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Nuclear Data and Measurement Series

The Nuclear Data and Measurement Series presents results of
studies in the field of microscopic neutron data. The primary
objective is the dissemination of information in the
comprehensive form required for nuclear-technology applications.
Thigs 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 formally referenced. This Series does not supplant formal
journal publication, but it does provide the more extensive
information required for technological applications (e.g.,
tabulated numerical data) in a timely manner.
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ANL/NDM-142
NEUTRON SCATTERING AND MODELS:- MOLYBDENUM
by
Alan B. Smith

ABSTRACT

A comprehensive interpretation of the fast-neutron interaction
with elemental and isotopic molybdenum at energies of { 30 MeV is
given. New experimental elemental-scattering information oaver
the incident energy range 4.5 = 10 MeV is presented. Spherical,
vibrational and dispersive models are deduced and discussed,

including isospin, energy-dependent and mass effects. The
vibrational models are consistent with the "Lane potential". The
importance of dispersion effects is noted. Dichotomies that

exist in the literature are removed. The models are vehicles for
fundamental physical investigations and for the provision of data
for applied purposes. A "regional" molybdenum model is proposed.
Finally, recommendations for future work are made.
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The naturally occurring isotopes of molybdenum span one of
the larger isotopic ranges in the periodic table. The lightest,
92Mo, is even in proton number and has a filled 199/2 neutron
2 2
172992

and gg/Z proton configurations [AT65]. It is essentially a

shell with even-parity excited states due to mixtures of p

spherical nucleus with a small 52 cf & 0.087. Vibrations will be

primarily with the proton core [MBA75]. As the isotopic mass
increases from 94Mo through 98Mo neutrons £ill the 2d5‘,,2
sub-shell, and for 1OOM0 the two additional neutrons are in the

1g7/2 sub-shell {Law80). Such a shell representation is an over
simplification as the character of the isotopes rapidly changes

from that of the essentially spherical QZMO to nuclei making a
transition from collective vibrators to the deformed rotors

[BH75] which are typical of the unstable 1%%Mo ana 196Mg
isotopes. These increasingly complex structures have been
interpreted as quadrupocle deformations leading to potential



surfaces that describe the low-energy excited structures, even to

the inversicn of excited yrast 0" and 2F levels in 98Mo [GG71].
Neutron and proton scattering from the molybdenum isotopes has
been studied in the context of spherical optical-statistical and,
to a lesser extent, direct-reaction models. As the isotopic mass
and collectivity of the isotopes increases discrepancies appear
([Com78], [Rap+79], [SGW75]). A number of reported results do
not agree with conventional isovector potential concepts
([Lan62], [Sat69]). In addition, sub-coulomb-barrier (p,n)
results have suggested anomalously strong imaginary potentials at
the low energies which can be examined using neutron-induced
processes [JGK79]. These reported dichotomies suggest that
something is wrong with the experimental data and/or the modeling
in a rapidly changing collective environment. Relatively little
attention has been given to the correlation of neutron and proton
scattering. The present work considerably enhances the elemental
neutron-scattering data for molybdenum in the 4 - 10 MeV
transitional region where dispersive effects can be expected.
From this new data, and the data found in the literature, were
constructed comprehensive isotopic and elemental molybdenum
neutron scattering and total cross section (at) data bases not

here-to-fore used in physical interpretations. Particular
attention was given to collective, isospin and dispersive effects
as they change from isotope to isotope. These considerations

suggest that interpretations of neutron and proton data are
reasonably consistent with each other and with generally accepted
physical concepts. In particular, the isospin dichotomies of
some previously work are removed. At the same time, the results
lead to questions, for example, dealing with the influence of
shell closures on the absorptive portion of the potential.

The isotopes of molybdenum are very prominent fission
products and have large neutron inelastic-scattering cross
sections, how large has been a matter of technical debate
(IGK851, [GH92}). This has led to international study groups
under the auspices of the NEA, to some new measurements [BWW97]
and to extensive modeling [KWK98]. 1In addition, molybdenum is a
material in ferrous alloys proposed for use in a wide range of
neutronic applications, such as controlled fusion devices. This
report endeavors to provide new experimental information and
comprehensive model analyses that meet many of these applied
needs.

11. EXPERIMENTAL PROCEDURES

The measurements were  made using the fast-neutron
time-of-flight wmethod [CL55] and the Argonne multi-angle
detection system . The particular apparatus and method have been
widely described elsewhere [Smi+92] and will not be further
discussed here. The measurement samples were 2 cm diameter 2 cm
long cylinders of high-purity elemental molybdenum metal. The



neutron source was the D(d,n)BHe reaction {Dro87] within a gas
target assembly, providing incident-neutron energy spreads at the
sample of = 300 keV at 4.5 MeV, decreasing to = 100 keV at 10.0
MeV. The neutron source was pulsed at a 2 MHz rate with a burst
duration of * 1 nsec. Source intensity was increased by the use
of a harmonic klystron bunching system. The ten
scattered-neutron flight paths were * 5 m long, scattering angles

were determined to within % ¢ 0.1° and 1liquid-scintillation
neutron detectors were placed at the ends of the flight paths.
All cross sections were determined relative to the H(n,n)
standard [CSL83], and all the results were corrected for
beam-attenuation, multiple-event, and angular-resolution effects
using monte-carlo techniques [Smi91].

I111. EXPERIMENTAL RESULTS

The measurements were made at approximately 0.5 MeV
incident-energy intervals from 4.5 -+ 10 MeV, and at forty or more

scattering angles distributed between = 17° and 160°. The
effective scattered-neutron resolution was %< 500 keV. This
implies that several inelastically-scattered neutryron groups were
included with the elastic component. At some energies several
sets of data were obtained at approximately the same scattering
angles. In these cases the results were averaged at each
scattering angle. The elastic-scattering results are summarized
in Fig. III-A. The normalization uncertainty was estimated to be
2 + 3 percent, and the statistical uncertainties varied from = 1%
to larger values at the minima of the distributions. This set of
elastic-scattering data is apparently the only elemental
molybdenum neutron-scattering information available in the 4 — 10
MeV energy range. Concurrent with the elastic-scattering
measurements, elemental inelastic-scattering cross sections were
determined corresponding to the excitation of levels at

% 0.7 -+ 1.1 MeV. The vyrast 2% levels of most of the even
isotopes must be prominent contributors to the excitation of this
observed "level”, with the addition of contributions from the odd
isotopes [NDS]. Thus the measured values are "pseudo-integral"
inelastic-scattering cross sections resulting from the excitation
of a2 number of levels in the various isotopes making up the
element. The cbserved inelastically-scattered neutron
distributions appeared to have a significant direct-reaction
component, evidenced by a forward peaking of the angular
distributions. The inelastic cross sections are illustrated and
discussed in Sections IV-5 and VI, below.



1v. MODEL DEVELOPMENT

The elastic-scattering data came from the files of The
National Nuclear Data Center (Brookhaven National Laboratory) up
to July 1998 (as cited in the references), some private Argonne
files, and the present work. Some of the data sets contained a
large number of elastic distributions on a fine energy mesh
([Lam+73], [SGW75]). In those cases, average distributions were
constructed from the measured values at % 200 keV intervals.
Uncertainties were generally taken as specified by the original
authors. There were obvious data differences beyond the
respective uncertainties. The data samples are reasonably large
and, hopefully, these differences averaged out in the fitting
procedures. The isotopic elastic-scattering data bases extended
92,96,98,100Mo The

data for 94Mo was far less comprehensive, and elastic-scattering
data for the odd molybdenum isotopes (% 25% abundant) is
essentially non-existent. The elemental elastic-scattering data
is very detailed to 10 MeV. Above 10 MeV there are only two 14
MeV distributionsg, one of which is very old. This is a common
neutron-scattering situation, the nearly complete lack of
experimental information above 10 to 15 MeV. The experimental
elastic-scattering data base is illustrated in Figs. IV-1-A to
IV-1-E.

from several-hundred keV to % 26 MeV for

The isotopic and elemental Cy data was also taken from the

files of The National Nuclear Data Center (as cited in the
references). Most of the data sets available at the Center were

used. AR few were abandoned as being discrepant and/or of a
limited scope that would have very little effect on the overall
98

picture. Only o, 's for Mo and elemental Mo covered a large

t
energy span. For the remainder of the isotopes Jt were generally

limited to energies of X< Hh MeV. Since the present
interpretations are in the context of eneryy-averaged models, the
Sy data were averaged over 50 keV at incident energies below 0.5

MeV, over 100 keV between 0.5 and 5.0 MeV, and over 200 keV at
higher incident energies. This smoothing averaged evident
cross-section fluctuations, was consistent with the physical
interpretations and reduced the number of data points in some of

the sets to more manageable proportions. The at data are

illustrated in Fig. 1IV-1-F. Molybdenum inelastic-scattering
information is very largely confined to energies of %< 4 MeV.
The present results provide elemental inelastic-scattering values
at higher energies. Some inelastic-scattering data was used in
the interpretations as discussed in Sections IV-5 and VI,



'v-2. Spherical Optical Model (SOM)

The SOM parameters were primarily determined by fitting the
differential elastic-scattering data, with subseqguent comparisons
with “y and inelastic-scattering data. The fitting procedures

minimized xz defined by

et (i) - @ (i} 12
1
52 ) [ exp ‘(12) ] , (IV-2-1)
i exp
where dexp(i) denote measured elastic scattering, acal{i) the
corresponding calculated wvalues, and éoexp(i) the measurement

uncertainties. All of the SOM calculations were carried out with
the spherical optical-statistical-model code ABAREX [Mol82]}. One
version of this code deals with single isotopes (or averages
thereof), and another comprehensively treats the element isotope
by isotope. Compound-nucleus scattering processes were
explicitly dealt with, following the formulations of Wolfenstein
[Wol51] and Hauser-Feshbach [HF52], as modified for fluctuation
and correlation effects by Moldauer {Mol80]. Fifteen discrete

levels in 92Mo to excitations aof * 3.0 MeV were considered,

94M0 to = 2.8 MeV, thirteen in 95M0 to = 1.4 MeV,

fifteen in “OMo to * 2.5 MeV, fifteen in J/'Mo to % 1.2 MeV,
100 .

seventeen in gBMo to = 2.3 MeV and fourteen in Mo to * 2.0
MeV. The corresponding excitation energies, spins and parities
were taken from the respective Nuclear Data Sheets [NDS]. The
excitation of higher-lying levels was represented using the

statistical formalism and parameters of Gilbert and Cameron

fifteen in

[GC65]. The excited levels were combined in the calculations to
caorrespond to the resolutions of the respective experiments.
Neutron radiative capture and other non-scattering

neutron-induced reactions were assumed small and ignored.

