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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results
of studies in the field of microscopic nuclear data. The pri-
mary objective is the dissemination of information in the com=-
prehensive form required for nuclear technology applications.
This Series is devoted to: a) Measured microscopic nuclear
parameters, b) LExperimental techniques and facilities employed
in data lnieasurements, c) The analysis, correlation and inter=-
pretation of nuclear data, and d) The evaluation of nuclear
data. Contributions to this Serles are reviewed to assure a
high technical excellence and, unless otherwise stated, the
contents can be formally referenced. This Series does not sur-
plant 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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902: and 922:; Neutron Total and

Scattering Cross Sections®
by
P. Guenther, A. Smith and J, Whalen

Argonne National Laboratory
Argonne, Illinois

Abstract

Total neutron cross sections of 9OZr and 922: were
measured from 0.9 to 5.5 MeV and elastic and inelastic
neutron scattering cross sections from 1.8 to 4,0 Mev.
The inelastic neutron excitations of six states in 902:
and more than twelve in 922: were observed. The experi-
mental results formed the basis of an optical-statistical
model interpretation including considerations of the
Ei;] and shell dependence of the optical potential and
the effects of resonance width-fluctuation and interfer-~
ence, Comparisons of measured and calculated cross
sections suggested new J" assignments for a number of ex~
cited states. The experimental and calculational results
were incorporated into a limited evaluated data file in
the ENDF format including total and scattering cross sec-
tions to from 0.8 to 8.0 MeV.

a. This work supported by the U. S. Atomic Energy Commission,
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I. INTRODUCTION

Zirconium is a widely used structural material in
fission-reactor systems. In these and other applications
fast neutron cross sections of zirconium are of high impor-
tance (1). More than two thirds of the element comsists of
the isotopes 9OZr and 922r. Therefore, these isotopes make
the major contribution to the elemental cross sections. At
low energies (é 1.0 MeV) the neutron total and elastic and
inelastic scattering cross sections of the element arebrea-
sonably known (2,3,4). However, as the energy increases
into the few MeV range the knowledge becomes uncertain and
the character of the neutron scattering cross sections be-
comes very isotope dependent.

The two isotopes 902r and 922r are situateu at and just
above the closed shell at N=50, respectively. In this re-
gion the density of excited states is changing rapidly, the
s-wave strength function near a minimum and the p-wavei
strength function large (5,6). An optical-model (7,8) de-
scription of the neutron-nucleus interaction may be sensi-
tive to both shell and isotopic effects (9,10,11,12) such as
have been reported elsewhere (13,14). The properties of the
excited states, particularly of 90Zr, are well established
to excitations of more than 3.0 MeV (5); thereby alleviating
one source of uncertainties in statistical model calculations
(15) and improving the potential for a detailed examination
of the theoretical concepts (16). The latter are a matter of
contemporary basic-physical interest (17). 1In particular one
can expect considerable enhancement of energy—average Cross
sections for reactions in which the entrance and exit channel
fluctuations are strongly correlated and a corresponding re-
duction in reactions without such correlations. In addition

compound-nucleus inelastic neutron scattering cross sections
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should be enhanced by resonance correlations. These ef-
fects imply considerable corrections to the conventional
Hauser-Feshbach formula (15). Finally, spectroscopic infor-
mation for 922r is incomplete at excitations «f3.0 MeV and a
careful comparison of measured and calculated neutron in-
elastic scattering cross sections can guide the selection of
J" values.

The present program was undertaken in order to: a)
provide nuclear data of high applied relevance, b) examine
the shell and isotopic dependence of the optical potential,
and c) phenomenologically explore the physical charaéter of

the compound-nucleus process,

II. Experimental Methods

The samples employed in the meéasurements were right
metallic cylinders 2 em in diameter and 2 cm high. They
were fabricated out of isotopically separated material en-
riched to greater than Y5 atom/percent, The mass assay is
given in Table 1. There were negligible chemical impurities,
Herein all cross sections are reported as barns per average
atom of the respective samples. Corrections for the effect
of minority isotopes should be less than the experimental
uncertainties,

The total cross section measurements were made using
monoenergetic transmission techniques including fast time-
of-flight for background and neutron-source control (18),.
The neutron scattering measurements were made using a ten-
angle time~of-flight system employing flight paths in the
range 5.5 to 6.0 meters., The scattering measurements, in-
cluding those agsociated with the H(n,n) standard, were
corrected for beam attenuation, angular resolution and
multiple-event effects using Monte Carlo-calculational pro-

cedures (19).



All the measurements employed the 7Li(p,n) neutron
source reaction (20). This reaction produces primary and
secondary neutron groups in the energy range of the present
experiments. Corrections were made for perturbations due to
the secondary group where appropriate.

