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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements. Series presents re-
sults of studies in the field of microscopic nuclear data.
The primary objective is the disseminatlon of information
in the comprehensive form required for nuclear technolopy
applications. This Series is devoted to: ‘a) Measured
microscopic nuclear parameters, b) Experimental techniques
and facilities employed in data measurements,‘e) The analy-
sis, correlation and inrerpretation of nuclear data,.and
d) The evaluation of nuclear data., Contributions to this
Series are reviewed to assure a high.technical excellence
and, unless otherwise stated, the contents can be formally .
referenced. This Series does not surplant formal journal
publication but it does provide the more extensive informa-
tion required for technological appiications (e.g. tabu-

lated numerical data) in a timely manner.
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NEUTRON TOTAL AND SCATTERING CROSS SECTIONS
OF SOME EVEN ISOTOPLS OF MOLYBDENUM AND
THE OPTICAL MODEL

By

A. Smith, P. Guenther and J. Whalen

Abstract

Neutron total and elastic and inelastic scattering

92Mo, 96MO, 98Mo and louMo were meas-

cross sections of
ured. Neutron total cross sections were determined at
intervals of ~ 10 keV froﬁ l.0 to 5.5 MeV with resolu-
tions of x 10 keV, Neutron elastic and inelastic scatter-
ing cross sections were measured from 1.8 to 4.0 MeV at
inﬁervals of 0.2 MeV, Neutron groups corresﬁonding to the
excitation of forty states were identified. The experi-
mental results were examined in the context of optical-
and statistical-nuclear models. It was éoncluded that

the real part of the optical potential includes a term
proportional to [§i§} aﬂd suggested that the iﬁaginary
part is shell dependent with decreasing'magnitude as N=50
is approached. Comparisoun of wmeasured and calculated in-
elastic neutron excitation cross sections suggested a
number of J" assignments extending previous knowledge.

The experimental and calculational results were used, to-
gether with previously reported values, to generate an
evaluated neutron total and scattering cross section file

in the ENDF format extending over the energy range 0,1 to
8.0 MeV,
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I. Introduction

The ‘phenomenological nature of the complex-well optical
model (1,2,3) has been reasonably well established and the

model is widely and successfully used in the interpretation of

‘nuclear processes. The non-localify of the basic forces (4)

results in an enérgy dependent potential as described by Perey
and Buck (5) and Engelbrecht and Fiedeldey (6) among others.
Comparisons with experimental results over a wide energy range
generally indicate decreasing potential strengths Qith in-
creasing energy. In a lower and narrower energy interval
such-a trend is not as clear and even a converse dependence
has been reported (7). Moreover, the potentials may fluctuate
from isotope-to~-isotope in the low energy region. Green and
Sood (8) and Lane (9) have pointed out that the real optical
potential has an iso~spin dependence of the‘form V=Vot‘Vl[§§;}
where the positive sign applies to protons, the negative to
neutrons and the magnitude of the proportionality constant Vl
is about 25 MeV. This iso-spin dependence has been verified by
extensive analyses of, primarily, charged-particle data; for
example, by Becchetti and Greenlees (1VU) and Lind and co-workers
(11) . Becchetti and Greenlees also attribute a similar isotopic
dependence to the optical¥potential,absorption with a proportion-
ality constant about half that attributed to the real potenﬁial.
The iso-spin effect 1s not nearly as well defined for neutron
induced processes as the experimental basis is less precise and
far more fragmentary and the 1nter§retatiou is often complicated
by uncertain contributing factors such as compound-elastic and
pre-compound components,

In addition to the above general energy and isotopic de-

pendence of the optical potential, Lane et al. (12) have sug-

'gested a shell dependence of the absorption term with marked

reductions in the region of shell closures primafily as a
consequence of changes in level densities. The well known
deep mininmum in the 2=0 strength function at A N 100 (N ~ 50)
was partly attributed to this effect. DMore recently Vonach et
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al. (13) have observed rapid isotopic-dependent changes in

elastic neutron angular distributions near A=208 and corre-

lated these o§servations with a similar shell-dependent re- v
duction in the optical-potential absorption.

The spectroscopy of the low-lying states in the even
isotopes of molybdenum is influenced by a complex mixture of
single-particle and collective configurations as discussed,
for example, by Davydov and Filippov (14). There are a
number of uncertainties and apparent omissions in the ener-
getics and J" assignments of states with excitation energies
below a few MeV (15). The excitation of some of these states
can be productively studied by means of inelastic neutron
scattering,

Molybdenum is an excellent structural metal at elevatéd
temperatures. As a consequence, it has a wide potential use
in neutronic applications such as controlled nuclear fusion

devices. 1wo thirds of the element consists of the even iso-

92Mo, 96Mo,' 98Mo and 100Mo. Study of these isotopic *

topes
neutron cross sections substantially provides the quantitative
nuclear data requisite to many engineering applications to a
precision not easily achieved- in elemental studies. Moreover,
the isotopic cross sections are of explicit applied interest
as these lsotupes are among the most prominent of fission
products.

The present study of the neutron total and scattering

cross sections of 92Mo, 96Mo, 98Mo and 100

Mo had the nhjectives
ufy a) improving the understanding of the optical model .in
neutron processes near A=1U0, particularly the energy, isotopic
and - shell dependence, b) extending the knowledge of the excited
structure of these isotopes, and c) providing basic neutron
data for engineering applications. These isotopes extend over
nine mass uhits‘commencing at the neutron shell closure at
N=50. The measurements, together with previously reported re-
sults from this laboratory (16), extend over a relatively large

energy range. They include neutron total and elastic and
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inelastic scattering cross sections; providing a stringent
experimental foundation for the selection of model parameters
not easily achieved in charged-particle studies, Subsequent
portions of this paper deal with; experimental methods (Sec.
‘1I), experimental results (Sec. III), model interpretations
and conclusions (Sec. IV) and, finally, an evaluation of the
results in the ENDF/B (17) format suitable for the applied

user (Sec. V).

11. Experimental Procedureb

All experimental samples were right cylinders approxi—
mately 2 cm in diameter and 2 cm long.  The sample materials
were isotopically enriched to more.than 957 as summarized in
Table 1. The samples were fabricated using powdered metal-
'lurgical procedureé that resulted in denéities approaching
that of natural metal, Simple tests (e.g. balance) indicated
that the sample densities were reasonably uniform.. Howener,
precise assay of uniformity was not,poesiBle as it would have
required the destruction of all or part of the sambles. Thel
samples were believed to contain oxygen (16) with the oxygen-
to-molybdenum atom ratios givem in Table 1. All crose‘sec-
tions are reported in barns ner effective.atom of the particu-
lar sample. No corrections were made for very small effects
due to the minority isotopes, Where<appreciab1e, corrections
were made for the oxygen content as discussed below.

All measurements employed the 7Li(p,n) Be reaction as a
neutron source (18), The targets were lithium films the
thickness of which was adjusted to obtain the desired incident-
neutron energy resolutions. ‘

The total cross section(measurements were mnde using the
monoeénergetic source techinigue (19) together with the fast
time-of-flight methods. The latter assured against background
perturbations. The geometry was "good" with the neutron beam
‘incident upon the bases of the cylindrical samples. In-scatter-

ing corrections were estimated and found negligible. The in-
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cident neutron energy spread at the samples was nominally 10 keV
and measurements were made in a redundant manner with repeated
passes across the measured energy range., Concurrently a "refer-
ence" carbon sample was measured in order to verify the validity
.of the molybdenum measurements.
The neutron scattering cross sections were determined using

a l0-angle time-of-flight system with flight paths of approxi-
‘mately 5.5 meters (20). The incident neutron enétgy spread was
approximately 30 to 50 keV and the scattered-neutron velocity
resolution 0.4-0.5 nsec/meter, All scattering cross sections
were determined relative to that of H(n,n) by direct obeservation
of scattering from a polyethylene sample (21)., In additrion the
scattering cross gections of a carbon sample werc measured in
order to assure systen performance. Measurements at a given
energy were made essentially concurrently for all molybdenum
isotopes and the carbon sample thereby minimizing telative
errors between samples. All scattering results, including the
polyethylene standard, were corrected for beam attenuation,
angular resolution and multiple-event effects using a special~
purpose analytical and Monte-Carlo computational system (22).

The details of the experimental apparatii and procedures
are described elsewhere (20,22).

III. Experimental Results

A, Neutron Total Cross Sections

The neutron total cross sectious of 92Mo, 96&0, 98Mo and
IOOMO were measured frum + 1.6 To 5.5 MeV at intervéls of less
than 10 keV and with a resolution of ~ 10 keV. ~The results
are -outlined in Fig. 1. The statistical accuracy of the meas-
urements was ~ 3 percent, Small corrections were made for
contributiqns from the oxygen content of the samples. Possible
non-uniformity of sample dnesity was a potential source system—
atic uncertainty. The magnitude was estimated at N5 percent
but'cpuld not be verified without destruction of the samples.

