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Abstract

Differential neutron elastic-scattering cross sections of
elemental chromium are measured from 4.5 - 10 MeV in steps of

-

%~ 0.5 MeV and at >* 40 scattering angles distributed between

tt

17° - 160°. Concurrently differential cross sections for the

inelastic neutron excitation of the yrast 2% (1.434 MeV) level in

52Cr are determined. In addition, broad inelastically-scattered

neutron groups are observed corresponding to composite excitation
of levels up to * 5.5 MeV in the various chromium isotopes.
These experimental results are combined with low-energy values
previously reported from this laboratory, with recent % 8 -+ 15
MeV data measured at the Physikalisch-Technische Bundesanstalt
and with a 21.6 MeV result from the 1literature to form an
extensive neutron-scattering data base which is interpreted in
the context of spherical-optical and coupled-channels (rotational
and vibrational) models. These models reasonably describe the
observables but indicate rather large energy-dependent parameter
trends at low energies similar to those previously reported near
the peak of the So strength function in studies at this

laboratory. The physical implications of the measurements and
models are discussed including deformation, coupling, dispersive
and asymmetry effects.



1. Introduction

Chromium finds wide use in fusion and fission energy systems
as a major constituent of various stainless-steel alloys. As a
consequence the respective neutron cross sections are of applied
importance and some have been extensively studied. However,
fast-neutron scattering above several MeV has not received
particularly attention, and the available experimental results
are fragmentary and often quite old [KP74, GSW82, Hom+69, Ols+87,
Ste+65, CL56]. Elemental chromium consists of the four isotopes

S0cr(4.3453), 2%cr(83.790%), 23cr(9.500%) and 2%cr(2.365%). The
52

prominent Cr isotope is magic in neutron number (N = 28) and is
well represented by a proton core with four &7/2 holes in the
closed shell [Joh+85, MBZ64]. The spectroscopy of 52Cr has been
extensively studied theoretically primarily using shell-model
concepts, and experimentally using a wide variety of
nucleon-transfer and knock-out reactions. The 1low-lying
structure displays characteristics of a collective vibrator.
Coulomb-excitation studies 1indicate 1large collective effects
(e.g., ﬂz = 0.224, [Ram+87]) and thus there should be relatively

strong neutron-scattering direct reactions. These should be
primarily with the proton core and consistent with the
predictions of the core-coupling model [MBA75]. Studies of
fast-neutron scattering in this mass region indicate very large
absorption-potential strengths at low energies and substantial
dispersion effects [Smi95]. The details are difficult to
determine due to large fluctuations in the experimental data
resulting from partially resolved and overlapping resonances even.
at rather high incident energies.

The present work was undertaken to provide basic data for
applications and to give improved definition to the fundamental
aspects o0of the neutron interaction with chromium. After
completion of the present measurements, some very good scattering
results became available from the Physikalisch-Technische
Bundesanstalt (PTB) extending from & 8 =+ 15 MeV [SM96]. These,
combined with the present experimental values, result in a great
improvement in the knowledge of neutron scattering from chromium,

and make possible improved physical interpretations. The
experimental method is briefly outlined in Section 2 and the
experimental results presented in Section 3. Spherical-optical

and coupled-channels model interpretations are described in
Section 4, and physical implications are discussed and summary
comments given in Section 5.

2. Experimental Methods

The Argonne measurements were made using the fast-neutron
time-of-flight method [CL55] and the Argonne ten-angle detection
system. This method and apparatus have been amply described



elsewhere [Smi+92] thus only details relevant to the present
measurements are outlined here. The measurement sample was a
cylinder of compressed sintered elemental chromium 2 cm in
diameter and 2 cm long. It had a density approaching that of
chromium metal and it was assumed that the chemical purity was
100%. However, in some of the measurements there was an
indication that several atom-percent of oxygen was present. Such
a contamination could not be verified and it is at most small so
it was ignored. The D(d,n) reaction was used as a neutron source
with the deuterium contained in a 2 cm long gas cell [Dro87].
The pressure in the cell was such that the incident-neutron
energy spreads decreased from * 300 keV at 4 MeV to 100 keV at 10
MeV. The mean neutron energy was known to # 10 keV. The neutron
source was pulsed at a repetition rate of 2 MHz with a burst
duration of * 1 nsec. Ten neutron flight paths were distributed
about the scattering sample with lengths of % 500 cm, and the
scattered neutrons were detected with hydrogenous scintillators.
Scattered-neutron resolutions were sufficient to separate the
elastically-scattered neutrons from those inelastically scattered
from all the even isotopes of chromium (% 91% abundant). All of
the cross sections were determined relative to the well-known
H(n,n) scattering standard {CsL83], and corrected for
beam-attenuation, multiple-event and angular-resolution effects
using Monte-Carlo techniques [Smi91]. The PTB measurements also
employed the time-of-flight method. The measurement methodology
and analysis procedure of the PTB data were similar to those
described in ref. [Sch+94].

