uncertainties should be of 1l1little note in most neutronic

applications. The present lZISh capture evaluation 1is wery

similar to that of ENDF/B-6, a3 illustrated in Fig. 6-3,
Strangely, there are large differences between the two

12
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123

evaluatione for the Sh ispbope, as illustrated in Fig. 6-4.

The threshold energies for these three reactions with the
two igotopes of antimony are summarized in Table 7-1. These
values were +taken from the Livermore threshecld compilation
[Howo0] .

Table 7-1. {(n,2n"}), {o,3n') and {(n,4n') reaction thresholds in
MeV,

Reaction Sh Sh
{n,2n') 0.316 0.039
{rt,3n') 16.3684 15.902
(n,4n') 26.051 25.216

The respective c¢ross sections were calculated with the code
STAPRE ([Uhl+76], using calcunlaticmal parameters adjusted to
optimize the description of reported experimental results. The
latter are confined to (n,2n') measurements. A few of these were
tank wmeasurements giving the total (n,2n') cross section, and
there were & mumber of activation measurements based upon
ground- and isomeric-state activities. Theze experimental
results are cited in the corresponding section of the reference
list. The calculated (n,2n'), (n,3n') and (n,4n'} crosse sections
are illustrated in Fig. 7-1, together with cosmparisons with
measured (n,2n') results. The {n,2n')} evaluation uncertainties
in regions of prominent cross sections are estimated to be = 10%,
increasing in regions where the cross sections are smaller. The
uncertainties associated witk the [(n,3n") and (n,4n') processes
are more speculative as there ie no experimental informatiomn to
test the accnracy of the regpective evaluations. There are no
{in,2n'), (o,3n') or (n,4n') ¢omponents in the corresponding
ENDF/B-6 evaluations.

Tha calculations also provided neutron emission spectra for
each of these processes. These were averaged over angle and
expressad as 5-16, 5-17 and 5-37 files, assuming isotropy of
emission. The spectra are relatively "soft" as illustrated in
Fig 7-2.
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8. Charged-particle-emission cross sections
8-1. {(n,p) and (m;n',p) Processes

The thresholds for these two reactions are given in
Table 8-1, below [How90].

Table 8-1. Thresholds for the (n,p) and {(n;n’,p) reactions in
123

S5b d S5k, in Mav,
Reaction / Isotope——— 1215]} 1235]:
{n,p) ~0.396 0.619
(n;n',p) h_823 5.614

There have beer a handful of (n,p) and {n;n',p) measurements,
confined to % 14.0 incident energies, with results that are not
in particularly good agresment. Therefore, the present two
evaluations used STAPRE calculations to determine the propertias
of the (n,p) and (n;n',p) reactiongk. An illustrative rasult for

1215h is given in Fig. 8-1. The reactions for 12351: are wvery

similar. The crogs sectionzg for both processes are relatively
small, e.g. *® 35 mb at 20 MaV. The calculations alsc provided
neutron-emission spectra from the (n;n’,p} reaction. In the
present evaluations these spectra were averaged over angle and
assuwmed to be emitted isotropically. The uncertainties mway be
large but the present evaluations are an ilmprovement over the
comparable ENDF/B-6 which is entirely devoid of these reactions.
Uncertainties assopciated with the present (n,p} and {(n;n'.p)
evalyations are speculative due to the lack of any reasonable
experimental information. Significant improvements will probably
require some detailed measurements. They are difficult doue to
the nature of the residual activities [or lack thereof ) -

8-2. (n,o} and (n;n",2) Processes
The thresholds of the {n,a) and (n;n’,,a) processes in 12151':-

and '%3gp are summarized in Table 8-2.
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Table 8-2. (n,a) and {o;n’,a) thresholds for IZISh and 1235h in
Me¥ [How9(].

