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ABSTRACT

Neutron total and differential elastic- and inelastic-scattering cross

sections of 103jh are measured from % 0.7 to 4.5 NeV (totals) and
from » 1.5 to 10 MeV (scattering) with sufficient detail to define the
energy-averaged behavior of the neutron processes. Neutrons
corresponding to excitations of groups of levels at 334 + 13,
536 + 10, 648 + 25, 796 + 20, 864 * 22, 1120 + 22, 1279 + 60,
1481 + 27 and 1683 =+ 39 keV were observed. Additional groups at
1840 + 79 and 1991 * 71 keV were tentatively identified. Assuming the
target is a collective nucleus reasonably approximated by a simple
one-phonon vibrator, spherical-optical, dispersive-optical, and
coupled- channels models were developed from the data base with
attention to the parameterization of the large inelastic-scatterin

cross sections. The physical properties of these models are conpares
with theoretical predictions and the systematics of similar model
parameterizations in this mass region. In particular, it is shown

that the inelastic-scattering cross section of the 103Rh fission
product is large at the relatively low energies of applied interest.

vi



I. INTRODUCTION

Elemental rhodium consists entirely of the isotope 103gy. 1t is
a prominent fission product, lying at or near the top of the
light- fragment mass curve vhere fission yields are =~ 6%. As such it
is of app%?ed concern in itself, and also is representative of similar
fission products such as the isotopes of palladium and ruthenium. The
latter are multi- isotopic elements, and some of their fission products
are highly active and thus they are difficult to study experimentally.
In many cases the applications data must be extrapolated from meager
observables using models that are far from certain. It is known that
isotopes in this region are collective in nature, displaying
properties attributable to collective vibrations, though they are not
simple vibrators as their quadrupole moments are not zero. It is
known that simple spherical-model interpretations in this mass region
lead to anomalously large nuclear absorptions (for example, the
volume- integral- per-nucleon of the imaginary optical potential is =

100 MeV-fn° at E =0 [1]). Scattered (n;n’,7) measurements suggest

very large inelastic scattering cross sections at low energies, and
these have been attributed in part to direct inelastic-scattering

processes [2,3]. 103gh has a 1/2° ground state (tp1/2(rg9/2)g) and a

7/2" first-excited state (('59/2);/2) at 39.8 keV [4]. The latter has

a half life of 56.1 minutes, and its metastable decay is used in
dosimetry applications. The relevant metastable-state excitation
function is largely determined from model calculations.

Despite the above questions, experimental studies of the
fast-neutron interaction with rhodium are sparse. Above
several-hundred keV there are wunly three sets of reasonably
comprehensive neutron total-cross-section measurements [1,5,6], and
tvo of them are from this laboratory. Prior knowledge of neutron
scattering from rhodium is confined to the work of Barnard and
Reitmann %7], which is quite detailed and extends from x 0.2 to 1.4
MeV with good resolution. The present scattering measurements were
undertaken to extend this limited experimental data base well above
one MNeV so as to provide a reasonable foundation for model
investigations. A preliminary discussion of these results below 4.0
MeV is given in the Laboratory report of ref. [8].

Subsequent portions of this report deal with; II) the
experimental methods, IIT) the corresponding experimental results, and
IV) model interpretations including detailed discussion of collective
effects. Some summary remarks are given in Section Vh. These results
are used for evaluation purposes to be reported elsewhere [9], and for
the fundamental interpretation of the neutron interaction with similar



nuclei in this mass region (e.g., see ref. [10]).

11. EXPERIMENTAL METHODS

Most of the present rhodium scattering measurements were made
concurrently with those of cadmium and zirconium reported in refs.
{10] and [11], using identical instrumentation and similar techniques.

he primary difference was in the resolution of the scattered-neutron

component. 1033y is an odd target with a very high density of excited
states (e.g., with an average level demsity of > 20 per MeV in the
first 2 MeV of excitation [4], and no doubt some levels remain
unidentified). Vith such a high level demsity it was not practical to
attempt to resolve individual level excitations, or even clumps of
level excitations, above incident energies of ~ 4 MeV. MNoreover, the
first two excited levels are at ~ 40 and 90 keV, and neutrons due to
their excitations were included with the elastically-scattered
component in all of the present measurements.

The measurements employed a single cylindrical sample of metallic
rhodium, 2 cm in diameter and 2 cm long. The chemical purity of the
sample was >> 99%. The fast-neutron time-of-flight technique was used
as the spectrometric tool [12]. MNono-energetic neutron bursts of = 1

nsec duration were obtained using the 7Li(p,n)7Be (at energies of < 4

¥eV) and the D(d,n)3He (at energies > 4 MeV) source reactions [13]. A
harmonic buncher system was used to enhance intensity. The scattering
sample was placed » 18 cm from the source, at the focus of ten flight
paths of = 5 m length, defined by a massive collimator system. An
additional time-of-flight channel was used to monitor the source
intensity. The scattered-neutron resolutions were = 0.6 nsec/m. The
mean energy of the incident neutrons was known to = % 20 keV by
magnetic analysis of the incident ion beam, with the energy spreads
discussed in Section III, below. The scattering angles of the flight

paths vere distributed between = 17° and 160°. The relative angular
scale was determined to better than # 0.1° using conventional optical
methods, and the 0° normalization of this relative scale was

established to » 0.1° by observing elastically- scattered neutrons left
and right of the apparent center line over an angular range where the
elastic-scattering cross section is very rapidly changing with angle.
These angular-scale calibrations were reproducible. However, though
the incident ion beam spot was confined to a diameter of 2 - 3 mm by
apertures, it could not be assured that small shifts in the centroid
or configuration of the spot did not occur over the long measurement
periods irany hours) due to changin% beam optics. It was estimated
that such shifts were < 1 mm. mall though that is, with the
experimental geometries involved it may imply an angle wander of =