3. Experimental Results
3.1. Elastic neutron scattering

Differential elastic scattering measurements were made from
4.5 to 10 MeV in increments of ® 0.5 MeV, and at %> 40 scattering

(o)

angles distributed between & 17~ and 160°. The relative angular

uncertainties are < 0.1° and the uncertainty in the absolute

-

angular scale is =% 0.1°. The cross-section uncertainties are
2> 3%, with the largest values at the minima of the
distributions, including consideration of statistical,
normalization, correction and angular-resolution effects. These
experimental results are summarized in Fig. 3.1. They well
extrapolate to the lower-energy results previously reported from
this laboratory [GSW82]. There are a few elastic-scattering
values reported in the literature that are comparable with the
present results [KP74, Hom+69]. They do not have the scope
and/or detail of the present work, and the agreement with the
present values varies, as illustrated in Fig. 3.2. The
discrepancies may, in part, be due to the use of slightly
different incident energies in a fluctuating environment. The
three lowest energies of the very recent PTB elastic-scattering
results [SM96] can be compared with the present measurements and
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Fig. 3.1. Differential elastic-scattering cross sections of
elemental chromium. The present work is indicated by symbols and
curves show the results of fitting Legendre-polynomial series to
the measured values. Approximate incident energies in MeV are
numerically noted. Throughout this report differential
distributions are given in the laboratory coordinate system.
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Fig. 3.2. Comparisons of the present elastic-scattering results
(circular symbols) with values found in the literature (crosses
from ref. [KP74], triangles from ref. [Hom+69]). Boxes indicate
the recent PTB results [SM96]. Curves show Legendre-polynomial

fits to the present results. Approximate incident energies are
numerically noted in MeV.



the agreement is reasonably good (see Fig. 3.2).

3.2. Inelastic neutron scattering

Differential inelastic-scattering measurements were made
concurrently with the elastic-scattering studies. Primary

attention was focused on the excitation of the 1.434 MeV yrast 2"

level of 52Cr (herein level spins, parities and energies are
taken from the Nuclear Data Sheets |[NDS]). The measured
differential cross sections for the excitation of the 1.434 MeV
level are shown in Fig. 3.3. The indicated uncertainties are
subjective estimates, including consideration of statistical,
normalization and correction contributions. In several of the
measurements some weak lower-energy excitations were observed.
They were attributed to the minor isotopes of chromium and were
ignored. There was also a trace of a neutron group that could be
due to oxygen contamination of the sample, but the evidence was
weak and thus that too was ignored. Angle-integrated
inelastic-scattering cross sections were determined by fitting
the measured differential distributions with Legendre-polynomial
series, with the results for the excitation of the 1.434 MeV
level shown in Fig. 3.4. Inelastic scattering due to excitations
of >* 2.5 MeV consisted of contributions from clumps of 1levels
which blended into a fluctuating continuum. These clumps were
centered about excitations of approximately 3.0, 3.5, 3.9, 4.6
5.4 and 5.8 MeV, and must be due to cumulative contributions from
levels in the various chromium isotopes. The corresponding
scattered neutrons were approximately isotropically distributed,
with some tendency for the distributions to peak toward forward
angles. Due to their probable complexity, no attempt was made to
resolve the individual components. There are remarkably few
experimental chromium inelastic-scattering Cross sections
reported in the literature. A number of (n;n',y) results have
been reported but they do not directly provide
inelastic-scattering cross sections. The present results
reasonably extrapolate to the 1lower-energy values previously
reported from this laboratory [GSW82] and to those reported in
ref. [Ram75] (see Fig. 3.4). Some of the elemental and isotopic
angle-integrated chromium results reported by Kinney and Perey
[KP74] compare reasonably well with those of the present work as
illustrated in Figqg. 3.4. Where there are significant
discrepancies they are generally associated with measurements of
ref. [KP74] using only a very few scattering angles. Where the
work of ref. [KP74] employed a number of scattering angles the
differential results are similar to those of the present work, as
illustrated in Fig. 3.5. 1In addition, there are three comparable
inelastic-scattering differential distributions from the recent
PTB measurements [SM96]. These are in quite good agreement with
the present results, as shown in Fig. 3.5, excepting the very
forward angles where the results of ref. [SM96] tend to be lower.
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Fig. 3.3. Elemental differential neutron cross sections for the

excitation of the 1.434 MeV level in 52Cr. The present measured

values are indicated by symbols and curves show the results of
fitting Legendre-polynomial series to the experimental values.
Approximate incident-neutron energies are numerically noted in
MeV.
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Fig. 3.4. MAngle-integrated elemental cross sections for the

excitation of the 1.434 MeV level of 52Cr. The present results

are indicated by solid circular symbols, those from earlier work
from this laboratory by crosses, and the recent PTB values [SM961]
by boxes. Other symbols indicate values taken from the
literature [Ram75, KP74, CL56, TO067, Ste+65, Yam+90]. The curves
indicate the results of model calculations as discussed in
Section 4 of the text. The lower curve is based upon the
statistical parameters of ref. [GC65]. The upper curve was

obtained by increasing the temperature used in the calculations
by 50%.
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Fig. 3.5. Comparison of elemental differential cross sections for

the excitation of 1.434 MeV level in 52Cr. The present results
are indicated by circular symbols and those of ref. [KP74] by
triangles. The recent PTB values [SM96] are noted by boxes.
Curves indicate the results of fitting Legendre-polynomial series

to the present results. Approximate incident energies are
numerically cited in MeV.



p roretati

The above experimental results were interpreted in the
context of a spherical optical model (SOM) and of a vibrational
coupled-channels model (CCM). The SOM is clearly inappropriate

for a strong collective nucleus, such as 52Cr, but it is a useful
vehicle in some applied and basic contexts (e.g., as a basis for
DWBA calculations). Both of the interpretations were based

primarily on xz fitting of elastic-scattering data. The data
base used in the fitting was constructed from:- i) the 1.5 - 4
MeV results of ref. [GSW82], averaged over 200 keV to smooth
fluctuations, ii) the present results from 4.5 = 10 MeV, iii) the
very recent ® 8 - 15 MeV data from PTB [SM96], and iv) the 21.6
MeV elastic distribution of ref. [01s+87]. The complete
elastic-scattering data base is shown in Fig. 4.1. There are a
number of elastic-scattering results at energies of < 1.5 MeV.
They were not used in the interpretations as the data strongly
fluctuate due to partially resolved resonance structure, and
doorway effects may be present. Such behavior is not consistent
with the concept of a SOM or CCM. There are a few additiomal
elemental or isotopic elastic distributions above 1.5 MeV [NNDC].
They were not used as they were either inconsistent with the body
of the information or were of 1limited angular scope and/or
definition that compromised the fitting. In addition, subjective
consideration was given to total cross sections using energy
averages of the experimental results of refs. [MW66], [Cie+68]
and [LHH81]; to inelastic scattering using the present results,
those from the recent PTB measurements [SM961], earlier
lower-energy results from this laboratory [GSW82] and scattered
values from the 1literature [NNDC]; and to low-energy strength
functions as given in the compilation of ref. [MDH81].

