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microscopic nuclear data. The primary objective of the series is
the dissemination of information in the comprehensive form
required for nuclear technology applications. This Series is
devoted to: a) measured microscopic nuclear parameters, b)
experimental techniques and facilities employed in measurements,
c) the analysis, correlation and interpretation of nuclear data,
and d) the compilation and evaluation of nuclear data.
Contributions to this Series are reviewed to assure technical
competence and, unless otherwise stated, the contents can be
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ANL/NDM-151
FAST-NEUTRONS INCIDENT ON HOLMIUM

by
Alan B. Smith

Abstract

Differential neutron-scattering cross sections of elemental

holmium (i.e., 165Hu} are measured at forty or more scattering
angles, at © 0.5 MeV incident-energy intervals, from * 4.5 -+ 10.0
MeV. These new results are combined with neutron total and
scattering cross sections previously reported in the literature
to obtain as comprehensive an experimental data base as possible.
This data is interpreted in the context of spherical-optical,
coupled-channels and dispersive models, with particular attention

to the collective excitation of the K = 7/2 ground-state

rotational band of IESHO. The effect of the collective
properties on the model potentials is discussed. Comparisons are
made with previous models reported in the literature and with the
relevant portions of the ENDF/B-6 evaluated nuclear data file,
Generally, the latter evaluation is supported by the present
work. Suggestions for future charged-particle and neutron
studies of holmium are made.

1. Introduction
Elemental holmium is strongly deformed and mono-isotopic

with a complex low-lying excited structure attributed to a number
of rotational and vibrational collective bands [NDS]. The first

of these is the ground-state K = 7/2° rotational band with the
first two excited states at % 94.7 and 209.8 keV. One would
expect a strong coupling between the ground-state and these two
excited states. There have been remarkably few measurements of
neutron scattering from holmium (e.g. [Mea+71], [Fas+69], [GT63],
[Wag+65]), and only one scattering distribution above 10 MeVv
(11.1 MeV, [FCR77]). Apparently, there are no measurements of

IEEHO{p,p} scattering. Holmium becomes ferromagnetic at low
temperatures, and studies of polarization effects on the neutron
total cross sections of holmium using polarized beams and aligned
targets have been reported ([Wag+65], [Tam65], [MRT66]). They
demonstrated a small deformation effect on the total Cross
section. With high spins, odd parity, strong collective effects
and complex low-energy excitations including strong
compound-nucleus contributions, model interpretations of

lﬁsﬂnin,nj Processes are tedious even with recently available



calculational tools.

The present experimental work was undertaken to fill some of

the void in the knowledge of the lﬁEHu neutron-scattering
processes, and to provide quantitative models for both basic and

applied purposes. 165H0 is on the upper edge of the
fission-yield mass curve, with small thermal-fission yields.

However, as the incident-neutron energy increases the IEEHG
fission yields increase and become significant. Thus there is an
applied interest in the neutron interaction with holmium from the
points view of fast-reactor and fusion-energy systems and for the
general understanding of the neutron interaction with
highly-collective nuclei in the fission-product region.

The present measurements were made using the fast
time-of-flight method long employed at this Laboratory, as
described in refs. [CL55] and [Smi+92], and refs. cited therein.

The scattering sample was a 2 cm diameter and 2 cm long cylinder
of high-purity holmium (99+%) placed * 12 em from a pulsed

D{d,n}HHE neutron source at a 0° reaction angle. The
incident-neutron energy spread at the sample varied from = 300
keV at 4.5 MeVv to = 100 keV at 10 MeV. The scattered-neutron
resolution was = 450 keV, and thus all the "elastic"-scattering
results of the present work contained inelastic contaminations
from levels up to excitations of * 450 keV. These perturbations
were treated in the interpretations as discussed below. All
scattering measurements were made relative to the standard H(n,p)
cross section [CSL83] and corrected for angular-resolution,
multiple-event and beam-attenuation effects using monte-carlo
methods [Smigl].

The differential "elastic"-scattering measurements were made
at 40 or more angles and at incident-neutron energy intervals of
% 0.5 MeV from # 4.5 = 10 MeV, distributed over scattering angles

between = 17° and 160°. The normalization uncertainties in these
measurements were estimated to be = 2 - 3 % and the statistical
uncertainties varied from = 2% or less in regions of large cross
sections to as much as * 102 at the extreme minima of the
distributions at back angles and higher energies. These
experimental results and their uncertainties are illustrated in
Fig. 2-1. Comparisons with the sparse values previously reported
in the literature are discussed in the following sections.



