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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The 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) experimental techniques and facilities employed in
measurements, c) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa-
tion required for technological applications (e.g., tabulated numerical data)
in a timely manner.
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FAST-NEUTRON TOTAL AND SCATTERING CROSS SECTIONS OF 58Nia

by

Carl Budtz-Jé¢rgensenP, Peter T. Guenther, Alan B. Smith
and James F. Whalen

Applied Physics Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT

Neutron total cross sections of >8Ni were measured at 25 keV
intervals from 0.9 to 4.5 MeV with 50-100 keV resolutions. Atten~
tion was given to self-shielding corrections to the observed total
cross sections. Differential elastic- and inelastic—~scattering
cross sections were measured at 50 keV intervals from 1.35 to
4.0 MeV with 50-100 keV resolutions. Inelastic excitation of levels
at 1.458 * 0.009, 2.462 + 0.010, 2.791 * 0.015, 2.927 * 0.012 and
3.059 * 0.025 MeV was observed. The experimental results were
interpreted in terms of optical-statistical and coupled~channels
models. A spherical optical-statistical model was found generally
descriptive of an energy-average of the experimental results. How—
ever, detailed considerations suggested significant contributions
from direct-vibrational interactions, particularly associated with
the excitation of the first 2+ level.

aThis work supported by the U.S. Department of Energy.

bVisiting scientist from the Central Bureau for Nuclear Measurements,
Geel, Belgium.
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1. INTRODUCTION

Nickel is an important constituent of radiation- and heat-resistant
alloys, such as stainless steel, which are widely used in fission—- and
fusion—-energy systems. Thus the interaction of fast neutrons with elemen-
tal nickel is of considerable applied importance. The desired accuracies
of the elemental fast-neutron—scattering cross sections are 5% [1]. The
measurement of scattering cross sections to such accuracies is most promising
when undertaken on an isotopic basis. The natural element consists of 58yN1
(68.3%), SONi (26.1%), SINL (1.1%), 62y1 %3.62) and ®%Ni (0.9%). Studies
of the interaction of fast neutrons with ONi and with elemental nickel have
recently been reported by this Group [2,3]. The present work is an exten-—
sion of the previous efforts to 58y1 with the objective of obtaining precise
neutron total and scattering cross sections for the element over an energy

range of =1 to 4 MeV.

The fast-neutron interaction with 58N{ is a mixture of compound-nucleus
and direct processes. The resonance behavior of the compound-nucleus con-
tribution is difficult to resolve experimentally in the present energy range.
Moreover, most applications do not utilize high-resolution information in
this energy range and most of physical interpretations are based upon energy-
averaged models. Thus it was the intent of the present work to obtain energy-
averaged total and scattering cross sections to an intermediate—energy resolu-
tion consistent with most of the application usage and with energy-averaged
model concepts. The latter, in the form of optical-statistical and coupled-
channels models, were employed in the physical interpretation of the measured
values with attention to contributions due to resonance fluctuations and to
direct-collective~vibrational excitations.
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II. EXPERIMENTAL METHODS

A. Measurement Sample

All the measurements employed a single cylindrical sample of metallic
nickel 2 cm in diameter and 2 cm long, isotopically enriched to 99.93% atom—
percent in °8Ni [4]. The minor-isotope content of the sample was assumed
negligible. However, in the course of the scattering measuremeants it became
clear that the sample contained a chemical impurity. The scattered-neutron
velocity spectra observed at large angles indicated a carbon contaminate of
1.8 + 0.2 atom-percent abundance. All the nickel results were corrected for
this carbon contamination. The corrections were determined using the results
of concurrent measurements of carbon total and scattering cross sections.
These corrections introduced a small (a0.2%) uncertainty in the measured
nickel cross sections.

