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a b s t r a c t

Copper is an important structural material in various nuclear energy applications, therefore the correct
knowledge of copper cross sections is crucial. The presented paper deals with a validation of different
copper transport libraries by means of activation of selected samples. An intense 252Cf(sf) source with a
reference neutron spectrum was used as a neutron source. After irradiation, the samples were measured
using a high purity germanium detector and the dosimeter reaction rates were inferred. These experi-
mental data were compared with MCNP6 calculations using CENDL-3.1, JENDL-4.0, ENDF/B-VII.1, ENDF/B-
VIII.0, JEFF-3.2 and JEFF-3.3 evaluated Cu transport libraries. The experiment specifically focuses on
58Ni(n,p)58Co, 93Nb(n,2n)92mNb, 197Au(n,g)198Au and 55Mn(n,g)56Mn dosimetry reactions. Evaluated
activation cross sections of these dosimetric reactions were taken from the IRDFF-II library. The best
library performance depends on the energy region of interest.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

One of the commonly used structural materials is copper. The
correct evaluation of copper cross sections is complicated by the
fact that natural copper is composed of two isotopes 63Cu (69.15%)
and 65Cu (30.85%), both with high abundance. Copper is used not
only in fusion facilities divertors, magnets, microwave waveguides
and mirrors [1] but it is also an important structural component in
spent fuel storage casks [2,3]. Thus good knowledge of copper cross
section and decreasing of uncertainty in its description are
important for better design of components mentioned above. The
goal of the presented paper is to test various copper cross sections
using the isotopic 252Cf source. The 252Cf source was chosen since it
is a very well known reference neutron spectrum [4,5]. Therefore
results using this source are loaded with lower uncertainties than
validation efforts using other neutron sources [6].
2. Description of the experimental setup and evaluations

The isotopic 252Cf source had an average total emission of 2.67E8
n/s during irradiation of niobium and nickel foils, and emission of
2.38E8 n/s during the irradiation of manganese and gold foils. The
).

by Elsevier Korea LLC. This is an
emission was calculated from the data in the Certificate of Cali-
bration obtained from National Physical Laboratory, United
Kingdom. The source was placed in the centre of the copper block.
The block was composed of smaller copper plates, see Fig. 1. The
assembled copper block has dimensions: 48 cm length, 49.5 cm
width, and 49.5 cm height. Irradiation of the samples took almost
39 days uninterrupted. The entire copper block in the laboratory is
displayed in Fig. 2, left. The activation foils were attached to the thin
aluminium foil, see Fig. 2, right and placed into the copper block at
the distance of 16 cm from the 252Cf neutron source centre.

After the end of the irradiation, all irradiated samples were
measured on the upper cap of the high purity germanium (HPGe)
detector (ORTEC GM35P4) one by one. The detector efficiency was
calculated using a computational MCNP6 model, see Ref. [7]. The
experimental reaction rate q was derived from the peak of interest
Net Peak Area using formula

q¼CðTmÞlTm
hεNKTl

1
e�lDT

1
1� e�lTm

1
1� e�lTirr

; (1)

where: q is the experimental reaction rate per atom per second, N is
the number of target isotope nuclei, h is the detector efficiency, ε is
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Fig. 1. Cross section of copper block. The activation foils were placed into the square gap 16 cm from the centre. All dimensions are in centimetres.

Fig. 2. Left: Copper block was used for the experiment. Right: activation foils holder made of aluminium.
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the gamma branching ratio, l is the decay constant, k characterizes
the abundance of the isotope of interest in the target and its purity,
DT is the time between the end of irradiation and the start of HPGe
measurement, C(Tm) is the measured number of counts per second,
Tm is the real time of measurement by HPGe, Tl is the live time of
measurement by HPGe (it is time of measurement corrected to the
Table 1
Parameters of the investigated neutron-induced threshold reactions.

Reaction Half-life

197Au(n,g)198Au 2.6941 days
58Ni(n,p)58Co 70.86 days
93Nb(n,2n)92mNb 10.15 days
55Mn(n,g)56Mn 2.5789 h
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dead time of the detector) and Tirr is the time of irradiation. The
parameters of irradiation and used constants are summarized in
the following tables. Table 1 shows the activation products half-
lifes, evaluated gamma energy lines, and gamma emission proba-
bilities for all studied reactions. Table 2 summarizes the cooling
times and HPGe measurement times for all activation products.
Gamma Energy [MeV] Gamma emission probability

0.411802 95.62%
0.81076 99.45%
0.93444 99.15%
0.8467638 98.85%



Table 2
Parameters of irradiation and following HPGe measurement.

