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Cross sections of the (n, p) reaction on the Se and #’Se isotopes measured for 13.73 MeV

to 14.77 MeV and estimated for 10 MeV to 20 MeV neutron energies
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The cross sections of ®Se(n, p)’8 As and ¥Se(n, p)*°As reactions were measured at five neutron energies over
the range 13.73 MeV to 14.77 MeV using °Fe and !°F as monitor elements, respectively. The cross sections were
also theoretically estimated using EMPIRE-II and TALY'S codes over 10 MeV to 20 MeV neutrons and matched
with the experimental cross sections by making proper choice of the model parameters. The theoretical and
experimental cross sections of 8Se(n, p)®°As reaction are smaller as compared to the "8Se(n, p)’®As reaction at
each neutron energy. This difference is attributed to the competing ¥Se (1, 2n) 7Se and ¥Se(n, @)”’ Ge™ reactions,
which effectively decrease the cross sections of #Se(n, p)*°As reaction as compared to that of the "Se(n, p)’®As
reaction over the neutron energy range used in the present work. The cross sections of "®Se(n, p)’8As and
80Se(n, p)*°As reactions estimated by the EMPIRE-II code initially increase but later on decrease with neutron
energy, respectively, above 16 MeV and 19 MeV, whereas those estimated by the TALYS code continuously
increase with neutron energy. The present results indicate that the trends in the variation of cross section with
neutron energy depend on the model used in the calculations. The cross sections of the 8°Se(n, p)* As reaction
at different neutron energies reported in the present work can be added as a new data in the nuclear data library.
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I. INTRODUCTION

The neutron-induced reactions are important for a number
of nuclear applications, and can be investigated by measuring
the y-ray activities of the reaction products. Some of the
reactions exhibit specific characteristics of threshold energy,
cross sections, emission of radiations, and decay half lives.
Such reactions can also be used as monitors in fast neutron
dosimeters as well as for elemental analysis. The data on
the cross sections of the neutron-induced reactions are of
importance for both the basic and applied research including
nuclear technology, and most of these cross sections are given
in the EXFOR database [1]. The cross sections for different
nuclear reactions such as (n, p), (n, @), (n, 2n), (n, np) have
remained a field of interest for the past few decades [2,3].
For fusion reactors, accurate values of the cross sections for
the (n, p) and (n, o) reactions are required for assessing and
predicting the amount of hydrogen and helium gases trapped
in the surrounding materials. The total cross sections for the
(n, p) reactions are also of interest in the study of the primary
and secondary damage induced in the materials as well as
to assess formation of new isotopes in the vicinity of the
reactor cores, neutron beam lines, and other high-flux neutron
sources.

Selenium is a nonmetallic mineral and occurs naturally as
a trace element in soils, rocks, water, and volcanic effluents.
In nature, selenium is present as six stable isotopes; TSe,
76Se, "7Se, 8Se, 8Se, 82Se, considering 32Se as stable due
to very long half life of 9.1 x 10" years. In addition, there
are 23 unstable radioisotopes of selenium so far identified.
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The 7°Se radioisotope with half life 2.95 x 10° years, which
decays by 8 emission is present normally in the spent nuclear
fuels and waste nuclear material obtained after reprocessing of
the nuclear fuel. Using proton-induced reactions, the ’’Se and
8Se are converted to therapeutic radioisotope '’Br, whereas
80Se is used for the production of 8°Br™ required for other
medical applications. In addition, selenium isotopes are also
used as essential nutrient in some of the processed food
items.

In general, arsenic has over 33 isotopes with mass number
ranging from 60 to 92; out of these > As is a stable isotope.
Arsenic is one of the most toxic elements found in nature
and the lethal dose of arsenic oxide is close to 10 mg.
The nuclear reactions such as Se(n, p)As produce arsenic
isotopes and therefore the presence of selenium near a neutron
source should be avoided. The reactions "3Se(n, p)’8As
and 3°Se(n, p)®°As are important because in a fast neutron
environment the amount of arsenic produced from the existing
selenium can be estimated. Moreover, the natural abundances
of 78Se and 8°Se are relatively high as compared to other stable
isotopes of selenium.

