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Differential elastic and inelastic cross sections were measured for 1.5-MeV neutrons scattered by the
even-A isotopes of zirconium and molybdenum. The scattering samples were enriched isotopes of *°Zr,
92Zr, *Zr, ™Mo, **Mo, **Mo, and 'Mo. The cross sections were measured using a dynamically biased
neutron time-of-flight spectrometer. The differential cross sections have root-mean-square relative and
normalization uncertainties of 2 to 3.5% and 7 to 7.5%, respectively, for elastic scattering, and 6 to
13% and 9 to 15%, respectively, for inelastic scattering. Isotopes with similar level structures have
almost identical elastic angular distributions. The entire set of data was theoretically fitted using the
optical-statistical model with resonance-width-fluctuation corrections. The calculated elastic differential
cross section was assumed to be an incoherent sum of shape-elastic and compound-elastic scattering. At
the minima in the angular distributions the cross sections were dominated by compound-elastic

scattering.

NUCLEAR REACTIONS %0:92:947y 923496100\ o(m, n), (n, n'), E,=1.5 MeV;

measured o(0); deduced optical model parameters. Isotopically enriched

samples, neutron time of flight, dynamic bias, compound-elastic scattering,
level width fluctuations.

I. INTRODUCTION

An extensive study of neutron elastic and inelas-
tic scattering in the mass A =90 region is in prog-
ress at this laboratory.!”'? Data have been taken
over a period of several years to study neutron
scattering and scattering mechanisms in the inci-
dent neutron energy range of 1.5 to 8.6 MeV. The
study encompasses five even-A isotopes of Mo and
three even-A isotopes of Zr, Mo with 4 =92 to
100 and Zr with A =90 to 94. The entire set of
cross sections, both elastic and inelastic, is now
in the process of being analyzed with a consistent
set of optical model parameters. This paper re-
ports the study of elastic and inelastic scattering
of 1.5 MeV neutrons by seven nuclei in the mass
region A =90 to 100: °°Zr, 22Zr, *Zr, **Mo, *Mo,
%Mo, °Mo. A lower limit of 1.5 MeV was chosen
for the study because Lambropoulos et al.'® have
made an extensive set of cross section measure-
ments for the Mo isotopes and for natural molyb-
denum from 0.1 to 1.5 MeV.'3+ ¢

11. EXPERIMENTAL APPARATUS

The neutron differential cross sections were
measured using a dynamically biased neutron time-
of-flight (TOF) spectrometer.'®~!? The dynamically
biased neutron TOF spectrometer was developed
at the University of Kentucky as a means for re-
ducing the high backgrounds typically associated
with neutron scattering experiments.
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The University of Kentucky Model CN Van de
Graaff accelerator was used to produce mono-
energetic neutrons using the T(p,n)*He reaction.
For the TOF experiments the accelerator beam
was terminally pulsed at 2.0 MHz and had a pulse
width of less than 10 nsec. The beam pulse width
was further shortened to less than 1.0 nsec by a
Mobley beam pulse compression system.’®"2° The
beam, collimated by a 0.48 cm aperture, was
passed through a 0.00036 cm Mo foil into a tritium
gas cell. The cylindrical gas cell was made of
thin walled stainless steel 0.8 cm in diameter and
3.0 cm in length and was lined with tantalum 0.025
cm thick. The tritium gas pressure was main-
tained at a pressure of 1.0 atm. The proton energy
loss in passing through the Mo foil and the 3.0 cm
of °H gas was 231 keV and 83 keV, respectively.
The neutron energy produced at 0° at the center
of the gas cell was 1.5 MeV. The total spread in
neutron energy was 84 keV.

The experimental arrangement is shown in Fig.
1. The massive detector shield, mounted on a
goniometer, is used to reduce the room-scattered
background, the neutrons striking the detector
directly from the source, and other accelerator
associated backgrounds. Two neutron detectors
were used in these measurements since the ex-
periments for Mo and Zr were done at different
times because of the limited availability of the iso-
topically enriched samples. Both detectors were
NE 218 liquid organic scintillators, 10.0 cm in
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FIG. 1. Experimental apparatus consisting of the
tritium gas cell, scattering sample, detector, and
shield.

diameter. The scintillator used for the Mo mea-
surements was 1.3 cm thick and the scintillator
used for the Zr measurements was 5.0 cm thick.
Each scintillator was mounted on an RCA bi-alkali
phototube. The shielded detector could be rotated
from -100° to +160° with respect to the acceler-
ator beam axis.