All the measurements at a given energy were made essentially
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concurrently including those associated with a carbon reference
standard. The latter gave results in good agreement with pub-
lished carbon total cross section values (23). The cross sec~

tions constructed from the average of the present isotopic

‘measurements, weighted by the isotopic abundances, agreed with

the respective cross sections of the natural element to within
100 to 200 milli-barns througnout the measured energy range (24).
This agreement does not preclude an apprec1able systematic error
in a single isotope (e.g. 100 Mo) but makes significant errors in
several unlikeiy unless they are compensating.‘ The present
results reasonably extrapolate te the lower energy values re-
ported by Lambropoulos et al. (16) and are consistent with the
98Mo total cross sections reported by Langsford et al. (25)
though the latter displays more structure due to better energy
resolution. .

A notable feature of the total cross seetions of Fig. 1 is
the increase in average magnitude withlisotopic mass amounting
to ~ 0.4 to 0.5 barn between 92Mo and 100 Mo. The trend is rela-
tively systematic rsther than random as might be expected from
many experinental effects (e.g; density uneertaintieskcited
above). This isotopic dependence of the total cross section was
a major consideration in the physical interpretation (see Sec.
v, below); The present experimental values fluctuated.nith
energy with a trend toward‘greater magnitudes for the iighter
masses (e.g. 92Mo).A This ‘'was partly attributed to the residual
effect of resonance structure evident in Refs. 16 andA25; and

not well resolved in the present measurements,

B. Neutron Elastic Scattering Cross Sections

The differential elastic scattering cross sections of 92Mo,

96Mo, 98Morand 100Mo were measured from 1.8 to 4,0 MeV at in-
tervals of 0.2 MeV with incident neutron resolutions of 30 to

50 keV. The angular range of the measurements extended from <
20 to > 155 deg. with approximately 20 differential measurements
distributed over the angular interval. The experimental results

kK

-5-



are outlined by the data points of Fig. 2., Least-square fits of
a Legendre expansion to these measured values reSulted in angle-
integrated elastic scattering cross sections that were reasonably
consistent with measured total and inelastic scattering cross
sections as illustrated in Fig. l. 1In carrying out these fitting
‘procedures a 180 deg. point, deduced from the model described in
Sec., IV, was introduced to assure well behaved distributions at
very large scattering anglee. No constraints were placed upon
the fits at O deg. For the highly peaked-forward distributioms
this was a sensitive area and extrapolation forward from 20 de-
grees could have led to uncertainties in the results of the
fltting procedures,
Uncertainties in the elastic scattering measurements arose
from a numbor of erigins, The relallve angulat positions were
determined optically and believed known to * 0.5 deg. The effec~
tive source-sample geometry was contrnlled to within 1 fo 2
milli-meters cofresponding to an absolute angular uncertainty of
approximately one degree. The absolute angular scale was cali- : ‘ -
" brated by observing the energy dependent H(n,n) scattering proc=-
ess over a selected angular range both left and right of the ' 1%
rclative angular zero. This calibration procednre was believed
accurate to better than one degree., Collectively, these angular
uncertainties implied minor cross section errors in the low-
energy range of the measurements but Became more serious as the
energy increased and the elastic distributions became more
anisotropic, : ‘

The relative energy response of the detectors was estab-
lished by extensive measurements of H(n,n) scattering (21) at
each measurement period. TheAten detectors. varied in sensitivity
' with energy-cutoffs ranging from 0.2 to 0.8 MeV. The relative
energy sensitivities were determined at each incident neutron
energy and at a large number of scattering angles selected so as
to provide a good relative calibration of each detector over the
full energy range of the measurements. This relative energy

calibration was not dependent upon any absolute monitor response
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P
and was independent for each detector. The‘absolute.sensitivity 4
of each detector was then independently determined at each meas-
urement energy, again by observation‘of the li(n,n) process. These
absolute calibrations were generally redundant for each of the
-detectors. This extensive procedure has several advantages: a)
it is entirely eiperimentally based on a primary standard, the
H(n, n) cross- section, b) each detector is independently treated
resulting 4in a large redundancy 1n determinations of absolute
cross section magnitudés and c) it is free of many uncertainties
associated with flux monitoring. The twenty sample values at

each energy were measured in such a manner that adjacent angular
results were obtained with the same detector (e.g; 62 and 68 de-
grees) and thus reflected the same systematic erfors, if'present.

Combining the above uncertainties the best differential
measurements were judged accurate to * 5 percent. The largest
uncertainties were several times this value and tended to be at
lower energies and associated with detectors 6 and 10 (i.e. ener-
gies below 2.4 MeV and the two angular intervals 60 to 70 and 150
to 160 degrees). 1In addition, there was a lower magnitude limit
to the sensitivity of the system judged to be approximately * 3
mb. This was a governing factor iu the minima of the distribu-
tions at higher energies, particula:ly for 98Mo and looMo. The
cumulative effects of the above uncertainties are indicated by
the error bars on the data points of Fig. 2., Of course, the
differential cross section uncertainties were reflécted in the
angle-integrated'elastic scattering cross sections shown in Fig. 1.
These benefit from the redundant normalization procedures outlined
above and were judged known to within 5 to 10 percent. The con-
sistency of the deduced angle-integrated values‘is in agreement
with this estimate.

No results directly comparable with the present isotopic
values were found in the published literature. The present re-
sults are consistent with reported elastic neutron scattering
from the natural elemental molybdenum (26) but exact comparisons

are difficult as the distributions evidently are sharply isotope
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dependent. It is noted in Sec. IV, below, that a model based
upon the present results reasonably describes the isotopic
elastic scattering reported by Lambropoulos et al. (16) at ener-
gies of ~ 1,25 MeV,

Ce Neutron Inelastic Scattering Cross_Sections

The inelastic neutron scattering cross sections were meas-
ured concurrently with the elastic scattering values. The de-
tector responses andvcalibrations were identical to those de-
scribed above. Cross section values were accepted only when the
scattered neutron energies were such as to be on a reasonably
well determined portion of the detector-response curves (nomi-
nally scattered neutron energies above 500 keV), The minimum
sensirfvity of the detection systein varied with the particular
measurement but was genefally a few nilli barns per steradian,
The excitation energiés corresponding tn the observed cecattercd
neutron groups were determined from the known flight paths, -
flight-times and incident neutron energies and verified by the
observation of well known inelastic'scattering processes (e.g.
the excitation of the 846 keV state in 56Fe (27))., The uncer-
tainties in these weasured excitation énerpgies were estimated
from the particular experimental conditions, particularly reso~‘
lution, and found generally consistent with values reported from
charged particle work (15). The latter measurements generally
gave more accurate values than the present neutron scattering
measurements. Therefore, they were accepted as the more precise
and the present determinations of excitation cnergies were used
only to establish energy correlations with reported structure,

- The differential cross sections for the excitation of the
various states were determined at up to twenty scattering angles,
The angle-integrated cross sections were deduced from least-
square fits of'a Legendre expansion to the measured differential
values, Most of the measured distributions were nearly isotropic
and all were eésentially symmetric about ninéty degrees., A few

distributions associated with the excitation of 0O+ stétes were
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pronouncedlylénisotropic as illustrated by the 96Mo'example of
Fig. 3. The uncertainties in the cross section values, including
systematic effects, were subjectively éstimatedAfrom_the quality
of the particﬁlar measurement. The estimated differential cross
section errors were, at best, 5 to 8 percent in addition to a
minimum uncertainty of x 3 milli-barns per steradian., The asso~
ciated angle-integrated estimated uncertainties were 5 percent or
more, ' |

| Forty discreté inelastic neutron groups were observed with
marginal observation of several more. The corresponding excita-
tion energies are outlined and compared with those given in the
most recent Nuclear Data Sheets (15) in Table 2 and Fig. 4. The
respective cross sections and associated experimental uncertain-
ties are summarized in Fig. 5. ‘

The first four inelastic neutron grdups observed ‘in 92Mo
implied excitations of 1.51 # ,01, 2,28 + ,01, 2,52 *+ ,02 and
2,61 + .02 MeV and were well correlated with structures reported
‘from other spectroscopic studies (15). Neutrons corresponding to
the excitation of a reported state at 2.76 MeV were not observed.
This was not surprising as the proposed J" assignment of 8+ implies
very small cross sections and the obser§ed excitation of the sub=-
sequent 6~ st#te at 2,85 * .02 MeV was weak. A final neutron
group was observed corresponding to-an excitation of 3.05 % .05
MeV. This "state" was associated with contributions from three
levels reported at approximately this energy.

