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ABSTRACT

Differential neutron elastic-scattering cross sections of elemental
cadmium are measured from « 1.5 to 10 MeV. From « 1.5 to 3.0 leV the
measurements are made at « 100 keV incident-neutron energy intervals
and at 10 scattering angles distributed between s 20° and 160°. From
3 to 4 HeV the measurements are made at s 200 keV intervals and at 20
angles. Above 4 MeV the incident-energy interval is s 0.5 leV with >
40 differential values at each incident energy, distributed between
« 18° and 160°. Concurrently, differential cross sections for the
excitation of observed "levels" at 0.589 ± 0.047, 1.291 ± 0.066 and
1.839 ±0.57 leV are determined, with attention to the direct
excitation of the yrast 2 + levels of the even isotopes (» 757,
abundant} and of the 3/2+ and 5/2+ levels of the odd isotopes (« 257.
abundant). Optical-statistical, dispersive-optical and
coupled-channels interpretations are carried out and comparisons made
with "regional" and "global" parameters. Consideration is given to
the fundamental nature of the real potential in the vicinity of the
Fermi Surface with implications on the equation of state and the
reduced mass, in the context of the dispersive optical model.

VI



I. IVTBODICTTO.V

Approximately sixty years ago, Ferni and co-workers in lose noted
that some elements had very large absorption cross sections for slow
neutrons. Prominent of these is cadmium, and the metal has been
widely used as a neutron absorber over the intervening years. The
first nuclear reactor (CP-1) employed cadmium control rods half a
century ago. Vith this long, vide and prominent application of
cadmium in nuclear technology, one would have thought that the neutron
cross sections of the prominent isotopes would be well known. Indeed,
that is so for near-thermal neutron absorption, but other cross
sections at higher energies, that must be dealt with in many
applications, are essentially unknown. For example, cadmium elastic
neutron scattering, as defined by the national evaluated file system
(ENDF/B-YI) [1], is specified to be isotropic at all energies. That
is a gross mis-representation at all but the very lowest energies, and
one which makes neutronic calculations at higher energies unreliable,
if not deceptive. These are significant matters when, for example,
dealing with fast-reactor fission-products and fuel-cycle predictions.
Clearly, improved understanding of tlie neutron cross sections of the
cadmium isotopes, important to applications, is overdue.

The cadmium isotopes are collective in nature, and it is
reasonable to expect considerable direct neutron reactions. It is
known that these collective properties are reflected in the
conventional optical-statistical models as large mass-dependent
absorptions [21. Moreover, the electro-magnetic properties of cadmium
isotopes have been very carefully studied [3], and it is attractive to
attempt to correlate the fundamental electro-magnetic properties with
the matrix elements governing the inelastic-neutron transitions and
thus provide a promising vehicle for the calculation of direct neutron
processes. This theoretical approach is described in ref. [4], and
the provision of neutron data to support these concepts was a
motivation for this experimental study. In addition, primarily as a
result of work at this laboratory, systematic trends in the anomalous
behavior of the real optical potential near the Fermi energy are
emerging, and these are related to the equation of state and to
dispersion effects. Improved definition of this behavior,
particularly in the context of strong collective nuclei, was sought.
Although the cadmium isotopes are not strictly collective vibrators,
for simplicity the neutron reaction with them will be modeled assuming
that they are one- and two-phonon collective vibrators.

Elemental cadmium consists of the eight isotopes Cd( 1.257,),
108Cd(0.897.), 11OCd(12.495J), mCd(12.8©7.), 112

U3Cd(12.227.), 114Cd(28.73) and li6Cd(7.497.). In the present work,
1 ftfi 10ft

Cd and Cd were ignored due to their very low natural abundance.
i ifi

Cd was also ignored as its abundance is relatively low, and its



excited structure is quite similar to that of Cd.

Subsequent sections of this report deal with; II) a very brief
description of the experimental methods, III) the experimental
results, IV) the physical interpretation, and V) summary discussion
and comments. An associated document addresses the evaluated
neutronic files of the cadmium isotopes [5].

II. EXPERIMENTAL METHODS

All of the measurements of this work were made using the
fast-neutron time-of-flight technique [6], implemented with the
Argonne 10-angle detection apparatus [7]. The technique and apparatus
have been used at the Argonne National Laboratory for aany years, and
are extensively described elsewhere [8 -» 11]. Therefore, only brief
additional remarks, specifically relevant to these particular
measurements, are made here.

All of the present measurements used a solid cylindrical sample
of elemental cadmium metal, 2 cm in diameter and 2 cm long. The
chemical purity of the sample was > 99%. Similar-size carbon and
polyethylene samples were used for calibration purposes.

The neutron sources, source-sample geometries, and
neutron-detection systems were identical to those described in ref.
[12]. At energies < 4 MeV the neutrons were obtained using the
Li(p,n) Be reaction, and at energies > 4 MeV the D(d,n) He reaction

vas used [13]. Both reactions emit secondary neutron spectra over a
part of the ranges of application. The sources were pulsed at
repetition rates of < 2 MHz, with burst durations of « 1 nsec. Burst
intensities were enhanced by the use of a harmonic ion-bunching
system. Two different cylindrical hydrogenous-scintillator
neutron-detection systems were used, having thicknesses of s 2 cm and
« 6 cm, respectively. The diameters ranged from s 12.5 cm to » 49 cm
depending on flight path. All flight paths were defined by precision
collimators inserted through massive shielding. The majority of the
measurements were made with scattered-neutron flight paths of s 5 m,
with the addition of some higher-resolution measurements using flight
paths of « 15 m. The resulting scattered-neutron resolutions were
s 0.6 and » 0.2 nsec/m, respectively. At incident energies < 4.0
MeV, the cadmium differential cross sections were determined relative
to the total neutron cross section of carbon [14], as described in
ref. [151. The lower-energy techniques are described in More detail
in ref. [16J- Above an incident energy of 4 leV, the cadmium cross
sections were determined relative to the M(n,n) standard cross section
[14], as described, for example, in refs. [8 -* 12]. All of the
experimental results were corrected for sample-attenuation,



•ultiple-event and angular-resolution effects, and for contributions
7 7due to the second neutron group from the Li(p,n) Be source reaction,

using Monte-Carlo nethods [17].

III. EXPERIMENTAL RESULTS

A. Neutron Elastic Scattering

Detailed •easurenents of the differential neutron-scattering
cross sections of elemental cadmium from a few-hundred keV to 1.5 MeV
were made at this laboratory many years ago. They are reported in
ref. [18], and will not be further discussed here.

