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ABSTRACT

Nuclear model codes were used to compute cross sections for neutron-

53 65Cu for incident energies from 1 to 20

induced reactions on both ~~Cu and
MeV. The input parameters for the model codes were determined through
analysis of experimental data in this energy region. Discussion of the
models used, the input data, the resulting calculations, extensive
comparisons to measured data, and comparisons to the Evaluated Nuclear Data

File (ENDF/B-V) for Cu (MAT 1329) are included in this report.






1. INTRODUCTION

The nuclear data needs specified by the National Nuclear Data Center
(NNDC) include evaluated neutron cross sections for copper, an important
material for fusion reactor applications. Guided by experimental data, we
have performed a comprehensive set of nuclear model calculations for

neutron reactions on 63,65

Cu for incident energies between 1 and 20 MeV in
which we have particularly addressed the NNDC requests for copper as noted
in Ref. ND83. This report documents these calculations.

Several nuclear model codes were employed in this analysis. The
optical-model code GENOA (PE67) and the Distorted Wave Born Approximation
(DWBA) program DWUCK (KU72) were used to determine optical-model parameters
and direct-interaction cross sections needed as input for the Hauser-
Feshbach code TNG (FU80, FU80a). The TNG code provides energy and angular
distributions of particles emitted in the compound and precompound
reactions, ensures consistency among all reactions, and maintains energy
balance.

The optical-model parameter sets, discrete energy levels, and other
parameters needed as input for TNG are discussed in Chapter II. Chapter
III includes a discussion of the computational methods and procedures for
the calculations. Figures showing calculated results compared to measured
data are given in Chapter IV, along with some brief discussions. In
Chapter V, the calculations are compared to cross sections from the

ENDF/B-V for Cu. A short summary is given in Chapter VI.






2, PARAMETER DETERMINATION
2.1 NEUTRON OPTICAL-MODEL POTENTIAL

Since optical-model parameters are essential input for our nuclear
model calculations, much effort was spent to determine a good set of

63’65Cu so as to reproduce the

neutron optical-model parameters for n +
elastic scattering angular-distribution data available, as well as the
nonelastic, elastic and total cross sections. The experimental angular-
distribution data sets selected for fitting were those of Walt and
Barschall (WA54) at 1.0 MeV; Holmqvist and Wiedling (H069) at 2.0, 2.47,
4.0, 6.09, 7.05, and 8.05 MeV; Becker et al. (BE66) at 3.2 MeV; Hill (HISS8)
at 5.0 MeV; Kinney and Perey (KI74) at 5.5, 7.0, and 8.5 MeV; Coon et al.
(C058) at 14.5 MeV; and Begum et al. (BE79) at 16.1 MeV. Kinney and Perey
measured data for both 63Cu and 650u at each energy; the other data sets

are for natural Cu. The angular-distribution data for 63Cu and 65Cu did
not exhibit significant isotopic dependence; thus, all of the above sets
were used simultaneously to find one set of optical-model parameters for

both 63Cu and 65

Cu as described below.

Total elastic scattering cross sections were obtained by integrating
each of the angular—-distribution data sets. Wick”s theorem (WI49) was used
to estimate the cross section at 0 degrees, and since none of the data sets
cover the angular range to 180 degrees, three extra data points were added
betweenemax of the measurement and 180 degrees spaced equally in angle
with the cross—section value measured at emax' The added data point at 0
degrees was given an uncertainty of 5%, while the three added points at
large angles were given uncertainties of 50%., These added points were used
to help constrain the least~squares fit during extraction of the total
elastic cross section but were not used during the remainder of the
analysis. The total cross-section values were taken from recent work of
Larson et al. (LA80) which has already been checked with other available
data. The nonelastic cross sections were then extracted by subtracting the
total elastic cross sections from the total cross sectiom.

The optical-model code GENOA (PE67) was used to fit the above selected

sets of elastic scattering angular-distribution data as well as the total



cross section. Compound elastic-scattering angular distributions were
calculated with TNG for each of the above incident neutron energies, and
these were used as input to GENOA, The magnitude of the compound elastic
contribution was searched on, along with the optical-model parameters, to
obtain a minimum chi-square. The energy-dependent magnitude of the

compound elastic contribution was represented by the empirical relation

GCE(E) = A/{1 + exp [B - E)/C]}. (L)

Initially, individual best-fit parameters were obtained for each of the
angular-distribution data sets using the code GENOA and searching
techniques similar to those described in Ref. FU76. For energies

E > 5 MeV, the compound elastic term is very small and was not
included. Following the individual searches, an average geometry was

obtained by averaging the results of the individual searches, weighted

by V' 1/X % where 2
N oy (experiment) - oy (calculation)
z Aoi(experiment)

x% =

=z |-

i=1
With the average geometry thus determined, individual searches were again
done, this time varying only the strengths of the real and surface-
imaginary terms V and WD. A linear least-squares analysis was used to
determine an energy dependence for the strengths. Then the code GENOA was
made to search again for the parameters A, B, and C in Eq. (1) and the

optical-model parameters V and W,, using the geometry obtained earlier and

D
searching on all data sets simultaneously. Searches on the optical-model
parameters and on the parameters of Eq. (1) were repeated until convergence
was achieved., As mentioned above, only one set of neutron optical-model

parameters was obtained and used as input to the TING code for both 63Cu and

65Cu

Values for the best-fit parameter set finally obtained from this work
are given in Table l. This set of neutron optical-model parameters was
then used for the rest of the model calculations to generate required
neutron transmission coefficients. Figures 1-10 show a comparison of our
calculated results with measured elastic scattering angular-distribution

data while Fig. 11 shows a comparison of the calculated total, elastic and



nonelastic cross sections with the measured total, and extracted elastic
and nonelastic cross sections. Figures 1-6 include results for natural Cu,
Figs. 7-8 for 63Cu, and Figs. 9-10 for 65Cu.