Neutrons corresponding to the inelastic excitation of states
in %o at: 0,78 + .01, 1.17 + .02, 1.50 + .02, 1.64 % .02,

1,90 + .03, 2.00 * .03, 2.12 *+ .03, 2.24 * .03, 2,50 + ,10, 2,70
* .10 and 2,90 * ,10 MeV were observed. These states are gener=-
ally consistent with previously reported structures, The 1.64
and 2,24 MeV states were attributable to .reported closely spaced
doublets of levels, Above excitations of approximately n 2,3 MeV
the previously reported structure becomes uncertain and was not

clearly resolved in the present work. Thus the cross sections
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determined for the excitation of "states' at 2,50, 2,70 .and 2.90
MeV were more correctly the cross sections for the emission.

of neutrons by iﬁélastic scattering processes involving bands of
-states as suggested in Table 2. 1In these instances only quaiita-
tive association with tihie reported structure was meaningful as
illustrated in Fig. 4.

Observed neutron scattering from 98Mo corresponded to the
excitation of states at: 0.74 * .01, 0.78 + .01, 1.44 + .02, 1,51
t .02, 1.78 ¢ .02, 1.96 £ .03, 2,07 + ,U3, 2.20 * .03, 2,38 + ,05,
2,50 = ,07, 2,70 ¢ .10 and 2.90 * ,10 MeV, Up to excitations of
~ 2.2 MeV these observed states closely corresponded to the ener-
glies of those previously reported (15). The closely spaced doub=
lets reported near 2,00 and 2.22 MeV were not resolved in the
present measurements. There was a single observation of a weak
neutron group corresponding to a 2.25 ¢+ .05 MeV state. This was
believed to be an erroneous level associated with the second
neutron group from the 7Li(p,n)7Be source reaction. Again, it was
not possible to clearly associate the. present results with pre-
viously reported discrete levels at excitations above 2.3 MeV and
the present cross sections for "states" at 2.38, 2.50, 2.70 and
2.90 MeV probably consisted of uncertain contributions from a
number of ill-defined sﬁates within the gencral band structure
outiined in Table 2. | |

States observed in 100Mo at; 0,52 = ,01, 0,69 * ,01, 1,06
+ 015, 1.14 * .015 and 1.46 = .03 MeV were associated with
similar reborted levels as shown in Fig. 4 and Table 2, Meas-
ureinenls involving the U,5Z MeV state were perturbed by contri-
butions from the secoud neutron group frou the 7Li(p,h)7Be
source reaction. The requisite corrections increased the uncere .
tainties in cross sections for the excitation of this state.

The same second neutron group was probably the origin of the
observed 1,60 + ,03 MeV state and as a consequence it was prob-
ably invalid. Observed states at: 1.77 + .03, 1,91 *+ .03, 2,10

+ ,03 and 2,33 # .03 MeV were in reasonable correspondence with

=10~ .
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' reported states. Again, measured excitations of 2.50 * .10 and
2,80 = ,10 MeV werelconsidered~as composite contributions from a
qumber-of uncertain levels, This is particdlarly so in this in-
stance as 10oMo is the farthest of these isotopes from the closed
“shell at N=50 and yet the reported structure at excitations
greater than appfoximately 2.50 MeV is appreciably simpler than

that of either 9-bMo or 98Mo: probably implying less complete knowl-

edge of louMo;

Isotopic inelastic neutron scattering cross sections of the
even-isotopes of molybdenum in the energy rangé of the present
experiments are not generally available in the literature preclud-
ing detailed comparisons with thé ﬁreseht measurements., The
element is isotopically complex'ahd it is difficult to quantita-
tively compare the elemental values with the above isotopic re-
sults. The present measured total and elastic and inelastic are
consistent. In addition, the present results reasonably extra-
bolate to the lower energy values of Lémbropoulos et al. (16) as
illustrated in Figs. 5A to 5D. Direct comparison with (n3njy)
measured values is not straightforward in the presence of complex
level structures as in these isotopes, However; the present
measured values appear consistent with the energetics determined
from the (n;n:y) measurenmnents of Refs. 28 and 29 dealing with
92&0 and lOOMo.

IV, Interpretétion and Discussion
A. The Optical Model

The above experimental results form a comprehensive data
base for examining‘some of the physical aspects of the optical
model (1,2,3). The measured values extend over a range of
nine mass units of a single element cormencing with the closed
neutron shell at N=50, Level densities, strength fﬁnctions
and, possibly, deformations are rapidly changing. The dafa
base is inclusive of total and scattering cross sections.over a
sevéral MeV range where exit channels and assoclated excited

structure are relatively well known. The directly calculable
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total cross‘section is available and the‘absence of a coulomb
barrier makes possible measurements in a number of well defined
neutron channels. These are features not readily available in
conventional charged particle studies, The scope of this ex-
perimental information constrains the choice of optical model
parameters with the consequent potential for the improved
physical definition of model properties.

. Basic considerations of nuclear matter and the optical
model by Green and Sood (8), Lane (Y), Perey and Buck (5),
Engelbrecht and Fiedeldey (6), Becchetti and Greenlees (10) and

others (3) have led to neutron potentials of the form:

. - N2, '
Vreal vo - A-E (MeV) [ A] | v (volume)
. I - (1
W = W = B<E (MeV) _[ﬁ:&]. W, (surface)
imag. o A 1

Experimental comparisons generally indicate that Vo and wo have
values of approximately 50 MeV and 12 MeV, respectively (10,3,
30). The energy dependent terms are physicaily related to the
non-locality of the nuclear forces (5,6). The parameters A

and B are phenomenologically determined from comparisons with
measured values over a wide energy range as in the work of
Becchetti and Greenlees and of Engelbrecht and Fiedeldey. The
valueé A=0,32 and B=0.25 given by Becchetti and Greenlees are
illustrative of the magnitudes of the commonly proposed energy
dependence. The [Eﬁzl term has its origin in the nature of the
two body force (9) which leads to a potential term proportional
to (t.T) where t and T are incident particle and target iso-

. 8pins., 1In neéeutron interactions this term reduces to the simple
F%?qform of Eq. 1. From extensive comparisons with experimental
neutron results Becchetti and Greenlees deduce the values V.= 24

1
MeV and wl = 12 MeV., Other estimates of V1 give somewhat larger
values (e.g. 30 MeV, quoted in Ref. 3). Studies of (p,n) and
(p,p) processes at energies of 10 MeV and above qualitatively

support these general magnitude estimates,

 -1p-
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Beyond the above general energy and‘isoﬁopicitrends of the

optical model, Lane et al. (12) have suggested a local shell de~-

.pendence; resulting in sharply reduced -absorption near .shell

closures. This effect is primarily attributed to rapid changes

in level densities. Moreover, near shell closures the wave

function has a node at the surface further reducing the surface

.absorption dominent at lower energies. Lane et al. point out

that this shell influence on the absorption contributes to the
well known deep minimum observed in the 2=0 strength function '
near A=100 (N=50). In addition, Vonach et al. (13) have corre-
lated observed elastic neutron angular, distributions in the
region of A=208 with the absorption of the optical potential.
They find a factor of three reduétion in the imaginary portion
of the potential going from Au(A=197) to Bi(A=209). These are
appreciable changes, exceeding thuse of Eq. 1 by large amounts,
The present experiments provide a good  foundation for the assay
of this shell dependence of the potential in the region A=100
extending from the closed shéll,at N=50 through the.neutron
d5/2 shell and into the 87,2 shell, |

It was the objective of the interpretation to explore these
optical model concepté in the context of the: present neutron
data base and .to deduce an optical potential suitable for extra-
polation and interpolation in the région of A=100 and. for the
subsequent analysis of»non;elastic<neutron processes using
statistical-model concepts.

The optical model interpretation of the present. experi-
mental results was carried out- in three stages. The first was

a broad survey consisting of Xi-square fitting of the model

. parameters to the elastic distributions. 1In the second stage a

detailed description of the elastic distributions and the total
cross section was developed by fine adjustment of the parameters

deduced from the Xi-square fitting procedures. Particular at-

‘tention was given to energy dependence, the [———Jterm of the

potential of Eq. 1 and to possible shell dependence of the para-
meters. The third stage explored the possible contribution of
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collective deformations. All of the optical model calculations
employed -real potentials of the Saxon‘form, surface absorption
imaginary potentials (alternately Gaussian or Saxon-derivative .
forms) aﬁd a fhomas spin-orbit term.(3). Throughout, the com=-
‘pound-elastic contributions were computed using the Hauser-
Feshbach formula (31) with the width fluctuation correction (32).
All six of the Sphericailoptical-model parameters were ad-
Jjusted in the Xi-gquare fitting procedures to obtain the optimum
description of the observed elastic angular distributions, The
data bése_consisted of the present experimental results to in-
cident neutron energies of 3.0 MeV and. 100 keV averages of the
lower energy values reported by Lambropoulos et al, (16). Data
nhtained at incident cncrgics abbve 3.0 MeV was not used in the
fitting procedures since the compound=-elastic contribution could
not be simply calculated due to uncertain knowledge of the con-
tributing exit channels, During the fitting the data was
weighted by the estimated experimental uncertainty, At lower
energies, the Lambropoulos values are not well defined above 1.2
MeV due to limited number of angular measurements, In addition,
below 1,0 MeV, particularly the 92Mo, the cross sections dis-
played appreciable energy dependent fluctuations even in the 100
keV average, Despite these uncertainties reasonably consistent
potential parameter sets were obtained as illustrated by the
real-potential depths and iadii of Fig., 6. The real diffuseness
was similarly well defined. The fitting procedures indicate
a constant real potential of 4 49 MeV with a precision of ~
2,0 MeV. The slightly lower potential values in the region
of 2.0 MeV were attributable to the experimental uncertainties
in this region. The real potential form of Eq. 1 was not in-
consistent with the results of the fitting procedures assuming
the generally accepted parameter values of A M 0.3 and le 25
MeV and the parameter uncertainties. However no systematic
trend in either energy or isotope was evident. The Al/3 radial
size effect was very small and well within the errors associated