The details of the specific apparatuses employed in

these measurements have been described elsewhere (21,22).

III. Experimental Results

A. Total Neutron Cross Sections

The total neutron cross sections of 9°Zr and 922r were

measured from 0.9 to 5.5 MeV at intervals of % 10 keV with
resolutions in the range 5 to 10 keV. The results are sum=
marized in Fig. l.

The statistical accuracy of the individual measurements
varied from 2 to 5 percent. Systematic uncertainties were
estimated to be < 3 percent. Concurrent measurements of a
carbon reference standard resulted in total cross sections
of carbon in agreement with those reported in the literature
(23,24). Above several MeV the total cross sections were
relatively smooth functions of energy. However, below N 1.5
MeV, particularly for 90Zr, fluctuating partially resolved
structure becomes evident with increasing magnitudes with
decreasing energy. Apparently the only previous total cross
section results directly comparable with the present work
are the 902r values of Stooksberry et al. (25). The agree-
ment with the present work is good as illustrated in Fig. 1.
Approximately two thirds of elemental zirconium consists of
902: and 922r. The relative-isotopic-weighted average of
the present results is in good agreement with the reported
total cross sections of the natural element (2). The present
results do show a difference in total cross section magnitudes
between the two isotopes. The difference is approximately

that expected from a "size" effect as discussed in Sec. 1V,
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below.

B. Elastic Neutron Scattering Cross Sections

The differential elastic scattering cross sections
were measured from 1.8 to 4.0 MeV at intervals of A 0.2 Mev
with energy resolutions of 30 to 50 kev. The measurements
were made at twenty scattering angles distributed from <
20 to > 155 deg. The relative energy dependence of each
of the ten detector systems was experimentally determined
by observation of the H(n,n) scattering process and all
zirconium cross section values were determined relative to
that of H(n,n) scattering (26). The experimental results
are summarized in Fig. 2, Clearly, there is a marked energy
and isotopic dependence of these cross sections, The accu-
racies of the measurements were generally 5 to 10 percent
or a few milli-barns/steradian, whichever was larger. For
some specific measurements the uncertainties were somewhat
larger as qualitatively indicated by the error-bars of Fig,
2. The uncertainty estimates included contributions from
systematic perturbations such as those associated with the
Monte~Carlo correction procedures. The normalization to the
H(n,n) standard cross section was independent at each in-
cident energy and free of absolute flux or detector calibra-
tions (13). Pairs of adjacent data points were usually
obtained using the same detector thus were subject to many
of the same systematic uncertainties. However, the calibra-
tion associated with any pair was essentially independent of
that of any other pair. These calibration procedures can re-
sult in increased random uncertainties between point-pairs
within a given distribution but the method has the advantage
of a highly redundant general normalization alleviating some
usual systematic uncertainties. The experimental geometry
was well controlled and the scattering angle calibrated by

direct left-right observation of the energy transfer in
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scattering from hydrogen. The scattering angles were be-
lieved known to + 1.0 deg. At the higher incident energies
this small angular uncertainty can have an effect on the
measured values. Cross sections of a carbon reference
standard were determined concurrently with the zirconium
measurements. The angle integral of the observed carbon
cross sections was generally within 5 to 10 percent of the
reported total cross sections (23,24).

The angle-integrated elastic scattering cross sections
were determined by least-square fitting the measured differ-
ential values with a Legendre series. Generally, there were
no constraints on the fitting procedures. Particularly,
Wick's Limit (27) or similar artifaces were not employed to
force the small-angle behavior. The resulting angle~inte-
grated values are outlined in Fig. 1. The uncertainties in
these angle-integrated cross sections were estimated to be 5
to 10 percent with the largest contribution due to the extra-
polation from the most-forward measured point (at 15 to 20
deg.) to zero degrees. Generally, the angle-integrated
elastic scattering cross sections were consistent with the
observed total cross sections and explicitly so for 902: be-
low the first inelastic scattering threshold as illustrated
in Fig. 1.