The real potential was assumed to have the Saxon-Woods form,
and the imaginary potential the derivative-Saxon-woods form
[Hod71}. The spin-orbit potential was taken to be real and of
the Thomas form with the parameters fixed to those given by
Walter and Guss [WGB6]. The fitting procedure followed the five
steps long used by the author [Smi+92]. First, six-parameter
fits were carried out, varying real- and imaginary-potential
strengths, radii and diffusenesses (all radii, r., are expressed

1/3 and A is the target mass).

in the reduced form where Ri = riA
From the six-parameter fits the real diffuseness, a,, was fixed.
Then the real radius, r,, was determined from five-parameter

fits, keeping a, fixed, Four parameter fits then fixed the



imaginary radius, Ty 7 followed by three-parameter fits
determining the imaginary diffuseness, a- Finally,
two-parameter fits determined the real, Jv, and imaginary, Jw’

potential strengths (herein potential strengths, Ji’ are

expressed as volume-integrals-per-nucleon). The results of

fitting the 94H0 scattering data were not used in determining

parameter trends as that data base was very weak. The elemental
data gives good information below 10 MeV but the results are
unreliable at higher energies. All the isotopic-scattering
measurements appear to have used the same measurement samples,
and some of them seemed to contain significant oxygen. The use
of common samples has the potential for systematic distortion of
the isotopic measurements.

The SOM parameters deduced from fitting are summarized in
Table IV-2-A. The a, display no systematic trend with energy,

the values are consistent within the uncertainties, and thus the
weighted average was used in the subsequent fitting steps. There
is some trend for the isotopic r, to decrease with energy but the

slope was only slightly outside the uncertainties, 1largely
determined by the 20 and 26 MeV measurements from a single
institution, and was not evident in the elemental results.
Therefore, this slight energy dependence was ignored. The r,

show a tendency to decrease with energy. The effect becomes less
acute as the target mass increases. The variation of r, from

isotope to isotope seems real, therefore the individual
expressions of Table IV-2-A were used in the subsequent fitting
steps. As noted previously at this laboratory [Smi+92], a. tends

to increase with energy in all cases, with larger values for the
heavier targets as E = 0. All of the SOM Jv values decrease with

enerqgy, while the SOM Jw increase with energy.

Illustrative comparisons of measured differential elastic
scattering with the results of SOM calculations are shown in
Figs. IV-1-A - IV-1-E. The agreement is reasonably good. Fig.
IV-1-F compares measured and SOM-calculated at's. The measured

92Mo Ty scatter by a few percent and only extend to = 5.5 MeV.

The calculated 92Mo ¢, are slightly smaller than the measured
quantities. The ct comparisons below % 5.5 MeV are quite similar

98

for the other isotopes. For Mo the measured at extend to much

higher energies. These latter results are well described by the
SOM calculations to 30 MeV or more. The agreement between the
measured and calculated elemental elastic-scattering
distributions is quite good over the entire measured energy



range. The SOM calculations qualitatively described the measured
isotopic inelastic data over the region of large compound-nucleus
contributions (e.g., up to ® 4 MeV). At higher energies direct
reactions become significant, are inconsistent with the concept

of the SOM, and thus are not described. Strength functions
calculated with the SOM are compared with those deduced from
measurements [MDH81] in Table 1IV-2-B. The agreement between

measured and calculated So values is reasonably good, and this is
a difficult mass region of very small S0 values. The comparison
of S1 values is less encouraging, particularly for the heavier
and more collective targets. However, the measured S1 values

scatter by considerable amounts and thus the comparisons may not
be too meaningful.

1v-3, Volume Absorption

As the energy increases the absorption term of the SOM
shifts from a surface component to volume and surface
contributions, and finally to a volume form. This transition is
slowly energy dependent. The on-set of the volume component is
uncertain, with a wide range of energies cited in the literature.
For example, theoretical estimates suggest that volume absorption
is the dominant component above * 50 MeV [JLM77], while from
experimental considerations it has been suggested that volume
absorption is significant above % 15 MeV [Rap+79]. In the
present studies only the isotopic portions of elastic-scattering
data are at high enough energies to be sensitive to volume
absorption, and it is only relevant to the 20 and 26 MeV data
from a single institution.

Two assessments of volume absorption were made. In the
first of these, the volume-absorption strength of Rapaport et al.
[Rap+79] was assumed and the entire SOM fitting procedure,
described above, repeated. The resulting SOM parameters are
summarized in Table IV-3-A. They are not significantly different
from those of the SOM cited above. Thus, the inclusion of a
volume absorption of the magnitude of ref. [Rap+79] did not
appreciably alter the SOM parameterization. In the second
assessment of volume absorption, three-parameter fits were
carried out at 20 and 26 MeV, varying the real-potential, the
volume-imaginary potential and the surface-imaginary potential,
with the geometric parameters fixed to the above SOM values. The
volume- and surface-imaginary potentials were assumed to have the
same geometric parameters. The results of this fitting were
"mixed". Generally, the resulting volume absorption was less
than given in ref. [Rap+79], though the volure-absorption
strengths scattered and, in one case, even went negative. Volume
absorption may be a factor at higher energies, but the above
considerations suggest that it is not a significant concern in
the present studies. This conclusion tends to be supported by
lower-energy proton-scattering studies [Cer+82]



It is well known that there is a dispersion relationship
linking real and imaginary optical potentials and reflecting
causality ([SatB83], [Lip66}], [Pas67], [Fes58]). This
relationship can be expressed in the form

p pte J,(E')
_ t —a_
J(E)v = J(E)HF + = f — dE*®, (IV-4-1)
- E - E

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

the strength of the imaginary potential, and "P" denotes the
principle value of the integral. The integral can be broken into
surface, AJS, and volume, AJVO, components

P +a JS(E')
AJ_(E) = = j S g (1V-4-2)
s -« E - E'
and
P +& JVO(E')
AJ__(E) = _I Vo' = aE'. (IV-4-3)
vo ™ ;
-2 E - E

Then Jv(E) = Jeff(E) + AJS(E) and Jeff(E) = JHF(E) + AJvo(E),
where JS(E) and Jvo(E) are surface and volume imaginary-potential
strengths, respectively. JHF and AJVO are approximately linear

functions of energy imn the range of the present considerations.
Combined they determine Jeff’ the two components of which can not

be experimentally distinguished. In the present work JHF is
approximately Jeff as AJVO is relatively small. Thus, the effect

of Eq. IV-4-1 is essentially to add a surface component to the
real Saxon-Woods potential consisting of some fraction of the Js'

The magnitude of the contribution can be evaluated following the
methods of ref. [LGSB87]. It was assumed that the imaginary
potential was purely a surface term up to 26 MeV and then the
imaginary potential linearly decreased with energy to zero at 60
MeV. Concurrently the volume imaginary contribution rises from
zero at 26 MeV to 60 MeV where it reaches a strength equivalent
to that of the surfaace component at 26 MeV, and remains constant
at that value to higher energies. The JS values from 0 - 26 MeV

were taken from the SOM. The imaginary potential was assumed to
zerg at the Fermi Energy (EF) and to have a quadratic energy

dependence to zero energy. In addition, the entire imaginary
potential was taken to symmetric about EF [JLM77]. The

dispersive contributions change from isotope to isotope due to
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the changing EF which increases from % -10.3 MeV at Mo to
%= -6.8 MeV at 100Mev. For the elemental interpretation a
weighted average of the isotopic EF'S was assumed. These

approximations are qualitative but they should give an indication
of the effect of the dispersion relationship. Somewhat different
assumptions in the dispersion estimates did not particularly
change the results. With the above assumptions, the fraction of
the surface-imaginary potential added to the real potential was
computed as a function of enerqgy. A representative result

cbtained for 96M0 is shown in Fig. IV-4-A. In this example, at
zero energy approximately eight-tenths JS is added to the real

potential. That fraction falls with energy to zero at = 30 MeV.
The calculations also give the energy dependence of the above
AJS(E) integral contribution, as illustrated in Fig. IV-4-B,

With the above dispersion contribution, the entire SOM

fitting was repeated. The resulting parameters are given in
Table IV-4-A. In principle, the fitting should be iterated to
caonverge on the dispersion effects. This was not done as the

parameters did not greatly change from those of the SOM. The
average a_ of the DOM is similar to that of the SOM (0.6445 and

0.6448 fm, respectively) and the r, are systematically smaller
than those of the SOM. The T and a, resulting from both the DOM

and SOM fitting scatter by considerable amounts. Given that
scatter, the parameters of the two potentials are reasonably
consistent. The DOM Jv are nearly constant with mass. The DOM

parameters give approximately the same description of the

experimental data as obtained with the SOM. For the elastic
scattering this is 1illustrated by the 92Mo results of
Fig. IV-4-C. This figure is essentially identical to

Fig. IV-1-A. Similar close agreement is obtained for elastic
scattering from the other isotopes and the element. The total
cross sections calculated with the SOM and DOM were essentially
indistinguishable

The above elemental calculations concurrently dealt with the
seven isotopes of the natural element, assuming that isovector
potentials were identically zero. The elemental DOM calculations
were extended to include real- and imaginary-isovector potentials
respectively defined by Vv = VO - Vl-n and W = WO - wl-n, where VO

(wo) are scalar potentials, Vl (wl) are vector potentials and

n = (N-Z)/A is the nuclear asymmetry. It was assumed that the
isoscalar and isovector potentials had the same form and
geometric parameters. This is a rather crude assumption as
folding models and other considerations suggest that the vector
potentials may be concentrated near the nuclear surface and there
are suggestions that the vector potentials are energy dependent

9



([GPT681], [Sat69]). However, the relative isovector
contributions over the range of the molybdenum isotopes are quite

small thus simple approximations are reasonable. In the present
calculations it was assumed that Vl = 24 MeV and Wl = 12 MeV.

These magnitudes are a matter of some debate but the values used
here are generally in the middle of those deduced from a number
of neutron and proton studies ({Hod94], |[BG69]), and are
consistent with those deduced in the present work (see discussion
below). Repeating the elemental DOM fitting with the isovector
contributions leads to the elemental parameter values given in
brackets in Table 1IV-4-A. The latter parameters are generally
consistent within uncertainties with those obtained assuming the
isovector strengths are identically zero. The largest parameter
differences involve the imaginary potentials which are not very
well defined. The conclusion drawn from the exercise is that the
inclusion of the isovector potentials in the elemental fitting
does not significantly effect the resulting parameters. This is
not surprising as the isovector contributions are relatively
minor.