B. Neutron Total Cross Sections

Ideally, the neutron total cross section is readily determined from
the observed transmission of neutrons through the sample by means of the
expression [5];

o(E) = -% fn T(E) , (L)

where the sample transmission (T) at energy (E) is determined with a
resolution (dE) sufficient to resolve the structure in the cross section
and N is the area density of nuclei in the sample. In broad-resolution
measurements dE may be far coarser than the underlying structure and only
an effective cross section is obtained, given by;

1
O, (E) T . (2)

,dE

Due to the underlying structure, the difference between the effective cross
section and the true energy—averaged cross section (9,) can be large as
emphasized in Refs. 6 and 7. For sufficiently small samples Eq. 2 reduces to;

o ee(E) = oo(E) - a(E)*n , (3)

where a is the variance of the total cross section. Hence, ogff can be
obtained by linearly extrapolating results measured with varying sample
thicknesses to the zero-thickness limit. Such an experimental procedure was
not attractive in the present case as the necessary range of °8Ni sample
thicknesses was not available. An alternate approach uses dE values smaller
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than the fluctuations of the underlying structure and thus provides the true
cross sections of Eq. 1 which can be subsequently averaged over the desired
energy increment. This high-resolution experimental alternative was examined
using the pseudo~white source technique. Neutron bursts of =1 nsec duration
with an energy spread of 100 to 200 keV were obtained by bombarding an appro~
priate lithium-metal target with a pulsed proton beam. A proton-recoil-
scintillation neutron detector was placed 37 m from the neutron source at the
end of an evacuated flight tube oriented at a zero—degree source-reaction angle.
The transmission sample was placed x1 m from the source on the source-detector
axis. The overall time response of the measurement system was 2.2 nsec as
determined by observation of the narrow carbon resonance at 2.8 MeV. Thus the
velocity resolution of the system was ~0.06 nsec/m. With this arrangement a
series of elemental nickel measurements were made using sample thicknesses in
the range 0.06 to 0.4 at/b. The measurements extended over the neutron energy
range 0.8 to 1.5 MeV. (ross sections were determined from the observed trans—
missions using Eq. 1 and averaged over a 50 keV energy increment. These energy-—
averaged results were strongly dependent on sample thickness. Thus it was
concluded that the energy resolutions were far short of those necessary for
determining the 58N1 neutron total cross sections free of self-shielding per-
turbations. It is noted that the above resolutions are comparable to those
employed in a number of white—source measurements of the nickel total cross
sections [8,9]. Thus some of the previously reported neutron total cross sec—
tions may suffer from self-shielding perturbations, particularly as relatively
thick samples were frequently employed.

In view of the above problems, effective broad-resolution °8Ni neutron
total cross sections were measured and reduced to true values using self-
shielding correction factors determined from elemental nickel measurements
employing a wide range of sample thicknesses. In doing so it was assumed
that the cross section variances of the nickel isotopes were identical in
magnitude and that the isotopic resonance structure was uncorrelated. With
these assumptions it follows that;

Ni _ Ni _ 2, .58
oeff oo n (Ei :ai)a . 4)

where aj; are the effective abundances of the nickel isotopes. The measure-~
ments were made using the total cross section apparatus at the Argonne Fast-
neutron Generator. This measurement apparatus and the associated measure—
ment technique are amply described elsewhere [6,7]. 1In addition to the S8Ni
sample, five elemental nickel samples were used ranging in thickness from
0.06 to 0.4 at/b. The neutron total cross sections of carbon were determined
concurrently to assure the proper functioning of the measurement system.

The energy scale was determined to within 210 keV by observations of well
known resonances in carbon, silicon and sulfur with resolutions of 5 keV.
Background and dead-time corrections were treated as described in Refs. 6
and 7. Inscattering effects were negligible.



C. Neutron Scattering Measurements

The neutron scattering measurements were made using the Argonne National
Laboratory 10-angle, pulsed-beam, time-of-flight apparatus [10]. The neutron
source was the 7Li(p,n)7Be reaction, pulsed for durations of a1 nsec at a
repetition rate of 2 MHz. The scattering samples were placed ~13 cm from the
source at a zero—degree source-reaction angle. Ten proton-recoil-scintillation
detectors viewed the sample through =5 m flight paths, distributed over the
angular range 20 to 160 degs. The source intensity was monitored using an
independent time-of-flight system. The relative energy—dependent response of
each of the neutron detectors was determined by observing neutrons emitted
from the spontaneous fission of 232Cf [11]. These ten independent response
functions were correlated by observing neutrons scattered from carbon at a
selected angle, nominally 35 degrees, with each detector. The absolute
response of the correlated system was then determined by measuring the rela-
tive differential-elastic—scattering cross sections of carbon, angle—
integrating these distributions and comparing the resulting angle-integrated
values with the well known carbon neutron total cross sections [12,13]. At
the energies of the present experiments the neutron elastic-scattering and
total cross sections of carbon are essentially identical. These calibration
procedures implied that the measured scattering cross sections were determined
relative to the neutron total cross section of elemental carbon. More details ;
of the calibration procedures are given in Ref. 12. The uncertainties associated
with the detector calibrations were; $3% due to the carbon-calibration
measurements, 2% due to the uncertainty of the reference carbon neutron
total cross section, and $3% due to the 252¢f relative-response determina-
tions. Thus the overall detector-calibration uncertainties were conservatively
$5%. All the experimental results were corrected for multiple-event, angular-
resolution and sample attenuation perturbations using analytical and Monte-
Carlo procedures as described in Ref. 10. The uncertainty in the measured
cross sections due to these correction procedures was Qz.
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IIT. EXPERIMENTAL RESULTS