Comparable previous elastic scattering measurements
appear confined to a single 9OZr distribution reported by
Stooksberry et al. (25) at 2.1 MeV. The previous data ap-
parently was arbitrarily normalized but it does have an
angular-dependent shape consistent with the results of the

present work.

c. Inelastic Neutron Scattering Cross Sections

The inelastic neutron scattering cross sections were
determined concurrently with those for the elastic process

using identical H(n,n) calibration procedures. The scattered
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neutron velocity resolution of X 0.4 nsec/meter was suffi-
cient to resolve most of the reported structure in these two
isotopes. The ten detectors had minimum sensitivities vary-
ing from N 0.2 to 0.8 MeV. Cross sections were accepted
when there was a reasonable response from five or more de-
tectors generally implying a scattered neutron energy of
greater than 0.5 MeV, Usually 15 to 20 data points were ob-
tained on a given distribution. The various reaction Q-
values were determined from the known flight paths, flight
times and incident energies and verified by the observation
of well known inelastic neutron processes., These (Q-value
determinations were highly redundant and the final values
were taken from a simple average of the measured quantities
with the respective uncertainties estimated from the consist-~
ency of the measured values., The resulting Q-values were
relatively precise but far short of precisions obtainable
using other spectroscopic methods (e.g. charged-particle
and gamma-ray spectroscopy as illustrated in Ref. 5). The
latter are generally preferred for analysis and are the
values used in Sec. IV, below. The uncertainties in the
meésured inelastic cross sections varied with experimental
conditions and the magnitudes and the locations of the re-
spective scattered neutron groups. The best differential
uncertainties were 5 to 10 percent or a few milli-barns/
steradian (whichever was larger). The angle~integrated in-
elastic cross sections were obtained by least square fitting
a Legendre series to the observed differential values, Most
of the angular distributions were essentially isotropic.
Exceptions were those associated with the excitation of the
O+ states as illustrated by the 902: example of Fig. 3. The
estimated uncertainties, in the angle integrated values, in-
cluding systematic effects, were 5 to 10 percent or larger.,
The inelastic neutron excitation of more than twenty

states was observed. The excitation energies and the corre-
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sponding cross sections are summarized in Table 2 and Figs.

4 and 5. The spectroscopic character of these states is dis-
cussed in Sec. IV-B, below. The six states observed in 902r
closely correspond with those reported in the literature (5).
Only in the case of the closely spaced 2738 and 2748 keV
doublet did the present measurements fail to resolve all the
reported levels. Apparently all previous inelastic neutron
scattering studies of 90Zr relied upon the gamma-ray detec~-
tion technique (28,29,30). This method does not always
uniquely define the cross sections but even so many of the
gamma-ray results compare favorably with the present values as
jllustrated in Fig. 4. Where there are pronounced discrep-
ancies they are attributable to the effects of gamma-ray
branching. Many of the neutron groups observed in neutron
scattering from 92Zr were cleariy related to well established
levels (5). There was no evidence for the tentatively sug-
gested state at ~ 2.15 MeV. The reported 2.34 and 2.39 MeV
doublet was observed and also a single group corresponding to
an excitation of ~ 2.48 MeV. The latter has been suggested as
a doublet with a few keV separation, well beyond the resolu-
tion of the present work. A single measurement implied a
level at ~ 2.66 MeV. A similar level has been previously
suggested from (p,p) gcattering measurements (5) but the ob-
served neutron cross sections were small and the present
{dentification was considered very marginal. Neutron groups
observed at excitations in the range 2.7 to 3,0 MeV closely
correspond to previous spectroscopic results. Above excita-
tions of ~ 3.0 MeV the present results become more specula-
tive. The experimental resolution was not comparable to the
complexity of the reported structure and the observed cross
sections were probably attributable to contributions from two
or more states. There appears to have been only a single
previous neutron measurement of inelastic scattering from

922r and the result is not in particularly good agreement
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with the present work (31). Day (32) and Tessler et al,
(33) have extensively studied the 922r (n;n'y) process.
The latter group gave particular attention to gamma-ray
cascades and branching ratios and obtained neutron cross
sections for a number of excitations, These are in re-
markably good agreement with the present values as illus-
trated in Fig., 5, The results of Day are consistent with
the present values where they are unambiguously related to

the neutron cross sections,

IV. Discussion
A. The Optical Model
The optical model interpretation consisted of the de-

rivation of an isotopically dependent potential from each

of the experimental data sets with subsequent inspection of
the resulting parameters for evidence of isotopic, shell

and energy dependence as suggested and reported in previous
work (9,10,11,12,13), In addition, the choice of the poten-
tials in this mass-energy range reflects the nature of the
Compound-nucleus reaction mechanism (15,16,17). The result-
ing potentials were used for the subsequent interpretation
of spectroscopic properties and the formulation of evaluated
data files, The present measurements provided an auspicious
foundation for such endeavors, with a good definition and
Scope extending over most neutron exit channels in a sensi-
tive mass—energy range., This was particularly so for 9UZr
where the properties of all states were well known to exci-
tations of & 3.3 Mev,

