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The cross section of 7°Se(n,2n)”Se reaction at 14.77 + 0.17 MeV neutron energy was measured with offline
gamma spectrometry. Furthermore, covariance analysis for the measured cross section with respect to the other
neutron induced reaction cross sections for the same target was reported. The experimental results were
compared with reported experimental data from the EXFOR database and evaluated data from the ENDF/B-
VIIL.O, JENDL-5, and TENDL-2021 libraries. Statistical model calculations with the TALYS-1.96, and EMPIRE-
3.2.3 codes were carried out for optimized parameters corresponding to experimental trends. The measured
cross section is in good agreement with the data from the EXFOR database, and the evaluated data libraries.

1. Introduction

Selenium (Se) is a grey non-metal found to occur in nature as seven
stable isotopes. The isotopic abundance for 7%Se is 9.37 + 0.29% in a
natural Se sample. 7°Se decays by electron capture with a half-life
119.78 + 0.05 days. The authors (Weeks and Schulz, 1986) explored
the use of 7°Se as a potential gamma source as an alternative to
iridium-192 for brachytherapy. The advantages of 7>Se as a source are
the longer half-life, and the lower energy gamma rays. In literature, only
a few previous works for the 765e(n,2n)755e reaction cross section have
been reported in the experimental exchange format (EXFOR) database
(Otuka et al., 2014). Only two of the reported experimental measure-
ments are carried out with a high purity germanium (HPGe) detector
and the sources of error in the experimental parameters are not
adequately reported. In light of the various discrepancies in the previous
reported data, the re-measurement of 76Se(n,2n)7SSe reaction cross
section is reported in the present work.

The article primarily reports and discusses the newly measured cross
section of 76Se(n,2n)755e reaction. Additionally, it presents other n+Se
activation cross sections obtained in the same measurement and their
correlations. This includes the description of the sample preparation,
sample irradiation, induced activity measurement with y-ray spec-
trometry, and uncertainty. In addition, statistical model calculations
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with the TALYS, and EMPIRE codes are done for the possible neutron-
induced reactions on natural Se target. The measured cross sections
are compared with the experimental data from literature and evaluated
data from the ENDF database (Brown et al., 2018; Iwamoto et al., 2023;
Koning et al., 2019).

2. Experimental methods
2.1. Sample activation and y-ray spectrometry

Samples of selenium (Se) powder (99.99% purity) of natural isotopic
abundance were prepared by packing ~2 gm sample in polythene vials.
The samples were sandwiched between two aluminium (Al) foils
weighing 0.285 gm in total and the sample size was 10 mm x 10 mm
with a thickness 1 mm. The sample details are listed in Table 1. The
samples were irradiated at the 14 MeV Neutron Generator facility
(Bhoraskar, 1989), Department of Physics, Savitribai Phule Pune Uni-
versity, Pune, India. The 14 MeV neutron beam was produced by bom-
barding 150 + 1 keV D ions on an 8 Ci titanium-tritide solid target. The
neutron energy at the sample position is 14.77 + 0.17 MeV(Ganesa-
pandy et al., 2023). The neutron flux during irradiation was found to be
~108 n/cm?/s with Al foil activation. After irradiation for an hour, the
samples were transferred to the counting room. After a sufficient cooling
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Table 1
Sample details.
Target Abundance (Meija Sample Sample Sample
isotope et al., 2016) (%) weight (g) thickness density (g/
(cm) cms)

82ge 8.73 + 0.22 2.0281 + 0.1 4.81

80ge 49.61 + 0.41 0.005

78se 23.77 + 0.28

77se 7.63 + 0.16

76se 9.37 + 0.29

745e 0.89 + 0.04

27A1 100 0.2854 + 0.02 2.7

0.0005
Table 2
Decay details for sample and reference monitor reactions.

Product Decay Half-life Ey (keV) Iy (%) Reference

Nuclei mode * b

8lgem IT 57.28 + 103.01 12.8 + Baglin (2008)