A. Neutron Total Cross Sections

The °8Ni and elemental nickel measurements were made concurrently at
~25 keV intervals from 0.9 to 4.5 MeV with energy resolutions of 50 to
100 keV. The resulting 58N1 cross sections were initially corrected for
the small carbon impurity, noted above, and both 58Ni and elemental nickel
cross sections were averaéed over 200 keV energy increments using a "running
average” procedure. The 8Ni correction factor (cts8 of Eq. 4) was obtained
by least-square fitting the results obtained from the five elemental nickel
samples with Eq. 4, No significant deviation from linearity of cross section
dependence on sample thickness was observed but the self-shielding correc-
tion factors were strongly energy dependent varying from ~10% at 1.0 MeV,
to 5% at 1.5 MeV, 23% at 2.0 MeV and finally becoming negligible above
~3.0 MeV. Considering the assumptions underlying Eq. 4, it was estimated
that the correction—-factor uncertainties were <30%. Systematic deviation
of the correction factors from a linear dependence on sample thickness would
tend to increase their magnitudes [l14]. The corrected 58Ni neutron total
cross sections are shown in Fig. 1. The statistical uncertainties (Sl%)
were small compared with those due to the above self-shielding correction
factors below several MeV. Even with the broad 200 keV averages of Fig. 1,
residual fluctuations are evident particularly below 2.0 MeV.

Previously reported comparable neutron total cross sections of 58Ni are
sparse. Thibault [15] gives a value of 3.08 * 0.1b at 2.7 MeV. This result
is somewhat smaller than the results of the present work but comparisons of
isolated values in the context of the evident fluctuations can be deceptive.
The present results are in reasonable agreement ($5%) with the broad-
resolution elemental-nickel values recently reported from this Group [3] as
should be expected from the prominent natural abundance of the S8y1 isotope.

B. Neutron Elastic Scattering

Neutron elastic-scattering cross sections were measured at intervals of
x50 keV from 1.35 to 4.0 MeV with incident-energy resolutions of =250-100 keV.
The measurements were made at ten scattering angles distributed between 20
and 160 degrees. The scattering angles were known to <1.0 degree. The
statistical accuracies of the individual differential-cross—section values
was $3% (frequently less than 1%). Thus the overall differential-cross-
section uncertainties were $5% and predominately due to the detector-
calibration factors outlined above.

Despite the fact that the measurements were intentionally made with broad
resolutions, the scattered-neutron angular distributions displayed relatively
large energy-dependent variations reflecting the underlying fluctuations of
the °8yj compound-nucleus cross section. Thus the measured data was averaged
Oover 200-keV energy intervals in order to smooth the fluctuations and obtain
energy—-average results consistent with optical-statistical and coupled—channels
Models. The resulting energy-averaged distributions are illustrated in Fig. 2.
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Fig. 1. Neutron total and angle~integrated elastic~scattering cross sections
of °%Ni. Data symbols denote the present measured values averaged
over 200 keV. Curves indicate the results of model calculations as

described in the text.
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Fig. 2. Differential-elastic-scattering cross sections of 58Ni. The present
experimental results, averaged over 200 keV, are indicated by the
data points. Curves denote Legendre—-polynomial fits to the measured
values. The dimensionality is cross section in b/sr and scattering
angle in lab-deg.
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These distributions were least-squares fitted with a 6th-order Legendre-
polynomial series in order to obtain the angle~integrated elastic-scattering
cross sections shown in Fig. 1. The accuracies of the angle-integrated
values were conservatively estimated to be $5%. The angle-integrated results
were consistent with the above neutron total cross sections. The structures
of the two cross sections are similar, particularly in the region of the
minimum at 1.9 MeV. At the low—energy extreme of the elastic-scattering
results, below the inelastic-scattering threshold, the measured neutron total
and elastic-scattering cross sections agree to well within the experimental
uncertainties, as it should be, since the non-elastic cross section in this
region is very small.