The differential elastic scattering from elemental cadmium was
measured from s 1.5 to 3 leV at ~ 10 scattering angles distributed
between s 20 and 160° and in incident-energy steps of « 100 keV. From
3 to 4 leV, the elastic-scattering distributions display increasing
anisotropy and the number of measurement angles was increased to « 20
at each incident neutron energy, but, as energy-dependent structure
was not expected, the incident energy interval was increased to « 200
keV. For incident neutron energies < 4 MeV, the incident-neutron
energy spread of s 30 keV and scattered-neutron resolutions were
sufficient to define the elastically-scattered component, free of
inelastically-scattered contributions. The estimated uncertainties
associated with the measured differential values varied from < 5% to
larger values at the deep minima of the distributions at the higher
energies. These uncertainty estimates include a systematic
normalization uncertainty of s 37,. The latter estimate is less
reliable near 3 MeV where there is considerable structure in the
carbon reference cross section, and thus a sensitivity to exact energy
scales and calibrations. The 1 . 5 - 4 leV elastic-scattering results
are summarized in Fig. III-l, and discussed in more detail in the
Laboratory report of ref. [16].

From 4.5 to 10 MeV the measurements were made at > 40 scattering
angles distributed between s 18° and 160° at each incident energy, and
at energy intervals of s 500 keV. Two measurement regimes were
followed. In the first the scattered-neutron resolution was
intentionally selected so as to include inelastically-scattered
neutrons due to the excitations < 680 keV (i.e., inclusive of

inelastic contributions attributable to the yrast 2 4 levels in the
various isotopes). The second regime was applied over the
incident-energy interval 5 through 8 MeV. In this energy-range the
scattered-neutron resolution was refined so as separate
elastically-scattered neutrons from inelastically-scattered components
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Fig. III-l. Measured differential elastic-scattering cross sections of
elemental cadmium in the incident-neutron energy range » 1.5 - 4 leV.
The experimental values are indicated by symbols, and curves show the
results of Legendre-polynomial fits to the measured values. lere, as
throughout this paper, angular distributions are given in the
laboratory coordinate system.



due to the excitation of levels corresponding to E. s 600 (* *
keV. The separation was achieved by using care at 5 n flight paths,
and also by utilizing the improved resolution available with as 15 •
flight paths. Even with this improved resolution, some inelastic
contributions due to the excitation of very low-lying levels in the
odd isotopes (as 257. abundant) contaminated the observed elastic
scattering. These were dealt with in the interpretations as described
in Section IV, below. No attempt was made to resolve the low-lying
inelastic contributions at 4.5 MeV or above 8 HeV. At the former
energy the incident-neutron energy spread from the deuterium-gas
target was too large for good resolution, and in the latter energy
range the scattered-neutron resolution was insufficient to resolve the
low-lying inelastically-scattered contributions. The higher-energy
elastic-scattering results are illustrated in Fig. III-2. In this
example, the first measurement regime is shown, that including the

contributions from the yrast 2 levels of the even isotopes and
relevant contributions from the odd isotopes, with the elastic
component. The figure also shows an s 20© keV average of the
lower-energy (< 1.5 leV) results of ref. [18], and an * 250 JceV
average of the 1 . 5 - 4 leV results of the present work, cited above.
The estimated uncertainties associated with the measured differential
elastic-scattering values above 4 MeV ranged from « 37. to larger
values at the minima of the distributions. These uncertainties are
inclusive of a 2 - 32 systematic normalization uncertainty, and of an

« 0.1° uncertainty in the experimental scattering angle. The relative
angular scale was determined to better than 0.1 using conventional
optical techniques, and the 0° normalization ascertained by observing
elastic scattering from a heavy target at both sides of the apparent
center line over a range of angles vhere the cross section is rapidly
changing with angle. This zero-angle determination was reproducible.
However, it can not be assured that the neutron source position is
stable to better than as 1 mm over long measurement periods (many hours
to several days), and with the geometries of the measurement system
there is a potential for a "flutter" in the scattering angle of s 0.4°
which could lead to significant cross-section uncertainties at some
angles. These were not taken into account as they could not be
quantified, or even identified.

Previously reported fast-neutron elastic-scattering cross
sections, other than work at this laboratory, appear limited to six
distributions [19 -* 24]. All of these results are approximately a
decade or more old, and some date back nearly forty years. The
majority of these results are not consistent with the present work.
The discrepancies are qualitatively large, and can not be reasonably
explained by experimental considerations such as variations in energy
scale and resolution. In view of this situation, comparisons of the
present and previous work are not rewarding- There is apparently m
experimental information at incident energies above 10 leV, and this
shortfall particularly troubles the physical interpretations of



c

•o
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Fig. Ill-2. Differential elastic scattering cross sections of
elemental cadmium. Incident energies (in MeV} are numerically given
in each section of the figure. Above 4 lev the measured values,
inclusive of inelastic contributions due to excitations of < 680 keV,
are noted by data symbols. Belov energies of 4 MeV, averages of the
experimental values are noted by symbols as described in the text.
Curves are the result of Legendre-polynomial fitting of the measured
distributions.

180



Section IV, below.

B. Neutron Inelastic Scattering

As cited above, there are eight isotopes of elemental cadaiua,
six of which have abundances of aore than a few percent. Two of the«
are odd isotopes. is a consequence there is a profusion of
inelastically-scattered neutron groups, the density of which far
exceeds the scattered-neutron energy resolution of the measurement
apparatus. This is schematically indicated in Fig. Ill-3, where the
reported excitation energies of the six aore abundant isotopes are
indicated up to several leV [3]. This figure also indicates the
isotopic abundances for the respective excitations. Of course, the

corresponding cross sections will be further modulated by the JT

values and channel competition. The experimental reality is a few
proainent neutron "groups", consisting of contributions from several
levels, riding on a low continuua background due to contributions from
other and unresolved levels, primarily in the odd isotopes. The
experimental effect is illustrated by the raw time-of-flight spectrum
shown in Fig. Ill-4. Below s 4 VeV, the measurements were made using

7 7
the Li(p,n) Be source reaction and flight paths of z 5 a. These
measurements lead to the identification of three groups of
inelastically-scattered neutrons, corresponding to average excitation
energies of 0.589 ± 0.047, 1.291 ± 0.066 and 1.839 ± 0.057 VeV (where
the uncertainties are the HIS deviation of a number of measurements
from the aean). These groups are correlated with the known excitation
energies as indicated by the diaaonds in Fig. Ill-3. The first two
groups approximately correspond to yrast 2 + levels and the subsequent
0+-2+-4+ triad of levels in the even isotopes, as outlined in
Table III-l, with the addition of some intruding contributions froa
states in the odd isotopes. Contributions to the 1.839 "group" are
more complex, and not clearly related to the underlying isotopic
structure. The present measurements extended the results to incident
energies of s 8 MeV. Older and lower-energy work froa this laboratory
[18] partially separated the inelastic contributions froa the yrast 2*
states of the even nuclei.

it incident-neutron energies < 4 leV, the inelastic-scattering
measurements were made concurrently with the above elastic-scattering
determinations using the 5 a flight path, and an identical
angle-energy mesh. At incident energies in the rar.ge 5 - 8 leV, the
majority of the inelastic-scattering measuresents were aade
concurrently with the above elastic-scattering observations, using the
5 a flight paths. Vith this arrangeaent the scattered-neutron
resolution was aarginal at energies cf > 7 leV, Therefore, the short
flight path results were supported by 7 and 8 leV measurements using
flight paths of s 15 i at five scattering angles distributed between «
30° and 120°. teasonable experiaental resolution was retained at
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Fig. Ill-3. Excitation energies in the six prominent isotopes of
elemental caddiui [3]. The bar positions indicate level energies, and
the bar magnitudes the isotopic abundance (in 7i) of the respective
isotope. "Stars" at bar tips denote even isotopes, and triangles the
positions of the observed inelastically-scattered neutron groups.