Reaction Irradiation time Cooling time Measurement time

197Au(n,g)198Au 7.50 days 49.99 h 1266 s
55Mn(n,g)56Mn 7.50 days 0.34 h 4.40 h
58Ni(n,p)58Co 38.93 days 310.67 h 2.18 h
93Nb(n,2n)92mNb 38.93 days 5.87 h 208.25 h
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Irradiation time was the same in all cases.
Fig. 3 shows the cross sections of the investigated dosimetric

reactions in IRDFF-II library. These reactions are sensitive in the
broad range of neutron energies, namely, 58Ni(n,p)58Co,
93Nb(n,2n)92mNb, 197Au(n,g)198Au and 55Mn(n,g)56Mn. The niobium
in the high energy region, nickel in the medium energy region and
manganese and gold are sensitive in the region under 1 MeV. All
reactions except 55Mn(n,g)56Mn reaction were validated in the
252Cf neutron spectrum, see Refs. [8,9], and [10]. Fig. 4 compares the
neutron spectra in the place of activation foils with the bare 252Cf
Fig. 3. Overview of studied reactions cross sections.

Fig. 4. Comparison of neutron spectra in the place of activation foils. The bare 252Cf spec

3153
spectrum. Bare 252Cf spectrum was multiplied by a constant to
show the similarity of spectra above 3.0 MeV.

The relevant uncertainties that have been investigated were:
uncertainties on the experimental positions of the samples, copper
block density, emission of the source, the net peak area un-
certainties measured by the HPGe detector, the detector efficiency
uncertainty, density of the Pd matrix, position of the source, in-
fluence of 250Cf, for details see Ref. [11]. Calculations were per-
formed by means of the MCNP6 transport code [12] using various
neutron transport libraries, i.e., ENDF/B-VIII.0 [13], ENDF/B-VII.1
[14], JEFF-3.3 [15], JEFF-3.2 [16], JENDL-4.0 [17] and CENDL-3.1
[18]. The cross sections of the activation reactions under study
were taken from IRDFF-II [4] library. The 252Cf(sf) reference neutron
spectrum based on Mannhart evaluation [5] was taken from the
IRDFF-II webpage (https://www-nds.iaea.org/IRDFF/IRDFF-II_sp_
ENDF.zip). The calculation model was compiled from all available
data (dimensions, densities, materials …). The activation foils were
placed into MCNP6 model and were included in computational
MCNP6 model.
Cross sections were taken from IRDFF-II library.

trum was multiplied by a constant to show the similarity of spectra above 3.0 MeV.

https://www-nds.iaea.org/IRDFF/IRDFF-II_sp_ENDF.zip
https://www-nds.iaea.org/IRDFF/IRDFF-II_sp_ENDF.zip


Table 3
Calculation and C/E-1 comparison for58Ni(n,p)58Co reaction.

58Ni(n,p)58Co q[s�1 atom�1 neutron�1] C/E-1 Uncertainty

EXPERIMENT 3.89E-30 4.1%
ENDF/B-VII.1 4.87E-30 25.33% 2.2%
ENDF/B-VIII.0 4.07E-30 4.09% 2.2%
JEFF-3.3 5.45E-30 39.96% 2.2%
JEFF-3.2 4.81E-30 24.03% 2.2%
JENDL-4.0 4.57E-30 17.45% 2.2%
CENDL-3.1 4.67E-30 20.16% 2.2%

Table 4
Calculation and C/E-1 comparison for93Nb(n,2n)92mNb reaction.

93Nb(n,2n)92mNb q[s�1 atom�1 neutron�1] C/E-1 Uncertainty

EXPERIMENT 3.14E-32 4.7%
ENDF/B-VII.1 3.06E-32 �2.59% 2.5%
ENDF/B-VIII.0 2.71E-32 �13.69% 2.5%
JEFF-3.3 3.88E-32 23.41% 2.5%
JEFF-3.2 3.05E-32 �3.05% 2.5%
JENDL-4.0 3.19E-32 1.61% 2.5%
CENDL-3.1 2.95E-32 �6.27% 2.5%

Table 5
Calculation and C/E-1 comparison for197Au(n,g)198Au reaction.

197Au(n,g)198Au q[s�1 atom�1 neutron�1] C/E-1 Uncertainty

EXPERIMENT 4.00E-28 3.9%
ENDF/B-VII.1 3.76E-28 �6.18% 2.1%
ENDF/B-VIII.0 3.69E-28 �7.81% 2.1%
JEFF-3.3 3.73E-28 �6.79% 2.1%
JEFF-3.2 3.80E-28 �5.22% 2.1%
JENDL-4.0 3.72E-28 �7.08% 2.1%
CENDL-3.1 3.58E-28 �10.59% 2.1%

Table 6
Calculation and C/E-1 comparison for55Mn(n,g)56Mn reaction.