The six optical model parameters were determined from a
Xi-square fit to each measured elastic scéttering distribu-
tion over the energy range 2 to 4 MeV., The fitting proce-
dures were inclusive of compound-elastic contributions cal-
culated using the Hauser-Feshbach forﬁula (15) corrected for

width fluctuation effects (16,34), The variations in the
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parameters for a given isotope were small, particularly if
the few poor-quality fits were omitted. The parameters

were most uncertain at the lowest energies where the data
was less reliable and at the highest energies (near 4.0 MeV)
where all competing inelastic neutron exit channels were not
clearly known. The distribution of parameter values for a
given isotope was generally random with no evident energy-
dependent trend. The lack of any recognizable energy de-
pendence was not surprising as studies based upon a far
wider energy range indicate a relatively small energy depend-
ence of the potential parameters. FYor example, the work of
Engelbrecht and Fiedeldey (35) implied a change from the
average real-potential magnitude of +0.3 to -0.3 MeV going
from incident energies of 2 to 4 MeV, These are small values,
N1 percent., The present total cross section measurements
extend over a wider energy range than the elastic scattering
values, Comparison of measured and calculated total cross
sections in this wider context did suggest an energy depend-
ence of the real potential consistent with that of Ref. 35.
The final parameter sets for 90Zr and 922r were constructed
of a simple average of the values obtained from the isotopic
Xi-square fits. The results are summarized in Table 3. The
parameter.uncertainties given in the Table are the RMS devi-
ation from the average assuming equal weighting. These un-
certainties are believed to be very conservative as they
tend to be biased toward larger magnitudes by a few fits of
less desirable quality.

Neutron total and elastic angle-integrated cross sec-
tions calculated with the potentials of Table 3 were in
agreement with the measured values as jllustrated in Fig. 1.
In the low-energy limit the calculated =0 strength functions
were M 0.6 x 10—4 and consistent with systematic behavior in

this mass region (6). The two average potentials gave a
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very nice description of the observed elastic scattering
angular distributions as illustrated by the curves of Fig.
2. Discrepancies between calculation and experiment were
largest at lower energles and may represent true fluctua-
tions in the measured data as clearly evident in the
neutron total cross sections at lower energies (see Fig., 1),
All of these calculations were inclusive of the width fluc-
tuation correction (16)., In addition, the 90Zr results in-
cluded resonance correlation corrections with the correla-
tion parameter, Q=0,5, This additional correction did not
have a large effect on the elastic scattetiﬁg distributions
and was relatively more important in the minima at higher
energies as illustrated by the comparisons of Fig. 3. 1In
these latter areas, there are other uncertainties associ-
ated with the neglect of competition from unknown inelastic
exit channels. Moreover the correlation corrections (34)
are only approximations which, at higher energies with a
number of channels, may break down and even lead to nega-
tive compound-elastic cross sections (17). Such anomalous
behavior was observed for large values of the correlation
parameter (e.g. Q=1.0) at 4.0 MeV. Despite these uncertain-
ties, it is clear from the ineiastic processes that such
corrections are relevant as discussed in Sec. IV-B, below.
The potentials for 902r and 922r of Table 3 are iden-
tical within estimated parameter uncertainties. Indeed the
differences between the parameter values are less than would
be expected assuming the uncertainty estimates are equiva-
lent to standard deviations. This fact tends to support the
above premise that the uncertainties are conservative., Lane
(11), Becchetti and Greenlees (12) and others (8, 13) have
attributed a [Eiz} (or iso-spin) dependence to the optical
Potential, This conclusion was deduced from basic physical

concepts and phenomenological comparisons with measured data.

In neutron processes the dependence leads to potential
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strengths of the form

N-Z
V= Vo - ( A )-Vl

: (1)
N~2
W= W= (5 W

where V1 N 25 MeV and wl N 12 MeV. These equations imply a
difference between 9OZr and 92Zr real potentials of &W N

0.49 MeV and between imaginary potentials of &W N 0.23 MeV.
Moreover 90Zr is at the closed shell N=50 and Lane et al.

(9) and Vonach et al. (10) have noted reduced optical-poten-
tial absorption as shell closures are approached. A similar
affect has recently been suggested near A=100 by Guenther et
al. (13) where comparisons of 92Mo and 100Mo neutron scatter-
ing results indicate an approximately linear shell dependent
change of 6W N 1-2 MeV over eight mass units. Thus in the
present context of neighboring 9OZr and 922r both the ex-
pected [Ei&] and shell dependence of the potential is much
smaller than the uncertainties in the parameter values given
in Table 3. Identification of such effects will probably re-
quire about a factor of three improvement in the accuracy of
the parameters values. This will not be an easy task in this
mass-energy range as the requisite experiments are very demand=-
ing and, more critically, the fine detalls of the parameter
gelection will be influenced by compound-nucleus contributions.
The detailed physical understanding of the latter is not cer-
tain and is now a matter of considerable theoretical discussion
(17,36,37). Until these physical questions can be resolved
and put into a useful computational form, it will be diffi-
cult, if not impossible, to determine compound-elastic com~
ponents to accuracies necessary for the selection of poten-
tials sensitive to small [Eié] and shell effects between

neighboring isotopes as in the present case.
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B. The Statistical Model and Spectroscopic Parameters

