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Total neutron cross sections of Zr and 9 Zr were measured from 0.9 to 5.5 MeV and el-
astic and inelastic neutron scattering cross sections from 1.8 to 4.0 MeV. The inelastic
neutron excitations of six states in 9 Zr and more than 12 in Zr were observed. The exper-
imental. results formed the basis of an optical-statistical model interpretation including con-
siderations of resonance width fluctuation and interference and the behavior of the optical
potential nearN = 50. Comparisons of measured and calculated cross sections suggested new
spin assignments for a number of excited states.

NUCLEAR REACTIONS ~ 9 Zr: measured neutron total and elastic and inel. as-
tic scattering cross sections, incident energy 1.8-4.0 MeV, deduced spins, par-
ities, and nuclear model.

I. INTRODUCTION

The two isotopes "Zr and "Zr are situated at
and just above the closed shell at N=50, respec-
tively. In this region the density of excited states
is changing rapidly, the s-wave strength function
is near a minimum, and the P-wave strength func-
tion is large. ' An optical-model' ' description
of the neutron-nucleus interaction may be sensi-
tive to both shell and isotopic effects' ' as has
been reported elsewhere. " The properties of
the excited states of "Zr are well established to
excitations of more than 3.0 MeV Ref. (1) thereby
reducing one source of uncertainties in statistical
model calculations" and improving the potential
for a detailed examination of the theoretical con-
cepts." The latter ar e a matter of contemporary
physical interest. ' One may expect considerable
enhancement of energy-averaged cross sections
for reactions in which the entrance and exit chan-
nel fluctuations are strongly correlated and a cor-
responding reduction in reactions without such
corr elations. In addition compound -nucleus in-
elastic neutron scattering cross sections should
be enhanced by resonance correlations. These
effects imply considerable corrections to the con-
ventional Hauser -Feshbach formula. " Spectro-
scopic information for "Zr is incomplete at ex-
citations ~3.0 MeV and a comparison of measured
and calculated neutron inelastic scattering cross
sections can guide the selection of spin values.

Zirconium is a widely used structural material
in fission-reactor systems. In these and other
applications fast neutron cross sections of zirco-
nium are of great importance. " More than two-
thirds of the element consists of the isotopes

'Zr and "Zr. Therefore, these isotopes make
the major contribution to the elemental cross sec-
tions. At low energies (%1.0 MeV) the neutron to-
tal and elastic and inelastic scattering cross sec-
tions of the element are reasonably well
known. "" However, as the energy increases in-
to the few MeV range the knowledge becomes more
uncertain. Cross sections for the scattering of
1.5 MeV neutrons from "Zr and "Zr have recently
been reported by McDaniel et al." In addition,
Stooksberry, Anderson, and Goldsmith" have re-
ported a relative elastic scattering distribution
for Zr at 2.1 MeV.

The present program was undertaken in order
to (a) provide nuclear data of great applied rele-
vance, (b) examine the shell and isotopic depen-
dence of the optical potential, and (c) phenomeno-
logically explore the physical character of the
compound-nucleus process.

II. EXPERIMENTAL METHODS

The samples employed in the measurements
were right metallic cylinders 2 cm in diameter
and 2 cm high. They were fabricated out of iso-
topically separated material enriched to greater
than 95 at. '%%uo. The mass assay is given in Table
I. There were negligible chemical impurities.
Herein all cross sections are reported as barns
per atom of the respective samples assuming
100%%uo isotopic enrichment. Corrections for the
effect of minority isotopes should be less than the
experimental uncertainties. It was assumed that
the samples were of uniform density and nonde-
structive tests indicated this was valid to within
several percent. However, it was not possible
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TABLE I. Sample composition.

Sample 90
Isotope (at. %)

91 92 94 96

80ZF
82z~

97.72
2.54

1.07
1.04

0.51
95.13

0.56
1.11

0.15
0.18

to destroy the samples for more precise assay.
Sample nonuniformity could possibly effect the
observed transmissions in the total cross sec-
tion measurements and the effective angles in the
differential scattering measurements.

All of the experimental measurements employed
the intense-pulsed beam capability of the Argonne
National Laboratory Tandem Dynami tron ' and
the 'Li(P, n)'Be neutron-source reaction. " The
burst duration was 1.0+ 0.1 nsec at a repetition
rate of 2.0 MHz. The lithium targets were vac-
uum deposited metal films the thickness of which
was adjusted to obtain the desired incident neutron
resolution.

The total cross section measurements were
made using monoenergetic transmission tech-
niques including fast time of flight for background
and neutron-source control .'4 A massive shield
and tapered collimator defined a beam of neutrons
approximately 1 cm in diameter at the sample
position. Source intensity was monitored with
BF, counters appropriately placed internal to the
source shield. The samples were mounted 2 m
from the source on a rotating wheel with their
cylindrical bases perpendicular to the neutron-
beam axis. The sample wheel included the two
zirconium samples, a carbon reference sample,
and a void. A liquid-scintillation detector was
placed approximately 5 m from the source on the
beam axis. The time of flight of the neutrons to
the detector was determined in a conventional
manner using a time-to-amplitude converter. The
time-of-flight resolution was 0.4 to 0.8 nsec jm,
sufficient to amply separate the two neutron groups
from the source reaction and primary neutrons
from background contributions. The sample wheel
was rotated at 30 revolutions per minute with the
sample position synchronized with detector re-
sponse. The data acquisition and reduction to
cross sections was done in an automated manner
using an on-line computer. The latter instrument
was programmed to correct for background and
carry the measurements through to the specified
total cross section accuracy. Many aspects of
these automated procedures have been defined in
Ref. 25.