4. Model representations
3-1. Data base

The data base used in the interpretations consisted of the
total cross sections, the “elastic"*scattering cross sections
and, to a lesser extent, the inelastic—scattering cross sections.
The total cross sections were obtained from the National Nuclear
Data Center [NNDC] as defined in the total-cross-section portion
of the reference list. Some of these data sets involve a large
number of numerical wvalues. In those cases the data was
energy-averaged over 50 keV intervals below 0.5 MeV, over 100 keV
from 0.5 to 5.0 MeV and over 200 keV at higher energies in order
to smooth fluctuations and to reduce the number of data points to
be handled in the subsequent interpretations. These
energy-averaged total-cross sections are illustrated and compared
with the ENDF/B-6 [ENDF] values in Fig. 3-1-1. The definition is
quite good, although there is a somewhat unusual shape in the
low-MeV region that is not consistent with the energy dependence
of the common spherical optical model.

The differential "elastic"-sc&ttEring data base was
constructed from; i) The present experimental results. ii) Early
Argonne measurements [Mea+71]. This reference contains a large
number of distributions. In order to reduce the number and
smooth the data they were averaged over * 200 keV incident-energy
intervals. And iii) the 1literature as defined in the
differential—scattering portion of the reference list. It is not
a very detailed scattering data base. Furthermore, there are
considerable questions as to experimental resolution. All but a
few of the lowest-energy distributions contain varying
inelastic—scattering contributions from the first few excited
levels. Only in the present results is this inelastic-scattering
perturbation Treasonably understood. Some of the available
experimental information has been "corrected" for
"compound-nucleus” scattering in an uncertain manner [FCR77], and
direct inelastic scattering is increasingly important with
energy. There is no elastic-scattering information above = 11
MeV, and only at the lowest energies is the elastic-scattering
contribution reasonably resolved from the inelastic-scattering
contributions. A few of the scattering distributions reported in
the literature were abandoned as being too fragmentary for model
interpretations and/or because of large inconsistencies with the
body of the information. The final differential—scattering data
base is summarized in Fig. 3-1-2.

Experimental inelastic-scattering results were given some
consideration. Such information is confined to refs. [Fas+69]
and [Mea+71]. Ref. [Fas+69] contains only information resulting
from the excitation of many levels in broad bands, generally
starting with excitations of = 0.9 MeV. The contributing levels
are not well defined or well known. Therefore, the results are
not useful for testing models in the present context. Ref.
[Mea+71] does give some detailed experimental information
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relevant to the excitation of the first two excited states of the
K = 7/2° ground-state rotational band. These are the 9/2  level

at 94.7 keV and the 11/2” level at 209.8 keV [NDS]. These values
are useful for testing the validity of the direct-reaction
calculations. This experimental inelastic-scattering information
is illustrated in Fig. 3-1-3. Ref. [Mea+71] also gives some
information relevant to the broader resolution of levels at
higher-energy excitations, as discussed below.

Throughout the above data base the experimental
uncertainties stated by the wvarious authors were accepted.
However, it is evident that the authors often had quite different
concepts of uncertainties. The above is not an excellent
experimental data base, particularly in the context of a strong
collective rotor with high spins and a number of unresolved
low-1ying levels.

5%, Soberkedl natiiay Met TEGE

165

Elemental holmium ( Ho) is an odd nucleus with a

negative-parity, high-spin, ground-state (7/27). At least 30
levels are known to exist at excitations of £ 1.0 MeV, the spins
and parities of which are not all certain [NDS]. These levels
are attributed to at least thirteen collective rotational and/or
vibrational bands [NDS]. All of the modeling of the present work
considered the effects of the first 20 of the discrete levels up
to excitations of = 0.7 MeV. The corresponding spins and
parities were taken from ref. [NDS]. Compound-nucleus
contributions from these discrete levels were explicitly
calculated using the Hauser-Feshbach statistical formulation
([HF52], [Wol51]), as modified for fluctuation and correlation
effects by Moldauer [Mo180]. The latter corrections were usually
small due to the high spins and the large number of levels. The
compound-nucleus contributions due to these discrete levels were
combined in the calculations in a manner that was estimated to be
consistent with the experimental resoclutions of the particular
measurements . As noted above, these estimates are uncertain in
some of the cases. Compound-nucleus contributions from levels
above = 0.7 MeV were treated in a statistical manner using the
theory and parameters of Gilbert and Cameron [GCB5].

Throughout this work the real-potential was assumed to have
the Woods-Saxon form. The surface-imaginary-potential was
assumed to have the derivative-Woods-Saxon form. When a
volume-imaginary-potential was considered it was taken to have
the same Woods-Saxon shape and geometric parameters as the real
potential [Hod94]. A real spin-orbit potential of the Thomas

form was used. For the spherical calculations the spin-orbit
parameters were fixed to those of ref. [WGB6], and for the
coupled-channels calculations to those of ref. [YouB6]. These

alternate spin-orbit choices gave essentially the same results,
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in the context of the present work. No spin-spin potential was
considered as detailed investigations of polarization effects in
holmium indicate that it is very small [FHM69].