The xz fitting employed the five-step procedure long used at
this laboratory and extensively described previously [Smi+92].
If follows a convergent path first fixing the real-potential
diffuseness a,s then the real-potential radius L then the

imaginary-potential radius L followed by the
imaginary-potential diffuseness a s and finally the real and
imaginary potential strengths Jv and Jw’ respectively. Herein,

unless otherwise stated, potential strengths are expressed as
volume-integrals-per-nucleon and radii in the reduced form Tir
where the full radius Ri = ri-Al/B. All of the SOM calculations
employed versions of the computer code ABAREX [Mol8l]. The CCM
calculations used the codes ANLECIS, ECIS94 and ECIS95. All of
these coupled-channels codes are based upon the work of J. Raynal
[Ray94, Mol82]. The most recent version, ECIS95, offers a unique
capability for treating problems of the present nature.
Compound-nucleus (CN) effects were calculated up to 15 MeV using
the Hauser-Feshbach method {[HF52], with the resonance width

10
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fluctuation and correlation corrections [Mol80]. At 21.6 MeV the
elastic scattering was assumed to be entirely shape scattering.
The necessary discrete level properties were taken from the
Nuclear Data Sheets [NDS]. Higher-energy excitations were
treated statistically using the method and parameters of Gilbert
and Cameron [GC65]. All of the illustrated calculated results to
incident energies of 15 MeV include the CN contribution.
Charged-particle emission channels were ignored as their
contribution is small at the energies where CN contributions are
important to the interpretation. The real potential was assumed
to have the Saxon-Woods (SW) form, the imaginary potential the
SW-derivative form and the spin-orbit potential the Thomas form
[Hod71]}]. The spin-orbit potential was assumed non-deformed and
real, with the parameters taken from ref. [WG86]. Where
relevant, the volume-absorption potential was taken to have the
SW form and the geometries of the real potential.

4.1. The SOM model

Two versions of the SOM were derived. In one the
elastic-scattering data base was concurrently fitted considering
contributions from the four isotopes 50Cr, 52Cr, 53Cr and 54Cr.

The calculations dealt explicitly with the discrete 1levels of
50cr (12 1levels),
52

up to = 4 MeV for Cr (14 levels), up to # 2.7 MeV for 53Cr (12
levels, combining g.s. and first-excited-state contributions to
be consistent with the experimental resolution), and up to # 3.3

MeV for 54Cr (8 levels). This model was termed the "elemental"
model, or "ESOM". The resulting parameters of this ESOM are
given in Table 4.1. The elastic-scattering calculated with the
ESOM is compared with the measured values in Fig. 4.2, and
Fig. 4.3 compares ESOM calculated and measured neutron total
cross sections. Of course, the ESOM can not describe the
prominent inelastic scattering as it makes no provision for the
considerable direct-reaction component. The derivation of the
ESOM involves extensive calculations including all four isotopes.
Such calculations are not very practical for coupled-channels
interpretations and thus one assumes that the element consists

entirely of the prominent isotope 52Cr (* 84% abundant). For
comparison and reference purposes, that assumption was also made
in the derivation of a spherical "isotopic" model, or "ISOM",

based entirely on the isotope 5ZCr, following the same procedures

used for obtaining the ESOM. The resulting parameters are given
in Table 4.2, and a comparison with the data base is shown in
Fig. 4.4. Total cross sections calculated with the ISOM are
indistinguishable from those obtained with the ESOM potential.

each isotope up to excitations of ¥ 3.8 MeV for

12



Table 4.1*. Potential parameters of the ESOM model of the text.
Strengths are given as volume-integrals-per-nucleon (in units of

MeV—me), except for the spin-orbit potential where it is given
in MeV. Energies, E, are in MeV and dimensions in fermis.

Real Potential

J_ = 483.3 - 4.3501E

v

r, = 1.2914 - 0.002578:E
a_ = 0.6027

v

Imaginary Potential

J = 145.0 ~ 11.480:‘E (E

w 6.0)

<
= 73.4 + 0.46027E (E » 6.0)
r = 1.4139 - 0.033937:E + 0.00095713E
= 0.100 + 0.076666-E (E < 6)
- 0.5338 + 0.004375E (E ? 6)

2

Spin-orbit Potential

VSo = 5.921 - 0.015'E
r = 1.103

SO
ag, = 0.560

o o ——— - S . — —— — AT — — f—— S GG G S S — e " A S o e - A AU T S S o NS TR S S e S v S e Sue SRR M G S D M e Sl S s e e

Throughout this work potential parameters are given to
precisions +that make possible accurate reproduction of the
calculated values. This precision does not necessarily imply
uncertainty. The latter is more realistically three to four
significant figures.

13
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Table 4.2. Potential parameters of the ISOM of the text. The
nomenclature is identical to that of Fig. 4.1.