The scattering apparatus employed in the pre-
sent work was an extension of that previously de-

scribed by Smith et al .' The number of detectors
was increased from 8 to 10 (plus a monitor). The
fiight paths were increased from 2-3 m to 5-6 m
with 1arge increases in shielding. The diameter
of the detectors was increased from 5 to 10 cm.
The improved unit was installed at the Argonne
Tandem Dynamitron in such a manner as to pro-
vide a detector angular range from -160' to +160'.
The samples were placed 13 cm from the neutron
source with neutrons incident on their cylindrical
sides. The collimator design was essentially as
described in Ref. 26. The logic of the electronic
circuitry has been previously outlined. " How-
ever, all electronic modules of the original sys-
tem have been replaced with improved units. The
contemporary installation was further discussed
in Ref. 22.

The relative angular placement of the detection
system was determined to better than 0.1' using
a precision transit. The zero-angle position was
determined by observing the relative energies of
neutrons scattered from hydrogen both left and
right of the center line using a single detector.
The zero-angle position determined in this manner
was reproducible to better than 0.5'. However, in
a few instances the angular uncertainties could
conceivably reach 1.0'. This maximum-limit es-
timate was inclusive of extreme variations in the
illumination of the several millimeter diameter
source spot. Actual variations were probably
smaller as the particular accelerator used in this
work is notable for high beam quality. At some
angles and at the upper energies of the present
work the general uncertainty in the zero-angle
implies -3% uncertainty in the differential elastic
scattering cross section.

The primary neutron source monitor was a time-
of-flight system collimated in such a manner as
to view only the neutron source. The monitor sys-
tem was integrated into the same on-line computer
system handling the scattered neutron detectors.
In addition, four "long counters" Ref. (2V) were
distributed about the neutron source in order to
verify the response of the primary monitor. The
primary monitor was the basis for correlating
zirconium-sample, background, and hydrogen-
calibration measurements. Its response rate was
high with a consequent fractional percent statis-
tical uncertainty.

Primary data were collected in an 8000-word
digital computer. " A second identical unit was
programmed and available as a backup. Several
conventional pulse-height analyzers were employ-
ed for secondary data acquisition particularly as-
sociated with the optimization of time resolution.
The computer data acquisition was in a multi-
dimensional array with 16 energy recoil regions
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for each of the 10 scattered-neutron detectors.
On-line processing included "walk" corrections"
and the collapsing of the 16 regions into two pre-
determined sets generally corresponding to a
"high" and "low" energy detector sensitivity. A

variety of output options were available including
graphical display and magnetic -tape dump. The
scattered neutron velocity resolutions varied from
0.4 to 1.0 nsec/m depending on the selection of
the energy regions and flight paths. The selection
of resolution varied between measurements, and
the same measurement could be analyzed with
alternate choices giving emphasis to energy, sen-
sitivity, resolution, signal-to-background, etc.
Backgrounds varied from negligible values for
high detector biases and prominent scattered
neutron groups to as much as =20'%%uo for low inten-
sity groups and low detector biases. There were
also wide variations in the statistical uncertainties
associated with the observation of various neutron
groups (e.g. , less than 1'%%uq for a forward angle
differential elastic cross section to 20% or more
for a very minor and difficult to observe inelastic
group).

The processing procedures were developed from
the concepts outlined by Duffy, Buccino, and
Smith" and Smith et a/." The data acquisition and
processing procedures were integrated to provide
an efficient flow of large blocks of information and

particularly included extensive graphics proce-
dures. The latter were essential to the effective
handling of the more than 500 time-of-flight spec-
tra involved in the present work. The time-of-
flight peaks were integrated using visual judge-
ments based upon line shapes determined from
other measurements and the digital data base
stored in an off-line 16000-word digital com-
puter. " Corrections were made for incident
beam attenuation, angular resolution, and mul-
tiple-scattering effects within the samples. The
latter were carried out with two special purpose
Monte Carlo calculational programs. " One of
these (MONTE-POLY) corrected the observed
scattering results from the CH, reference stan-
dard and was employed in determining both the
relative detector sensitivities and their normal-
ization. MQNTE-PQLY included a detailed treat-
ment of the resonance cross sections of the car-
bon contained within the CK, sample. The second
Monte Carlo program (MoNTE-SAM) was used 'to

correct the zirconium results and included a com-
prehensive treatment of both elastic and inelastic
scattering processes. The Monte Carlo calcula-
tions led to uncertainties in the zirconium elastic
scattering results of s3.0% except at the minima
of the diffraction patterns at higher energies
where the uncertainty increased from 3-5/o. The

Monte Carlo uncertainties associated with prom-
inent zirconium inelastic neutron groups were
63.0%. Monte Carlo uncertainties associated
with the CH, samples were s2. 0%%up.