The dynamic biasing technique was used in these
neutron scattering experiments. This technique
was developed in this laboratory and is described
in detail elsewhere.!” The essential feature of this
technique is that the TOF of a neutron is used by
an on-line computer to set both an upper and lower
bias level on the pulse height from the detector
for that particular detection event. The results
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are a background reduction in the time spectra

of a factor of 4, and the ability to work with a
large dynamic range for neutron detection. The
schematic diagram for this system is shown in
Fig. 2. Figure 3 shows the computer logic flow
for the dynamic biasing. The conventional TOF
spectrum is accumulated simultaneously in a
multichannel analyzer for visual monitoring during
the data run.

A conventional TOF spectrum was also obtained
for the monitor detector, which was mounted 1.0
m above the tritium gas target. This monitor
was in a polyethylene shield and collimator, and
viewed the neutron source directly. The output
signals from its time to amplitude converter (TA C)
were sent to a single channel analyzer, and a
window was placed around the TOF peak of direct
monoenergetic neutrons from the gas target. This
almost entirely eliminated uncorrelated background
and prompt y rays. The scaled outputs of the sin-
gle channel analyzer were used to normalize the
neutron flux for each data run.

III. DIFFERENTIAL CROSS SECTION MEASUREMENTS

The cylindrically shaped scattering samples were
enriched isotopes of molybdenum and zirconium
and are described in Table I. Cross sections were
measured for only four of the even-A Mo isotopes
because the °®Mo sample was not available at the
time of the Mo experiment. Also included in Table
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FIG. 2. Block diagram of electronics used in the dynamically biased time-of-flight system.



10 ELASTIC AND INELASTIC SCATTERING OF 1.5-MeV...

TWO
PARAMETER
INTERRUPT

!

READ TwWO
ADCS. STORE
IN TOF, PH

7

GET LOW
BIAS FOR
THIS TOF

s
PH < LOW ";‘c’)‘l‘;:,o
BIAS
GET HIGH
BIAS FOR
THIS TOF
INVALID
POINT

VALID POINT
STORE
TOF

.

RESET
FOR NEXT
EVENT

FIG. 3. Logic flow diagram of the computer program
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I are the characteristics of the polyethylene sam-
ple which was used for the absolute normalizations
of the differential cross sections to the accurately
known n-p scattering cross sections.

The Zr isotopes and the Mo isotopes were placed
6.3 cm and 8.2 cm, respectively, from the center
of the neutron source. They were at 0° to the
incident beam direction. The angular distributions
were taken in ~10° increments from 30° to 156°
(Zr) or 159° (Mo). Flight paths were 3.05 and

1089

3.92 m for Mo and Zr, respectively. The yields
for each angle were normalized to each other by
means of the monitor detector. Typical measure-
ments required 0.3 to 1.0 h for each sample at
each angle, to obtain 1.0 to 3.0% statistical un-
certainty in the subtracted yields of the elastic
peaks in the time spectra.

The background contributions to the TOF spectra
were determined by making measurements with
the sample removed. The sample-out background
was subtracted from the sample-in spectra point
by point. Figure 4 shows TOF spectra for several
of the isotopes at various angles. The time cali-
bration of these TOF spectra is 0.46 nsec per
channel. The TOF spectra also show a number of
neutron groups from inelastic scattering. The
determination of the absolute differential cross
sections was made by comparison of a relative
cross section at 40° to the well-known neutron-
proton scattering cross section.?! The number
of neutrons scattered by hydrogen was determined
by observing the TOF spectrum of neutrons scat-
tered by polyethylene. Since the differential cross
section of hydrogen for neutron scattering is iso-
tropic in the center of mass system for 1.5-MeV
neutrons, the laboratory differential cross section
for angles less than 90° is

o(6,,,) = OpCOSH ), ,
m
where 6, is the neutron laboratory scattering
angle and o, is the total n-p cross section.

Since the energy of a scattered neutron depends
on the scattering angle and mass of the target,
the efficiency of the neutron detector as a function
of energy was needed. Because of the additional
uncertainties introduced in an absolute efficiency
measurement due to fluctuations and uncertainties
in Li target thicknesses, only a relative detector

TABLE I. Description of scattering samples.

