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The Nuclear Data and Measurements Series presents results of
studies in the field of microscopic nuclear data. The primary
objective is the dissemination of information in the comprehensive
form required for nuclear technology applications. This Series is
devoted to: a) measured microscopic nuclear parameters, b) exper-
imental techniques and facilities employed in measurements, c) the
analysis, correlation and interpretation of nuclear data, and d) the
evaluation of nuclear data. Contrihutions to this Series are rem~
viewed to assure technical competence and, unless otherwise stated,
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THE INTERACTION OF FAST NEUTRONS WITH S50Ni*
by

A. Smith, P. Guenther,
D. Smith and J. Whalen

Argonne National Laboratory
Argonne, Illinois

ABSTRACT
Neutron total cross sections of ®ONi are measured with

broad resolutions from ~0.5 to 5.0 MeV at intervals of
A50 keV. Differential elastic-neutron-scattering cross sec-
tions are measured from 1.5 to 4.0 MeV at intervals of
A50 keV over the scattered-neutron angular range of N20-160 deg.
Differential cross sections for the inelastic-neutron excitation
states at 1,342 + (0,013, 2.168 * 0.010, 2,304 + 0,026, 2,509 *
0.022, 2,636 + 0.019 and 3.164 * 0,041 MeV are measured. The
experimental results are interpreted in terms of optical-

. statistical and coupled-channels models including consideration

of compound-nucleus fluctuations and direct-vibrational processes.

*This work supponted by the U.S. Department of Enengy.



I. TINTRODUCTION

Nickel is a major constituent of radiation resistant stainless steel
and 267% of the element consists of the isotope ®0Ni. Thus fast-neutron
cross sections of 80Ni are a concern in the neutronic design of many
fast-reactor and fusion energy systems. The desired accuracies of the
elemental fast-neutron scattering cross sections of nickel are 35%.1
Measurements of fast-neutron scattering cross sections to such accuracies
are most promising when undertaken isotope by isotope. The present
measurements follow this approach in an effort to obtain fast-neutron
total and scattering cross sections to accuracies of A5% and with energy
resolutions sufficient to define intermediate resonance structure.

The neutron interaction with 5ONi in the few-MeV region is a mixture
of compound-nucleus and direct-reaction processes. The compound-nucleus
contribution is characterized by resonance effects not well resolved in
measurements. Interpretation of the measured results in the context of
energy-averaged models requires an extensive data base to reasonably assure
a measurement of the actual energy-averaged behavior of the processes.
Such a broad data base was sought in the present measurements. The
experimental results were interpreted in terms of compound-nucleus and
coupled-channels models with attention to resonance fluctuations and
direct-vibrational processes. Both of these aspects of the neutron
interaction in the present mass—energy region are shown to make significant

contributions to the observed cross sections,



II. MEASUREMENT METHODS

A. Measurement Samples

The scattering and total cross section measurements employed a
single cylindrical sample of metallic nickel 2 cm in diameter and
2 cm long enriched to 299.6 welght-percent in 60N1.2 The contributions
of minor isotopic components of the sample to the present experimental
results were estimated, found negligible and ignored. Chemical impurities
in the sample were negligible and ignored. The sample was assumed to be
of uniform density and this assumption was supported by qualitative tests
(e.g. weight and balance). However, it was not possible to destroy the
sample in order to verify its uniformity. The (njn’',y) measurements .
employed an elemental nickel sample 3.8 cm long and 3.8 cm in diameter.