The relative detector efficiencies were individ-
ually determined for each of the 10 detectors by
observation of neutrons scattered from CH, . The
calibration was repeated at each of the five mea-
surement periods. An incident neutron energy
was selected 1.22 times the maximum energy of
interest in the zirconium measurements (i.e.,
1/cos' 25'). Each oz the detectors was then set
at 20-30 scattering angles distributed so that
neutrons scattered from hydrogen had energies
covering the entire range of interest for that mea-
surement period. The yield of hydrogen scat-
tered neutrons was determined at each of these
angles and related to the known differential H

(n, n) scattering cross section" to determine the
relative detector sensitivities. It should be noted
that the above determinations of relative sensi-
tivities involved a fixed incident energy. They
required that the neutron-source monitor be
stable. They were not dependent upon a detailed
knowledge of the source reaction or of the energy
dependence of the monitor. The results were
corrected as noted above. The resulting measured
relative energy-dependent efficiencies were then
least-square fitted with a power series the order
of which was selected to smoothly interpolate be-
tween measured values. The average deviation
of the measured values from the fitted curve was
63.0% with the smaller deviations at the higher
energies subsequently used in the normalization
procedures. The detector energy-cutoff values
varied from several 100 keV to 1 MeV depending
on the quality of the given detector and the choice
of bias value. The relative sensitivities were
accepted for subsequent use only in a region of
relatively slow energy dependence (e.g. , neutron
energies of ~500 keV).

At each measurement energy, the normaliza-
tion of each of the 10 detector sensitivities was
established by observation of neutron scattering
from the hydrogen of a CH, sample at a minimum
of three scattering angles. The intensity of the
observed scattered neutrons was related to the
relative detector sensitivities at the respective
neutron energies using the above power series
fit to the relative sensitivity values. The normal-
ization of each detector sensitivity was then es-
tablished from the average of the measured values
using the known differential H(n, n) cross sec-
tion. " The results were corrected for perturba-
tions due to incident beam attenuation, angular
resolution, and multiple scattering as outlined
above. It was assumed that the H(n, n) reference
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cross section was known to better than 1% in this
energy range; therefore, its contribution to the
present experimental uncertainties was ignored.
The statistical uncertainties associated with the
observation of scattering from hydrogen in the
normalization procedures ranged from a fraction
of a percent to 2.5% and the consistency of the
normalization factors for a given detector and be-
tween detectors was ~3%. A knowledge of monitor
efficiency or relative energy-dependent sensitivity
was not required by the above normalization pro-
cedures. With the normalization of the detector
efficiencies the determination of the zirconium
cross sections proceeded in a straightforward
manner including the correction procedures out-
lined above.

It should be emphasized that, in many ways, the
above procedures preserve the independence of the
10 detection systems. Thus experimental uncer-
tainties in a given differential measurement were
correlated to an appre'ciable extent with only one
other differential value in a measured distribution
and not propagated throughout the entire distribu-
tion. This implied that consistency throughout a
distribution and between energies was a good mea-
sure of many experimental uncertainties. This
was particularly so as the present results were
obtained during five widely spaced intervals, each
with different normalization measurements.

III. EXPERIMENTAL RESULTS

A. Total neutron cross sections

The total neutron cross sections of "Zr and
'Zr were measured from 0.9 to 5.5 MeV at in-

tervals of S10 keV with resolutions in the range
5 to 10 keV. The results are summarized in
Fig. 1.

The statistical uncertainty of the individual mea-
surements varied from 2 to 5% with the large ma-
jority of uncertainties being =3.0%. Systematic
uncertainties were estimated to be &3%. A primary
systematic consideration was the potential non-
uniform sample density. Concurrent measure-
ments of the carbon total cross section were in
agreement with those reported in the literature. "
Above several MeV the total cross sections were
relatively smooth functions of energy. However,
below =1.5 MeV, particularly for ' Zr, fluctuat-
ing, partially resolved structure becomes evident
with increasing magnitudes with decreasing ener-
gy. Apparently, the only previous total cross sec-
tion results directly comparable with the present
work are the 'Zr values of Stooksberry et al."
The agreement between the two sets of values is
good as illustrated in Fig. 1. The Zr scattering
results at 1.5 MeV recently reported by McDaniel
eE al."are in very good agreement with the pre-
sent total cross section results. The same au-
thors report elastic and inelastic scattering cross
sections for Zr at 1.5 MeV that appear lower
than those implied by the present total cross sec-
tion results. However, either comparison is com-
plicated by the presence of poorly resolved struc-
ture in the context of the respective experimental
resolutions. Approximately, two-thirds of ele-
mental zirconium consists of "Zr and "Zr. The
relative-isotopic-weighted average of the present
results is in good agreement with the reported
total cross sections of the natural element. ' The

90Zr
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FIG. y. Total and elastic scattering cross sections of 9 Zr and 9 Zr. The present results are indicated by circular

(total cross sections) and square (elastic cross secti'ons) data points. Triangles indicate the Zr total cross section
results of Stooksberry et al. (Hef. 20). Solid curves indicate the results of model calculations as described in the text.
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present results do show a difference in total cross
section magnitudes between the two isotopes. The
difference is approximately that expected from a
R,A'/' size effect.

