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Abstract: The flux-averaged cross-sections (o(Eymax)) for the reactions 65Cu(7,n)64Cu, 63Cu(y,n)(’ZCu,
63Cu(y,2n)61Cu , and f’3Cu(y,3n)60Cu have been measured within the bremsstrahlung end-point energy Eymax

range of 35-94 MeV. The experiments were performed with the electron beam from the NSC KIPT linear accelerat-

or LUE-40 with the use of the activation and off-line y-ray spectrometric techniques. Theoretical calculation of the

flux-average cross-sections (0(Eymax))m Was conducted using the cross-section o(E) values from the TALYS1.95

code, run with default options. It is shown that the

experimental average cross-sections for the reactions

65 Cu(y,n)64Cu, 63Cu(y,n)ﬁzCu, and Cu(y, 2n)61Cu are systematically higher than the theoretical estimates based
on the TALYS1.95 code. The obtained {(0"(Eymax))values supplement the data of different laboratories for the (y,n)
and (y,2n) reactions of ©3Cu and 9 Cu. For the reaction ®3Cu(y,3rn)®°Cu, the values of (0(Eymax)) were measured

for the first time.
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I. INTRODUCTION

Most of the data on cross-sections for photonuclear
reactions are important for many fields of science and
technology, as well as for various data files (EXFOR,
RIPL, ENDF, etc.), which were obtained in experiments
using quasi-monoenergetic annihilation photons within
the energy range of the giant dipole resonance (GDR). As
a rule, such experiments were conducted with the direct
detection of neutrons from the output channel of the reac-
tion. However, when measuring the neutron yield, it be-
comes difficult to separate neutrons registered from vari-
ous reactions, such as (y,n), (y,pn), (y,2n), (y,p2n), and
(y,3n). This can lead to inaccuracies in both the values of
the GDR cross-sections in the high-energy region and
cross-sections with a higher reaction threshold.

In Ref. [1], attention was drawn to the discrepancy
between the data on the partial cross-sections for the
(y,n), (y,2n), and (y,3n) reactions of '3 Ta from different
laboratories [2, 3]. It is also shown that the sum of the
cross-sections for the (y,n), (y,2n), and (y,3n) reactions
obtained in different laboratories agree satisfactorily.
Varlamov's works [4—6] noted systematic discrepancies
between the cross-sections of partial photoneutron reac-

tions (y,n), (y,2n), and (y,3n) and concluded that the ex-
perimental data for many nuclei are not sufficiently reli-
able owing to large systematic errors associated with the
multiplicity method used to separate neutrons. Based on
experimental data and postulates of a combined model in
Refs. [7, 8], an experimentally-theoretical method was
proposed for evaluating the values of reaction cross-sec-
tions, and corrections were made between the partial pho-
toneutron reactions on several nuclei, for example, see
Refs. [5, 9].

An experimental study of photonuclear reactions on
stable isotopes of copper was conducted in some works
[10—17] and the values of the cross-sections for the reac-
tions (y,n) and (y,2n) were obtained. The discrepancy
between data of different laboratories was observed both
in the shape of the energy dependence of the cross-sec-
tions (the width of the distribution and the position of the
maximum), and in the absolute value of the cross-section
maxima. It was shown in Ref. [18] that Fultz's data [10]
are systematically lower than Varlamov's data [4], and
that it is necessary to introduce a multiplying factor of
1.17 to the Ref. [10] data on the (y,n) reactions for the
93Cu and %Cu nuclei. In the review paper [19] the cross-
section maxima [4, 5] for reactions %Cu(y,n)®?Cuand
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%5 Cu(y,n)**Cu are given as 79.79 and 86.38 mb, respect-
ively, which differ significantly from the results of Ref.
[10]. An analysis of the experimental cross-sections on
copper isotopes for the (y,2n) reaction from Ref. [10],
conducted in Ref. [5] using the experimentally-theoretic-
al procedure [7, 8], showed the need for a significant cor-
rection of these data. The authors of [7, 8] believe correc-
tions should be introduced, not only in the case of the Cu
nuclei, but also for all photonuclear cross-sections ob-
tained by the method of direct neutron detection.