B. Neutron Total Cross Sections

The neutron total cross section measurements were made using the
monoenergetic-source facilities at the Argonne National Laboratory Fast
Neutron Cenerator.3’* The neutron source was the 7Li(p;n)7Be reaction
produced by a proton bhurst of ~1 nsec duration incident on a lithium metal
film at a repetition rate of 2 MHz. The energy of the resulting neutrons
was governed by the proton energy and the neutron-energy resolution was
controlled by the thickness of the lithium-target film. A shield and
associated collimator around the source were used to obtain a neutron
beam ~1 cm in diameter at a zero-degree source-reaction angle., The

nickel sample was placed upon a wheel so that it rotated through the beam



at a repetition rate of approximately 20 rpm. Alternately, a void and a carbon.
reference sample were placed in the beam. In all cases the neutron beam

was incident on the bases of the cylindrical samples. The neutron detector

~ was a proton-recoil scintillator placed on the neutron-beam axis approximately
5 m from the neutron source. Conventional time-of-flight techniques were

used to obtain the velocity spectra of neutrons arriving at the detector. The
observed spectra were correlated with the sample (or void) positions using

an on-line computer system. The rapid interchange of sample positions

avoided any necessity for monitoring the neutron-source intensity. The
prominent neutron peak observed .in the velocity spectra corresponding to the
primary yield of the source reaction was integrated to obtain the detector
response rate. The velocity resolution of the apparatus was sufficient to perm
clear rejection of the secondary (and minor) neutron group from the source
reaction. Backgrounds were small and easily determined from an analysis

of the velocity spectra. A random signal was introduced into the data
acquisition system in order to determine dead-time corrections precisely.
In-scattering corrections were estimated and found to be negligible. The
neutron transmissions through the samples followed directly from the

observed detector responses. The total cross sections were calculated

from the transmissions in the conventional manner.® An ancillary experiment
utilized the same apparatus to determine the neutron total cross sections

of sulfur, silicon and carbon over selected energy intervals with resolutions
of 2-5 keV. The results were correlated with well known resonance structure
in these elements in order to determine the energy scale of the apparatus to
within ~10 keV; i.e. to values approximately an order of magnitude less than

the resolutions employed in the present nickel measurements, 67?8



Details of the above method and the particular apparatus are given
in Ref. 4.

C. Neutron Scattering Measurements

The neutron scattering measurements were made using the Argonne National
Laboratory 10-angle, pulsed-beam time-of-flight system.? The 7Li(p;n)7’Be
neutron source was pulsed on for durations of Al nsec at a repetition rate
of 2 Miz. The mean incident-neutron energy at the scattering sample was
known to ~10 keV by control of the proton beam, The scattering sample was
placed ~13 cm from the neutron source at a zero-degree reaction angle.
Proton-recoil scintillators were placed at flight paths of 5 to 5.5 m,
measured from the scattering sample. The flight paths were defined by
a massive collimator system extending over a scattered-neutron angular
range of 20 to 160 deg. The scattering angles were determined to a
relative accuracy of 0.5 deg. and an absolute accuracy of 51.0 deg.

An independent time-of-flight system was used to monitor the source
intensity, supported by four "long counters,”" The relative energy depen-
dencies of the scattered-neutron-detector sensitivities were determined
by observation of neutrons scattered from hydrogen (polyethylene) at
selected angles and a fixed incident energy or from measurements of the
neutron spectrum emitted during the spontaneous fission of 252¢f,10

The normalizations of the relative-detector sensitivities were determined
by observing neutrons scattered from hydrogen (polyethylene) at selected
energies and angles. Thus all scattering cross sections were determined

relative to well known H(n;n) cross sections.!!

Data acquisition was
carried out using on-line computer systems with data storage in a 512

(time intervals) by 16 (detector energy-response intervals) by 11 (10

Scattering and 1 monitor detectors) matrix. Subsequent data processing



reduced the measured velocity spectra to differential cross sections and
included corrections for angular resolution, sample attenuation and

12 The corrections employed both analytical and

multiple-event effects.
Monte~Carlo procedures and were applied to 60Ni, polyethylene (hydrogen)

and carbon-reference samples. The latter were used to verify the fidelity
of the measurement system by comparing measured carbon cross sections with
standard values reported in the literature.!3 Details of the above method

