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... . ABSTRACT 

A comprehensive evaluated neutron nuclear data file and theoretical calcu
lation for copper are described. 

This complete data contain neutron cross sections, angular distribution 
and energy distribution of secondary neutrons in the energy region from 
10~5 eV to 20 MeV. 

I N T R O D U C T I O N 

Natural copper consists of two isotopes, 63Cuand 6SCu. 
Below 20 MeV considered neutron induced reaction Q values of the 

isotopes are listed in Table 1. 
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Table 1 Reaction Q value (MeV) of 63>65Cu 

Reactions 

(n,n) 

(n,nO 

(n,2n) 

(n,3n) 

(n.oe) 

(n,p) 

(n,n'p) 

(n,t) 

(n,n't) 

(n, 5He) 

(n,n' 3He) 

(n,d) 

(n.n'd) 

(n,a) 

(n.n'a) 

"01(69.1%) 

0.0 

-0.6697 

-10.841 

-19.200 

7.9159 

0.7165 

-6.1245 

-8.2389 

-16.058 

-9.5278 

-18.863 

-3.9000 

-14.500 

1.7149 

-5.7765 

<sC.u(30.9%) 

0.0 

-0.7710 

-9.9045 

-17.820 

7.0670 

-1.3488 

-7.4446 

-8.6219 

-15.463 

-12.262 

-20.661 

-5.2200 

-14.879 

-8.2939 

-6.7703 

The present evaluation was based on experimental data available up to 
June 1989 and theoretical calculation with MUP-2111 code. It contains neutron 
cross sections, angular distributions and energy spectra of secondary neutron 
for mentioned above mentioned reactions. Comparing with CENDL-1, the 
evaluated neutron cross sections have considerably improved for charged par
ticle emission reaction due to the theoretical calculation code had been im
proved. The present evaluated neutron cross sections are in essentially in 
agreement with ENDF / B-6[8] and JENDL-311031. 

1 THEORETICAL CALCULATION AND THE PARAMET 
ERS 

In this calculation, AUJP[3] andMUP-2[1] were used. 
Original optical potential parameters were taken from the work of Xu 

Dingan1!41, nuclear level informations of 63Cu and 65Cu were taken from Refs. 
[5,6] respectively, and level density parameters were taken from Ref. [7]. 

The adjusted optical model parameters are given as following: ( MeV or fm) 

V= 55.563-0.457E+ 0.0018E2 - 27.039(#-Z)/A 
r0 •= 1.19, aQ = 0.75 

—143— 



W& = 16.08 -0.353£- 35.47{N-Z)/A, or zero, 
rw = rd = 1-41, ÛW = ad = 0.26 
VM = 3.41, rM - 1.19, a» = 0.75 

The level density parameters are : 

63Cu 
PZ 0.0 1.20 -0.10 1.30 0.0 

PN -0.18 1.30 H).15 1.32 -0.2 

SZ -17.10 -16.57 -14.75 -14.40 -14.00 

SN 17.25 16.38 15.80 14.98 14.45 

65Cu 
PZ 0.0 1.20 -0.10 1.30 0.0 

PN -0.10 1.50 -0.18 1.30 -0.15 

SZ -17.10 -16.57 -14.75 -14.40 -14.00 

SN 18.05 17.55 17.25 16.38 15.80 

The giant dipole resonance parameters are given in the following: 

63Cu 

SAO 0.050 0.250 0.075 0.032 0.034 0.026 0.034 0.026 0.0 0.0 0.0 0.050 0.050 0.050 0.050 0.050 

GM 6.89 6.89 6.89 2.44 2.44 2.56 2.44 2.56 6.89 6.89 6.89 6.37 6.37 7.61 6.37 7.61 

EG 16.70 16.70 16.70 16.30 16.30 16.37 16.30 16.37 16.70 16.70 16.70 18.51 18.51 18.90 18.51 18.90 

65CU 

SAO 0.0500.075 0.075 0.034 0.034 0.0260.0340.026 0.0 0.0 0.0 0.050 0.0500.050 0.050 0.050 

GM 6.89 6.89 6.89 2.44 2.44 2.56 2.44 2.56 6.89 6.89 6.89 6.37 6.37 7.61 6.37 7.61 

EG 16.70 16.70 16.70 16.30 16.30 16.37 16.30 16.37 16.70 16.70 16.70 18.51 18.51 18.90 18.51 18.90 

Preequilibrium parameters are : 

DK = 380 ( for 63Cu ), 130 ( for 65Cu ). 
The calculated total, elastic scattering and non-elastic scattering cross sec

tions are in agreement with the evaluated experimental data, as illustracted in 
Table 2. 
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The calculated total inelastic scattering cross section, discrete level inelastic 
scattering cross section, (n,y) and (n,2n) cross sections are essentially in agree
ment with the evaluated experimental data. 