(99.949%)  0.02 min 0.3

77Ge B~ (100%)  11.211 211.03 30.0 + Singh and Nica
+0.003 0.8 (2012)

h

78As B~ (100%)  90.7 + 694.9 16.7 + Farhan and
0.2 min 2.1 Singh (2009)

75se ec (100%)  119.78 136 58.5 + Negret and
+0.05d 0.4 Singh (2013)

76As B~ (100%)  26.24+  559.1 45,0 + Singh (1995)
0.09 h 2.0

7358 ec pt 7.15 + 361.2 97.0 £ Singh and Chen

(100%) 0.09 h 1.0 (2019)

Mg B~ (100%)  9.458 +  843.76 71.80 Shamsuzzoha
0.012 +0.02 Basunia (2011)
min

%Na B~ (100%)  14.997 1368.626  99.9936 Firestone
+0.012 +0.0015  (2007)

h

2 IT — internal transistion, p~ — Beta decay, ec — electron capture, p* —
positron emission.
b min — minute, hr — hour, d — day.

time, the induced gamma activity of the irradiated samples was
measured with a pre-calibrated lead-shielded Ortec HPGe detector
having 30% relative efficiency and 1.5 keV energy resolution at 1.33
MeV gamma energy. The Ortec-make MCA and the MAESTRO software
were used for the data acquisition. The decay details of the activated
product nuclei, and references for the data analysis are provided in
Table 2. The threshold energy, timing details and y-ray net peak counts
for the possible neutron-induced reactions on a selenium target are listed
in Table 3. The recorded y-ray spectra for irradiated Se sample and Al
monitor are shown in Fig. 1 along with the respective irradiation time
(t1), cooling time (tz) and counting time (t3). In Fig. 1 (a) the short
half-life gamma-ray spectrum is shown. In Fig. 1 (b) and (c), the long
half-life gamma-ray spectra are shown for product nuclides 81Se™, 77 Ge,
78As, 7°Se, 7®As and 73Se® along with the monitor reaction product
nuclide 2*Na.

Table 3
Timing details, and y-ray net peak counts for reaction product nuclides.
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2.2. Detection efficiency determination of the HPGe detector

Standard point sources >2Eu (T; /5 = 13.517 =+ 0.009 years and ac-
tivity Ag = 4336.98 + 86.74 Bq as on 1 Oct. 1999), and **°Ba (T;,; =
10.51 + 0.05 years and activity Ag = 37000 + 140 Bq as on 1 Jan. 2019)
were used to calibrate the HPGe detector at a distance 50 mm from the
detector surface. The required efficiencies for sample geometry (¢) and
sample position at 5 mm were transferred with the EFFTRAN code
(Vidmar, 2005). The detection efficiency uncertainties were calculated
by the method described in Ref. (Ganesapandy et al., 2022a). The
following linear parametric model was used to generate the efficiencies
that are listed in Table 4 at required energies of y-lines in MeV

Ine= —3.4025 —0.914 In E 4+ 0.1729In E* + 0.4459In E* + 0.3273In E*

+0.0834In E°
(€9)]

2.3. Measurement of neutron-induced cross section and associated
uncertainty

The cross section for the following reactions 82Se(n,2n)81Sem, 8OSe(n,
a)"’Ge, 78Se(n,p)78As, 76Se(n,2n)755e, 76Se(n,p)76As, 74Se(n,2n)733eg
were calculated with the 27Al(n,a)24Na reaction as the monitor reaction
with the following expression:

O". — Gmem CS al?l AS M"I Iyl}‘l fm FS (2)

& Cpas Ay My Is fs Fy
here, the sample reaction parameters and the monitor reaction param-
eters are referred to with the subscript s and m respectively. ¢ is the
detector efficiency, C is the photo peak counts, a is the isotopic abun-
dance, A is the atomic mass, M is the mass, Iy is the branching ratio of
y-ray and f is the timing factor. The timing factor f is given by