B. Elastic neutron scattering cross sections

The differential elastic scattering cross sec-
tions were measured from 1.8 to 4.0 MeV at in-
tervals of &0.2 MeV with energy resolutions of
30 to 50 keV. The measurements were made at
20 scattering angles distributed from =20' to
155'. The experimental results are summarized
in Fig. 2. All of these zirconium scattering cross
sections were normalized to the H(n, n) cross
sections in the manner described above. Uncer-
tainties due to counting statistics varied from a
small fraction of a percent to =3/0 in the diffrac-
tion minima of the higher energy distributions.
Additional contributions to the total uncertainties
associated with detector efficiencies and normal-
izations, angular definition, monitoring, and
correction factors are discussed in the Sec. II,
above. The total uncertainties varied with angle
and energy. For approximately 90% of the dif-
ferential cross section measurements, they were

in the range from 5 to 10%. The regions of pri-
mary exception were the diffraction minima where
the differential cross sections drop from 10 to
15 mb/sr. In these areas it was subjectively
judged that the total uncertainty was =2 mb/sr re-
sulting in a relatively larger percentage uncer-
tainty. Here, and generally, the uncertainty es-
timates were believed conservative. As noted in
Sec. II, the experimental procedures were such
that consistency within a given distribution and be-
tween many energies was a good indicator of many
of the factors contributing to uncertainties. The
consistency was well within the above estimates.
Moreover, the differential scattering cross sec-
tions of carbon were routinely and concurrently
determined with the zirconium measurements.
The angle integral of the observed carbon cross
sections was generally within 5% of the reported
total cross sections" indicating that the over-all
normalization of the detection system is consis-
tent within the estimated uncertainties.

The angle-integrated elastic scattering cross
sections were determined by least-square fitting
the measured differential values with a Legendre
polynomial series. Generally, there were no con-
straints on the fitting procedures. Particularly,

Zr
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FIG. 2. Differential elastic scattering cross sections of 9 Zr and 9 Zr. The measured values are indicated by data
points. Curves denote the results of optical-model calculations based upon average potentials as described in the text.
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Wick's limit" or similar artifices were not em-
ployed to force the small-angle behavior. The re-
sulting angle-integrated values are outlined in Fig.
1, The uncertainties in these angle-integrated
cross sections were estimated to be 5 to 10%%up with
the largest contribution due to the extrapolation
from the most-forward measured point (=20') to
O'. The angle-integrated ' Zr elastic cross sec-
tions, combined with the inelastic scattering re-
sults (see below), led to total scattering cross
sections whose deviation from the independently
determined total cross sections over the entire
energy range was 3.7%%up. The maximum deviation
at any individual energy was 6.2%. Similar com-
parisons of the total scattering and total cross
sections of 9'Zr resulted in deviations of 3.3%%uo

over the energy range 1.8 to 3.0 MeV and 5.1%%uo

over the entire energy range. These devia-
tions are consistent with the respective ex-
perimental uncertainties despite the fact that
some extrapolation of inelastic cross sections
toward threshold was necessary in making
thes e comparisons.

Comparable previous elastic scattering mea-
surements appear confined to a single "Zr dis-
tribution reported by Stooksberry et al."at
2.1 MeV. That experimental result apparently
was arbitrarily normalized but it does have an
angular-dependent shape consistent with the re-
sults of the present work. Very recently McDan-
iel et a/. "have reported elastic scattering re-
sults for "Zr and "Zr at a lower energy, 1.5 MeV.
Their results appear to be reasonably consistent
with an extrapolation of the present measurements.

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 as discussed in Sec. II, above. The
optimum scattered neutron velocity resolution was
sufficient to resolve most of the reported excited
structure in these two isotopes. Cross sections
were accepted when there was a reasonable re-
sponse from five or more detectors generally im-
plying 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 re-
action Q values were determined from the known
flight paths, flight times, and incident energies.
These were verified by the observation of well
known inelastic neutron processes (e.g. , the ex-
citation of the 0.846 MeV state in "Fe). The Q-
value determinations were highly redundant and
the final values were taken from a simple average
of the measured quantities with the respective un-

IOO = 90Z p
E g =3.8 MeV

I.O

O. I

» w ~ ~5
~E 2 l86

0.01
Ex=I
Q= 0.7

O.OOI
0 90

e {deg )

I80

FIG. 3. The differential scattering of 3.8 MeV neu-
trons from Zr. Data points indicate the present re-
sults for the noted excitation energies. The curves
were obtained by calculation using the indicated values
of the correlation parameter Q as described in the text.