with the fitting procedures. The fitting yielded consistent
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imaginary parameters but with rélatively larger uncertaintiesl
than for the real parameter values and well beyond the small
energy and [Ei%] effects indicated by Eq. 1. The fitting pro-
cedures gave the first evidence of a recurring problem; the in-
ability to simultaneously fit the total cross sections and the
elastic distributions. Parameters derived from a fit to the
latter generally resulted. in. total cross section values smaller
than the measured results, and increasingly so with mass, amount-

ing to a discrepancy of ~ 5 percent at lOOM

0. Attempts to obtain
a8 good Xi-square fit to both the total cross sections and elastic
distributions were not particularly rewarding. Elastic distribu-
tions calculated from the Xi-square derived valueé did not always
give a particularly good descripiion of the measured valuesvin
the diffraction minima, - This is a region of lower experimental
precision and consequently of low-weight in the fitting proce-
dures. The quality of the fits in this area could be altered by
artificial weighting of the measured values. This is a highly

subjective artifice and it was judged more desirable to proceed

- further by way of explicit parameter adjustments as described

below, .
The point of departure for the second stage of the optical

model interpretation was the parameters resulting from the above

Xi=square survey. The six model-pafameters were adjusted in de-

98 100Mo

tail to obtain the '"judged-best" description of the “ Mo and
total and elastic scattering cross sections over the energy range
of the present measurements, Implicit in this adjustment proce-
dure was a real potential energy dependence given by A, of Eq. 1,
equal 0.3. This proportionality was consistent with results re-

ported elsewhere (5,6,10), though a small effect over the energy
98Mo and 100

rangc of the preeent measurements, Mo were chosen for
the reference adjustment procedures because of the relatively
small compound elastic component over much of the energy range and

their extreme positions in the present mass range. Even so the

. compound~elastic contribution was appreciable and parameter selec-
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tion was sensitive to its magnitude. This contribution wés calcu-
lated using the Hauser-Feshbach formula with width fluctuation
corrections. Such calculations reliably give the shape of the
distribution but the magnitude is less certain due to unknown exit
‘channels at energies R 3.0 MeV and to shortfalls in the calcula-
tions themselves such as uncertain resonance overlap effects (32).
Therefore the normalization of the compound-elastic components
yés treated as a free parametér in the adjustment procedures with
only the constraint of a smooth energy dependence. In practice
this procedure led to coﬁpound-elastic contributions somewhat
larger (few percent) than tle Hauser-Feshibach result at energies
‘where the exit channel contrisutions were reasonably known with
~ progressively lower compound-élaétic values as uncertain channels
open at higher energies (e.g. 2 3.0 MeV). The low-energy com
pound-elastic values were consistent with the correction factors
suggested by Moldauer (32) and implied overlap parameter (Q)
values in the range 0.2 to 0.5. The latter were similar to those
deduced from the inelastic neutron scattering studies (see below).
The above procedures resulted in a good description of the
differential elastic scattering from 98Mo and 10OMo as indicated
by the curves of Fig. 2. The total cross sections were more
difficult as the calculated: values were consistently a few per-
¢ent swaller than che measured resuits. The total cross sections
were not particularly sensitive to reasonable variations in the

1/3

‘real portion of the optical potential and a simple A size ef-

fect did not account for the marked differences between 92Mo and
lOUMo total cross sections. The latter appeared to be associated
with the absorption. Careful adjustments in that area led to
98Mo and lUOMo calculated total cross sections systematically

" lower than the measured valuesAby no more than 5 percent, as il-
lustrated in Fig, 1. An inspection of potentials found in the
literature (30) may have shown the same inconsisﬁency between
total and elastic scattering cross sections possibly to a greater
extént. Moreover, the presently measured total neutron cross
sections were potentially uncertain by amounts equivalent to the
measured-calculated discrepancy due to uncertain simple densities

as noted above.,
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Using the parameters obtained for 98Mo and ,Mo the total

92Mo and ngo were cal-

and elastic scattering cross sectious of
culated. In doing so the real potential was assumea to have the

forn

VeV, - 0.3k (V) - [i"\é] 24 ' (2)
and the imaginary potential was adjusted to obtain the best
description of the experimental values., The calculated results
were good agreecment witih measured values as indicated by the
curves of Figs. 1 and 3. The respective potentiél parameters
are given in Table 3. A feature of tliese parameters is a trend
toward increasing imaginary strength with isotbpic mass. Exten-
sion of the model calculations to the lower energy values (ﬂf
1.25) reported by Lambropoulos et al. (16) gave good results
and, indeed, the present potential parameters are very similar
to those independently proposed by Lambropoulos et al. From
1.25 to 1.5 MeV the agreerient was not as good but the Lambropoulos
measured results are-not particularly well defined in the region
as they approach the upper enérgy limit particularly in the
minima of the distributioms,

TheF%éq term of Eq. 2 is implicit in the above parameter
selections. The effect is swall 0:_2.0 MeV) changes in V over
the entire isotopic range of the present measurements. However,
it is clearly evident as illustrated by the curves of Fig. 7.
The deletion of the [Eié]-;erm results in calculated cross sec-
tions 2 to 3 times smaller than either the measured values or
those calculated with Eq. 2 in the region of the first minimum
of the diffraction pattern. The effect decreases with energy
and at ~ 1.0 MeV is essentially negligible. Thﬁs it was not ob=-
served in previous low energy measurements (16). The 24 MeV
proportionality constant used in Eq, 2 appears essentially cor-
rect and is consistent with that of Becchetti and Greenlees (10)
and others (3). However, comparisons with the present experi-

ments probably could not define the value within an uncertainty

N



of less than 5 to 10 MeV. Moreover, the potential is not unique
and other parameter choices might yield other values of this
proportionality constant,

Cbmparisdns with the present experimental results did not
precisely define the energy dependence of the absorption term, W.
However, the trend was either toward constant or slightly in-
creasing W magnitudes with energy. This is not the qualitative
Fharacter of the energy dependence given in Eq. 1 nor that de~
duced from the analysis of measured values over a much wider
energy range by Engelbrecht and Fiédeldey (6) and others (3).
However, the present results were deduced from a relative narrow
and low-energy range of measurements where potentials may fluc-
tuate and cimilar trends at lower energles have been reported in
the literature; for example, the potential of Mani et al. (7).

There was a qualitative trend toward increasing absorption
(i.e. W magnitudes) with isotopic mass as illustrated by the -
parameter values given in Table 3. This effect was appreciably
influenced by the corresponding tendencies of the observed total
cross sections, The latter were subject to possible systematic
uncertainties as discussed above, The trend in W with{ﬁig]is as
large as implied by Eq. 1 using the Wl value of Becchetti and
Greenlees (10) (Wl N 12 MeV) but of the opposite sign., It is
suggested by the present experiments and interpretation that the
isotopic dependence of the optical-potential absorption in the
region of A=100 is significantly influenced by shell effecte
which. in these particular isotopes, trangcend the more general
' 4[§i£} dependence of'Eq. 1. The observed trends are qualitatively

_consistent with those outlined in Refs. 12 and 13. The present
potentials result in 2=0 strength functions of ~ 0.75 .x 10-4.
These values are consistent with systematic strehgth'function
behavior but it is difficult to make explicit compafisons with
measured values as the latter fluctuate appreciably (e.g., 0.65
(92), 0.70 (Y6), 0.70 (98) and 0.30 (100), x 1074 as given in
Ref. 33).

-18=



The above adjustment procedures were repeated using a
coupled-channel model coupling the ground and first-excited 2+
states assuming the latter were collective-rotational configur-

ations (34). The deformations were taken from the compilation

‘of Stelson and Grodzins (35). A considerable adjustmenf of the

coupled-channel model parameters did not improve the description
of the observed elastic distributions and the calculated total
cross sections tended to be less sultable than those obtained
with the above spherical potential. The comparisons with the
experimental results improved as the coupling was weakened and
concurrently the parameters tended toward those of Table 3. It
was concluded that channel coupling did not appreciably contri-
bute to the'total and elastic scéttering cross sections at the

energies of the present experiments.