(1= e)(e)(1 = )

f= 7 €]

where, 1 is the decay constant, t; is the irradiation time, t, is the cooling
time and t; is the counting time. 6,;, = 111.69 £ 2.73 mb is the inter-
polated IRDFF-II evaluated cross section at 14.77 + 0.17 MeV for the
27Al(n,oc)z“Na reaction. The correction factor (F) due to the coincidence
summing effects (f.) and the gamma ray self-attenuation (f,) is given by
F = f. x fq. fc was calculated with the TrueCoinc code (Sudar, 2002). fq
was calculated with self-absorption coefficients retrieved from the
XMuDat database(Pronyaev, 1998). f, f4, and F for the product nuclides
are listed in Table 5.

The fractional uncertainties in the measured parameters of equation
(2) were propagated to o; following the Ref. (Ganesapandy et al.,
2022b). The fractional uncertainties As, Am and am are negligible. 1, =
i—':' following Ref(Otuka et al., 2017). was adopted to reduce the uncer-

tainty in detector efficiency. The uncertainty in the interpolated effi-
ciency (¢) was propagated to the efficiency ratio () following Section II .
C of the Ref. (Ganesapandy et al., 2023). The uncertainties in t;, ty, t3 in
timing factor f are considered negligible. The uncertainties in 4; and A,
were propagated to the measured cross section. The total uncertainty
(%) is the square root of the quadrature sum of the fractional

Reaction Threshold energy (MeV) cooling time (secs) Counting time (secs) y-ray net peak counts
825e(n,2n)%1ge™ 9.494 1860 3671 231791 + 539
895e(n,a)’”Ge 0.912 83268 3616 428 + 50
783e(n,p)”®As 3.471 1860 3671 5702 + 125
76Se(n,2n)”°Se 11.301 83268 3616 1145 + 85
76Se(n,p)”®As 2.207 83268 3616 1298 + 69
74Se(n,2n)”>Sed 12.22 1860 3671 6945 + 140
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Fig. 1. Recorded y-ray spectra for the irradiated "*'Se sample and Al monitor.

Table 4
The interpolated efficiencies, correlation matrix for the product nuclides of sample, and monitor reactions.
Product Nuclide Ey (MeV) £ (%) Correlation Matrix
8lge™ 0.103 13.690 + 0.232 1
75Se 0.136 15.251 + 0.347 0.747 1
77Ge 0.21103 12.455 + 0.364 0.411 0.901 1
7358 0.3612 8.188 £ 0.176 0.813 0.893 0.753 1
76As 0.5591 5.679 + 0.143 0.907 0.61 0.278 0.825 1
78As 0.6949 4.674 + 0.112 0.926 0.678 0.349 0.837 0.988 1
%Na 1.36863 2.587 + 0.055 0.812 0.915 0.747 0.868 0.698 0.751 1
uncertainties (%) in the parameters of equation (1) listed in Table 6. reaction codes. The contributions of compound nucleus formation,
direct-like processes and pre-equilibrium processes are incorporated
3. Nuclear model calculations into these codes. The optical models viz. Wilmore-Hodgson optical
model (Hodgson, 1984) and Koning-Delaroche nucleon-nucleus optical
The cross section of the 7Se(n,2n)”°Se reaction was calculated for model (Koning and Duijvestijn, 2004) are valid for incident neutron
incident neutron energies from 13 to 17 MeV with the TALYS-1.96 energies up to 20 MeV. The transmission co-efficient for the ejectile in a

(Koning et al., 2008), and the EMPIRE-3.2.3 (Herman et al., 2007) nuclear reaction is determined by the optical model potential. 432 = 6 x
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Table 5

Correction factor for monitor and sample product nuclides.
Product nuclide Ey (MeV) Sample fa fc F
8lgem 0.103 Se 1.1486 1 1.1486
73se 0.136 Se 1.0811 1.1223 1.2134
77Ge 0.21103 Se 1.04 1.1614 1.2079
7358 0.3612 Se 1.024 1.1161 1.1429
76As 0.5591 Se 1.0184 1.0142 1.0329
78As 0.6949 Se 1.0175 1.046 1.0643
2Na 1.36863 Al 1.0014 1.0163 1.0177