Reaction / Isotope—- 1213h 1235h

(n,=) -3.509 ~2.129

{n;n',x) 3.094 3,944

Apparently, there is no experimental informatiorn relevant to any
af the these procegses. Therefore the evaluations again relied
entirely upon the predictions of STAPRE calculations, with

121

resulta as illustrated by the Sb cross sections shown in

Fig. 8-2. The 1235h results are gualitatively similar though
with somewhat smaller magnitudes. In either case the (n,a) cross
sections do not exceed several mbh and those of the (m;n',a)
reaction only several tems of mb, and then only at the highest
energies. The calculations also provided the neutron emission
spectra from the {(o;n',a) reacktions. They were averageid over
angle for the present evaluvations, and the emission was assumed
to ke isotropic. The uncertainties associated with (n,z2) and
{(n;n',a) evaluations are speculative as they are entirely model
based. However, the cross sections are small, and at higher
energies, and thue will be & minor or megligible consideration in
the large majority of neutronic applications. ENDF/B-6 contains
no {(n,2) or (n;n’,a) information.

8-3. Other {n,X) and {(n;n',X} Processas

Primary of these processes are the s5ix reactions listed in
Table #-3.
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Table 8-3. Tkresholds for other (n,X) and {(n;n',X} reactions with
1235b, in MeV [Bow90].

T ——————— " ————— T A ARl ey Ty ST TEN S N R T S S S S S S S S S R ——

Reaction / Isotopg—-—- 1215b IZSSb
{n,d) 3.581 4_.372
{n;n",d) 12.763 13.260
{n, L) 5.454 6,952
fn;n",t} 12.992 13.i73
{n,BHe} 8.792 10.320
(m:n', He) 17.217 18.601

The majority of these procesgses have guite high thresholds.
There is essentially no experimental information available for
any of them. However publizhed theoretical estimates and other
evaluations [JENDL] indicate that al: of thesa procasses have
very small cross sections-- of the order of a Eb or less at an
incident energy of 20 MaV. Calculations are complicated by

uncertain 4, t and 3He potentiails. In view of these factors

these processes were ilgnored in the present evaluations. Their
onission will have essentially ne eaffect on the neutronic

applications for which the present two evaluations were designed.

The specialized user who has a need, for example, for the [n,aﬂe)

cross sectians should consult a epecialized evaluation. Guidance
can be obtained frowm the National Nuclear Data Center, Brookhaven
National ILaboratory or from the JENDL evaluations, ENDF /B-6 is
2ls0o deveoid of these minor (n,X) and in;n',X) processes.

9. Summary remarks

The present 1two evaluations reasonably achieve their
objectives of significantly wupgrading the ENDF/B-6 evaluated

negtronic files of 121Sh arr 123$h- They are simple and compact,
and are sgundly based upon pew experimental and analysis
information where that is available. Many aspecks of these
evaluations can be significantly improved only with new
experimental work that does not appear likely. There are
shortcomings, notably the omission of minor particle-emitting
reactions, the neglect of photon emission, and the neglect of
angle-energy correlations in neutron continuum emission. Thesea
cmissions will have essentially no effect on the vast majority of

neutromic applications.
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10, Suggestions for future work

Basic and applied physics are observational sciences. To
substantively improwve the above outlined evaluations some careful
peasurements are suggested. The suggestions are not inclusive
and are copfined to energies above the respnance region.

0 The taotal cross section should be measured from = 10 keV to 30+
MeV to accuracies of ¢ 1% for both the element and the two
naturally-cccurring isotopes. Attention should be given to
self-shielding at the lower energies. Such measurements are
technologically straight forward.

0 Half a dozen good guality elastic-scattering distributions are
needed between % 10 and 30 MeV in order to firmly establish
the higher~energy behavior of the model uged in the

evaluations. The measurements wounld be most wusefunl if
isotopic targets were uvsed, but even good elemental results
would be of considerable walue. Such mDeasurements are

technologically feasible but difficult.

0 Significant improvement in the discrete inelastic-scattering
evaluations requires some careful isotopic scatfering
measurements using direct neutron detection. They are
feasible but isotopic measurement samples will be required.
L few isotopic double-differential inelastic continuuom
measurements would be of use to check the overall envelope
of the calculations but will not, of course, explicitly
define the inelastic components.

0 Significant improvements in the evaluated (a,p}, (n;a',p},
fn,z) and (n;n',z) cross sections require some careful
measurements. They are feasible but difficult, and the
regpective cross sections are small.

0 Experimental knowledge of photon production and emission
spectra is uncertain. A few relevant measurements should be
undertaken. Without them, the respective evalunations will
be only a calculational speculation.
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