In the present work, the activation cross sections for
8Se(n, p)’®As and 3°Se(n, p)3°As reactions having negative
Q values [4] have been measured at 13.73 MeV, 14.07 MeV,
14.42 MeV, 14.68 MeV, and 14.77 MeV neutron energies. The
measured cross sections of these two reactions were compared
with the cross sections estimated using the EMPIRE-II code [5]
and TALYS code [6] over the neutron energy range 10 MeV
to 20 MeV. Attempts were also made to use different values of
the parameters, such as nuclear level density, nuclear reaction
models, and nucleon potential, etc., to match the theoretically
estimated cross sections with the cross sections measured
in the present work as well as with those reported in the
literature [1].
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II. EXPERIMENT

A. Neutron irradiation

The neutron irradiation work was carried out at the 14 MeV
neutron generator laboratory [7], Department of Physics,
University of Pune, Pune, India. The 14 MeV neutrons were
produced by bombarding deuterium ions of energy 175 keV on
an 8 Curie tritium target. On the tritium target, the deuterium
beam had a diameter ~4 mm and current ~100 uA.

For the study of "8Se(n, p)’®As and 3°Se(n, p)®°As reac-
tions, the samples were made from natural Se0,(99.99%)
powder. For the "8Se(n, p)’®As reaction, Fe-56 isotope in the
form of natural iron (99.99%) powder was used as monitor.
Each sample was made by mixing a known weight of SeO,
powder with a known weight of the iron powder, and packing
it in a polyethylene bag. The total weight of the selenium
powder and the iron powder was ~1 g, measured with a
microbalance at an accuracy of =10 ug. The polyethylene bag
was folded in such a way that the size of the powder sample
was close to 10 mm x 10 mm. Fifteen such samples were made
for studying "®Se(n, p)’8As reaction with S°Fe(n, p)**Mn as
monitor reaction. For the activation experiment, a semicircular
plexiglass plate was horizontally fixed on a stainless steel
rod such that the plane of the plate was parallel to the
ground. On this plate angles from 0° to 120° were marked
along the semicircle of 60 mm radius. The 0° position
was along the line of the deuterium ions incident on the
center of the tritium target. Out of these fifteen samples,
five samples were mounted on the plexiglass plate such that
one sample occupied one angular position respectively at
0°, 30°, 60°, 90°, and 120° on the marked positions. In
this manner, each sample could be placed at a distance of
60 mm from the center of the tritium target. All the five
samples were irradiated with neutrons simultaneously for a
period of 5400 s. As per the energy distribution of the emitted
neutrons, the samples mounted at 0°, 30°, 60°, 90°, and 120°
angular position were irradiated respectively with 14.77 MeV,
14.68 MeV, 14.42 MeV, 14.07 MeV, and 13.73 MeV energy
neutrons [8]. The decay data of the radioisotopes ®As and
3Mn produced through 78Se(n, p)’8As and *°Fe(n, p)**Mn
reactions respectively are given in Table I [9—11]. Following
the same procedure, the experiment was repeated for three
times and the cross sections of the reaction were obtained by
taking average of three measurements, made at each angular
position.

Following the same experimental procedure, the cross sec-
tions of 3°Se(n, p)® As reaction at different neutron energies
were measured using '°F(n, p)!°O as monitor reaction. The
half life of 3°As is 15.2 s whereas the half life of 0 is 26.9 s.
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For the study of this reaction, samples were made by mixing
pure powder of CaF; (99.99%) with the powder of SeO,. In
this manner three sets of the samples, each set having five
samples were made. In all these fifteen samples, the weight of
each sample was ~1 g. A pneumatic sample transfer system
was used to transfer the sample from neutron irradiation head
to HPGe detector and back to the neutron irradiation head. One
sample at a time was irradiated with neutrons for a period of
60 s and then brought to the I'-ray detector by the pneumatic
transfer system. The decay data of the radioisotopes ®'As
and 'O produced through #Se(n, p)3°As and "°F(n, p)'°0O
reactions respectively are given in Table I [9-11]. The induced
y-ray activity was measured for 60 s using the HPGe detector.
After a cooling period of 60 s the sample was sent back
for neutron irradiation. In this manner five cycles of neutron
irradiation and y-ray activity measurements were repeated for
each sample kept at 0° angular position. After that another
sample was kept at 30° position and five cycles of neutron
irradiation and y-ray activity measurements were repeated.
Following the same experimental procedure, the activation
experiments were repeated by irradiating samples at 60°, 90°,
and 120°. The sample position was adjusted to bring it in front
of the irradiation head of the neutron generator.

B. Measurement of y-ray activity

The induced y-ray activities of the irradiated samples
were measured with the HPGe detector. The y-ray detection
efficiency of this detector was measured with a Canberra
make Multi ' Standard MGS-3 y-ray source in a separate
experiment. The energy calibration of the detector was also
carried out using the MGS-3 y source. After the end of the
irradiation period, the sample was transferred to the counting
room with the help of the pneumatic transfer system designed
and developed in the laboratory. The induced y-ray activity
from "8As (0.614 MeV) and ®Mn (0.847 MeV) radioisotopes
produced in the sample was measured for a period of 900 s.
Initially the y-ray activity of the sample irradiated at 0°
position was measured. Later on the y-ray activities of the
samples irradiated at 30°, 60°, 90°, and 120° angular positions
were measured in sequence.