There are few previously reported 58Ny elastic—-scattering results com-
parable with those of the present work. Rodgers et al. [16] have reported
elastic-scattering cross sections at 2.33 and 2.9 MeV. The lower-energy
result of Ref. 16 agrees to within 10% with the present work but the higher-
energy value is discrepant.

c. Neutron Inelastic Scattering

The differential elastic~ and inelastic-scattering measurements were
made concurrently. Generally, inelastic-scattering observations were
accepted for analysis if the scattered-neutron energy exceeded 0.8 MeV.
Observation of neutrons of lower energies was felt to be unreliable due
to rapidly changing response functions of some of the detectors $0.8 MeV.
Five inelastic-neutron groups were observed corresponding to the excitation
of the levels given in Table I. The excitation energies were determined
from measured incident-neutron energies, flight times and flight paths.

The uncertainties of the derived level energies were defined as RMS values
resulting from a number of observations. The observed levels were consis-—
tent with those reported in the literature [17] as shown in Table I. The
identification is unique except in the case of the observed 2.927 MeV level
which was attributed to a reported doublet with a spacing smaller than the
resolutions employed in the present experiments.

The inelastic-scattering angular distributions display the same type of
fluctuations as the elastic-scattering above. Thus they were averaged over
200 keV energy intervals to obtain reasonable energy—-averaged values. The
resulting energy-averaged distributions behaved in a relatively smooth manner
as illustrated by the excitation of the 1.458 MeV level shown in Fig. 3.
Generally, the observed inelastic angular distributions were symmetric about
90 degs in the center-of-mass system. An exception was the excitation of the
1.458 MeV level where there was an increasing deviation from symmetry with
energy toward a systematic forward-angle bias as illustrated in Fig. 3.

The angle-integrated inelastic-scattering cross sections were deduced
from the observed angular distributions by fitting the measured values with
low-order Legendre series in a manner anologous to that employed in the
analysis of the elastic-scattering distributions. The uncertainties of the
resulting angle-integrated cross sections ranged from 5%, in the prominent
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and well resolved cases, to 220% for less favorable cases associated with
small cross sections. The origins of the uncertainties were essentially as
defined above for elastic scattering with larger statistical uncertainties

in some cases. The inelastic angle-integrated cross sections are summarized
in Fig. 4. The most prominent of these are due to the excitation of the

1.458 MeV one-phonon vibrational level. The cross sections for this component
are consistent with the above neutron total and elastic-scattering cross sec-
tions at energies below the second inelastic-scattering threshold at 2.5 MeV.
The minimum observed in the total and elastic-scattering cross sections at ~1.9 MeV
is prominently reflected in the cross section for the excitation of the

1.458 MeV level as expected since the latter cross section is essentially
proportional to the fluctuating compound-nucleus cross section. More gen—~
erally, the sum of the present measured inelastic-scattering cross sections

is consistent with the above total and elastic-scattering cross sections.

There is little previously reported >8Ni information directly comparable
with the present inelastic-scattering results. Pasechnik et al. [18] have
recently reported >8Ni inelastic-scattering cross sections at 2.0, 2.5 and
3.0 MeV. Their results are not in particularly good agreement with those of
the present work, particularly with respect to the excitation of the 1.458
level where the differences are as much as 230%. This may, in part, be due
to the necessity of obtaining the data of Ref. 18 from small figures. There
are a number of previously reported (n;n') and (n;n',Y) results obtained with
elemental nickel targets as described in Ref. 19. These elemental-nickel
results are reasonably summarized in the Evaluated Nuclear Data File, ENDF/B~V
[20]. Therefore the relevant inelastic-scattering portions of that File were
corrected for isotopic content and compared with the present isotopic values
as illustrated in Fig. 4. Above 3.0 MeV the present results and those of
the File for the excitation of the 1.458 MeV level are in reasonable agreement;
at lower energies there are differences amounting to 20% to 30%. Some of
these differences are attributable to poor definition of structure by the pre-
viously reported data underlying the File but, even in a broad average, there
remain 10% to 20% discrepancies. The present results for the inelastic excita-
tion of higher-energy levels are reasonably consistent with those implied by
the File with no systematic qualitative differences between the two sets of
results.