Table 2 The comparison between calculated and measured data 

(MeV) 

1.0 

1.5 

2.0 

2.5 

3.0 

4.5 

6.0 

7.0 

8.0 

10.0 

12.0 

14.5 

17.0 

20.0 

eval. 

3.43 

3.09 

3.00 

3.13 

3.30 

3.70 

3.80 

3.75 

3.67 

3.40 

2.20 

2.90 

2.66 

2.47 

to^ 

cal. 

3.65 

3.22 

3.08 

3.10 

3.22 

3.64 

3.76 

3.72 

3.65 

3.44 

3.17 

2.86 

2.66 

2.56 

err; 

6.6 

4.2 

2.7 

1.0 

2.4 

1.6 

1.1 

0.8 

0.5 

1.2 

0.9 

1.4 

0.0 

3.6 

eval. 

3.18 

2.45 

2.10 

1.95 

1.92 

2.12 

2.20 

2.16 

2.09 

1.85 

1.70 

1.44 

1.22 

1.07 

n,n 

cal. 

3.41 

2.61 

2.13 

1.94 

1.91 

2.14 

2.27 

2.25 

2.17 

1.93 

1.67 

1.39 

1.23 

1.14 

err. . 

7.1 

7.0 

1.5 

0.5 

0.5 

0.9 

3.2 

4.2 

3.8 

4.3 

1.8 

3.5 

0.8 

7.5 

eval. 

0.248 

0.64 

0.90 

1.18 

1.38 

1.58 

1.60 

1.59 

1.58 

1.55 

1.50 

1.46 

1.44 

1.40 

non 

cal. 

0.234 

0.61 

0.94 

1.16 

1.30 

1.50 

1.49 

1.47 

1.47 

1.51 

1.50 

1.46 

1.44 

1.40 

err. 

6.0 

5.0 

4.4 

2.0 

6.0 

5.0 

6.2 

7.5 

7.0 

2.6 

0.0 

0.0 

0.0 

0.0 

err. = [|cal. - eval.l / eval.] x 100 

2 RECOMMENDED NEUTRON CROSS SECTIONS 

2.1 Total Cross Sections 
Below 99.5 keV, the resonance parameter of 63Cu and 65Cu were given. 

They were taken directly from Hetrick, Fu, Larson181. 
Below 1 MeV, there are considerable structure in the experimental data. So 

in this energy regions, the better resolution experimental data were recom
mended respectively. From 35 to 100 keV, the data of Gargt95 were used; from 
100 keV to 1 MeV, the data of Whalen[,0] were used. In this energy range, the 
new data of Poenitz1"1, which are averaged cross section over 50 keV energy 
range and have higher precision (about 2.5%), are in good agreement with these 
data.[9-10]. 
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Above 1 MeV, the data become smooth. The normal polynomial fitting re
sult of 13 groups'10~22] was used, including the data of Poenitz1111 above 1 MeV 
and the new measured average cross section of Guenther[,2] over 20Ô keV inter
vals. 

The data of Morales12?1 measured in 1987, due to no detail information 
and seriously disagreement with others117, M' 2l\ were abandoned. 

The present evaluated total cross sections are in agreement with that of 
CENDL-1 and JENDL-3ll03]; and are also in agreement with ENDF / B-6[8], 
except somewhat higher in the energy region 0.2~2.0 MeV, as illustracted Fig. 
1. 
2.2 Elastic Scattering Cross Sections 

The recommended elastic scattering cross sections were obtained by sub
tracting the non-elastic cross sections from the evaluated total cross sections. 
The calculated cross section was compared with the available experimental 
data. In the energy region between 0.2~ 14 MeV, the cross section is in agree
ment very well with the available measurements &5~29\ Between 4 ~ 8 MeV, the 
calculated curve was slighly higher than the measured data of Holmqvist[30]. 
2.3 Non-elastic Scattering Cross Sections 

There are more experimental results from threshold to 20 MeV. The new 
data131,323 near 14 MeV, measured with spherical shell and anti-spherical meth
od with higher precision ( about 2.0% ), are in very good agreement with the 
others135,38,40,42J. The normal polynomial fitting of the experimental data 

[3l~421 was used as recommended data. 
The evaluated data are in good agreement with E N D F / B - 6 and 

JENDL-3, except ENDF / B-6 is higher above 15 MeV, as illustrated in Fig.2. 
Meanwhile ENDF/B-5 [ 2 4 ] is about 6% higher than the others from 5 to 12 
MeV. 
2.4 Inelastic Scattering Cross Sections 
(1) Discrete Inelastic Scattering Cross Sections 