IV-5. First-order Vibratiopal Model (CCMI)

There are a number of indications that the molybdenum
isotopes are collective in nature, and increasingly so with mass.
As an initial approximation these collective properties were
represented with a first-order quadrupole vibrational model (this
is a simplification as the quadrupcle moment of, particularly,

100Mo is £ 0). This model couples the ot ground state of the
even isotopes to the yrast 2¥  state assuming a quadrupole
vibrational parameter, ﬁz. These yrast 2% states are at 1509
(°%Mo), 778 (°%Mo), 735 (%Mo) and 536 (1%%Mo) kev [NDS]. All of
the CCM1 calculations used the coupled-channels method [Tam65],
implemented with the calculational code ECISS6 [Ray96].
Compound-nucleus contributions were included in the calculations

using the concepts, level structures and parameters employed in

the above SOM calculations. ﬁgve. parameters were constructed

from an average of ﬁgm electro-magnetic values [Ram+87] and of
ﬁgp proton-scattering values (see citations to proton-scattering
references). The ﬂ;m and the ﬁgve. used in the calculations are
summarized in Table IV-5-A. These F2VE€:

2
ﬁgm, ﬁgp and ﬂgn may not be identical, and the various ﬁgp

are approximations as

derived from experiments deviate be significant amounts.
However, the ﬁgve. approximation is a useful starting point in
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the calculations.

With the above assumptions, the entire fitting procedure,
outlined above, was repeated using the gquadrupole model,
resulting in the parameters of Table IV-5-A. The resulting a,

scattered about the average value of 0.6339:0.0107 fm. The r,
obtained for the four isotopes were consistent with one another,

and had an average value of 1.2160:0.0044 fm. The %Mo CCM1 and
SOM r., values are very similar. This is not surprising as ﬁz is

92

small for Mo. As ﬁz increases for the heavier isotopes, the

CCM1 low-energy T, become increasing larger than that of the SOM.
In both the SOM and CCM1 models the Ty decrease with increasing
energy. There is considerable scatter of the a, values resulting
from the fitting. However, all the CCM1 isotopic a, values

increase with energy in qgualitatively the same manner. The CCM1
Jv were deduced from fitting at energies above ® 1.5 MeV as

lower-energy J, tended to scatter. The Jv of Table IV-5-A follow

a systematic mass dependence, and all decrease with energy. The
uncertainties in the CCM1 Jw values are quite large, however the

general trend of Jw is to increase with energy. The Jw
magnitudes tend to be smaller than those resulting from the SOM.

The 9ZMO elastic scattering predicted by the CCM1 potential
is compared with the data base in Fig. IV-5-A. This description
is essentially identical to that obtained with the SOM. Similar

comparisons for 96Ho are shown in Fig. IV-5-B. 1In this instance
the CCM1 model may be somewhat better at the highest energies of

98

the data base, but the differences are marginal. For Mo and

IOOMO the CCM1 gives elastic-scattering results similar to those

obtained with the SOM (see Figs. IV-5-C and -D). %t calculated

with CCM1 and SOM models are compared in Fig. IV-5-E. Above
several MeV the two potentials give nearly identical results.
For gzMo that is true throughout the energy range 0 = 26 MeV.
This is encouraging as 92Mo is essentially a spherical nucleus
with a small 52. Therefore, the two models should give the same

results, despite the fact that the fitting procedures used to
derive the SOM and CCMl potentials were entirely independent and
used very different calculational codes. As the energy decreases
below several MeV, the CCM1 at's fall increasingly below the SOM

values as the mass increases. That trend is not particularly
supported by measurements (see Fig. IV-1-F). This low-enerqgy
behavior marginally improves the description of strength
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functions (compare Tables IV~-5-B and IV-2-B). Strength functions
and total cross sections are sensitive to the a, at low energies

where it is not well known.

The inelastic neutron excitation should be a good test of

the CCM1 model, particularly that associated with the yrast 2%
levels. These, and other inelastic cross sections, were

calculated with the CCMI model for the isocotopes 92'96'98'100M0
with the results compared with the measured values in

Figs. IV-5-F, -G, ~-H and -I. The calculated gzﬂo

angle-integrated results agree reasonably well with the measured
values for the yrast 2+ (1.509 MeV) level (and also give a
reasonable description of the corresponding differential

distributions). The (n;n',y) results are a bit lower above * 2
MeV, possibly as a consequence of branching-ratio effects. The

higher-energy results for the yrast 2* level are nicely accounted
for with the direct reaction. The calculated inelastic

excitations for the higher-lying 92Mo levels are reasonably
consistent with the experimental information. The exceptions are
the 11 MeV value for the excitation of the 2.85 MeV level and the
single measurement for the excitation of the composite of levels
near 3 MeV. The former discrepancy is probably due to the

omission of the direct excitation of the 3— octupole level {not
considered in the CCM1l, see the CCM13 below), while the latter
difference probably is due to the single measurement including
only two of the three contributing levels considered in the
calculations. Similar comparisons for the inelastic excitation

96

of levels in Mo are also reasonably encouraging. The measured

excitations of the yrast 2% level (0.778 MeV) are somewhat lower
then the calculated quantities near 4 MeV. This may suggest that
the competition with the continuum inelastic scattering was not

calculated quite correctly. The remainder of the gﬁuo
comparisons are reasonably good, excepting several low-energy
measurements for the excitation of the 1.626 MeV level which may

be in error. The 98Mo inelastic comparisons are, again, quite
encouraging. There may be a modest concern for the continuum

competition with the yrast 2 cross sections, and measured
excitations near 2.2 MeV are much lower than calculated. In the
latter case the cross sections are all small and it is likely
that the measurements failed to include contributions from all

four of the relevant levels. The inelastic comparisons for 100Mo

are also reasonable. Some of the 100Mo comparisons at

excitations of %> 1.7 MeV leave something to be desired but the
correspondence between measured and calculated level structure is
very uncertain. The calculated excitation of the 0.695 level is
not as large as indicated by some of the experiments (for unknown
reasons}, however the cross sections in this instance are small.
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The present inelastic-scattering comparisons are supported by the
recent DWBA interpretations of Kawano et al. [KWKS8]. Their

calculated excitations of the yrast 2% states in 92M 98

o, Mo and
100Mo are consistent with the present inelastic-scattering
results though possibly slightly larger at the maxima of the
energy distributions. The work of ref. [KWK98] does not consider
the higher-energy excitations. Generally, the agreement between
inelastic-scattering measurements and CCM1 calculations for these
four isotopes is quite good, and thus it is reasonable to use the
CCM1 as a vehicle for interpolating and extrapolating inelastic
scattering cross sections of the even isotopes of molybdenum.

- i - Vi

The interpretation of +the CCMl (above) was repeated
including the effects of the dispersion integral as outlined in
Section IV-4. As for the S0OM, the primary consequence 1is the
addition of a surface term to the real Saxon-Woods potential.
Ep's, ﬁz's and coupling schemes were the same as for the above

CCM1. With the additional dispersion effects the entire fitting
procedure of the CCM1 was repeated. The resulting CCM1D
parameters are given in Table IV-6-A. They gave essentially the
same description of the differential and total cross sections of
the four isotopes as obtained with the CCM1, abaove, and
illustrated in the figures of Section IV-5. There are some
differences between the CCM1 and CCM1D parameters, qualitatively

similar to those between the SOM and DOM. The potential
strengths and mass dependencies are somewhat different from those
of the CCM1l, as discussed in Section V. The So strength

functions of the CCM1 and CCM1D potentials are similar. The S1

of the CCMID tend to be systematically larger than those obtained
with CCM1 potential.

IV-7. First-order Vibrational Model with the 3 Octupole Level
{CCM13)

The first-order vibrational model (CCM1l) was extended to

include the direct excitation of the 3~ octupole levels. The
excitation energies of the octupole levels and their ﬁ3 were

taken from the Nuclear Data Sheets [NDS} and proton-scattering
studies. They were: for M0 an E, of 2.840 MeV and 53 = 0.154;

for %Mo E, = 2.234 MeV and £, = 0.181; for 98Byo E = 2.017 MeV

and 4, =0.211; and for %Mo E, = 1.900 MeV and £ = 0.211. The

52 parameters and other excitations were identical to those of

H

the CCM1. The choice of excitations and ﬁ3‘s is somewhat
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subjective. With the addition of the above 3~ contributions, the
entire fitting process described for the CCM1l in Section IV-5 was
repeated. The resulting parameters are summarized in
Table IV-7-A.

The  CCM13 provides a description of the g and

t
elastic-scattering cross sections essentially identical to that
obtained with the simpler CCM1 model. There may be some

improvement in the comparisons of elastic scattering at the
highest energies, but it is very marginal and, if present,
probably is well within the variation of the parameters in the
fitting procedures. The imaginary-potential strengths are
smaller than those of the CCM1, as one would expect since the

contribution of the 3~ state is now taken explicitly into
account. There is only fragmentary experimental evidence for the

neutron excitation of the 3~ levels at high enough energies for a
reasonable assessment of the direct excitation. There is the 11

MeV value for 92Mo shown as a contribution to the composite level
of Fig. IV-5-F at Ex ¥ 2.8 MeV [Bai+78]. In this particular case

the experimental scattered-neutron angular distribution is

limited to seven angles distributed between = 40° and 100°.
However, these experimental results are in close agreement with
the predictions of the CCM13.