" B, Statistical Calculations

The inelastic neutron excitation cross sections were calcu-
lated using the above optical potentials and the Hauser-Feshbach
formula with resonance width fluctuation and overlap corrections
(31,32) . The overlap parameter, Q was varied to optimize the
agreement between calculated and measured cross sections and
92

N y n
tended to increase with mass from ~ 0.2 at Mo to ~ 0,5 at

1UUMO. This is qualitatively expected from the character of
the resonance structure shown in Fig. 1 and consistent with

the compound-elastic contributions used above. The calcula-
tional objectives were: a verification of the above optical
potential in the context 6f inelastic scattering, an assay of
J" assignments for véfious excited states, and the extrapola-
tion of measured values for evaluation. The summary of the ex-

cited structure of the tolybdenum isvtupes given in recent

.Nuclear Data Sheets was used as an 1nitial basis for the cal-

culations (15).
. The reported excited structure of 9Z-Mo is relatively’
simple to N 3.2 MeV (see Fig. 4). Measured and calculated

cross sections for the excitations of the 1.51 (2+4) and 2.28
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(4+) MeV states are in good agrecuent as illustrated in-Fig.

5A. The 2.52 MeV state is reported to. be a doublet consisting
of 2.520(0+) and 2.520(5~) MeV components (15,28). The present
experiments did not resolve this doublet, hLowever, calculations
‘based upon the premise of its existence gave good agreement with
the measured cross sections if the prominent component had a
J-value of 0 or 4; intermediate values resulted in too large
calculated cross sections. The J=0 assignment is consistent
with the results of Chung et al., (28) and accounts for the ap—
parent fact that the gamma-ray transition to the O+ ground state
was not observed in their work. In addition, the scattered
neutron distributions observed in the present work tended to be
appreciably concave as weuld be expecied of a U+ state and not
characteristic of a 4+ state. Therefore it is suggested that
the prominent contribution is from a (4 state of N 2,52 MeV with
the other component of the doublet a 5- state as reported from
beta decay measurements (15). This suggestion is consistent
with the collective model predictions of Davydov and Filippov
(14) as discussed by Lambropoulos et al. (lb) and with ‘the
energy-eystematics of U+ states 1in the even isotopes of moly-
bdenum. The calculated cross sections for the excitation of
2.61(6+) and 2,85(3-) MeV states were in reasonable agreement
with experiment. A state reported ét 2,70(8+) MeV was not ob-
served and the corresponding calculated cross sections were
below the sensitivity of the present experiments. Three reporﬁed
levels could have possibly contributed to the nbserved 3.05U MeV
state (3.005, 3.063 and 3.092 MeV), One of these (3.092 MeV) has
been identified as a 2+ state. Cross sections calculated assum-
lug this was the only state were reasonably consistent with the
present observations, This suggested that the remaining two
states of the triad have rather large spins and as a consequence
did not appreciably contribute to the inelastic neutron scattering
observed 1n the present experiments. No attempt was'madé to

quantitatively estimate calculated excitations above N 3.2 MeV due
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to uncertainties in the structure though the number of specula-
tive states were indicated at the higher energies for completeness.
Calculated and measured excitation cross sections of the 0.78

(2+4), 1.15 (0+) and 1.50 (2+) MeV states in beo wére in agreement

N . .
to ~ 3,0 MeV as shown in Fig. 5-B. Above .~ 3.0 MeV the calcula-~

tions deviated towards higher values as a complexity of uncertain
channels progressively open.. The U+ assigument of the 1.15 MeV
state is given as tentative in Ref. 15, . The present results
clearly indicated this J“'assignment, with characteristic concave
angular distributions as illustrated in Fig. 3.  The observed l.64
MeV state was attributed to contributions from reported 1.626 (2+)
and 1.628 (4+) states and the calculated cross sections are con-

sistent with this premise. Calculations based upon smaller spinS

-for the 1.628 MeV state were less acceptable. "Similar agreement
.between measured and calculated cross sections for thie excitation

- of the 1,87 (4+) and 1.9Y8 (3+) IMeV states was achieved., The spin

of the 2,10 MeV state is uncertain with estimates ranging from
one to four (15). The present calculations and measurements were
reasonably consistent with J=1,2 or 3 with the latter preferred.
The observed angular distributions were- essentially isotropic,
precluding -J=0 values. The present experiments -did not resolve
the reported doublet at 2,22 (4+) and 2.23 (3=) MeV but the
measured and calculated cross sectidns are consistent with

the proposed energetics and J" values. The remaining observed

"states' at average excitation energies of 2.5, 2.7, and 2.9
MeV are clearly composites of a number of contributioms. For
example, at least six states, given in Ref. 15, were possible
contributors to the observed 2.5 MeV excitation and this pic-
ture was very likely an over simplification: In view of this |
complexity and uncertainty no éttempt’was made to relate meas-
ured and calculated values at excitations above ~ 2.4 MeV:
though estimated structures were included in the calculations
for completeness, _

. The recent Nuclear Data Sheets (15) cite approximately

: n
forty states in 98Mo to excitations of ~ 3.3 MeV; i.e. an
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average separation of N 80 keV. The -average sépafation is thus
comparable to the present experimental resolution. J" values
for the hajority of these have not been identified at excita-
tions & 2,5 MeV. Some may have high spin values and as a con-
‘sequence not appreciably contribute to the present neutron ob-
servations. On the other hand the preseﬁt picture is probably
an over simplification. The results of the present calcula-
tions, employing 17 excited states selected from the better-
‘established J" values, are compared with experimental values

in Fig. 5 C. The present measurements resolved the 0.74 (U+)
and 0,79 (2+) MeV components only atbthe lowest energy (1.8
MeV). At higher enetgigs the composite contribution was ob-
servad. Both cxpcrimental reSuIts are ‘cousisrent with the cal-
culated values and the angular distribution of neutrons from
the excitation of the 0,74 MeV staté had the concave "signature"
characteristic of a U+ state, Measured and calculated cross
sections for the excitation of 1.43 (2+) and 1.51 (4+) MeV
states were consistent to A 3.0 MeV with calculations deviating
toward larger values with énefgyAdue to the onset of uncertain
exit channels. Measured excitations of the 1.76 (2+4) state
were somewhat smaller than tie calcuiated results as expected.
Reported states at 1.81 and 1.85 MeV were not cbserved and/or
could possibly have been included with the 1.76 MeV state.
However, in either case the calculations suggest that the

spins of these possible contributions, if present, are J>4.

The excitation of 1.97 (0+) and 2.02 (3-) MeV states was ab-
served as a composite. Additional states have been reported

at 1.99 and 2,04 MeV., Again, if present with JJZ, they would
have led to calculated values appreciably larger than observed.
Calculated and measured cross sections for the eicitation of
the 2.10 (2+) MeV state were consistent. The reported doublet
at 2,21 (24) and 2,22 (2+, 3+ or 4+) MeV was attributed to the
observed 2,20 MeV state. The illustrated calculations were

based upon J" values of 2+ and 4+, respectively. Alternate
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values for the 2.22 MeV state of 2+ or 3+ gave less desirable
results., Excitations of some states above 2,3 MeV were included
in the calculations. However, ihcomplete knowledge of contrib-

uting structure made explicit correlation withh the measured cross

‘sections unrewarding.

Comparison of measured and calculated excitetions of states
in 100Mo are outlined in Fig., 5 D. Calculated excitations of
the 0.54 (2+4) and 0,69 (0+) MeV states were slightly smaller
than the experimental values. This shortfall was alleviated b}
increasing the overlap parameter, (, to values above 0.5 but with
a detrimental effect‘in the area of compound-elastic contribp-
tions, As noted above, there are experimental uncerteinties as~
sociéted with'these two states, :in view of these calculational
and experimental factors. the agreement between ﬁeasured and cal-
culated values was judged acceptable, ' The experiments¢left
little doubt as to the O+ assignment of the 0.6Y MeV state as the
observed scattered-neutron angular distributions displayed a
characterietic concave shape. Measured and calcuiated Cross
sections for the excitation of 1l.06 (2+), 1.14 (4+) and l.406
(2+) MeV states are.in reasonable agreement, Comparisons based
upon a single 1.77 (2+) MeV state were less satisfactory. The

calculated values are too large by an amount that cannot be

‘reasonably accounted for by contrlbutions from uncertaln competing

channels, Moreover, two states have been reported (15 29) at

"~ about this energy (1706 (2+) and 1770 (+)). The present results

tend to indicate that the spins of one (or both) are larger than
~ 3. The reported 1.91 and 2,10 MeV states have been tentatively
assigned J" values in the range 2-4+ and 3-, respectively (15).
The -present calculations employing 3- and 2+ are reasonably
consistent with the measured values, Alternatepehoices of 4+

and 3+ for the 2.10 MeV state were not as desirable. The present
results are consistent with the reported 2.34'(2+) MeV state but
this was a weak conciusion as.ekcitations‘in this region are

likely more complex than presently known. This is even more

relevant to excitations at 2 5 and 2,8 MeV and no attempt was
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made to interprete the cross sections observed in these two

regions thohgh the calculations, again, included speculative

<

structures for completeness.