—— —————_ —_— . Ve " —— . ——— - — i —— —— ——" S S T —— T — " 3 e T —- W = " . S v —— —— S — o ——

Real Potential

Jv = 492.2 - 5.7767-E
r, = 1.3308 - 0.0071913E
a, = 0.5088 + 0.0075653E

Imaginary Potential

Jw = 157.0 - 15.26'E (E < 5.5)
= 68.5 + 0.81901'E (E > 5.5)

Ty = 1.3032 - 0.015382:-E

a, = 0.10 + 0.09137'E (E < 5.5)

0.5413 + 0.011124-E (E > 5.5)
Spin~orbit Potential

v

1

5.921 - 0.015:E

SO
Teo = 1.103
aso.= 0.560

16
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4.2. The CCM Model

Deducing the CCM model from the elemental data, including
explicit treatment of the contributions of all isotopes, is
formidable. Therefore, the target was assumed to be entirely

52Cr. That is a reasonable assumption in view of the abundance
of that isotope and the similar results obtained with the ESOM
and ISOM, above. CN processes were treated as for the ISOM
spherical model only, of course, using transmission coefficients

calculated with the deformed potential. It was assumed that 52Cr

could Dbe represented as a simple one-phonon vibrator.
Coulomb-excitation considerations suggest a ﬂz = 0.224 [Ram+87].

However, the entire xzfitting procedure was repeated for ﬁz

values extending from 0.100 to 0.275 in steps of 0.025. All the
resulting potentials reasonably described the elastic-scattering
data base from which they were derived with no clear choice of
deformation. However, the energy dependencies of the parameters
obtained for large deformations (e.g., for 62 8 0.25 =+ 0.275)

were "odd" and thus those results were abandoned. There is
reasonable experimental knowledge of the cross sections for the
excitation of the 1.434 MeV 2+ level up to ® 15 MeV. Thus
experimental values from * 8 to 15 MeV were used to determine the
ﬁz in the fitting. Lower-energy calculated results may be biased

by uncertainties in the CN contribution, and at higher energies
the experimental result of the literature appear discrepant. The
result is ﬂz = 0.20 £+ ® 0.01. Larger or smaller values of ﬂz led

to experimentally unacceptable calculated inelastic-scattering
results. With ﬂz = 0.200 the CCM potential parameters of Table

4.3 were obtained. The calculated elastic-scattering results are
compared with experimental values in Fig. 4.5. Calculated cross
sections for the excitation of the 1.434 MeV level are compared
with the measured angle-integrated values in Fig. 3.4 (the two
curves in the figure are discussed in Section 5) and with the
corresponding differential values in Fig. 4.6 (all illustrated
inelastic-scattering cross sections include the CN contribution).
Fig. 4.3 compares the experimental total neutron cross sections
with those calculated with the CCM.

5, Discussion and Summary

The ESOM, ISOM and CCM give very similar elastic-scattering
results all of which are quite descriptive of the experimental
data from which the models were derived, as illustrated in Figs.
4.2, 4.4 and 4.5. The calculated results in the first minima of
the distributions are somewhat lower than the measured values in
the *® 9 =+ 10 MeV region, particularly for the spherical
potentials. This may be partly an experimental problem as
multiple-scattering corrections to the measured quantities are
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Table 4.3. Potential parameters of the CCM of the text. The
nomenclature is identical to that of Table 4.1.

Real Potential

J_ = 495.7 - 5.0428' 'E
r, = 1.2911 - 0.0023653‘E
a, = 0.6199

Imaginary Potential

3, = 130.0 - 14.5'E (E < 5.0)
= 51.0 + 1.3159'E (E » 5.0)
r, = 1.3526 - 0.015547E
a, = 0.2538 + 0.040266 E -0.00090726 - E>

Spin-orbit Potential

vso = 5.921 - 0.015:E
rso = 1.103
ag, = 0.560
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very large in this region. On the other hand, independent data
from two institutions agrees quite well, as 1illustrated in
Fig. 3.2. There is a similar, only more acute, discrepancy
between measured and calculated results at 21.6 MeV. That
measured distribution is not entirely consistent with the model
extrapolation of the lower-enerqgy data, and the model fitting at
higher energies is a compromise. Unfortunately, this is the only
high-energy chromium elastic-scattering distribution and thus has
a considerable weight in determining model energy dependencies,
particularly in the present work as fluctuations compromise the
fitting of low energy data. It is interesting that the authors
of this particular set of data experienced considerable
difficulties in describing this distribution with SOM and CCM
models [Ols+87, 0O1s+90]. They too found calculated values at the
first minimum of the elastic distribution far lower than the
experimental data, and alleviated the problem by increasing the
spin-orbit strength by = 50%. That option is not attractive in
the present case as the calculated descriptions at lower energies
(e.g., <% 15 MeV) are compromised and there is no apparent
physical Jjustification supporting such 1large increases in
spin-orbit strength. Generally, model interpretations of neutron
scattering over a wide energy range tend to be compromised by the
sparsity of accurate higher-energy neutron-scattering data;
chromium is an acute example. It is clear that the elastic
neutron scattering alone does not sharply differentiate between
SOM and CCM models, much less the details of collective coupling
schemes, as generally noted by Hodgson [Hod71].