Thus, we can conclude that there is a spread in the
values of photonuclear cross-sections for Cu isotopes in
the GDR region obtained in different laboratories. Con-
sidering that data on photonuclear reactions on copper
isotopes are sometimes used to monitor the flux of
bremsstrahlung quanta, for example, reaction %*Cu(y,n)
92Cu in Ref. [14] and %Cu(y,n)%*Cu in Ref. [20], it is ne-
cessary to introduce more certainty into the experimental
values of the cross-sections using other methods.

In this work, using the y-activation and off-line y-ray
spectrometric techniques, we study photonuclear reac-
tions ®Cu(y,n)**Cu, Cu(y,n)*2Cu, *Cu(y,2rn)°' Cu, and
93Cu(y,3n)°°Cu in the bremsstrahlung end-point energy
range E,ma = 35-94 MeV. The experimental results on
the average cross-sections (0"(E,max))0f reactions will en-
able the data of different laboratories to be supplemented
for the case of the reactions (y,n) and (y,2n). The cross-
sections for the reaction ®3Cu(y,3rn)®*Cu have not been
measured before. The analysis of the experimental
(0(Eymax)) 1s conducted using the cross-sections o(E)
from the TALYS1.95 code [21] and the data available in
the literature.

II. FLUX-AVERAGE CROSS-SECTIONS
DETERMINATION

A. Experimental setup and procedure

An experimental study of copper photodisintegration
cross-sections has been conducted through measure-
ments of the residual y-activity of the irradiated sample,
which enabled one to simultaneously obtain the data from
different channels of photonuclear reactions. This well
known technique has been described in a variety of pa-
pers concerned with the investigation of multiparticle
photonuclear reactions, e.g., on the nuclei ?’Al [22, 23],
93Nb [24-28] and '8'Ta [1, 29].

The schematic block diagram of the experimental
setup is presented in Fig. 1. The y-ray bremsstrahlung
beam was generated by means of the NSC KIPT electron
linac LUE-40 RDC “Accelerator” [30, 31]. Electrons of
the initial energy E, were incident on the target-convert-
er made from a 1.05 mm thick natural tantalum plate,
measuring 20 by 20 mm in size. To remove electrons
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Fig. 1.
experimental setup. The upper part shows the measuring

(color online) The schematic block diagram of the

room, where the exposed target (red color) and the target-
monitor (blue color) are extracted from the capsule and are ar-
ranged by turn before the HPGe detector for induced y-activ-
ity measurements. The lower part shows the accelerator LUE-
40, Ta-converter, Al-absorber, and exposure reaction cham-
ber.

from the bremsstrahlung flux, a cylindrical aluminum ab-
sorber was used, which measured 100 mm in diameter
and 150 mm in length. The 8 mm diameter targets were
placed in the aluminum capsule and arranged behind the
Al-absorber on the electron beam axis. The pneumatic
tube transfer system was used to transport the targets to
the irradiation area and back, to induce activity registra-
tion. After the irradiated targets were delivered to the
measuring room, the samples were extracted from the
aluminum capsule and individually transferred to the de-
tector for measurement.

The induced y-activity of the irradiated targets was re-
gistered by the semiconductor HPGe detector Canberra
GC-2018 with resolutions of 0.8 and 1.8 keV (FWHM)
for the y-quanta energies E, =122 and 1332 keV, re-
spectively. Its efficiency was 20% relative to the Nal(Tl)
detector, measuring 3 inches in diameter and 3 inches in
thickness. The absolute registration efficiency of the HP-
Ge detector was calibrated with a standard set of gamma-
ray radiation sources: 2?Na, ®Co, '3Ba, '¥’Cs, 1>?Eu,
and ' Am.

The bremsstrahlung spectra of electrons were calcu-
lated using the GEANT4.9.2 code [32], with due regard
for the actual geometry of the experiment, by consider-
ing the spatial and energy distributions of the electron
beam. The program code GEANT4.9.2, PhysList
G4LowEnergy, allows consideration of all physical pro-
cesses during the calculation process for an amorphous
target. Similarly, GEANT4.9.2PhysList QGSP-BIC-HP,
allows for calculation of the neutron yield, due to photo-
nuclear reactions from targets of different thicknesses and
atomic charges. In addition, the bremsstrahlung gamma
fluxes were monitored through the yield of the
100Mo(y,n)*Mo reaction. For this purpose, the natural
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molybdenum target-witness was placed close to the study
target, simultaneously exposing it to radiation.