Fig. 3.

Differential cross sections for the excitation of the 1.458 MeV
level in °8ji. The present experimental results, averaged over
200 keV, are indicated by data symbols. The results of least-
Square Legendre-polynomial fits to the data are indicated by
curves. The dimensionality is cross section in b/sr and scat-
tering angle in lab. deg.
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Angle-integrated neutron inelastic-scattering cross sections of
S8N1. 200 keV averages of the present experimental tesults are
indicated by data points. Heavy curves denote the results of
spherical (SPH) and deformed (DEF) model calculations as discussed
in the text. Light curves indicate values implied by ENDF/B-V.
The energies of the corresponding observed excited levels are
numerically given in MeV.
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1v. ;NTERPRETATION

The above experimental results were examined in the context of optical-
statistical [21] and coupled-channels [22] models. The calculations assumed
the level structure given in Ref. 17. The spherical calculations employed the
code ABAREX [23] and the coupled—-channels calculations the code JUPREX [24].
Both codes treat compound-nucleus processes using the Hauser—Feshbach formula
[25] as corrected by Moldauer [26]. The initial spherical-model parameters
were determined by Chi-square fitting the individual angular distributions of
Fig. 3. The fitting procedures concurrently varied the six parameters; real
and imaginary strengths, radii and diffusenesses. The spin-orbit potential
was kept constant. Though the data base had been averaged over 200 keV there
remained residual fluctuations and these were reflected in the parameters
resulting from the individual fitting procedures. Thus a simultaneous fit to
the entire data base of Fig. 3 was made starting with parameters obtained by
averaging those obtained from the individual fits. In this step angular
distributions at energies near 2.0 MeV were deleted from the data base as
they were in a region of a pronounced minimum of both the total and elastic—
scattering cross sections. The energy dependence of the real potential was
also adjusted to improve the description of the observed neutron total cross
sections. A similar variation of the energy dependence of the imaginary
potential did not improve the results significantly. However, in either case
the data base does not span a large enough energy range to well define the
energy dependence of the optical potential. The final spherical-parameter
set is defined in Table 1I. These parameters are similar to those indepen-—
dently found to be suitable for 60Ni [2] (e.g. the real strengths, vr2, differ
by <2% and the imaginary strengths, Wa, by <$5%). The energy dependence
of the present real potential is somewhat larger than commonly employed but
consistent with that recently reported for Sére [27].

The above spherical potential gives a good description of the observed
differential—elastic—scattering cross sections as illustrated in Fig. >.
The differences between measured and calculated values are seldom beyond the
experimental uncertainties and were well within the magnitude expected from
the residual data fluctuations. The potential also provides a reasonable
description of measured total and angle—integrated elastic-scattering cross
sections as illustrated in Fig. 1. The fluctuations in the data cannot be
portrayed by the energy-averaged model, but the average trends of the data
are well represented. This would not be so without the above self-shielding
corrections to the observed total cross sections. Indeed, the neglect of
such corrections may have been a frequent source of discrepancy between
measured and calculated total cross sections in this mass—energy range.
The above parameters also provide a reasonable description of the observed
{inelastic~scattering cross sections as illustrated in Fig. 4. However, the
simple spherical model has shortcomings in the inelastic-scattering context.
In particular, the excitation of the prominent 1.458 MeV level is systemat~”
ically under predicted at higher energies and the forward-angle peaking of
the corresponding distributions shown in Fig. 3 is inconsistent with a simple
compound-nucleus process.