" In conjunction with the above, coupled-channel analysis of
-total and elastic scattefing cross sections the contribution of
direct-reaction processes to inelastic scattering was examined.
The models found most suitable from the standpoint of total and
.elastic cross sections had rather weak direct-reaction strengths
(the direct well ~ 2/3 the real well). Consequently channel
coupling contributed little to the inelastic néﬁtrqn scattering
at the energies of the present work. The cbntributionalwetc
generally smaller than either the experimental uncertainties or
those associated with the choice of thé errlap parametef, Q.
Thus, in the context of inelastic scattering, there was no ex-
perimental justification for the added complexity of the coupled-
channel model.

V. Evaluated Neutron Total and Scattering Cross Sections

Contemporary knowledge of mneutron total and scattering
cross sections of 92Mo, 96Mo, 98Mo and 100Mo is very largély
confined to the present work and the results of Ref. 16,
previously reported from this laboratory. The scope of tﬁis
information and uncertain'knowledge,of other reactions in
these even isotopes precludes the formulation of a definitive
experimentally based evaluated data file., Therefore a limit-
ed evaluations were undertaken explicitly confined to: the
isotopes 92Mo, 96Mo, 98Mo and 100Mo, the energy range‘O;l to
8.0 MeV and to the neutron total and scattering cross sections.
These limited evaluations may be of direct use in some applied
computations, form a basis for critical comparisons with the
elemental file of ENDF/B-IV (17) and establish a foundation
for the formulation of a future, more comprehensive file, as
additional experimental information becomes available. The
present files are based upon the above work and that reported
previously in Ref. 16. ' In addition, spectroscopic information

summarized in Ref., 15 is utilized where appropriate. The for-
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mulation 1s within the format of the ENDF system_and.éompari-
sons are made with the elemental file of ENDF/B-IV where
possible., Subsequent portions of this Section outline the
formulation of these limited evaluated files. The respective

‘numerical contents are given in the Appendix.

A, The 92Mo File

The processes considered in the ptesént limited file for
92Mo are outlined in Table 4. ‘

The total cross sections over the fange 0.1 to 5.5 MeV
were taken directly from the measured values, Below}x 1.5
. MeV the total cross sections display considerable pa;tiglly re-
solved structure as illustrated ‘in Fig.'lA. In this region the .
evaluation was constructed by selecting measured vaiges from
the experimental data sét in such a manner as to portray the
structure with a minimum of numerical values, From 1.5 to 5.5
MeV the evaluation follows a smooth curve constructed through
the present measured values. Above 5.5 MeV the total cross
sections are obtained from the model described above, slightly
renormalized to givé agreement with the measured values in the
region 5.0 to 5.5 MeV.

Below the first inelastic threshold at ~ 1.53 MeV the
elastic cross section file is assumed identical to the total
cross section file. This assumption ignorés a very small com=-
ponent from the (n,y) process and corrections for that contri-
bution should be made when they can be reliably established.
More generally, similar corrections for minority exit channels
not considered in this evaluation should be applied when they
can be precisely determined. The effect of these corrections
on the file will be relatively small to energies of N 6.0 MeV;
i.e. over the very large portion of the energy range of the
present work. From the first inelastic threshold to 2.5 MeV the
elastic cross section was constructed from the difference
between the total cross section and sum of inelastic partial

cross sections determined in the present work., From 2.5 to
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4.0 MeV the elastic cross section was taken from the aone
measurements and interpretations as illustrated, for example,
in Fig. 2. Above 4.0 MeV the evaluation relied upon an
extrapolation‘using the model parameters of Table 3. The entire
‘result is illustrated in Fig. 8. A

The elastic angular distributions calculated with the model
of Table 3 are very descriptive of the present measured values,
as illustrated in Fig. 2, and generally of the energy average of
those at lower energies reported in Ref. 16. .Furthermore, the
calculated results compare favorably with the elemental ﬁeasured
values at 8.0 MeV reported in Ref, 30. Thus the above experi-
mentally based model was used to generate the elastic angular
distributions., They are e%pressed in terms of fl cooefficients
defined by

do . o [ § 28+1
£

aw " Zn o 2 fzpz} (4)

and are tabulated in the Appendix in the labdratory coordinate

systen. Transfer to the center of mass system will only .
slightly change the values. Applied parameters, such as ‘cos
of the scattering angle, are readily calculated from the fl
values if desired (36) and thus are not explicitly given here.
The evaluated differential elastic scattering cross.sections"
are well behaved as illustrated in Fig. 9 and satisfy "Wicks
Limit" (37). |

.Below 3.0 MeV the discrete inelastic neutron excitation
¢ross sections ére based upon the present experimental meas-
urements extrapolated to the respective thresholds using the
calculational methods outlined above., They are explicitly the
"eye~guide" dotted curves of Fig. 5. Above 3.0 MeV they were
em#irically‘extrapolated to a zero ﬁpper value at 8.0 MeV,
This extrapolaﬁion has the intent of qualitative guidance and

does not account for pre-compound contributions that will in-

crease the magnitudes at higher energies. Discrete excitation of
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states at Z'3.2 MeV are uncertain and the evaluation treats
them collectively as a continuum. The magnitude of the continu-
um component was constructed from the difference between the
total cross section and known components (i.e. elastic and dis=-
crete inelastic). As noted above, this procedure ignores some
contributions, such as (n,y), and appropriate corrections must
be made when suitable experimental information becomes available.
The energy distribution of neutrons emitted via continuum proc-
esses 1s not specified in the Appendix. There appears to be no
explicit experimental information and, in its absence, a simple
"temperature" consistent with systematics is suggested. Such an
approximation will lead to a shortfall in the higher energy
portions of the emission spectrum, The relative magnitudes of
the various inelastic components are illustrated in Fig. 8.
Implicit in the present evaluation is the assumption of
isotropic inelastic neutron emission and this is not explicitly
stated in the numerical files of the appendix., At excitations
of ~ 3.2 MeV this assumption is justified by the present experi-
ments, An exception is the excitation of the ~ 2,5 MeV, pre-
sumed O+, state, However, the respective cross section is mnot
large and the anisotropy relatively small. As the energies in-
crease from ~ 3.0 MeV to the upper.limit of 8.0 MeV anisotropy
should appear, due to pre-compound ﬁrocésses. " However, at the
energies of the present evalation it should not be large and
uncertainties in the inelastic evaluation will be dominated by

other factors,

B. The 96Mo File

. The processes in this file are outlined in Table 5. The

methods and procedures employedlin deducing the file were iden~-
tical to those employed for 9ZM0, outlined above. The results
are graphically summarized in Fig. 8 and explicitly given In

numerical form in the Appendix.

C. .The 98Mo File . -

The content of this file is outlired in Table 6. The data
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base and evaluation procedures were identical to those of 92Mo,
above. In this isotope there is additional experimentél totai
cross section information from Ref. 25. The latter is consist-
ent with the present evaluation but shows more structure partic-
ularly at higher energies. For simplicity and consistency with
the other isotopes this additional structure was omitted. For
most applications this omission siiould not be a dra&back. Wick's
Limit was satisfied in this and the other cases. However, in
order to satisfy this limit for 98Mo and 1% (and to a much
less extent, 96M.o) it was necessary to slightly distort the
elastic angular'distributions near zero degrees, This was be=-
lieved another manifestation of the small inconsistency between
weasured total and elastic¢ scattering cross sections noted in the
above model discussion. ' The results of the present evaluation

are given in Fig. 8 and the Appendix.

D. The looMo File

The contents of this file is outlined in Table 7, The data

base and procedures were identical to those of 92Mo outlined
above. The results are graphically summarized in Fig., 8 and

listed in the Appendix.

E. Uncertainty Estimates

The uncertainties to be associated with the present. limited
evaluations are a matter of subjective judgement based, primarily,
upon the available experiniental data base and associated inter-
pretation. Some guidelines are as follows:

A i: The uncertainties fu Lhe total cross sections aré prob-
ably ~ 5% to 5.5 MeV. At higher energies the uncertainty
may be as large as 10%Z. Comparisons of the weighted
composite with the known elemental cross sections indi-
cate better accuracies.

ii. Below fhe inelastic thresholds the uncertainties in the
elastic cross sections are equivalent to those of the
total cross sections. From threshold to 4.0 MeV the ac-
curacy is ~ 5 to 10% and at higher energies " 10%. The
relative angular distributions are believed known to

comparable accuracies,
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iii. The discrete inelastic excitation cross sections are be~

lieved known to ~ 10% to N 4.0 MeV for the prominent
components and to 1essef relatiye accuracies for minor
components, Specific estimates can be made from the
discussion of Secs. III and IV, above. .Above the maxi-
mun measured energy of 4.0 MeV the inelastic scattering
components become increasingly matters of speculation.
However, the non-elastic cross section is reasonably de-

fined by total and elastic scattering cross sections.