2.2 CHARGED-PARTICLE OPTICAL~MODEL PARAMETERS

The proton optical-model parameters are taken from the work of Perey
(PE63) as modified by Arthur and Young (AR80). The optical-model potential
used for the protons is given in Table 2. Similarly, optical-model
parameters for alpha particles were taken from Lemos (LE72) as modified by

Arthur and Young (AR80). They are given in Table 3.
2.3 THE DIRECT REACTION MODEL AND PARAMETERS

The Distorted Wave Born Approximation (DWBA) program DWUCK (KU72) was
used to calculate the direct—interaction component of the inelastic-

63’650u for which

scattering cross sections to a number of levels in

information was available. Inputs to this code were tihe neutron optical-
. I2 .

model parameters of Table 1 and the deformation parameters, BZ » shown in

Table 4 for 63Cu and in Table 5 for 65Cu. The Biz includes a statistical

factor and is used for odd-A targets. It is related to Bi, the deformation

: + . ;
parameter with J"=0", via the expression

2Jf+l
L (2Ji+1) (2L+1) ?

.-2—-

N

where Ji and J¢ are the spins of the initial and final states of the
nucleus, and L is the angular momentum transfer (YI82). The 3% values
shown in Tables 4 and 5 are taken from McCarthy and Crawley (MC66). The
resulting calculated direct inelastic excitation cross sections, shown in

Figs. 12-13, were used as input in the TNG code (FU80).
2.4 DISCRETE ENERGY LEVELS AND LEVEL-DENSITY PARAMETERS

The statistical-model calculations with TNG require a complete

description of the energy levels of the residual nuclei for the various



open channels. The low—energy region of excitation of these nuclei can be
adequately described in terms of discrete levels for which we usually know
the energy, spin and parity (Jw), and gamma-ray deexcitation branching
ratios, hereinafter referred to as branching ratios. As the excitation
energy increases, our knowledge of these levels becomes incomplete, and
eventually, as their number increases, we prefer to describe them in terms
of a level density formula. In this section we give the discrete levels
used in the calculations and discuss the level density formulae and
parameters.

The reactions for which we need level information for the residual
nuclei are: 63Cu(n,n')63Cu, 63Cu(n,p)63Ni, 63Cu(n,a)GOCo, 63Cu(n,np)62Ni,
6BCu(n,na)Sgco, 63Cu(n,2n)62Cu, 63Cu(n,Y)64Cu, 650u(n,n')650u,
65Cu(n,p)65Ni, 65Cu(n,oa)6ZCo, 65Cu(n,np)64Ni, 65Cu(n,na)6lCo,
65Cu(n,2n)64Cu, and 650u(n,Y)660u. The level energies, 3" values and
gamma-ray branching ratios adopted for these nuclei are given in Tables 6
to 18. There are a few levels where the energies are known, but JTr values
or branching ratios are experimentally undetermined. These 3" values and
branching ratios were assigned as indicated by the parentheses in the
tables. In most cases, these values are as given in the references (see
below); others were estimated from systematics. Excited states were
reported having Ex larger than for levels shown in Tables 6-18. However,
the branching ratios for these higher levels were not known and thus the
levels were not used in the calculationms.

The information on the first 15 levels of 630u in Table 6 was taken
from the compilation of Auble (AU79). The 2.506-MeV level was taken from
Dickens (DI83). Levels having energies from 2.536 to 2.889 MeV were taken
from Browne et al. (BR78). The levels with energies of 3.3, 3.48, and 3.7
MeV were taken from McCarthy and Crawley (MC66). Although there are many
other levels in this energy region, the cross section for exciting these
levels can be adequately accounted for in the TNG calculation (FU80) with
the level density formulae. We include the above three levels because they
are collective and the cross sections for exciting these levels were
computed by DWUCK (KU72) and input to TNG. Also, as seen earlier (Tables 4
and 5), the BE values for these levels are large, which gives rise to
significant contributions to inelastic-scattering and gamma-ray production

cross sections.



For 63Ni, the level energies, the adopted J" values, and gamma-ray

branching ratios are given in Table 7. They were taken from Ref. AU79.
Table 8 shows the levels, JTr values, and branching ratios for 6000. This
information was taken from the compilation of Auble (AU79a), with the
exception of the 3" value for the 0.786-MeV level, which is from Ref. BR78.
Level information for 62Ni, given in Table 9, was taken from the

59

compilation of Halbert (HA79). For ~“Co, the level energies, adopted 3"

values, and branching ratios are given in Table 10, which was compiled from
the work of Abbondanno et al. (AB80). The information on levels of 620u,
given in Table 11, was taken from Ref. HA79,

For 65Cu, the level energies, their JTT values and branching ratios
adopted are given in Table 12. These were taken from Ref. DI83 for levels
having energies of 2.534 MeV and below, and from Ref. MC66 for levels
having energies of 3.08, 3.35, and 3.5 MeV. As explained above for 63Cu,
we include the last three levels because they are collective. There are
many other levels in this energy region, but the level demsity formulae
(FU80) can adequately account for cross sections exciting these "other"
levels.

Level information for 65Ni, given in Table 13, was taken from the
compilation of Auble (AU75). For 62

HA79 and is given in Table 14, Table 15 shows the levels, J values, and
64

Co, information was obtained from Ref.

branching ratios for

(HA79a). For 6100, the level energies, adopted b4 values, and branching

Ni. They were taken from the compilation of Halbert

ratios are given in Table 16, which was compiled from the work of Auble
(AU75a). Table 17 shows the level informatiom for 64Cu, taken from Ref.
HA79a. For 66Cu, the level energies and JTr values were taken from Ref.
BR78, and are given in Table 18.