IV-8. Fi S { order Vibrational Medel (CCMIZ)

The first-order vibrational model (CCMi) was extended to the
second order (CCM12) by including both one- and two-phonon
vibrational 1levels. The selection of excited levels and their
energies follows from the Nuclear Data Sheets [{NDS] and
proton-scattering studies. The assignments are not unambigquous,
particularly for the heavier even isotopes, but they should
provide a reasonable indication of the effect of including the
two-phonon levels in the coupled-channels fitting processes. The
assumed two-phonon level properties are outlined in Table IV-8-A.
An example of the uncertainties is the first excited state in

°Cmo which is 0'. 1If this is member of the two-phonon triad the
triad splitting must be very large. For that reason it was not
taken to be a two-phonon level. The entire coupled-channel
fitting procedure of the CCM1 was repeated using the above one-
and two-phonon coupled level structure. The resulting model
parameters are given in Table IV-8-B. The CCM12 gives a
description of the elastic-scattering and total cross sections
that is essentially equivalent to that obtained with the simple
CCM1 model. There is not enough experimental information about
the inelastic neutron-excitation of the two-phonon 1levels to
provide a reasonable test of the model. The imaginary-potential
values tend to be smaller than for the simple CCM1 as, again,
more levels are explicitly addressed in the calculations.
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V. PHYSICAL DISCUSSION

The a, of all of the above potentials are essentially energy

independent, and consistent with an average of 0.6358(:0.0030) fm
to within the respective uncertainties. There seems to be no
trend of a, with type of potential or target mass. All the r,

are essentially energy independent, and there is no significant

deviation from the Rv = rv-A1/3 mass dependence over the
92’96’98’100M0 isotopic chain as has been suggested in the

literature ([LBC69}, [Cha+79]). For example, the r, mass

dependence of the CCM1l, as determined by linear least-square
fitting, 1is only marginally greater than the statistical
uncertainties, and for the CCM1D significantly 1less than the
statistical uncertainties. Any such comparisons are further

mitigated by the well known Vr: ambiguity. The r  values of the

non-dispersive potentials are consistent, within the respective
uncertainties, with an average wvalue of 1.2181(*0.0036) fm, and
those of the two dispersive models with an average of
1.1813(x0.0027) fm. The r, of the dispersive models are

gsignificantly smaller than those of the non-dispersive models, as
expected from the addition of a surface real component to the
potential in the dispersive interpretations. The dispersive
effects are strongest at relatively low energies (e.g., below 20
MeV). In making comparisons between models deduced from low- and
higher-energy data one should consider the dispersive result as
the non-dispersive models have an energy-dependent distortion.
The T, decrease with energy, and the E - 0 values are larger than

those of the r,- There is no clear difference between dispersive
and non-dispersive r, values. At & 25 MeV all r, values tend to

converge to = 1.0 fm. The suggestion from some {p,p) studies
that Tw > Ty [Rob+66] is not supported throughout the energy

range of the present work. All a, increase with energy but the

scatter of the values precludes quantitative comparisons. No
evidence for volume absorption could be identified to the maximum
energies of the present interpretations (26 MeV), at higher
energies it may be a factor [JLM77]. The Jv of all the

non-dispersive vibrational models are similar. The vibrational
and spherical dispersive models have similar Jv, smaller than

those of the non-dispersive models by an amount approximately
equivalent to the wvalue of the dispersion integral, AJS. The

real-potential isospin dependence of the dispersive vibrational
model is smaller than that of the non-dispersive vibrational
models and somewhat energy dependent. However, one should be
cautious as the dispersive results are influenced by the

variations in EF. The Jw of all the vibrational potentials
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(dispersive and non-dispersive) are approximately the same and
generally smaller than the comparable quantity of the spherical
potentials as direct channels are explicitly dealt with.

Lane and others ([Lanb62], [GS58]) have pointed out that
potential strengths are related to isospin through the expression

3, = 3501 £, (V-1)

where "+" refers to protons and "-" to neutrons, §i and Jg are

constants and "i" can be "v" or "w"! corresponding to real- or
imaginary-potentials, respectively. For Jv of the present work,

Eq. V-1 takes the values of Table V-A. BAnalogous values for the
Jw are given in Table V-B,. The Jg of the four non-dispersive

models have a rms deviation from the average of only 1.8% and the
energy dependencies are similar, particularly for the three
vibrational cases. All of the §v are positive to well above the

maximum energy of the present work, thus all of them are
consistent with the Lane isospin dependence in the sense of
Eq. V-1. The £v of the non-dispersive models are in reasonable

agreement., particularly those of the three vibratiocnal models.
Furthermore, the EV of these three potentials are nearly energy

independent with an average magnitude of * 0.5067, which is
similar to the magnitude deduced from considerations of the
nucleon-nucleon force [GPT68]. At 11 MeV Ferrer et al. [FCR77}
deduced SOM's from the fitting of elastic neutron scattering from
92'96'98'100MO with results implying gv # 0.56, very similar to
the 0.51 of the present SOM (Table 5 of ref. [FCR77] was used).

The corresponding Jg magnitudes agree to within = 8%. The §v

t

values of the present dispersive models are different from the
non-dispersive cases, particularly having a slight positive
energy dependence which may reflect the approximations involved
in evaluating the dispersion integral. Both the spherical models
(SOM and DOM) have negative values of gw. Thus, in the sense of

Eqg. V-1, they are inconsistent with the Lane isospin dependence
of the potential. This dichotomy has been noted before at this
laboratory in lower-energy work [SGW75] and has been the subject
of discussion in the literature ({Com78), [Rap+79]}, [FCR77]).
Explanations have been sought in complex deuteron couplings
{Com78]. In ref. [Rap+79] a "Lane consistent" potential was
postulated which, when applied with DWBA methods and reasonable
quadrupole deformations, gave a good description of the elastic
scattering from the even isotopes of molybdenum. It was
suggested that the "anomalous" isospin behavior of the molybdenum
imaginary potentials is attributable to the omission of
collective effects in the spherical models. The present work
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determines the imaginary potentials from detailed fitting and
clearly shows that the resulting potentials are "Lane consistent"
if the collective vibrational excitations are reasonably taken
intc account. Some proton potentials support this conclusion
[LHB71] with gv values of = (.42 and Ew values of = 1.48. From

the present work, it is concluded that the previous dichotomies
were the result of inappropriate models. The effect is quite
qualitative, and not dependent upon the details of the collective
models as the CCM1, CCM1D, CCM13 and CCM12 all give approximately
the same results.

All of the potentials of the present work extend to very low
energies, a few-hundred keV or even an eV for strength functions.
All the imaginary-potential strengths increase with energy as one
would expect as additional channels open. This behavior well
below the coulomb barrier gives no indication of the anomalously
large absorptions suggested by some sub-coulomb-barrier (p,n)
measurements [JGK79]. The same conclusion has been reached from
recent {p,p) studies though, of course, they could not reach the
low energies of the present work [Cer+82].

The Jg values for the two dispersive models {(DOM and CCM1D)

are reasonably consistent but they should not be compared with
with the corresponding quantities of the other, non-dispersive,
models. The Jv of the DOM and CCM1D are the Hartree-Fock

component, J(E) of Eq. IVv-4-1 {plus a possible small

HF"
contributions from the inherent energy dJ&ependence of the
nucieon-nucleon force and the AJvo integral). For comparison

with the other Jv values the value of the integral in Eq. IV-4-2

must be added. When this is done the CCM1D
Jo © 454.0 - 2.9370-E, and £, % 0.4901 + 0.0011-E, values that
are very similar to those of the CCM1. It should be noted that
as the mass increases in the molybdenum isotopic sequence so does

the asymmetry, while the magnitude of EF decreases. The latter

behavior has an impact on the dispersion relations which is not
directly associated with the isospin dependence. To the author's
knowledge, this effect has not been previously noted. The

vibrational-model Jg's of Table V-A have a magnitude and an

energy dependence that is reasonably consistent with other models
and with non-locality effects [PB62]. The corresponding gv are

essentially energy independent, and have magnitudes that agree
with estimates based on the nucleon-nucleon force ([GMP70],
[GPT68]). The imaginary potential results of Table V-R are not
as well defined but, for the vibrational models, are quite

reasonable. The J: magnitudes for the CCM12 and CCM13 are less
than for the CCM1 as more channels have been explicitly dealt
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with. All of the imaginary strengths increase with energy as omne
would expect from the opening of more channels. The vibrational
gw have reasonable magnitudes. They slightly increase with

energy but this may only reflect the approximate representations
of the models.

Inherent in the above isospin remarks are several
assumptions. The isoscalar and isovector potentials were assumed
to have the same Saxon-Woods form and geometries. The isovector
potential is probably a surface potential [GPT68] as the proton
and neutron density distributions are different, the later having
the larger radius. It was assumed that the isovector effects are
not sensitive to the exact form of the isovector potential
[BGES]. It seems that no one has undertaken an extensive study
using a surface isovector potential. Another qualification is
the impact of shell closures. It has been pointed out by Lane et
al. [Lan+59] that one should expect decreasing
imaginary-potential strengths as closed shells are approached.
Experimental evidence supports this postulate (refs. [VSM64],
fSGW84] and the mass behavior of the S0 strength function). In

the present context of the even isotopes of molybdenum, this
shell effect results in increasing imaginary strengths as the

target mass increases from the closed neutron shell at 92Mo to

the heavier isotopes. Such a trend is opposite to that expected
from the isovector term of the potential and may tend to reduce,
or cancel, the isovector contribution. The two effects can not
be experimentally separated by studying the even molybdenum
isotopes (or similar isotopic sequences) thus resulting in an
inherent uncertainty in the conclusions. In the present work we
have generally ignored the shell effect on the imaginary
potential (as have apparently all other studies of the isovector
imaginary potential). That may be a questionable.

It is of interest to compare the CCM1 and CCMID real
potentials with results of the effective-mass approximation
implied by the non-locality of the nucleon-nucleon interaction.
In the present context, these comparisons are most promising for

92Mo which is the least collective of the molybdenum isotopes and
has a closed neutron shell, and thus the following comments are
limited to that isotope. Early work by Brueckner et al.
([BLM54]}, [Bru+56}), Bethe [Bet56], Perey and Buck [PB62] and by
Wyatt et al. [WWG60] have considered the velocity dependence
(i.e., non-locality) of the nuclear potential. These concepts
have been further developed by Brown et al. ([BGG63], [BDS79])
using a dynamic theory of vibrations. It is shown in refs.
{BDS79], [MN81] and [Bau+82] that the non-locality leads to the
expression

*
&= 0.64 + 0.36[1.0 + [E - E_}/(2hw )12, (V-2)
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x
where m is the nucleon mass, m the effective nucleon mass, E the

energy, and hwo = 41/A1/3. Concurrently,
* av
m - L _
m -1 gE (v-3)

where V. is the local real potential. Well away from E

L Eq. V-2

F
*

leads to E— values of * 0.68, consistent with the nuclear matter

*

estimates. At EF the %— ratio of Eq. V-2 clearly rises to unity.

This seems to be qualitatively consistent with the behavior of
the shell-model potential in the low-MeV bound region where the
*

ratio g— tends to approach, or even exceed, unity at EF {{BDS79,
Coh65]). Turning to the present potentials, Eq. V-3 implies
*

5* = of 0.6884 from the CCM1 and 0.7448 from the CCMID, well away

from EF‘ Either wvalue is in reasonable agreement with the

*
iy

predictions of Eq. V-2. Near EF the o ratio derived from the
CCM1D rises to well above unity and is similar to the values
deduced from single-particle levels in ref. [Coh65]. The exact
magnitude at EF is sensitive to the high-energy extrapolation of

the imaginary potential wused in the dispersion calculations
[MN81]. The zero-value end point of the CCM1 Jv implied by the

linear energy dependence is * 166 MeV, while that of the CCM1D Jv

is = 200 MeV. The latter wvalue is in good agreement with
equivalent global proton-potential interpretations [Bau+82},
giving some support to the CCM1D. It is further noted that
commonly used "“global" neutron potentials ([WG86], [Rap+79],
[BG69]), not including dispersion effects, have zero values at
% 167 MeV, almost exactly the value of the present CCM1. None of
them are consistent with the linear representation of the proton
potentials over a wide energy range [Bau+82].