and the specific apparatus have been extensively described elsewhere.??12

D. (n;n',y) Measurements

In addition to the above direct neutron detection method, the (njn',y)
reaction was examined at energies of 52.0 MeV using an elemental sample in
order to extend the prominent neutron first-inelastic excitation to
threshold. The gamma rays were detected using GeLi detectors and the
relative neutron flux determined using a 235y fission chamber as described
in Refs. 14 and 19. Measurements were made at a gamma-ray emission angle
of 55 deg. with incident neutron energy resolutions of 75 keV, The shape
of the angle integrated (n;n',y) cross section was deduced by multiplying
the measured 55 deg. values by 4n. This procedure is not precisely valid,
since P, contributions to the angular distributions are allowed and may
not be neglidgible particularly near threshold (e.g. see Ref. 19). However,
the Py contribution is probably <10% over most of the range of the present
data thus the contribution was neglected in the absence of detalled angular-
distribution information. The measured relative gamma-ray excitation function
was subsequently normalize to the directly measured neutron-scattering results
in the region of overlap near 2.0 MeV. Throughout the energy range of the
(n;n',y) measurements only one inelastic~scattering channel was open; thus

|
there were no uncertainties due to the interpretation of gamma-ray branching i

ratios,



III. EXPERIMENTAL RESULTS

A. Neutron Total Cross Sections

The objective of the total cross-section measurements was the
determination of precise energy-averaged magnitudes comparable with the
subsequently measured scattering cross sections and model predictions.
Resolution of the detailed resonance structure was explicitly avoided. The
measurements were made from 0.5 to 5.0 MeV at intervals of N50 keV with resolution:
of >50 keV. The measurement were repeated over the entire energy range several
times with consistent results. Moreover, the concurrent measurement of the
neutron total cross sections of carbon provided results in good agreement
with those reported in the literature.® The experimental values were
averaged over intervals of 200 keV to obtain the energy-averaged results
shown in Fig. 1. The statistical accuracies of the 200 keV~-average cross
sections were generally él%. Even with the relatively large averaging
increment cross-section fluctuations remained evident and complicated
comparisons with the measured scattering cross sections and the physical
interpretations.

The present results are compared with equivalent average values
constructed from the much better resolution results of Clement et al,l>
in Fig. 1. The two sets of results are generally consistent to within several
percent at incident energies zl.S MeV. At lower energies, resonance
perturbations in broad resolution measurements using the present sample
(2 cm thick) can be significant., Their effect was estimated using
Monte-Carlo and analytical methods, assuming that essentially all the resonances
were perfectly resolved in the measurements of Ref. 15. With this assumption

the estimated perturbation was negligibly small at %2.0 Mev and increased
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Fig. 1. Neutron Total and Elastic-Scattering Cross Sections of
60Ni, 200 keV averages of the present results are
indicated by O and QO symbolds, respectively. Comparable
averages of the neutron total cross sections of Ref., 15
are noted by crosses. Curves indicate the results of
model calculations and the non-elastic scattering cross
section deduced from the present measurements.



to ~5% as the energy decreased to 0.5 MeV. This estimate is qualitatively
consistent with the low-energy differencles between the present results and
those derived from Ref. 15 as evident in Fig. 1. These estimates are cer-
tainly lower limits as the resolution used in Ref. 15 was not perfect.
Theoretical estimates suggest that the resonance structure at 52.0 MeV,
including the cross section minima, is far more pronounced than ohserved in
any reported measurements.'® As an illustration, the structure observed in
Ref. 15 was "enhanced" by squaring the measured values and renormalizing to
the original average magnitudes. The estimated perturhations deduced from
these "enhanced'" cross sections were ~20% at 0.5 MeV and smoothly decreased to
small values at 2.0 MeV., The same perturbations could be experimentally
determined using various sample thicknesses., However, such procedures would
have compromised a unique sample and thus were not attempted.

The above considerations suggest that the present energy-averaged neutron
total cross sections are quantitatively representaﬁive of the microscopic values
at energies of %1.5 MeV. Below N1.5 Mev the measured energy-averaged
transmissions may lead to total cross sections as much as N20% too .small
depending on the incident energy and the unknown details of the true resonance
structure, particularly near the resonance minima. The effect of sample size
in the measurement of energy-averaged neutron total cross sections has been
discussed in greater detail elesewhere.? The importance of sample-size
perturbations in the measurement of highly resonént cross sections 1s too
seldom recognized.