For the sample irradiated at 0° position with reference to
the neutron beam, the induced y activity of (i) 0.614 MeV
due to "8As and (ii) 0.847 MeV due to *°Mn were measured
by HPGe detector kept in the measurement room. Following
the same experimental procedure, the induced y-ray activity
of the remaining four samples irradiated at 30°, 60°, 90°, and
120° angular positions were measured sequentially. A total
period of 20 s was kept between the end of counting the y-ray

TABLE I. The decay data of the radioisotopes produced in neutron induced reactions [9-11].

Nuclear Reaction Abundance (%) Half life E, (MeV) fa (%)
8Se(n, p)"8As 23.77 £ 0.28 90.7 + 0.2 m 0.614 54 £+ 0.6
80Se(n, p)*As 49.61 + 0.41 152 £ 025 0.666 42 £ 0.5
Fe(n, p)**Mn 91.75 £0.36 2.578 £ 0.0001 hr 0.847 99 + 0.3
YF(n, p)'°0 100 2691 £ 0.08 s 0.197 96 + 2.1
1.357 504 + 1.1
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FIG. 1. (Color online) I'-ray spectra of ®As and *Mn radio
nuclei produced by irradiating 8Se and °Fe respectively with
13.73 MeV neutrons.

activity of the first sample and the start of the y-ray activity
counting of the second sample. Accordingly, the total cooling
time for each sample was accounted while estimating the actual
induced y-ray activity.

In the case of 3°Se(n, p)3°As reaction, the pneumatic
transfer system was also used to bring the neutron irradiated
sample directly to the HPGe detector kept in the counting
room. The induced y-ray activity of (i) 0.666 MeV due to
80As and (ii) 0.197 MeV due to '°O were measured for a
period of 60 s. A cooling period of 120 s was kept after the end
of the y-ray activity measurement period. Twenty activation
cycles were repeated, each consisting of (i) neutron irradiation
period of 60 s, (ii) y-ray activity measurement period of 60 s,
and (iii) cooling period of 60 s. The counting mode of MCA
was switched off during the neutron irradiation period through
a remote electronic system.

The radioisotope N produced in '°O(n, p)'®N reaction
has half life 7.13 s and emits y rays of 2.741 MeV (0.8%),
6.13 MeV (67%), and 7.11 MeV (4.9%) energies. These y
rays were discriminated by adjusting the upper level of the
single channel analyzer. The radioisotope '’Se™ produced in
78Se (n, 2n) 7'Se™ reaction has half life 17.36 s and emits y
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FIG. 2. T'-ray spectra of ®As and '°O radio nuclei produced by
irradiating %°Se and '°F respectively with 13.73 MeV neutrons.
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ray of 0.161 MeV (53.2%). The photo peak of 0.161 MeV y
ray has appeared in the y-ray spectra of 3Se(n, p)®°As and
YF(n, p)'°0 reactions. In the y-ray spectra of Figs. 1 and
2, the photo peak at 0.264 MeV is due to ”Ge and 7"Ge™
radioisotopes produced respectively through "8Se(n, o)’ Ge,
and 3°Se(n, )’ Ge™ reactions. It is observed in Fig. 1 and
Fig. 2 that no radioisotope was produced from calcium present
in the monitor sample.

III. DATA ANALYSIS

The nuclear data of the radioisotopes given in Table I was
used for the present work. Figure 1 shows the y-ray spectra
of 8As and **Mn radioisotopes, and Fig. 2 shows the y-ray
spectra of 8°As and '°O radioisotopes produced respectively
through the nuclear reactions induced by neutrons. The activa-
tion cross sections for the "3Se(n, p)’®As and 3°Se(n, p)¥°As
reactions were obtained at 13.73 MeV, 14.07 MeV,
14.42 MeV, 14.68 MeV, and 14.77 MeV neutron energies using
the following activation expression (1),

Agy famh Nyp (1 — e7hmiy g=hulz (1 — g=huis)
= O‘M - ’
Ayefiry N (1—e ) e (1 — e )
(D

where o is the reaction cross section, A is the number of
counts under the photo peak, f; is the photon disintegration
probability, ¢ is the detector efficiency, oy, is the cross section
for monitor reaction, A is the decay constant, N is the number
of atoms of the isotope of the element, #; is the irradiation
time, #, is the cooling time, and #; is the period for which the y
activity is measured. The quantity with the subscript M stands
for the monitor reaction.