Potentials deduced from proton scattering can be compared
with the above neutron potentials as the strength of neutron and
proton potentials are interrelated through Eq. V-1. It would be
nice to re-analyze the proton scattering data accumulated over
the past few decades with contemporary models and techniques.
Unfortunately, the requisite experimental data has largely
vanished into the mists of time, and one must use the various
proton potentials published at the time of the measurements. The
corresponding interpretations are generally the result of SOM or
DWBA analyses, with a few coupled-channels studies. The quality
of both the proton data and its interpretation varies by
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considerable amounts. By far the largest amount of proton
information pertains to scattering from 92Mo, with only sparse
results for the other molybdenum isotopes. Furthermore, 92M0 has
a closed neutron shell and is a nearly spherical nucleus, thus it
can be hoped that the interpretations should be less sensitive to
uncertain collective effects. Therefore, the present comparisons

are confined to QZMO.

The literature contains nineteen proton potentials based
upon measurements, distributed from * 7 to 61 MeV (see citations
of the references). The corresponding Jv are 1illustrated in

Fig. V-A. These are nuclear potential strengths, corrected for
the coulomb contribution as appropriate using the conventional
expression Vc = 0.4Z/A1/3. The lowest-energy values are probably
unreliable for the present purposes as they may be distorted by
fluctuations, uncertain compound-nucleus and coulomb corrections,
and by dispersive effects that increase at lower energies.
Therefore, for the present comparisons, only the fourteen proton
potentials at energies %> 15 MeV were used. The real strengths
of these are reasonably described by the expression

JV = 447.1 - 2.2418:E, {Vv-4)

as illustrated by the Jp curve in Fig. V-A. The same figure
shows the Jv distributions of the above neutron CCM1 and CCM1D
potentials. The Jv of the CCM1 has a sharper energy dependence

than that of the proton potential. The enerqgy dependence of
Eq. V-4 is close to the global proton-potential wvalues of ref.
[Bau+821, while the Jv of the CCMID has a slope similar to that
of the proton potential, with an off-set of about 40 Mev—fma.
The sharper slope of the CCM1 Jv is a reflection of the

dispersive effects which are strongly felt at the lower energies
that influence the derivation of the neutron potentials. In
contrast, the proton potentials were derived from measurements at
higher energies where dispersion effects are relatively minor
[Bau+82]1. The coulomb barrier precludes proton studies at lower
energies where dispersive effects are large. One should expect
agreement between the CCM1D and proton Jv values, and not be

surprised at discrepancies with the CCM1 Jv' If one compares the
Jv of the CCM1D and proton potentials over the energy range of

* 15 = 30 MeV, the region of reasonable experimental overlap, one
obtains the §v of Eq. V-1 equal to 0.557, with essentially no

enerqgy dependence. This wvalue is wvery similar to the
§v = 0.45 -+ 0.55 indicated by the theory of nucleon-nucleon

forces ([GPT68], [GMP70]), and consistent with the value deduced
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from the asymmetry dependence of the coupled-channels neutron
potentials (discussed above), and with proton behavior {Sat69].

Eq. V-4 and an { = 0.557 imply a JS : 426.4 - 2.138-E. Thus

there is also good consistency between the JS of the proton-based

results and those of the present CCM1D potential. Any small
differences may well be due to the approximations used in the

present determinations of dispersive effects. It should be
emphasized that this good agreement is possible only when
consideration is given to dispersive contributions. The

importance of the dispersive effects in such comparisons is
generally not recognized.

It would be nice to compare neutron and proton imaginary
potentials in a manner analogous with the above. Unfortunately,
the scatter in both neutron and proton imaginary-potential
results precludes gquantitative comparisons. The situation is
further complicated by the uncertain and energy-dependent
contribution of volume absorption.

Single-particle states in the molybdenum isotopes are not
particularly well known. However, there are systematic trends as
given, for example, in refs. [TM69] and [Coh65]. The molybdenum

~

single-particle levels to binding energies of = 10 MeV are 263/2,
197/2' 3s1/2 and 2&5/2. These should be related to the

potentials deduced from the unbound neutron scattering. If one
assumes that the geometries of the real-potentials in the bound
region are fixed at the E = 0 values and that the bound potential
is of the Saxon-Woods form, the binding energies of the above
single particle states follow from the CCM1 and CCM1D potentials.

Those calculated for the most spherical isotope, 92Mo, with the
CCMID are qualitatively consistent with the systematics of
binding-energies, with an average deviation from the systematic
values of the above four single-particle levels of # 0.5 MeV. 1In
contrast, the corresponding CCM1 results are wide of the
systematics, particularly for the lower binding energies. The
dispersion contribution 1leads to the "Fermi-Surface Anomaly"

which sharply reduces the real-potential strength in the first
tew MeV of the bound region in a manner required to describe the

single-particle levels. The difference in the results obtained
with the CCM1 and CCM1D are consistent with this behavior.

The asymmeiry constant §v of the spherical real potential

can also be deduced from a sampling of neutron potentials.
Following ref. [Chi+90], comparisons were made at an incident
energy of 8 MeV, an energy that is sufficiently high to aveoid
low-energy structure effects, a region where the potentials are
reasonably defined, where there is an abundance of independent
potentials based upon experimental neutron information, and an
energy that is not unduly perturbed by dispersive effects. The
Argonne Group has reported 25 neutron potentials over the past
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decade or so, extending from A = 40 - 238 and asymmetry
n =0~ 0.277, as given in this work and refs. ([Smi94]}, [SG93],
[Smi97]}, [LGS89}, [S5897], [Smi96], [SGL88], [Smi+92A], [LGS86],
[Chi+92], [SGL86]), [Smi97A], [Chi+%0], [Smi95}, I[LGS87], and
[8C96]) These indicate a decrease of r, with the mass, A, that

is expressed in the form

3
r, = r0 + rl/AI/ ’ (V-5)

where r, and r, are constants. Least-square fitting to the data
base gives ro = 1.1673 and r, = 0.37083. These values are very
similar to those of refs. [Chi+90] and [Mol63), but lead to
somewhat smaller radii than given in some proton studies [Hod70]
and are larger than resulting from the present fitting.

Comparisons of r, are fraught with the Vrv2 ambiguity. The

difference between Egq. V-5 and the simple rvA1/3 radial mass

dependence is too small to be detected over the limited mass
range of the mwolybdenum isotopes. The real-potential strengths
are expressed by

1/3.3

J, = B M1 = £-nl(x ) +ry/2777)7, (V-6)

where KO and Ev are constants. Again, least-square fitting the

data, one obtains Ko = 232.96 Mev-—fm3 and §v = 0.447. These
values are reasonably consistent with those of ref. [Chi+90], and
the £v is similar to that derived above from comparisons of
neutron and proton results for 92Ho and with the values deduced
from nucleon-nucleon interactions ([GPT68, GMP70]}), and (p,n)
studies [BFG69). However, the value of §v is approximately half

that obtained from a simple analysis of potentials across a wide
mass range ([FCR77], [HW72]). Using the latter method the
resulting §v also contains a size effect that approximately

doubles the wvalue of the constant. Eq. V-6 contains a size
correction.

The ﬁz values used in the above interpretations of the

experimental neutron data are compromise averages of wvalues
deduced from electro-magnetic and proton-scattering studies. The
resulting vibrational models give reasonable descriptions of the
fragmentary experimental inelastic neutron scattering at higher
energies where direct-vibrational reactions dominate. However,
the neutron experimental information is far from definitive
enough to provided quantitative guidance as to the behavior of
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ﬁz. Even proton ﬁz's are fragmentary and conflicting. 92Mo can

be reasonably considered a proton-vibrational nucleus in the
sense of the core-polarization model of Madsen, Brown and
Anderson [MBA75]. Those authors predict in that case that the

ﬁgn. is somewhat smaller thank,ﬁgm, and the Jﬁgp much smaller.

Applied to 92Mo, their model gives the ratios ﬁnn/ﬁem * 0.89 and

gPP /g% = 0.73. Experimental comparisons should be based upon
the deformation length defined as 52 = ﬁz-r, where the common
assumption r = r, is used here. The ﬁ;m value given in ref.
[Ram+87] is 0.1058, the radius used in its derivation is 1.2 fm,
thus 5§m = 0.127. The present models give 62n = 0.1018, or the
ratio 8™ /5%® - 0.802, which is * 10% smaller than indicated by
Madsen et al. [MBA75]. This is reasonable agreement given the

variations in the ﬂpp used in constructing the present averages,
and certainly as close as one can determine from comparisons with

the fragmentary 92Mo neutron data for the excitation of the yrast
2 states. Generally, the 52 used in the present vibrational
calculations are reasonably consistent with the 52 resulting from

electro-magnetic and (p,p) and (z,2) scattering considerations
{[BH?5], {[LHB71], ([Mat+72] [Bar+72]). It is noted that the

present 5;“ mass distribution displays the same anomaly at 98Mo
98

as the 5§m, 529 and S;Q mass distributions, and that Mo marks
the closure of the 24 neutron sub-shell. It is also noted

5/2
that any possible isovector dependence of 52 should be absent

from considerations of (o,2) scattering yet S;G does not differ

appreciably from ng or Egp suggesting that the isovector
contribution to ﬂz is small. Further considerations of such
matters as isospin dependence of the 52 are thwarted by the lack

of detailed experimental information. For the heavier molybdenum
isotopes the neutron shell is no longer closed and both proton

and neutron cores contribute to the vibrations. In these cases
the 5§m / Egp / Sgn ratio estimates of ref. [MBA75] probably

become no more than qualitative upper limits.

The present SOM can be compared with the frequently-used
global neutron potentials, for example with that of ref [RKF79].
The latter is based upon spherical closed-shell nuclei and thus

can best be compared with the present gzMo SOM results. The real
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potential of ref. [RKF7%] 1s very similar to the present 92Ho

SOM. The a_ agree to within * 3.5%, and the r, to within = 2.,5%.