certainties estimated from the consistency of the
measured values. The resulting Q values were
reasonably accurate but lacked the precisions ob-
tainable using other spectroscopic methods (e.g. ,
charged-particle and y-ray spectroscopy as given
in Ref. 1). The latter are generally preferred for
analysis and are the values used in Sec. IV, below.
The uncertainties in the measured inelastic cross
sections varied with experimental conditions and
the magnitudes and the locations of the respective
scattered neutron groups. In the worst eases, un-
certainties due to counting statistics were 20%%uo or
even more. The best of the differential inelastic
results were uncertain to 5-10'%%uo percent inclusive
of the various systematic factors discussed in Sec.
II, above. The angle-integrated inelastic cross
sections were obtained by least-squares fitting a
Legendre polynomial series to the observed dif-
ferential values. Most of the angular distributions
were essentially isotropic. Exceptions were those
associated with the excitation of the 0+ states as
illustrated by the "Zr example of Fig. 3.

Six inelastic neutron groups were observed in
scattering from "Zr and more than 12 from "Zr.
The excitation energies and the corresponding
cross sections are summarized in Table II and
Figs. 4 and 5. The spectroscopic character of
these states is discussed in Sec. IV, below. The
six states observed in "Zr closely correspond
with those reported in the literature. ' Only in the
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case of the closely spaced 2738 and 2748 keV doub-
let did the present measurements fail to resolve
all the reported levels. Apparently all previous
inelastic neutron scattering studies of "Zr relied
upon the y-ray detection technique. "" This
method does not always uniquely define neutron
scattering cross sections. But even so, many of
these y-ray results are consistent with the pre-
sent values to within the experimental uncertain-
ties as illustrated in Fig. 4. Where there are pro-
nounced discrepancies; they are attributable to
the effects of y-ray branching. Many of the neu-
tron groups observed in neutron scattering from
"Zr were clearly related to well established le-
vels. ' There was no evidence for the tentatively
suggested 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 resolution of the present work. A single mea-
surement implied a level at -2.66 MeV. A simi-
lar level has been previously suggested from
(P,P '} scattering measurements. ' However, the

0.8— SOZ

observed neutron cross sections were small and
the present identification was considered very
marginal. Neutron groups observed at excitations
in the range 2.7 to 3.0 MeV were consistent with
previous reported values, considering the energy
resolutions of the present results. Above excita-
tions of =3.0 MeV, the present results become
more speculative. The experimental resolution
was not comparable to the complexity of the re-
ported structure and the observed cross sections
were probably attributable to contributions from
two or more states. There appear to have been
only two previous direct measurements of inelas-
tic neutron scattering from ' Zr. ' ' " The results
of Glazkov" are at a lower energy than those of
the present work and the cross section is much
lower than indicated by some (n; n'y} measure-
ments [e.g. , the results of Day4']. The cross
sections at 1..5 MeV recently reported by McDan-
iel et al."appear somewhat smaller than an extra-

0.4—
55IO

TABLE II. Observed inelastic neutron excitation ener-
gies in keV.

0
0.4—

5077
"zr 92zr

Exp. NDS Exp. NDS

1749+ 15{0+)
2169+ 15(2+)
2306+ 20(5-)
2732 + 20(4-)+

(3-)
3068 + 20(4+)
3300+ 20{2+)

1ve1(o+)
218e(2+)
2319(5-)
2v38(4-)+
2V4S(3-)
3ovv(4+)
331O(2+)

934+ 10(2+)
1375+ 10(0+)
1492 ~ 1O(4+)
1838+ 15(2+)
2058 + 15(2+)
2320+ 20(3-)
2360 + 20(1, 3)
24se+ 2o(5, b)
2666+ 3o(b)
2778 + 30{2-3)
2867 + 30(2-4)

29OO+ 4O(2-3)

3063+ 30(b)
3187+ 30

3275+ 50

934(2+)
1383(0+)
1496(4+)
184V(2+)
2067(2+)
234O(3-)
239o(b)
2480 {b)
265o(b)
2740(b)
2820(b)
2851(b)
2898(2, 3+)+
2950(b)
3040(2+)
3160+
3174+
3110+

~ ~ ~

3223+
3240+
3264+
3320+

NDS refers to the Nuclea~ Data Sheets as defined in
Ref. 1.

Uncertain or unknown ~" assignment as reported in
Ref. 1 and/or deduced from the present work.

0.4—
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E„(MeVj
FIG. 4. Inelastic neutron excitation cross sections of
Zr. Solid data points indicate the present experimental

results for the respective excitation energies (in keV).
The results of comparable {n;n'y) measurements are
given: 0, Lind and Day (Bef. 36; &, Wagner et al. (Bef.
37); +, Tucker et al. (Bef. 38); and Q, Glickstein et al.
(Bef. 39). These previous results are essentially p-
ray production cross sections. The curves are the re-
sults of calculations using correlation parameter, 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.
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FIG. 5. Inelastic neutron excitation cross sections of .