By considering the uncertainties involved in the measure-
ment of each parameter, the error analysis was carried out using
the quadrature method [12]. The flux of low-energy neutrons
(E, < 10MeV) produced in the D-T reaction is about two
orders of magnitude lower than that at 14 MeV energy [13], and
therefore not considered in the estimation of the cross sections
of both the reactions. Similarly, the effects of the multiple
scattering of neutrons and inhomogeneities in the sample
were neglected as the errors contributed by these processes
are negligibly small. The estimated errors in the different
parameters are as follows; (i) detector efficiency (~1.5%);
(ii) self absorption of y rays (<14%) [14]; (iii) neutron energy

TABLE II. Measured cross sections of the 8Se(n, p)’®As and
80Se(n, p)*®As nuclear reactions over 13.73 MeV to 14.77 MeV
neutron energies.

Neutron energy Measured cross section (mb)

(MeV) 8Se(n, p)’SAs 80Se(n, p)*As
13.73 156 £ 1.5 4.8 £ 0.63
14.07 17 £ 1.6 7.1 £ 0.95
14.42 186 + 1.6 8.6 + 1.1
14.68 204 + 1.7 96 £ 1.4
14.77 22 + 1.7 11 £ 1.6
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distribution (<1%); (iv) absolute y-ray intensity (<2.2%);
(v) reference cross section of the reaction “°Fe(n, p)**Mn
(2-3.7%) [15]; and (vi) reference cross section of °F(n, p)'°0O
reaction (<5.28%) [16].

The cross sections of the nuclear reactions "3Se(n, p)78As
and 80Se(n, p)SOAs measured at 13.73 MeV, 14.07 MeV,
14.42 MeV, 14.68 MeV, and 14.77 MeV neutron energies are
given in Table II.

IV. NUCLEAR MODEL CALCULATIONS

The theoretical cross sections for "®Se(n, p)’®As and
80Se(n, p)80As reactions were estimated using statistical nu-
clear models EMPIRE-II code [5] and TALYS code [6] over
10 MeV to 20 MeV neutron energies. In these codes, a
number of options are available mainly for nuclear level
density, nuclear reaction models, etc. Initially the choice of
the parameters was made to obtain good matching between the
theoretical cross sections with those measured in the present
work over 13.73 MeV to 14.77 MeV neutron energies by
considering the possible reaction channels depending on the
compound nucleus energy. Using these options the theoretical
cross sections of these reactions were estimated over 10 MeV
to 20 MeV neutron energies by EMPIRE-II and TALY'S codes.

A. EMPIRE-II code

The cross sections for 8Se(n, p)’®As and 8Se(n, p)3°As
reactions were estimated using the exciton model DEGAS [17]
and also using multistep compound [18] and multistep direct
models [19].

The level density options, namely (i) EMPIRE-
specific [20]; (ii) Fermi gas [21]; (iii) Gilbert-Cameron [22];
and (iv) Hartree-Fock-BCS (HF-BCS) approach [23] were
used for estimating the cross sections over the neutron energy
range 13.73 MeV to 14.77 MeV of the measurement. More-
over, in these calculations, for each level density, the optical
potentials for neutrons and protons given by Koning [24]
and Bechetti [25] were used. A comparison between the
estimated cross sections with those measured in the present
work provided important information about the best option
of the parameters. Furthermore, using the best options of
the parameters and their combinations, the cross sections for
8Se(n, p)’®As and ¥Se(n, p)®°As reactions were estimated
over 10 MeV to 20 MeV neutron energies by EMPIRE-II
code.

B. TALYS code

The TALYS code [6] was also used for estimating the
cross sections of 8Se(n, p)’®As and 3°Se(n, p)3°As reactions
over neutron energy range 10 MeV to 20 MeV. The main
approach provided in the TALYS code was followed using
different options of level densities namely ldmodel 1 [20,21],
Idmodel 2 [21,26,27], and ldmodel 3 [28]. The Idmodel 1
uses Fermi gas level density with effective level density for
the ground state, and the collective effects on the barrier
determined relative to the ground state. The Idmodel 2 uses
Fermi gas level density with explicit rotational and vibrational
enhancement on ground state and fission barrier, whereas the
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ldmodel 3 uses microscopic level densities obtained from
Goriely’s table [28]. These calculations were performed using
the optical model parameters of neutrons, protons given
by Koning [24], exciton model [29-31] preeqmode 1, and
also using multistep compound and multistep direct model
preeqmode 4 [32,33]. Initially, the calculations were carried
out over 13.73 MeV to 14.77 MeV neutron energies using
all the three level densities to find out the best option of
the parameters. The parameters that produced theoretical
cross sections close to those measured over 13.73 MeV to
14.77 MeV neutron energies were used for estimating the cross
sections for 8Se(n, p)"8 As and 3°Se(n, p)*°As reactions over
10 MeV to 20 MeV neutron energies.