To represent the continuum excitation energy region occurring above
the highest—energy discrete level (continuum cutoff Ec)’ the level-density
formulae as described by Fu (FU76 and FU80) were used. The level-density
parameters of the residual nuclei of all reactions analyzed are given in
Table 19. The formulae of Gilbert and Cameron (GI65) were used in
computing most of the parameters. However, it was found that for computing
the parameter "c" a formula due to Facchini and Saetta-Menichella (FA68)

won

produced better results. Also, the parameter "a" was based on more recent

data for the s-wave neutron spacing parameter D0 from Mughabghab et al.
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(MU81). For 64,66

"a" computed using the formula in Ref. GI65 with the new data for Do was

Cu, the resulting "a" due to Ref. GI65 was too small; the

"a" for each of the residual

found to be too large. Thus, the parameter
nuclei was adjusted so that TNG (FU80) gave reasonable results at a number
of incident neutron energies. It should be noted that the parameters T,

E, ¢, and E_ in Table 19 all depend on the parameter "a."
o’ x
2.5 GIANT DIPOLE RESONANCE PARAMETERS

The giant dipole resonance parameters used in this analysis are those
reported by Fuller et al. (FU73). For 63Cu, the first resonance has a peak
cross section of 63 mb, the width of the resonance is 5 MeV, and the energy
of the resonance peak is 16.5 MeV, The second resonance has a peak cross
section of 22 mb, the width of the resonance is 7.1 MeV, and the energy of

the resonance peak is 21.3 MeV. 65

Cu also has two resomances with the
first having a peak cross section of 88 mb, width of 5 MeV, and energy of
the resonance peak of 16.8 MeV. The second resonance has a peak cross
section of 36 mb, the resonance width is 6 MeV, and the resonance peak has

energy 20.5 MeV,
2.6 (n,d), (n,t), AND (n,BHe) CROSS SECTIONS

The only measured data point found for the (n,t) reaction was reported
by Biro et al. (BI75) as 0.32 mb at an incident emergy of 14.7 MeV. Since

this cross section is very small, the (n,t) reaction was ignored in the TNG

calculations. For (n,3He) the shapes of the 63,65

63

Cu(n, @) cross sections
Cu (n,3He) cross section of 3.2 mb at
14.1 MeV reported by Pollehn and Neurt (P061) and to the 65

section of 2.0 mb at 14.8 MeV reported by Poularikas et al. (PO6la).
63,65

were used (FU82), normalized to the
Cu (u,3He) cross
Similarly, for (n,d) the shapes of the Cu(n,p) cross sections were

used (FU82), normalized to the 63Cu(n,d) cross section of 9.0 mb at 14.8

MeV reported by Grimes et al. (GR78) and to the 65

Cu(n,d) cross section of
10.0 mb at 14.8 MeV, also from Ref. GR78. These cross sections were not
computed by the TNG code but were input to it as correction factors to

reduce proportionately the other TNG calculated cross sections.



3. COMPUTATIONAL METHODS AND PROCEDURES

Nuclear model calculations play an important role in modern
evaluations for the interpolation and extrapolation of cross sections to
energy regions where no data exist, and for predictions of reaction cross
sections for which there are few or no experimental data. However, in
order to ensure internal consistency, the model calculations should
simultaneously reproduce as much of the experimental information as
possible for as many reaction channels as reliable data are available. As
noted earlier, the model code TNG (FU80, FU80a) was used exclusively for

63Cu and 650u at a number of incident

this analysis. Calculations for both
energies from 1.0 to 20.0 MeV were performed. Parameters required as input
to TNG are now summarized, The discrete energy levels for each of the
residual nuclei and the gamma-ray branching ratios (Tables 6-18), the level
density parameters (Table 19), the direct inelastic cross sections
calculated by DWUCK (KU72) as discussed in Section II, the optical-model
parameters (Tables 1-3), the giant dipole resonance parameters, and the
(n,d) and (n,3He) cross sections were all used as input to the TNG computer
code. Parameters required for the precompound mode of reaction were the
same as determined previously in a global analysis (FU80) and were found to
be satisfactory for the present calculations.

TNG simultaneously computes cross sections for all energetically
possible binary reactions and tertiary reactions, and also computes the
resulting gamma-ray production cross sections. Also, TNG computes the
compound and precompound cross sections in a consistent fashion and
conserves angular momentum in both compound and precompound reactions.
Thus, the cross—section sets are consistent and energy balance is ensured.
The results from TNG are found to agree reasonably well with available

data, and these comparisons are discussed in the next section.
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4, COMPARISON OF CALCULATIONS WITH EXPERIMENTS

In this section the TNG calculated cross sections are compared with
available data. When the comparisons were made for natural Cu, the cross
sections for each isotope were multiplied by its fractional natural
abundance (69.2% for ®3cu, 30.8% for ©°

results.

Cu) and summed to obtain the

4,1 NONELASTIC CROSS SECTIONS

Comparison of the nonelastic cross section with experiment is shown in
Fig. 14. Numerous other data sets were available from the CSISRS library
(Cs83) but for clarity Fig. 14 contains only those sets with two or more
data points. The good agreement lends support to the optical-model

63,65

parameters adopted for the n + Cu channel.

4,2 TOTAL INELASTIC SCATTERING CROSS SECTION

The TNG calculation of cross sections for total inelastic—scattering
of neutrons from copper is compared to experimental data in Fig. 15. The
calculated cross sections agree well with the data of Beyster et al. (BE55,
BE56), Bonner and Slatterly (B059), Taylor et al, (TA55), Ball et al.
(BA58), and Thomson (TH63), but they are smaller than the data reported by
Slaughter and Dickens (SL83), as well as smaller than those deduced from
the neutron scattering data of Kinney and Perey (KI74) between 3 and 8 MeV.
The latter two data sets are believed to be too large because they already
exceed the upper limit given by the nonelastic cross section shown in Fig.
14,