The "Cu and ™Mo targets were used in the experi-
ment. The isotopic composition of copper is a mixture of
two stable isotopes: ®*Cu (isotopic abundance 69.17%)
and %Cu (isotopic abundance 30.83%). We used the per-
centage value of isotope abundance equal to 9.63% in our
calculations for'®Mo(see Ref. [32]). The admixture of
other elements in the targets did not exceed 0.1% by
weight.

In the experiment, Cu and Mo samples were exposed
to radiation at end-point bremsstrahlung energies Eymax
ranging from 35 to 94 MeV, with an energy step of ~5
MeV. The masses of the Cu and Mo targets were 22 and
60 mg, respectively. The time of irradiation #,; was 30
min for each energy Eymax value; the time of residual y-
activity spectrum measurement fpe,s ranged from 30 min
to 17-60 h.

The yield and bremsstrahlung flux-averaged cross-
sections  (0(Eyma))  of  the  %Mo(y,n)*Mo,
SCu(y,n)®*Cu, SCu(y,n)%Cu, %Cu(y,2n)*'Cu, and
93Cu(y,3n)*°Cu reactions were obtained. Table 1 lists the
nuclear spectroscopic data of the radionuclide's reactions
according to data from Ref. [33], where Ey, denotes reac-
tion thresholds, T/, is the half-life period of the nuclei-
products, E, are the energies of the y-lines under study,
and their intensities are denoted by 1,.

Measuring the yield of photoneutron reactions on
copper isotopes immediately after irradiation is hampered
by the high intensity of the 511 keV y-line to positron an-
nihilation. This can lead to random coincidences in the
detection system, which can distort the result of target
activity measurements. Thus, the presence of the positron
line reduces the ease of measuring, which is considered a
disadvantage of using the Cu nuclei as a monitor target.

Therefore, it is necessary to either significantly in-
crease the distance between the detector and the irradi-
ated target (up to 400 mm) or wait several hours for the
intensity of short-lived residual radiation lines to weaken.

We adopted both measurement variants.

To process the spectra and estimate the number of
counts of y-quanta in the full absorption peak AA, we
used the InterSpec v.1.0.9 program [35]. Figure 2 shows
the typical gamma-spectrum from reaction products of
the copper target in the £, range from 800 to 1500 keV.

The bremsstrahlung gamma-flux monitoring against
the '“Mo(y,n)*Mo reaction yield was performed by
comparing the experimentally obtained average cross-
section values with computational data. To determine the
experimental (0(Eymax)) values, we used the AA activity
value for the E, = 739.50 keV yp-line, and the absolute in-
tensity I, = 12.13% (see Table 1). The theoretical values
of the average cross-section (o(Eymax))m Were calculated
using the cross-sections o(E) from the TALYS1.95 code,
run with default options. The normalization (monitoring)
factor kmonitor, derived from the ratios of (o(E,max))m to
(0(Eymax)), Tepresent the deviation of the GEANT4.9.2-
computed bremsstrahlung y-flux from the actual flux fall-
ing on the target. The determined Amonitor Values were
used for normalizing cross-sections for other photonuc-
lear reactions. The monitoring procedure has been de-
tailed in Refs. [24, 25].

The Ta-converter and Al-absorber used in the experi-
ment, generate neutrons that can cause the
10Mo(n,2n)**Mo reaction. Calculations were made of the
neutron energy spectrum, as well as the fraction of neut-
rons with energies above the threshold of this reaction,
similar to Ref. [36]. The contribution of the
10Mo(n,2n)*Mo reaction to the value of the induced
activity of the Mo nucleus has been estimated and
shown to be negligible compared to the contribution of
the 'Mo(y,n)*Mo reaction. The contribution of the re-
action '®Mo(y, p)*’Nb, **Nb Z,9Mo is also negligible.