B. Neutron Elastic Scattering

Elastic neutron scattering cross sections were measured at incident

energyv intervals of <50 keV from 1.5 to 4,0 MeV with incident-energy
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resolutions of x20—40 keV. Measurements were made at ten or more scattering
angles, distributed between 20 to 160 deg. for each incident energy. The
objective was an angle-energy scope that would well define the elastic
scattering cross sections to an intermediate energy resolution. The mea-
Surements were made at randomly selected energies or systematically over

a pre-determined energy range during various measurement periods.
Carbon-scattering measurements were made concurrently to assure the fidelity
of the apparatus. The individual differential scattering cross sections
were generally determined to 5 to 8% accuracies. Statistical uncertainties
contributed 1-3% to the overall uncertainties. Correction procedures, in-
cluding those for effects due to angular uncertainties, made a similar small
contribution. The largest contribution to the overall uncertainty came from
the calibration of the detector efficiency (typically 3 to 5%). The uncer-
tainty in the H(n;n) standard was a small factor (e.g. él%).

The experimental results are outlined in Fig. 2. Despite the relatively-
broad incident-energy resolutions, considerable variation in the distributions
with energy is discernable throughout the measured energy range. Any single
distribution is not necessarily representative of the more general energy-
averaged behavior. A better representation of the average behavior is obtaine¢
by averaging the measured values over 200-keV intervals with results
as illustrated in Fig, 3. With this 200-keV average, the behavior of the
distributions vary relatively smoothly with energy, and is comparable
with predictions of the energy—-averaged models,

The 200-keV averages of the present results were least-square fitted
with a Legendre polvnomial expansion from which the angle~integrated elastic-

scattering cross sections were derived. The accuracies of the latter were



Fig.

2. Tllustrative Differential Flastic-Neutron Scattering Cross Sections
of ®0N{, Incident-energy resolutions are 20-40 keV. Curves are
the results of least-square fitting of Legendre-polynomial expansions
to the actual measured values. Fluctuations with energy are evident.
(Scattering angle in laboratory degrees, cross-sections in b/sr.)
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Fig. 3.

200-keV Average of the Measured Neutron Differential Elastic-
Cross Sections of ®ONi, Curves indicate the results of a lea
fitting of Legendre-polynomial expansions to the measured val
Illustrative data points are shown. (Scattering angle in lab
degrees, cross section in mb/sr.)
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generally <5X, i.e. essentially dominated by the uncertainties associated
with detector calibrations. These elastic-scattering cross sections are
compared with the neutron total cross in Fig. 1. The angle-integrated
elastic scattering cross sections fluctuate with energy in a manner
consistent with the fluctuations of the neutron total cross sections.
Together the two sets of cross sections yield the non-elastic cross
sections shown in Fig. 1. Above 22.0 MeV the non-elastic cross sections
were consistent with the directly-measured neutron inelastic scattering
cross sections while at lower energies they tended to be somewhat smaller,
consistent with the total neutron cross section perturbations discussed above.

There appear to be no previously reported elastic scattering results
with which to compare the present measured values,

C. Neutron Inelastic Scattering

Differential-neutron-inelastic-scattering cross sections were determined
concurrently with the elastic-scattering values. Scattered neutrons were
observed corresponding to levels in 60Ni at: 1.343 + 0.013, 2.168 + 0.010
2,304 *+ 0.026, 2.509 + 0,022, 2.636 * 0.019 and 3.164 * 0.041 MeV., The excita-
tion energies were determined from the measured incident energies, flight
times and flight paths and were verified by the observation of well known
inelastic~neutron groups (e.g. that due to excitation of the 846 keV level
in 56Fe). The above measured excitation energies are averages of a number of
independent measurements and the uncertainties are RMS deviations from the
Mean. The presently-observed levels correspond reasonably well to known
states in 9ONi as shown by the comparisons of Table 1.17 The correspondence
Is explicit to an excitation energv of 3.0 MeV. The observed 3,164 MeV level

is attributed to a composite of three closely-spaced reported states,

13
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TABLE 1.