4,3 ANGULAR DISTRIBUTIONS FOR INELASTIC SCATTERING

The calculated differential 63,65

Cu(n,n”) cross sections for exciting
the low-lying discrete levels are compared with those measured by Kinney

and Perey (KI74) from 5.5 to 8.5 MeV in Figs. 16-23. The DWBA calculations

13
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for inelastic scattering were added to the TNG computations to obtain the
results in these figures. In the Kinney and Perey report (KIL74), angular
distributions for both individual levels and groups of levels are
presented. The TNG and DWUCK calculations were summed for the groups of
levels for the comparisons. The agreement is fairly good as the
calculations usually fall within the error bars of the data. The need for
nuclear model analyses can be seen from these figures — the angular range

covered by the measurement accounts for only half of the cross section.
4,4 TINELASTIC SCATTERING TO DISCRETE LEVELS

The comparison of the calculated and experimental (n,n”) cross

sections for individual levels and groups of levels for both 6300 and 65

Cu
is given in Figs. 24-29, The calculated direct interaction cross sections
(see Figs. 12-13) are included. The data reported by Kinney and Perey
(K174) are generally smaller than the calculation. Their data were
obtained by integrating the measured angular observations isotropically.
The fact that this procedure can give results which could be too small can
be seen in Figs. 16-23, which show that the angular range missed by the

measurement contributes a significant part of the cross sectionm.
4.5 ANGULAR DISTRIBUTIONS OF NEUTRON PRODUCTION CROSS SECTIONS

The calculated angular distributions of neutron production cross
sections for natural Cu at an incident energy of 13.75 MeV and for
secondary energies of E'n = 4,0-5.0, 6.0~-7.0, and 8.0~9.0 MeV are compared
with experiments in Fig. 30. The data of Salnikov et al. (SA74) were
relative cross sections which we normalized to the data of Vomach et al.
(v080) at 3.0 MeV.

4,6 INTEGRATED YIELD OF SECONDARY NEUTRONS
The integrated yield of secondary neutrons as a function of incident

neutron energy is shown in Fig. 31. The TNG calculation is compared with

the data of Morgan (MO79) for secondary neutron energies greater than 0.76
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MeV. The Morgan data were measured at 130 degrees, whereas the TNG results
were computed for all angles (angular spacing was 10 degrees). Since the
result integrated over the outgoing energy and angle is dominated by the
part of the spectrum at the small outgoing energy end (see next section and
Fig. 34 for outgoing neutron energies from 0 to 5 MeV) where the angular
distribution is essentially isotropic, the comparison shown in this figure
is reasonably valid., The deviation for incident energies greater than 17
MeV is probably due to the (n,3n) contribution, which was not calculated in

this work.
4,7 NEUTRON EMISSION SPECTRA

Neutron emission spectra were computed for 22 incident energies;
examples of comparisons of calculated spectra with experimental data of
Morgan (MO79), Hermsdorf et al. (HE75), Vonach et al. (V080), and Salnikov
et al. (SA75) are shown in Figs. 32-35 for incident neutron energies of
5.5, 9.5, 13.75, and 14.5 MeV, respectively. The data of Morgan were
measured at 130 degrees; the other data are angle integrated. The data of
Salnikov et al., were normalized to the data of Vonach et al. at 3.0 MeV.
The figures show the calculated total neutron emission spectra, as well as
the calculated emission spectra from the individual contributing reactions,
The (n,n”) continuum and discrete level computations were combined into the
one curve labeled "(N,NG)." The curve labeled "(N,NP)" includes
contributions from both the (n,np) and (n,pn) reactions. Likewise, the
curve labeled "(N,NA)" includes contributions from both the (n,na) and
(n,on) reactions. The curve labeled "TING Calculation'" is the calculated
angle-integrated spectrum and includes the angle-integrated direct
inelastic cross sections from the DWUCK code (these were input to the TNG
code). For En > 10 MeV the angle—integrated spectrum and the 130-degree
spectrum differ substantially. For example, the case for En = 13.75 MeV
(Fig. 34) shows the computed results at an angle of 130 degrees also. In
this figure, the dashed curve labeled "Calculation, 6=130°" is the computed
direct inelastic cross section at 130 degrees from the DWUCK code added to
the TNG calculation at 130 degrees. For En=5’5’ 9.5, and 13.75 MeV, the

elastic cross section shown is the computed shape elastic cross section at
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130 degrees from the GENOA code (PE67) added to the compound elastic cross
section computed by TNG at 130 degrees. The elastic cross section peak in
the Morgan data should not be confused by comparing it with the calculated
cross sections from the discrete levels., The computed elastic cross
section was not smeared (i.e., folded with the experimental detectors
response resolution) for these plots and is not in phase with Morgan’s

data.

4.8 PROTON AND ALPHA-PARTICLE EMISSION SPECTRA

The calculated (n,xp) and (n,xa) spectra for both 63Cu and 650u are
compared to measurements by Grimes et al. (GR79, HA77) in Figs. 36-39. The
(n,xp) spectra are sums of the partial spectra from the (m,p), (n,pn), and
(n,np) reactions. Likewise, the (n,xd) spectra are sums of (m,2),
(n,on), and (n,na). The measurements were taken at an incident energy of
14,8 MeV, whereas the TNG calculations were at 14.5 MeV. However, the
spectral distributions are not expected to vary substantially from En =
14.5 MeV to 14.8 MeV.

The proton-particle production spectra for 63

Cu and 650u, shown
respectively in Figs. 36 and 38, have different spectral shapes because of
the large (n,np) contribution in 63Cu. For 63Cu, the (n,np) threshold is
substantially smaller than the (n,2n) threshold. Thus, there is an energy
range (about 5.5 MeV) of excitation in 630 (after one neutron is emitted)
for which deexcitation by emitting a second neutron is impossible and
proton emission is the dominant mode of deexcitation. Even though the
outgoing proton energy of 3 MeV is smaller than the energy associated with
the peak of the Coulomb barrier, the proton emission spectrum in Fig. 36
exhibits a "peak" at 3 MeV. The corresponding energy range for this "peak"

5Cu(n,np) cross

to occur in 650u is smaller by about 2 MeV, and the g
section is much smaller.