V. RESULTS AND DISCUSSION

The recorded y-ray spectra of (i) "®As and °Mn ra-
dioisotopes produced respectively in "8Se(n, p)’®As and
Fe(n, p)*®Mn reactions are shown in Fig. 1, and that
of (ii) 8°As and '°O radioisotopes produced respectively
in 8Se(n, p)*°As and ""F(n, p)'°O reactions are shown in
Fig. 2. The y-ray spectra shown in Figs. 1 and 2 are
background subtracted and therefore the area under each
photo peak is proportional to the respective y-ray activity
induced in the sample. The experimental cross sections for
8Se(n, p)’®As and 3°Se(n, p)3°As reactions were obtained
at 13.73 MeV, 14.07 MeV, 14.42 MeV, 14.68 MeV, and
14.77 MeV neutron energies by substituting values of all
the experimental parameters and constants in the activation
expression (1) and the values of the cross sections are given
in Table II. It is evident from Table II that over neutron
energies 13.73 MeV to 14.77 MeV, the cross sections of
(i) "®Se(n, p)’®As reaction varies from 15.6 mb to 22 mb and
(i) that of 8°Se(n, p)3°As reaction varies from 4.8 mb to 11
mb.

Considering the available options of the level densities and
nucleon potentials in EMPIRE-II code, the cross sections for
8Se(n, p)’® Asreaction over 13.73 MeV to 14.77 MeV neutron
energies (i) estimated using exciton model DEGAS are given
in Table IIT and (ii) those estimated using multistep compound
and multistep direct model are given in Table IV. Similarly,
the cross sections of 78Se(n, p)73As reaction over 13.73 MeV
to 14.77 MeV neutron energies estimated by TALYS code
using ldmodel 1, ldmodel 2, and 1dmodel 3 level densities and
considering exciton model preeqmode 1 are given in Table V.

On comparing the theoretically estimated cross sections
given in Tables III and IV with the respective measured cross
sections given in Table II, it is observed that the cross sections
estimated by EMPIRE-II code (i) using EMPIRE-specific
level density and optical potentials of Bechetti as well as
(i1) using Hartree-Fock-BCS level density and Koning poten-
tials are close to the corresponding cross sections measured
in the present work over 13.73 MeV to 14.77 MeV neutron
energies. Similarly, the cross sections estimated by TALYS
code using Fermi gas level density (Idmodel 1) and considering
exciton model preeqmode 1 are close to the corresponding
cross sections over 13.73 MeV to 14.77 MeV neutron energies
measured in the present work.
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TABLE III. Cross sections for "8Se(n, p)’8As reaction estimated over 13.73 MeV to 14.77 MeV neutron energies using different level
density and nucleon potential options of EMPIRE-II code and considering exciton model DEGAS.

Neutron Theoretical cross section (mb)

energy EMPIRE specific Fermi gas Gilbert Cameron Hartree-Fock-BCS
MeV

(MeV) KG* FDB® KG FDB KG FDB KG FDB
13.73 12.11 13.67 9 9.99 11.6 12.81 19.6 22.32
14.07 13.54 15.28 10 11.1 12.5 13.81 21.5 24.45
14.42 14.94 16.85 10.9 12.12 13.3 14.74 234 26.52
14.68 15.46 17.40 11.2 12.46 134 14.77 24.1 27.19
14.77 15.82 17.79 11.5 12.74 13.6 14.99 24.5 27.66

#Koning Global potential.
"FDB-Bechetti potential.

Table VI gives a summary of the cross sections for
8Se(n, p)78As reaction (i) measured in the present work and
(i) estimated by EMPIRE-II and TALYS codes using the best
options of the model parameters. Using these best options
of the parameters given in Table VI, the cross sections of
8Se(n, p)’® As reaction were estimated using EMPIRE-II and
TALYS codes over 10 MeV to 20 MeV neutron energies and
the results are given in Fig. 3. In addition, the cross sections
reported in literature [34—38] and the cross sections measured
in the present work are plotted in Fig. 3.

The plots in Fig. 3 show that, the theoretical cross sections
obtained using EMPIRE-II and TALYS codes are close to
the cross sections measured in the present work as well
as those reported in literature. The results given in Fig. 3
revealed that below 13.4 MeV neutron energy, the cross
sections reported by Birn [36] and Hoang [38] are higher as
compared to those obtained using EMPIRE-II and TALYS
codes. Moreover, above 15 MeV neutron energy, the cross
sections measured by Hoang [38] are close to the cross
sections estimated by EMPIRE-II code using both exciton
model DEGAS and multistep compound and multistep direct
model as compared to those estimated using TALYS code. In
addition, it is also observed in Fig. 3 that the cross sections
estimated using TALYS code increase with the increase in
the neutron energy from 10 MeV to 20 MeV. These results
of TALYS code are in general agreement with the JENDL
3.3 [4] and ENDF/B-VII.1 [39] evaluated cross sections.