This is good agreement, particularly in view of the well known
Vrvn ambiguity. Ref. [REKF79] suggests that there is a small mass
dependence of r, going from mass 40 to 208. Not surprisingly,

this is not evident in the present work as all the molybdenum
targets have approximately the same mass. The Jv are remarkably

similar, differing only by * 1.3% at zero energy, and by % 3% at
25 MeV, both with a linear energy dependence. The present SOM
isovector results reflect the rapidly increasing collective
nature of the heavier molybdenum isotopes which is not consistent
with the SOM. Generally, it is encouraging to note that the real
global potential of ref. [RKF79] is consistent with the present

92Mo SOM results. Some of the same data were used in both
interpretations but the present data base was much larger,
extended over a much wider energy range, and the interpretation
used entirely different model calculations and fitting
procedures. One would like to make similar comparisons between

the present 92Mo imaginary potential and that of the global model
of ref. [RKF79]. Unfortunately, there are questions dealing with
the imaginary potential of ref. [RKF79], the two branches of the
reported potential are not continuous near 15 MeV.

The above models are descriptive of isotopic and elemental
processes and illuminate various physical aspects of the neutron
interaction with the isotopes of molybdenum. However, they may
be awkward in applied use and in the extrapolation of the

processes to experimentally unobserved isotopes. Therefore, a
"regional” molybdenum neutron potential is proposed, based upon
the above even-isotope potentials. It was assume that the

reactions could be approximated with a first-order vibrational
model (e.g., the CCM1). With this approximation the prominent
direct processes are reasonably calculable while the model
retains practical simplicity.

An inspection of molybdenum quadrupole deformation
parameters leads to the approximation ﬁz = 1.275'n as derived

from a least-square fit to ﬁgm and ﬁgp values and the constraint

that 5, = 0 at » = O. This isospin dependence is reasonably

consistent with the above ﬁgve.
above CCMl1 potential values and making small adjustments to
improve the description of the neutron total cross sections, the
"regional” molybdenum parameter set of Table VI-A was obtained.
The real portion of this potential is "Lane consistent" and quite

values. Then, averaging the
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well defined. The imaginary part is less certain, but it too is
"Lane consistent” and the trends are qualitatively correct. The
imaginary potential has magnitudes and energy behavior that
depends upon the asymmetry, 9. This is not surprising as the
structure, and even the nature of the collective behavior,
sharply depends on » and is primarily represented by the
imaginary potential. This "regional" potential is strictly
applicable to the energy range E * 0 -+ 30 MeV, the range of the
present considerations, and only to the molybdenum isotopes.

The above "regional" potential gives a good description of
what is experimentally known of the neutron Ty of the even

molybdenum isotopes, as illustrated in Fig. VI-A, The at's of

elemental molybdenum are far better known than those of the
isotopes. It too is well described by the "regional" potential.
In making the latter comparison the dt of each of the naturally

occurring isotopes was calculated and then combined, weighting
with the natural abundance. The "regional" potential provides
descriptions of the neutron elastic scattering for the prominent
even isotopes which approach that obtained with the CCM1
parameters, as 1illustrated in Figs. VI-B —+ E. The "“regional"
potential description of the elemental elastic scattering is not
quite as good, as illustrated in Fig. VI-F. As the energy
increases above = 5 MeV the calculated elemental elastic
distributions tend to fall below the experimental wvalues in the
minima. This is not surprising as % 25% of the element consists

of the odd isotopes. These, and 100Mo, have low-lying excited

states contributing to inelastic scattering which were not
resolved from the elastic component in the experimental
measurements as the energy increased. This unresolved inelastic
contribution tends to £fill in the minima of the observed
"elastic" scattering angular distributions. The magnitude of the
experimental perturbation is difficult to estimate. Further, it
is difficult to calculate the elastic scattering from the two odd
isotopes due to structure uncertainties. In the present work the
simple approximation of an "equivalent" even isotope was used.

95 97

This results in Mo and Mo models that are similar to that of

96Mo with the appropriate mass change. With this concept the
yrast 2" strength of 96Mo is distributed over 1/2+ - 9/2+ levels
[NDS] of the odd isotope. Such low-lying levels are present in

both 95Mo and 97Mo, but there are also additional low-lying

levels. Thus the modeling of the odd isotopes is not very
quantitative, and this may contribute to some deterioration of
the results of the elemental elastic-scattering calculations.

The "regional" potential can be used to calculate the
even-isotope inelastic-scattering cross sections with results
very similar to those shown in Section IV-5. It can also be used
to calculate elemental inelastic-scattering cross sections.

25



However, making detailed comparisons with the comparable
experimental values is difficult. In the seven naturally
occurring molybdenum isotopes there are more than one hundred
levels that potentially contribute to inelastic scattering up to
excitations of * 2 MeV. A number of the spins and parities are
not well known and it is very difficult to make a correlation
between experimental results and the contributing excited
structure given the variations in enerqy scales and resolutions
of the particular experimental sets. However, some reasanable
comparisons are possible at excitations of = 0.7 - 1.0 MeV,

primarily corresponding to excitation of the yrast 2" levels in
the even isotopes. These are also the excitations that
explicitly contributed to the elemental inelastic-scattering
results of the present measurements. Using the "regional"®
potential, the isotopic components were calculated and combined
to obtain the elemental excitation cross sections. The
calculated values were then compared with the available
experimental information with the results shown in Fig. VI-G.
The calculations did fairly well. 1In particular, the description
of the higher-energy inelastic scattering of the present work is

good. This is a limited test. However, combined with the
successful description of elemental neutron Iy and
elastic-scattering cross sections, it tends to support the use of
the '"regional" potential to provide unmeasured elemental

inelastic-scattering information. S0 and S1 strength functions

caiculated with the "“regional" molybdenum potential are very
similar to those obtained with the CCM1, and in gualitative
agreement with the results of resonance measurements.

VI1i. RECOMMENDATIONS
The present interpretations are limited by the available
experimental information. To substantively improve the

calculational capability and physical understanding some careful
measurements are required.

i) Quality neutron I, Cross sections o©f the prominent

naturally-occurring isotopes of molybdenum should be available up
to at least 30 MeV. There is no technological obstacle to such
measurements,

ii) There are limited molybdenum elastic-scattering results
available for some of the isotopes at 11, 20 and 26 MeV: all from

a single institution. What is needed is a detailed set of
high-quality, isotopic elastic-scattering results from * 5 - 30
MeV, and even above. Such measurements are difficult but

technically feasible.

iii) Excepting a very few values {essentially confined to 92Mo),
there are no isotopic neutron inelastic-scattering results above
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2 4 MeV, There should be a detailed set of measured
inelastic-scattering cross sections for each of the prominent
even isotopes from threshold to >* 10 MeV. Only with such

information can a better definition of ﬁ; be obtained. Again,

such measurements are difficult but technically feasible.

iv} Over the years there have been a number of isotopic (p,p)} and
(p,n) studies. Unfortunately, the explicit experimental results
have largely been lost. Therefore, it is difficult to correlate
neutron and proton processes. Some good-quality differential
(p,p), (p,p'), (p,n) and (z,c) measurements extending from the
coulomb barrier to at lease 30 MeV are recommended.

The following fifth recommendation is more general:-

v} Mechanisms should be established for the archival storage of
nucleon scattering data. At present it is only so for neutron
data. With the current situation, charged-particle experimental
results reported in a qualitative manner in journals fade with
time and are soon lost for future quantitative study. This
unfortunate situation extends to a wide range of nuclear
reactions and the relevant particles.

Unless significant portions of the above recommendations are
addressed, there is little hope that the understanding of the
neutron interaction with molybdenum can be significantly

improved. Furthermore, it is noted that some of the above
recommendations imply the availability of suitable isotopic
molybdenum measurement samples. Current isatope availability is
uncertain,

VIII. SUMMARY COMMENT

The present measurements provided a detailed knowledge of
neutron scattering from elemental molybdenum over the energy
range of 4 -+ 10 MeV where no information was previously
available, A comprehensive elemental and isotopic molybdenum
data base was assembled from the present work, from previous work
at this laboratory, and from the literature, up to incident
energies of = 30 MeV. This data base was interpreted in detail
using spherical-optical-statistical and coupled-channels models
with and without dispersion effects. The resulting spherical
models were consistent with global and regional models previously
reported in the literature, and displayed the previously noted
inconsistency of the imaginary potential with "Lane" isospin
concepts. The coupled-channels models, including the quadrupole

vibrational coupling of the ground and yrast 2+ states, removed
this inconsistency in a straight-forward manner and had isovector
terms that are in agreement with those deduced from
nucleon-nucleon forces. However, there remain gquestions
regarding the form of the isaovector potential (volume, surface,
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etc.) and as to perturbations due to shell closures. The

coupled-channels calculations used 5gn values somewhat less than

ﬁgm but larger than ﬁgp, in qualitative agreement with the

core-polarization model. That model is less applicable to the
heavier even molybdenum isotopes. While the coupled-channels
models reasonably describe elastic-scattering,

inelastic-scattering and at of elemental and even-isotopic

molybdenum, the inelastic neutron scattering data is not
sufficient in either quantity or quality at higher energies,
where direct reactions are dominate to critically asses the
magnitudes of the ﬁ?n. One model included second-order

quadrupole effects coupling yrast one-phonon 2% and two-phonon
0"-2%-4" 1levels to the ground state. Alternatively, yrast 2%

quadrupole and 3 octupole levels were coupled to the ground
state. Both of the latter alternatives gave good descriptions of
the measured data with predictable effects. However, the
experimental data is not sufficient to quantitatively test either
of the latter two options. Dispersive models were considered in

both spherical and coupled-channels contexts. The results are
particularly important at the lower energies of the neutron
measurements. It is shown that comparisons with proton

potentials should be made with the dispersive models as the
proton potentials are generally at higher energies where
dispersive components are small, while the majority of the
neutron data has significant dispersive contributions. With this
approach, comparisons of proton and neutron potentials lead to
isovector components consistent with those obtained from other
aspects of this study and the literature. The dispersion effect
is probably one source of the long standing dichodemy between
potentials deduced from low- and high-energy neutron data and
between neutron and proton data. Generally the energy dependence
of the dispersive spherical and coupled-channels real potentials
is consistent with estimates of the local-equivalent Hartree-Fock
potential and 1leads to reduced masses consistent with those
derived from the dynamic theory of vibrations and from
considerations of the systematics of bound single
particle-states. Results of this study were combined to obtain a
simple "regional" vibrational model that should be useful for
calculating the neutron interaction with molybdenum and its
isotopes for both basic and applied purposes. Experimental and
administrative recommendations are suggested that are necessary
for improving the understanding of the neutron interaction with
molybdenum and its isotopes. One of these recommendations is of
a far more general nature.
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Table IV-2-A. SOM Parameters. Energies, E, in MeV.

Real-potential Diffuseness in fms.