Table III-l.
of elemental

Isotopes:-
U O C d

Bx J'

0.000(0*)

0.658(2*)

1.473(0*)

1.476(2*)

1.542(4*)

1.731(0*)

1.783(2*)

Low-lying excitations in the
cadaitm in leV

0

0.

0,

0.

0.

0,

0.

1.809^4*?) 0.

2.079(0*)

2.079(3")

2.163(3*)

2.220(4*)

2.287(0*,:

2.332(0,*,

0.

0.

0.

0.

1*,2*)

1UCd

Ex J"

.000$*)

.245(f*)

.342$*)

.396(^")

417$*)

.620$*)

680$')

,700$*,|H

753$*)

755$*)

854$*)

865$*)

1

l\2*)

2.356(1*,2*)

Where alternate J
used in the

* values
calculations.

[3]

0

0

1

1

1

1

1

2

are

112Cd

Ci v

.000(0*)

.618(2*)

.224(0*)

.312(2*)

,415(4*)

.433(0*)

.469(2*)

.871(0*)

.005(3')

cited, the

five prominent

113Cd

r i*

0.000$*)

0.264(i|*)

0.298$*)

0.316$*)

0.458$*)

0.522$")

0.530$* ,|

0.584$*)

0.638$)

0.681$*)

0.708$*)

0.760$*)

0.820$*)

underlined

0

0

1

1

1

1

1

1

1

1

isotopes

114Cd

Bx J*

.000(0*)

.558(2*)

.135(0*)

.210(2*)

.284(4*)

.306(0*)

.364(2*)

.732(4*)

.842(2*)

.860(0*)

.864(3*)

values were



higher energies with these longer flight paths, as illustrated in Fig.
Ill-4. At incident energies < 4 MeV, the angular distributions of the
inelastically scattered neutrons were qualitatively syaaetric about
90°, and approached isotropy, as would be expected fro« primarily
compound-nucleus reaction aechanisas. Above « 4 MeV, the
scattered-neutron angular distributions resulting froa the excitation
of the first observed "level" increasingly peaked toward forward
angles in the Banner expected of an appreciable direct-reaction
contribution. The significance of these anisotropies is discussed in
soae detail in Section IV, below. The angle-integrated inelastic
scattering cross sections were deterained by least-square fitting the
aeasured differential values with Legendre-polynoaial expansions. The
experimental uncertainties associated with the individual differential
inelastic cross sections varied depending on the particular
experiaental conditions and the neutron group involved. In the better
cases, the uncertainties were estiaated to be s 107., but increased
with decreasing scattering angle and increasing incident energy.
These uncertainties were reflected in the angle-integrated values,
with an additional factor due to the extrapolation of the fitting
procedures to forward angles where no experiaental infcreation was
available. The resulting angle-integrated inelastic scattering cross
sections are suaaarized in Fig. III-5. The proainent contribution is
due to the 598 keV "level", which consists priaarily of contributions

froa the yrast 2 + states in even isotopes. Similarly, the cross
sections for the excitation of the 1.291 leV "level" are priaarily
attributed to contributions froa the subsequent 0*-2*-4* triad of
states in the even isotopes. The constituents of the 1.840 leV
"level" are far less certain as there are a variety of states
potentially involved, as illustrated in Fig. Ill-3. Below incident
neutron energies of 4 leV, the accuracies associated with the
excitation of the 0.598 leV "level" are soaewhat coaproaised by
elastic scattering due to the second neutron group froa the
7 7Li(p,n) Be source reaction. Corrections for this perturbation were
aade, but they did increase the uncertainty.

There appears to be no comparable experiaental
inelastic-scattering results reported in the literature other than the
early low-energy work froa this laboratory, described in ref. [18].
The latter extends up to only « 1.5 leV, but the results are
reasonably consistent with the present values, as shown in Fig. Ill-5.

IV. PHYSICAL IKTERPtETATIOX

The following interpretations had several objectives:- i) Provide
a conventional spherical-optical-aodel (SOI) potential for the
paraaeterization of the fast-neutron interaction with cacmiua,
suitable for subsequently addressing basic and applied issues, ii}
Consider possible iaplications of the dispersive-opticai-aodel (D01)

1©
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Fig. Ill-4. Illustrative higher-energy tiae-of-flight spectrua
obtained by scattering 8.06 leV neutrons froa eleaental cadaiua, over
a flight path of « 15 a, through a scattering angle of 80°. Nuaerical
values indicate excitation energies (in leV) as deterained froa this
particular aeasureaent. The horizontal axis is an arbitrary
instruaent tiae scale with tiae increasing froa right to left.
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E (MeV)

Fig. Ill-5. Measured inelastic scattering cross sections of elemental
cadaiua. Experiaental values of the present work are indicated by V
and * syabols, and those of ref. [18] by 0. Observed excitation
energies (in keV) are nuaerically given in each portion of the figure.
The curves indicate the results of calculations as follows; "C" =
coapound-nucleus coaponents, "Dl" = direct excitations calculated
using the one-phonon aodel, "D2" = direct excitations calculated with
the one- and two-phonon aodel, "II" = total excitations (inclusive of
the coapound-nucleus contribution) using the one-phonon aodel, and
tlX2N = total excitations using the one- and two-phomn aodel.

12



potential. iii) Examine collective effects assuming a vibrational
coupling in the context of the coupled-channels-model (CCM), and the
capability to describe the direct inelastic-scattering processes. The
use of the present experimental results to assess the correlation of
neutron-transition matrix elements with electro-magnetic properties is
discussed elsewhere [4]. An inherent problem throughout these
interpretations (and in the measurements) is the multi-isotopic nature

10fi 108
of elemental cadmium, cited above. The abundances of Cd and Cd
are very small, and thus they are ignored in the present
interpretations. Cd has nuclear structure similar to th:*t of Cd
and is less than 7.5% abundant, thus it too was ignored. The
remaining five isotopes were dealt with as described in the following
sections.

A. The Spherical Optical Model (SOU

This portion of the interpretation utilized a special version of
the SOI calculation code ABAREX [25] which is capable of calculating
isotopic cross sections, including explicit treatment of the
individual isotopic excited structures, and combining them to obtain
elemental cross sections comparable with observations. The respective

excitation energies and JT values were taken from ref. [3], as given
in Table III-l. These include fifteen levels for Cd, twelve for
m C d , nine for 112Cd, thirteen for 113Cd and eleven for 114Cd. The
relative isotopic abundances of these five isotopes were normalized to
a total of 100%. Compound-nucleus processes were calculated using the
Hauser- Feshbach theory [26], with the width fluctuation corrections of
Holdauer [27]. At energies above the well known discrete excitations,
a continuum of levels in each isotope was represented using the
statistical formalism of Gilbert and Cameron [28]. Throughout this
work, it was assumed that the potential consisted of a Saxon-Voods
real form, a Saxon-Voods-derivative imaginary term, and a Thomas
spin-orbit component [29]. All of the potential parameters were
deduced by chi-square fitting the measured elastic-scattering data
base. The results of the fitting were then subjectively compared with
the measured neutron total cross sections, observed
inelastic-scattering cross sections, and with reported strength
functions deduced from resonance measurements.

