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"in discussions of physical problems we ought to begin,
not from the authority of scriptural passages, but
from sense-experiences and observations"
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ABSTRACT

The optical model of fast-neutron-induced phenomena is considered from the ob-
servational viewpoint. Experimental characteristics governing the reliability
of the modeling are outlined with attention to implications on model para-
meters and their uncertainties. The physical characteristics of experimental-
lv-deduced "regional" and "specific" model parameters are examined including:
parameter trends with mass and energy, implications of collective eifects, and
fundamental relations between real and imaginary potentials. These physical
nroperties are illustrated by studies in the A=60 and 90 regions. General
trends are identified and outstanding issues cited. Throughout, the approach
is that of observational interpretation for basic and applied purposes.
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I. Introduction

There is a proper place for global models, but often technological
needs are inconsistent with the qualitative nature of global concepts and
many of the interesting physical properties require a more quantitative
interpretation. For these classes of problems, a "regional", or even
"specific", model is far more useful. This quantitative description imposes
stringent demands on the observables. A few isolated distributions or data
points will not suffice, particularly at the lower energies where compound-
nucleus processes are important and the technological demands most severe.

These remarks, reflecting the observational viewpoint, are directed
toward the acquisition and interpretation of the relevant data, the various
experimental problems associated with establishing suitable models, and the
physical behavior of the derived models. The discussion extends from energies
where compound-nucleus contributions are important, to those where direct
processes dominate. Spherical and vibrational models are examined from the
basic and phenomenological points of view, and illustrated by studies in two
mass ranges, A=60 and A=90, over the neutron-energy range 0-10 MeV.

II. Observational Considerations

Total cross sections are uniquely accessible to neutron measurements, can
be determined to high precision in a self—normalizing manner, and are directly
calculable. The measurements are simple, but in practice care is essential,
particularly in a fluctuating environment where self-shielding can be a
serious problem. Above several MeV, they essentially fix the zero-degree
elastic—scattering cross section. They are seldom concurrently fitted with
elastic-scattering where their introduction provides stringent limits on the
model parameters. Above several MeV, measurements and model derivations
should concurrently address scattering and total cross sections. This
approach alleviates undue dependence upon heavily weighted, but experimental-
ly relatively uncertain, forward-angle elastic-scattering cross sections.

The concept of zero has troubled mathematicians for millennia. It is no
less a problem in optical-model interpretations of strongly angular-dependent
distributions. The matter is essentially a "scarlet letter", swept away with
vague statements of angular uncertainty. It is not trivial, and very possibly
a source of persistent model discrepancies. With even very "good" experiment-
al practice, the systematic angular uncertainties are ± 0 . 4 degrees. This is
a small value but it can have substantive impact on models, particularly those
based on elastic data, as illustrated in Fig. 1. At some angles a one-degree
angular uncertainty implies a cross-section uncertainty exceeding that of
even a "poor" measurement, and the largest uncertainties tend to be at
angles where the experimental statistics are best and thus the results
heavily weighted in the interpretations. These large effects are seldom given
any consideration. They can have a significant impact as shown in Table I.



Fortunately, the potential strengths
are anti—correlated with the respec-
tive radii, thus V and ry are sensi-
tive to angle but Jv less so. Measure-
ments and interpretations must give
careful consideration to angular un-
certainties if quantitative comparisons
between models and physical concepts
are to be achieved.

Primary technological interests
are at relatively low neutron ener-
gies, and a number of basic questions
are associated with the same region.
There are strong compound-nucleus
fluctuations, extending to relatively
high energies, depending on mass and
shell properties. It has long been
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Fig. 1. Cross section sen-
sitivity to angle for 7 MeV.
Elastic scattering from Y.

Table I. Sensitivity of Optical-Model Parameters to Angular Uncertainty,
Elastic-Scattering of 7.0 MeV neutrons from Yttrium*.

Parameter

V

w

Sensitivity (%/deg about true zero)

1.1
7.3
4.3
8.3
1.6
0.2

* Throughout this paper, unless otherwise noted, the real potential has
the Woods-Saxon form and the imaginary potential is its derivative.
J=spatial integral of the potential /A, and "V" and
and imaginary potentials, respectively.