0.40, and this was factored into the uncertainty estimates used in the

2



interpretations of Section IV. Such a contribution is seldom referred
to in the literature, but is undoubtedly always present. The neutron
detectors consisted of liquid scintillators 12.5 cm in diameter For
incident energies of < 4 MeV they were 2 cm thick, and at higher
energies 6 cm thick. The relative energy dependencies of the neu%ron
detectors was determined by the observation of the neutrons emitted at

the spontaneous fission of 2520f, as described in ref. 14]. it
energies of < 4 MeV, the differential cross sections were geter.ined
relative to the well-known carbon standard cross sections 15] usin
the method of ref. [16]. At energies above 4 MeV, the diLferentia?
cross sections were determined relative to the H(n,n& standard [15]
Data acquisition and processing was carried out Yy means og a;
integrated on- and off-line computer software system [17]. A1l of the
differential- cross-section results were corrected ~ for angular
resolution, attenuation and multiple-event effects using Nonte-(Carlo
calculational techniques [18]. These correction procedures also
included a correction for the second neutron group from the

7Li(p,n)7Be source reaction where applicable. Details of the
experimental methods can be found in refs. [8,10,11,19], and in the
references cited therein.

Neutron total cross sections of 103gp were measured ugin
cyclic monoenergetic-source technique. That measurement
described in ret.

g a
i technij i
(8], and will not be discussed further here, ique is

I1T. EXPERIMENTAL RESULTS

e S A LT AR R 18

A. Neutron Total Cross Sections

Neutron total cross sections were measured from % 0.7 4 4.5 gey
using monoenergetic neutron-source techniques. The results are
described in detail in ref. [8], and therefore will be only oytlined
here. Fig. III-1 compares the present experimental tota] Cross
sections with the evaluated quantities of ref. [%3. The agreement is

uite good. Combined with other results obtained at this laboratory

?5] and given in refs. [6] and [9], there is a good understanding of
the rhodium neutron total cross section from a few-tens of key to
nearly 20 MeV. This coverage extends over the full energy range of
the present physical interpretations.
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Comparison of the present measured rhodium total cross

sections (symbols) with the evaluation of ref. [9] (curve).




B. Elastic Neutron tterin

The first two excited states in '03Rh are at 39.8 (7/2") and 93.0

(9/2%) keV [4]. As will be shown in Section IV, the inelastic neutron
scattering cross sections for these two excited states are small.
However, in all of the present measurements neutrons due to the
inelastic excitation of these two first excited states were not
resolved from the elastically-scattered component. Herein, what is
termed '"elastic" scattering is actually a composite of the
elastically- and the first two or more inelastically-scattered neutron
roups, as defined below. This composite structure is explicitly
gealt with in the physical interpretations of Section IV.

At incident neutron energies of = 1.5 + 3 MNeV the differential
elastic-scattering cross-section measurements were made at ten angles

distributed between = 20° and 160°, and at enmergy intervals of =~ 50
keV. The incident-neutron energy spread was also = 50 keV so as to
assure complete coverage of the energy range should there be any
physical energy-dependent fluctuations in the data. From » 3 -+ 4 MeV
the angular structure of the data increases, therefore the angular
increment of the measurements was decreased so as to obtain =~ 20
differential cross sections at each energy. The same incident- neutron
energy spread of ~ 50 keV was retained, but the measurement interval
was expanded to % 100 keV as it was assumed that any energy-dependent
fluctuations were reduced at these higher energies. To further
mitigate physical or experimental fluctuations, a running 150-keV
average of the measured data was constructed. The systematic
uncertainties associated with the measurements were x~ 2 -+ 3%, and the
additional statistical uncertainties ranged from x 17 to larger values
at the minima of the distributions. The 1.5 - 4.0 NeV
elastic-scattering results are shown in Fig. ITI-2. More details of
these lower-energy results are given in the preliminary laboratory
report of ref. [8].

As outlined in Section III-C below, there are nine excited levels

in 193gh with excitations of < 660 keV [4], with some of the spacings
being only a few keV. There is, however, a significant "gap" 1in
excitations between = 660 and 800 keV. Therefore, above 4 MeV the
elastic-scattering data were processed to obtain a scattered-neutron
resolution of =~ 660 keV so as to include all the
inelastically-scattered contributions up to the above-cited gap. An
additional consideration was the incident-neutron energy spread

incurred in the use of the D(d,n §e source reaction with the
deuterium gas contained in a gas cell. That spread was x~ 300 keV at
4.5 MeV, and decreased to =~ 100 keV at 10 MeV, and precluded any
resolution of the inelastic scattering due to the excitation of at
least the first four excited states. From 4.5 to 10 MeV the
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differential measurements were made at > 40 scattering angles

distributed between » 17° and 1600, and at = 0.5 MeV incident- neutron
energy intervals. The systematic uncertainties in these measurements
were ¥ 2 -+ 3}, including contributions from the detector calibrations
and the correction procedures. The additional statistical
uncertainties varied from < 1} to larger values depending upon
scattering angle. These higher-energy results are shown in the
respective portion of Fig. III-3.

The National Nuclear Data Center, Brookhaven National Laboratory,
contains no rhodium elastic-scattering data comparable with the
present results. Barnard and Reitmann [7] have reported a detailed
set of rhodium elastic-scattering data at the lower energies of
% 0.2 - 1.4 MeV. Their results extrapolate reasonably well to the
present values at = 1.5 NeV.