The elastic-scattering data base was constructed from the
measured values of the present work, extended to lower energies with
previously-reported work at this laboratory [18]. At the low energies
there is some total-cross-section evidence ox residual fluctuating
structure [30]. Therefore, the low-energy elastic-scattering
distributions of ref. [18] were averaged over energy increments of »
0.2 leV. From 1.5 to 4 MeV, the present work provides twenty
elastic-scattering distributions. This is a large body of
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experimental information, therefore it was averaged over energy
increments of « 250 keV in order to reduce the amount of data handled
in the numerical calculations and, at the sane time, to smooth any
physical Or experimental fluctuations that may be present. Above 4
NeV, the data base explicitly consisted of the measured values of the
present work. As outlined above, for energies < 4 MeV, the data base
consisted of essentially true elastic-scattering distributions. At
higher energies the data was handled in two ways. On one hand, the
high-resolution measured values were used. These consisted primarily
of the prominent elastic-scattering contribution, with the addition of
a relatively small perturbation from inelastic scattering due to the
excitation of the first several low-lying levels of the odd isotopes.
Alternatively, the lesser-resolution results were used, which are
inclusive of inelastic contributions from the assumed one-phonon
levels in the even isotopes, and the first six excitations of the odd
isotopes. The numerical fitting procedures were arranged to
correspond to these alternate experimental resolutions using the
capability of ABAREX to fit cross sections due to a composite of
levels, as well as single levels. A large share of this data base is
illustrated in Fig. Ill-2.

There seems to be no information on the polarization of neutrons
elastically-scattered from cadmium. Therefore, throughout these
interpretations the "global" real spin-orbit potential of ref. [31]
was assumed (see Table IV-1). Experience indicates [32] that the
real-potential geometry tends to be less sensitive to the details of
nuclear structure than that of the imaginary potential, therefore it
was determined first. From six-parameter fitting of the
elastic-scattering data (real and imaginary strengths, radii, and
diffusenesses) the real-potential diffuseness, ay, was first fixed.

It was found to be essentially energy independent. Next, from
five-parameter fits (ay held fixed) the real-potential radius, r , was
determined. It too was essentially energy independent, though there
remain some uncertainties as there is a well known correlation between
real-potential strengths and radii [29,33]. In a similar manner the
geometry of the imaginary potential was determined, using four
parameter fits to determine the imaginary-potential radius and three
parameter fits to fix the imaginary-potential diffuseness (again,
there are uncertainties in the latter parameter due to the strong
correlation between the imaginary strength and diffuseness [29,33]).
Finally, two parameter fits (with the geometries fixed as discussed
above) were used to determined the real- and imaginary-potential
strengths. The results of the two-parameter fitting are compared with
the data base in Fig. IV-1. The description of the measured data is
very good except at the first minima of the distributions near s 6
leV. In this mass-energy-angle region SOI calculations lead to very
deep minima. As shown in Section IV-C, these minima are, to a
considerable extent, artifacts which vanish when vibrational coupling
is taken into account. Such vibrational effects are not consistent
with the assumptions underlying the SOI, and thus one should expect
some shortcomings in the descriptions of the measured values. An
additional factor in these minima is the energy spread *of the neutron
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source. This is relatively very small at 10 MeV (s 100 keV), but at
4.5 MeV the deuterium gas cell used as a neutron source becomes quit
"thick" (e.g., 300 -» 600 keV), depending upon the gas pressure used in
the particular measurement. Vhen the calculated results are averaged
over a comparable energy spread the cross-section magnitudes in the
shape first minima are increased by factors of 2 -• 5.

The SOM potential parameters, resulting from the above fitting
procedures, are given in Table IV-1. The parameterizations of the SOX
potential strengths are illustrated in Fig. IV-2, together with the
results of the fitting procedures. The physical implications of the
SOM are discussed in Section V. However, briefly the real-potential
strength, J , decreases with energy in a manner qualitatively
consistent with Hartree-Foclc predictions (herein all potential
strengths are cited in terms of volume-integrals-per-nueleon. J^).
The imaginary-potential radius, rw, decreases with energy, and the
corresponding diffuseness, a , increases with energy. Concurrently,
the imaginary-potential strength, J^, decreases with energy. The J
character is not typical of the SOM of a spherical nucleus.

The SOM parameterization gives a reasonable description of the
neutron total cross section over a wide energy range, as illustrated
in Fig. IV-3. In making this comparison, it was assumed that the
imaginary-potential parameters were energy independent above 10 leV,
taking the 10 MeV values of Table IV-2. The calculated neutron total
cross section agrees with energy averages of the measured values given
in the literature [30,34 -> 50] to within < 57. from 100 keV to more
than 25 MeV. The SOM parameters also provide a reasonable description
of the measured inelastic-scattering cross sections in regions where
the compound-inelastic-scattering component is the dominant
contribution, as illustrated in Fig. Ill-5. At the higher energies
the SOM can not describe the significant direct inelastic-scattering
cross sections. Finally, the strength functions calculated with the
SOM are compared with those deduced from resonance measurements [51]
in Table IV-2. In making these strength-function comparisons it was
assumed the the real and imaginary isovector strengths were 24 and 12
MeV, respectively. The comparisons are not sensitive to these
choices. The agreement is reasonably good, given the scatter of the
values deduced from experiment.

B. The Dispersive Optical Model fDOM)

It is well known [52] that the dispersion relationship correlates
real, V, and imaginary, V, portions of the optical potential through
the expression
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Fig. IV-1. Comparison of measured and calculated differential
elastic-scattering cross sections of cadmium. The experimental values
are denoted by "0" (elastic scattering) and "A" (elastic- plus
inelastic-scattering due to the excitation of the low-lying levels, as
discussed in the text). Curves indicate the comparable results
calculated from the two parameter SON fitting described in the text.
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Fig. IV-2. Real, Jy, and imaginary, Jy, SOI potential strengths
expressed as volume-integrals-per-nucleon. Symbols indicate the
results of the fitting procedures described in the text, and curves
the paraaeterizations of Table IV-1.
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Fig. IV-3. Comparison of energy averages of neasured neutron total
cross sections of cadmium [30,34 -* 50] (symbols) with the results of
calculations using the SOI parameters of Table IV-1 (curve).



Table IV-1. Paraaeters of the SOI potential. All geometries are
expressed in ferais, energies in leV, and real- and
imaginary-potential strengths in volune-integrals-per-nucleon, J (in
units of leV-fa ). The paraaeterization is rigorously valid only up
LO 10 KeV, as discussed in the text.