The SOM was derived by chi-square fitting the above data
base in two sequential steps, using the spherical optical-model
code ABAREX [Mol82]. The first step determined the the potential
geometric parameters by fitting each of the differential
scattering distributions of the data base illustrated in
Fig. 3-1-2. Initially, six-parameter fits (real- and
imaginary-potential strengths, radii and diffusenesses) assuming
only surface absorption were made. From these the average value
of the real diffuseness {av] was determined. a, was then fixed

to that average value and five-parameter fits made from which the
average real-potential radius [rv} was determined. Throughout

this work the "reduced radius” is used where the full radius
R. = r,-Alfa and A is the target mass. The selection of r, is

1 1
somewhat uncertain as the various values resulting from the

fitting scattered due to the well-known Hrz ambiguity in the
context of a less than comprehensive and precise data base. With
& and T fixed, four parameter fits were used to determine the

imaginary-potential radius [rw], followed by three parameter fits
from which the imaginary-potential diffuseness {a“] was fixed,
The scatter in the a, values was rather large, in part due to the
Waw ambiguity. The variation of these geometric parameters in

the fitting of the data base did not suggest an enerqgy
dependence, therefore the SOM geometric parameters were assumed
to be energy independent.

The second sequential step in the determination of the SOM
parameters took advantage of the feature of ABAREX that makes
possible the concurrent fitting of differential and total Cross
sections over a wide energy range. In doing so, it was assumed
that the SOM geometric parameters were constant with energy and
fixed to the values determined in the above first fitting
sequence. It was further assumed that the real- and
imaginary-potential strengths had a linear energy dependence.
That is a reasonable physical assumption as one would expect the
real-potential strength to decrease with energy due to the effect
of the non-locality of the nuclear force in a finite nucleus
[PB62], and, conversely, that the imaginary strength would
increase with énergy up to approximately 20 MeV to account for
the opening of more channels. In this second fitting sequence
the experimental data base consisted of the differential
"elastic" scattering distributions shown in Fig. 3-1-2 and total
cross sections taken from the data base of Fig. 3-1-1. This
composite data base, extending from 0.05 = 20 MeV, was then
chi-square fitted as a single entity using the capabilities of
ABAREX. Little of the differential experimental data fully

5



resolves the elastic-scattering from inelastic-scattering
components. Therefore most of the calculations again combined
elastic- and inelastic-differential distributions to approximate
the experimental resolutions to the extent they were discernible.
When dealing with both differential and total cross sections in
the fitting procedure, attention must be given to the weighting
of the two types of information. The measurements are quite
different, with a different character of the uncertainties. If
attention is not given to the weighting, one or the other type of
information will dominate the results. In the present
comprehensive fitting a number of alternate weightings were
examined, in addition to the experimental uncertainties cited by
the respective authors. Experience indicated that, for this
particular data base, the best results were obtained by weighting
the total-cross-section values by a factor of twenty more than
the individual differential-scattering values. Finally, four
parameter fits wusing the combined differential and total
cross-sections were carried out to fix the real- and
imaginary-potential strengths and their linear energy
dependencies. The final resulting SOM model parameters are given
in Table 3-2-1. In this Table, and in all potential-parameter
tables in this work, the parameters are given to precisions that
make it possible to accurately reproduce the calculated results.
These precisions do not necessarily imply uncertainties.

The SOM parameters of Table 3-2-1 gave a remarkably good
description of the experimental total cross sections from a few
keV to 20 MeV and above, as illustrated in Fig. 3-2-1. However,
they lead to a Sn strength function = 1.5 times as large as

deduced from measurements and a 51 strength function = 3.5 times

as large as the experimental values [MDH81]. The SOM description
of the differential-scattering data is only gqualitative at best.
This is not surprising as most of the measured distributions
contain large contributions from the direct inelastic excitation
of the low-1lying levels that are simply inconsistent with the SOM
assumption of compound-nucleus inelastic scattering alone. This
matter is further discussed below.

3-3. Coupled-channels model (CCM)

Elemental holmium [IGEHG} is clearly a highly collective

nucleus [NDS]. Extensive coulomb-excitation, radioactive-decay
and particle-reaction studies indicate a wealth of collective
structures which can be generally described in the context of the
unified collective model of Mottelson and Nilsson ([MN59]. The
first of these is the single-particle ground-state rotational

band 7/2 {K=7/2, [523], (3/2%, 7/2')}, as given in ref. [NDS].
The next single-particle rotational band should be based on the

1/2°{K=1/2, (4111, (3/2%2, 1/2')} configuration and the first
level of it is associated with the reported 429 keV level [NDS].