Comparison of Observed and
Reported Levels in 60Ni

(=T, S = N VO I =1

Ex(MeV), Observed

1,342
2.168
2,304
2,509
2.636
3.164

+ 4+ i+

+

0.013
0.010
0.026
0.022
0.019
0.041

Ex(Mev), Ref, 17

1.333
2,158
2.296
2.506
2.625
3.123
3.184
3.195

(2+4)
(2+)
(0+)
(4+)
(3+)
(2+
(?)
1+




Angle-integrated neutron inelastic-excitation cross sections were
determined by least-square fitting no fewer than four differential values
at each energy with Legendre polynomial series. The uncertainties in the
differential-cross section values ranged from a minimum of 352 for prominent
and well-resolved neutron groups at favorable energies to iZO% for less well
resolved and/or low-intensity neutron groups. There was a similar spread in
the uncertainties of angle-integrated cross sections ranging upward from a
minimum of A5%, In addition to the complexities of experimental resolution
and lesser experimental intensities, the inelastic-scattering uncertainties
were subject to the same sources of uncertainty noted above in the elastic-
scattering context.

A major feature of the inelastic process is the prominent excitation
of the 1.342 MeV one-phonon vibrational state. The differential cross
sections for the excitation of this state fluctuate with energy in a manner
analogous to that illustrated for the elastic scattering cross sections in
Fig. 2. Fluctuations were also observed in the excitation of higher levels,
However, the incident energies were larger so the effect was not as pro-
nounced as in the case of the 1.342 MeV level. In order to remove these
fluctuations the measured inelastic scattering distributions were averaged
over 200 keV incident-neutron energy intervals in the same manner as for
to the elastic-scattering distributions (see ahove discussion). The resulting
averages bhehaved in a relatively smooth manner as illustrated by the distri-
butions for the 1.342 MeV state shown in Fig. 4. Furthermore, this figure
qualitatively shows the trend from distributions symmetric about 90 deg. at
lower energies to those that are somewhat peaked forward at upper energies
in a manner that could be expected as the result of increasing contributions

from direct~reaction processes. Cross sections for the excitation of
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Fig. 4. Observed Differential Cross Sections for the Inelastic

Excitation of the 1.342 MeV Level in ®0Ni, Measured
values are illustrated by data points and curves denote
a P, Legendre polynomial fit to the measured values,
(Cross sections are in b/sr and scattering angle in
laboratory degrees.)
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higher-lying levels also fluctuated, and averaging procedures were used to
obtain the energy-averaged behavior in the same fashion as outlined above
for the 1.342 MeV level. Scattered neutron distributions resulting from
the excitation of these higher-lying levels were generally symmetric about
90 deg. (see Fig. 7 for illustrative examples).

The above direct-neutron measurements extended to within ~0.8 MeV
of threshold., (n;n’',y) techniques were used to extend the measured cross
sections for the excitation of the prominent 1.342 MeV to threshold. The
measured relative (n;n',y) results were normalized to the directly measured
(n;n') values near 2.0 MeV, The normalization region is one of fluctuating
cross sections so it is estimated that the (n3n',y) normalization uncertainty
1s ~10%.

The angle-integrated neutron inelastic scattering cross sections
derived from the direct neutron measurements are shown in Fig. 5 together
with the values obtained from the (n;n',y) measurements. There is very
little previously-reported comparable information explicitly deduced from
measurements using isotopic S0N{ samples. There are a number of results
of both (n;n') and (n;n',y) measurements employing elemental nickel targets.
Some of these latter results are shown in Fig. 5. The recent high~resolution
gamma-ray-emission results of Voss!® show the same qualitative fluctuations
as the present work when averaged over 75-100 keV. There 1s a difference
in cross section magnitudes for the excitation of the 1.342 MeV level at
energies of N 2.1 Mev, where the interpretation of the gamma-ray cross
Sections is unambiguous, possibly reflecting the angular distribution
of the gamma-ray emission in the context of the 125 deg. measurement
angle of Ref. 18, The present results are in reasonably good agree-

Ment with those obtained from the elemental studies of Ref. 20. There
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Fig. 5.