Real Potential (V)

Jy = 458.6 - 3.759-E
ry = 1.3023
ay = 0.6272

Iaaginary Potential (V)

Jw = 94.6 - 6.801-E + 0.331-E
2

rw = 1.3790 - 0.01278-E
aw = 0.3485 + 0.0178-E

Spin-Orbit Potential (SO)

Veft = 6.0588 - 0.015-E
rg() = 1.103
a s o = 0.560

Numerical paraaeters are given to precision peraitting
quantitative reproduction of the calculated results.
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Table IV-2. Comparisons of SOM calculated strength functions for the
prominent cadaiua isotopes with those deduced froa experimental
•easureaents (in parenthesis) [51].

Isotope

110Cd
mCd
112Cd
113Cd
114Cd

In units of 10" .

0.723
0.725
0.727
0.730
0.732

<

(0.44*0.11)
(0.8*0.2)
(0.5*0.1)
(0.31*0.07)
(0.64*0.16)

3.58
3.56
3.54
3.52
3.50

*
Sl

(3.0*1.0)
(3.0*1.5)
(4.4*1.0)
(2.2*0.8)
(3.5*1.0)
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V(r,E) = VIp(r,E) • \ J
 Vfcg,')dE', (IV-

where P denotes the principal value of the integral and V«p the
lartree-Fock potential. This relationship influences the geometries
and strengths of the SOM, and leads to the "Ferai Surface Anomaly" at
lower energies [53]. These effects were assessed by re~interpreting
the experimental data base taking into account Eq. IV-1.

It is convenient to carry out the DOM interpretation in teras of
the volume-integrals-per-nucleon, J.. In that fora, Eq. IV-1 becomes

«, JH(E»)dE»

-n>

where the integral can be broken into surface, AJ , and volume, AJ ,
components. Then

n f+OD J (E luEAJ
s(

E> = 7j -for*
CD

(IV-3)

and

where Jeff(E) =
 Jjp(E) + A J

v o ^ ' assu-ed t0 nave tne saaie Saxon-Voods
geometries. The present SOM interpretation (Section IV-A, above)
gives no support for a volume absorption up to at least 10 MeV.
Furthermore, AJ and J.p are approximately linear functions of energy
from at least from -20 to +20 MeV, thus the Jfip and AJy0 components of
J x£ are not experimentally separable. It is useful to define the
ratio

A(E) =AJS(E)/JS(E),

where A(E) is the quantity by which the surface-imaginary potential,
J , is multiplied to give the surface-peaked component of the real
potential, AJ .s

The SOM of Section IV-A, above, was used to evaluate X[E) of Eq.
IV-5. Simple approximations, that have been widely employed at this
laboratory and elsewhere [10,32], were used. Very briefly, they are:-
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J was assuited syaaetric about the Ferai Energy, Ep. E« was taken to

be -7.895 leV, the weighted average of the values for the eight
isotopes of the eleaent. For energies 2-Ef < E < 0, Jg was assumed to

2 2
have the fora J = (J /Ep)(E-Ep) , where JQ is the value of Jg as

E -» 0. For 0 < E < 15 MeV, Jg was assuaed to have the fore given in

Table IV-1. For E > 15 MeV, J was assuaed to linearly decrease with
s

energy to a zero value at 60 MeV. The choice of 15 leV as the break
point in Jfl is rather arbitrary as there is no experiaental
inforaation to deteraine the behavior above * 10 leV. lowever, it is
reasonable to expect that voluae absorption will start to becoae %
factor at s 15 MeV, with a consequent decrease in J_ with energy. The
behavior of AJ_ calculated with these assumptions is shown in Fig.s
IV-4, together with the corresponding A(E). The overall effect is to
add a significant surface tera to the Saxon-Voods lartree-Fock real
potential over the whole energy range of the present interpretations
(i.e., for E = 0 -• 10 MeV).

The entire fitting procedure of Section IV-A was repeated
including the surface coaponent of the real potential deterained froa
A(E), calculated with the above assumptions and shown in Fig. IV- 4.
The resulting DOM parameters (see Table IV-3) gave a description of
the elastic-scattering data base of essentially the saae character as
that obtained with the SOM, as indicated by a comparison of Figs. IV-1
and -5. Differences between the results obtained with the two Models
are a matter of ainor detail. The neutron total cross sections
calculated with the DOM are perhaps somewhat more suitable than those
obtained with the SOI at the higher energies and somewhat less
suitable at the very low energies, as illustrated by comparison of
Figs. IV-3 and -6. The behavior of A(E) at very low energies is
probably little aore than qualitative, and this may iapact upon the
calculation of low-energy cross sections. However, the strength
functions calculated with the DOM, given in Table IV-4, are very
siailar to those obtained with the SOM (Table IV-2).

The DOM real-potential radius is somewhat smaller than that of
the SOM, as is expected since the AJ_ surface component cf the

s
potential has been explicitly treated. Similarly, the real
diffuseness of the DOM is somewhat larger than that of the SOM as the
contribution of the narrow AJ surface coaponent has been removed.

a

The SOM and DOM imaginary radii are very siailar, and the ainor
differences are probably of no significance. likewise, the
imaginary-potential diffusenesses of the two aodels are essentially
identical. The fact that a quadratic rather than linear
representation emerged for the DOM is probably a statistical artifact,
and the quadratic coefficient in the DOM representation is very saall.
The strengths of the DOM real and iaaginary potentials, given in Table
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Fig. IV-5. Conparison of measured (symbols) and calculated (curves)
differential elastic*scattering cross sections of cadmium. The
calculations were lade usiit" the DOM, and the notation is identical to
that of Fig. IV-1.
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Fig. IV-6. Comparison of •easured (symbols) and calculated (curve)
neutron total cross sections of cadmium. The calculations were made
using the DOI of the text.



Table IV-3. Parameters of the DOM potential. The notation is
identical to that of Table IV-2. The parameterization is rigorously
valid only up to 10 MeV, as discussed in the text.

leal Potential (V)

Jy = 426.0 - 1.528-E
ry = 1.2765
ay = 0.6692

Imaginary Potential (V)

Jw = 105-1 - 9.5418-E + 0.52221-E
2

rv = 1.384 - 0.01366-E

aw = 0.3385 + 0.02537-E - 0.000750-E
2

Spin-Orbit Potential (SO)

Identical to that given in Table IV-1.
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Table IV-4. Comparisons of DOM calculated strength functions for the
prominent cadaiua isotopes with those deduced from experiaental
•easureaents (in parenthesis) [51].