C. Inelastic Neutron Scattering

There are more than forty reported levels in 103Rh below an
excitation energy of =~ 2 MeV [4], and very likely some states have

been missed. J¥ values have been reasonably well established to only
~ 1 MeV. Vith this large number of possible excitations, the present
experiments did not resolve inelastic-neutron scattering cross
sections corresponding to the excitation of any discrete level.
Rather, what was observed were a number of inelastically-scattered
neutron "groups" corresponding to the excitation of several or clumps
of levels. 1In addition, it was not always easy to correlate the
observations with the reported level structure, particularly as the
excitation energy increasingly exceeds =~ 1 MeV. As noted above, the
inelastic scattering due to the excitation of the two levels at 39.8
and 93.0 keV was never resolved from the elastically-scattered
contribution. The problem of correlating the observed
inelastically-scattered neutron spectra with the reported level
structure is illustrated schematically in Fig. III-4, and numerically
set forth in Table III-1. 1In the Table the correlations between
observed and reported level structure are subjective estimates, and
become increasingly uncertain as the excitation energy increases above
% 1 MeV.

Given the above caveats, inelastically scattered neutron groups
were observed corresponding to excitations of; 0.334 =+ 0.013,
0.536 + 0.010, 0.648 + 0.025, 0.796 + 0.020, 0.864 = 0.022,
1.120 + 0.022, 1.279 + 0.060, 1.481 = 0.027, 1.683 + 0.039,
(1.840 + 0.079), and (1.991 + 0.071) MeV. The cited energy
uncertainties in the excitations are RMS deviations of a number of
measurements from the mean and should not be confused with energy
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Fig. ITI-3. Measured differential elastic-scattering cross sections of
rhodium. The data below 1.5 is an » 200 keV average of the results of
ref. [7]. From 1.5 + 4 MeV an » 250 keV averages of the results of
the present work (Fig. III-2) are shown. Above 4.0 MeV the results
are those of the present measurements. All of the data above 1.5 MeV
contains some inelastic-scattering contributions, as described in the
text. The curves indicate the result of legendre-polynomial fitting
of the measured distributions, and numerical values (in MeV) indicate
the approximate incident energies.
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Table III-1. Observed and reported [4] level structure of 103py,

Reported E_ (NeV) 7 Observed E_ (NeV)
0.0 1/2° 0.0
0.040 7/2*
0.093 9/2"

205 3/2 0.334 + 0.013

0.357 5/2
0.537 5/2° 0.536 + 0.010
0.607 (1/2)* 0.648 * 0.025
0.650 (5/2)*
0.652 (3/2)"
0.658 11/2*
0.781 (9/2") 0.796 = 0.020
0.803 (1/27,3/27)
0.821 13/2"
0.848 7/2 0.864 + 0.022
0.880 5/2
0.920 9/2

10



Table III-1 (continued)

P I

--- 1.279 £ 0.060

--- 1.481 £ 0.027

R R e e e i e,

13/2 1.683 + 0.039

IR R R e e R I e,

(1.991 + 0.071)
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resolutions. Below excitations of 1 MeV, the observed neutron groups
can be reasonably associated with the reported levels as outlined in
Table III-1 and Fig. III-4. The differential cross sections
corresponding to these groups were determined concurrently with the
above elastic-scattering measurements at energies of < 4 MeV. No
attempt was made to resolve the structure at higher energies and,
indeed, the elastic-scattering data was processed to include inelastic
contributions, as outline above. None of the observed
inelastic-neutron distributions displayed a significant asymmetry

about 90°, of the nature one might expect from an appreciable
direct- reaction component. The angle- integrated inelastic-scatterin
cross sections were determined by fitting the measured differentia
distributions with low-order (e.g., < P3 { Legendre- polynomial
expansions. The resulting angle- integrated inelastic-scattering cross
gsections are shown in Fig. ITI-5. The illustrated uncertainties are
subjective estimates based upon the quality of the specific
measurements.

Apparently, there are no other neutron inelastic-scattering cross
gsection data directly comparable with those of the present work.
Barnard and Reitmann [7] have reported detailed measurements at lower
energies, and their values reasonably extrapolate to the
inelastic- scattering measurements of the present work, as illustrated
in Fig. III-5.

IV. INTERPRETATIONS AND MODELS

The present model interpretations were based primarily upon
explicit chi-square fitting of the observed elastic-scattering
distributions, with subsequent subjective comparisons with other
observables such as the neutron total and inelastic-scattering cross
sections and the strength functions deduced from resonance
measurements. The chi-square fitting followed the sequence:-

i) Determination of the real-potential geometry starting with
six- parameter fits (real- and imaginary-potential strengths, radii and
diffusenesses) to fix the real-potential diffuseness, a,, followed by

five-parameter fits (a, fixed to the prior-determined value) to
determine the real-potential radius, r, (herein all radii are

expressed in the form Ri = ri-Al/s). Experience has shown that, for

spherical targets, the real-potential geometry is of a reasonably
"global" nature, not strongly influenced by the details of the target
structure, and that a  is similar for a vide range of nuclei [10,20].

Rowever, it is well known that the real-potential radius is stromgly
correlated with the potential strength [21], making the independent

12
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derivation of the two individual parameters difficult.

ii) Vith the real-potential geometry fixed, the fitting then turned to
the imaginary- potential geometry, first defining the
imaginary- potential radius, T with four parameter fitting, and then

the imaginary-potential diffuseness, a , with three-parameter fitting.

The 1latter parameter is strongly correlated with the potential
strength, with consequent difficulty in fitting [21].

iii) Finally, the real- and imaginary-potential strengths were
determined with the respective geometries fixed to those determined
from the prior fitting steps. All potential strengths are expressed
in terms of volume- integrals- per-nucleon.

Throughout this work it was assumed that the real potential was of the
Saxon-Voods (SV) form, the imaginary potential of the SW-derivative
form, and the spin-orbit potential of the Thomas form [22]. The
spin-orbit potential parameters were taken from the global values of
Valter and Guss [23].