B. Experimental accuracy of flux-average cross-
sections (0(Eymax))

The uncertainty in measurements of experimental val-

Table 1. Nuclear spectroscopic data of the radio-nuclides reactions from Ref. [33].
Nuclear reaction En/MeV T2 Ey/keV L, (%)
%5 Cu(y,n)*Cu 9.91 12.700 + 0.002 h 1345.84 0.473 £0.010
83Cu(y, n)®*Cu 10.86 9.74 % 0.02 min 1729 034
875.68 0.150 + 0.007
1185.23 3.75+0.07
63Cu(y,2n)%'Cu 19.74 3.333+0.005 h 282.96 122+03
656.01 10.77+0.18
63Cu(y,3n)*°Cu 31.44 23.7 + 0.4 min 1332.5 88
100Mo(y, n)**Mo 8.29 65.94+0.01 h 739.50 12.13+0.12

The error of intensity 7, for the 1172.9 keV y-line was determined as half-value spreads according to the databases of Refs. [33] and [34]. In
the case of the 1332.5 keV y-line, the I, -error is absent in Refs. [33, 34], and therefore, it was taken to be 0.5%.
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Fig. 2. (color online) Gamma-ray spectrum of the reaction products from the "'Cu target measured for the following parameters:

tmeas = 03218, teoo1 = 19015 'S, Eymax = 94 MeV, and m = 21.815 mg. The spectrum fragment ranges from 800 to 1500 keV. The back-

ground y-lines peaks are indicated by the letters BG.

ues of the average cross-sections (o (Eymax)) Was determ-
ined as a quadratic sum of statistical and systematical er-
rors. The statistical error in the observed y-activity is
mainly due to statistics in the total absorption peak of the
corresponding y-line, which varies within 1 to 10%. This
error varies depending on the y-line intensity and the
background conditions of spectrum measurements. The
observed activity AA of the investigated p-line depends
on the detection efficiency, the half-life period, and the
absolute intensity 7,. The background is governed by the
contribution of the Compton scattering of quanta.

The systematic errors are associated with the uncer-
tainties of the 1. irradiation time (~0.5%); 2. electron cur-
rent (~0.5%); 3. detection efficiency of the detector
(2%—-3%), which is mainly associated with the error of
the reference sources of y-radiation and the choice of the
approximation curve; 4. half-life T, of the reaction
products and absolute intensity I, of the analyzed y-
quanta as noted in Table I; 5. normalization of experi-
mental data to the '°’Mo(y,n)°*Mo monitor reaction yield
up to 5%; and 6. error in calculating the contribution from
competing y-lines (described in the text).

Thus, the statistical and systematical errors are con-
sidered variables, as they differ for different
% Cu(y,n)**Cu and %Cu(y, xn)%>*Cu reactions. The total
uncertainty of the experimental data is given in figures
with experimental results.

C. Calculation formulas for flux-average cross-sections

The cross-sections o(E), averaged over the
bremsstrahlung y-flux W(E, Eymax) from the threshold Eg
of the reaction under study to the end-point energy of the
spectrum E, .y, were calculated with the use of the theor-
etical cross-section values computed with the

TALYS1.95 code [21], installed on Ubuntu20.04. The
bremsstrahlung flux-averaged cross-section (0(E,max))h
in a given energy interval was calculated by the formula

E,nx
[ o(E)-W(E, Eymax)dE
Elh
<0—(Eymax)>lh = 7 . (1

[ W(E, Eymax)dE
Eth

These theoretical average cross-sections were com-
pared with the experimental values calculated by the for-
mula:

<O-(Eymax)>
~ ALAD™(Eymay)
- ley &(1 —exp(=Atirr)) exp(=Atcool (1 — exp(—=Atmeas)) ’

2)

where AA is the number of counts of y-quanta in the full
absorption peak (for the y-line of the investigated reac-
tion), A is the decay constant (In2/7},,), N, is the num-
ber of target atoms, I, is the absolute intensity of the ana-
lyzed y-quanta, ¢ is the absolute detection efficiency for

the analyzed photon energy, and®(Eymax) =
Eynax

f W(E,Eymax)dE is the integrated bremsstrahlung flux

ifih the energy range from the reaction threshold Ey, up to
Eymaxtirr> ool aNd fmeas are the irradiation time, cooling
time, and measurement time, respectively. A more de-
tailed description of all the calculation procedures neces-
sary for the determination of (0 (Eymax)) can be found in
Refs. [24, 25].
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III. RESULTS AND DISCUSSIONS