92Zr. Solid data points indicate the present results for
the respective excitation energies in keU. Previous re-
sults are indicated: 0, Glazkov (Bef. 40); 2, McDaniel
et al. (Ref. 19); ~, Day {Ref. 41); and+, Tessler et al.
(Ref. 42). The latter two sets of data were obtained
from (n; n'y) measurements. Curves indicate the re-
sults of calculations as described in the text. %here
the curves are in pairs the lower one pertains to a cor-
relation parameter Q =0 and the upper to Q =0.5. Else-
where, single curves were obtained with @=0.O.

polation of the present measurements and are
possibly 20% lower than the results of (n; n'y)
measurements by Day. ' Day" and Tessler, Qlick-
stein, and Carroll4' have extensively studied the
9'Zr(n; n'y) process. The latter group gave partic-
ular attention to y-ray cascades and branching ra-
tios and derived neutron cross sections for a num-
ber of excitations. These agree with the present
values to within the respective experimental un-

certainties. There is a similar agreement with
the results of Day. ' Some of these comparisons
are illustrated in Fig. 5.

IV. DISCUSSION

A. Optical model

The optical-model interpretation consisted of
the derivation of an isotopically dependent po-
tential from each of the experimental "Zr and
"Zr data sets with subsequent inspection of the
resulting parameters for evidence of isotopic,
shell, and energy dependence as suggested and
reported in previous work. ' " The resulting po-
tentials were used for the subsequent interpreta-
tion of spectroscopic properties. The present
measurements provided an auspicious foundation
for such endeavors, with a good definition and

scope extending over most neutron exit channels
including both total and scattering cross sections
in a sensitive mass-energy range. This is parti-
cularly so for "Zr where the properties of all
states are reasonably known to excitations of
s3.3 MeV.

The six optical-model parameters were deter-
mined from an X' fit to each measured elastic
scattering distribution over the energy range 2

to 4 MeV. The fitting procedures were inclusive
of compound-elastic contributions calculated us-
ing the Hauser-Feshbach formula" corrected for
width fluctuation effects. "'" The variations in
the parameters for a given isotope were small,
particularly if the few fits of lesser quality were
omitted. The parameters were most uncertain
at the lowest energies where the data were less
reliable and at the highest energies (near 4.0 MeV)
where all competing inelastic-neutron exit chan-
nels were not clearly known. The distribution
of parameter values for a given isotope was gen-
erally random with no evident energy-dependent
trend. The lack of any recognizable energy de-
pendence was not surprising as studies based up-
on a far wider energy range indicate a relatively
small energy dependence of the potential para-
meters. For example, the work of Engelbrecht
and Fiedeldey implies a change from the aver-
age real-potential magnitude of +0.3 to -0.3
MeV going from incident energies of 2 to 4
MeV. These are small values, =0.6% variations
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 con-
text did suggest an energy dependence of the real
potential consistent with that of Ref. 44. The fi-
nal parameter sets for "Zr and ~Zr were eon-
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TABLE III. Optical-model parameters.

V ' = 50.12+ 0.55 MeV,
W d = 5.50+ 0.48 MeV,
V„~= 8.0 MeV

V =49.50+ 0.50 MeV,
8' =5.21+ 0.25 MeV,

Rv = 1 244+ 0.008 fm,
R~ =1.250+ 0.075 fm,

82Zr

R„=1.238+ 0.005 fm,
R~=1.340+ 0.050 fm,

+„=0.600+ 0.055 fm
b~= 0.530+ 0.053 fm

a„=0.606+ 0.050 fm
5 = 0.550+ 0.042 fm

Saxon real form.
All uncertainties are rms values derived from X six-parameter fits to the elastic angular

distributions over the incident energy range 2.0 to 4.0 MeV as described in text. The esti-
mates are very conservative.

All radii given in form x=ROA
Saxon derivative imaginary form.
Thomas spin-orbit form fixed at the same magnitude for both isotopes.

structed of a simple average of the values ob-
tained from the isotopic y' fits. The results are
summarized in Table III. The parameter uncer-
tainties given in the table are the rms deviation from
the average assuming equal weighting. These un-
certainties are believed to be very conservative
as they tend to be biased toward larger magni-
tudes by a few fits of less desirable quality.

Neutron total and elastic angle-integrated cross
sections calculated with the potentials of Table III
were in agreement with the measured values as
illustrated in Fig. 1. In the low-energy limit the
calculated l =0 strength functions were =0.6
x10 4 and consistent with systematic behavior in
this mass region. ' The two average potentials
gave a very nice description of the observed elas-
tic scattering angular distributions as illustrated
by the curves of Fig. 2. Discrepancies between
calculation and experiment were largest at lower
energies and may represent true fluctuations in
the measured data as is clearly evident in the
neutron total cross sections at lower energies
(see Fig. 1). All of these calculations included
the width fluctuation correction. " In addition,
the "Zr results included resonance correlation
corrections with the correlation parameter Q = 0.5.
This additiona, l correction did not have a large
effect on the elastic scattering distributions and
was relatively more important in the minima at
higher energies as illustrated by the comparisons
of Fig. 3. In these high energy areas, there are
other uncertainties associated with the neglect of
competition from unknown inelastic exit channels.
Moreover, the correlation corrections are only
approximations which, at higher energies with a
number of channels, may break down and even
lead to negative compound-elastic cross sec- .

tions. ' Such anomalous behavior was observed
for large values of the correlation parameter

(e.g. , Q =1.0) at 4.0 MeV. Despite these uncer-
tainties, it is clear from the inelastic processes
that such corrections are relevant as discussed
below.