Isotopic composition Mass Diameter Length
Sample (%) (g (cm) (cm)
MMO 94M0 S5M0 96M0 97M0 98M0 100M0
92Mo 97.37 0.68 0.52 0.37 0.18 0.40 0.50 57.709  2.007 2.096
Mo 0.71 92.03 5.18 0.83 0.40 0.67 0.19 62.399 1,996 2.249
%Mo 0.22 0.27 1.05 96.44 1.02 0.86 0.14 59.637 2.018 2.252
100Mo 0.60 0.23 0.40 0.81 0.36 1.69 95.91 65.645 2.119 2.274
SOZI‘ QIZI. SZZr 94Zr SGZI.
Nz 97.72 1.07 0.51 0.56 0.15 37.681  1.966 1.946
27y 2.54 1,04 95.13 1.11 0.18 41.083  2.004 2.002
Mz 2.03 0.65 0.94 96.10 0.28 9.961  0.987 1.977
Polyethylene 0.708 0.1016 (i.d.) 2.525
(CH,), 0.6330 (0.d.)
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efficiency was measured. The relative efficiency
was determined using yields from the "Li( p, n)"Be

reaction and its absolute production cross sections.

These cross sections have been determined by
Gabbard and McPherson?? at this laboratory for
proton energies of 2.00 to 6.22 MeV and by Elbakr
et al .?® at the University of Alberta. The uncer-
tainties in the absolute normalization of our mea-
sured differential cross sections have largely
been determined by the accuracy of these mea-
sured "Li( p, n)’Be cross sections. A measured
efficiency curve is shown in Fig. 5 for the Zr ex-

periment.

The elastic differential cross sections were cor-
rected for the following: (a) deadtime in the
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FIG. 4. Time-of-flight spectra for several of the
isotopes at various neutron scattering angles. Sample-

out background has been subtracted.
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counting electronics; (b) attenuation of the neutron
flux in the samples; (c) angular resolution; and

(d) multiple scattering of neutrons in the scattering
samples. The deadtime in the counting electronics
was typically 3 to 4%. The sample-in and sample-
out TOF spectra were separately corrected for
deadtime before subtraction.

The correction for attenuation of the incident and
out-going neutron flux is based upon the method of
Cranberg and Levin.?* The corrections were 20
to 32% for all the scattering samples except **Zr.
For the smaller **Zr sample the correction was
12%.

The angular spread at the detector was due pri-
marily to the finite size of the scattering samples.
The face of the neutron detector was 392.0 cm
from the center of the sample and subtended an
angle of less than 1.0°, and hence was not included
in the angular resolution correction.

Multiple scattering calculations correct for neu-
trons that are scattered more than once in the
scattering sample. The corrections for multiple-
elastic scattering use the methods of Blok and
Jonker?® and Walt and Barschall.?® Both the angular
resolution and the multiple scattering corrections
were made using a computer code written by
Reber.?” The multiple scattering corrections were
also calculated using a computer code written by
one of the authors (FDM) based upon the methods
of Cox?® and Kinney.?® The different correction
methods were found to agree to within 2.0%.

Because of the large neutron energy losses in
scattering from hydrogen and carbon in the poly-
ethylene sample, a Monte Carlo code was used to
correct for outgoing flux attenuation and multiple
scattering in polyethylene. The code was written
by Smith®® at Argonne National Laboratory and in-
corporates libraries of the total and differential
cross sections for hydrogen and carbon. The
incident flux attenuation correction for the poly-
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FIG. 5. The measured relative efficiency of the neu-
tron detector as a function of neutron energy.
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ethylene sample was based upon the method of
Cranberg and Levin.?* The resulting total attenua-
tion and multiple scattering correction for the
polyethylene sample was 16%.

In addition to the above corrections, a small
correction was made to the measured elastic yields
for the °°Mo isotope. All of the Mo samples were
found to have a small contamination due to oxygen
in the samples. The effect was largest for the
100Mo sample and much smaller for the remaining
samples. The *O(n, n)'°0 scattering peaks in the
TOF spectra resulting from neutron scattering
from %0 nuclei are shown in Fig. 4. From the
yields in these *O(n, n)'®0O peaks a correction was
derived and applied to the '®°Mo(zn, n)'* Mo yields
at the forward angles where the two peaks could
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FIG. 6. Measured differential elastic cross sections
for 1.5-MeV neutrons scattered by the isotopically en-
riched samples. The relative uncertainties are smaller
than the actual data points. The normalization uncer-
tainties which are listed in Table III, are less than 7.0%
and are not shown on the figure. The solid lines are
theoretical calculations discussed in Sec. V.