Even rather broad energy averages of chromium neutron total
cross sections fluctuate by large amounts at lower energies and
there are significant differences between experimental results
over wide energy ranges, as illustrated in Fig. 4.3. Given this
situation, the total cross sections calculated with the ESOM
(essentially the same values follow from the ISOM) and CCM
reasonably describe the measured values (see Fig. 4.3). The two
calculated results are very <close to one another, to the
experimental results of refs. [LHH81] and [Cie+68] from 2 - 10
MeV, and closely follow the results of ref. [Cie+68] to higher
energies. At the higher energies the agreement with the measured
values is as good as the agreement between the two experimental
data sets themselves. Both calculations give relatively small
total cross sections in the 1 -+ 1.5 MeV range, and tend toward
the lower averages of the experimental values. This is in part
the result of the energy dependencies of the model parameters.
If the higher-energy branches of the models are used much larger
total cross sections are obtained at & 1 MeV. This dichotomy
between models based upon high- and low-energy neutron data has
long existed. The present models alleviate the situation through
the use of energy-dependent parameters. It is noted that if one
uses considerably larger spin-orbit strengths, as suggested in
ref. [Ols+90], calculated total cross sections at higher energies
fall two or more percent below the measured values. Models are
not particularly sensitive to total neutron cross sections. This
fact, together with the obvious low-energy fluctuations and the
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few-percent discrepancy between measured chromium total cross
sections, results in minimal guidance as to the choice between
the present models.

It is common practice to test the low-energy behavior of
models by comparing experimentally-derived and calculated
strength functions. Such comparisons are given in Table 5.1.
The measured and calculated So values are in reasonable

agreement. The ESOM and CCM results are consistent with the
experimental value to within the experimental uncertainty alone,
and the ISOM result is only slightly larger. The comparisons are
not quite as favorable for the S1 strength functions where the

ESOM value is in very good agreement with the experimental result
but the CCM result is somewhat larger. There are certainly large
fluctuations in the low-energy resonance behavior of the chromium
isotopes. Given this, the comparisons of measured and calculated
strength functions is reasonably encouraging, and supports the
large low-energy imaginary strengths of the present models. It
is also clear that the comparisons give little guidance as to the
choice of model.

The experimental knowledge of the polarization of neutrons
elastically scattered from chromium is apparently confined to the
7.75 MeV studies of Dagge et al. [Dag+89]. Their results are
shown in Fig. 5.1 together with the values calculated with the
present CCM model. The agreement is acceptable, bearing in mind
that no effort was made to adjust the CCM to describe
polarization results. The present calculated results are very
similar to those reported in ref. [Dag+89] using their "Crl™

potential. If a 41 state is added to the coupling scheme the
agreement with experiment is somewhat improved [Dag+89]. 1If one
considerably increases the spin-orbit strength, as suggested in
ref. [Ol1ls+90], the agreement with experimental polarization
results deteriorates.

The spherical models (ISOM and ESOM) can not describe the
obvious direct inelastic—-neutron scattering processes,
particularly those associated with the excitation of the
1.434 MeV state. However, they do give a reasonable description
inelastic scattering primarily due to compound-nucleus processes
as observed in the earlier lower-energy work from this laboratory
[GSW82], in the higher-energy excitations reported in ref. [KP74]
and in the present work. The CCM model, inclusive of CN
contributions, generally reproduces the differential cross
sections for the excitation of the 1.434 MeV level up to % 15
MeV, as illustrated in Fig. 4.6. Several of the experimental
distributions indicated very-forward angle results considerably
larger than the calculated values, e.g., the present work at 7.5
and 8.0 MeV. These larger values are not supported by the rest
of the experimental data, and are probably the result of
experimental distortions due to a "tail" on the much larger
elastic-scattering peak. The general angular trends of the
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Table 5.1. Measured and calculated strength functions in units of

1074,
Model SO Sl
ESOM 2.93 0.527
ISOM 3.71 0.954
DSOM 3.67 0.613
ceM 3.28 0.938
Exp. [MDHS1] 2.5£0.9 0.52¢0.12

24



S¢

A,(6)

+1.0 Y T T Y T

T

[
-
byttt

IR

|

00 =, N I

| O T U B
=
——

I
S R A S Y O O

180

Q
©
=

Fig. 5.1. Comparison of measured and calculated polarizations of
7.75 MeV neutrons elastically scattered from elemental chromium.
The experimental values of ref. [Dag+89] are indicated by symbols
and the curve was calculated with the CCM model.



calculations are qualitatively consistent with the measured
values but there 1is a tendency to under predict the very
back-angle scattering, particularly as the energy increases. The
simplicity of the model used in the calculations may contribute
to these differences as limited calculations using a two-phonon
model somewhat alleviated the situation. There are large
differences between measured and calculated inelastic
differential distributions at 21.6 MeV, both in magnitude and in
shape. The reason for this is not known, but it is noted that
these particular experimental results are from the same
measurements that gave the unusual elastic-scattering
distributions cited above, and that the original authors
experienced essentially the same problem in attempting to
interpret their own measurements [01s+90]. The CCM also gives a
reasonable prediction of the angle-integrated cross sections for
the excitation of the 1.434 MeV level up to at least 15 MeV, as

illustrated by the 1lower curve in Fig. 3.4. There are some
differences above 15 MeV but the experimental data is uncertain
and discrepant. Near 5 MeV the results calculated with the

statistical parameters of ref. [GC65] tend to be smaller that the
present measured results. This region is sensitive to CN effects
and thus to the exact choice of the statistical level parameters
used in the model calculations. For example, increasing the
"temperature" given in ref. [GC65] by 50% leads to the upper
curve of Fig. 3.4 without significant changes in the other
general model parameters. Such temperature changes are not

unexpected as 52

Cr is magic in neutron number.