F. Comparisons with the Elemental File of ENDF/B-IV

The present evaluations are not directly comparable with the
elemental ENDF/B-IV file (38). ‘Moreovef, at the time of this
writing the ENDF-IV molybdenum file was not available in final
form, It appears to be essentially the ENDF~III file at energies
comparable with the present work. However some qualitative inter-
relations can be established that may offer guidance as to future
improvements of the file. Here we assume the available prelimi-
nary form of the file with referencés thereto denoted as ENDF/B,

vThe total neutron cross sections of ENDF/B are relatively
consistent with the present evaluated results as illustrated
by the reSpeétive curves in Fig. 8. The present.evaluatibns
reflect the trend toward increasing values with mass noted in
the experimental measurements. The largesi discrepancies ap~
pears at energies of ~ 2,0 MeV and there are some differences
near 8.0 MeV where the présent work is based upon extrapola-
tion. The ENDF/B file does not show the structure of the pres-
ent work, The latter will average in the elemental composite.
Generally, the consistency of the various total cross section
files was judged reasonably good.

The evaluated neutron elastic scattering cross sections
are difficult to combare as the cross sections differ rather
sharply from isotope-to-isdtOpe as illustrated in Fig. 2. These.

differences are most evident in the elastic differential distri-

=29~



butions. Those given in ENDF/B appear to.be neither particu-
larly detgi}ed nor consistent with the present work., This is
particularly true at energies above ~ 1.0 MeV. This may be a
concern to those applicationé where deep minima of the scatter-
ing distributions are important. There is also a discrepancy
between the angle-integrated elastic scattering cross sections
.of the present work and ENDF. This is a reflection of problems
associated with inelastic neﬁtrdn scattering outlined below,

It is suggested that the elastic scattering cross sections of
the ENDF/B file could be improved by utilizing a weighted
average of the present isotopic evaluations.

The formulation of the ENDF/B file in the inelastic scatter=
ing area apparently is hased upon an integrated inelastic crose
sectionldating back to ENDF/B~I or II with the addition of a
limited number (4) discrete inelastic groups. A very large
‘portion of the file relies upon a simple continuum representation.
AAbove energies of several MEV the total inelastic neutron cross
sections of the present work and those of ENDF/B are véty similar
as illustrated in Fig., 8. As the thresholds are approached, a
discrepancy arises amounting to possibly a factor of two or more
at ~ 1.0 MeV. The present evaluated inelastic cross sections of
96Mo, 98Mo and lOOMo may be two to three times thbse of ENDF/B at
1.0 MeV. The cross sections of the odd isotopes 95Mo and 77 Mo
should have similar large values at 1.0 MeV due to the abundance
of open exit chamnels, Further, M 3/4 .of the element consists of
the molybdenum isotopes 95 through 100. Recognizing no 1.0

MeV inelastic contribution from 92Mo and only a'small compo-

94

nent from Mo (16). one must conclude that the 1.0 MeV in-
elastic neutron scattering cross section of the. element is' in
excess of 1.0 barns. This conclusion is consisteént with the
elemental measurements of Smith and Hayés (39) and Glazkov (40),
Thus the iﬁelastic neutron scattering cross sections of ENDF/B
may be considerably smaller than reality in the region of 1.0
MeV. This may be a matter of concern in some applicatidné deal-
ing with relatively “soft" spectra. An example is the "Central

Worth" of molybdenum in a representative fast reactor spectrum,
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This is particularly so as the inelastic neutron scaﬁtéring-cross
sections of molybdenum are among the largest known. It is sug-
gested that ENDF/B inelastic scattéring cross sections be re-
viewed to assure that they are consistent with the preseﬂt and
'pre?ious work at lower energies. |

‘The ENDF/B file contains extensive information dealing with
neutron, particle and gamma-ray emission af enérgieé well above
the present work. These high energy portions of the file appear
to be relatively consistent with a meager experimental base and
known systematics.. Unfortunately, the present studies do not
provide appreciable insite into'this'high'energy region. Meas-
urements toward that end are now scheduled.

Finally, the reader is again cautioned that the above com-

parisons are based upon a preliminary version of the ENDF/B file.

VI. Summary Remark

_ The experimental results, together with those previously re-
ported from this laboratory (16), reasonably defined the neutron
scattering cross sections of 92Mb, 96Mo, 98Mo and 1OOMo to 4.0
MeV and the total cross sections to 5.5.MeV. An optical model
was constructed upon.this experimental foundation with attention
to the energy-, isotopic-, and shell-dependence of the optical
potential in this region of AN100. The real portion of the
optical potential was well defined and was consistent with the
energy and isotopic dependence of the form V = Vo - 0.3.E(MeV)~
[Eiz] + 24 (MeV) determined from broad-scope studies reported in
the literature (5,6,8,9,10). The optical model absorption was
not as precisely defined but tended to increase in strength

with mass and, to a lesser extent, with energy. The trend in
the mass dependence of the absbrption was qualitatively similar
to the shell dependence suggested in the region of N=50 from
considerations of strength fhnétions (12) and observed in N 1,0
MeV neutron scattering near A=208 (13). The results of statis-

tical-model calculations based upon previously reported struc-
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tures of these isotopes were generally consistent with:the
measured inelastic scattefing cross sections., In addition, com—
parison of calculated and measured values confirmed some tenta-
tive J" assigﬁments and suggested values where prior knowledge
was entirely lacking; specifically, a) the inelastic scattering
frém the 2,52 MeV doublet in 92Mo was primarily attributed to a
(+ state and that from a ﬁriad in the region of 3.0 MeV to

a 2+ state, b) the O+ assignment of the 1,15 MeV staté in 96Mo
was confirmed together with the 4+ assignment of a member of

the 1.62 MeV doublet and the results suggest J=1, 2 or 3 for the
2.10 MRV state, c) the states in Bro at 1.81, 1.88, 1.99 and
2.04 MeV were not observed with the implication of relatively
large J. values and a &+ assiguméut-is sugpested tor the 2.22 MeV
state, and d) the one or both of the reported states in lOOMO at
1.766 and 1.770 MeV probably correspond to J values > 3 and a 2+
assignment is suggested for the 2,10 MeV state; The optiéal—
and statistical-model results were re-examined in the contéxt 6f
collective deformations. The latter were not believed warranted
in the presentAexperimental"contéxt. Thé experimental and
calculational results were utilized to construct a limited eval-
uated file in the ENDF format consisting of neutron total and
elastic and inelastic scattering cross sections over the energy

range 0.1 to 8.0 MeV,
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TABLE 1. Sample Compo_sition8

92 94 95 96

97

98

Mo

100

0/Mo

Sample . “Mo Mo Mo "Mo’ Mo Mo
1 97.37 0.68 0.52 0.37 -0.18 0.40 - 0.50 4.4
2 0.22 0.27 - 106 96,44 - 1.02 = 0,86 0.14 2.3 -
3 0.14 0.10 0.22 . 0.34 0.58 98.3 0.31 ' 3.8

. a. All isotopic values are in atom-percent, The oxygen :o'molybdenum ratio

(0/Mo) is given as atom ratio .in Z,

Al



9 98 100
' TABLE 2. OBSERVED INSIASTIC NEUTRON EXCITATION ENERGIES CF Mo, >oMc, *°Mo and 1%0Mo®
. 98 '
98, 96, Mo 100,
No. Exp. NDS No. Exp. NDS. No. Exp. N3 No. Exp. NDS
1510 £ 10 1509 780 * 10 778 740 £ 100 735 520 + 10 535
2 2280 + 10 2283 1170 + 20 1147 780 * 10 737 690 .10 694
3 2520 t 20 [zszo]b 3 1502 + 20 1498 1440 + 20 1432 1060 + 15 1064 -
S ‘L2526 :
4 2610 * 20 2615 4 164D * 20 [1628 | o4 1510 + 20 1510 4 1140 % 15 1136 - -
. 1626 - . ' . .
2850 + 20 2849 1900 + 30 1870 1780 + 20 1758 - 1460 + 20 1463
13050 £ 50  [30057° 2000 + 30 1978 6 1960 * 30 [19&5]b | 6 1600 + 30 ¢
30631 - 2017) - -
3092 .- | A N L
7 2120 + 30 2096 7 2070 + 30 21CS 7 1770 + 20 [1740]P‘
. : 1780J
8 2240 + 30 [zzls]b | 8 2200 + 30 2207]§ | .8 1910 % 30 1908 °
2234] ;- . L2224d =
9 250C + 100 '24001? 1 9 2250 + 50 . () 4- 9 2100 + 30 2101 :
Vi - :
_ | 2600]: - | . ‘ Lo -
10 270C + 100 [26000°: | 10 2380 + 50 [2333] | 10 2330 + 30 2340 :
v . v : » Lo
2800] : [2430] | :
11 2900 + 100 [28007%:( 11 - 2500 + 76 [24307% ;| 11 2500 + 100 [24001%
e Vi ' Vi
| 3000] | - [ 2570] - : 2600,
o 12 2700 + 100 [26007¢ :| 12 2800 £ 100 [27007°
] [2800] | - 2900
13 2900 + 100 [2800]% - 5
g ol wl
........................ 3000

a. All energies in keV, NDS denotes most re.