The next single-particle rotational band is a ‘?f2+[4{}4]
configuration and its first level is dssociated with the reported
715 keV level. Pairing effects can influence the structure of

collective nuclei [Pre62]. The reported 165Hn band sequence
starting with the 361 keV 1level has been attributed to the
pairing of 7/2 particles leading to a single particle

configuration of 3/2'(k=3/2, [411], (3,21, 7/2%)} [BScé4]. 1n

addition, a number of the low-lying excitations of 155Hﬂ are
attributed to at least three v-vibrational bands and to several
more particle-based bands [NDS]. In total, thirteen collective
bands are cited in ref. [ND5] as contributing to holmium
structure at excitations below = 1.5 MeV. The energies of the
levels within a given band can be estimated from the familiar
expression [Pre62]

2

EJ = E‘I {J(JI+1) + & a{-l]‘]+1f2{.]+1f2}]‘ (3-3-1)

K,1/2

This complexity of the low-energy holmium excited structure is
far beyond the resolution of relevant inelastic-neutron
scattering measurements ., Therefore, the present interpretation

of the collective aspects of the neutron interaction with 155Hn

was confined to the three yrast levels of the 7/2” ground-state
rotational band. This simplified calculational model then

Couples these first three levels (7/2" ground state, 9,2~ 94.7

keV first-excited level, and 11/2° 209.8 kev second excited
level) of this ground-state rotational band assuming ‘52 and 15'4

deformation parameters for the simple rotor. Initially, it was
assumed that ﬁz = 0.3 and ,5'4 = =-0.02. This ﬁz value is

consistent with the results of coulomb-excitation studies
([OE60], [FHM69]), and other considerations of the neutron

interaction with %45 ([youse], [Wag+65], [FH62], [AFM65]),
while the ,5'4 follows systematics in this mass region. The

effects of considering alternate choices of ﬁz and ﬁ4 are

considered below. With these assumptions a comprehensive
coupled-channels model-fitting procedure was carried out,
including the compound-nucleus effects discussed in Section A e,
above. All of the CCM calculations employed the coupled-channels
method [Tam65], implemented with the computer code ECIS96

[Ray96]. The geometric parameters were determined from the
differential distributions in the Same manner as described above
for the SoM. They were very close to the parameters of ref.

[YouB6] which have been used over a wider energy scope.
Therefore, the geometries of ref. [YouB86] were adopted for the
Subsequent 2-parameter fitting determining potential strengths.
The resulting final set of CCM parameters is given in
Table 3-3-1. They give a vVery good description of the total

7




cross sections to at least 20 MeV, as illustrated in Fig. 3-3-1.
The differences between calculated and measured values are

generally well within the experimental uncertainties alone. The
differential "elastic" scattering experimental results are also
reasonably described as shown in Fig. 3-1-2. At low energies,

where the reported measurements are said to resolve the elastic
scattering from inelastic scattering, the agreement between
calculation and measurement is reasonably good, despite the fact
that the measurements are approximately thirty years old. For
incident energies of = 1.0 — 1.5 MeV the resolution of the
measurements is not clear. Therefore, Fig. 3-1-2 shows several
calculated curves for each of these questionable energies,
corresponding to calculated elastic, elastic + first inelastic
and elastic + first and second inelastic groups. It appears that
the 0.93 MeV distribution is essentially due to elastic
scattering, while the 1.2 MeV distribution includes the elastic
and first inelastic groups. There are uncertainties associated
with 1.41 Mev group that are not resolved. The distributions
from = 4.5 -+ 10 Mev come from the present measurements and their
resolution functions are reasonably known. On the whole the
agreement between measured and calculated differential
distributions in this region is quite good with only some
relatively minor discrepancies near 120 deg. at = 7 % 8 MeV. The
agreement for the 11 MeV distribution [FCR77] is also reasonably
good except at very back angles. As noted elsewhere herein, the
reported experimental 11 MeV distribution has been "corrected"
for compound-nucleus contributions. Those corrections are not
well specified and, certainly, the inelastic contamination of the
measurements at this enerqgy is primarily due to direct-reaction
processes. Whether or not these were considered in the
"corrections" is not known to the author. Therefore, at 11 MeV,
Fig. 3-1-2 shows comparisons with the calculated elastic
scattering, elastic + first inelastic scattering and
elastic + first and second inelastic scattering groups. The
results suggest that the corrected measurements most closely
approach the elastic + first inelastic distributions. The CCM
potential leads to strength functions that are in qualitative
agreement with those deduced

from experiment [MDH81], the calculated Sn is # 30% larger than

the experimental value and 51 value * 20% larger.

While the measured discrete inelastic-scattering excitation
of the ground-state rotational band is approximately thirty years
old [Mea+71] it does give some support to the CCM model . As
illustrated in Figqg. 3-1-3, the cCcM reasonably describes the
excitation of the two yrast excited states of this band. The
model somewhat under-predicts the excitation of the 94.8 keV
level at lower energies. This may be a consequence of an
under-prediction of the compound-nucleus (CN) contribution due to
competition from the continuum inelastic scattering. At higher
energies where the excitation cross section of this level is
primarily due to direct inelastic scattering (e.g., > 1.0 MeV)
the agreement between measurement and calculation is quite good.