The discrete inelastic scattering cross sections include 7 leves of 63Cu and 5 
leves of 65Cu. The excitation energy and spin parity of the levels are listed in 
Table 3, taken from Refs. [5,6]. 
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Table 3 (1) Energy levels of 63Cu 

Level Energy Spin Level Energy Spin 

(MeV) Parity (MeV) Parity 

1 0.0 1.5" 5 1.4120 2.5" 

2 0.6697 0.5" 6 1.5470 1.5" 

3 0.9621 2.5" 7 1.8610 3.5" 

4 1.3270 3.5" 8 2.0110 1.5" 

Table 3(2) Energy levels of ^Cu 

Level Energy Spin Level 

( MeV ) Parity 

1 0.0 1.5" 4 

2 0.771 0.5" 5 

3 1.116 2.5" 6 

There are more experimental data for lower 4 levels ( 0.6697,0.7710,0.9621 
and 1.1160 ) and they are in agreement with the calculated results. 

The calculated results were taken as the recommended discret level inelastic 
scattering cross sections. In order to keep up the total inelastic scattering cross 
section, the discrete inelastic scattering cross sections were somewhat adjusting 
in the energy region below the threshold of the continuum inelastic scattering 
cross sections. 

The recommended discrete inelastic cross sections were in agreement with 
measured data [43~47], ENDF / B-6 andJENDL-3, as illustrated in Fig. 7. 

The recommended total inelastic cross section was obtained by subtracting 
sum of the cross sections of the other reactions from the evaluated non-elastic 
cross section, and are in very good agreement with ENDF / B-5, E N D F / B-6 
and JENDL-3. The comparasion between the evaluations and measured data 

[12,45,48.49] i s s h o w n i n F i g 4 

(2) Continuum Inelastic Scattering Cross Section 
Continuum inelastic scattering cross section was obtained by subtracting 

the sum of the discrete inelastic scattering cross sections from the total inelastic 
scattering cross section. 

2.5 (n,2n) Cross Sections 
From threshold to 13.5 MeV, the only experimental data of 

Frehautt50] was used. From 13.5 to 20 MeV, the (n,2n) cross section was taken 
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( MeV ) Parity 

1.482 3.5" 

1.623 2.5" 

1.725 1.5" 



from the evaluation1511 of (n,2n) cross sections for isotopes. 
Both 63Cu (n,2n) and 65Cu (n,2n) cross sections have been used as stand

ards, therefore many sets • of experimental data are available. The 
evaluation1513 was based on measurementsI52~603 for 63Cu, and measurements 

[52,56,62-67] for 6 5 C u T h e n e w e f e x p e r i m e n t a l d a t a o f 63^61] a n ( j 65Cu 

[68~7i] |g m v e r y g00(j agreement with the evaluation1511. 
The recommented (n,2n) cross sections are in agreement with 

ENDF/B-5 , ENDF/B-6 and JENDL-3. Between 12 MeV and 13.5 MeV 
the three evaluations are somewhat higher than the experimental 
data[50]. Above 17 MeV the data of JENDL-3 appear somewhat lower than the 
others and the data of Zhou1513, as illustrated in Fig 5. 
2.6 (n,3n) Cross Section 

The (n,3n) cross section was taken from the model calculation due to lack 
of experimental data. 
2.7 Capture Cross Section 

From 35 keV to 1 MeV, the normal polynomial fitting of the data of 
Stavisskij[72], Diven1731 and Voignier[74]was taken. Between 1 to 3 MeV, the data 
of Voignier*743 was used. From 3 to 20 MeV the linear interpolation and the 
extrapolation were made in log- log scales, through the measured data1751 near 
14MeV. 

The evaluatedcrosssections are in very good agreement with E N D F / B - 6 
and JENDL-3, except the above 3 MeV, as illustrated in Fig.3. 
2.8 (n,p) and (n,n'p) Cross Sections 
(1) (n,p) cross sections 

One set of experimental data1763 for 63Cu and 65Cu near 14 MeV was 
abandoned, because the data for 65Cu is about 50% higher than the 
others l68'77'78]. 

The calculated (n,p) cross section for 65Cu are in agreement with available 
experimental data[68,77~793. 