"W" refer to real

known that optical potentials based upon higher—energy observations, fre-
quently do not reliably extrapolate to this fluctuating region, and there
remain problems in achieving consistency with the properties of bound-state
levels and with strength functions. A typical illustration is given in Fig.
2. Part of the problem is often experimental. Experimental self-shielding
distortions can easily amount to 10+% in the total cross section, while
discrepancies with model estimates are often 20+% (1). The total-cross-
section minimum near 1.0 MeV is not well reproduced by calculation v?ithout an
unusual energy dependence of the potential parameters. Self-shielding has
a somewhat different effect on angle-differential cross sections and the
distortion is enhanced in single exit channels. High-energy-based models
frequently display shortcomings when extrapolated to low energies, partly of
a low-energy experimental origin, Care must be taken to properly correct the
observables for self-shielding effects and such corrections can be difficult.



Fig. 2. Measured and cal-
culated total and elastic-
scattering cross sections
of 60Ni (1).

E_,MeV

Moreover, the data base used for model comparisons in these fluctuating
regions must be extensive so as to assure an average behavior consistent with
the underlying concepts of the model. Such data are not generally available.

Routinely, the literature reports that multiple-event corrections
were made, their nature and accuracy undefined. At very forward angles and in
the minima of the distribution, the corrections can be considerable (e.g.,
25+%), even when using "good" geometry (2). However, the implications on
the model parameters are not as great as one might expect as the corrections,
where the cross sections are well determined, are often small, and the
experimental values in the minima, where the corrections are large, are
generally relatively uncertain and hence not heavily weighted. Multiple-
event corrections of experimental data should be rigorously applied, but the
model impact is generally modest.

There are a number of spherical optical-model codes, and a few
coupled-channels codes, which optimize the model-parameter choice by sta-
tistical fitting using some criteria, conventionally a chi-square test.
Notably under NEA auspices, the results obtained from some of these codes have
been examined. Detailed comparisons continue to turn up discrepancies, even
when a fit has not been attempted. Thus numerical procedures still remain a
serious concern. Moreover, at energies of primary technological interest,
direct, compound-nucleus, and collective excitations, and the excitation of
statistical level distributions, all are a serious consideration. To our
knowledge no practical code exists that can simultaneously fit data with
consideration of all these effects. Furthermore, to date no general compar-
isons have been made of the results obtained when different uncertainty
algorithms are employed in the chi-square function that is fitted. The
uncertainties depend on the experimental environment and will have quite
different characteristics in various measurement approaches, yet their
definition is necessary if the fitting of the data is to be meaningful. Even
rather modest differences in uncertainty assignments can profoundly effect the
resulting parameter choices. Some of the better codes are "hard wired" to a
given type of error, and are entirely inappropriate for use in the analysis of
data obtained in a different manner. Few, if any, provide a meaningful
statement of more than relative, "goodness" of the fitting. Inappropriate use
of uncertainties in the fitting of data is probably the source of many of the
parameter discrepancies noted in the literature.



The specification of detailed experimental uncertainties, requisite
to rigorous fitting with uncertainty propagation, is formidable. However,
after-the-fact assessment is possible and can be revealing if a data base
of sufficient sco^e and quality is available. This is seldom the case, so
the matter has probably been examined only once, namely for a broad data
base consisting of the neutron elastic-scattering and total cross sections
for A=90-125 nuclei at energies of less than 5 MeV. Using rigorous sta-
tistical methods, Smith and Guenther (3) were able to make a quantitative
parameter-uncertainty assessment, with associated correlation matrix, as
illustrated in Table II. The effort was exploratory, but it did turn up
some interesting relations. Potential strengths and radii are strongly
anti-correlated, i.e., manifestations of the well known constancies of
and Wa. Less well-known is the anti-correlation between rw and aw,
and, to a lesser extent, correlation between av and rw. Given a suffi-
cient data base, examination of the deduced parameter distributions can
guide subsequent fitting procedures. In particular, the parameter choice
can be limited to obtain more consistent results by fixing appropriately
correlated parameters to selected values.