Mo-elemental 0.6464:0.0126
M0 0.6386:0.0174
VMo (0.6260%0.0176) "
%Mo 0.6347+0.0154
9840 0.650440.0145
100y, 0.6526<0.0171

Weighted Average = 0.6448:0.0067

Real-potential Radius in fms.

Mo-elemental 1.2247:0.0146
Ny 1.2286+0.0083
o (1.2387:0.0206)"
M0 1.2135:0.0082
Byo 1.1943+0.0064
100y, 1.224440.0155

Weighted Average = 1.2111£0.0039

Imaginary-potential Radius in fms.

Mo-elemental 1.4193(#0.0324)-0.0161(+0.0054) E
T 1.3068(0.0152)~0.0099(+0.0017) -E
Vye (1.2735(+0.0637))"

M0 1.2555(£0.0187)-0.0062(+0.0021) - E
P8M0 1.2388(+0.0245)-0.0066(+0.0026) -E
100y, 1.2243(0.0259)-0.0046(+0.0027) -E

Imaginary-potential Diffuseness in fms.

Mo-elemental 0.4484(+0.0404)+0.0316(+0.0072) E
M0 0.2900(+0.0307)+0.0246(+0.0039) -E
o (0.5599(+0.0297)) "

Ihq 0.4910(%0.0379)+0.0127(+0.0039) -E
8Mo 0.4676(£0.0292)+0.0160(+0.0028) E
100y, 0.5183(+0.0189)+0.0098(%0.0018) -E
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Table IV-2-A. Continued--

Real-potential Strength, Jv, in MeV—fm3.
Mo-elemental 419.8(+1.915)-1.9483(+0.2799) ‘E
22Mm0 437.4(+1.240)-2.3610(%0.2799) 'E
0 (439.1(%4.759)-5.5500(+0.9333) -E)"~
BT 429.2(21.330)-2.6005(+0.1475) ‘E
9Bymo 428.2(¢1.128)-2.5368(+0.2096) -E
100y, 425.6(+1.132)-2.8207(£0.1160) ‘E
Imaginary-potential Strength, Jw' in MeV—fm3.
Mo-elemental 46.95(+2.419)+0.947(£0.341) ‘E
240 46.54(%3.766)+2.377(£0.396) ‘E
o (50.71(+5.807)+2.996(+1.457) E) "
o 54.87(+4.328)+1.977(+0.461) -E
Byo 55.70(+3.559)+1.997(£0.353) 'E
100y, 70.07(41.694)+1.201(20.152) ‘E

Spin-orbit Potential [WGB5]

vso = 5.767 - 0.015'E + 2:-[(N-Z/A]
oo = 1.103
aSo = (0.560

*
94Mo values for any of the parameters are given for

completeness. They were not used for determining systematic
trends due to deficiencies in the experimental data base.
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Table 1IV-2-B.
(SOM) strength functions in units of 10 .

Compariscns of measured [MDHB81]

4

and calculated

e A e A R e i h e s R v e e - —— ————————————————— o ————— T W W ————— T U] o —

Isotope

92Mo

94Mo*

96M0

QBMO

100MO

*
As noted

0.5 0.2
0.53x0.20
0.4320.14
0.54x0.12
0.73+£0.17

in Table IV-2-A,

.4684
.5719
. 6411
.6710
.8452

4.7£1.5
4.6£2.0
8.7«2.8
3.6%0.6
4.4:0.9

5.842
7.775
6.793
7.455
6.751
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Table 1IV-3-A. SOM Parameters using the volume-absorption
potential of ref. [Rap+79]}. The energy, E, is in MeV.

0.6346 (£0.0057) fm

E
ct
o
<
]
1
]

1.2107 (+#0.0014) fm

n

Wt. Ave. T
v

Isotopic T, values in fms

92M0, = 1.3320 (£0.0301) - 0.0093 (£0.0043) E
Mo, = 1.2596 (:0.0167) — 0.0079 (£0.0019) E
98Mo, = 1.2140 (£0.0275) - 0.0054 (=0.0029) E
100ys, = 1.2424 (£0.0344) - 0.0053 (:0.0034) E
Isotopic a, values in fams
92M0, = 0.3043 (20.0260) + 0.0218 (+0.0027) E
%Mo, = 0.5250 (£0.0217) + 0.0125 (£0.0023) E
98Mo, = 0.4705 (+0.0329) + 0.0156 (£0.0031) E
100y, - 0.5257 (+0.0225) + 0.0102 (+0.0024) E

Isotopic Jv values in Mev—fm3

92

Mo, = 439.5 (£0.9) - 2.6141 (+0.1015) E
Mo, = 426.5 (+2.2) - 2.5615 (£0.0974)E
98Mo, = 431.6 (+1.0) - 2.8209 (0.0964) E

100ys, - 423.7 (£1.2) - 2.6895 (£0.1210).E

Isotopic Jw values in Mev—fm3

92

Mo, = 47.1 (#5.1) + 2.6096 (+0.5238)E
%Mo, = 56.9 (24.1) + 1.7120 (£0.0974)E
9840, = 58.1 (£3.9) + 1.7324 (£0.3538) E

100M5, - 68.6 (£3.2) + 1.3621 (+0.3184) E

Spin-orbit Potential is identical to that of Table IV-2-A.
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Table IV-4-A. DOM Parameters.

are in MeV.

Energies, E,

and Fermi Energies

Fermi Energies

92M
94M0,

95Mo,

96Mo,

97Mo,
QBMO,

100Mo,

Q,

-10.370
-8.424
-8.261
-7.988
-7.732
-7.284
-6.845

Weighted average =

-8.121

Real-potential Diffuseness in fms.

Mo elemental,

92Mo,

96yo,

gBMo,

100M0,

0.6522(=0.0125)

[0.6879(+0.0153)]
0.6429(+0.0129)
0.6433(0.0178)
0.6394(+0.0076)
0.6445(+0.0283)

Average

= 0.6445(£0.0021)

Real-potential Radius in fms.

Mo elemental,

BZMO'

96

QBMO,

100Mo,

1.1816(+x0.0118)

[1.1955(£0.0132)]
1.1727(0.0077)
1.1768(+0.0092)
1.1744(:0.0076)
1.1873(+0.0062)

Average

= 1.1786(*0.0026)
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Table IV-4-A. Continued-—-

Imaginary-potential Radius in fms.

Mo elemental,

92Mo,

96Mo,

QBMO,

100Mo,

1.3894(:0.0293)

[1.3741(%0.0303)

1.2695(20.0169)
1.1894(+0.0171)
1.2009(+0.0225)
1.2406(+0.0432)

I

Imaginary-potential Diffuseness in fms.

Mo elemental, 0.4658(:0.0275) +
[0.4360(£0.0159)

92H0,

96M0,

QBMO,

100M0,

Real-potential Strength, Jv, in MevV-fm"™.

Mo elemental, 397.2(x1.65)
[404.7(x1.64) -

92Mo’

96Mo,

QBMO,

100Mo,

0.3387(0.0253)
0.5299(%0.0271)
0.5061(+0.0386)
0.5141(+0.0292)

401.7(%1.70)
395.9(1.80)
398.6(*1.13)
398.6(:2.23)

40

+ + 4+ o+

+

3

1.8443(:0.3077) -
2.0268(+0.2424) -
2.0856(+0.1949) -
2.0418(+0.2064) -
2.2693(+0.1269)
2.0937(%0.2926) -

M M om o=

0.01235(+0.00499) -E
0.00630(+0.00481) E]"
0.00859(%0.00109) ‘E
0.00084(=0.00253) E
0.00552(0.00249) -E
0.00659(«0.00383) ‘E

0.0293(+0.0046) ‘E
0.0225(+0.0026) -
0.0248(=0.0021) -
0.0122(#0.0029) -
0.0192(+0.0038) -
0.0138(£0.0038)

*
E]
E

E
E
E



Table IV-4-A. Continued--

Imaginary-potential strength, Jw' in Mev-fm3.

Mo elemental, 48.4(£3.4) + 0.7227(+*0.4353)"E
[59.9(+3.8) + 0.0019(%0.5312) E]"

2y, 51.1(+3.6) + 1.9816(+0.3535) E
0, 51.2(+3.9) + 2.2691(£0.4163) E
980, 58.7(+3.5) + 1.5886(%0.2969) E
100y, 68.9(£2.4) + 1.1510(20.2348) E

Spin-orbit Potential identical to that of Table IV-2-A [WGS85].

* The values in square brackets result from the inclusion of
isovector real and imaginary strengths in the elemental
calculations, as discussed in the text. These values were not
used in calculating averages.
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Table IV-5-A.

CCM1 Model Parameters.

Energies,

E, in MeV.

e e e e e e T A e T . T L A v Y W e A e ———

Isotope

92
26
98
100

[Ram

0.1058
0.1720
0.1684
0.2309

+87] gave.

Real-potential Diffuseness in fms.

Weighted Ave.

0.63

Real-potential Radius in fms.

Weighted Ave.

1.21

39+0G.0107

60£0.0044

Imaginary-potential Radius in fms.

92Mo

96Mo

QBMO

100M0

1.3027(+0.0184)
1.4173(+0.0318)
1.4506(+0.0365)
1.4695(+0.0254)

Imaginary-potential Diffuseness in fms.

92M0

QGMO

98

Mo
100Mo

Real-potential Strength, Jv’

QZMO
96Mo

gBMo

100Ho

0.3122(+0.0333)
0.3906(+0.0475)
0.2783(+0.0439)
0.3327(+0.0658)

in Hev—fm3'

443.3(#1.503)
430.8(+#0.875) -

H

430.4(*0.842) -

423.6(+1.309)

42

+ + + 4+

2.
2.
2.
- 2.5094(x0.1462) " E

0.0836
0.1673
0.1756
0.2173

0.0106(+0.0019)-
0.0172(+0.0032)-
0.0186(+0.0037) -
0.0187(:0.0027)

0.0252(+0.0030) -
0.0252(%0.0046) -
0.0313(:0.0044)-
0.0261(£0.0058)

6555(+0.1641) E
5437(+0.0948) E
5589(%0.0916) E

(used in CCM1 cal.)

E
E
E
E



Table IV-5-A. Continued--

Imaginary-potential Strength, Jw, in MeV-fm™.

M0 49.0(+5.8) +
?6M0 43.6(+3.8) +
MByo 43.3(+1.2) +
100y, 45.2(+1.1) +

Spin-orbit Potential is identical to that

3

2.1523(+0.5101) -
2.0028(£0.3482) -
2.0529(+0.3531)-
1.7274(£0.3530) -

of Table IV-2-A

E
E
E
E

[WG85].
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Table IV-5-B. Strength functions calculated with the CCM1 in

units of 10_4.