The same features of subcoulomb penetration by alpha particles is
indicated in the data shown in Figs. 37 and 39 but we cannot reproduce them
with calculations. The calculations do, however, reproduce the main
features of the higher-energy portions of the alpha-particle spectra

reasonably well. In both isotopes, the (n,np) and (n,no) reactions have
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nearly the same thresholds. Thus, theoretically, the subcoulomb
penetration by low-energy alpha particles is strongly suppressed by the

competing protons emitted at the same energies.

4.9 BINARY AND TERTIARY REACTION CROSS SECTIONS

The calculated binary and tertiary cross sections for 630u and 65Cu
are compared to available data in Figs. 40-48., As discussed by Fu (FU82),
the two data points in Fig. 40 are the 63Cu(n,px) cross section so the
calculation shown includes the sum of the (n,p) and (n,pn) cross sectionms.
Also, the (n,np) cross section (Fig. 42) does not include the (n,pn) cross
section. Figure 41 shows the results for 63Cu(n,Ot). Numerous other data
sets were available for 63Cu(n,2n) from the CSISRS library (CS83); only
those sets with three or more data points are included in Fig. 43. No data
63Cu(u,ozn) + (n,no0) cross sections. Other data sets
65¢y(a,p) and %°Cu(n,2n) from the CSISRS library

were available for the

were available for both
(Cs83); again, only those sets with more than one point are included in
Fige. 54 and 48, The ™
and the 65Cu(n,pn) + (n,np) and

Cu(n,a) data and calculation are shown in Fig. 45,
65Cu(n,an) + (n,na) results are shown in
Figs. 46 and 47, respectively.

The calculated 63

Cu(n,p) excitation function shown in Fig. 40 exhibits
a dip around 8 MeV, while the calculated 63Cu(n,0¢) excitation function in
Fig. 41 shows a change of slope near the same energy. Both features are
due to the competition of one reaction with the other. If the cross
sections making up these excitation functions are appropriately summed, one
obtains a smooth excitation function near 8 MeV. The (n,n”) cross section
at 8 MeV is 20 times larger and is insensitive to such competitioms. The
63Cu(n,:x) reaction is one of several reactions used for dosimetry
measurements, and we recently performed an evaluation in which this
reaction was studied simultaneously with 12 other dosimetry reaction cross
sections. This evaluation (FU82a) is based on the generalized least-
squares technique which includes the impacts of measured ratios and cross-
reaction covariances. The resulting values for the 63Cu(n,tﬂ differ
somewhat from the TNG calculations shown in Fig. 41 for the incident-

neutron energy region near 8 MeV. The smallness of the cross section and



18

its sensitivity to details of the model calculation indicates that for
applied purposes (e.g. dosimetry) the evaluated results of FU82a should be
used. From the point of view of the present analysis, however, the TNG
calculation has provided a reasonable characterization of the behavior of
the cross section for the 63Cu(n,a) reaction over a wide range of incident

neutron energies.

4,10 CAPTURE CROSS SECTION

The 63Cu(n,Y) and 650u(n,¥) calculated cross sections are compared to
measurements in Figs. 49 and 50, respectively.

The calculations for the capture cross sections for En < 1 MeV will be
improved when we perform the evaluation in the energy range En = 10_5 eV to
1 MeV for 630u and 650u. In this energy range, the optical-model
parameters need to be adjusted to reproduce the s- and p-wave strength
functions before capture cross-section calculations can be made reliably.
Furthermore, the giant dipole parameters are not well determined
experimentally and can be adjusted within experimental uncertainties in
view of the sensitivity of the calculated capture cross sections to these

parameters.
4,11 GAMMA-RAY EXCITATION FUNCTIONS

Excitation functionms for six important gamma rays are shown in Figs.
51 through 56. The measurements shown in these figures are discussed in
detail by Slaughter and Dickens (SL83). The TNG calculations are in fairly
good agreement with the data measured by Rogers et al. (RO77) but are
consistently smaller than the measurement of Slaughter and Dickens (SL83)

for incident energies greater than 3.0 MeV.
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4,12 TINTEGRATED YIELD OF SECONDARY GAMMA RAYS

The integrated yield of secondary gamma rays with EY > 0.72 MeV for
the TNG calculations and measurements are shown in Fig. 57. The data of
Morgan (MO79), Dickens et al. (DI73), and Chapman (CH76) have uncertainties
of 10%Z; those of Drake et al. (DR78) and Rogers et al. (RO77) have
uncertainties of 15%. For clarity, the data were plotted at the midpoints
of the incident neutron energy bins. The data of Morgan and Chapman are
larger than the calculated integrated yield for incident energies greater
than 3 MeV, The calculated yields agree with the data of Rogers et al.,
Dickens et al., and Drake et al. reasonably well except that the data of
Dickens et al. are larger than the calculated data for incident energies

greater than 10 MeV,
4.13 GAMMA-RAY PRODUCTION CROSS SECTIONS AND SPECTRAL COMPARISONS

The calculated gamma-ray production cross sections are compared to
data measured by Rogers et al. (RO77), Morgan (M079), Dickens et al.
(D173), and Chapman (CH76) in Figs. 58-70. Although the measurements, as
well as the calculations by TNG, were made at numerous incident energies,
comparisons are shown only for energies of 5.5, 9.5, and 14.5 MeV. The
calculated secondary spectra were smeared by a Gaussian function
corresponding to the resolution of the detector for the data of Dickens et
al, (DI73), Chapman (CH76), and Morgan (MO79). For comparisons of the
calculated spectra with the data of Rogers et al. (RO77), the resolution
used was the same as that used for comparisons with the Morgan data.
Similarly, for comparisons with the data of Drake et al. (DR78), the
resolution used was the same as that used for comparisons with the data of
Dickens et al. and Chapman.

Before looking at the comparisons between the calculated gamma-ray
production spectra and various measurements cited above, we should first
mention the energy-conservation constraint imposed in the calculation. In
each reaction, the sum of the energies of the outgoing particles (including
the recoiled heavy particles) and gamma rays equals the incident neutron

energy plus the Q value of the reaction. Because there is good overall
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agreement between calculation and experiment in various partial reaction
cross sections and particle production spectra, the calculated gamma-ray
production spectra can be regarded as the most consistent possible with
these data. Detailed discussions on the comparisons shown in Figs. 58-70
follow.