not be resolved. For angles greater than 80° the
peaks could be resolved and the *O(n, )*®0 yield
was not included in the analysis. For the forward
angles the correction amounted to 0.7% at 30° and
1.0% at 70°. Oxygen contamination to the other Mo
isotopes was less than the amount present in the
10Mo sample and no correction was made for it.
The inelastic differential cross sections were
corrected for the following: (a) deadtime in the
counting electronics; (b) attenuation of the neutron
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FIG. 7. The measured differential inelastic cross
sections for 1.5-MeV neutrons scattered by the isotopi-
cally enriched samples. The error bars shown with
each data point are relative uncertainties. The solid
lines are theoretical calculations discussed in Sec. V.
Some scales have suppressed zeros.
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TABLE II. Legendre polynomial coefficients for fits to experimental elastic differential cross sections at 1,5 MeV.

Coefficients have units of mb/sr.

2Mo

94M° SGMO lOt)MO SOZr SZZr 94Zr

L Coeff. Unc. Coeff. Unc. Coeff, Unc. Coeff. Unc. Coeff. Unc. Coeff. Unc. Coeff. Unc.
0 411.0 1.6 355.8 2.0 348.4 2.3 319.5 2.7 396.2 5.8 338.5 2.9 339.8 4.0
1 4314 3.6 468.4 4.7 490.8 5.6 490.5 6.5 384.6 13.0 439.6 7.1 455.2 9.5
2 479.0 5.7 439.7 7.2 485.0 8.3 481.9 8.7 399.9 18.2 427.5 11.0 429.9 12.4
3 156.5 6.4 168.2 7.9 186.4 9.2 174.3 8.4 102.3 18.2 189.5 12.0 139.9 11.3
4 156.8 7.7 143.3 8.9 150.5 10.1 101.9 6.2 113.7 17.3 180.5 13.7 103.7 9.2
5 26.2 6.6 25.6 7.6 25.5 8.2 34.4 11.0

6 39.0 6.2 25.4 6.8 31.2 6.6 26.3 9.3

flux in the samples; and (c) multiple scattering of
neutrons in the scattering samples.

The deadtime in the counting electronics and the
flux attenuation corrections were determined in the
same manner as for the elastic scattering. The
inelastic multiple scattering corrections were cal-
culated using a computer code written by one of
the authors (FDM) based upon the methods of
Engelbrecht.®! The flux attenuation reduced the
neutron flux in the samples while the inelastic
multiple scattering had the effect of increasing the
flux in the samples. The partially compensating
effects of attenuation and inelastic multiple scat-
tering resulted in correction of 20 to 25%, and 10
to 15%, respectively.

IV. EXPERIMENTAL RESULTS

A. Measured cross sections

The elastic differential cross section measure-
ments are shown graphically in Fig. 6. The rela-
tive uncertainties are smaller than the size of the
data points. The curves shown in the figure are
theoretical cross section calculations which are
discussed in Sec. V. The Legendre polynomial
coefficients and their uncertainties, which de-
scribe the measured cross sections, are given in
Table II. The least-squares fitting procedure of
Cziffra and Moravcsik was used to determine these
coefficients and their uncertainties.* The criteria
used to determine the highest order polynomial
included in the fit is discussed elsewhere.?”*

The inelastic cross section measurements are
shown in Fig. 7. The error bars shown for each
data point represent relative uncertainties only.
The curves shown in the figure are theoretical
cross section calculations which are discussed in
Sec. V.

Contributing factors to the uncertainties in the
measured cross sections were counting statistics,
uncertainties from the previously mentioned cor-
rections for finite sample size, the uncertainty in
the detector efficiency as a function of neutron

energy, and uncertainty in the neutron monitor.
The uncertainty arising from the electronic dead-
time corrections and the uncertainty in the n-p
cross section are small. The sources of uncer-
tainties and their magnitudes are given in Table
III. The relative uncertainties are those con-
tributing to the uncertainty in the shape of the
angular distribution, and normalization uncertain-
ties are those arising in the normalization of the
angular distribution to the n-p cross section at the
laboratory scattering angle of 40°.

B. Comparison with other measurements

Lambropoulos et al.'® have made an extensive
set of measurements of the differential elastic
and inelastic cross sections and the total cross
sections of ¥Mo, *Mo, **Mo, **Mo, and ®Mo in
the neutron energy range from 0.3 to 1.5 MeV.
Their differential cross section measurements
are made at energies typically separated by 20
keV with incident neutron energy spreads of ~20

TABLE HI. Sources of uncertainty in the measured
cross sections.