2 x 4 x 9 calculations were done with combinations corresponding to 6
level density models, 2 optical models, 4 pre-equilibrium models and 9
gamma strength functions in the TALYS-1.96 code. Chi-squared analysis
of 432 calculations corresponding to the model space in the TALYS-1.96
code was done with the EXFOR data. Outlier data (Minetti and Pas-
quarelli, 1967; Molla et al., 1983) were not considered for Chi-squared
analysis. The best reproduction of the experimental data for the 7%Se(n,
2n)758e reaction was with the following combination: i) level densities
calculated by Constant Temperature (Gilbert and Cameron, 1965) +
Fermi Gas model (Dilg et al., 1973) ii) optical model potential for neu-
trons given by (Koning and Delaroche, 2003) , iii) preequilibrium model
described by (Koning and Duijvestijn, 2004) and iv) Gamma strength
function given by the standard Lorentzian(Axel, 1962; Brink, 1957). The
uncertainty in calculated TALYS cross sections is determined by the
method employed in Ref. (Ganesapandy et al., 2023). Similarly, with the
EMPIRE-3.2.3 code, 168 = 4 x 2 x 3 x 7 calculations were done with
combinations corresponding to 4 level density models, 2 optical models,
3 pre-equilibrium models and 7 gamma strength functions. The chosen
model combination based on chi-squared analysis with the EXFOR data
was i) level densities based on the microscopic HFB level densities
(GORIELY et al., 2001) ii) Wilmore-Hodgson optical model iii) Monte
Carlo pre-equilibrium model (Blann, 1996) and iv) Gamma strength
function given by the standard Lorentzian (Brink, 1955).

4. Results and discussion

In Fig. 2, the present result is compared with the normalized litera-
ture data (Otuka et al., 2014), the statistical model calculations of
TALYS-1.96 (Koning et al., 2008) and EMPIRE (Herman et al., 2007)
nuclear codes for incident neutron energies from 13 to 17 MeV. The
normalization of the EXFOR data is done for the reference monitor cross
section data in the IRDFF-II library (Trkov et al., 2020), and gamma-ray
branching ratio in the ENSDF library (Bhat, 1992). Upon normalization,
the reported data of (Molla et al., 1983) changes by 10% while the
change is less than 5% for the reported data of (Casanova and Sanchez,
1976; Filatenkov, 2016; Frehaut et al., 1980; He et al., 2005; Hille and
Muenzer, 1966; Hoang et al., 1989; Minetti and Pasquarelli, 1967; Rao
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and Fink, 1967; Zhou et al., 1987). The correlation matrix for the
measured neutron-induced reaction cross sections for selenium is listed
in Table 7. The present result is in good agreement with the normalized
data reported by Refs (Hille and Muenzer, 1966; Hoang et al., 1989;
Zhou et al., 1987). within experimental uncertainty, the ENDF/B-VIIIL.O,
and the JENDL-5 evaluations as listed in Table 8. The evaluations of
TENDL-21, JENDL-5 and ENDF/B-VIILO are interpolated values at 14.77
+ 0.17 MeV, which is the neutron energy spread of this measurement.

5. Conclusion

The measured cross section of 768e(n,2n)758e reaction at 14.77 +
0.17 neutron energy by neutron activation technique is 859.59 + 74.44
mb. The total uncertainty in the present measurement is 8.7%. The
experimental results are compared with normalized EXFOR data and
evaluated data from the ENDF/B-VIIL.O, JENDL-5 and TENDL-2021 li-
braries in Fig. 2. The measured cross section is in good agreement with
the EXFOR data and the evaluated data libraries at 14.77 + 0.17 inci-
dent neutron energy.