The potentials for "Zr and ~Zr of Table IH are
essentially identical within estimated parameter
uncertainties. Indeed the differences between the
parameter values are less than would be expected
assuming that the uncertainty estimates are equi-
valent to standard deviations. This fact tends to
support the above premise that the uncertainties
are conservative. Lane, ' Becchetti and Green--
lees, ' and others' ' "have attributed an
[(N- Z)/A] dependence to the optical potential.
This conclusion was deduced from basic physical
concepts and phenomenological comparisons with
measured data. In neutron processes the depen-
dence leads to potential strengths of the form

V~ Vo.— V, (real),
N-Z

N-Z
W = Wo — W, (imaginary),

where V, = 25 MeV and W, =12 MeV. These equa-
tions imply a difference between "Zr and "Zr
real potentials of 5V= 0.4S MeV and between imag-
inary potentials of 5W= 0.23 MeV. Moreover,
"Zr is at the closed shell N= 50 and Lane et al.'
and Vonach et a/. ' have noted reduced optical-
potential absorption as shell closures are ap-
proached. A similar effect has recently been sug-
gested near A. =100 by Guenther et al. where com-
parj. spns of Mp and iooMp neutrpn scatterj, ng re-
sults tend to indicate an approximately linear
shell-dependent change of 5W= 1-:2 MeV over
eight mass units. Thus, in the present context of
neighboring 'Zr and 'Zr both the expected
[(N- Z)/A] and shell dependence of the potential
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are equivalent to or smaller than the uncertain-
ties in the parameter values given in Table III.
Identification of such effects will probably require
about a factor of 3 improvement in the accuracy
of the parameter values. This will not be an easy
task in this mass-energy range as the requisite
experiments. are very demanding and more criti-
cally, the fine details of the parameter selection
will be influenced by compound-nucleus contribu-
tions. The detailed physical understanding of the
latter is not certain and is now a matter of con-
siderable theoretical discussion. ' ' ' ' Until
these physical questions can be resolved and put
into a useful computation form, it will be difficult,
if not impossible, to determine compound-elastic
components to accuracies necessary for the selec-
tion of potentials sensitive to small [(N-Z)/A]
and shell effects between nearby isotopes as in
the present case.

B. Statistical model and spectroscopic parameters

The above optical-model parameters and com-
pound-nucleus concepts were used to calculate
the inelastic neutron scattering cross sections.
The calculations employed the Hauser-Feshbach
formula" with corrections for the width fluctua-
tion and correlation of resonances. These correc-
tions were implemented by means of the com-
puter program NEARREX" using the Moldauer 0
coefficients given by

where T are the conventional transmission coeffi-
cients and Q is the overlap parameter ranging
from zero (for simple width fluctuation correc-
tions) to unity. " This expression is an approxi-
mate representation of the complex physical situa-
tion. ' It is qualitatively valid relatively hear the
inelastic reaction thresholds with a few open chan-
nels and will lead to the correlation enhancement
of compound-inelastic cross sections. In the pre-
sent calculations Q is treated as a free parameter,
adjusted to obtain a phenomenological description
of the observed cross sections.

The 9 Zr interpretation is relatively straight-
forward as the spectroscopic parameters of the
excited states are well known' and the approxima-
tion of Eq. (2) is reasonably valid. The calculated
cross sections for the excitations of the first two
states [1.761 (0+) and 2.186 (2+) MeV] are sensi-
tive to the choice of Q. Values of Q in the range
0, 5 to 0.7 are reasonably descriptive of the ob-
served inelastic neutron cross section and elastic
scattering distributions as illustrated in Figs. 3
and 4. As more channels open, Q has less effect
and the cross sections calculated with the reported

J' values' and various values of Q are in reason-
able agreement with the measured results as il-
lustrated in Fig. 4. This agreement includes the
unresolved doublet at an excitation of =2.74 MeV.

The interpretation of the "Zr results is more
difficult as the spectroscopic character of the con-
tributing states is not always known, more exit
channels are open and the approximation of Eq.
(2) becomes less valid. These complexities are
not serious near the thresholds of the first two
states [0.934 (2+) and 1.383 (0+) MeV] and com-
parison of measured and calculated results indi-.
cates Q values of 0.5 or larger as illustrated in
Fig. 5. At higher energies (=4.0 MeV) the cal-
culations associated with the first two states us-
ing Q = 1.0 become unreliable as the approxima-
tions 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' val-
ues of the 1.496 (4+), 1.847 (2+), 2.067 (2+), and 2.340
(3-) MeV states are well known' and the calculated
cross sections in good agreement with observa-
tion. The J"values of reported states at 2.39,
2, 48, 2.65, 2.74, 2.82, and 2.85 MeV are uncer-
tain. ' A number of calculated results were com-
pared with the present measured cross sections
using a wide range of J values, proceeding in an
iterative manner from lower to higher energies.
The comparisons of measured and calculated val-
ues offer some guidance as to possible J values.
Calculated results for the 2.39 MeV state using
J' =1 or 2 agreed to within 35/g with the average
of measured cross section values. At some en-
ergies J =1 gave a result within a few percent of
the measured value. The measured cross sec-
tions for the inelastic excitation of the 2.48 MeV
state are relatively uncertain and small. How-
ever, calculations based upon J =2, 3, or 4 re-
sulted in cross sections more than a factor of 2