Inelastic Neutron Excitation Cross Sections of ©ONi,

The present (n;n') results are noted by solid circular
symbols, those from (n;n',y) measurements by solid

square symbols., Other symbols denote previously reported
values as given in Refs, 20-26. Light curves indicate

a 75 keV average of the gamma-ray emission cross sections
of Ref, 18 with the energy of the gamma-ray observed
noted with the respective curve. Level excitation energies
are numerically stated at the left of each section of the
figure. Dashed curves indicate corresponding ENDF/B-IV
values, 28 Heavy solid curves denote results of model
calculations as outlined in Sec. IV of the text (D" =
result of deformed model, "S" or no notation = spherical
model). (Figure on following page.)
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seem to be systematic differences between the results of the present work
and those of Ref. 21. Other scattered results from Refs. 22 to 26 vary
from rather good agreement to sharp disagreement with the present values.
The present results are very consistent with an extrapolation of the
higher-energy results of Kinney and Perey?’ obtained with isotopically
enriched samples. The validity of comparisons of isolated values is
questionable in view of the fluctuations in the cross sections and un-
avoidable variations in experimental energy scales and resolutions. In
addition, there are ambiguities in the interpretation of the (n;n',Yy)
results (such as those of Ref. 24) beyond the excitation of the first several
levels,

Some of the present neutron-inelastic-scattering results can be
compared with values given in the elemental ENDF/B-IV nickel file, corrected
to isotopic quantities. The comparisons, indicated in Fig. 5, suggest that thos
portions of the differential inelastic scattering file due to 60N1 are too
large by 15-207% to ~3.0 MeV. This difference exceeds the accuracies fre-
quently requested for elemental nickel neutron inelastic-scattering cross

sections.

IV. INTERPRETATION
The experimental interpretations sought to: a) establish a spherical
optical potential providing an acceptable description of the energy-averaged
neutron cross sections in this mass-—energy region of strong fluctuationms,
and 2) explore the effect of direct-vibrational processes on the neutron
interaction. The scope and detail of the present experiments provides a

suitable foundation for such investigations.



The spherical optical potential was entirely based upon the 200 keV
average of the measured differential elastic-scattering cross sections
(i.e. the distributions shown in Fig, 3). The averaging increment was
4 compromise between a representation consistent with the concept of the
optical model and the exclted-level spacing influencing the compound-
elastic component. The initial step in the deduction of the potential

was a 6-parameter (real and imaginary strengths, radii and diffusenesses)

each of the measured elastic-scattering distributions.?9 The compound-
elastic contributions were calculated using the Hauser-Feshbach formula
with width-fluctuation corrections30?3! assuming the first 12 excited

levels as defined 1in Ref. 17. The 1initial fitting procedures reasonably
defined real and imaginary radii and diffusenesses., These four-parameters
were then fixed for subsequent and more detailed two-parameter (real and
imaginary strengths) Chi-square fitting procedures. The latter included

the enhancement of compound-nucleus components using the formalism of
Hofmann et al.,32 explicit consideration of the levels defined in

Table 1, and the level—density-distributions of Gilbert and Cameron33

for the description of levels with excitations of >3.2 MeV, The cal-
culations were carried out using the computer code ABAREX~2,3% rhe
resulting V (real strength) and W (imaginary strength) followed a

general linear energy dependence. V decreased at the rate of kO.S MeV/MeV,
consistent with pPreviously reported values35 and W increased at the rate

of %0.25 MeV/Mev, Superimposed on these linear trends were relatively small
(% t 1 MeV) fluctuations with a periodicity of NO 5 MeV. These fluctuations

reflected those of the underlying data base (as 1llustrated in Figs. 1 and 3).
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The fluctuations were not characteristic of a general energy-averaged be-
havior and were ignored in the resulting ''general potential” given in
Table 2, This "general potential" was the basis for subsequent comparisons
of measured and calculated values and the investigation of direct-
vibrational processes,

The ''general potential" provides an acceptable description of
measured neutron-elastic-scattering cross sections as generally out-
lined in Fig. 6 and more specifically illustrated by the examples of
Fig. 7. Differences between measured and calculated results are gen-
erally small and random in nature as might be expected from the re-
sidual fluctuations. In addition, there are systematic differences at
energies R3.3 MeV primarily associated with the first minimum of the
diffraction pattern.