Table II. Optical-model relative covariance-matrix results

Error Parameter V rv av W rw aw

I
-0.88 1
0.17 -0.41 1 (symmeteric)
-0.47 0.50 0.20 1

3.4% rw 0.08 -0.14 0.64 0.53 1
5.0% aw 0.23 -0.27 -0.39 -0.89 -0.81 1

III. Physical Implications and Questions

A. Energy Dependencies

For many years it has been evident that potentials based upon high-
energy observations often do not quantitatively explain data at lower energies
(1,4). This effect is most pronounced near the peak of the s-wave strength
function, and generally involves an interplay between real strengths and radii
(the lower—energy models having sharply smaller potential depths and larger
radii). Another manifestation is a sharp potential energy dependence that
cannot transcend more than a limited energy range. Part of the problem is
self-shielding and fluctuations (see above), buc they are not the entire
matter. Channel competition in the compound-nucleus processes, in an energy
region where one must deal with uncertain statistical representations, may be
a contributing factor. Unfortunately, the problems tend to be most acute in
the mass-energy region of high technological importance. It is difficult to
escape the conclusion that the qualitative character of the optical-model
potential changes at low energies.

Near the minimum of the s-wave strength function (A=90) nuclei are

1 . 9 %
1 . 1 %
4 . 5 %
1 . 5 %

V
r
a
W



pssentially spherical and the observables reasonably represent an energy-
average behavior consistent with the concept of a "conventional" optical modal
(OM). Recent experimental studies have brought: improved definition to the
neutron-nucleus interaction in this region (5), in particular for yttrium and
niobium. The observables are detailed, precise, extend over more than a
decade of energy (to more than 10 MeV), and include both neutron total and
scattering cross sections. The OM parameters were obtained by explicitly chi-
square fitting the observed differential elastic scattering at each measured
energy (including the total cross section at higher energies), using a real
Saxon-Woods potential (SW) and a SW-derivative imaginary potential, with the
addition of a real spin-orbit term of the Thomas form. Six parameters were
varied (real and imaginary strengths, radii and diffusenesses). The resulting
descriptions of the observed neutron elastic- and inelastic-scattering cross
sections were good (see Figs. 3 and 4). Furthermore, the observed neutron
total cross sections are well described, even when the fitted potential is
extrapolated to more than 10 MeV above the elastic-scattering data upon which
it is based (see Fig. 5). This extrapolation suggests that volume absorption
plays a minor role below 20 HeV. There is no indication of energy dependent
geometric parameters. The potential strengths integral/nucleon, J) do not
significantly depart from a linear energy dependence (Fig. 6). The real
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Fig. 3. Measured (symbols) and
calculated (curves) elastic-
scattering from Y and Nb.

Fig. 4. Measured (symbols) and
calculated (curves) inelastic-
scattering cross sections of Y.

(imaginary) strength decreased (increased) in a linear manner consistent with
conventional "global" potentials (6). Furthermore, the s- and p-wave strength
functions at low energies are reasonably described, as are other facets of the
neutron-nucleus interaction (7). In this region of the minimum of the s-wave
strength function a single potential is suitable over more than two decades of
energy.

Brown et al. (8), Hodgson et al. (9), and others have suggested that
the potential energy dependence deviates from linearity near the Fermi sur-
face, in part a manifestation of increasing effective nucleon mass near the
Fermi surface. There is other evidence of the phenomena, e.g., the energy
spacing between valence shell-model states (10). From considerations of
the giant dipcle resonance in the lead region, Brown et al. (8) predict a
non-linearity of the real potential in the region of the Fermi surface. Re-
cently, Mahaux and Ngo (11) considered the matter in detail and predict a
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Fig. 5. Measured (light curve) and
calculated (heavy curve) total
cross sections of Y and Nb.
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Fig. 6. Real Jv and imaginary
Jw potential strengths for Y
and Nb as function of energy.

sharp increase in the real potential (relative to the linear behavior) as
the Fermi surface is approached from positive energies, relatively smaller
values below the Fermi surface and, then, a return to the linear behavior
well below the Fermi surface. They relate the real and imaginary parts of
the potent. 1 through the integral expression

V(r,E) = V(r)

00

W(r,E')dE'

E-E1
(1)

where "P" implies the principal-value integral. The above examples in
the A=90 region show no evidence of the Fermi anosojy at the unbound energies
accessible in these neutron studies.