The above optical-model parameters and compound-nucleus
concepts were used to calculate the inelastic neutron
scattering cross sections. The calculations employed the
Hauser-Feshbach formula (15) with corrections for the width-
fluctuation and correlation of resonances. These correc-
tions were implemented by means of the computer program
NEARREX (34) using the Moldauer © coefficients given by

<o> = T + Q"L [1 - <1-Qtr)'”1] 2 (2)

where T are the conventional transmission coefficients and Q
an overlap parameter ranging from zero (for simple width
fluctuation corrections) to unity (16). This expression is
an approximate representation of the complex physical situa-
tion (16,17). It is reasonably valid relatively near the
inelastic reaction thresholds with a few open channels and
will lead to the correlation enhancement of compound-inelas-
tic cross sections. In the present calculations Q is treated
as a free parameter, adjusted to obtain a phenomenological
description of the observed cross sections,

The 90

the spectroscopic parameters are well known (5) and the ap-

Zr interpretation is relatively straightforward as

pProximation of Eq. 2 is reasonably valid., The calculated
€ross sections for the excitations of the first two states
(1.761 (0+) and 2,186 (2+) MeV) are sensitive to the choice of
Q. Values of Q in the range 0.5 to (.7 are reasonably de-
scriptive of the observed inelastic neutron cross sections as
illustrated in Figs. 3 and 4 and also of the observed elastic
Scattering distributions. As more channels open, Q has less
effect and the cross sections calculated with the reported J"
values (5) and various values of Q are in reasonable agreement
with the measured results as illustrated in Fig. 4. This
agreement is inclusive of the unresolved doublet at an excita-

tion of ~ 2,74 Mev,
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The interpretation of the 92Zr results is more diffi-
cult as the spectroscopic character of the contributing
states is not always known, more exit channels are open and
the approximation of Eq. 2 becomes less valid. These com=
plexities are not serious near the thresholds of the first
two states (0.934 (2+) and 1.383 (0+) MeV) and comparison of
measured and calculated results indicates Q-values of 0.5 or
larger as jllustrated in Fig. 5. At higher energies (x 4,0
MeV) the calculations using Q N 1.0 become unreliable and
the approximations underlying Eq. 2 break down. Again the
calculated excitations of the higher-energy excited states
are not sensitive to the choice of Q. The J" values of the
1.496 (4+), 1.847 (2+), 2.067 (2+) and 2,340 (3-) MeV states
are well known (5) and the calculated cross sections in good
agreement with observation. The J" values of reported states
at 2.39, 2.48, 2.65, 2.74, 2,82 and 2.85 MeV are uncertain
(5). A number of calculations were compared with measured
cross section results using a wide range of J" values with
iterations extending upward in energy. From the results it
is suggested that: the 2.39 MeV state J=1, 2 or 3, J=5 for
the 2.48 MeV state and J=2 or 3 for the 2.74 MeV state., The
observed cross sections for the unresolved doublet at 2.82
and 2.85 MeV are consistent with a prominent contribution
from a single state with J=2, 3 or 4 possibly implying a
large J value for the alternate component. No attempt was
made to calculate the Cross sections for the 2.05 MeV state
as its observation was speculative. 1f present, the corre-
sponding cross sections are small implying large J values.
The observed 2.9 MeV state was attributed to the reported
doublet at 2.8Y8 (2,3+) and 2.95 MeV. Calculated cross
sections based upon the single state with J=2 or 3+ were
consistent with the measured values implying a large J-value
for the other component of the doublet. The observed state

at 3.06 MeV was attributed to the reported 3.04 (2+) level.
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However, the cross sections calculated under this premise
were smaller than observed., Thus it is possible that the
measured values are in error or that there are additional
components contributing to the observed cross sections,
No attempt was made to correlate the measured and calcu-
lated excitations at energies above N 3.0 MeV due to the
complexities and uncertainties of the experimental results,
the contributing structure and the computational methods.
The above calculations can give guidance as to the
relative energy dependence of the inelastic cross sections
and, when correlated with measured values, suggest spectro-
scopic parameters. However, the accuracy of prediction of
inelastic cross section magnitudes near the first few
thresholds independent of experimental normalization is no
better than 20 to 30 percent. The uncertainties are due to
shortfalls in the basic understanding of resonance width-
fluctuations and correlations and the associated computa-
tional techniques. These physical factors are contained in
the "M" matrix of Refs. 16 and 17. Moldauer has pointed out
the fortuitous property of the formulas to tend toward the
familiar Hauser-Feshbach result at higher energies (17).
The physical situation is not so simple in the region of
the present experiments and is the subject of continued
theoretical investigation by, for example, Moldauer (17),
Kawai et al, (36) and Weidermiller (37).