The present three potentials (ISOM, ESOM and CCM) are quite
similar, with differences that in many ways may not be
significant. The real strengths are very similar, falling from

® 490 MeV-fm> at E = 0 with a slope of * - 5.0 fm>, as

illustrated for the CCM model in Fig. 5.2. This strength and
slope are 1larger than frequently encountered in "global™®
spherical models (e.g., refs. [BG69], [RKF79], and [WG86]) or
"global" studies of the real mean-field potential (e.g., ref.

[Bau+82] which gives J = 478.2 - 3.50°E +0.0066 E° MeV-fm>

neutrons incident on 52Cr). The present real strengths are
similar to those that have been reported from neutron scattering
from nearby masses 1lying near the peak of the So strength

for

function (e.g., for neutron scattering from iron, refs. [AY81]
and [Smi95]). The present chromium Jv values were compared with

other chromium values deduced from both (n,n) and (p,p)
measurements (see refs. [Per+70, Fab+80, Dag+89, Ols+87, Ols+90,
Ste+65, Per+68, GSW82, Fun+64, Pre+70, Pas+70, HW71l, BAnd+64,
Lom+72, Buc63, KD68 and Kos+67]). In making these comparisons
the (p,p) results were corrected for coulomb effects using the

1/3

conventional expression Vc = 0.4:Z/A and converted to

comparable (n,n) values assuming an isovector real-potential
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depth (Vl) of 20 Mev. The latter correction is not particularly

sensitive to the exact value of V., as the asymmetry is small. A

1
linear fit to these published wvalues above = 10 MeV, where
fluctuation and dispersion effects should be small, leads to an
equivalent neutron real-potential strength of

Jv = 482.4 - 4.068:E MeV-me, which is remarkably similar to the

present results, particularly to the ESOM wvalue. Generally, the
large magnitude and energy dependence of JV(E =+ 0) in the mass

region of the maximum of the So strength function is a recognized

but unresolved physical issue. The real-potential diffusenesses
of the three models are similar and have values that are
"conventional”. The a, of the CCM and ESOM differ by only = 2.7%

and are in good agreement with the ISOM value at the mid-point of
the energy range. The slight energy dependence of the ISOM a, is

probably only an artifact of the fitting procedures, not
reflecting isotopic perturbations. The three real-potential
radii differ by = 2.0 =+ 2.5% over the relevant energy range.
That is remarkable agreement given the strong correlation between
real-potential depth and radius (i.e., the Vr2 anomaly). T,
values found in the literature scatter widely, and in some cases
they have simply been assumed in the interpretations (typically
choosing ry, = 1.25 £fm). However, there is a trend for the

previously reported lower-energy (p,p) and (n,n) r, values to be

larger than at higher energies. That is consistent with the
energy dependencies of the present r, values, which are to be

expected due to the dispersion relationship discussed below. The
imaginary-potential strengths of the three potentials are
qualitatively similar. As illustrated in Fig. 5.2 for the CCM,
they all slowly increase with energy above ® 5 to 6 MeV. The
rate of increase is largest and the magnitude the smallest for
the CCM, as 1is expected, as more channels are explicitly
accounted for in the CCM calculations. At lower energies (below

~

= 5+ 6 MeV) all three imaginary-potential strengths rapidly
increase with decreasing energy to quite large vales at E ® 0.
Such unusual behavior has been observed in this mass region of

large So strength functions ([Smi95], [Ped+88]), and represents a

change of the character of the potential as the energy decreases
below * 5 MeV. A consequence is smaller total cross sections at
low energies, more consistent with the energy averages of the
experimental values. The three imaginary-potential radii are of
qualitatively the same size and all decrease with energy to quite
small vales at & 20 MeVv. The energy dependence is sharper than
for similar iron studies [Smig5] and may suggest some
shortcomings in the underlying model assumptions. The
imaginary-potential diffusenesses are also qualitatively similar,
and all of them decrease with decreasing energy to quite small
values as E =+ 0 in a manner that has been widely observed at this
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laboratory. All of the present potentials are devoid of wvolume

absorption. It is introduced in various global models at * 12
MeV (e.g., ref. [RKF79]) and increases with energy to relatively
small values at & 25 MeV. Fitting of the present

elastic-scattering data with the inclusion of a volume absorption
component led to no improvement in the description of the data.
However, that conclusion depends very largely on the single 21.6
MeV elastic distribution. The authors of that particular data
set also concluded that volume absorption was not a factor in the
SOM interpretation of their data [Ols+87]. Of course, all of the
interpretations of the present work are rigorously applicable
only to incident-neutron energies of <% 22 MeV. In particular,
some of the parameter energy dependencies can not continue
indefinitely, and the relevant parameters must asymptotically
approach some constant values as energies increase above * 22
MeV. However, it is remarkable that at least some aspects of the
present potentials are supported by (p,p) studies to ¥ 40 MeV,
(e.g., the strength and energy dependence of Jv)'

The extensive CCM fitting procedures were repeated for
values of ﬁz 0.1 - 0.275 in steps of 0.025. Reasonable

descriptions of the elastic scattering were obtained for each ﬁz
value, providing no clear guidance as to the selection of ﬁz.
However, fitting the inelastic cross sections for the excitation
of the 1.434 MeV 27 1evel clearly indicated that /52 = 0.20 =
¥ 0:01. Approximately 84% of elemental chromium consists of 52Cr
(N = 28). Thus it is expected that the deformations should be
reasonably consistent with the predictions of the core-coupling

model of Madsen, Brown and Anderson [MBA75, BM75] which predicts
collective proton vibrations with a ﬂz for the neutron

interaction larger than for the proton interaction, and smaller
or approximately the same as for the electro-magnetic
interaction. The interaction strengths are geometry dependent
and thus comparisons should be made in terms of the deformation
length, 5 = ﬁZ-R, where R is wusually taken to be the

real-potential radius [Blaé63]. Rv is slightly energy dependent

in the present CCM model. There are a few (n,n) measurements and
interpretations reported in the literature that give the ﬂz of
52Cr at a variety of energies. At 7.75 MeV the reported

5nn = 0.926 fm, or 2.5% smaller than given by the CCM [Dag+89].

