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Abstract. In the present work, the excitation functions of (n,2n) reactions for five isotopes of selenium
(74,76,78,80,82S¢) are calculated using ALICE/ASH, EMPIRE-3.2.2, PCROSS, and TALYS 1.6
computer codes based on statistical model up to 20 MeV. The theoretical calculations provide information
of the (n,2n) excitation functions with the increasing target neutron number of selenium element. The

calculated cross-sections were compared with experimental data from EXFOR and also with the cross-
sections estimated with semi empirical formula developed by Tet et al. (2008) [18]. Results show a
reasonably good agreement between the calculations and the experimental data from literature.

1 Introduction

The theoretical calculation models are necessary to
provide the estimation of the particle-induced reaction
cross sections due to the experimental difficulty [1,2]. In
past years the cross section of selenium isotopes
(H76788082846) around 14-15 MeV have been measured
by many researches such as Hille and Miinzer [3];
Minetti and Pasquarelli [4]; Casanova and Sanchez [5];
Hoang et al. [6] and Guozhu He [7].

Selenium, discovered by Berzelius in 1817, is a
non-metallic chemical element with symbol Se.
Selenium with 34 protons and having from 40 to 48
neutrons is rarely occurs in its elemental state in nature
as pure or compounds. There are six naturally isotopes
of Selenium (7+*78808284ge) " five of which are stable
(+76777880g6) - Selenium occurs in minerals such as
eucairite (CuAgSe), crooksite (CuThSe) and clausthalite
(PbSe). Selenium element is used extensively in
electronics and metal alloys such as the lead plates and
also glass industry to give a red color to glasses and
enamels. Selenium is an essential trace element for
some species, including humans. Our bodies contain
about 14 milligrams, and every cell in a human body
contains more than a million selenium atoms. It can
cause health problems in human body.

In the present work, neutron interactions with five
selenjum isotopes as Se(n,2n)"Se, "°Se(n,2n)”Se,
Se(n,2n)"'Se, *°Se(n,2n)"’Se, and **Se(n,2n)*'Se by
four nuclear reaction codes such as ALICE/ASH [8],
EMPIRE [9], TALYS [10], and PCROSS [11] have
been investigated and then compared with experimental
data from EXFOR [12] in the literature and with
evaluated data ENDF/B-VII.1 (2014) library.

The empirical formula for (#,2n) reaction cross
sections at neutron energy of 14.5 MeV was developed
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by Tel et al. [13]. These formulas have been given as
follows;
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For (n,2n) reaction cross sections of *Se(n,2n)"Se,
%Se(n,2n)Se,  "*Se(n,2n)"'Se, *°Se(n,2n)”’Se  and
%2Se(n,2n)*'Se at 14-15 MeV, the calculated cross
sections for isotopes of "#7%758%52g, were compared
with a semi empirical formula developed by Tel et al.
[13].

2 Results and Discussions

In this work, as target element, cross sections for
"Se(n,2n)"Se, 76Se(n,2n)"Se, "Se(n,2n)""Se,
"Se(n,2n)*" and ®Se(n,2n)®" reactions have been
theoretically calculated at neutron energy centred
around 14-15 MeV using four computer codes based on
statistical model. These computer codes are
ALICE/ASH [8], EMPIRE-3.2.2 [9], PCROSS [11], and
TALYS 1.6 [10]. These model calculations were
compared with the semi empirical formula developed by
Tel et al. [13] and experimental data form EXFOR.

Figs. 1-5 show theoretical calculations of
ALICE/ASH, EMPIRE, PCROSS, and TALYS 1.6,
experimental data form EXFOR, semi-empirical data
from Tet et al. (2008), and evaluated ENDF/B-VII.1
data for the "*7%7%%%2ge reactions. More detailed
information about our calculations and comparisons for
the #7%758%525¢ reactions are given below.

Calculated cross sections of “Se(n,2n) "*Se reaction
between 10 and 20 MeV is shown in Fig. 1. The
experimental data obtained from six different researches
using EXFOR at 10 to 20 MeV and the empirical cross
section data evaluated by Tel et al. [13] were compared
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with PCROSS, EMPIRE and TALYS and ALICE/ASH
data. While the cross section data from TALYS 1.6
code has higher value to be 441.0 mb, which is
approximately the same value of ENDF/B-VII.1 data,
the cross section data from PCROSS has lower value to
be 223.14 mb as seen from Fig. 1. All calculation data
in Fig. 1 almost agree well with the measured data from
EXFOR at 13 MeV up to 17 MeV. Semi-empirical cross
section data evaluated by Tel et al. [13] estimated to be
~330.60 mb at 14.5 MeV is closer agreement with the
data calculated using PCROSS, EMPIRE, and
ALICE/ASH data.
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Fig. 1. Excitation function of "Se(n,2n)°Se reaction cross
sections calculated by TALYS, EMPIRE, ALICE/ASH, and
PCROSS and ENDF/B-VII.1 (2014) along with experimental
data and semi-empirical calculation.