8




The cross sections for the inelastic excitation of the 209.8
level of the ground-state rotational band are very well described
by the CCM (see Fig. 3-1-3). 1In the excitation of both the first
two excited levels of this band, it is clear that the direct
reactions of the CCM are a primary contribution as the enerqgy
increases.

The inelastic-scattering calculations can be extended to
higher excitations using compound-nucleus contributions and
compared with the measured results of ref. [Mea+71]. Such
comparisons are difficult as the experimental values consist of
complex composites of discrete-scattering contributions. Just
what reported levels contribute to which observed inelastic
excitation is not always clear. However, given all these
uncertainties, the comparisons are encouraging, as illustrated in
Fig. 3-3-2. All the calculated results above the excitation of
the first two levels, shown in this figure, are due entirely to
CN contributions.

It is well known that there is a dispersion relationship
linking real and imaginary potentials and reflecting causality
([Sat83], [Lip66], [Pas67], [Fes58]). This relationship can be
expressed in the form

J(E). = J(E)u. + F fﬂ TwlE") dE" (3-4-1)
v HF T of

-z E - E'

where JHF is the local-equivalent Hartree-Fock potential, Jw is

the strength of the imaginary potential (in volume-integral-per
nucleon) and "P" denotes the principle value of the integral.
This integral can be broken into surface, aJs, and volume, EJVO,

components
+¢ J_(E')
AJ = FP J ap (3-4-2)
-« E - B
and
+¢ J__(E')
g, = ;P J . i (3-4-3)
-« E - E'

Then Jv{E] = Jeff{E] + ﬁJs{E} and Jeff{E] = JHF{E} + ﬂJvO{E],
where JstE] and Jvn{E) are surface and volume imaginary-potential
strengths, respectively. JHF and aJvn are approximately linear

functions of energy in the energy range of the present
considerations. Combined, they determine Jeff but the two

components can not be experimentally distinguished. In the

9




present work Jyp a@PProaches Jagg @S éJvﬂ is small below 20 MeV.

Thus, the effect of Eq. 3-4-1 is to add a surface component to
the real Woods-Saxon potential consisting of some fraction of Js'
The magnitude of this contribution was evaluated from the CCM
potential (Table 3-3-1) using the methods of Lawson et al.
[LGS87]. In doing so it was assumed that the imaginary potential
was entirely a surface effect up to 25 MeV and then this surface

component fell linearly to zero at 60 MeV. Concurrently Jvn was

assumed to linearly increase from zero at 25 MeV to 60 MeV where
it took the Js 25 MeV value and then remained energy independent

on to higher energies. The imaginary potential was assumed zero
at the Fermi Energy {EF] and to have a quadratic energy

dependence to zero enerqgy. In addition, the entire imaginary

potential was taken to be symmetric about EF [JLM77]. The EF was

taken to be -7.116 MeV as determined from the mass tables
[Tul90]. With these assumptions, the calculated fraction of the
surface imaginary potential to be added to the real potential was
essentially a linear function of the energy, falling from
approximately unity at zero energy to = 0.1 at 20 MeV.

With the addition of the above surface dispersion
contribution to the Woods-Saxon real potential the fitting
procedure of the CCM was repeated. The potential geometries were
taken to be the same as for the CCM except for the real radius,

A The chi-square fitting to each of the differential

distributions determined the real- and imaginary-potential
strengths and the real radius. The latter should differ from
that of the CCM as a surface component has been added to the real
potential. The resulting CCMD potential parameters are given in
Table 3-4-1. They lead to total cross sections very similar to
those obtained with CCM and shown in Fig. 3-3-1. The differences
between the two calculations and the experimental wvalues are
generally less than the experimental uncertainties alone. The
differential scattering calculated with the CCMD is compared with
the measured values in Fig. 3-4-1. The comparisons are nearly
identical to those obtained with the CCM and shown in Fig. 3-1-2.
A careful study of the two figures may suggest that the results
obtained with the CCMD are very slightly preferable. Inelastic
excitation of the first two members of the ground-state
rotational band as calculated with the CCMD is nearly identical
to that obtained with the CCM and illustrated in Fig. 3-1-3.

The SOM gives a good description of the observed total cross
sections. It can not describe the observed differential
scattering as the large collective component is not inherent in

the model. However, the simple SOM may be useful for such things
as neutron capture calculations or as a starting point for DWBA
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calculations. The SOM parameters setforth in Table 3-2-1 are
unusual and physically unattractive. The real potential radius
is significantly (= 3%) less than predicted by systematics
([Smi+97A], [Chi+90]). The real-potential diffuseness {av} is

unusually small. The real-potential strength falls with enerqgy,
but only very slowly, at a rate less than one would expect from
non-locality effects alone [PB62], and is generally * 15% smaller

than indicated by SOM systematics ([Smi97A], [Chi+90]). The
imaginary potential decreases with energy, contrary to what one
would expect as more channels open with increasing energy. The

imaginary radius is reasonable but the imaginary diffuseness is
unusually large. Thus the present SOM may be a wiable tool for
Some pragmatic purposes, but it is not particularly attractive
from the point of view of physical understanding. The unusual
S50M parameters probably reflect the application of a SOM to a
highly collective target. Other SOM's for holmium found in the
literature have some of the same shortcomings.