At 14 MeV the reported value is 6nn = 0.979 fm, or 4.2% larger

than given by the CCM [Ste+65]. At 21.6 MeV the reported

6nn = 0.974 fm, or 5.1% larger than given by the CCM [01s+90].

These interpretations used both coupled-channels and DWBA
methods. The agreement with the present 6nn results is

remarkably good (i.e., to within ¢ 5%, or the estimated
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uncertainty in the present measurements. The same comparisons
can be made with the results of (p,p) measurements and
interpretations. 5pp values are 0.815 fm at 11 MeV [Per+70],

0.779 fm at 35 MeV [Fab+80)] and 0.77 fm at 40 MeV [Pre+70]. All
of these values are 13.5 - 14.0% smaller than the predictions of
the present CCM (furthermore, ref. [Fun+64] concludes that

6em/5pp *© 1.15 at = 17.5 MeV). It is remarkable that the

difference is so constant given the very large energy range of
the comparisons. The comparative 6em = 1.003 fm follows from the

t

compilation of Raman et al [Ram+87] based upon coulomb-excitation
studies. This value can be compared with the 6nn(E -+ 0) = 0.964

fm of the present CCM. Thus the present CCM and results
available in the literature indicate that 5pp is less than 5nn by

approximately 13.5 = 14.0%, while 5nn is approximately the same
as 5em’ or possibly a little smaller. These conclusions are
remarkably consistent with the core-coupling model.

The present CCM uses a very simple one-phonon representation
of what doubtless is a far more complex situation. The next step
in complexity may be the inclusion of higher-order phonons. That
alternative was examined with a one- and two-phonon model using
identical fitting procedures to those described above at selected
energies. There was no noticeable improvement in the quality of
the model results. In particular, the calculated elastic
distributions were in no better agreement with the measured
values than the results of the simple one-phonon model, and the
inelastic-scattering cross sections for the excitation of the

1.434 Mev 2% 1level did not change by appreciable amounts in
either magnitude or angular shape. The same conclusions were

reached with an anharmonic vibrator and with the addition of a 3~
level at 4.56 MeV to the coupling scheme with various ﬂ3 values.

Underlying all of the present CCM interpretations is the

assumption that 52Cr behaves as a vibrator. This assumption is
supported by the results of a number of charged-particle studies
(e.g., see ref.[Bay+69]), and by considerations of the low-energy

excited structure of 52Cr (e.g., see ref. [Fun+64]). An extreme
alternative to the CCM vibrational model is a simple rotational
model. The fitting was repeated with that assumption and a
ﬁz = 0.20 with results that were essentially the same as obtained

with the one-phonon vibrational model. Thus the neutron
reactions do not clearly delineate the qualitative character of

the collective behavior of 52Cr.

The present neutron-scattering studies do not directly
establish the asymmetry (n = (N-Z)/A) dependence of the
potential. However, comparisons with proton potentials found in
the literature give an indication of the asymmetry effect. The
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compilation of Perey and Perey [PP76] cites fourteen spherical
proton optical potentials relevant to the incident energy range
% 10 = 20 MeV. Three of these appear anomalous and were
abandoned. The real-potential strengths of the remaining eleven,
expressed as volume-integrals-per-nucleon (J), are relatively
consistent. When corrected for coulomb effects, they are
comparable with the present neutron SOM through the well-known
expression [Lan62] J = J0 (1 ¢+ £'n), where £ is a constant and +

(-) pertains to proton (neutron) potentials. All the proton
real-potential strengths are larger than the respective values
from the present SOM. The energy dependence of the proton

potentials is * 15% smaller than that of the SOM. This is
reasonable agreement considering the limited scope and scatter of
the proton potentials, and tends to support the relatively strong
enerqgy dependence of the SOM real potential. Comparisons of
neutron and proton real-potential strengths in the energy range
¥ 10 #+ 20 MeV lead to values of £ varying from % 0.5 to 0.7,
increasing with incident energqgy. This range of results is
qualitatively consistent with { = 0.48 suggested by the theory of
nucleon-nucleon scattering [TT67, GPT68]. Thus, what is known of
chromium proton potentials tends to support the real potential of

the present models. Similar comparisons are applicable to
imaginary potentials but the scatter of the proton results is too
large for meaningful interpretations. Of course, proton

potentials can offer no guidance to the behavior of the neutron
potential at low energies well below the coulomb barrier where
the present interpretations suggest rapidly changing imaginary
strengths.

It is well known that dispersion effects distort model
interpretations, such as described above, particularly the energy
dependence of some of the model parameters. The dispersion
relationship results in a real-potential strength given by

_ p *® st(E') '
JV(E) = JHF(E) + = j—m _E—:_ET dE', (1)

where JHF is the strength of the local-equivalent Hartree-Fock
potential, st is the strength of +the surface-imaginary
potential, and P denotes the principle value of the integral
[Sat83]. The qualitative effect of the integral of Eq. 1 is to
add a surface component to the real SW potential used in the
above models. Quantitative assessment of the contribution is
difficult in the present case as the contribution is most
significant at 1low energies where the experimental data
fluctuates by appreciable amounts. However, in the present work
the contribution of the dispersion integral was estimated using
the methods of refs. [Smi94] and [Smi95]. The approach was an
iterative procedure starting with the above ISOM potential. In
doing so the anomalous low-energy behavior of the ISOM Jw was
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ignored. The surface Jw was assumed to be the high-energy branch

of Table 4.2 from zero to 25 MeV, and then to fall in a linear
manner to zero at 60 MeV. Concurrently, it was assumed that a
volume Jw commenced at 25 MeV and increased in a linear manner to

a5 MeV—fm3 at 60 MeV and then remained constant. From E = 0 to
the fermi enerqgy (EF) Jw was given a quadratic energy dependence.