Source Range

Relative uncertainties
Elastic Inelastic

Counting statistics 0.5-2.0% 6.0-13.0%

Monitor <1.0% <1.0%
Efficiency curve <1.0% <1.0%
Angular resolution correction <1.0% v
Multiple scattering corrections <2.0% e
Normalization uncertainties

Flux attenuation and

multiple scattering corrections <1.5% <3.0%
n-p cross section uncertainty <1.0% <1.0%
Efficiency curve 5.2% 5.2%2
n-p counting statistics 3.4% 3.4%

Total uncertainty 7.0-7.5% 9.0-15.0%

2 Typical value.



10 ELASTIC AND INELASTIC SCATTERING OF 1.5-MeV... 1093

keV. Thus their eight angle differential cross
sections are not strictly comparable to our mea-
surements at 1.50 MeV, with a neutron energy
spread of ~80 keV. In order to compare the
Kentucky data with the Argonne data, we have
averaged, for each isotope, the Argonne data taken
between 1.44 and 1.50 MeV. This will give an
energy averaging interval comparable to the Ken-
tucky data, but with an average energy 20 to 30
keV lower. The averaged Argonne data are shown
in Fig. 8. Polynomial fits to these averaged re-
sults are shown by the dashed line. The poly-
nomial fits to the data of the present experiment
are shown by the solid curves in the same figure.
These latter polynomial coefficients are given in
Table II. At 40°, the angle of our normalization

to the n-p cross section, the Argonne and Kentucky
results differ by 2 to 8% with an average difference
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FIG. 8. Comparison of the Legendre polynomial fits
to the measured molybdenum differential elastic cross
sections for the present experiment with the results of
Lambropoulos et al. (Ref. 13). The data points are the
results of Ref. 13 averaged between 1.44 and 1.50 MeV.

of 5%. This is well within the rms value of the
claimed uncertainties of 5 to 10% and 7% for
Argonne and Kentucky, respectively. It is seen
from the curves in Fig. 8 that the difference be-
tween the two results in the region of the cross
section minima is much greater than can be ex-
plained by the claimed experimental uncertainties.

One important difference between the Kentucky
and Argonne measurements is that, whereas the
Kentucky data is normalized to the known n-p
cross section at 40°, the Argonne measurements
are normalized to the previously measured®
elastic differential cross sections of C. The poly-
ethylene scatterer used here to observe the n-p
scattering also gives a carbon elastic scattering
peak in the time spectra, as seen in Fig. 4. The
Kentucky data can also be compared to the carbon
elastic differential cross section at 40°. Normal-
ization of the Kentucky data at 40° to the carbon
cross section®® used by Lambropoulos et al.'®
would raise our cross sections by 13.4%. However,
if the most recent carbon cross sections measured
by Lane et al .’ are used, the normalization of the
Kentucky data to the carbon cross section would
raise our cross sections 6.8%.

It should be noted that the two measurements3*: 3%
of the carbon differential cross section at this
energy and angle differ by less than 7.0%, which is
within the indicated uncertainties.?**3 To clarify
the normalization to carbon, we have remeasured
the carbon differential cross section at 1.5 MeV.
At 6, =40° our measured carbon cross section is
1.2% lower than that given in Ref. 35, which gives
a cross section for the Mo and Zr isotopes 5.6%
larger than our n-p normalization.

The inelastic cross sections as well as the mea-
sured total cross sections of Lambropoulos et al .3
may also be compared to the present results. This
comparison is shown in Table IV. In this table the
integrated elastic and inelastic cross sections are
obtained from the polynomial fits to our data. A
comparison of the inferred elastic cross sections
shows that the integrated elastic results of
Lambropoulos et al.'® are larger than the present
results by 300 to 600 mb for each isotope, or
about 6 to 12%. The inelastic results for both mea-
surements are in very good agreement for all
excited levels except for the 694 keV level in ®Mo.
For this level the integrated cross section result
of Lambropoulos et al." is greater than the pres-
ent result by almost a factor of 2.

By adding the appropriate integrated elastic and
inelastic cross sections, the inferred total cross
sections are obtained. The present inferred cross
sections are compared to both the inferred total
cross sections and measured total cross sections
of Lambropoulos et al.,*® averaged over the 1.44
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to 1.50 MeV energy interval. The differences be-
tween our inferred total cross sections and the
Argonne measured total cross sections range from
0.6% for °2Mo to 7.3% for °*Mo, with an average
difference of 4.0%. This is well within our claimed
normalization uncertainty of 7.0%.