The CCM parameters (Table 3-3-1) are very similar to those
of ref. [You86], explicitly so for real- and imaginary-potential
geometries. The energy dependence of the real potential is
somewhat larger than that of ref. [You86], and the surface
absorption is less in the present case. However, the present CCM
does not include a volume absorption as does the potential of
ref. [YouB6], as discussed below.

The CCMD parameters are a reasonable extension of the CCM
model. The real-potential strength (Jv} is somewhat smaller than

that of the CCM, as one would expect as it does not include the
dispersive surface contribution to the real potential. Indeed,
the difference is approximately the EJE of Eq. 3-4-3, as it

should be. The r, of the CCMD is somewhat smaller than that of

the CCM, as it too should be, since a surface real potential has
been added to the potential. In other words, the CCM and CCMD
models are quite consistent, and both give good descriptions of
the data base.

The present interpretations assumed £, and ﬁ4 deformations

as described in Section 3-3. Alternate choices were investigated
extending from ﬁz = 0.2 4+ 0.4 and ﬁd = -0.02 or 0.0. Repeating

the CCM fitting, with consequent adjustment of model parameters,
no particular improvement in the total-cross section description
was realized. Concurrently, there was no notable improvement in
the description of the differeutial-scattering distributions.
Various choices of ﬁz did not generally improve the description

of the inelastic excitation of the ground-state rotational band
shown in Fig. 3-1-3. The differences between calculation and
measurement illustrated in that figure (primarily for the 94.8
keV level) are largely due to compound-nucleus effects. The
experimental data does not appear sufficient to better define the
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distributions are very sensitive to the choices of ﬁz and ﬁ4 at

and ﬁ4 values. It was noted that the differential

large scattering angles, e.g. at = 175 = 180 degq. Neutron
measurements in that angular range are difficult and require
special techniques. As a result they are very seldom made, and

there is no such information available for 165Ha. Interestingly,
The same large-angle scattering information is, unlike the Common
angular distributions, sensitive to the neutron polarization
[SmiBO0]. Theoretical considerations, such as the
core-polarization model [MBA75], can give guidance as to
deformations applicable to neutron, proton and electro-magnetic
effects, particularly for nuclei near shell closures. Holmium is
not near a shell closure, and essentially nothing is
experimentally known about proton interactions with holmium.

It is well known ([Lan62], [GS58]) that proton and neutron
potential strengths are related through the expression

J; =351 ¢ £.0m) (4-1)

1

where Ji are potential strengths expressed as volume integrals

per nucleon, # is the asymmetry (N - Z)/A, "i" may be v or w for
real or imaginary potentials and §i is a constant equal to * 0.5

for the real potential and to = 1.5 for the imaginary potential

[Smi97]. The "+" is used for protons and the "-" for neutrons.
The present CCM results lead to a JS = 490.4 - 3.927'E for
holmium. This expression is = 5% larger at zero energy than

values reported from the interaction of neutrons and protons with
similarly deformed molybdenum nuclei [Smi97], but the difference
decreases with energy and at 20 MeV the holmium and molybdenum
results are essentially identical. The relationship of Eq. 4-1
is very useful in constructing unified neutron and proton nuclear
potentials. However, for that approach to be effective one must
have good proton potentials. Unfortunately, the experimental
data for developing them is generally lost in the mists of time.
In the particular case of holmium, the author could find no
proton scattering or associated potentials of any kind in the
literature. The information specialists at the NNDC reached a
similar conclusion, and there are no holmium proton potentials
listed in the compilation of ref. [PP76]. It is unfortunate, and
particularly so in the present context, that (p,p) scattering
Studies have been so sparse and poorly documented. A wealth of
information is either not available or lost.

It is generally believed that, as the energy of the incident
particle increases the absorption term of the potential slowly
changes from a surface to a volume effect ([Hod71], [BG69]). The
energy of such a transition is of some debate. For example, in

the case of lﬁSHc the model of ref. [YouB86] introduces a
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volume-absorption term in the potential at 8.3 MeV, and it
increases with energy. A volume-absorption Woods-Saxon term was
introduced in both SOM and CCM models and the above-described

fitting repeated. These endeavors did not yYield any clear
evidence that wvolume absorption was a factor at the energies of
the present work. That conclusion might change with a better

data base, and almost certainly would change if one goes to
much-higher energies. It should be clearly understood that all
of the present model considerations are strictly applicable only
to energies of less than 20 MeV.

