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ABSTRACT

Isotopic evaluations for 6 3- 5 5Cu performed for ENDF/B-VI are briefly
reviewed. The evaluations are based on analysis of experimental data and
results of model calculations which reproduce the experimental data.
Evaluated data are given for neutron-induced reaction cross sections,
angular and energy distributions, and for gamma-ray production cross
sections associated with the reactions. File 6 formats are used to
represent energy-angle correlated data and recoil spectra. Uncertainty
files are included for the major cross sections. Full evaluations are
given for 63- 65Cu.

1. INTRODUCTION

Separate evaluations have been done for each of the stable isotopes of
copper. In this report we briefly review the structure of the evaluations,
describe how the evaluations were done, and note the major pieces of data
considered in the evaluation process. Experimental data references were
obtained primarily from CINDA, but also from the literature and reports.
The data themselves were mostly obtained from the National Nuclear Data
Center at Brookhaven National Laboratory and, occasionally, from the
literature and reports. The TNG nuclear model code (FU80.SH86), a
multistep Hauser-Feshbach code which includes precompound and compound
contributions to cross sections, angular, and energy distributions in a
self-consistent manner, calculates gamma-ray production, and conserves
angular momentum in all steps, was the primary code used for these
evaluations. Extensive model calculations were performed with the goal of
simultaneously reproducing experimental data for all reaction channels with
one set of parameters. This ensures internal consistency and energy
conservation within the evaluation. In the case of reactions for which
sufficient data were available, a Bayesian analysis using the GLUCS code
(HE80) was frequently done, using ENDF/B-V or the TNG results as the prior.
In cases where insufficient data were available for a GLUCS analysis and
the available data were deemed to be accurate, but in disagreement with the
TNG results, a line was drawn through the data and used for the evaluation.
A hand-drawn line was also used for cross sections where resonant structure
was felt to be important, but resonance parameters were not included. The
final evaluation is thus a combination of TNG results (used where
extrapolation and interpolation was required and where data sets were badly
discrepant), GLUCS results (used where sufficient data existed to do an
analysis), and hand-drawn curves.
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In Section 2 the resonance parameters are discussed; Section 3 contains a
description of the major cross sections included in the evaluation; Section
4 is devoted to angular distributions; and Section 5 to energy-angle
correlated distributions. Section 6 describes the uncertainty files.

Much of this information is abstracted from Ref. HE84, a report devoted to
a description of the calculations for 6 3- 6 5Cu. As of this writing, the
various pieces of the evaluations are being reviewed, modified if
necessary, and assembled into full evaluations using the ENDF/B-VI formats,
and will be submitted by May 1988 to the Cross Section Evaluation Working
Group (CSEWG) for use in ENDF/B-VI.

2. RESONANCE PARAMETERS

Resonance parameters for 6 3 > 6 5Cu are taken from the compilation of
Mughabghab (MU81) . They cover the energy range from 0.402 to 153 keV for
6 3Cu and 0.230 to 149 keV for 5 5Cu. Average capture widths are used for
neutron energies above about 50 keV. The resonance parameters should be
processed with the Reich-Moore formalism.

3. CROSS SECTIONS

This section contains a brief discussion of the cross section files in the
evaluations for 6 3 - 6 5Cu. The total cross section above the resonance
region was taken from the isotopic experimental data described in Ref.
PA77. Cross sections for inelastic scattering to discrete levels are taken
from the model calculations, which included a direct interaction component
and generally are in good agreement with the available experimental data.
A continuum was used to represent the inelastic scattering cross section
for excitation energies above the discrete levels.

The 63Cu(n,p) reaction has very little data, but the calculated result
agrees with the data of Qaim and Molla (QA77) and Allan (AL61) . The
63Cu(n,a) reaction has much data and is a common dosimetry cross section.
The evaluated cross section for this reaction is taken from the results of
a generalized least squares analysis (FU82) of twelve dosimetry reactions,
which included ratio data and covariance information. The 65Cu(n,p) cross
section has abundant data and is well reproduced by the TNG calculations,
which are used for the evaluation. The 65Cu(n,a) cross section is small,
and the experimental data are in disagreement. The calculated results are
used for the evaluation.

The 63•55Cu(n,2n) cross sections are well defined by experimental data, and
the results of a GLUCS analysis was used for the evaluation. Other
tertiary reaction cross section data are reproduced by the TNG calculations
and are included in each evaluation.

The capture cross sections for 63-65Cu are defined by the resonance
parameters and a smooth background below 150 keV, and by smooth
experimental data above the resonance region. Guided by experimental data
and the TNG calculation, a smooth line was drawn through the data and used
for the evaluation.



4. ANGULAR DISTRIBUTIONS

Elastic scattering angular distribut'.ons were obtained from an optical
potential derived by fitting experimental angular distribution data for
63,65,natCu wi th GENOA (PE67). A compound elastic term was included for
neutron energies below 5 MeV. Since very little difference was observed
between the experimental data for 63Cu and 65Cu, one potential was derived
and used for both evaluations. Figures 1 and 2 show a comparison of the
calculated and experimental data for En - 8.05 and 14.5 MeV. The angular
distributions are represented as Legendre coefficients and given in File
4/2. Angular distributions for inelastic scattering to excited levels and
the continuum are given as Legendre coefficients in File 6.