The objectives of the modeling were:- i) Provide a simple
spherical optical model (SUI{ for application purposes, useful as a
starting point for more detail physical considerations, and to further
define systematic SOM trends in a collective-vibrational region, ii)
Extend the SOM to the dispersive optical model (DOM), coupling the
real and imaginary potentials through the dispersion relationship, and
iii) Give consideration to direct- reactions using the coupled- channels
model (CCM), exploring the implications of a simple coupling scheme.

A. The Elastic-Scattering Data Base

The elastic-scattering input for the fitting was primarily
constructed from the present measurements. From 1.5 - 4 MeV the
results of the present work were averaged over energy intervals of
~ 300 keV in order to smooth any residual fluctuation of a physical or
experimental nature, and in order to reduce the extensive data base of
Fig. ITI-2 to a more manageable proportion for the calculations. From
4 - 10 MeV the measured elastic scattering results of the present work
were explicitly used. The data base was extended to lower (< 1.5 MeV)
energies using = 200 keV averages of the results of Barnard and
Reitmann [7]. The latter authors corrected their measurements for
inelastic contributions, apparently using compound- nucleus
predictions. All of the present elastic-scattering results contain
some inelastic-scattering contributions, as described in Section III.
The composite elastic-scattering data base used in the present fitting
procedures is summarized in Fig. III-3. It is devoid of any
experimental information at energies above 10 MeV, and that is a
serious constraint on the model interpretations that will be resolved
only when some good-quality higher-energy elastic-scattering results

14



become available.

B. The Spherical Optical NModel (SQN)

The SOM has wide applicability in both basic and applied
contexts, but it is inherently inconsistent with a strong collective

vibrator such as 103Rh. This physical reality complicates the SO
derivation from the data base, and limits the model utility. In
particular, the observed elastic scattering is strongly anisotropic at
higher energies, where, at back an les, the observed cross sections
contain very significant contributions from direct inelastic

scattering due to the excitation of 0.295 (3/27) and 0.357 (5/27) keV
levels. These are assumed to be one-phonon excitations that may,
collectively, introduce cross sections of % 150 mb into the observed
elastic-scattering distributions. Such contributions are large and
inconsistent with the concepts of the SOM. The problem was mitigated
in the present work by an iterative approach. First, the observed
elastic-scattering data was fitted, as outlined above, using the SON
code ABAREX [24?. That code has the capability for combining
contributions from a number of excitations for fitting the
experimental observables. The scattering data were treated as
shape-elastic  scattering  (SE)  with compound- nucleus (CN&
contributions. The latter were calculated with the Hauser- Feshbac

formula [25], corrected for resonance fluctuations and correlations
using the method of Noldauer [26]. Throughout the present
calculations, sixteen discrete levels were assumed, with the energies

and J* values taken from ref. [4], as listed in Table IV-1. These
extend to excitations of = 1.0 MeV. Higher- energy CN excitations were
treated using the statistical representation o Gilbert and Cameron
[27] up to incident energies of 8 NeV. Above 8 ¥eV it was assumed
that the elastic scattering was entirely a SE process. Following the
above outlined fitting procedures, a first approximation to the SON
potential was obtained. These parameters were then used in
coupled- channels (CCH) calculations, as outlined below, to determine

the one-phonon excitations of the 3{2- and 5/2° levels. The direct
inelastic-scattering results were then subtracted from the observed
distributions to obtain "adjusted" experimental results. Assumin

other direct-reaction contributions were negligible, the adjuste

observed elastic-scattering distributions should consist entirely of
SE and CN. processes Signoring interference terms), and thus be
consistent with the SOM calculations. The adjustment procedure
assumes the equivalence of SOM and CCM transmission coefficients, an
assumption that should not significantly effect the results. The
adjusted observed distributions were then re-fitted to iteratively
arrive at the SOM. Two iterations of this extensive calculational
procedure were used to obtain reasonable convergence.
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Table TV-1. 193gh level sructure used in the calculations [4].

No E_ (NeV) T
1 0.0 1/2°
2 0.0398 7/5"
3 0.0930 9/2"
4 0.2950 3/2
5 0.3574 5/2
6 0.5368 5/2°
7 0.6075 7/2"
8 0.6501 5/27
9 0.6518 3/2"
10 0.6577 11/2"
11 0.7805 9/2"
12 0.8031 1/2
13 0.8214 12/2*
14 0.8476 7/2
15 0.8805 5/2°
16 0.9201 9/2

16



The parameters of the SOM, obtained through the above procedure,
are given in Table IV-2. The real- and imaginary-potential strengths,
in volume- integrals-per-nucleon, are shown in Fig. IV-1. In both the
table and figure there are two representations of the strengths. In
one (the solid curves of the figure) the results from the entire
energy range of the data base were used. This involves the inclusion
of a number of inelastic-neutron groups in the higher-energy fitting.
In the second approach (the parenthetical equations of Table IV-2 and
dotted curves of Fig. I -lg only the results of fitting up to 4 MeV
vere used in determining the strengths. 1In this lower-energy region
only the first two inelastic groups (due to high-spin 40 and 93 keV
levels) were included in the fitting procedures. The potential
strengths obtained with the two approaches were similar, therefore the
first alternative was generally accepted. Its parameters give a
reasonable description o% the data base from which they were deduced,
as illustrated in Fig. IV-2. The only qualitative discrepancies
betveen measured and calculated values are in the region of the first
minimum of the distributions in the energy range ~ 5 -+ 6 MeV. In that
region the experimentally-derived data base is quite sensitive to
angle and energy resolution effects, and, as a consequence,
discrepancies can be expected. Furthermore, as shown below, the
discrepancy is not evident in the vibrational model. The SONM
parameters also provide CN inelastic scattering cross sections that
are similar to those observed experimentally at lower enmergies where
direct-reaction contributions are small, as illustrated in Fig. III-5.
The total cross sections calculated with the SOM are compared with
experimental values (as cited in ref. [9]) in Pig. IV-3. In making
these total-cross-section calculations "it was assumed that the
imaginary potential was constant from 10 -+ 20 MeV as there is no
scattering information to give better model definition. The agreement
with the experimental values is quite good below = 7 MeV, but at
hi§her energies the calculated results are larger than the measured
values by a modest <~ 5%. The SOM gives strength functions of
SO = 1.02 and 81 = 4.75, vhich compare reasonably with those deduced
from resonance measurements [28] of 0.53 + 0.05 and 5.5 * 0.9,
respectively, considering that 103Rh lies near the minimum of the S0