The present CCM potential implies an effective mass, m*,
that can be compared with the values implied by the non-locality
of the nuclear force as discussed, for example, in refs. [BLM54],
[Bru+56], [PB62], [Bet56] and [WWG60]. These concepts have been
further studied by Brown et al. ([BGG63], [BDS79]) using a
dynamic theory of vibrations. It is shown in refs. [BDS79],
[MN81] and [Bau+82] that the nonlocality leads to the expression

*

= 0.64 + 0.36[1.0 + |E - EFif{ZHwD]]_z (4-2)

3|8

*
where "m" is the nucleon mass, "m " the effective nucleon mass, E

the energy in MeV, and ku & 41;A1f3. Concurrently,
* dv
m o L :
m -1 gE (4=3)

where UL is the local real potential. Well away from E_ Eq. 4-2

F
*

leads to E values of # 0.68 which is reasonably consistent with

nuclear matter estimates [GPT&8]. The CCM and Eq. 4-3 clearly
*

lead to E ratios of # 0.63. This is slightly smaller than one

would perhaps 1like, and may suggest that the linear energy
dependence of the CCM real potential is slightly too large. At
the same time the zero end point of the CCM is * 125 MeV which is
smaller than estimated from global analysis [Bau+82], again
suggesting a too strong energy dependence of the CCM real
potential. The situation is not improved with the CCMD model as
sometimes found in other studies [Smi97A].

The present CCM potential bears a strong similarity to the

coupled-channel potential of Young [YouB6]. Indeed +the
geometries are explicitly identical. The only major difference
is the omission of volume absorption in the present work. As

noted above, it doubtlessly would be necessary at higher
energies. At the lower energies of the present work the the
potential of ref. [You86] agrees very well with the CCM. The
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only notable difference is a slightly weaker energy dependence of
the real potential than following from the present work. In some
contexts that may be an advantage (see Eq. 4-3). The potential
of [YouB86] was the basis of the ENDF/B-6 evaluation described
below and the comparisons given there illustrate the close
agreement of the results obtained with the two models. A CCM
potential was developed from some holmium neutron-scattering and
total cross section measurements in ref. [Fas+69]. It is not as
well defined as that of the present work or that of ref. [You86],
but it is qualitatively consistent with both.

The present work can be used to test major portions of the
ENDF/B-6 (MAT-6725) holmium evaluated file [YABB]. That file was
assembled without the benefit of the new experimental information
presented herein, and without the recently available
calculational tools [Ray96]. Despite these facts, the major
portions of the file that can be tested with the present work
appear to be very good. For example, in Fig. 4-1 evaluated total
and elastic-scattering cross sections as given by ENDF/B-6 and
the present CCM model are compared. The agreement is excellent
from a few keV to 20 MeV. Any very minor differences are well
within the  uncertainties in the  wunderlying experimental
measurements alone. This agreement extends to the differential
elastic-scattering distributions, as illustrated in Fig. 4-2.
Certainly, there are few, if any, applications that would be
sensitive to the very small differences in elastic scattering
illustrated in Fig. 4-2. Comparisons of inelastic scattering are
not quite as good as illustrated in Fig. 4-3, but the differences
would probably have little effect on the large majority of
applications. Fig. 4-3 suggests that the present CCM model leads
to somewhat larger compound-nucleus contributions to discrete
inelastic scattering in the few-MeV region than incorporated in
the ENDF/B-6 evaluation, and even the present CN contribution to
to the excitation of the first-excited level may be too small at
low energies. As is clear from the above discussion, there is no
experimental evidence to resolve this gquestion and it will be
extremely difficult to do so given the complex excited structure

of 155Hﬂ- All in all, the present work very much supports the

ENDF/B-6 evaluation.

2. Concluding remarks

The experimental aspects of this work provided detailed
knowledge of "elastic" neutron scattering from elemental holmium
from = 4 - 10 MeV, a region where there was very little prior
experimental information. This new work, together with some old
low-energy measurements at this laboratory forms the body of the
knowledge of the fast-neutron scattering from holmium. There is
only a handful of other experimental results. The data base
constructed from the available experimental information was used
to develop spherical-optical (SOM), coupled-channels (CCM) and
dispersive-coupled-channels (CCMD) models. These models are
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strictly applicable only up to 20 MeV. The spherical-optical
model gave a good representation of the total cross sections but
failed to appropriately describe the partial cross sections of

the strongly deformed 155H0. The CCM, giving consideration to
the K = 7/2- ground-state rotational band, was far more
successful in describing the various facets of the neutron
interaction and is a good tool for future basic and applied
calculations. Consideration of dispersive effects lead to the
CCMD dispersive coupled-channels model. It described the neutron
interaction with holmium to approximately the same accuracy as
the simpler coupled-channels model. There was no strong
advantage to the added complexity of the dispersive
interpretation. These measurements and interpretations provide
useful tools for future basic and/or applied work. The results
also very much support the ENDF/B-6 evaluation of holmium.