A. Photonuclear reaction Cu(y,n)*Cu

In the %Cu(y,n) reaction the ®*Cu nucleus is formed
with half-life 71/, = 12.700+0.002 h. The %Cu nucleus
undergoes B~ -decay (39%) with the formation of the
64Zn nucleus, and &*B*-decay (61%) with the formation
of the ®*Ni nucleus. In the latter case, a gamma-line emis-
sion with E, = 1345.84 keV of low-intensity 7, = 0.473%
is observed.

An experimental study of the cross-section for the re-
action Cu(y,n)**Cu was conducted in several works [4,
10, 19]. The results of these works show significant dif-
ferences in the value of the GDR maxima: 75+7 mb [10],
86.38 mb [19] (see Fig. 3). These data were matched in
the region of the GDR maximum in Ref. [4] by introdu-
cing a coefficient of 1.17 into the data of Ref. [10].

The calculation of the cross-section o(E) for this re-
action were conducted using the TALYS1.95 code with
default parameters. As can be seen from Fig. 3, the calcu-
lated cross-section at the maximum is very close to the
experimental values of o(E) from Ref. [10], but signific-
antly lower than Varlamov's data [4, 19]. Moreover, the
leading edge of the calculated distribution does not coin-
cide with the data of the two experiments.

The average cross-sections (o (Eymax)) calculated us-
ing the cross-section from TALYS1.95, and our experi-
mental data for the reaction ®Cu(y,n)**Cu are shown in
Fig. 4. All experimental points are located noticeably
higher (~15% —20%) than the calculated curve , which
supports the data of Refs. [4, 19].

B. Photonuclear reaction %Cu(y,2n)%Cu

As a result of the ®Cu(y,2n) reaction, the stable iso-
tope %*Cu is formed. The induced activity method does

100 T
“Cu(y,n)™*Cu
80 - 4
E 60 - o Fultz, 1964
= ® Varlamov, 1995 A
E’i 40 TALYS1.95
©
20 - 1
0 b %$
10 15 20 25 30
E [MeV]
Fig. 3.  (color online) The %Cu(y,n)*Cu reaction cross-sec-

tion. Experimental data of Fultz [10] (empty circles) and Var-
lamov [4, 19] (filled circles) are shown. The curve indicates
calculation in TALYS1.95 code.

not allow us to measure the yield of this reaction. For
completeness of the analysis, Fig. 5 shows the data from
[10], and calculation from TALYS1.95 with default para-
meters. A noticeable difference between the experiment-
al and calculated cross-sections can be seen. The experi-
mental values exceed the theoretical cross-sections from
the TALYS1.95 code by approximately 1.3 times at ener-
gies of 19-24 MeV.

In Ref. [5], using the experimental-theoretical ap-
proach [7, 8], the reliability of data on the cross-sections
for the reaction ®Cu(y,2n)%*Cu from Ref. [10] was veri-
fied. It is shown that the estimated (recalculated) values
of the cross-sections are significantly lower than the ex-
perimental ones, and the difference was up to 30% in the
energy range E, = 19-25 MeV. This value is very close
to the discrepancy between the TALYS1.95 cross-sec-

65 64
Cu(y,n) Cu
sl (v:n) ]
— TALYS1.95
g ® after cooling
7’ 30 % o after irradiation
é
J ?
o
Vo o0k i
1 1 1 1 1 1
30 40 50 60 70 80 90 100
E [MeV]
ymax
Fig. 4.  (color online) Flux-average cross-section (o-(Eymax))

of the reaction ®Cu(y,n)**Cu. The curve is calculated using the
TALYS1.95 code. Experimental results: squares — measure-
ments immediately after irradiation, circles — measurements
after cooling.