The evaluated (n,p) cross section was teken from the calculation, and are in 
agreement with which obtained by subtracting the evaluated (n,d) cross section 
from the data of Collit80] at 14.1 MeV. 
(2) (n,n'p) cross sections 

The recommented (n,n'p) cross section was taken from model calculation, 
and normalized to a new measured data[823 which is almost the average value of 
the two sets of discrepance data180,811 at 14.1 MeV. 
2.9 (n,a) and (n,n'a) Cross Sections 
(1) (n,a) cross sections 

The cross sections for the natural element were obtained from evaluated 
—148— 



cross sections for the isotopes. 
The (n,a) cross section for 63Cu was taken from the data of Winkler1831 be

low 8 MeV, above that the exciting curve of Paulsen1841 was normalized to the 
weighted average value of the data[85~881. 

The (n,a) cross section for 65Cu was taken from the model calculation. 
(2) fon'a) cross sections 

There are only a few experimental results for 65Cu. The model calculation 
are in agreement with the experimental data189,901, and are somewhat higher 
than that of Santryt79J. The (n^'a) cross section were obtained from the model 
calculation. 
2.10 (n, 3He)and(n,n' 3He) Cross Sections 

There are no experimental data for these reactions, and the calculated re
sults are very small. Therefore, these processes was ignored. 
2.11 (n,t) and (n,n't) Cross Sections 

The (n,t) cross section was taken from the calculation, due to lack of exper
imental data. 

The (n,n't) cross sections was ignored, due to lack of experimental data and 
very small calculated values. 
2.12 (n,d) and (n,n'd) Cross Sections 

There are only one set of experimental datat911 at 14.8 MeV. It is in agree
ment with the calculation result. Therefore, the calculation results were used. 

The (n,n'd) cross section was directly taken from the calculation results, 
due to lack of experimental data. 

3 ANGULAR DISTRIBUTION OF SECONDARY NEUTRON 

The angular distributions of secondary neutrons, from elastic scattering 
and inelastic scattering to discrete levels, were given by Legendré coefficients in 
the center-of-mass system. The angular distributions of secondary neutrons 
for (n,n' continuum), (n,2n), (n,3n), (n,n'p) (n^'d) and (n,n'cc) process were as
sumed isotropic. 

The experimental data of elastic scattering angular distributions scattered 
in the energy range from 0.05 tol6 MeV. For adjusting optical potential 
parameters, the following data were used: from 0.05 to 1.5 MeV, Lane1921 and 
Smith126] ; from 1.7 to 10 MeV, Tsukada[ 93] Holmqvist[ 30], Galloway1 M1, 
Bûcher1951, Galloway1961,Gorlov1"1, Anikin198'99] and Guenther1121; from 11 to 
16.1 MeV, Bucher[95] Coon[27], Anderson11001, Begum[101] and Li Jingde[102]. 

The angular distributions of elastic scattering neutrons were taken from 
the calculation. They are in agreement with the experimental data, as illustrated 
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in Fig. 6. 

4 T H E E N E R G Y DISTRIBUTION O F S E C O N D A R Y N E U 
T R O N 

The energy distributions of secondary neutrons from (n,n' continuum), 
(n,2n), (n,3n) (n,n'p) (n,n'd) and (n,n'a) process were taken from the calcula
tions. 

5 S U M M A R Y 

The recommended total, non-elastic, (n,y) and (n,2n) cross sections were 
completely based on the experimental data. The evaluated total inelastic cross 
section and charged particle emition cross section are in agreement with the 
available experimental data. 

The present evaluation is considerably different from that of CENDL-1, 
due to new experimental data and improved MUP-2 code, as the following: 

(1) Nonelastic scattering cross sections of the present evaluation is about 
14% higher than CENDL-1 between 0.85 to 2 MeV due to use of new experi
mental data. 
(2) Below 13.5 MeV, the present (n,2n) cross sections become about 25% less 
than that of CENDL-1 due to use of Frehaut's data. 
(3) The present evaluated particle emition cross sections are comparable with 
experimental data, and considerably different from CENDL—1, due to using 
improved MUP-2 code. 

The present evaluated cross section are essentially in agreement with 
ENDF / B-6 and JENDL-3, but there are following differences : 

(1) The present total cross sections are slightly higher than ENDF / B-5 and 
ENDF / B-6 in the energy region from 0.2 to 2 MeV. 
(2) The evaluated non-elastic cross section of ENDF / B-5 from 3 to 12 MeV 
and that of ENDF / B-6 above 17 MeV are somewhat higher. 
(3) The recommended (n,2n) cross sections of ENDF / B-6 are somewhat 
lower above 17 MeV. 
(4) The evaluated (n,y) cross section of ENDF / B-6 appears somewhat high
er, and that of JENDL-3 appears lower above 3 MeV. 

In order to improve the present evaluation, new measured data are needed, 
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these data include : 
(1) measurements of the charged particle emition cross sections for natural el
ement. 

(2) measurements of precise differential elastic scattering from 4 to 8 MeV. 
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