T T T
B Present Work 76 75
@ Filatenkov et al. (2016) Se(n,2n)"Se
15| A Heetal (2005 * -
V¥ Hoang et al. (1989) *
@ Zhou et al. (1987)
- <« Molla et al. (1983) *
g P Frehaut et al. (1980) }f
- 1.2 - @ Casanovaetal (1976) * =
= *  Rao et al. (1976) *
< @ Hille et al. (1966) - L
g ®  Minetti et al. (1967) *
o=
T oot < 3 L =
b : 2
2 o L
E ~ —— TENDL-2021
&) 0.6 ——JENDL-5
' —— TALYS-1.96 Upper
——TALYS-1.96 Lower
——EMPIRE-3.2.3
—— ENDF/B-VIILO0
0.3 -
1 1 1
13 14 15 16 17

Neutron Energy (MeV)

Fig. 2. Present results compared with the EXFOR data and the evaluated da-
tabases. * indicates normalization was done for the reported EXFOR data. The
TENDL-2021 evaluation is denoted by a green solid line, the JENDL-5 evalua-
tion is denoted by a blue solid line, the ENDF/B-VIILO evaluation is denoted by
a pink solid line, the EMPIRE-3.2.3 calculations is denoted by a solid purple
line, the TALYS-1.96 95% upper confidence level is denoted by a red solid line,
the TALYS-1.96 95% lower confidence level is denoted by a black solid line and
the region between the above two dashed lines is filled in blue.

Table 6

Partial uncertainties and for parameters and their correlation.
Nuclide 8lgem 77Ge 78As 75se 76As 7358 Correlation
Parameter
Cs 0.2325 11.6822 2.1922 7.4236 5.3159 2.0161 Uncorrelated
Cnm 0.5861 0.8967 0.5936 0.8967 0.8967 0.5779 Fully correlated
I 2.3438 2.6667 12.5749 0.6838 4.4444 1.0309 Uncorrelated
I 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 Fully correlated
Mm,s 1.0042 1.5658 0.143 1.7532 0.246 0.4152 Partially correlated
fis 0.0009 0.0132 0.078 0.0415 0.1243 2.0161 Uncorrelated
fim 0.0744 0.0092 0.0745 0.0092 0.0092 0.5779 Fully correlated
M; 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 Fully correlated
M, 0.1752 0.1752 0.1752 0.1752 0.1752 0.1752 Fully correlated
as 2.52% 0.8264° 1.178¢ 3.095¢ 3.095¢ 4.4944°  Thereisa perfect correlation between d and e. However, a, b, ¢, and f are uncorrelated

with d and e.

Om 2.4443 2.4443 2.4443 2.4443 2.4443 2.4443 Fully correlated
Total (%) 4.3887 12.3908 13.0656 8.6626 8.0297 6.0198
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Table 7
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Correlation matrix for measured cross section with the total uncertainty for neutron-induced reactions on "'Se.

Reaction Cross section (millibarns) Correlation Matrix

825e(n,2n)%ge™ 951.26 + 41.76 1

895e(n,a)”” Ge 2.48 + 0.31 0.131 1

78Se(n,p)”®As 19.13 + 2.50 0.113 0.041 1

76Se(n,2n)”>Se 859.59 + 74.44 0.206 0.086 0.059 1

76Se(n,p)”°As 49.72 + 3.99 0.191 0.069 0.063 0.239 1

743e(n,2n)”>Seé 179.45 + 10.80 0.254 0.094 0.082 0.137 0.136 1
Table 8

Present experimental cross section for the 768e(n,2n)758e reaction compared with evaluated data and nuclear model calculations.

Reaction Measured cross section (millibarns) Evaluated cross section (millibarns) at 14.77 MeV neutron energy
TALYS-1.96 EMPIRE-3.2.3 TENDL-2021 JENDL-5 ENDEF/B-VIIL.O
76Se(n,2n)”°Se 859.59 + 74.44 913.72 + 17.77 934.86 + 22.27 767.69 + 21.98 926.68 + 18.34 931.56 + 18.21
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