Even with the present work, the knowledge of the neutron and

proton interaction with IEEHO remains remarkably poor. Before
there can be substantive improvement in the knowledge and
interpretation of the neutron interaction it is essential that:-

i) There be some careful lﬁEHD (p,p) experimental studies from
the coulomb barrier to at 1least 30 MeV. There appears to
presently be no information of this type.

ii} High-resolution neutron scattering measurements should be
made up to incident neutron energies of several MeV. What
results are available are approximately 30 years old and do not
significantly extend above * 1.0 MeV. Contemporary experimental
techniques should considerably improve the understanding of the
discrete inelastic-scattering process.

iii) Experimental understanding of total cross sections of IEEHG
is reasonably good up to * 15 MeV. At higher energies the
knowledge becomes fragmentary. Total neutron cross sections
should be measured with care across a wide energy range
stretching up to at least 50 MeV.

iv) There should be a few measured scattered-neutron angular
distributions at incident energies from * 12 - 30 MeV with well
specified scattered-neutron resolutions. At present there is no
information of this type. It is a common problem in fast-neutron
physics,
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Table 3-2-1. SOM model parameters, energies in MeV, dimensions,
in fermis, strengths in volume-integrals-nucleon {Ji] in He?—FmB,
and potential depths in MeV.

Real potential
Depth V = 45.467 - 0.045'E
Strength Jv = 349.6 - 0.349E
1.199
0.553

r

Il

da
v

]

Imaginary potential
Depth W = 6.214 - 0.161E
Strength Jw = 77.76 - 2.016'E
L. = 1.266
a = 0.815

Spin-orbit potential [WGB6]

Depth vsﬂ = 6.143 - 0.015'E
r = 1.103
so

aso = 0.560
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Table 3-3-1. CCM model parameters, energies in MeV, dimensions,
in fermis, strengths in volume-integrals-nucleon {Ji] in He?-Fma,
and potential depths in MeV.
Real potential

Depth V = 46.211 - 0.370'E

Strength Jv = 444.4 - 3.558:F

.- = 1,260

v

a, = 0.630

Imaginary potential

Depth W = 3.134 + 0.301E
Strength Jw = 22.40 + 2.151 'E
rh = 1.260

aw = 0.480

Spin-orbit potential [You86]

Depth Vsu = 6.0

rsc = 1.26

asn = 0.63
Deformations

ﬁz = 0.30
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Table 3-4-1. CCMD model parameters, energies in MeV, dimensions,
in fermis, strengths in volume-integrals-nucleon (Ji] in Hev-Fm3,
and potential depths in MeV.

__.____._..__..__.._-_—-_a.._._.____.,___....___..___._._.____-_..____._.__,,_.___._.____......._.__—..______..._

Real potential
Depth V = 46.525 - 0.506'E
Strength Jv = 426.4 - 4.638B'E
1.239 '
0.630

r
v

Elv

Imaginary potential

Depth W = 3.920 + 0.197-E
Strength Jw = 28.10 + 1.412-E

r = 1.260
w
0.480

a
w
Spin-orbit potential [You86]

Depth vso = 6.0

r = 1.26
S0
aSD = 0.63
Deformations
ﬁz = 0.30
ﬁ4 = -D.02
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dO/dQ (b/st)

O, (deg.)

Fig. 2-1. Measured differential elastic-scattering cross sections
of holmium. The Present results are indicated by circular data
symbols. Curves denote the results of fitting
legendre-polynomial expansions to the measured values,
Approximate incident energies are numerically noted in MeV.
Herein, all data ig presented in the laboratory coordinate
system.
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0 5 1. 1.5
E (MeV)

Fig. 3-1-3. Comparison of measured and calculated neutron
inelastic-scattering excitation cross sections of the first two

excited levels of the K = 7/2° ground-state rotational band of

IGEHD. "+" symbols denote the experimental results of ref.
[Mea+71]. Approximate excitation energies (95 and 210 keV) are
numerically noted in the respective panels of the figure. Curves
denote the results of calculations using the CCM model where "CN"
is the compound-nucleus component, "DIR" the direct-reaction
contribution and "TOT" the sum of the CN and DIR contributions.
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Fig. 3-3-2. Comparison of measured and calculated inelastic
excitation cross sections of IGSHU. The experimental values,
taken from ref. [Mea+71], are indicated by "o" symbols. Curves

indicate the results of ccM calculations. Numerical values in
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Fig. 4-2. Comparisons of ENDF/B-6 [YABB] and the present CCM
differential elastic scattering. The simple curves indicate
ENDF/B-6 results and curves with circular symbols the results

obtained with the Present CCM model. Incident neutron energies
are numerically noted.
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Fig. 4-3. Comparisons of the ENDF/B-6 (simple curves) and
CCM-calculated results (symbols) for the neutron excitation of

the first two excited members of the K = 7/2” ground-state

. 1 . . .
rotational band of EEHD. Approximate excitation energies are

numerically noted in keV.
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