Isotope

110Cd
U 1Cd
112Cd
113Cd
114Cd

0.733

0.745

0.750

0.762

0.770

(0.44*0.11)

(0.8*0.2)

(0.5*0.1)

(0.31*0.07)

(0.64*0.16)

3.26

3.15
3.04

2.93

2.83

(3.0*1.0)

(3.0*1.5)

(4.4*1.0)

(2.2*0.8)

(3.5*1.0)

In units of 10" .
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IV- 3, are illustrated in Fig. IV-7. The real-potential strength of
the DOM (actually, Jeff of Bq. IV-4) is less than that of the SOI
(Table IV-1), with a smaller energy-dependent slope. This is
consistent with the magnitude of AJ and the energy dependence of J(E)

s
shown in Fig. IV-4. The imaginary-potential strength of the DOM is
qualitatively similar to that of the SOI. In both cases the imaginary
strength decreases with energy, contrary to what one would expect.
The physical implications of some of these properties is further
discussed in Section V.

C. The Coupled-Channel Vibrational Model (CCM'I

The isotopes of elemental cadmium display collective features
[3,54]. For example, there are two-phonon states in the even isotopes
at about twice the energies of the one-phonon levels. On the other
hand, the yrast 2* levels have non-vanishing quadrupole moments
indicating the nuclei are not simple vibrators. Collective aspects of
the neutron interaction with these isotopes are also evident in the
present experiments; e.g. in the inelastic-scattering processes. In
the present model derivation it was assumed that the cadmium isotopes
are simple one-phonon vibrators. The respective 0* values derived

from electro-magnetic studies are given in the compilation of ref.
[54], leading to the weighted-average value for the even isotopes of
p = 0.1867. The corresponding value for the neutron processes should
be somewhat larger [55]. However, for the present interpretation a
mean value of /?« = 0.175 was assumed, as deduced from the theoretical
considerations of ref. [4]. This value is somewhat smaller than that
implied by ref. [54] as it was derived from the more-recent Nuclear
Data Sheets of ref. [3], and is inclusive of the odd-isotope
contributions.

The parameters of the CCM were determined in a manner analogous
to that pursued in the SOI and DOI interpretations, with the same
sequence of chi-square fitting the measured elastic-scattering
distributions. However, because of the tedious nature of the
calculations, it was assumed that the neutron interaction was with a
single "effective" even nucleus wHh a mass A = 112.5, and having the
yrast 2 + level at 586 keV [4]. Higher-energy excitations, and the

112
continuum, were taken to be those of Cd. The compound-nucleus
contribution was explicitly treated in the fitting up to incident
energies of « 2.3 leV. At higher incident energies corrections were
made for compound-nucleus contributions using the above SOI. They
were small, and became negligible above as 6.5 leV. The CCM
calculations were carried out with the computing program ANLECIS [56].
The resulting CCM parameters are summarized in Table IV-5. These
parameters provide a very good description of the elastic-scattering
data base from which they were derived, as illustrated in Fig. IV-8.
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Fig. IV-7. leal, Jyl and imaginary, Jy, DOM potential strengths
expressed as volune-integrals-per-nucleon. Symbols indicated the
results of the fitting procedures described in the text, and curves
the parameter Nations of Table IV-3.



In particular, the sharp minima of the elastic distributions in the
energy range 5 - 6 MeV, obtained with the spherical models (Figs. IV-1
and -5), have vanished, resulting in a greatly inproved description of
the measured values. The total cross sections calculated with the CC1
are essentially identical to those obtained using the SOI (Fig. IV-3)
above s 1 MeV. At lower energies they are a few percent saaller than
those obtained with the SOM. This is probably due to a Jy value as
E -» 0 that is slightly too large, and the three lowest-energy values,
shown in Fig. IV-9, are below the general linear trend indicated by
the body of the J data. This say represent a local fluctuation or an
experimental artifact, and the lowest energy values are from very old
data [18]. The 2 = 0 strength function calculated with the CCK is
K 0.42, or about 57% that obtained with the SOM. However, the value
remains in the aid-range of those deduced from resonance aeasureaents,
as shown in Tables IV- 3 and -5. Vith the scatter in the values
deduced froa resonance measurements, comparisons of aeasured and
calculated strength functions remain less than definitive.

The CCM parameters of Table IV-5 differ from those of the SOI as
indicated by the numerical simulations of ref. [57,58]. The CCI a is
a bit larger than that of the SOI, and the r is considerably saaller.
The CCM and SOM i values are similar, and tl.s r and a values have
qualitatively the same magnitudes and energy dependencies. However,
the imaginary strengths, J , are quite different. The CCM J
increases with energy as one would expect as more channels become
open. Furthermore, the CCM J magnitude is smaller over most of the
energy range as one would expect due to the explicit attention to the
vibrational channel. Relatively large SOI Jff values in this
mass-energy range were reported from this laboratory sometime ago [2],
and attributed to the qualitative approximation of known collective
vibrators using a simple spherical model.

The CCI leads to significant direct excitation of the yrast 2 +

state, as illustrated in Fig. III-5. In fact, the one-phonon CCI
model over-estimates this direct contribution by s 307.. This is in

to

contrast to experience at shell closures (e.g., Ni [55]), but
cadmium is not at a shell closure and thus the simple vibrational
model aay be less appropriate. It is known that CCI calculated
results are diluted when one extends the model to include two-phonon
excitations, with results in the present case in very good agreement
with the observed inelastic-scattering cross sections of the yrast 2*
level, as illustrated in Fig. Ill-5. The calculational time involved
vith this extended one- and two-phonon CCI is a factor of five or more
longer than for the simple one-phonon aodel. This computational
reality made coaprehensive re-fitting of the entire elastic-scattering
data base with the one- and two-phonon aodel unattractive. However,
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Fie. IV-8. Comparison of measured (symbols) and calculated (curves)
differential elastic-scattering cross sections of cadmium. The
calculations were nade using the CCM, and the notation is identical to
that of Fig. IV-1.
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Fig. IV-9. leal, J y, and inaginary, J w, CCM potential strengths
expressed as voluae-integrals-per-nucleon. Syabols indicate the
results of the fitting described in the text, and curves the
paraftgterizations of Table IV-5.



Table IV-5. Parameters of th? one-phonon CCM potential. The notation
is identical to that of Table IV-2. The parameterization is
rigorously valid only up to 10 leV, as discussed in the text.

leal Potential (V)

Jv = 447.5 - 4.417-E
ry = 1.2600
ay = 0.6669

Imaginary Potential (V)

Jw = 32.06 + 2.502-E
rw = 1.431 - 0.01006-E
aw = 0.19137+ 0.04439-E

Spin-Orbit Potential (SO)

identical to that given in Table IV-1.

Deformation, /?„ = 0.175 (see text for definition)
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several tests in the incident-energy range 6 - 8 MeV indicated that
the use of the extended model does not substantively alter the
one-phonon model parameters of Table IV-5. The effect of the extended
model is primarily evident in the inelastic channels. The influence
of the two-phonon excitations is also evident in comparison of
measured and calculated inelastic-scattering distributions, as
illustrated in Fig. IV-10. Generally, the simple one-phonon CCI leads
to angular distributions of qualitatively the right shape but of too
large a magnitude. The results obtained with the one- and two-phonon
CCI are in better agreement with the observations. Ths calculated
differential inelastic-scattering shapes are quite consistent with the
measured values, except at very-large scattering angles (i.e.,

> ISO0). At angles forward of s 90° the calculated
differential-cross-section magnitudes tend to be slightly larger than
the measured values, particularly at the lower energies, but the
discrepancies are approximately of the same magnitude as the estimated
experimental uncertainties. The theoretical aspects of such
comparisons are discussed in ref. [4].