C. Comparison of experimental results for different isotopes

A primary reason for making measurements on
both the even-A isotopes of Mo and Zr is that a
direct comparison can be made between two sets
of isotopes which differ only by two protons; i.e.,
%Zr and Mo, etc. The results of this compari-
son show that the addition of two protons makes
only a small difference in the angular distribution
of the elastic cross sections at this energy. The
comparisons between the Legendre polynomial fits
to the differential cross sections of °°Zr and ®2Mo,
2Zr and *Mo, and **Zr and **Mo are shown in the
top panel of Fig. 9. The addition of neutrons,
however, makes a larger difference in the angular
distributions. The Legendre polynomial fits to
the elastic differential cross sections of the Zr
and Mo isotopes are shown in the middle and lower
panels of Fig. 9. The minimum of the distribution
is reduced with increasing neutron number at this
energy.

The reason that the addition of two protons makes

McDANIEL, BRANDENBERGER,
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a smaller difference in the shape of the differential
elastic cross section than the addition of two neu-
trons may be related to the almost degenerate
nature of the proton shells involved (2p,,, and
1g,,.) and the large energy gap between the neu-
tron shells (1g,,, and 2d,,,). For example, the
addition of two protons to °Zr does not add as
many low-lying levels as does the addition of two
neutrons to °°Zr. As the nuclear level density is
increased, more of the reaction cross section is
used in inelastic processes and less for compound
elastic (CE) scattering. Thus, the minimum in
the angular distribution, which is predominantly
CE scattering, is reduced.

V. THEORETICAL ANALYSIS

The theoretical analysis presented with this
paper is only part of an extensive study of neutron
elastic and inelastic scattering from nuclei in the
mass region from A =90 to A=100. An attempt
will be made to obtain a consistent set of potential
parameters to describe this mass region for inci-
dent energies of 1.5 to 8.5 MeV. Commonly used
optical model potentials will be employed and
varied to obtain the best x 2 fits to the elastic
differential cross sections. The potential param-
eters determined from elastic scattering will then

TABLE IV, Cross section comparison.

Percent !
Isotope Q°? 0P Oine P g, ¢ 0y 9 Oiner © o, f 0,8 difference
2Mo 0.0 5165+ 362 5165 + 362 5734 + 459 5734 459 5198 0.6
Mo 0.0 44714313 5588+ 335 4740+ 379 5774 + 395 5635 0.8
~0.871 1117+ 119 1034+111
%Mo 0.0 4378307 5644 + 326 4640+ 371 5893 + 388 6091 7.3
—0.778 1057+ 105 988+ 108
-1.148 209+ 31 265+ 32
100 Mo 0.0 4015 +281 5610+ 300 4670+ 374 6552 + 403 6035 7.0
—0.535 714 66 665+ 103
-0.694 211+ 33 408+ 56
jgg‘: }6701 76 }sogi 93

2@ value of excited level in MeV.

b Present elastic and inelastic results in mb; uncertainties given include both relative and normalization uncertainties.
¢ Present inferred total cross sections; rms uncertainties determined from the uncertainties in the elastic and in-

elastic cross sections.

dElastic cross sections of Lambropoulos et al. (Ref. 13); actual values were obtained from the National Neutron
Cross Section Center, Brookhaven National Laboratory (NNCSC) and were energy averaged from 1.44 to 1.50 MeV; un-

certainties given as £8%.

¢ Inelastic cross sections of Lambropoulos et al. (Ref. 13), actual values were obtained from NNCSC and were energy
averaged from 1.44 to 1.50 MeV; uncertainties are simple averages of the uncertainties in the individual measurements.
f Inferred total cross sections of Lambropoulos et al. (Ref. 13); rms uncertainties were determined from the un-

certainties in the elastic and inelastic results.

g Measured total cross sections of Lambropoulos et al. (Ref. 13), actual values were obtained from NNCSC and were
energy averaged from 1.44 to 1.50 MeV; uncertainties in individual measurements are approximately +2%.

h Percent difference [(0§—0§)/0§]x100.
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be used to calculate inelastic cross sections with-
out further change of these parameters.

A. Elastic differential cross sections

The complex potential chosen for the calculation
was

V(r)==VF(r) - iWg(r) = Un(r)i -7 .