5. ENERGY-ANGLE CORRELATED DISTRIBUTIONS (FILE 6)

Neutron emission spectra, as a function of outgoing energy and angle, are
given in File 6. For copper, the measurements of Morgan et al. (MO79) give
the outgoing neutron spectra at one angle for several incident neutron
energies between 1 and 20 MeV, while the measurements of Herrasdorf et al.
(HE75), Salnikov et al. (SA75) and Takahashi et al. (TA83) give the
outgoing spectra at several angles but only near 14.5-MeV incident energy.
Such complementary measurements allow a good determination of the model
parameters for the calculations and, thereby, reliable interpolation and
extrapolation to energies where there are no data. For these reasons, as
well as ensuring energy conservation, results of the model codes, expressed
in File 6 formats, were used for the evaluations. The angular
distributions were expressed in terms of Legendre coefficients, while the
energy distributions were expressed as tabulated probability distributions.
Figures 3 and 4 show the neutron emission data of Morgan et al. (MO79)
compared with the TNG calculated results for the incident neutron-energy
bins from 9 to 10 MeV and 12.5 to 15 MeV, respectively. The data of
Takahashi et al. (TA83) became available after the evaluation was done but
are found to be in good agreement with the evaluation.

Proton and alpha emission spectra for both isotopes are available (GR79) at
an incident energy of 14 MeV. The calculations are in excellent agreement
with the measured spectra, including reproducing the observed sub-coulomb
emission of protons. Figure 5 shows a comparison of the measured data for
proton emission from 63Cu with the TNG results. However, the observed sub-
coulomb emission of alphas is not wetll reproduced by the TNG calculations.
Figure 6 shows a comparison of the measured data for 53Cu alpha emission,
compared with the TNG results. These calculated results (at several
incident neutron energies) are used for the evaluation and are placed in
File 6, with isotropic angular distributions assumed.

Tabulated energy distributions for the recoil spectra associated with the
various particle producing reactions are also given in File 6, and
isotropic angular distributions are assumed.

Gamma-ray production spectra were also calculated as part of the TNG
calculations, and compared with da :a sets of Rogers et al. (RO77) , Morgan
(MO79), Dickens et al. (DI73), and Chapman (CH76) (see Ref. HE84). Figure
7 shows a comparison of the measured data of Dickens et al. with the TNG



results around 14-MeV incident energy. Note that without the use of the
calculated results, a significant amount of cross section below 700-keV
gamma-ray energy would not be accounted for due to gamma rays from the
(n,2n) reaction. Since calculated results are generally used for the
evaluation, energy conservation is ensured. Sections of File i were used
to represent the gamma-ray emission spectra for the individual reactions,
and isotropic angular distributions were assumed. The cross sections for
the gamma-ray production are given in corresponding sections of File 3,

As an example of the usage of File 6, consider the 65Cu(n,aa) reaction. In
File fc/22, constant yields are given for the outgoing neutron, alpha and
61Co residual, and an energy dependent yield is used for the gamma rays
associated with the (n,na) reaction. Normalized energy distributions are
given for each outgoing product, but only the outgoing neutron has a non-
isotropic angular distribution. The cross section to be used for
normalization is taken from File 3/22.

Capture gamma-ray cross sections and spectra are given in Files 13 and 15,
respectively, and are based on a combination of experimental data and
calculation.

6. UNCERTAINTY INFORMATION

Uncertainty files are given only for the cross sections in File 3, and not
for the resonance parameters, energy distributions or angular
distributions. Fractional and absolute components, correlated only within
a given energy interval, are based on scatter in experimental data and
estimates of uncertainties associated with the model calculations.
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Fig. 1. Comparison of final optical-model fit with elastic scattering
data of Holmqvist and Wiedling (HO69) for Cu at 8.05 MeV.
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Fig. 2. Comparison of final optical-model fit with elastic scattering
data of Coon et al. (CO58) for Cu at 14.5 MeV.
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Fig. 3. Neutron emission spectra
from the TNG calculation compared with
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Fig. 4. Neutron emission spectra
from the TNG calculation compared with
the data of Morgan (MO79). Also shown
is the calculation for 9-130°. The
calculated elastic cross section is
not smeared and is not in phase with
the data. Contributions from the
various neutron-producing components
are shown (they sum to the total).
The curves labeled (n,np) and (n,na)
include the (n,pn) and (n,an)
components, respectively.
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Fig. 5. Comparison of calculated
and experimental proton production
spectra for 63Cu. The measurement was
taken at an incident energy of 14.8
MeV; the TNG
14.5 MeV.

calculat ion was for En -

Outgoing P a r t i c l e Energy (MeV)

Fig. 6. Comparison of calculated
and experimental alpha production
spectra for 65Cu. The measurement was
taken at an incident energy of 14.8
MeV; the TNG calculation was for En -
1 4 . 5 MeV.
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