For E = 5.5 MeV (Figs. 58, 61, 64, 68) and for Ey < 2 MeV, the
calculation is in good agreement with the data of Rogers et al. and the
data of Dickens et al., but in disagreement with Morgan and with Chapman.
For EY > 2 MeV, the data of Rogers et al. differ with both the calculation
and the other 3 sets.

For E = 9.5 MeV (Figs. 59, 62, 65, 69), the four data sets are not in
good agreement with one another. The calculation agrees best with the data
of Rogers et al. for Ey < 1.5 MeV and with Chapman for E, > 1.5 Mev.

For E_ = 14,5 MeV (Figs. 60, 63, 66, 67, 70), the five data sets are
generally in disagreement. The calculation represents a good compromise.
At this incident neutron energy, the gamma rays produced in the (n,2n)
reaction have large contribution for EY < 0,2 MeV, a gamma-ray energy

region not covered by any of the experimental measurements.



5. COMPARISON OF CALCULATION WITH ENDF/B-V

The TING calculations are compared to a representative set of cross
sections from the ENDF/B-V for copper (MAT 1329) in Figs. 71-8l. In each
figure, the curves labeled "TNG Calculation" include the sum of the
calculated cross sections for each isotope multiplied by its fractional
natural abundance. Comparison of the total inelastic scattering cross
section is given in Fig. 71. The total integrated yield of secondary
neutrons as a function of incident neutron energy is shown in Fig. 72,
Although the agreement appears quite reasonable in Fig. 72, a look at the
neutron emission spectra for incident neutron energies of 5.5, 9.5, and
14.5 in Figs. 73-75 reveals significant differences. The evaluated spectra
do not project enough high-energy secondary neutrons, especially for
En=14.5 MeV. This lack can be understood because the ENDF/B-V evaluation
does not include a precompound component. It should be noted that the
elastic cross section has not been included in Figs. 72-75. Comparison of
the (n,p) and (n,n) cross sections are given in Figs. 76 and 77,
respectively.

Marked differences are seen when comparing the TNG calculations for
gamma rays with the ENDF/B-V values as shown in Figs. 78-8l. The total
integrated yields of secondary gamma rays from the calculations and from
ENDF/B-V are shown in Fig. 78, The computed gamma-ray production cross
sectiong are compared to ENDF/B-V for incident neutron energies of 5.5,
9.5, and 14.5 MeV in Figs. 79-81. 1In these plots, the secondary spectra
were smeared by a Gaussian function; the resolution width used was
arbitrarily taken from the work of Morgan (MO79). The ENDF/B-V evaluation
was influenced by the data of Chapman (Figs. 68-70), which shows a large
peak near 0.3 MeV. From the data shown in Figs. 51-56, we are certain that
a large-yield discrete gamma ray near 0.3 MeV is nonexistent at least for

E = 5.5 MeV.
n
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6. SUMMARY

This report has presented the nuclear models and parameters used in
comput ing neutron—-induced reactions on 63’65Cu between 1 and 20 MeV., The
calculations were made using the multistep Hauser-Feshbach/precompound
model code TNG. Input parameters for TNG, including optical-model sets,
discrete level information, level-density parameters, giant dipole
resonance parameters and direct reaction model parameters, were discussed.
Once the input parameters were determined for TNG no other parameter
adjustments were performed in the model calculations for any of the
incident neutron energies for which reactions were computed. The resulting
calculated cross section sets are consistent and energy balance is ensured.

Calculated results were compared extensively to available measured
data. The overall quality of the comparisons leads to the acceptance of
the TNG calculations as reliable, especially for those reactions for which
no measured data exist. Also, it should be recognized from the comparisons
that TNG can be used to resolve discrepancies among experimental data sets.
The present work verifies that advanced nuclear model codes can lead to
internally consistent evaluations that are in good overall agreement with
measured data.

The computed data were compared to cross sections from the present
ENDF/B-V evaluation for Cu. The comparisons reveal serious problems in the
current ENDF/B-V evaluation for natural copper neutron-emission cross
sections and spectra, as well as gamma-ray production cross sections and
spectra. These problems probably lead to known difficulties with energy
balance in the ENDF/B-V Cu evaluation, which can cause erroneous results
for the KERMA (Kinetic Energy Release in Material) factor, as noted by FU
(FUsob).

23
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Table 1. Neutron Optical-Model Parameters

V(MeV) = 51.725 - 0.447E
W(MeV) = 0.0

W (MeV) = 8.44 + 0.055E
U(MeV) = 8.0

rv(fm) = 1,221 av(fm) = 0.683
rw(fm) 1.223 aw(fm) = 0.507
rU(fm) = 1.221 aU(fm) = 0.683

1048.0
2.47
-0.46

= incident energy (MeV),

= real well depth,

imaginary well depth (Wood-Saxon),

= imaginary well depth (Wood-Saxon derivative),

= gpin—-orbit potential depth,

H o £ = <9 #H
1l

r..,r.. = radii for various potentials,

V>'WTU
aysay,ay
A,B,C = parameters used to compute OCE(E) in Eq. (1).