VI. A Limited Evaluated File in the ENDF/B Format

The above experimental and calculational results were
used to develope limited evaluated 9OZr and 922r neutronic
data files in the ENDF format (38). These files extend from
0.8 to 8.0 MeV and include total and scattering cross sec-
tions. It was the intent to make the results of the present

work available to the applied user in a recognized format

-17-



and to set forth a framework for the subsequent formulation
of more comprehensive evaluated files as more isotopic data
for these isotopes becomes available. Here we briefly out- -
line the basis of these files; the numerical contents of

which are given in the appendix.

A. The 902r File

This file contains the nine components outlined in lable
4,

The total cross section values from U.8 to 5.5 MeV were
taken from energy averages of the results of the present
work. The results of Ref. 25 were also considered. Above
5.5 MeV the file is based upon the above model normalized to
neasured values over the euergy'range 5.0 to 5.5 MeV, It
generally follows the energy dependence of the elemental
cross section (2) but has slightly smaller magnitudes. The
uncertainty in the evaluated total cross section is believed
< 10 percent over the entire energy range and < 5 percent
below 5.0 MeV.

Below the inelastic scattering thresholds the angle-
integrated elastic scattering cross sections are made ex-
plicitly equivalent to the total cross sections and the asso-
ciated uncertainties are comparable. Here, and generally
throughout these evaluatious, contributions from minor re-
action channels, such as (n,y) processes, are ignored. When
the requisite information becomes available the files should
be appropriately corrected. From the inelastic scattering
threshold to 4.0 MeV the angle-integrated elastic scattering
was treated as a free parameter, adjusted to assure consist~-
ency between inelastic scattering and total cross sections,
The results are consistent with the present measureu values
and probably known to X1 percent., bBeyond 4.0 MeV the

angle-integrated elastic cross section was calculated using
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the above model with the continuum inelastic component
treated as a free parameter. At these higher energies, the
estimated uncertainties are ~ 10 percent. The elastic
Scattering angular distributions are taken directly from
the present work extended to both lower and higher energies
as required using the above model. The distributions are
described in terms of *2 Legendre coefficients expressed in
the laboratory systen, All evaluated distributions are
consistent with Wick's Limit (27).

The discrete inelastic excitation cross sections were

evaluated from the measured values (primarily those of the
present work) summarized in Fig. 4. 7Thresholds extended to
x 3.35 MeV and the 2.77 MeV doublet was treated as a single
state. The above model was emploved for interpolation to
threshold and extrapolation above 4,0 Mev, the latter
extrapolation was only qualitative and assumed no pre-com-
pound processes, Some compound-inelastic contribution was
retained to 8.0 MeV; for 90Zr, perhaps too much, Generally,
these evaluations should be treated with circumspection
above the maximum measured energy of 5.5 MeV. The isotropy
of inelastic neutron emission is implicit in the evaluation,
This is inappropriate for the excitation of the 0+ states

at lower energies and is an over simplification at high
energies (i 6.0 MeV), However, the resulting errors are
probably of negligible applied significance. The continuum
inelastic component is the simple difference between the
above elastic scattering cross sections and the discrete in-
elastic components. As a first approximation the continuum
emission spectrum can be represented by a simple temperature,
A more refined approach will use a "harder" continuum dig-
tribution as indicated, for example, by high energy macro-
Scopic measurements (39). 1The uncertainties to be associ-
ated with the prominent evaluated inelastic groups are

, N
eéstimated to be n 10 percent and become much larger for those
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contributions of relatively small magnitude. The inte-
grated inelastic cross section and continuum component are
probably known to within 10 to 20 percent. At the higher
energies this uncertainty is strongly correlated with that
of the elastic cross sectioms.

The final evaluated 902: results are summarized in

Fig. 6.

B. The 92Zr File

The formulation of the 922: file was identical to that

of the 9OZt file described above. The various components
are defined in Table 5. Some of the detail of the excited
structure is truncated. The 922: file content is graphi-
cally summarized in Fig. 6. The uncertainties are generally
equivalent to those of the SOZr file.