mass distribution where there are generally large discrepancies
between the model predictions and experimentally-derived values from
isotope to isotope (herein, strength functions are given in the

conventional units of 10'4). Some physical implications of the SOX
are discussed in Section V.

C. The Dispersive Optical Model (DOM)

The dispersion relationship couples real and imaginary portions
of the optical potential [29] through the integral
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Table IV-2. SOM parameters determined using the fitting procedures
described in the text. Energies, E, are given in MeV and strengths,
J, in volume- integrals-per-nucleon (except for the gpin-orbit
potential where V. ~is in MeV). Strengths in parentheses are the

*
alternate results described in the text.

- -

J, = 475.7 - 4.1477-E MeV- fm°
(= 477.8 - 3.7280-E)

r, = 1.3247 fm

a =0.6944 fm

Imaginary Potential

117.2 - 6.8270-E  MeV- fn°

J =
|
(= 122.0 - 6.1418-E
r, = 1.3700 - 0.0033- fm
a, = 0.3449 + 0.0124-E fm

Spin-0rbit Potential

y 6.019 - 0.0150-E MeV

80
Teo = 1.103 fm
aso = 0.560 fm

-—---
U UGG SR S U R e R R IR R it -

Parameters are given to precisions necessary to accurately
reproduce the calculations.
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l
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| | |

Fig. IV-1. SONM real (upper) and imaginary (lower) strengths taken
from Table IV-2. The results obtained with the individual fits are
igdicated with symbols. The solid and dotted curves are defined in
the text.
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Fig. IV-3. Comparison of the SOM total cross section (curve) with
experimental results taken from the present work and the literature
[97 (symbols).
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p [+ J, (E*)dE’ -
I =3J.. + L J V-1
v | S A (E-E)

where P denotes the principle value of the integral, the strengths are
expressed in terms of real-, Jv, and imaginary-, J", potential

volume- integrals- per-nucleon, and Jgp is the

volume- integral-per-nucleon of the local Hartree-Fock potential. At
lov unbound energies this relationship leads to the "Fermi Surface
Anomaly" [30], and can result in energy dependent potential
geometries. In the bound-energy regime the integral can sharply
effect the calculation of particle- and hole-state binding energies
[31]. In the present work attention is given to the DON in the
unbound energy region in order to assess tie impact on the neutron
potential. Extrapolation into the bound region was not pursued as the
complexity of the model derivation and the collective vibrational
nature of the target inevitably resulted in model uncertainties that
were felt to make such extrapolation unrewarding.

The integral of Eq. IV-1 can be broken into surface, AJS, and
volume, AJvo’ components. Then

p J+m J (E)dE’

Ng(®) =3 —TEET
. (E*)dE’ (T¥-2)
08 - £ [ ~teeT
and
3,(E) = 344 (B) + AI(E), (IV-3)

where Jeff(E) = Jgp(E) +AJVO(E). The SOM interpretation gives no

support for a volume absorption up to at least 10 MeV. Furthermore,
JHF and AJvo are approximately linear functions of energy from

-20 - +20 MeV. Thus, JHF and AJVO are not experimentally separable,

assuming they have the same SV geometry. It is useful to define the
ratio

ME) = A /3 (E), (IV-4)

vhere A(E) is the quantity by which the surface- imaginary potential is
multiplied to give the surface- peaked component of the real potential.

A(E) of Eq. IV-4 was calculated with simple assumptions long used
at this laboratory (e.g., see refs. [11,20,31]). Briefly, the Fermi
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energy, Ep, was taken to be -8.158 NeV. Jg of Eq. IV-2 was assumed to
be symmetric about Ep, and to have the parabolic form

Ig = 3, (E-Bp)2/E2 for 2By < B < 0, where J_ is taken from Table IV.2
for E = 0. Jg was taken from Table IV-2 for E = 0 - 15 MeV, and then

assumed to fall linearly to zero at 60 MeV. The resulting A(E) was
negative above % 0.6 MeV due to the relatively strong ne§ative slope
of the J, given in Table IV-2. The latter behavior is discussed in

Section V, but it leads to an unfortunate formulation of A(E).
Despite this fact the entire fitting procedure of the SOM was repeated
in an effort to gain some qualitative impression of the effect of the
DO. The resulting DOM parameters are given in Table IV-3, shown in
Fig. IV-4, and are discussed in Section V. There remains a strong
negative slope of the Jw parameter which, again, will lead to an

unusual energy dependence of A(E). Therefore, no attempt was made to
iterate on A(E). The DON parameters provided a description of the
data base essentially equivalent to that of the SOM shown in
Fig. IV-1, and the calculated total and inelastic- scattering cross
sections were similar to those obtained with the SOM. Thus, the
neutron data does not justify the added complexity of the DON,
particularly in view of the uncertainties involved in the above
fitting procedures and their application to a strong vibrational
nucleus.