However, the cross sections for this reaction estimated using
EMPIRE-II code decrease with the increase in the neutron
energy above 16 MeV and therefore do not agree with the
JENDL 3.3 and ENDF/B-VII.1 cross sections. Furthermore,
for 78Se(n, p)’®As reaction the cross sections were also
estimated by TALY'S code using multistep compound and mul-
tistep direct model. However, these estimated cross sections
were much higher as compared to the cross sections measured
and also estimated using EMPIRE-II code in the present work
as well as those reported in literature. These cross sections
estimated by TALYS code using multistep compound and
multistep direct model are therefore not given and discussed
in this paper.

It is observed in literature [40] that the cross section of
80Se(n, p)80As reaction is reported only at 14.7 MeV neutron
energy, and therefore in the present work the cross sections for
this reaction were measured over 13.73 MeV to 14.77 MeV
neutron energies. Moreover, the cross sections for this reaction
at 13.73 MeV, 14.07 MeV, 14.42 MeV, 14.68 MeV, and 14.77
MeV neutron energies (i) estimated by EMPIRE-II code using
the available options of level density, nucleon potential and
considering exciton model DEGAS are given inTable VII and
(ii) those estimated by TALY'S code considering exciton model
preeqmode 1 with ldmodel 1, ldmodel 2 and ldmodel 3 level
densities are given in Table VIII.

Table IX gives a summary of the cross sections for
80Se(n, p)°Asreaction over 13.73 MeV to 14.77 MeV neutron

TABLE IV. Cross sections for "8Se(n, p)’®As reaction estimated over 13.73 MeV to 14.77 MeV neutron energies using different level
density and nucleon potential options of EMPIRE-II code and considering multistep compound and multistep direct model.

Neutron energy

Theoretical cross section (mb)

(MeV) EMPIRE specific Fermi gas Gilbert Cameron Hartree-Fock-BCS
KG* FDBP KG FDB KG FDB KG FDB
13.73 8.26 10.05 4.88 5.98 7.68 9.09 16.39 19.59
14.07 9.17 11.13 53 6.5 8.01 9.5 17.87 21.27
14.42 10.11 12.25 5.74 7.04 8.35 9.93 19.28 22.89
14.68 10.59 12.78 5.96 7.29 8.31 9.87 20.00 23.64
14.77 10.74 12.96 6.02 7.36 8.3 9.86 20.21 23.84

#Koning Global potential.
"FDB-Bechetti potential.
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TABLE V. Cross sections for "8Se(n, p)’®As reaction estimated
over 13.73 MeV to 14.77 MeV neutron energies using different
level density options of TALYS code and considering exciton model
preeqmode 1.

Neutron energy
(MeV)

Theoretical cross section (mb)

ldmodel 1 ldmodel 2 Idmodel 3
13.73 15.75 19.11 22.54
14.07 17.48 20.95 24.96
14.42 19.09 22.69 27.26
14.68 20.64 24.38 29.27
14.77 20.87 24.57 29.62

energies (i) measured in the present work and (ii) estimated
by EMPIRE-II and TALY'S codes using the best options of the
model parameters. Using the best options of the parameters
given in Table IX, the cross sections of #Se(n, p)®°As reaction
over 10 MeV to 20 MeV neutron energies were estimated by
EMPIRE-II and TALYS codes and the results are plotted in
Fig. 4. In addition, the literature cross section [40] and the
cross sections measured in the present work are also plotted in
Fig. 4.

It is observed in Table VII that the cross sections of
80Se(n, p)®°As reaction estimated by exciton model DEGAS
with EMPIRE-specific level density and nucleon potentials
of Bechetti are close to the experimental cross sections as
compared to those obtained by using other options of level
densities and nucleon potentials. Similarly it is observed in
Table VIII that the cross sections estimated by TALYS code
using exciton model and ldmodel 3 level density are close to
the cross sections measured in the present work as compared
to those obtained using Idmodel 1 level density. As observed in
Fig. 4, the cross section of 3Se(n, p)8° As reaction reported by
Minetti [40] at 14.7 MeV neutron energy is higher as compared
to the cross section measured around 14.7 MeV as well as with
the cross sections estimated using both the codes in the present
work.