88Sr
Farther insight is obtained from consideration cf the potential neces-

sary to provide the observed binding energies of single particle states,
can be considered a doubly-magic nucleus, therefore the available stripping
and pickup data for 88Sr, together with the nuclear masses, can be used to
determine the single-particle binding energies. The single-particle states
involved are 2A^f2> 3si/2, 2d3/2 and lg7/2 an<* t n e "°le states lfs/2»
2P1/2 and lg9/2« The strength of the real potential needed to reproduce
the observed level energies is readily calculable, including small size and
isospin corrections. The resulting potential strengths at bound energies are
shown in Fig. 7, where the asymmetric uncertainties reflect possibly missed
strength. It is clear that the linear behavior of the real strength (curve A)
is descriptive of the neutron results, the bound particle states, and the
lgg/2 hole state; but the strengths of the remaining hole states are much
smaller. The predictions of ref. 8 are similar (curve B). The lower hole-
state strengths tend to be more consistent with the concepts of ref. 11.
However, there remains a dichotomy between the low f and p hole-state
strengths and that of the lg'9/2 hole state.



Nb

If W(r,E') does not vary wildly
with E 1, Eq. 1 suggests that the var-
iation of V with E is strongly
effected by the variation of W(r,E'),
when E1 is close to E. Assuming the
above linear behavior from 1-14 MeV,
global potential values at higher
energies, and W proportional to
(E-Ef)2 close to the Fermi energy,
an approximate analytical repre-
sentation for the energy dependence'
of Jv has been derived (5,12). The
result (curve C of Fig. 7) retains
the good agreement with the values
deduced from the neutron measure-
ments, falls sharply at bound

energies, and tends more toward the lower three hole-state values. This is a
qualitative result, the exact numerical values depending upon the details of
the underlying assumptions for Jw. In more detail, Eq. 1 suggests that an
energy-dependent surface component should be added to the volume real poten-
tial (13). Preliminary studies indicate that such an assumption is consistent
with the observables and that, indeed, the energy dependence of the real po-
tential is largely concentrated in the surface component.

Nuclei near the maximum of the s-wave strength function (A=5O-6O)
display collective vibrational characteristics and OM behavior quite different
from the above cited spherical region. This is increasingly clear from recent
broad-scope results such as those for Co and ^ N i shown in Figs. 8 and 9.

Fig. 7. Real strengths. 0=
neutron results, X=bound levels.
Curves discussed in text.

10r

Fig. 8. Measured (symbols) and
calculated (curves) elastic-
scattering from Co and 5 8Ni.

E.(MeV)

Fi». 9. Measured (symbols) and
calculated (curves) inelastic
excitation of Co hole states.

The OM interpretation is troubled by low-energy fluctuations and complicated
by the need for a coupled-channels (CC) analysis. The widely applied spheri-
cal OM simply is inconsistent with prominent aspects of the observables,
e.g., the inelastic excitation of low-lying levels, though it can pragmat-
ically parameterize total and (to a lesser extent) scattering cross sections.
The mode of parameterization, however impacts upon the parameter selection.



When the spherical OM is used to fit the data, radii in this A=50-60 region
are characteristically small. The physical reason for this is unknown. The
effect of vibration is very much in evidence when considering the inelastic
excitation of the first one- and two-phonon vibrational levels and the present
Co and 5 8Ni examples are illustrative. In Co five of the first seven levels
can be reasonably attributed to the coupling of a If7/2 hole to the 6 0Ni
core. These five states are closely spaced and, together with 1/2- and 3/2-
intruder levels, account for the states observed below 2 MeV excitation
energy. In S 8Ni the one- and two-phonon states are clearly resolved over more
than a decade in energy. Similar, though not nearly as detailed, experimental
information is available for other nuclei in this region. The respective
inelastic-scattering cross sections above 5 MeV are an order of magnitude
larger than can be attributed to the CN process and the emitted neutrons
highly anisotropic, as shown in Fig. 9. These inelastic-scattering character-
istics, and the elastic and total cross sections, can be well described above
several MeV using the CC approach with coupling constants consistent with
those obtained in coulomb-excitation and charged-particle studies. Spherical
OM interpretations are appropriate in only a very limited number of cases,
none of which are near the peak of s-wave strength function.