55Mn(n,g)56Mn q[s�1 atom�1 neutron�1] C/E-1 Uncertainty

EXPERIMENT 1.94E-29 4.5%
ENDF/B-VII.1 1.91E-29 �1.36% 2.2%
ENDF/B-VIII.0 1.85E-29 �4.84% 2.2%
JEFF-3.3 1.89E-29 �2.71% 2.2%
JEFF-3.2 1.86E-29 �4.01% 2.2%
JENDL-4.0 1.88E-29 �2.83% 2.2%
CENDL-3.1 1.81E-29 �6.43% 2.2%

Fig. 5. 63Cu(n,el) reaction cross s
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3. Results

Table 3 shows the results and comparisons for the 58Ni(n,p)58Co
reaction. The agreement within uncertainties is achieved only in
ENDF/B-VIII.0 library. Other libraries differ by approximately 20%
except JEFF-3.3 which differs by almost 40%. Table 4 displays results
for 93Nb(n,2n)92mNb reaction. In this case, the agreement within
uncertainties is achieved with ENDF/B-VII.1, JEFF-3.2, and JENDL-
4.0 libraries. JEFF-3.3 differs by 23.41% and ENDF/B-VIII.0
by �13.69%. Concerning the 197Au(n,g)198Au reaction, the results
are shown in Table 5. No library gives agreement within uncer-
tainty. The best result is achieved using JEFF-3.2 library
(difference�5.22%) and the worst with CENDL-3.1 library (�10.59%
difference). Table 6 deals with 55Mn(n,g)56Mn reaction, agreement
within uncertainties is achieved with all libraries except CENDL-3.1
and ENDF/B-VIII.0 library.

Big reaction rates differences among libraries are caused by big
differences in elastic and inelastic cross sections for both 63Cu and
65Cu isotopes in the region above 1 MeV. 65Cu(n,el) reaction has
identical evaluation in JEFF-3.3 and JEFF-3.2 libraries. However, for
inelastic reactions, JEFF-3.3 cross sections are substantially lowered
in comparison to JEFF-3.2 for energies higher than 3MeV. However,
the C/E ratio is the worst in JEFF-3.3 for threshold reactions.

Following figures show comparisons of elastic and inelastic
cross sections. Fig. 5 and Fig. 6 show 63Cu(n,el) and 65Cu(n,el) cross
sections in various libraries, respectively. Fig. 7 and Fig. 8 display
63Cu(n,inl) and 65Cu(n,inl) cross sections in various libraries,
respectively.

Fig. 9 and Fig. 10 show energy regions sensitivity to reactions
under study in the copper block cavity.

The comparison of reaction rates allows to judge about the
quality of the evaluated transport library for copper isotopes.
Another crucial performance test is a criticality calculation
involving copper reflector. Table 7 compares criticality calculations
with ZEUS-1 benchmark experiment, case 1 (HEU-072-MET-FAST).
The computational model was taken from ICSBEP database and
only copper cross section were changed. Basic transport library
employed in benchmark was ENDF/B-VI [19]. Only agreement with
experiment was achieved using ENDF/B-VIII.0 library. This fact is
supported by Ref. [20], where the copper sensitive benchmarks
were selected and ENDF/B-VIII.0 library shows substantial
ection in different libraries.



Fig. 6. 65Cu(n,el) reaction cross section in different libraries.

Fig. 7. 63Cu(n,inl) reaction cross section in different libraries.

Fig. 8. 65Cu(n,inl) reaction cross section in different libraries.
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Fig. 9. 65Cu(n,inl) reaction cross section in different libraries.

Fig. 10. 65Cu(n,inl) reaction cross section in different libraries.

Table 7
Calculation of criticality for various copper cross sections.

keff Uncertainty

ZEUS Case 1 1.00000 0.00240
ENDF/B-VII.1 1.00708 0.00019
ENDF/B-VIII.0 0.99812 0.00019
JEFF-3.3 1.01145 0.00019
JEFF-3.2 1.00681 0.00019
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improvement against ENDF/B-VII.1. Other libraries were not
considered there. Furthermore, the neutron spectrawere calculated
at the place of the copper reflector adjacent to the reactor zone. The
place was selected since we expected the most influence of copper
there. There are significant differences among criticality pre-
dictions in various libraries, namely in the neutron flux in the
reflector, as can be seen from Fig. 11.

The higher neutron flux in the reflector the higher is the
contribution of the reflector to the total neutron flux in the reactor.
Fig. 11. Comparison of calculated neutron spectra in various libraries. It displays flux
normalized to the one fission neutron.

3156
This better slowing down properties seems to manifest itself in
higher capture reaction rate in the gold. It is reflected by the fact
that ENDF/B-VII.1 library gives higher capture reaction rate and
thus higher criticality than ENDF/B-VIII.0 library.

4. Conclusions

The performed experiment reveals necessity of further
improvement of copper cross sections. The experiment measured
five neutron dosimeter foils 58Ni(n,p)58Co, 93Nb(n,2n)92mNb,
197Au(n,g)198Au and 55Mn(n,g)56Mn reactions that allow to judge
the quality of the evaluated copper transport data. In the resonance
and thermal region, the agreement is reasonable for all libraries
except CENDL-3.1. In the fast energy region, the differences among
libraries are higher and depend on the energy region. The worst
agreement is achievedwith JEFF-3.3 library. Furthermore, criticality
calculations are in the best agreement when using ENDF/B-VIII.0
library against JEFF libraries.
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