However, the cross sections for 3°Se(n, p)*®As reaction
estimated using the multistep compound and multistep direct
model in EMPIRE-II code are found to be lower and does
not match with the cross sections measured in the present
work and therefore these results are not given and discussed in
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FIG. 3. (Color online) Cross sections for *Se(n, p)’® As reaction
at different neutron energies (i) measured in the present work and
(ii) estimated over 10 MeV to 20 MeV neutron energies using
EMPIRE-II and TALYS codes in the present work. A few literature
cross sections are plotted for comparison.

this paper. Similarly, the cross sections estimated by TALYS
code using the multistep compound and multistep direct model
were much higher as compared to the cross sections measured
in the present work and also with only one cross section in
literature. Therefore the cross sections estimated by TALYS
code using the multistep compound and multistep direct model
not considered worth reporting in this paper.

A comparison of the cross sections given in Table VI
and Table IX show that the theoretically estimated and the
experimental cross sections for 8Se(n, p)’®As reaction are
higher as compared to that of 8Se(n, p)3°As reaction at all the
neutron energies reported in the present work.

The 8Se(n, o)’ Ge reaction leads to the formation of the
germanium metastable state ”’Ge™ having a lifetime of 52.9 s.
By emitting a y-ray of energy 0.159 MeV, the 7’Ge™ state
decays to the ground state ’’Ge, which is radioactive with life
time of 11.3 hours. Subsequently, by emitting a 8 particle 7’ Ge
decays to 77 As having lifetime of 38.83 hours.

The reaction %Se(n,®)’’Ge™  competes  with
80Se(n, p)®°As reaction at all the neutron energies above the
threshold, and therefore indirectly reduces the cross section

TABLE VI. Cross sections for 78Se(n, p)’® As reaction (i) measured in the present work and (ii) theoretically estimated using EMPIRE-IT
and TALYS codes over 13.73 MeV to 14.77 MeV neutron energies using the best close options.

Neutron Theoretical cross section (mb) Measured
energy EMPIRE-II TALYS cross section
(MeV) - .
Exciton model MSC+MSD Exciton model (mb)
EMPIRE specific & Bechetti HFBCS & Koning Idmodel 1

13.73 13.67 16.39 15.75 156 £ 1.5
14.07 15.28 17.87 17.48 17 £ 1.6
14.42 16.85 19.28 19.09 18.6 = 1.6
14.68 17.4 20.00 20.64 204 £ 1.7
14.77 17.79 20.21 20.87 22 + 1.7
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TABLE VII. Cross sections for 8°Se(n, p)® As reaction estimated over 13.73 MeV to 14.77 MeV neutron energies using different level
density and nucleon potential options of EMPIRE-II code and considering exciton model DEGAS.

Neutron Theoretical cross section (mb)

energy EMPIRE specific Fermi gas Gilbert Cameron Hartree-Fock-BCS
MeV

(MeV) KG* FDB® KG FDB KG FDB KG FDB
13.73 5.07 5.97 3.81 4.37 3.12 3.49 3.40 3.89
14.07 6.08 7.13 4.55 5.20 3.68 4.11 4.08 4.64
14.42 74 8.64 5.56 6.33 4.51 5.02 5.02 5.68
14.68 8.22 9.57 6.15 6.99 4.96 5.51 5.55 6.27
14.77 8.06 9.41 5.99 6.83 4.74 5.28 5.37 6.07

#Koning Global potential.
"FDB-Bechetti potential.

of 8Se(n, p)SOAs reaction. In addition, the theoretical cross
sections of the 30Se(n,2n)7°Se reaction are higher than
the corresponding cross section of "3Se(n, 2n)"’Se reaction
almost at all the neutron energies reported in the present work.
This may be attributed to the two neutrons, which are excess
in the 3°Se target nuclei as compared to "8Se nuclei. In case of
80Se the neutron emission probability through (n, 2n) reaction
is therefore higher as compared to that of "3Se nuclei.

In addition, the radio nuclei 7’Ge and 7Ge are also pro-
duced through %°Se(n, «)’’Ge and "8Se(n, @) Ge reactions
respectively. The 7’Ge has a half life of about 11.3 hr and
emits 0.264 MeV y rays with 54% disintegration probability.
Similarly the 73Ge has a half life of 82.78 m and emits
0.264 MeV y rays with 11% disintegration probability. In
the recorded y-ray spectrum shown in Fig. 2, the photo peak
of 0.264 MeV energy had therefore contributions from both
"7Ge and >Ge radioisotopes. Even though the cross section
for the 3°Se(n, p)®*As reaction is nearly equal to that of the
80Se(n, a)’’Ge reaction [4,39], the peak height of 0.264 MeV
y rays is smaller as compared to peak height of 0.66 MeV y
rays due to 8 As produced through the 3Se(n, p)3°As reaction.
In the 0.264 MeV photo peak the contribution of 7’Ge must
be small due to irradiation time, which is much smaller as
compared to the half life of 7’ Ge radioisotope.