= diffuseness for various potentials,
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*
Table 2. Proton Optical-Model Parameters

Q.47 N~Z

V(MEV) = 58.4 - 0.55E + [KW + 27.0 <T>:‘

W(MeV) = 0.0 rw(fm) = 1.25 aw(fm) = 0.47
WD(MeV) = 13.5 - 0.15E rv(fm) =1.25 av(fm) = 0.65

r (fm) = 1.25
Cc
*Parameter definitions are as in Table 1; L is the Coulomb radius.
*
Table 3. Alpha Optical-Model Parameters

V(MeV) = 193.0 - 0.15E rv(fm) = 1.37 av(fm) = 0,56
w(MeV) = 0.0 rw(fm) = 1,37 aw(fm) = 0,56
WD(MeV) = 21.0 + 0.25E rc(fm) = 1.40

*
Parameter definitions are as in Tables 1 and 2.
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Table 4. Deformation Parameters of 63Cu Levels

Level JTr 8: 8;2
0.669 1/2~ 0.059 0.0059
0.962 5f2 0.0702 0.021
1.327 11z 0.0548 0.022
1.412 ST 0.0121 0.0036
2.506 9/2% 0.0408 0.015
3.30 11z 0.0441 0.012
3.48 5/2% 0.0392 0.009
3.70 3/2" 0.042 0.006

8pssumed value.

Table 5. Deformation Parameters of 650u Levels

Level 2l Bi Bzz
0.771 Vg 0.04 0.004
1.116 5/2° 0.0484 0.015
1.482 i 0.038 0.015
1.623 5/2° 0.0061 0.0018
2.534 9/2% 0.0408 0.015
3.08 1e* 0.042 0.012
3.35 5/2% 0.0424 0.009
3.50 3/2% 0.042 0.006

aAssumed value.
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Energy Levels and Gamma-Ray Branching Ratios of 63Cu

Initial State

Branching Ratios to State N

N 3" E(keV) 1 2 3 4 5 6 7 9 11 17
1 3/2 0
2 YT 669 100
3 5/2° 962 100
4 7/2 1327 84 16
5 5/2° 1412 72 6 22
6 3/2 1547 80 2 18
7 112 1861 57 43
8 3/27 2011 56 13 31
9 (1/27) 2062 20 50 30
10 5/2° 2081 39 19 34 8
11 7/27 2093 10 47 43
12 9/2° 2208 43 57
13 5/2° 2337 62 1 25 7 5
14 7/27 2405 3 45 30 22
15 3/2° 2497 83 17
16 9/27 2506 27 40 33
17 (5/27) 2536 25 8 6 5 42 2 6 6
18 (3/27) 2696 34 47 16
19 (7/27) 2717 15 4 5 49 11 16
20 (7/27) 2780 53 21 8 18
21 (3/27) 2806 71 29
22 (3/27) 2858 45 22 33
23 (5/27) 2889 22 26 52
24 (7/2%) 3300 (100)
25 (5/2%) 3480 (100)
26 (3/2%) 3700 (100)
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Table 7. Energy Levels and Gamma-Ray Branching Ratios of 63Ni

Initial State Branching Ratios to State N
N 3" E(keV) 1 2 3 4
1 1/2 0

2 5/2° 87 100

3 3/2° 156 100

4 3/2 518 10 2 88

5 1/2° 1001 3 51 46
6 (5/27) 1069 10 56 34
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Table 8. Energy Levels and Gamma-Ray Branching Ratios of 6000

Initial State Branching Ratios to State N
N 3" E(keV) 1 2 3 4 5 6 7 8
1 5" 0

2 2F 59 100

3 4" 277 100

4 3% 288 100

5 5% 436 46 54

6 3° 506 100

) 543 43 57

g 3' 614 97 3

9 1% 739 60 40

10 4t 786 52 42 3 2 1
11 (3% 1004 8 48 24 19

12 4" 1006 26 71
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Table 9. Energy Levels and Gamma-Ray Branching Ratios of 62Ni
Initial State Branching Ratios to State N
N 3" E(keV) 1 2 4
1 0" 0
2 g* 1173 100
3 0" 2049 100
4 2* 2302 45 55
5 4t 2336 100
6 0" 2891 100
7 2* 3059 30 70
8 2* 3158 34 33 33
9 4t 3177 100
10 g% 3258 100
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Table 10. Energy Levels and Gamma-Ray Branching Ratios of 5900

Initial State Branching Ratios to State N
N J" E(keV) 1 2 3 A 6 7 8
1 7/2° 0
2 3/2” 1100 100
3 5/2° 1191 100
4 3/2" 1292 96 4
5 /2 1434 100
6 11/2° 1460 91 9
7 512 1482 77 23
8 7 - 1745 49 42 9
9 712 2062 12 43 45
10 (5/2)" 2087 55 45
11 (11/2)" 2154 100
12 (7/2)" 2182 14 75 11
13 (7/2) 2205 23 26 51
14 (9/2)" 2394 26 25 49
15 (5/2)" 2478 100
16 (5/27) 2540 45 55
17 (7/27) 2583 54 36
18 (1/27) 2713 100
19 (7/27) 2781 85 15
20 (7/27) 2825 64 36
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Energy Levels and Gamma-Ray Branching Ratios of

62

Cu

Initial State

Branching Ratios to State N

m

N J E(keV) 1 2 3 4 5 6
1 1t 0

2 2" 41 100

3 gt 243 100

4 1? 288 100

5 &* 390 96 4

6 3* 426 100

7 1" 548 48 48 4

8 1t 637 43 6 51

9  (2%) 645 100

10 3* 675 37 44 19

11 2" 698 39 35 26
12 2* 728 36 54 10

13 (2') 756 100

4 (T 915 19 15 66
15 (WY 983 45 35 20
16 (Y 1023 53 47
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65

Table 12. Energy Levels and Gamma-Ray Branching Ratios of ~~Cu
Initial State Branching Ratios to State N
N 3" E(keV) 1 2 3 4 5 6 7 9 10
1 3/2° 0
2 1/2” 771 100
3 5/2° 1116 100
4 7/27 1482 80 20
5 512 1623 55 10 35
6 3/2” 1725 75 25
7 7/2 2094 30 55 15
8 5/2° 2108 15 10 40 30 5
9 1z 2213 40 60
10 Th2 2278 (5) (95)
1] 3/27 2327 40 45 15
12 9/2” 2407 (35) (40) (25)
13 (5/27) 2533 (20)  (45) (35)
14 9/2% 2534 (30) (50) (20)
15 (7/2%) 3080 (100)
16 (5/27) 3350 (100)
17 (3/2%) 3500 (100)