The real potential had a Woods-Saxon form, the
imaginary potential had a Woods-Saxon derivative
form, and the spin-orbit potential was real with
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FIG 9. Comparisons between the Legendre polynomial

fits to the measured differential elastic cross sections
of the zirconium and molybdenum isotopes.

a Thomas form. Therefore,

fy={1+exp[(r - 7,41 /a]}*,

glr)=4b

0-(5ee) 3

m

E‘i;{l +exp[(r—r'A”3)/b]}_ll»

d
=, [F)]

At the incident energy of 1.5 MeV, compound
nucleus contributions are expected to be large,
especially at the minima of the angular distribu-
tions. The elastic scattering was assumed to be
an incoherent sum of shape-elastic scattering and
compound-elastic (CE) scattering. The shape-
elastic scattering was calculated using an optical
model code JIB %€ which contained a search routine.
The contribution of CE scattering was determined
using the computer code ALTE 37 which incorpo-
rates the Wolfenstein®®*-~Hauser-Feshbach®® (WHF)
formalism and includes resonance-width-fluctua-
tion corrections.*0:*!

It was evident during the fitting procedure that
most of the cross section near the minimum in

I0000FTTTT T T T T T T
5000

do/dQ (mb/sr)

0 90 180
8c.m. (deg)

FIG. 10. The polynomial fits to the differential elastic
cross sections for 1.5-MeV neutrons scattered by %°Mo
and %Mo are shown by the solid lines. The dashed lines
represent calculated compound elastic cross sections as
discussed in Sec. V. The final theoretical fits to the data
are nearly identical to the polynomial fits shown.



1096

each of the elastic differential cross sections was
CE scattering. The method of calculating the CE
cross sections, that is, how to include resonance-
width-fluctuation effects which can alter the CE
cross section by as much as a factor of 2 or 3,
was crucial to the fitting procedure. However,
optical model potentials could be determined in-
dependent of this question since in °°Zr and ®*Mo,
the incident neutron energy is below the threshold
for inelastic scattering, and the CE cross section
can be determined directly from the WHF for-
malism without modification. Further, the fact
that the measured elastic cross section of *°Zr
proved to be nearly identical with that of Mo,
within uncertainties, suggests that it might be
possible to fit the complete set of data with a sin-
gle set of optical model parameters. This is
shown in Fig. 9, where it is also clear that other
pairs of nuclei with similar level structure also
have nearly identical cross sections. Figure 10
shows the results of the fitting procedure for *Mo.
At the minimum and at back angles, the CE cross
section is dominant. Using the optical model po-
tentials obtained from fitting **Zr and ®Mo, fits
to the other nuclei were attempted. The problem
of how to handle the CE cross section in the fitting
procedure is illustrated for **Mo in Fig. 10. In
this illustration, the full width fluctuation correc-
tion of Dresner?® and Lane and Lynn*! (¢=0.0)
provided too much CE cross section at the mini-
mum in the differential cross section while the
plain WHF calculation did not provide enough. In
order to obtain good fits at the minima of the dif-
ferential cross sections for all the nuclei it was
necessary to employ the full width-fluctuation cor-
rection and, in addition, to modify the optical
model transmission coefficients as suggested by
Moldauer.* The conventional optical model trans-
mission coefficients T were replaced by

T'= T+‘—;[1 -(1-q7)"?)?,

where the parameter ¢ is a measure of nuclear
level overlap. It can vary between zero for iso-
lated levels and one for strongly overlapping levels.
The value of ¢ was adjusted to best fit the elastic
differential cross sections and was found to be
g=0.5.

In most cases the fits obtained were very good
and are shown in Fig. 6. All curves were obtained
using one set of optical model parameters obtained
by fitting the neutron elastic scattering angular
distribution of ®*°Zr and ®Mo. These parameters
are given in Table V. Since the present experi-
ment did not include any polarization measure-
ments and hence did not offer any guidance for the
selection of a spin-orbit strength, a typical value

McDANIEL, BRANDENBERGER,
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TABLE V. Optical model parameters used to fit the
elastic differential cross sections of the Mo and Zr
isotopes for 1.5 MeV neutrons. Potential strengths are
in MeV and radii and diffusenesses are in fm.

V =48.3 W=6.7 U=5.5
7= 1.25 7' =1.30 7,=1.25 q=0.5
a= 0.65 b =0.47 a=0.65

of 5.5 MeV was used. The value of the s-wave
strength function determined from these optical
model parameters was 0.5x 10~ and is in reason-
able agreement with experimental values in this
mass region.