An alternative to the above one- and two-phonon nodel is the
one-phonon model with a reduced fin- This avenue was explored, and it
was found that essentially the same results could be obtained as with
the one- and two-phonon model (Figs. Ill-5 and IV-10) if 0^ *s reduced
to 0.150 ± a 7.5%. The effect of this change on the v. is small and
and the differential elastic-scattering cross sections are very
similar to those obtained with the larger /?2- The governing factor
throughout these considerations is the comparison of measured and
calculated inelastic-scattering cross sections. The implications of
these alternatives are further discussed below.

V. DISCUSSION AND SUMMARY

An objective of the present work was the provision of neutron
data and associated models for applications purposes, particularly for
evaluated neutronic data for the fission-product cadmium isotopes.
For many applied purposes, the SOX of Table IV-1 should prove a
suitable calculational vehicle. It is simple to use, and will, for
example, give reasonable transmission coefficients for the prediction
of neutron statistical emission spectra, for compound-nucleus
formation and subsequent 7-ray emission, etc. However, the SOM
remains essentially a local model. Its real potential reflects
nuclear structure via the dispersion relationship and thus it is not
of a "global" nature. In some isotopic applications of the SOM it may
be useful to employ small (e.g. few percent) engineering bias factors
obtained, for example, by renormalizing the calculated cross sections
to give exact agreement with the experimentally-deduced total cross
section. The SOM certainly is inappropriate for treating direct
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Fie. IV-10. Comparison of Measured (syabols) and calculated (curves)
differential cross sections for the inelastic-neutron excitation of
the yrast 2 + levels in the cadaiua isotopes. In each case, the upper
curve corresponds to calculations with the one-phonon GC1\ and the
lower curve that obtained with the one- and ttro-phonon CCI. The
incident-neutron energies are numerically given in leV.



reactions due to the collective nature of the cadmium isotopes. This
shortcoming is clearly evident in the context of inelastic neutron
scattering where, even at relatively low energies, the direct
inelastic-scattering cross sections can be of considerable size. The
00V has the advantage of a real potential sore nearly of a "global"1
nature, approaching the general Bartree-Fock behavior and is
physically attractive, as outlined below, lowever, in the spherical
formulation used here, it too remains devoid of a capability to handle
the direct reactions due to the collective nature of the cadmium
isotopes. For those applications sensitive to collective processes,
the CCI has an outstanding advantage. These various applied
capabilities are being exploited at this laboratory to provide
comprehensive evaluated neutronic data files for the cadmium isotopes
[5J.

The SOI parameterization (Table IV-1) displays conventional
characteristics of a spherical model for collective vibrators in the
cadmium mass region. The real-potential diffuseness is reasonably
conventional, but the real-potential radius is relatively large, as is
characteristic of SOI descriptions of strong collective vibrators
[57,58]. At low incident energies, the imaginary-potential radius is
appreciably larger than the real-potential radius. Such a
characteristic has long been observed in low-energy SOI neutron
interpretations [59], particularly those giving emphasis to the
strength functions. The imaginary diffuseness becomes quit small as
E-)0, again a characteristic that has been widely observed
[10,32,55,60,61]. The real-potential strength is of a frequently
encountered magnitude, and decreases with energy in an approximately
linear manner. In contrast, the imaginary-potential strength is quite
large and, contrary to expectations, generally decreases with energy.
This is, again, a consequence of using the SOI for interpretations of
neutron phenomena in a collective vibrational environment [2,57,58].
The majority of the SOI parameters are energy dependent. These energy
dependencies are reasonably valid only within the 0 -» 10 leV range of
the present interpretations, and can not continue to very large
energies. There is no experimental evidence to define such
high-energy behavior, but it is reasonable to expect some asymptotic
approach to energy-constant values, excepting the real-potential
strength which which is expected to continue to fall in a manner
consistent with the Hartree-Fock potential. Likewise, the present
study to ~ 10 MeV gives no evidence of a volume absorption, but it is
reasonable to expect volume absorption to be significant above
s 15 - 30 VeV.

The DOI parameterization (Table IV-3) inherently has the same
shortcomings as that of the SOI in that it is a spherical
approximation of collective nuclei. Predictably, the DOI and SOI
imaginary-potential representations are quite similar. Some of the
DOI imaginary-potential parameterizations are quadratic rather than
linear, as for the SOI, but that is only a statistical artifact, and
the general trends with energy are very similar. The major
differences between DOI and SOI representations are in the real
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potential where the impact of the dispersion integral is apparent.
The real-potential diffuseness of the DOI is somewhat larger than that
of the SOI as a narrow surface conponent of the potential has been
reaoved froa the general Saxon-Voods fora. For the sane reason, the
DOM real-potential radius is smaller than that of the SOI, though
still larger than expected froa "global" systenatics (see remarks
below). The DOI real-potential strength (the Jeff of Eq. IV-4) is

considerably less than that of the SOI, by an amount governed by the
dispersion integral of Eq. IV-2. The latter reflects structural
contributions to the general iartree-Fock trend. Thus it is the DOI
real-potential strength that should be addressed when considering
"global" trends. As for the SOI interpretation, the present DOI
interpretation is rigorously valid only for E < 10 leV

The CCI (Table IV-5) is inherently different from either the SOI
or DOI in both physical concept and parameterization. It alone can
reasonably account for the direct-reaction aspects of the interaction
of neutrons with the collective cadmium isotopes, particularly that
facet of the interaction dealing with inelastic neutron scattering.
The CCI real-potential radius is considerably snallcr than that of the
SOI, and more consistent with "global" trends (as discussed below).
The CCI real-potential strength is very similar to that of the SOI,
the differences probably being statistical artifacts. The CCI-SOI
differences are nost evident in the imaginary potential. The strength
of the latter is considerably less than that of the SOI at lower
energies, and increases with energy as one would expect froa the
opening of additional channels not explicitly addressed in the
interpretations. These differences between CCI and SOI
representations of collective nuclei have been recognized previously
[57,58], and reflect the inappropriate nature of the SOI when treating
strong collective vibrators. The paraaeters of the CCI were obtained
using the one-phonon approximation. If one seeks a more accurate
representation of the direct-reaction processes (particularly
inelastic scattering) aore complex coupling (or an adjustment of /L)

should be used. The next step in the hierarchy of coupling is the
one- and two-phonon CCI aodel, at the expense of computational
complexity. Like the SOI and DOI, the CCI energy dependence is not
defined above ss 10 leV. That will not be possible until soae
reasonable aeasured neutron data becoaes available to guide the
physical interpretations.