As observed in Figs. 3 and 4, the theoretical cross sections
of 8Se(n, p)’8As and 8°Se(n, p)3°As reactions estimated by
EMPIRE-II code are found to increase initially with neutron
energy, but starts decreasing with further increase in the

TABLE VIIIL. Cross sections for 3°Se(n, p)?°As reaction esti-
mated over 13.73 MeV to 14.77 MeV neutron energies using different
level density options of TALYS code and considering exciton model
preeqmode 1.

Neutron energy
(MeV)

Theoretical cross section (mb)

ldmodel 1 ldmodel 2 Idmodel 3
13.73 5.55 32.21 5.75
14.07 6.51 34.25 6.77
14.42 7.61 34.44 7.93
14.68 8.75 33.62 9.11
14.77 9.10 34.18 9.47

neutron energy above 16 MeV and 19 MeV respectively. This
decrease in the cross section above 16 MeV neutron energy
for the ®Se(n, p)’8As reaction can be attributed to competing
reaction  channels [41] for 78Se(n, pn)’’As  and
8Se(n, 3n)"%Se reactions having threshold energies ~10.53
MeV and ~18.15 MeV [10], respectively. Similarly, for the
80Se(n, p)B°As reaction the decrease in the cross section with
neutron energy can be attributed to the competing reaction
channels [41] for 8'Se(n, pn)’?As and %°Se(n, 3n)"8Se
reactions having threshold energies ~ 11.56MeV and
~ 17.09MeV [10] respectively. As observed in Figs. 3
and 4, the estimated cross sections for "8Se(n, p)’®As
and %Se(n, p)3°As reactions by EMPIRE-II code deviates
significantly from those of obtained by TALYS code around
15 MeV and 16 MeV neutron energy respectively. However,
for the "8Se(n, p)78As reaction the cross sections reported
by Hoang up to 16.6 MeV neutron energy are close to those
estimated by EMPIRE-II code but deviates significantly
from those estimated by TALYS code. The cross sections
of 78Se(n, p)’8As and ®Se(n, p)’°As reactions estimated

30

= Present work S(Js 80
] R R e(n,p) As
—eo—Minetti [40]
25 EMPIRE-II (Exciton)
————— TALYS
(ldmodel 1, Exciton)
20 TALYS
. (ldmodel 3, Exciton)
e}
£
c 15
S
©
Q
@
1]
g 10 4
(6]

10 ' 12 ' 14 ' 16 ' 18 ' 20
Neutron energy (MeV)

FIG. 4. (Color online) Cross sections for 8Se(n, p)3°As reaction

at different neutron energies (i) measured in the present work and

(ii) estimated over 10 MeV to 20 MeV neutron energies using

EMPIRE-II and TALYS codes in the present work. One literature
cross section is given for comparison.
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TABLE IX. Cross sections for 8Se(n, p)®As reaction (i) measured in the present work and (ii) theoretically estimated using EMPIRE-II
and TALYS codes over 13.73 MeV to 14.77 MeV neutron energies using the best close options.

Neutron Theoretical cross section (mb) Measured
energy EMPIRE-II TALYS cross section
(MeV) (Exciton model, EMPIRE specific, Bechetti) (Exciton model, Idmodel 3) (mb)
13.73 5.97 5.75 4.8 £ 0.63
14.07 7.13 6.77 7.1 £ 0.95
14.42 8.64 7.93 8.6 £ 1.1
14.68 9.57 9.11 96 £ 14
14.77 9.41 9.47 11 £ 1.6

by TALYS code are found to increase continuously with
neutron energy used in the present work. These results are
not consistent because the cross sections of "3Se(n, p)78As
and %°Se(n, p)SOAs reactions must decrease above the neutron
energy at which other (n, pn), (n, 3n), etc. nuclear reactions
are induced through the other channels.

The thresholds for the formation of "®As and 8°As through
80Se(n, 2np)’8As and #2Se (1, 2np) 8°As reactions are above
20 MeV and therefore no interference was possible in the
measured cross sections of "8Se(n, p)’®As and 8°Se(n, p)3°As
reactions, respectively. The 8 As has a short half life of 15.2 s
and therefore the cross sections reported in the present work
for the 3°Se(n, p)®°As reaction can be used for the estimation

of selenium in a sample without risk of formation of long-life
arsenic radioisotopes. The production of harmful isotopes of
arsenic can be minimized by avoiding use of the selenium
in the accelerator areas where high-energy neutrons are
produced.
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