larger than the measured values and very much
outside the experimental uncertainties. A J= 5

value has been suggested from proton scattering
and (p, t) experiments. "'" Cross sections cal-
culated with J = 5 are 80%%uo larger than the present
experimental results. The definition of the 2.48
MeV state is further confused by the possible
presence of a second component at an excitation
of 2.47 MeV. ' Calculated excitations of the 2.74
MeV state assuming J = 2, 3, or 4 agreed within
=15% with the average of the present measured
values, Of these options J =2 gave the best agree-
ment (=7'%%uo at some energies). Assuming a single
state at 2.85 MeV, results calculated using J val-
ues of 2, 3, or 4 agreed to within =209O with the
observed cross sections. A similar single-state
assumption and J =2, 3, or 4 resulted in calcu-
lated values accounting for more than 75%%uo of the
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observed cross section for the excitation of the
2.90 MeV state. Both the 2.85 and 2.90 MeV states
have previously been reported as doublets (2.82-
2.85 MeV and 2.90-2.95 MeV, respectively) which
were not resolved in the present experiments. '
The previous suggestions of J =2 for the 2.85
MeV state and J = 2 or 3 for the 2.90 MeV state'
and the present work imply that the contribution
to inelastic neutron scattering from the alternate
member of each doublet is small (i.e. , from the
2.82 and 2.95 MeV states) T.he observed state
at 3.06 MeV was attributed to the reported 3.04
MeV (2+) level. ' However, cross sections cal-
culated under this premise were less than one-
half the observed values. Thus, it is possible
that the measured cross sections are in error
or that there were additional components con-
tributing to the observed cross sections for the
excitation of this state. No attempt was made to
calculate the cross sections for the marginally
observed 2.666 MeV state. Neither was there any
attempt made to correlate measured and calculated
cross sections at excitation energies above =3.1
MeV because of the complexities and uncertainties
in the experimental results, in the contributing
structure and in the computational methods.

The above calculations can give guidance as to
the relative energy dependence of the inelastic
cross sections and, when correlated with mea-
sured values, assist in the assessment of spec-
troscopic parameters. However, the accuracy of
prediction of inelastic cross section magnitudes
near the first few thresholds, independent of ex-
perimental normalization, is no better than 20 to
80%. Such uncertainties are due to inadequacies
in the basic understanding of resonance width
fluctuations and correlations, and the associated
computational techniques. These physical factors
are contained in the "I"matrix of Hefs. 13 and
14. Moldauer has pointed out the fortuitous pro-
perty of the formulas to tend toward the familiar
Hauser-Feshbach result at higher energies. "
The physical situation is not so simple in the re-
gion of the present experiments and is the subject
of continued theoretical investigation by, for ex-

ample, Moldauer, "Kawai, Kerman, and McVoy, "
and Weidenmuller.

V. CONCLUDING REMARKS

The present measurements define the neutron
total cross sections of "Zr and ~Zr from below
1.0 MeV to 5.5 MeV and their neutron scattering
cross sections from 1.8 to 4.0 MeV. These de-
tailed results provide a foundation for the phenom-
enological interpretation of neutron processes in
a mass-energy region where there is an inter-
play between direct and compound-nucleus re-
actions.

Optical potentials specifically appropriate to
"Zr and to ~Zr were deduced from the measured
values. The respective potential-parameter sets
were, within their small uncertainties, essen-
tially identical. In particular, no significant
[(N-Z)/Aj or shell dependence of the optical po-
tential could be identified. Positive identification
of such effects in the present energy-isotopic con-
text will be exceedingly difficult as small varia-
tions in compound-nucleus mechanisms apprecia-
bly influence the model-parameter selection. The
compound-nucleus process, particularly resonance
width-fluctuation and correlation properties, may
not be sufficiently understood to reliably deter-
mine optical parameters in this region to the
necessary accuracies of better than a few tenths
percent. Moreover, the computational tools for
utilizing the theoretical concepts in experimental
analysis are not generally available.

Comparison of measured and calculated neutron
inelastic scattering cross sections demonstrated
the importance of resonance width-fluctuation and
correlation corrections to the simple Hauser-
Feshbach formula. Parameter adjustment resulted
in calculated cross sections descriptive of the ex-
perimental results. Correlation of measured and
calculated neutron inelastic excitation cross sec-
tions give guidance to the selection of a number
of previously uncertain spin values particularly
those associated with states in "Zr at excitations
of 2390, 2740, 2820, 2851, 2898, and 2950 keV.
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