Above x2.0 MeV, measured and calculated angle-integrated elastic-
scattering cross sections are consistent to within several percent, again
with minor deviations due to fluctuations (see Fig, 1). Below N2.0 MeV
the calculated values become somewhat larger with decreasing energy. In
addition to fluctuations, doorway levels have been reported in this lower-

energy region.36

In view of these considerations the agreement of measured
and calculated angle-integrated elastic scattering cross sections was
judged acceptable.

Comparisons of measured and calculated neutron total cross sections
follow the same trends as the angle-integrated elastic-~scattering cross

sections. Again, above ~2.0 MeV the agreement is good, while at lower

energies the calculated values become progressively larger amounting to

differences of 10-15% at %1.0 MeV. 1In addition to the effects of fluctuations



TABLE 2. Spherical Optical-Potential Parameters

Real Potentiala

Strength V = 53,10 - 0.3:E(MeV), MeV
Radius r, = 1.211, F

Diffuseness a = 0.614, F

Imaginary Potentialb

Strength W = 7,90 + 0.25<E(MeV), Mev
Radius r, = 1,202, F

Diffuseness a_ = 0.596, F

a
Saxon form.

bSaxon derivative form.
*Spin-orbit terms of Thomas form and 8 MeV strength included in all
calculations,
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Fig. 7.

Illustrative Comparisons of Measured and Calculated Differential
Scattering Cross Sections of 60Ni, Measured values are indicated
by data points where: [ = elestic scattering, O = Ex of 1,342 Mev,

d = Ex of 2,168 MeV, + = Ex of 2,304 MeV, x = Ex of 2,509 MeV and

<O = E_ of 2.636 MeV. Curves indicate the results of calculations
where goupled-channels results are noted with "tick" marks and
spherical results with simple curves. Incident energies are given
in each section of the figure in MeV, Demensionality is cross

Sections in b/sr and scattering angle in lab. degrees. (Figure
on following page.)
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and doorway levels there is the problem of experimental sample-gize
perturbations discussed in Sec, IITI, above, The differences between
Mmeasured and calculated values are within the range of estimated experimental
perturbations, alone. The inability of optical potentials based upon
higher-energy elastic Scattering to describe neutron total cross sections
near 1.0 MeV in this mags region has long been observed. As outlined in
Sec. III, much of this discrepancy may be experimental in origin, but there
may also be ga shortcoming in the concept of a simple spherical optical
potential, 1In either event, there remains ap uncertainty in energy-averaged
neutron total crogg Sections in this mass-energy region of %102 in a

number of nuclides. This can be a serious concern in the contexts of
energy-average models and of the provision of evaluated data sets for tech~
nological purposes,

The neutron-inelastic-scattering Cross sections calculated using the
spherical "genera]l potential" were qualitatively descriptive of the measured
values (as illustrated in Figs., 5 and 7) but there were quantitative discrep-
ancies. The calculated excitation of the 1,342 MeV (2+) level tends to
be larger than the measured values below %2.5 MeV and smaller ahove x3.0 MeV,
These differences are 210-302. In addition, the calculated angular distribu-
tions of Scattered neutrons do not show the forward peaking observed at
higher energies. Calculated and measured cross sections for the excitation
of the 2.168 Mev (2+) level are in very good agreement. Calculated excitations

of the 2,304 MeV(0+) level are reasonably consistent with measured values but

experimentally., The measured differential cross sections are small (< 10 mb/sr)
and, as a consequence, relatively uncertain., Thus the Mmeasured values may

not fully portray the concave angular distributions characteristic of this



0+ to O+ transition. The measured cross sections for the excitation of
the 2,509 MeV (4+) level agree to within 10-15% with the calculated values.
However, the measured values for the excitation of the 2,636 MeV (3+) level
are about 257 larger than the calculated quantities. This relatively

large difference suggests an error in the assigned J-m values. Indeed, a
2+ assignment results in better agreement with measured values but is
inconsistent with the results of reported stripping-reaction studies. !’