The cross-section data of Se(n,2n)”’Se reaction
are given in Fig. 2. The theoretical calculations
produced by EMPIRE, TALYS, PCROSS and
ALICE/ASH are compared with the earlier six
experimental data from EXFOR and are also compared
with the empirical data (Tel, et al.) [13] at 14.5 MeV
energy. In general, Fig. 2 illustrates a marked increase
in energy value with increasing cross section of
%Se(n,2n)°Se  for the empirical  cross-section
calculations and experimental data. Fig. 2 shows the
degree of agreement between the theoretical and
experimental cross sections.
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Fig. 2. Excitation function of "°Se(n,2n)"*Se reaction cross
sections calculated by TALYS, EMPIRE, ALICE/ASH, and
PCROSS and ENDF/B-VII.1 (2014) along with experimental
data and semi-empirical calculation.

Fig. 3 shows the excitation function of the nuclear
reaction of "*Se(n,2n)"'Se up to 20 MeV. Examining the
nuclear reaction "*Se(n,2n)’Se in Fig. 3, the EMPIRE
code calculation has provided a full harmony with
experimental data of Frehaut et al. (1980) from EXFOR
[12] 10 MeV and 15 MeV. Semi-empirical cross-section
data developed by Tel et al. [13] has same cross section
of 940 mb at 14-15 MeV.
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Fig. 3. Excitation function of 83e(n,2n)"'Se reaction cross
sections calculated by TALYS, EMPIRE, ALICE/ASH, and
PCROSS and ENDF/B-VII.1 (2014) along with experimental
data and semi-empirical calculation.

The excitation function of the “°Se(n,2n)”’Se
nuclear reaction between 10 MeV and 20 MeV is shown
in Fig. 4. Only one suitable experimental data with high
error bars given by Bormann et al. (1967) from EXFOR
[8] is available for **Se(1,2r)"Se reaction in literature.
There is a good correlation between theoretical
calculations from four computer codes and all semi-
empirical data at 14-15 MeV and experimental data.
Semi-empirical cross-section data developed by Tel et
al. [13] has same cross section of 940 mb at 14-15 MeV.
EMPIRE from four models at 14-15 MeV is the same
cross section value (mean 1100 mb) with semi-
empirical cross-section data developed by Tel et al.
[13]. Experimental data from EXFOR at 14-15 MeV
have the same value with ALICE/ASH, TALYS and
PCROSS codes. For Se(n,2n)”’Se reactions, the
experimental data are between 13.0- 16.75 MeV as seen
from Fig. 4.
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Fig. 4. Excitation function of 895e(n,2n)°Se reaction cross
sections calculated by TALYS, EMPIRE, ALICE/ASH, and
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PCROSS and ENDF/B-VII.1 (2014) along with experimental
data and semi-empirical calculation.

The computed cross sections based on
ALICE/ASH, EMPIRE, PCROSS, and TALYS together
with experimental data (EXFOR) [12] and evaluated
ENDF/B-VIL.1 data file for (n,2n) reaction on “’Se
isotope from 10 MeV to 20 MeV are shown in Fig. 5.
Our theoretical values do agree with the available
experimental data in the energy range of 10-15 MeV.
Four experimental data are available for **Se(,2n)*'Se
reaction. The evaluated values of cross-sections are in
reasonable agreement with the experimental values
reported by Minetti and Pasquarelli (1967), Hasan et al.
(1972), Kao and Alford (1975), and Filatenkov (2001)
(All from EXFOR) [12].

3 Conclusion

. . 4. 2 .
In this work, cross sections for 741678808286 reactions

have been calculated in the energy range from 10 to 20
MeV using nuclear model calculations such as
ALICE/ASH [8], TALYS 1.6 [10], EMPIRE-3.2.2 [9],
and PCROSS [11]. In order to compare with the model
calculations, we obtained ENDF/B-VII.1 results. As
seen all figures, cross section values increase generally
from 10 MeV to 15 MeV and then decrease to 20 MeV.
The calculated cross sections are a reasonably good
agreement between the calculated and experimental
data, which is available in EXFOR database library.
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