D. The Coupled- Channels Model (CCH)

Due to the limited resolution of the scattered- neutron groups, it
is practical to consider a simplified CCH. A one- phonon vibrational

model was assumed consisting of a 0" ground state and a 2" excited
State at 332 keV, corresponding to the weighted mean of the excitation

energies of the first 3/2° and 5/2 levels. Since there is a
profusion of levels at low excitation energies, the CCM fitting was
based entirely on direct processes. (N contributions to the elastic
scattering data base were subtracted from the experimental results
using the SOM calculations outline above. The subtraction procedures
vere carried out in such a marner as to be consistent with the
available experimental resolutions. The SOM and CCM fitting was
pursued in concert, in an iterative manner following two iterative

cycles. Since the experimental data base resolved the 3/2° and 5/2°
up to only ~ 4 MeV, the CCM fitting was arranged to include elastic
and direct- inelastic components at higher energies. The CCM fitting
did not extend below 1.5 MeV as the CN corrections to the data base
became quite large at these lower energies. Initially, ﬂ2 was assumed

to be 0.2. This initial estimate was subsequently adjusted to give a
reasonable description of the inelastic-scattering,. shown in
Fig. ITI-5, reaching a final value of 0.18. The spin-orbit potential
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Table IV-3. DOM parameters determined using the fitting procedures
described in the text. The notation is consistent with that of Table
Iv-2.

Real Potential

- - . - 3
Jeff = 449.0 - 1.7534-E  MeV-fm
reff = 1-3021 fll
aeff = 0.7008 flll

Imaginary Potential

123.0 - 8.0348-E  NeV- fm3
1.3349 + 0.0008-E fm
0.3212 + 0.0218-E fm

Spin-0rbit Potential
Same as for Table IV-2
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Fig. IV-4. DON real upper} and imaginary (lower) strengths. The
curves are taken from Table IV-3, and the symbols indicate the results
of individual fitting.
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vas assumed to be the same as given for the SOM in Table IV-2. The
CCM parameters were deduced from the elastic-scattering data,
following the same six-step procedure outlined above for the Sox,
using the coupled- channel computing code ANLECIS [32].

The resulting CCM parameters are given in Table IV-4, and the
energy dependencies of the strengths are shown in Fig. IV-5. These
parameters give a good description of the data base from which they
were derived, .as 1illustrated in Fig. IV-6. They also provide a
direct, one-phonon, inelastic-scattering cross section that that is
reasonably consistent with observation, as shown in Fig. III-5. In
particular, the calculated elastic-scattering distributions are
consistent with the data base in the first minimum in the energy
interval of ¥ 5 + 6 MeV, in contrast to the results obtained with the
SOM. The calculated total cross section is essentially identical to
that obtained with the SOM (Fig. IV-3) below = 7 MeV, and several
percent larger at higher energies. The S0 strength function obtained

with the CCN is S0 = 0.38, which is in reasonable agreement with that

deduced from resonance measurements [28]. Long ago, Moldauer showed
that the very small S0 values in this mass region can be described

with potentials having large imaginary radii, as in this case [33].
The character of the CCM parameters is further discussed in Section

Y. SUNNARY REMARKS

The SON and CCN parameters of Tables IV-2 and -4 are quite
different, and-reflect physical properties that are too often ignored
in the literature. The SOM real strength is very much larger than
that of the CCM at low energies, and falls with energy more than twice
as rapidly as that of the CCM, to approximately equivalent values at
10 NeV. The SOM r  value is » 5] larger than that of the CCM, and the
SoM a, is somevwhat smaller than that of the CCM. The SOM imaginary
stren§th is much larger than that of the CCM at low energies, falls
rapidly with energy, and tends to have a concave shape, as illustrated
in Fig. IV-1. The ener§y dependence of the CCM imaginary strength is
far more linear, and relatively much smaller, though both models show
a decrease in imaginary strength with energy, in contrast to what one
would expect physically. It has long been known at this laboratory
that such differences between SOM and CCM representations are
characteristic of attempting to describe the neutron interaction with
collective vibrational targets with a simple SOM [34]. This behavior

wvas again demonstrated in the specific case of 103y, A
pseudo-elastic-scattering data set was constructed from a “"global"
one- phonon vibrational model using the potential parameters of

Table V-1. SE scattering was calculated every 5° from 15° - 165° and
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Table IV-4. One-phonon CCM parameters determined using the f{ttin
procedures described in the text. The notation is consistent witg
that of Table IV-2.

Real Potential

], = 446.93 - 1.6102-E XeV- fad
r, = 1.2620 fm
a, = 0.7879 fa

Imaginary Potential

. = 85.00 - 3.0561-E NeV- fu°
.= 1.5202 - 0.0158-FE fm
a, = 0.1975 + 0.0297-E  fm

T

Spin-0rbit Potential

Same as for Table IV-2

Deformation

ﬂ2 = 0.180
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at 0.5 MeV intervals from E = 0 - 10 MeV. These calculations were
taken to be representative of a pseudo-experimental data set, and

given  reasonable "experimental" error assignments. The
pseudo- experimental data was then fitted with a SOM in a manner
identical to that described above. The resulting SOM parameters

showed much the same behavior as that of the actual SON fitting
(compare Tables V-1 and 1IV-2). The SOM real radius derived from the
pseudo data is ~ 5] larger than the initial values of Table V-1. The
low- energy Jv value is » 10% larger than the initial assumptions, and

falls with energy with about twice the slope of the initial value to
approximately equivalent values at 10 MeV. r, of the SOM of the

pseudo data is x 4} larger than that of the initial value, and J, is
very different, as illustrated in Fig. V-1. The J, of the SOM model