34

Table 13. Energy Levels and Gamma-Ray Branching Ratios of 65Ni

Initial State Branching Ratios to State N
N 3" E(kev) 1 2 3

1 5/2° 0

2 1/2” 64 100

3 (3/2)" 311 98 2

4  (3/2) 692 16 77 7

5 (9/2)% 1013 (100)

Table 14. Energy Levels and Gamma-Ray Branching Ratios of 6200

Initial State Branching Ratios to State N
N 3" E(keV) 1 2

1 2* 0

2 5 22 100

3 (3" 230 (100)

4 (3% 264 (100)

5 4 506 100

6 ah 530 (100)

7 5 610 100
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Table 15. Energy Levels and Gamma-Ray Branching Ratios of 64Ni

Initial State Branching Ratios to State N
N 3" E(keV) 1 2

1 0" 0

2 2t 1346 100

3 (ot 2277 100

4 4" 2608 100

5 (0') 2865 100

Table 16. Energy Levels and Gamma-Ray Branching Ratios of 6100

Initial State Branching Ratios_to State N
N 3" E(keV)_ 1 2 3 4
1 2 0

2 3/2 1027 100

3 (5/2) 1205 100

4 (9/27) 1286 100

5  (1/2) 1325 81 19

6 7/2” 1619 55 45

7 (5/2)" 1646 88 12
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Table 17. Energy Levels and Gamma-Ray Branching Ratios of 640u

Initial State Branching Ratios to State N
N 3" E(keV) 1 2 3 4 5 10
1 1t 0

2 9t 159 100

3 2* 278 100

4 1t 343 96 4

5 3" 362 2 98

6 4* 575 9

7 2* 609 82 8 4

8 ¥ 663 32 27 35

9 2" 739 77 6 13

10 3* 746 71 29

11 (09 879 55 3 42

12 3t 896 11 40 49

13 1? 927 11 16 73

14 2* 1241 36 25 14 25
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Table 18. Energy Levels of 66Cu

N ) E(keV)
1 1t 0
2 () 186
3 ah 238
4 ' 275
5 () 386
6 (0 465
7 W 591
8 (T 730
9 822

10 (2 1009

1 3t 1017

i3 €y 1053

13 (6)” 1154

14 (@t 1213

(3)” 1247

—
w
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Table 19. Level Density Parameters

Residual T E0 a A c Ec Ex
Nuclei

(MeV)  (MeV)  (MeV 1) (MeV) (MeV)  (MeV)
830y 0.89 0.081  10.0 1.41 23.12 2.89  6.291
©3ni 0.906 -0.439  10.0 1.20 23.12 1.256  6.327
%5 0.791  -1.069  11.0 0.0 24,61  0.79  4.169
by 0.81 ~0.879  10.3 0.0 24 .06 1.288  3.958
624 0.912  1.119  9.67 2.61 22,12 3.262 7.529
¢ 0.963 0.002 9.0 1.29 19.91 2.91  6.332
6204 0.97 ~1.668 9.17 0.0 20.97 1.052  5.325
3¢y 0.833 0.366  10.5 1.5 24.78 2.594 5.937
63yi 0.848  -0.302  10.7 1.2 25.25 1.143  6.008
5265 0.735  -0.78 11.3 0.0 25.84  0.701  3.561
66 i 0.762  -0.745  10.75 0.0 25.63  1.344  3.597
bhy; 0.850 1.522  10.31 2.7 24,084  2.971  7.245
6les 0.905 0.066  9.82 1.41 22.217  1.89  6.369
T = nuclear temperature,
E0 = p;rameter for matching lower energy level density to the higher one,
a = 1 g/6 (g=density of uniformly spaced single particle states),
A = pairing energy correction,
¢ = gpin cut-off parameter,
E_ = continuum cutoff,

= tangency point.
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Fig. 1. Comparison of final optical-model fit with data of Walt and
Barschall (WA54) and Holmqvist and Wiedling (HO069) for Cu
at 1.0 and 2.0 MeV.
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Fig. 3. Comparison of final optical-model fit with data of Holmqvist
and Wiedling (HO069) and Hill (HI58) for Cu at 4.0 and 5.0
MeV.
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Fig. 4. Comparison of final optical-model fit with data of Holmgvist
and Wiedling (H069) for Cu at 6.09 and 7.05 MeV.
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Fig. 11. Comparison of calculated Cu cross sections from optical-model

analyses with data of Walt and Barschall (WA54), Holmqvist
and Wiedling (H069), Becker et al. (BE66), Hill (HI5S),
Coon et al. (C058), and Begum et al. (BE79) for elastic and
nonelastic, and Larson (LA80) for total.
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Fig. 12. Calculated direct inelastic excitation cross sections
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sections for Cu.



53

ORNL-DWG 82-17147R
T T ] T T T T T T 7]

— Cu+n =
TOTAL INELASTIC SCATTERING

, | CROSS SECTION ﬁ}ﬁ Hﬂ#}:}i}*
3

103

T T

I
N
5,

{ o SLAUGHTER AND DICKENS (SL83)
B /{ o BEYSTER et al.(BES5, BE56)

CROSS SECTION (mb)

» BONNER AND SLATTERLY (B0OS59),
2 - H TAYLOR et al. (TASS) —

o BALL etal. (BA58)
¢ THOMSON (TH63)
e KINNEY AND PEREY (KI174)

102 { — TNG CALCULATION

T T T
Ll

|

5 Ll | | ! | I T I
10° g 5 10! 2
INCIDENT NEUTRON ENERGY (MeV)

Fig. 15. Comparison of calculated and experimental total
inelastic scattering cross sections for Cu.
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Fig. 33. Neutron emission spectra from the TNG calculation compared
with the data of Morgan (M079). The calculated elastic
cross section (6=1300) 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 curve labeled (n,np) includes the (n,pn) component.
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energy of 14.8 MeV, the TNG calculation was for En=l4.5 MeV.
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