Isotope So-cal. Sl—cal.
2240 0.529 6.656
96M0 0.465 6.265
280 0.358 5.365

100y, 0.521 4.274
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Table IV-6-A. CCMID Model Parameters. Energies, E, are in MeV.
Spin-orbit potential as per Table-1IV-A,

e . — e o o = T T W T TS e —— —— - BA¢ bk T T TR MR S e e e e P S VS e M e e Al oy P S — o —

Real-potential Diffuseness in fms.
Weighted Ave. 0.6281+0.0085
Real-potential Radius in fms.
Weighted Ave. 1.1840£0.0054

Imaginary-potential Radius in fms.

M0 1.2641(20.0131)-0.0104(+0.0015) ‘E
96m0 1.3158(+0.0158)-0.0126(*0.0014) ‘E
B0 1.3194(+0.0384)-0.0124(*0.0035) 'E
100y, 1.4052(20.0271)-0.0159(+0.0025) ‘E

Imaginary-potential Diffuseness in fms.

92

Mo 0.3243(+0.0414)+0.0286(0.0035) - E
%0 0.3985(£0.0271)+0.0271(+0.0029) -E
8Byo 0.3457(40.0531)+0.0303(£0.0047) ‘E
100y, 0.3715(+0.0578)+0.0265(%0.0061) ‘E
Real-potential Strength, Jv, in MeV—fm3.
Mo 406.3(+1.1)-2.0161(+0.1058) ‘E
96n6 400.8(+1.6)-2.1501(+0.1679) E
8o 403.9(+1.0)-2.2784(+0.1052) E
100y, 395.1(%1.0)-2.1221(#0.1098) -E
Imaginary-potential Strength, Jw’ in Mev—fm3.
92
Mo 45.9(24.1)+2.0543(£0.3672) ‘E
90 43.9(+3.7)+1.9042(£0.3352) 'E
9%Byo 38.3(44.0)+2.1722(+0.3427) -E
1
0040 42.9(%3.9)+1.7946(%0.3579) E
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Table IV-7-A. Parameters for the first-order vibrational model

with contributions from the 3~ level (CCM13). Energies, E,
are in MeV. Spin-orbit potential of Table IV-2-A.

Real-potential Diffuseness in fms.
Weighted Ave. 0.6351(+C.0064)
Real-potential Radius in fms.
Weighted Ave. 1.2179(x0.0102)
Imaginary-potential Radius in fms.

92

Mo 1.3222(%0.0290) - 0.0108(£0.0025) E
98M0 1.3250(+0.0203) - 0.0116(+0.0018) E
98yo 1.3605(:0.0425) - 0.0136(%0.0035) -E
100, 1.4132(+0.0375) - 0.0150(=0.0033) E
Imaginary-potential Diffuseness in fms.
240 0.3363(+0.0317) + 0.0223(+0.0027)E
96y0 0.4940(40.0335) + 0.0182(:0.0030) E
MByq 0.4674(£0.0526) + 0.0217(+0.0217) ‘E
100y, 0.3864(+0.0577) + 0.0223(£0.0051) E
Real-potential strength, Jv’ in MeV-fmsB.
92
Mo 444.1(%1.2) - 2.6024(:0.1290) E
96po 432.9(#1.1) - 2.5053(¢0.1113) E
98y, 429.2(%1.0) ~ 2.4026(£0.1089) E
100y, 424.9(:1.0) - 2.4771(+0.1124)E
Imaginary-potential strength, Jw, in Mev-fms.
92
Mo 40.2(%3.7) + 2.2701(+0.3264)E
6y, 35.3(£3.5) + 2.1816(+0.3201) E
8o 31.6(%4.0) + 2.2707(%0.3407) E
100y, 38.7(:3.4) + 1.7535(£0.3133) E
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Table IV-8-A. Excitations and deformations assumed for the CCM12
model.

— o —— ——— T — Ty . A S W W Tt . M W b Boin i S b e iy 7 T MER A M S S oy i o o

Isotope Level excitations in MeV 52

9Zm0 1.509 (2%) 0.0836
2.283 (4%)
2.520 (0%)
3.091 (27)

yo 0.778 (2%) 0.1673

1.147 (0%)
1.498 (27)
1.870 (47)

MBro 0.787 (27) 0.1756

1.432 (2%)
1.510 (47)
1.963 (07)

100y, 0.536 (27) 0.2173

1.136 (4%)
1.464 (24)
1.504 (0*)

+ o+ +
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Table IV-8-B. CCM12 parameters derived by fitting with the one-
and two-phonon model. Energies, E, are given in MeV.

Real-potential Diffuseness in fms.
Weighted Ave. 0.6282(20.0115)
Real-potential Radius in fms.
Weighted Ave. 1.2280(+0.0063)

Imaginary-potential Radius in fms.

240 1.2710(+0.0154) - 0.0084(+0.0016) E
640 1.2766(+0.0277) - 0.0092(+0.0026) E
Buo 1.3296(£0.0545) - 0.0126(*0.0042) E
100y, 1.3724(+0.0425) - 0.0136(+0.0036) E

Imaginary-potential Diffuseness in fms.

240 0.3622(+0.0388) + 0.0198(%0.0033) E
96y, 0.4775(+0.0344) + 0.0151(£0.0030) E
Byo 0.4388(+0.0561) + 0.0212(+0.0050) E
100y, 0.3937(£0.0374) + 0.0199(0.0033) ‘E
Real-potential Strength, Jv, in Mev—fm3.
92
Mo 449.1(40.9) - 2.8030(:0.0884) E
960 439.3(#1.1) - 2.7611(£0.1206) E
98y, 439.6(+1.0) - 2.8173(+0.1114) E
100y, 434.4(+1.1) - 2.8658(£0.1154) E
Imaginary-potential Strength, Jw’ in MeV—me-
92
Mo 41.5(#5.3) + 2.4751(0.4544) E
96y, 43.1(#4.0) + 2.0758(+0.3666) E
WByo 41.2(24.9) + 2.1451(+0.3994)-E
100, 46.6(+3.9) + 1.7398(+0.2949) E

Spin-orbit Potential is identical to that of Table IV-2-A [WG851.
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Table V-A. Real-potential Strengths of Eq. V-1.

Strengths,

v’
are expressed as volume-integrals-per-nucleon in units of
MeV—me, and energies, E, are given in MeV.

. o
Potential Jg £y
SCM 450.7-1.8800E +0.3517+0.0148E
DOM 403.9-1.9886E +0.0989+0.0035-E
CCM1 465.0-2.8029E +0.5500-0.0007E
CCM1D 417.4-1.8514'E +0.2932+0.0075 E
CCM13 446.6-2.7784E +0.5631-0.0015-E
CCM12 465.1-2.7155 ' E +0.4070-0.0047 - E
Table V-B. Imaginary-potential Strengths of Eq. V-1. The
notation is anclogous to that of Table V-A.
. o
Potential Jw gw
SOM 20.254+3.67E -9.76+0.508E
POM 25.60+4+2.77-E -7.35+0.343'E
CCcMl 53.20+2.60E +1.20+0.015E
CCM1D 51.30+2.24:-E +1.27-0.008-E
CCM13 39.87+2.33'E +0.80+0.001-E
ccmiz2 36.60+3.26'E +0.66+0.024:E
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Table VI-A. Parameters of the "regional™ molybdenum vibrational
model. Energies, E, are in MeV, dimensions in fms, and

strengths, Ji’ in volume~-integrals-per-nucleon {MeV—me).

e e e e e R R N o TN W TER W W S Sk e e e M S i M TUm Y M SRS ek i e O UL ABE Al e oy S P S S i T S S S S i e o ot

Real Potential

Diffuseness a, = 0.633%
Radius rv = 1.2160

— o —
Strength J, =3d, (1 §vﬁ)

465.0 - 2.8029-E
0.5503

o
w e
her Jv

i

and gv

Imaginary Potential

Diffuseness a, = (-0.2107+6.317:n) + (0.04271-0.2429:%) E
Radius r, = (#1.114+42.3063-%) - (0.00155+0.1147 %) E

= 0 —
Strength J, = 4J, (1 gwn)

53.2 + 2.60'E
1.198 + 0.015E

0
wher
ere Jw

and §w

Spin-0Orbit Potential

Diffuseness aSD = 0.560
Radius rso = 1.103
Potential vso = 5.767 - 0.015‘E + 2:% (MeV)
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do/dQ (b/sr)

0.01

0 90 180

Adeg.)

Fig. ITI-A. The present elemental molybdenum elastic-scattering
results. The measured values are indicated by symbols, while
curves illustrate the results of least-square fitting the
experimental results with legendre-polynomial expansions.
Approximate incident-neutron energies are numerically indicated.
The figure (as are all figures in this paper) is presented in the
laboratory coordinate system.
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Fig. IV-1-F. Comparisons of measured and calculated neutron at's
of gzuo, 96!-10, 98Mo, IOOMO and elemental molybdenum. Symbols
indicate energy averages of experimental values and curves the
results of SOM calculations.
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Fig. IV-5-E. Comparisons of calculated neutron o, 's. The simple

curves were oObtained with the SOM, and the curves with circular
symbols with the CCM1 model.
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Fig. IV-5-F. Measured and calculated cross sections for the

excitation of discrete levels in gzno. "x" gymbols indicate the
results of (n;n',7) measurements [BWW97], primarily relevant to

the yrast 2t 1evels. "+" symbols indicate the results of direct
neutron measurements from a number of sources, largely from this
laboratory. Curves indicate the results of calculations using
the CCM1 model. All curves refer to compound-nucleus results,
except for panels where there are two curves. In those instances
the upper curve combines compound-nucleus and direct-reaction
results, and the lower curve indicates compound-nucleus values
alone. Excitation energies are numerically noted in MeV in each
panel of the figure. Two or more values of excitation energies
denote composite excitations comparable with the measured values.
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Fig. IV-5-G. Comparison of measured and calculated cross sections

for the excitation of discrete levels in 96Mo. The notation is
identical to that of Fig. IV-5-F.
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Fig. IV-5-H. Comparison of measured and calculated cross sections

for the excitation of discrete levels in geno. The notation is
identical to that of Fig. IV-5-F.
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Fig. Iv-5-1. Comparison of measured and calculated cross sections

for the excitation of discrete levels in IOOHO. The notation isg
identical to that of Fig. IV-5-F,
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e
E.(MeV)

Fig. VI-A. Comparison of measured (+ symbol) at's with those

cglculated with the "regional” potential {(curves with
circular,"O" symbols). The upper sections present the four
and the lower section the elemental

prominent even isotopes,
values.
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