As neutron studies and associated interpretations aount up at
this laboratory, systematic trends in, particularly, the real SOI
potential are emerging. These are best assayed at « 8 IeV where the
contribution of the dispersion relation to the model derivations is
small, and that is reasonably so for the present cadmium case. At 8
leV, it has been shown [10,61] that the real SOI potential radius has
a mass dependence of the fora:
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rv = ro + V A ' > I*'1)
where r = 1.154 fa and r, = 0.407 fa. This expression is consistent
with the low-energy model of loldauer [59], and implies a cadaiua r
value of 1.2383 fa, considerably less than that obtained with SOI.
The comparison is aore attractive if aade with the present CCI ry (the
difference is 1.717*). Closer agreement should probably not be
expected as Eq. V-l is based upon essentially spherical nuclei and
therefore not strictly appropriate for the collective cadaiua
isotopes. Vith the fora factor of Eq. V-l, it was shown in refs. [101
and [61] (and references cited therein) that the real-potential
strength of the SOI at s 8 leV had a systematic behavior described by

Jv = V t * "
where KQ = 236.1 and ( = 0.575 [61] (alternatively, ref. [10] gives
234.1 and 0.53, respectively). These values of ( are reasonably
consistent with that obtained from nucleon-nucleon scattering data
(0.48) [62] and (p,n) studies (0.40) [63], and considerably saaller
than that obtained with the simple isovector expression i = Jo-[1 -
£(N-Z)/A]. Applying Eq. V-2 to the cadaiua case, one obtains a
Jy = 410 IeV-fa

3, compared to 413 leV-fa3 froa the DOI and 428 IeV-fa3

froa the SOI. Thus, Eqs. V-l and -2, with ay s 0.65, remain a
reasonable "global" starting point for aore specific SOI
interpretations, while remaining cognizant of possible collective
effects that aay distort their reliability.

The nuclear equation of state (EOS) is of continuing fundamental
interest, and has implications on astrophysical considerations [64].
An often cited observable supporting EOS concepts is the real optical
potential taken over a wide energy range extending froa perhaps s -100
leV to +200 leV. The proton potential is frequently used as it is the
only such potential based upon such a wide energy range of measured
data. However, the low-energy behavior is obscured by coulomb
effects, and it is known that the energy dependence of the real proton
01 potential is anomalous near the Ferai energy [65,66]. Therefore,
in considering the behavior of the potential in a wide energy scope
the "critical" region |E| < E . . is avoided, where E -fc is 20 -* 30

leV. The general behavior of the real proton optical potential has
been examined by a number of authors. For example, Bauer et al. [67]
describe the real part of the proton 01 potential, V, with the
expression

V = 52.4 - 0.37-E + 0.0007-E2 + 24 &j& * 0.4 - ™ . (V-3)
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The equivalent real part of the neutron OH potential vould be

V = 52.4 - 0.37-E + 0.0007.E2 - 24 ̂ j p (V-4)

where the Coulonb tera is no longer applicable and the sign of the
isovector tera is reversed. Eq. V-4 should be comparable vith the J
of the 001 (Table IV- 4) of the present work as in that case the
aajority of the dispersion contributions to the real potential have
been reaoved. Using Eq. V-4, and accounting for the differences
between the geoaetries of ref. [67] and those of the present work, one
obtains a Jy(E -» 0) = 431.89 IeV-fa

3. This differs froa the Jy of the
present DOH by only 1.367.. This is remarkable agreement, particularly
in view of the fact that small perturbations due to collective effects
and AJ of Eq. IV-3 were ignored, and suggests that the isovector
strength of Eq. V-4 is reasonably correct- In the context of Eq. V-2,
it iaplies £ s 0.48, which is consistent with the value obtained froa
the systeaatic studies of refs. [10] and [61], but not with soae
"global" SOHs [31]. However, the dJy/dE implied Eq. V-4 (and
associated geometries of ref. [67]) is approximately twice that of the
present DOM. This is a refection of the well-known anoaalous behavior
of the optical potential in the region of the Ferai Surface, which is
in part due to the dispersion integral (Eq. IV-2), as pointed out by
Hahaux and Ngo [53]. These dispersive effects have been removed in
the present DOI interpretation to the extent that the underlying
assumptions aade in the interpretation are valid.

Brown et al. [68] have treated the region near the Feral Surface
using a dynamic theory of vibrations. Froa their considerations, the

reduced aass, a , near the Ferai Surface, is given by [67,68]

J = 0.64 + 0.36-[1 + JE-EF|/(2htf0)]"
2. (V-5)

Concurrently, dV/dE = 1 - J . Taking huQ = 41/A
1^3 [68], Eq. V-5

leads to (dV/dE)^ = 0.1922 as conpared to the values of 0.1571 (DOI)
and 0.3700 (SOI) following from the present interpretations. The
difference between the result following froa Eq. V-5 and the DOI is s
23%, which is within the estiaated uncertainty (s 303) of the
experiaentally-deduced value. The agreement is less suitable for the
SOI result, as is to be expected since the dispersive effects have not
been reaoved.

The present CCI and experimental results, particularly those
dealing with inelastic neutron scattering, imply j6L values
significantly smaller than those deduced from electro-magnetic
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measurements. Quantitative comparisons should employ the defoliation
length, 6^ = IJ'^J [69]. Expressed in this fora, £Qm = 1.014, where

the 0em is taken from ref. [4] vith the associated R = 1.2-A1'3 fa,

For comparison, the present 6m = 0.9110 Io"84271» vhere tne ™ 6 e in

values reflects estimated uncertainties in 0 alone. In addition,
there may be uncertainties due to 1, which are difficult to determine
accurately as it is strongly correlated with the real strength, V. 1.
number of parameter studies failed to display any strong dependence of
Snn on the imaginary radius, r . Clearly, j9nfl < /L_ in the present
nil w nn t*M
cadmium case, in contrast to the theoretical estimates of ladsen et
al. [70], which predict 0em < 0m < 8 reflecting isovector effects,
and as experienced dealing with Ni [55,71]. The theoretical
estimates are made for nuclei with closed neutron or proton shells,
and not necessarily applicable to targets off the closed shells, as
for the present cadmium case. Similar discrepancies have been
observed when dealing vith permanently deformed nuclei [72], and have
been attributed to the interaction of the incident particle with the
collective surface of the target which, in the present case is neutron
rich. Similar estimates of such effects for collective vibrators have
apparently not been made. Another contributing factor may be the
non-zero range of a realistic interaction [70], not treated by the
theory. Theoretical estimates tend to be essentially perturbation
calculations, thus comparisons with the results of DVBA calculations
are perhaps more appropriate. The latter lead to larger radii than
coupled channel calculations [71], and thus it may be reasonable to
consider the SOI radius in determining 6m. Vith that approach, the

present results lead to a SRn that, within uncertainties, is
consistent vith the Sam deduced from ref. [4]. Finally, it should be

Cmm

noted that experimental studies of similar vibrational nuclei are in
progress at this laboratory, the results of which should, hopefully,
illuminate the problem. Concurrently, theoretical considerations are
in progress, free of many of the limitations of the simple vibrational
model used in the above CCI interpretations.
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