In the A=50-6O region no OM or CC parameterization having a simple
linear energy dependence has reasonably accounted for low- and high-energy
total and differential-elastic-scattering cross sections. Models based upon
observables in the two energy regions are quite different and do not join
smoothly (see Fig. 2 ) . The energy dependence of the potentials deduced from
the observables take an odd and far from linear form, as shown in Fig. 10.
The above cited fluctuations are
a problem at lower energies but
cannot explain the effect. Further- ',^[
more, relatively rapid energy depen- J > w
dencies must be assumed at low *20'~
energies if one is to reasonably ™[
describe the strength functions J» 10L
and extrapolate to known bound- «'-
state values. There may be some
effect due to inappropriate sta- '"[" _L . 411 ...,,
tistical level representations J»4M[ -jiu."
going from regions of strong 4M' '
compound-nucleus conributions to '"[ J^ Co

shape scattering, but unaccept- Jw.t>t :±TT • !-•+.i-.-p---,
ably large changes in statistical «4—- > F~< <t < < >—s
parameters are required to re- E»'M'V)

resolve the issue. Although Fig. 10. Real and imaginary strengths
this may be a manifestation of of Co and 5 8 N i (integral/nucleon,J)
the Fermi-surface anomoly, the obtained from a CC interpretation.
physical basis of the potential
energy dependencies in the A=50-60 region remains unclear. It may be a re-
sult of a complex interrelation of real and imaginary potentials, as out-
lined above.



B. Mass-Energy Dependence of the Imaginary Potential

100

The strength of the imaginary potential is not constant over the mass
range A=50-130 (14), varying with A by approximately a factor of two (see Fig.
11). Such results were evident from a comprehensive data set limited to the
neutron energy range 1.5-4.0 MeV, a transitional region between large and
small compound-nucleus contributions. Recently the studies have been extended
to 10 MeV using selected nuclei in this A range (15), and the phenomenon
persists to the higher energies where the observed elastic scattering is
essentially all a "shape" process. Thus, the imaginary strength is strongly A
dependent over a large part of the periodic table, well beyond the common
A*/-4 trend. Similar "anomolous"
behavior has been reported from
a number of low-energy (p,n)
studies (16). The applied conse-
quence can be considerable when,
for example, predicting the pro-
perties of unmeasurable fission
products. Some of the apparent
effect may be a consequence of
ignoring collective excitations.
However, the majority of the effect
persists, even when the coupling
of vibrational/rotational levels
is taken into account. Coupling
of collective levels does not

130

Fig. 11. Imaginary potential strength
J as a function of mass A.

negate the mass dependence of
the imaginary potential. It is
attractive to associate the behavior
with N and Z shell closures, as suggested long ago by Lynn et al. (17) and
Vonach et al. (18). Indeed, minimia are observed at the N and Z=50 shell
closures, but quite the opposite effect is seen near Z=28 where the imaginary
strength is very large. Simple shell-closure explanations do not fully ex-
plain the observations. Unfortunately, equivalent observables are not as
widely available near the double shell-closures at A=40 and 208, though pre-
liminary results indicate small imaginary strengths near N and Z=20 and N=126
(19). Associated with the above variation of the imaginary strength is an
A dependence of the imaginary radius. The behavior is not as well defined as
that of the strength, but the imaginary radii are large near A=90 and remark-
ably small near A=50-60, and the behavior persists to at least 10 MeV (14,15).
Long ago, Perey (20) pointed out that small imaginary radii are an artifact,
resulting from the improper consideration of collective coupling. That is a
contributing factor but not clearly the entire story as the effect persists
in some cases even in detailed CC interpretations. These problems may be a
manifestation of a fundamental behavior of both imaginary strength and radii,
and such has been suggested by Mahaux et al. (11), and as discussed elsewhere
herein.



IV. Concluding Remarks

There are a number of experimental uncertainties that limit the re-
liability of the experimental data. A number of aspects of the potential
energy dependencies are not well understood, for example, the relation to
high-spin hole states, the behavior near the peak of the s-wave strength
function, and the explicit character of the relationship between real and
imaginary parts of the potential. Over wide ranges of the periodic table
collective effects are serioue concerns, both in measurement and interpre-
tation, and they cannot be ignored in a physical3.y meaningful interpre-
tation. Clearly, the imaginary strengths are A dependent in a manner well
beyond the common size effect. With the increased availability of sys-
tematic, broad scope and reliable experimental data there is hope that
these issues can be resolved.
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