Previous comparable evaluated files for the isotopes
9OZr and 922r or for the element zirconium are not readily
available precluding critical comparisons. The zircaloy file,
MAT-~1284, was examined. Qualitative comparisons with the
present evaluations are hampered by some ambiguities in re-
action Q-values and the fact that the discrete inelastic
cross sections of MAT~-1284 are truncated to zero-values in a
stepwise manner at 3.5 MeV., However qualitative comparisons
with selected inelastic cross gsections of MAT-1284 near
2.0 MeV indicate reasonable agreement with the recent work
considering the presence of other isotopes. The agreement
between the total and elastic scattering cross sections of

MAT-1284 and the present work is reasonably good.

VI. Concluding Remarks
The present measurements define the neutron total cross

gsections of 9OZr and 922: from below 1.0 MeV to 5.5 MeV and
their neutron scattering cross sections from 1.8 to 4.0 MeV,
These detailed results provide a foundation for the phenom-

enological interpretation of neutron processes in a mass=

-20-



energy region where there is an interplay between direct
and compound-nucleus reactions.

Optical potentials specifically appropriate to 90Zr
and to 922r were deduced from the measured values., The
respective potential-parameter sets were, within their
small uncertainties, identical. In particular, no sig-
nificant [Eizz or shell dependence of the optical potential
could be 1denEified within the context of these two neigh~
boring isotopes., Estimates of such dependences, based upon
previously reported work, were approximately a factor of
three smaller than the estimated uncertainties in the pres-
ent optical parameter sets. It is suggested that positive
identification of such effects in the present energy-iso-
topic context will be exceedingly difficult as small varia-
tions in compound nucleus mechqnisms will appreciably
influence the parameter selection., The compound-nucleus
process, particularly resonance width-fluctuation and cor-
relation properties, may not be sufficiently understood to
reliably determine optical parameters with the necessary
accuracies of better than a few tenths percent. Moreover,
the computational tools for utilizing the theoretical con-
Cepts in experimental analysis are not generally available,

Comparison of measured and calculated neutron inelas-
tic scattering cross sections demonstrated the importance
of resonance width-fluctuation and correlation corrections
to the simple Hauser-Feshbach formula, Careful parameter
adjustment resulted in calculated cross sections de-
scriptive of the experimental results. However, uncertain-
ties in the correction procedures are such that it is
doubtful that calculations, independent of experiment, can
Predict inelastic neutron Cross sections in this region to
better than 20 to 30 percent. Correlation of measured and
Calculated neutron inelastic excitation cross sections sug-

gested a number of previously uncertain spin values partic~

21~



ularly those associated with states in 92Zr at excita-

tions of 2390, 2480, 2740, 2820, 2851, 2898 and 2Y50 keV.
The experimental and calculational results were used

to deduce limited evaluated data files for 90Zr and 922

r.

These files may be of use in some special applications and
they provide a foundation for the formulation of more com-
prehensive evaluated data files as additional data becomes

available.
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TABLE 1.

SAMPLE COMPOSITION

Sample
Isotope, Atom/Percent
90 91 92 94 96
#1(*2r) 97.72 | 1.07 0.51 0.56 0.15
#2(°%1) 2.5 | 1.04 | 95.13 1.11 0.18




TABLE 2. OBSERVED INELASTIC NEUTRON EXCITATION ENERGIES IN KEV.
ZR-90 ZR-92
EXP. NDS” EXP. ps™
1749 *= 15(0+) 1761(0+) 434 + 10(2+) 934 (2+)
2169 = 15(2+) 2186 (2+) 1375 + 10(0+) 1383(0+)
2306 * 20(5-) 2319(5-) 1492 £ 10(4+) 1496 (4+)
2732 + 20(4-) + 2738(4-) + 1838 * 15(2+) 1847(2+)
(3-) 2748(3-) 2058 * 15(2+) 2067(2+)
3068 + 20(4+) 3077(4+) 2320 * 20(3~) 2340(3-)
3300 * 20(2+) 3310(2+) 2360 + 20(1,3) 2390(*%)
2486 + 20(5) 2480 (*%)
2666 = 30(**%) 2650 (*%)
2778 £ 30(2,3) 2740 (*%)
2867 * 30(2,4) 2820(**) +
2851 (**)
2900 % 40(2,3) 2898(2,3+) +
2950 (*x)
3063 £ 30(*%) 3040(2+)
3187 ¢ 30 3160 +
3174 +
3110 +
3275 £ 50 3223 +
3240 +
3264 +
3320 +

*
Herein NDS refers to the nuclear data sheets

%

% "
Denotes uncertain or unknown J assignment.

as defined in Ref. 5.