Jw was assumed to be symmetric about EF which was taken to be

-9.99 MeV as calculated from the mass tables [JLM77]. With these
reasonable assumptions, the surface addition to JHF at E = 0 was

& 0.7-Jw, and decreased with energy in a monotonic manner to

negligible values at 25 MeV. The entire ISOM fitting procedure
was repeated including the dispersion contribution and resulted
in the model parameters given in Table 5.2 (herein referred to as
the "DSOM"), and the description of the differential elastic
scattering shown in Fig. 5.3. The quality of the fits to the
data is essentially the same as that obtained with the simple
ISOM and (see Fig. 4.4). ISOM and DSOM total cross section
results were also very similar, as were the strength functions
(see Table 5.1). Comparing Tables 4.2 and 5.2, there are some
obvious differences between ISOM and DSOM potentials. These are
primarily in the real potential where the JV of the ISOM is

considerably the larger at lower energies, as it should be since
it includes the contribution of the integral of Eq. 1, while Jv

for the DSOM should be the JHF alone. The difference is

consistent with calculated value of the integral of Egq. 1. It is
clear that the slope of JV in a simple SOM interpretation will be

biased by the dispersion integral which in turn will vary.
depending upon the fermi energy, and the magnitude of the 52Cr EF
is quite large. The DSOM r, is energy independent, in contrast

to that of the ISOM. This difference is consistent with the
energy dependent surface component of the real potential
predicted by the dispersion integral. The ISOM and DSOM
imaginary potentials are quite similar except at the lowest
energies where the reliability of the fitting is compromised by
fluctuations. The inclusion of the dispersive effects does not
significantly improve the phenomenological description of the
neutron data but it does alter some of the underlying physical

concepts (e.qg., Jv is essentially JHF for the DSOM and

considerably larger for the ISOM). Such differences are very
often ignored in physical discussions. The dispersion effects
are more sensitive in the bound region due to the contribution of
the integral of Eq. 1. There is a large body of information on
nucleon-transfer and knock-out reactions in the literature from
which neutron particle- and hole-state binding energies can be
determined. A summary of much of this information and a
systematic representation is given by Millener and Hodgson
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Table 5.2. Potential parameters of the dispersive DSOM of the
text. The nomenclature is identical to that of Fig. 4.1.

Real Potential

Jv = 428.5 - 1.4092:E
r, = 1.2268
av = 0.5355 + 0.0059257E

Imaginary Potential

Jw = 118.0 - 7.784‘E (E < 6)

= 65.3 + 1.1503'E (E 2 6)
r, = 1.2955 - 0.012523E
a, = 0.13 + 0.083154‘E (E < 6)

0.6428 + 0.0023867'E (E > 6)

Spin-orbit Potential

VSo = 5.921 - 0.015-E
Teo = 1.103
ag, = 0.560
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MeV.

180



[MH73]. Following those authors and ref. [Bay66], neutron
particle- and hole-state binding energies were calculated with
the DSOM, ISOM and ESOM potentials and are compared with the
relevant experimental results in Table 5.3. The DSOM results
arguably give a slightly better overall agreement with the
experimental results, but there are not marked differences in the
quality of the description of the experimental results. This is
not surprising as a number of uncertainties are involved in such
binding-energy calculations. The calculated values given in
Table 5.3 explicitly used the cited potentials, including the
energy dependencies of geometric parameters. It is not at all
clear that these energy dependencies, based upon neutron
interpretations at modest unbound energies (< 22 MeV), should be
extrapolated deep into the bound region. However, repeating the
calculations with the geometries fixed at the E = 0 values did
not greatly change the results. The calculations of Table 5.3
assumed an isovector potential strength of 32 MeV, following the
work of ref. [MH73]. A more reasonable value of 24 MeV did not
greatly change the results. Throughout it was assumed that the
isoscalar and isovector potentials have the same geometric shape
which is not necessarily true. All of the comparisons are based

upon the assumption that 52Cr is a spherical nucleus which is not
necessarily true. However, the first-order effect of introducing
a deformation should not be large (see ref. [MH73A}).
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Table 5.3. Comparison of measured and calculated neutron particle
and hole binding energies (in MeV)

. e S S Pt e e o o S S A " S T 4 o8 T T e S48 M S S o o R o S S A R W A e S S S s e e e S S S S R e

State? Exp.? DSOM 1SOM ESOM
2s

1/2

Hole, T, 14.93 17.02 20.32 19.65
Hole, T, 21.00 23.80 26.57 25.71
2Py /2

Part.,T, 5.22 7.33 6.66 5.89
2P3/2

Part.,T, 7.00 8.50 8.45 7.67
1d

3/2

Hole, T, 14.93 17.47 20.53 19.34
Hole,T, 20.61 24.38 26.82 25.49
£,

Part.,T, 4.55 8.29 7.34 5.50
1f

7/2

Part.,T, 10.26 12.76 15.29 13.01
1f

7/2

Hole,T 12.74 12.15 16.42 13.99
Hole,T, 18.93 16.05 23.14 19.99
2 Nomenclature of ref. [MH73].
b

Values taken from the experimental compilation and systematics
of ref. [MH73].
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