b. Qbserved
c. Obgegved
note

d. Isolatéﬁ

state grobably a composite of r
a

excit
the text

ions estimated to approxiggggi

zent Nuclear Data Sheet vaiueslas given in Ref. 15.

observation, probably erroneous. -

d states as in ener
y correspond to the

e¥ngiegted

dicatec.
block of excitation energies.
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TABLE 3. Optical Model Potential Parameters

v = 50.2 Mev , RP.  =1.200F . . A . =0.66F
o ' , oo cTreal TN 0o e 0o U real
WE = 4.5 Mev (92) | "R:ma' =1.,218F - . Ay, = 0.63 F
5.5 MeV (96) 8 _ mag.
4.9 MeV (98)
5.7 MeV (100)
Vd = 8 MeV
8-0
a. Saxon potential form where
V=V - 0.3E (V) - [1“—5‘5] 2 (MeV)
.. 1/3
b. Where nuclear radius = R¢A .

c. Surface absorption of Saxon-derivative form,
d. Spin-orbit potential of Thomas form,



TABLE 4

Processes, Q-Values and Thresholds of the Partial 92Mo Evaluation,

No. Process 3l - Q=Value(MeV) : -Threshold(MéV)
1 " o(n), total _ - o -
2 o(n,ﬁ') | | |

a. | 'Elastiﬁ - 0.0 ‘ . -

b. o(n,n} C 1.5094 1.5258

c. .. o(q,né) o L '72,2825 i a 2.3073

. o(n,n}) o2i5200 0 - 2.5473

e. co(mny) - =2.6115 C S 2.6399

f; o(h,ng) o -2.8487 I | 2,8796

8. B o(n,né) S =3,050 - " 3.0831

h. "~ o(n,n") continuum =3,165 3.200



TABLE 5

Processes, Q-Vaiues and Thresholds of the Partial 96Mo Evaluation

No. o A»Ptogessq L Q-Value(MeV) .. - ﬁf,Thréshold(Me!l
1 ag(n), 'total D “' - -
2 o(n;n").
a. , Eiasﬁic | 7 0.0 — » » ;-
b.  aln,n)) | -0.77826 0.78635
e o(n,n}) -1;14i9f R 1.1598
d .. o(n,n}) . -1.4978 1.5133
e. o(n,n}) -1.6259 o © T 1.6428
£, o(n,nd) - ~1.8695 ,  1.8889 |
g o(m,m}) -1.9783 1.9988
h, o(n,n;)'\ | B -2.0956 2.1174
1. o(n,nf) - -2.2250° 2.2481
i. o(n,néj' © o -2.5000 2.5260
k. ‘ c(n,nio) ~2,7000 2.7280
L. : ‘o(n,n),) a -2.9000 ' '2.9301



TABLE 6

Processes, Q-Values and Thresholds of the Partial 98

Mo Evaluation.

No. 1'
1
2

a.

Ce
d.

€.

f.

Be

h,
i.
3.
k.
L.

m,.

Ne

Process Q=Value(MeV)
o(n), total . 1 ——

" a(n,n') 1

Elastic - | 0.0
otm,ul) . -0.7349
o(n,né) . | . =0.7874
d(n,néj - | ;1.432 .
o(n.nz) - = 1.510
o(n,né) o - =1,758
o(n,né) ' ' ~2.025
c(n,n;) . - -2.105
o(n,né) . | -2,216
o(u,n) S =2.300
a(n,nio) -2.500
o(n,sny;) -2,700
a(n,niz) =2.900.

Cdntinuum . =2,969

Threshold (MeV)

0.7422
0.7952

1.446



TABLE 7

Processes, Q-Values and Thfesholds of the Partial 1OoMo Evaluation.

No. Proce;s. Q~Value(MeV) o - Threshold(MeV)

1 a(n); Total — : —

2 a(n,n') .
a. _ . Elastic ’ | | 0.0 —
b. a(n,nl) | ~0.5356 | 0.54095
c. v o(n,pé) . | "-0.6944A : 0.70134
do a(ﬁ,ng) ' © <1.0637 N 1.0743
e o(n,m)) - -1.1361 C 1.1474
f. o(n,n;) , -1.4633 1.4779
g. | o(n,n?) - o -1.7704 . 1.7881
h. o(n,nl) - -1.9081 1.9272
1, o(n,n}) | -2,1014 2,1224
jo o(n,ng | -2.340 L 2.3634
k. o(nnj) © -2.500 ; 2,5250
2. o(m,n})) ~2.800 ' 2.8280

m.e Continuum . =2.475 2.500



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Figo 60

'(c)l and

FIGURE CAPTIONS

Measured and calculated neutron total and elastic scattering
cross sections of 92Mo (a), 96Mo (B), 98Mo (C) and looMo (D).
The present measured total cross sections are noted by square
data points, those of Ref. 16 by a light solid curve, Meas-
ured elastic scattering cross sectionétare denoted by circular
data points where the values for E = 1.5 MeV are ~ 100 keV
averages of the results of Ref. 16 and those for E > 1.5 MeV
from the present work. The heavy solid curves indicate the

results of'c51culatious as discussed in Section IV of the text.

Differential elastic scattering cross sections of 92Mo, 96Mo,
?8Mp and 1UOMu, The.pregent resulto and thelr uncertaiities

are indicated by data points. The solid curves represent the
results of theoretical calculations as descrihed in Section IV
of the text. J
Elastic and inelastic differential cross sections for the
scattering. of 3.2 MeV neutrons from 96Mo; Measured values are
indicated by data points;‘ The curves are the results of cal-
culations as discussed in Scc. IV of Lhe text. The measured
distribution for the excitation of the 1.15 MeV level has the
coneave shape characteristic of the excitation of a U+ state.
Simplified comparison of excitations in 92Mo, 96Mo, 98Mo and
1OUMO observed in the present experiments with those summa-
rized in Ref. 15. Solid circles denote discretely observed
structures with brackets indicating the collective observation

of a number of states.
92Mo (a), 96Mo (8), 98Mo

Mo (D). Measured cross sections for the stated ex-

Inelastic excitation cross sections of
100
citativu energies (in MeV) are denoted by daﬁa points, Values
at energies ::1.5 MeV are from the results of Ref. 16 averaged
over ~ 30 keV intervals. The dotted curves indicates an

"eye-~guide" evaluated cross sections and the solid curves the

.results of calculation as described in Sec. IV of the text,

Values of the real potential strength, V, and real radids,'Rv,
deduced from Xi=square fitting of the optical potential to the



Fig.

Fig.,

Fig.

7.

8.

" of

observed elastic scattering angular distributions, The in-

cident energy range extends from 0.5 to 3.0 MeV and the fiﬁting

96Mo 98 100

includes 9?'Mo,, » Mo and Mo as noted by the symbols.

Illustrative comparisons of measured and calculated elastic

92M

scattering cross sections of o. Measured values are indi-

cated by data points. Calculated results are denoted by curves

where A was obtained using the potential of Table 3 with a
[Ezgidependence énd §_with§ut such a dependence,

Evaluated neutron total and elastic and inelastic scattering
cross sections of 92Mo, 96Mo, 98Mo and looMo. Solid curves indi-
cate the results of the présent,evaluations. The dotted lines
are constructed from the elemental molybdenum evaluation of
ENDF-1IV, 4 ‘

Evaluated differential elastic neutron scattering cross sections

9ZMo.
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‘Appendix, Numerical Evaluated Data Files.
4,20920+04 9.11180+01

0,v +00 0.0

PARTIAL EVALUATIOwn BY A,

+0U

C4MPLETE DPCUEMENTATIZN IM ANL/NDM=7, 1974,

W S0 0 T B T mar M T m e Ty Ty W T o e T G e e - oo

4.,2092 + 4 9,113
0.0 + 0 0.0
240

+10U00E Us .58290E
«11550E 0K ,65150E
(13160E U5 ,74250¢
© 914570€ 05 ,53740%
«16180E 06 ,71400¢
W1B8980E 06 64820
120390E 06 ,69120E
+21990€ 06 ,10010E
+240UQE 06 ,99040E
+25200€ 06 .67990E
26800k 06 .78960E
W28410€ 06 .79640E
v29610E 06 ,68030E
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