The cross sections for the excitation of the observed level at 3,164 MeV
were attributed to contributions from reported 3.123, 3.184 and 3.195 MeV
levels. With this assumption the calculated cross sections were very
similar to the limited number of measured values obtained in the present
experiments,

At higher incident energies (e.g. %3.0 MeV) the above spherical inter-
Pretations has three shortcomings; a) the calculated excitation of the
1,342 Mev level is systematically smaller than the measured values,

b) measured neutron distributions resulting from fhe excitation of the

1.342 MeV level are not symmetric about 90 deg. as predicted by theory,

and c) the measured elastic-neutron distributions deviate systematically
from the calculated values as 4.0 MeV is approached, It is difficult

to attribute these shortcomings entirely to fluctuations and/or the level~-
density approximation employed in the calculations. However, qualitatively
the above characteristics are characteristic of direct-vibrational processes.
Coulomb~excitation and stripping studies indicate that the first excited
(1,342 MeV) level 1s a one-phonon vibrational state characterized by a B>
value of 20.22.17’37 The effect of the vibrational interaction was estimated
using a coupled-channels calculation, coupling the ground (0+) and first-

excited states assuming the above B2 value., The calculations were carried



out using the coupled-channel computer program JUPREX. 3% 1In doing so

it was assumed that direct and compound-nucleus processes were approximately
separable and that the latter could be reasonably calculated using trans-
mission coefficients derived from the spherical potential. The "general
potential” of Table 2 was used for the vibrational calculations except for
the imaginary strength which was adjusted to improve the description of the
observed differential elastic-scattering distributions. The vibrational
calculations were an approximation in that they did not derive transmission
coefficients directly from the deformed potential nor was there an attempt
made to explicitly Chi-square fit the measured elastic distributioms

using the deformed potential. Such procedures would have been very costly
and deceptive if applied to only a few measured distributions.

The coupled-channels results mitigated the shortcomings of the spherical
results. The calculated distributions of neutrons resulting from the
excitation of the 1.342 MeV level were peaked forward in the manner of the
measured values (see Fig. 7). The cross section magnitudes and the neutron
differential-elastic~scattering distributions were in much better agreement
with the measured values than those obtained from the spherical calculations
(see Figs. 5 and 7). Thus the comparisons of measured and calculated values
strongly suggest that direct-vibrational processes are significant in the
neutron interaction with 60N{ in the present energy range. In particular
they account for facets of the interaction not consistant with the spherical
optical-statistical model. Consideration of direct-vibrational interactions
does result in modifications of potential parameters relative to the spherical
model (e.g. X307 reduction in imaginary strength) thus one can question the
quantitative validity of parameter sets derived from spherical interpretations

in this mass-energy range.

29
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V. CONCLUDING REMARKS

The present measurements provide a detailed knowledge of neutron total
and scattering cross sections of ®0Ni from xl.S to 4.0 MeV. A prominent
feature of the experimental results is the strong fluctuations. These
imply a need for a comprehensive data base for the precise determination
of energy-averaged cross~section behavior. The present measurements do
provide such a data base for interpretation in terms of energy—averaged
models and for nuclear data for technological purposes. A conventional
spherical optical potential, deduced from the measured values, quantita-
tively described the average experimenfal neutron total and scattering
cross sections to energies of 3.0 MeV. A coupled-channels model
considering direct-vibrational processes, extended the quantitative
description of the measured results to 4.0 MeV. The direct-vibrational
interaction significant effected the choice of optical-model parameters. In
this mass—energy range attention must be given to the scope of the data
base if the experimental energy-averaged behavior, consistent with the
concept of optical and coupled-channels models, is to be determined.
The direct-vibrational process makes a significant contribution to the
energy-averaged interpretation. These two considerations are often ignored

in physical studies.
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