40 T T T T T T T T T T T T T T
“Cu(y,2n)”Cu
30k TALYS1.95
o Fultz, 1964
=
£
__20F
o)
(e}
10

16 18 20 22 24 26 28 30 32
EY [MeV]
Fig. 5.
tion. Curve — calculation in the TALYS1.95 code, empty
circles — experimental data from Ref. [10].

(color online) The % Cu(y,2n)%3Cu reaction cross-sec-
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tion and the result of Ref. [10].

Such a notable change (correction) in the cross-sec-
tion for the ®Cu(y,2n)®Cu reaction leads to corrections
in the GDR cross-section for energies above 18 MeV.

C. Photonuclear reaction *>Cu(y,n)**Cu

In the %3Cu(y,n) reaction, the ®>Cu nucleus is formed
with half-life 71/, = 9.74 m. The ®?Cu nucleus undergoes
£*B*-decay (the %>Ni nucleus is formed) with the emis-
sion of several low-intensity gamma-lines. The line of y-
radiation with E, = 1172.9 keV and intensity 7, = 0.34%
was used in this study.

An experimental study of this reaction was conduc-
ted in several works [4, 10—14, 19] in the energy range
1028 MeV. These data show different GDR maximum
heights: the data of [10] are lower than the results of oth-
er laboratories, as in the case of the %Cu(y,n)**Cu reac-
tion. The disagreement in the GDR maxima between
Refs. [10] and [4, 19] was 14%, i.e., 70+7 mb and 79.8
mb, respectively.

The calculation of cross-sections in the TALYS1.95
code run with default parameters is shown in Fig. 6. In
the region of the maximum, there is good agreement
between the TALYS1.95 calculation and the data of Ref.
[10]. All other experimental results of Refs. [11-14], in-
cluding Ref. [19], are located above the theoretical estim-
ate. Note that the calculated distribution widths o (E) are
noticeably smaller than any experimental data set.

Fig. 7 shows the average cross-sections (o(Eymax)) of
the ®3Cu(y,n)®?Cu reaction calculated in the TALYS1.95
code run with default parameters, and the obtained exper-
imental data in the energy range E,max = 35-94 MeV. An
excess of experimental (0"(E,max)) values over the calcu-
lation for the entire energy range was found to be
15%—-20%. This result agrees with that observed in Fig. 6,

Dzhilavyan, 1979 |

sof  “Cu)Cu °
’ o Sund, 1968
% LR e Fultz, 1964
60 1 ’éE P ===-= Plaisir, 2012
—— TALYS1.95

o(£) [mb]

20

10 15 20 25 30

Fig. 6.
tion. Calculated cross-sections o(E) from the Talys1.95 code
(solid curve) and experimental data: empty diamonds — [12],
empty squares — [11], filled circles — [10], and dashed curve —
[14].

(color online) The ®Cu(y,n)®*Cu reaction cross-sec-

which represents the discrepancy between data from
[11-14] and cross-sections from TALYS1.95.

Because natural copper targets were used in the study,
the effect of the ®Cu(y,3n)®?Cu reaction on the yield of
the %°Cu(y,n)%2Cu reaction was estimated. For this pur-
pose, the wvalues of the cross-section from the
TALYS1.95 code were used to calculate the yield. It was
found that the contribution of %Cu(y,3n)%’Cu increases
with increasing energy E,m.x from 0.16% at 35 MeV to
1.32% at 94 MeV.

In the "™Cu target, under the impact of high-energy
bremsstrahlung, isotopes of cobalt and copper are also
formed, which have y-radiation with E, value close to
that used in the study. Thus, ®Co (E, = 11729 keV, I, =
84%, Ti;, = 1.5 min), ©"Co (E, = 1172.9 keV, I, =
98%, T12 = 13.91 min), ®Co (E, = 1173.24 keV, I, =
99.974%, Ty, = 5.27 years), and “Cu (E, = 1173.24
kCV, Iy = 0.26%, T1/2 =23.7 mm)

The contributions of such y-radiation were estimated
using the cross-sections from the TALYS1.95 code, con-
sidering the half-lives, intensities of the competing lines,
and the experimental conditions (irradiation, cooling, and
measurement times). The calculated total activity of ©>Co
and %*mCo nuclei ranged from 0 to 1.72% in the range of
studied E,max. The radiation contribution from radionuc-
lides °Cu and ®°Co is insignificant.