is much larger than that of the initial values at lower energies, and
decreases with energy in a fenerally parabolic manner. These
pseudo-data comparisons will differ somewhat depending upon what one
uses for the starting point, what choice of deformation is used, and
the "experimental" errors assigned to the pseudo data. However, the
trends are clearly the same as indicated by comparing the SOM and CCM
parameters of - Tables IV-2 and -4. The fact that the imaginary
strength of the CCH of Table IV-4 still decreases with energy,
although much less than in the SOM interpretation, probably reflects
the shortcomings of the simple one-phonon model used here. More
complex couplings (e.g. including two- phonon excitations) or increased
ﬂ2 values will alleviate the situation, although the latter lead to

inelastic cross sections that are unacceptably larger than the
observed values shown in Fig. III-5 (though there is other indication
that ﬂ2 may be larger than 0.18, as outlined below). Simple SONs,

relevant to collective vibrators, have their uses. However, one
should be very cautious in accepting their quantitative behavior.
There are extensive and very good compilations of SOM parameters [35]
that are frequently employed for a number of purposes. In doing so,
one should use care to avoid distortions due to collective vibrational
or rotational effects. These are probably contributing factors to the
generally wide scatter of the values of such compilations.

The DOM geometric parameters do not greatly differ from those of
the SOM (see Tables IV-2 and -3), and the imaginary strengths are
similar. There is a difference in the real strengths, but they are
not the same quantities. The DOM real-potential stremgth is Jeff of

Eq. IV-3, to which must be added AJs for comparison with the SOM Jv.

Vhen that is done, the two real-potential stremgths are qualitatively
similar. However, as pointed out above, A(E) of Eq. IV-4 calculated
from the SON behaves in an unusual manner due to the sharp decrease in
imaginary-potential strength with energy. The problem is rooted in
the use of simple spherical models to treat a strong collective
vibrator, as discussed above. The experimental data are not
sufficient in either scope or resolution to provide good definition of
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Table V-1. Potentials employed in pseudo-data comparisons (dimensions

in fermis, strengths in XeV- fn° and energy E in NeV).

Initial Potential

Real Parameters

Jv = 406.25 - 2.705-E
(V= 45.0 - 0.3-E)
r =1.25
v
a, = 0.60

Imaginary Parameters

J" = 74.03 + 3.193-E
(V=1.5+ 0.3-E)

r =1.25

w

a, = 0.60

Spin-0rbit Parameters identical to Table IV-2

Deformation Parameter ﬂ2 = 0.2

Resulting SOM Potential

Real Parameters

2

], = 460.2 - 8.801-E
r, = 1.3797 - 0.01411-E
a, = 0.6562 - 0.008988-E
Imaginary Parameters
I, = 179.1 - 11.232-E +0.5285-E2
r, = 1.4242 - 0.06015E + 0.003369-E2
a, = 0.10336 + 0.2360-E - 0.07311-E* +

0.01015-ES - 0.0004556-E

Spin-0rbit Parameters identical to those above
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vhat must be complex coupling schemes, therefore no attempt vas made
to extend the dispersive interpretation to the CCM. Por the same
reasons, no effort was made to further define the DON through
considerations .of bound particle- and hole-states.

The SOM T, (Table IV-2) is only 1.69% larger than the similar SQK

result for cadmium &10] (similar collective vibrators), but both
values are considerably larger than predicted by systematic behavior
of SO r values. It is shown in refs. [11] and [20] that SOM T,

values at 8 MeV have a mass dependence given by

r, = 1.154 + 0.407/4Y/3,  (v-1)

This expression implies an r, = 1.2406 fm for 103Rh, which is within

1.68% of that obtained in the present CCN interpretation.  The
difference may well be an artifact of the strong correlation between
real-potential strength and radius in the interpretation, and/or the
simple model assumed in the CCM fitting. The same references predict
a real-potential strength at 8 MeV give by

I, = Ky [1- €(W2)/A)- (1154 + 0.407/41/3)3,  (y.9

where K = 236.1 MeV and ¢ 0.575. Eq. V-2 implies a J, = 418 XeV-fal

for 103Rh. This Jv value is to be compared with 442.5 and 433.9 for
the present SOM and CCM, respectively. Eq. V-2 is strongly dependent
on r_, and if one uses the value of the present CCM Jv = 440 MeV- fnd
is obtained.

A number of "global" real potentials spanning a very wide energy
range are found in the literature. These are frequently employed in
astrophysical and equation-of-state considerations. They are
generally based upon proton processes as only they have the necessary
wide energy scope. Properties of bound particle- and hole-states are
used to define the behavior in the negative energy regime. The region
betwveen » -15 -+ +15 MeV is a problem as it is not generally available
to proton studies due to coulomb effects, and there is evidence that
the energy dependence is not characteristic of that in the vider
energy scope. Dispersive effects and dynamic vibrations have been
considered in this low-energy region [30,36]. TIllustrative of the
global trends is the potential of Bauer et al. [37] which, for neutron
processes, takes the form

J, = 439.00 - 3.200-E + 0.0062-E2  MeV-fn®,  (V-3)
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where the authors’ geometric factors have been used to convert the
strength to-volume- integral- per-nucleon for comparison purposes. The
value of Eq. V-3 becomes very similar to the equivalent expression of
the present CCM as E - 0 (see Table IV-4{, but the energy dependence
is about twice as large. Some of the literature cites an opposite
effect at lower energies [37]. This ambiguity may be partly a

reflection of the collective nature of 103Rh as Eq. V-3 was based upon
essentially spherical nuclei. However, the dynamic vibrational model

of Brown et al. [36], applied to 103Rh, leads to dV/dE = 0.1926, which
is quite consistent with that following from the present CCN
§dV/dE = 0.1637). Similar comparisons can be made with the present

OX and DOM with varying results, but both of those models appear to
be considerably distorted by the collective nature of the target.
Even in the CCH model, it is not clear that the distortions are any
more than alleviated.