These shortcomings of the spherical calculations are indicative of
direct-reaction processes not consistent with the underlying compound-—nucleus
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assumptions. Indeed, the 1.458 MeV (2+) level is believed to be a one-phonon
vibrational state [17] and it is reasonable to expect significant contribu-

tion from the direct-vibrational-excitation. This contribution was estimated
using coupled-channels calculations assuming the spherical model parameters

of Table II and coupling the ground and first-excited states with a strength
equivalent to that of the real potential. These assumptions are approximations
as the introduction of vibrational coupling will impact upon the choice of the
underlying model parameters. However, the direct component was expected to be
small and thus could be reasonably treated as a perturbation. With the above
assumptions the inelastic-scattering cross sections calculated with the coupled-
channels model mitigated the shortcomings of the spherical calculations. Speci-
fically, the calculated excitations of the 1.458 MeV level were larger at higher
energles and are in very good agreement with observation as illustrated in Fig. 4.
Moreover, at higher energies the corresponding neutron angular distributions were
forward peaked and in good agreement with observation as illustrated in Fig. 6.
As expected, the direct-reaction contribution decreased with energy and was
relatively small at 2.5 MeV. The coupled-channels results were not quite as
descriptive of the elastic scattering angular distributions as those obtained
with the spherical model, reflecting the need for a more rigorous derivation of
the model parameters within the coupled-channels framework. The latter was not
attempted due to the relatively limited energy range of the present data base.
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Fig. 5. Differential neutron elastic-scattering cross sections of °8Ni.
200 keV averages of the present measured values are indicated
by data symbols. Curves denote the results of spherical model
calculations as described in the text. The dimensionality is
cross section in b/sr and scattering angle in lab. deg.
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Differential elastic— and inelastic-— (Ex = 1.458 MeV) scattering
cross sections of °8Ni obtained at 2.5 MeV (lower) and 3.5 MeV
(upper). Experimental values are noted by data symbols. Curves
denote the results of spherical (plain curves) and deformed (with
"tick” marks) model calculations. Dimensionality is cross section
in b/sr and scattering angle in lab. deg.
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V. SUMMARY REMARKS

The present measurements define the energy-averaged behavior of the
neutron total cross sections of 58yi from 0.9 to 4.5 MeV to several-percent
accuracies. The experimental results are corrected for self-shielding which
can amount to =10% effect on the measured values at the lower energies.

These corrections are essential for quantitative cross sections for applied

use and model interpretations. It is likely that such corrections have been
ignored in many previously reported experimental results in this mass—energy
region. The present measurements determine the differential—elastic—scattering
cross sections of 58Ni from 1.35 to 4.0 MeV to few—percent accuracies. The
results are in sufficient detail to assure a good representation of the energy-—
averaged behavior of the cross sections suitable for applied use and model
interpretations. Inelastic—neutron—scatteriné cross sections are measured
corresponding to the excitation of levels to 3.0 MeV, again with sufficient
detail to generally determine the energy-averaged behavior of the cross sec—
tions. The observed inelastic—neutron angular-distributions are generally
symmetric about 90 deg. However, those associated with the first (2+) level

at 1.458 MeV are significantly peaked toward forward angles at higher energies.
A simple spherical optical-statistical model, deduced from the measurements,
gives a reasonable description of the observed cross sections. However, in
detail this simple model does not account for the cross section magnitudes

or the inelastic-neutron asymmetries associated with the excitation of the
1.458 MeV level. These shortcomings are alleviated with coupled-channels cal-
culations assuming a direct vibrational excitation of the 1.458 MeV level in
addition to the predominant compound-nucleus contribution.

The present experimental results, combined with 60Ni values previously

reported from this Group [2], largely fulfill the stated applied needs for
elemental nickel scattering data over the energy range l.4 to 4.0 MeV.
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Table I. Comparison of Observed and Reported Levels in o8Ny

Egl Ex (MeV), Observed Ex (MeV) (J™), Ref. 17
1 1.458 * 0.009 1.454 (2+)
2 2.462 * 0.010 2.459 (4+)
3 2.791 % 0.015 2.776 (2+)
4 2.927 % 0.012 2.903 (1+)
2.943 (0+)

5 3.059 + 0.025 3.038 (2+)
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Table II. Spherical Optical-potential Parameters®

Real Potentiald

Strength V =51.18 - 0.4 x E(MeV), MeV
Radiusb ry = 1.220, F
Diffuseness ay = 0.548, F

Imaginary PotentialC

Strength W=9.98, MeV
Radius ry = 1.176, F
Diffuseness ay = 0.536, F

*In addition, a spin-

orbit potential of the Thomas form with a strength of
8 MeV and size param

eters of the real potential was employed.

4Saxon form.

1
bA11 radii expressed in the form Ry = ry ° A3.

CSaxon-derivative form.