TABLE 3.

OPTICAL MODEL PARAMETERS

90,
V¥ = 50,12 + 0.55%Mev
W = 5,50 % 0.48 Mev
Vd = 8,0 MeV

SO

922r
V= 49,50 + 0.50 MeV
W= 5,21 % 0.25 MeV

[~

R = 1,244

o <

R = 1,250

E

R = 1,238
v

R = 1,340
w

+

I+

"+

0.0075 F

0.075 F

0.005 F

0.05 F

a = 0.60

bw- 0.53

a = 0,606
v

b = 0,550
w

12 3

+

+

i+

0.055 F

0.053 F

0.05 F

0.042 F

a. Saxon real form, 1/3
b. All radii given in form r = R.A™" 7,
c. Saxon derivative imaginary form.

d. Thomas spin-orbit form fi

€. All uncertainties are RMS

fits to the elastic ang
range 2.0 to 4.0 MeV as describe

values derived from
ular dist

The estimates are very conservative,

xed at the same magnitude for both isotopes,
Xi=square six-parameter
ributions over the incide
d in text,

nt energy



TABLE 4. EVALUATED CROSS SECTIONS OF ZR-90

No. Cross Section EX(MeV) Threshold (MeV)

1 Total ——— —
2 Elastic 0.0 0.0

3 Inel.-1 1.761 1.780
4 Inel.~-2 2,186 2,210
5 Inel.-3 2.319 2.346
6 Inel.-4 2.740 2.770
7 Inel.=~5 3.077 3.111
8 Inel.~6 3.310 3.346
9 Continuum Inel. _ 3.758 3.800




TABLE 5., EVALUATED CROSS SECTIONS OF ZR-92

No. Cross Section EX(MeV) Threshold (MeV)
1 Total —— —
2 Elastic 0.0 0.0
3 Inel.-1 0.934 0.943
4 Inel.=2 1.383 1.397
5 Inel.-3 ‘ 1.496 1,511
6 Inel.~4 1.847 _ 1.865
7 Inel.=5 2.067 2.088
8 Inel.-6 2.340 2,363
9 Inel.-7 2.390 2,414

10 Inel.-8 2,480 2.505

11 Inel.-9 2.740 2.767

12 Inel.~10 ' 2.830 2.858

13 Inel.-11 2.900 2,929

14 Inel.~-12 ' 3.040 3.070

15 Inel.-13 3.160 3.192

16 Inel.=14 3.270 3.303

Continuum Inel. 3.709 3,750

[N
-~




Figo 1.

Fig. 2.

Fig. 3.

Pig. 4.

Fig. 5.

FIGURE CAPTIONS

Total and elastic scattering cross sections of 9OZr and
922r. The present results are indicated by circular
(total cross sections) and square (elastic cross sec-
tions) data points. Triangles indicate the 9OZr total
cross section results of Stooksberry et al. (25).

Solid curves indicate the results of model calculations
as described in the text.

Differential elastic scattering cross sections of 902:
and 92Zr. The measured values are indicated by data
points. Curves denote the results of optical-model cal-
culations as described in the text,

The differential scattering of 3.8 MeV neutrons from
9OZr. Data points indicate the present results for the
noted excitation energies. The curves were obtained by
calculation using the indicated values of the correla-
tion parameter, Q, as described in the text.

Inelastic neutron excitation cross sections of 902!.
Solid data points indicate the present experimental re-
sults for the respective excitation energies (in keV).
The results of comparable (njn'y) measurements are given
by: O=Lind and Day (28), A=Waguner et al. (29), and +=
Tucker et al. (30), These previous results are essen-
tially gamma-ray production cross sections. The curves
are the results of calculations using correlation para-
meter, Q, values of 0.0, 0.5 and 1.0 (respectively, the
lower-, mid- and upper-curve of each triad) as discussed
in Sec, IV of the text.

Inelastic neutron excitation cross sections of 922:.
Excitation energies are noted in keV. Solid data points
indicate the present results. Previous results are in-
dicated by O = Glazkov (31), A=Day (32) and +=Tessler et
al. (33). The latter two sets of data were obtained

from (n;n!y) measurements. Curves indicate the results



Figo 6.

of calculations as described in the text, Where the
curves are in pairs the lower one pertains to a corre-
lation parameter, Q=0 and the upper to Q=0,5. Else-
where, single curves were obtained with Q=0,0,
Evaluated neutron total and scattering cross sections
90 92
of " "Zr and "2

the present work.

r. The curves summarize the results of
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