For the vibrational model, a Taylor expansion can be used to
obtain the surface-peaked interaction term of the Saxon-Voods
potential [38] whose radial part is given by

F) = B,(d/dr) R V(r) + B V(r)].  (V-4)

Using this, one can make some comparisons of deformation parameters as
discussed by Hamilton and Mackintosh [39], and applied by Alarcon and
Rapaport [38]. A normalized moment is calculated given by

020 = Q20/Js (V- 5)
vhere

+m

Gy = By J rf Re By(r) dr  (V-6)
0
and

1= 4r J+m 2 ¥(r) dr.  (V-7)
0

B(E2) values can then be obtained from

B(E2) = (Z0yg)%-e®.  (V-8)

The assumptions underlying the present vibrational model are

rough approximations limited to the excitation of a single 2*
one- phonon vibrational state rather than the reality of the odd target
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with strongly excited 3/2" and 5/2° levels. The By parameter of the

CCx model was obtained by subjective judgment, particularly dealing
vith the inelastic neutron scattering. One can qualitatively test ?he
result by using the above procedure and making comparisons with
parameters obtained from electro- magnetic (EM) studies. This was done
using the geometries of the CCM of Table IV-4. The result was

(B(E2))1 2. 14.3 e-fad. The measured /2 values for the two states

involved are 6.2 ps (3/27) and 73.0 ps (5/2°) [4]. FErom these the
~ estimated n of the pseudo 2" level was assumed to be 8.85 ps. This

Ty Value implies a EN (B(Ez))l/2 % 29.7 e-f-3, approximately twice
that than implied by the B, used in the scattering model [40]. The

difference may not be significant in view of the qualitative
approximations involved. If ﬂ2 is increased to ~ 0.25 the agreement

is nearly exact, and such large values of B, are common in this mass
region (e.g., those of Ru and Pd isotopes [41]). Such large ﬂ2 values

lead to higher- energy (e.g., 3.5 + 4.0 MeV) inelastic-scattering cross
sections calculated with the one-phonon model 50 - 1007 larger than
suggested by the experimental results shown in Fig. III-5. However,
one should use common dimensionality when comparing ﬂ2 values. The

present CCM r, = 1.262 fm, while EX ﬂ2 values are conventionally

referenced to a radius of 1.2 fm [40&. One should compare deformation
lengths § = rv-ﬂ2 in order to put the CCM value on the same basis as

that derived from EX considerations. This adjustment increases the ﬂg

of Bq. V-6 by » 54. Noreover, it is known in similar cases that if
one extends the CCM to include two- phonon excitations the By value

jecessary to retain a good description of the observed one-phonon
1ne1a§t1c-scatter1ng Cross sections will increase by ~ 35% [!0’4?]'
Applying these two corrections to the ﬂ2 of Eq. V-6, the B(E2) implied

] 3
by the CCN (Eq. V-8) will nearly double; i.e. will become » 28 e-fm".
This is very close to that indicated by EM studies. MNoreover, the
larger B, value found for the one- and two- phonon models [10,42] leads

to a Jw that increases with energy as one would expect. The

approximations used in the present one-phonon CCM considerations are
very simple, and more complex coupling schemes might well resolve the
aboye- dichotomy. Unfortunately, the experimental data are not
definitive enough to give such concepts much support (e.g., it is not
obvious how the two-pionon excitations should be handleﬁs, and their

useé wvould very much complicate an already difficult interpretive
procedure.
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There is an applied motivation for the present study as 103Rh is
a fission product and thus is of concern in fuel-cycle and
incineration studies of FBR systems (e.g., the IFR reactor concept).
Such applied calculations are conventionally based upon the ENDF/B- VI

[42) evaluated files (MAT 4525 for 103pn). Total and
elastic-scattering cross sections from that file are compared with
those implied by the present work in Table V-2. There are
discrepancies that vary a great deal with energy. At <~ 1.5 MeV they
are less than 10%. At higher energies they can be quite large, as
much as ~ 407 for the elastic scattering. These discrepancies will
impact upon the evaluation of other reaction channels. At the peak of
the low-energy inelastic-scattering cross sections, the present
measurements lead to results 5 - 10% larger than given in the
evaluated file. These modest differences increase with energy.
Detailed comparisons of evaluated quantities are given in ref. [9].

The present work is unique in that it provides the only

experimental knowledge of neutron scattering from 103g), at energies
above % 1.4 MeV. There is only one other experimental study of

neutron scattering from 103py, [7] and that is confined to lower
energies. The models of this work are based upon data extending to
only 10 MeV. It will be difficult to improve the high- energy behavior
until some good-quality experimental information becomes available at
energies above 10 MeV. Vith the present data base it is not possible
to determine the onset of volume absorption, quantitatively assay the
merit of alternate coupling schemes, nor to reasonably estimate the
energy dependence of the potentials beyond 10 MeV. Certainly, the
eneriy dependencies of Tables IV-2, -3 and -4 can not continue
indefinitely.
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Table V-2. Some comparisons with ENDF/B-VI (MAT 4525) [41].

.--------—--—----_-------_----_-_----..._-----------—-------------_---_.

(Present work - ENDF)
= ~ ENDF

.------_-_-------—--_--------_-----------—----------_..-.._---_--.

(MeV) A (totals) A(elastics)
0.5 -4.4% -4.17%
1.0 -7.6% -8.7%
2.0 -7.0% -12.0%
3.0 -3.7% -7.3%
4.0 -0.3% +3.0%
5.0 +3.1% +13.9%

10.0 +10.5% +41.67%

15.0 +1.8% -13.5%

20.0 -20.47% -42.17
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