During the fitting procedure, a small dependence
of the real central strength V upon neutron excess
(N-2)/A was found. The effect was masked by
the relatively large CE contributions at this ener-
gy. A much stronger evidence for a dependence
upon neutron excess has been found at higher ener-
gies where compound nucleus contributions to the
elastic scattering are not as large.** Hence, for
the present work a single set of optical model pa-
rameters was sufficient to fit the data.

B. Inelastic differential cross sections

Theoretical fits obtained to the inelastic dif-
ferential cross sections were calculated from the
WHF formalism with level-width-fluctuation cor-
rections of Dresner?® and Lane and Lynn*! and
with transmission coefficients modified according
to Moldauer.*? All calculations were made using
the same set of parameters and a value of ¢=0.5
which were found to give such good agreement be-
tween experiment and theory for the elastic scat-
tering. The calculated fits are shown as solid
lines in Fig. 7. The fits are reasonably good and
agree to within 20% with the measured inelastic
differential cross sections. The first excited
states in °°Zr and ®2Mo were not excited at this
energy. The excited J" =0* states in **Mo at
1.148 MeV and °°Mo at 0.694 MeV are exceptional-
ly well fitted. The calculations for the other
excited states in **Mo, **Mo, and Mo are lower
than the experimental cross sections by approxi-
mately 12 to 20%.

The normalizations of the inelastic differential
cross sections for the first excited states in %2Zr
at 0.934 MeV and *Zr at 0.918 MeV are uncertain
because the energies of these scattered neutrons
were on a very rapidly changing portion of the
efficiency curve. For the Zr cross section mea-
surements, the detector bias level was substan-
tially higher than for the Mo measurements.
Hence, the detector efficiency curve for the Zr
experiment did not extend as low in energy as for
the Mo experiment. The efficiency curve used
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for the measurements on the Zr isotopes only is
shown in Fig. 5. Because of especially large un-
certainties in the detector efficiency for these

two groups of scattered neutrons (@ =-0.934 and

Q =-0.918 MeV), the normalizations of the dif-
ferential cross sections are uncertain by approxi-
mately 50%, and the theoretical fits have little
significance.

VI. CONCLUSIONS

The experimental results presented here for the
even-A isotopes of Mo and Zr were obtained with
relative and over-all normalization uncertainties
of 3.5 and 7.0%,, respectively.

A comparison between the cross sections for the
two sets of isotopes has shown the cross sections
to be very similar. The addition of two protons
has been shown to have only a small effect upon
the differential cross sections. The addition of
two neutrons has been shown to have a larger ef-
fect especially near the minima in the angular
distributions. The minima decrease quite dra-
matically with increasing neutron number.

The present experimental results obtained for
the Mo isotopes were compared to the results of
Lambropoulos et al.,*® with their results averaged
over our energy spread. The agreement between
the two sets of elastic differential cross sections
are within normalization uncertainties except
near the minima in the distributions. The inte-
grated elastic cross sections of Lambropoulos
et al.'® are consistently larger than the present
experimental results by about 6 to 12%. The total
cross sections inferred from our measured elastic
and inelastic cross sections are in quite good
agreement with the directly measured fotal cross
sections of Lambropoulos et al.’® The inelastic
cross sections to all levels, measured at the two
laboratories, were found to be in excellent agree-
ment except for the 0.694 MeV level in *°Mo,
where the results of Lambropoulos et al.'® are
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larger than the present results by almost a factor
of 2. It should be noted that the theoretical fit ob-
tained here for the 0.694 MeV level is in excellent
agreement with our present results, and is one of
our best fits.

During the analysis it was observed that the
majority of the differential elastic cross section
at the minimum was due to compound nucleus
contributions. In addition, the value of the CE
cross section which gave the best fit to the elastic
differential cross section was in all cases less
than the cross section given by the full ¢=0.0
resonance-width-fluctuation correction of Dresner*°
and Lane and Lynn.*! The best fits were obtained
by employing both the full resonance-width-fluc-
tuation correction and the Moldauer*? modification
of the optical model transmission coefficients with
a value of ¢=0.5.

A small neutron excess dependence in the real
central strength was found during the fitting pro-
cedure which, because of the large contribution
of CE scattering, could not be determined with
any accuracy. Hence, a single set of optical model
parameters was sufficient to describe the entire
set of data. The calculated results for elastic
scattering were very good. The worst fit was
obtained to the differential cross section of '®Mo
where one would expect to observe the largest
dependence upon neutron excess. The calculated
fits obtained to the inelastic differential cross sec-
tions were 10 to 20% lower than the measured
values except for the J ™ =0* excited states, which
were fitted exceptionally well.
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