The total amount of corrections ranged from
0.24%-3.28% and was accounted for in the data.

D. Photonuclear reaction **Cu(y,2n)°'Cu

In the reaction %3Cu(y,2n) the ®'Cu nucleus is formed
with half-life 7y, = 3.333 h. The ®'Cu nucleus under-
goes &*B"-decay with the formation of the ¢'Ni nucleus.
Three lines with E, = 282.96, 656.01, and 1185.23 keV
and an intensity 7, of 12.2, 10.77, and 3.75% were used
for the study.

The calculation of cross-sections for the ®3Cu(y,2n)

35 T T T T T T T T T T T T
“Cu(y,n)”Cu
30F TALYS1.95 1
. ® 11729keV
el
E | ]
A 25
X L i
T 20 { { }
V t
15T T
1 1 1 1 1 1 n
30 40 50 60 70 80 90 100
Eﬁ/max [MeV]
Fig. 7. (color online) Flux-average cross-sections (o(Eymax))

for the reaction ®3Cu(y,n)®?Cu. Curve — calculation using Ta-

lys1.95, filled circles — our experimental data.
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reaction, performed in the Talys1.95 code with default
parameters, are shown in Fig. 8. All experimental results
of Refs. [10, 13, 15] are significantly higher than the the-
oretical estimates: the variation between the data of Ref.
[10] and the calculated cross-sections is threefold at the
cross-section maximum. Moreover, the energy depend-
ence of the calculated curve is wider than the experiment-
al results.

The experimental average cross-sections (o (Eymax))
for the reaction %3Cu(y,2n)%!Cu in the energy range E,max
=35-94 MeV are shown in Fig. 9. The data found for the
three gamma lines agree within the experimental error
tolerance. To account for the contribution of the
%5Cu(y,4n)%'Cu  reaction to the vyield of the
93Cu(y,2n)°!'Cu reaction, calculations were conducted
similar to the ®Cu(y,n)%>Cu reaction. The yield for
%5 Cu(y,4n)°'Cu was calculated and showed that this con-
tribution increased with energy: for 50 MeV, it does not
exceed 0.7%, and for 94 MeV, it reaches 3.2%. The
cross-section for the *Cu(y,2n)%'Cu reaction was correc-
ted (reduced) by the corresponding values at each energy
Eymax-

A comparison of the experimental cross-sections
(0(Eymax)y and the calculation with the Talys1.95 code is
shown in Fig. 9. The experimental (o (Eymax)) exceeded
the calculated values over the entire E,n.x range, by an
average of ~100%, as shown.

In Ref. [5], the wvalidity of the data for the
93Cu(y,2n)°!Cu reaction from [10] was verified. As in the
case of the ©Cu(y,2n)%3Cu reaction, it was shown that the
estimated (recalculated) data are significantly lower than
the experimental data [10], by an approximate factor of
1.5 at the energy £ = 23 MeV. However, such a notable
change in the data from Ref. [10] does not lead to their
agreement with the calculation in Talys1.95; the differ-

20 — T r T T T T T T T T T
[ “Cu(y,2n)’'Cu
o Sund, 1968
15 N + A Antunes, 1995 ]
F ¢ Berman, 1954 1
= % }ﬂ% e Fultz, 1964
é. 10._ %% { TALYS1.95 1
S 55

%

20 25 E [MeV] 30 35

(color online) The %3Cu(y,2n)%'Cu reaction cross-sec-

Fig. 8.
tion. Calculated cross-sections o(E) from the Talys1.95 code
(curve) and experimental data: empty squares — [11], empty
triangles — [13], filled diamonds — [15], and filled circles —
[10].

7 T T
“Cu(y,2n)"'Cu
ok ——TALYS1.95 |
o 656.0

= | e 118523

E 3 * 28296

A

:

v o3f ; ii é 1
Ik ]
30 46 56 66 76 86 96 100

Evmax [MeV]

Fig. 9. (color online) Flux-average cross-sections (o (Eymax))

of the ®Cu(y,2n)'Cu reaction. The calculation using

Talys1.95 code is denoted by the solid curve. Our experiment-
al data: filled diamonds — E, = 282.96 keV, empty circles —
656.01 keV, filled circles — 1185.23 keV.

ence between the calculation and the recalculated data
was approximately two-fold. This value is very close to
the discrepancy between the calculation and the data
found in this work.

E. Photonuclear reaction %*Cu(y,3n)°°Cu

In the reaction %*Cu(y,3n) , the °°Cu nucleus is
formed with a half-life of T/, = 23.7 min. The %°Cu nuc-
leus undergoes £*8*-decay with the formation of the ®Ni
nucleus. To study this reaction, a y-line with E, = 1332.5
keV and intensity of I, = 88% is used.

Fig. 10 shows the calculated average cross-sections
(0(Eymay)) for reaction ®Cu(y,3n)®°Cu  from the
Talys1.95 code, using experimental data measured in this
work. As can be seen at Eyna = 50-70 MeV, the experi-
mental values of (0"(Eymax)) show an excess over the cal-
culated ones.

The yield values for %Cu(y,5n)%°Cu was calculated,
and their contribution was shown to increase with energy:
for 60 MeV, it does not exceed 0.7%, and for 94 MeV, it
reaches 5.1%. As in the case of the ®3Cu(y,n)®?Cu reac-
tion, the contribution of y-radiation from competing lines
needs to be considered from °°Co (E, = 1332.5keV, I, =
99.986%, Ty, = 5.27 years) and ®*"Co (E, = 1332.5
keV, I, = 0.24%, Ty, = 10.47 min). The calculated total
activity of ®°Co and %"Co nuclei ranged from 0.1 to
0.15% in the range of studied Eymay.

The value of total corrections increased with energy
and amounted to 0.1%—5.3%. The cross-section for the
93 Cu(y,3n)*°Cu reaction was corrected (reduced) by the
corresponding values at each energy Eymax.

IV. CONCLUSIONS

The total bremsstrahlung flux-averaged cross-sec-
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0.30 T T T T T T
%Cu(y,3n)"Cu
0.251 7
o
é‘ 0.201 7
~
]
E
K 0.15F b
@)
V
0.10f { TALYS1.95 -
A e 1332.5keV
30 40 50 60 70 80 90 100
Eymax [MeV]
Fig. 10.  (color online) The calculated average cross-sec-

tions (o(Eymax)) for reaction Cu(y,3n)®Cu from the
Talys1.95 code (curve) and the experimental data measured in

this work (filled circles).

tions (0(Eymax)) for the photonuclear reactions
SCu(y,n)%Cu, SCu(y,n)*Cu, %Cu(y,2n)®'Cu, and
93Cu(y,3n)°°Cu have been measured in the range of end-
point energies E,max = 35-94 MeV. The experiments
were performed using the beam from the NSC KIPT elec-
tron linear accelerator LUE-40, as well as the activation
and off-line y-ray spectrometric techniques. The calcula-
tion of flux-average cross-sections (o (Eymax))m and yields

were conducted using the cross-section values computed
with the TALYS1.95 code, run with default options.

The experimental bremsstrahlung flux-averaged
cross-sections (0(Eymax)) for the reactions ®Cu(y,n)%*Cu,
3Cu(y,n)%*Cu, and ®Cu(y,2n)°'Cu are systematically
higher than theoretical TALYS1.95 estimates. The exper-
imental results obtained for(c-(E,max)) supplement literat-
ure data for the case of (y,n) and (y,2n) reactions of ®3Cu
and %Cu. These data can be used to analyze the discrep-
ancies in the results of different laboratories, when ana-
lyzing possible corrections for reaction cross-sections ob-
tained by direct neutron detection.

It is shown that the experimental data obtained for re-
actions ®Cu(y,n)**Cu and %Cu(y,n)%>Cu satisfactorily
agree with the results of Ref. [19], and in the case of reac-
tion %3Cu(y,2n)%!'Cu, with that of data recalculated from
Refs. [5, 10].

The data for the (0(E,max)) reaction ®*Cu(y,3n)*Cu
was measured for the first time.
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