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Abstract: The cross sections of the me(n,Zn) Sb™ and “Sb(n, 2n)1228b reactions were measured at 12.50, 15.79
and 18.87 MeV neutron energies relative to the standard 27Al(n,a)MNa monitor reaction using neutron activation and
offline y-ray spectrometry. Irradiation of the samples was performed at the BARC-TIFR Pelletron Linac Facility,
Mumbai, India. The quasi-monoenergetic neutrons were generated via the 7Li(p,n) reaction. Statistical model calcu-
lations were performed by nuclear reaction codes TALYS (ver. 1.9) and EMPIRE (ver. 3.2.2) using various input
parameters and nuclear level density models. The cross sections of the ground and the isomeric state as well as the
isomeric cross section ratio were studied theoretically from reaction threshold to 26 MeV energies. The effect of pre-
equilibrium emission is also discussed in detail using different theoretical models. The present measured cross sec-
tions were discussed and compared with the reported experimental data and evaluation data of the JEFF-3.3,
ENDEF/B-VIILO, JENDL/AD-2017 and TENDL-2019 libraries. A detailed analysis of the uncertainties in the meas-
ured cross section data was performed using the covariance analysis method. Furthermore, a systematic study of the
(n,2n) reaction cross section for "*'Sb and '*’Sb isotopes was also performed within 14—15 MeV neutron energies us-
ing various systematic formulae. This work helps to overcome discrepancies in Sb data and illustrate a better under-
standing of pre-equilibrium emission in the (n,2n) reaction channel.
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I. INTRODUCTION

Nuclear data such as cross section, half-life, decay
modes, decay radiation properties, and y-rays from radio-
nuclides of the various radioisotopes are widely used in
nuclear medicine, radiation shielding, fusion/fission re-
actor design, radioactive waste disposal and transmuta-
tion, radiation safety, etc. Neutron-induced reaction cross
section data for different nuclei is often used to predict
various theoretical nuclear models Kl}] The (n,2n) reac-
tion cross sections of the >'Sb and '~°Sb isotopes are es-
sential for neutron multiplication calculations. In recent
years, the 121Sb(n,2n)1208b and 123Sb(n,2n)122$b reaction
cross sections within the energy range 13 to 20 MeV was
measured by several authors, as mentioned in the EX-

FOR compilation [2]. The available experimental and
evaluated data of the 121Sb(n,2n)1208b and 123Sb(n,Zn)
"2Sb reactions from threshold to 20 MeV shows dis-
agreement at the same incident energy. Since there are
significant discrepancies in the measured cross section
and evaluated data from different libraries for common
incident neutron energy, it is difficult to refine and cor-
rect various statistical parameters.

The compound nucleus, direct and pre-equilibrium
emission are the different models used to understand the
reaction mechanism, and the optimum parameters needed
to understand these processes. Therefore, it is essential to
improve the accuracy of measured experimental data and
understand these reaction models [3]. Some of the anti-
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mony isotopes in nuclear fission have been identified as
nuclides of the fission product. For the decommissioning
of light-water nuclear reactors, the cross section data of
neutron-induced reactions of antimony are very import-
ant. Therefore, fast-neutron-induced cross section meas-
urements with better accuracy for antimony are essential
for improving nuclear data [4—5]. It was observed that
when antimony is alloyed with lead, this increased the
hardness and mechanical strength of lead. This lead—anti-
mony allo is used in radlatlon shielding. The
Sb(n 2n) ’Sb reaction produces Sb (t1/2 = 2.47 day)
nuclei, and essential radiotracers are used to study food
crops and environmental contamination. Natural anti-
mony is also used in the start-up of neutron sources [6—7].
The neutron-induced reactions that result in the form-
ation of various isomers of residual nuclei are crucial for
better understanding the role of nuclear structure in the
compound nucleus reactlon process. In comparison with
the ground state of '*’Sb® and '**Sb® with spin J* = 1* and
=2-, "Sb™ and '’Sb™ are high spin isomers, each
with a spin Value of J*=8". Due to the high spin value
8~ of the isomeric state relative to the ground state 1*
and 2~ value, the spin distribution of the residual nucleus
can be studied with great sensitivity [8].

In the Present work, the excrtatlon functions of the
Sb(n,2n) 123Sb(n 2n) *Sb reactions were
measured at 12.50, 15.79 and 18.87 MeV neutron ener-
gies. The experimental results and latest evaluated data
from JEFF-3.3 [9], JENDL/AD-2017 [10], ENDF/B-
VIILO [11] and TENDL-2019 [12] libraries were com-
pared with the each other. Specifically, the uncertainties
in the measured cross section data were obtained through
the covariance analysis method, which involves uncer-
tainties from each source. In addition, a systematic study
of the (n,2n) reaction cross section for antimony isotopes
was also carried out using different formulae given by
several authors. The 1somerrc cross sectron ratio o,,/g, for
the ' Sb(n 2n) 5p™e a Sb(n 2n) 2gp™e reactlons
were studied theoretrcally in the energy range 10 -26
MeV using the TALYS (ver. 1.9) [13] and EMPIRE (ver.
3.2.2) [14] codes. The present measurements and avail-
able literature data were compared with theoretical calcu-
lations performed using the two codes. Additionally, the
different theoretical models from the two codes were
used to study the pre-equilibrium process mechanism and
the contribution to the current interest reaction channels.
The main reason for measurmg the (n,2n) reaction cross
section of "*'Sb and '*’Sb isotopes was the lack of suffi-
cient data at higher energies.

121

II. NEUTRON SOURCE

The 6-m elevation level (above analysing magnet) ir-
radiation setup of the 14UD BARC-TIFR Pelletron accel-
erator facility at Mumbai, India, was used for neutron

generation and activation. Quasi-monoenergetic neutrons
are produced when a proton beam with current of
150 160 nA is incident on the natural lithium foil through
the Ll(p, n) reaction. The pressure inside the 6-m setup
was 8x10™° torr, and in the neutron activation zone was
atmospheric. The energy spreads of the proton energy at
the height of 6 m were 50-90 keV. In the above experi-
mental setup, protons with energies of 15, 18 and 21
MeV after passing through a beam colhmator with a dia-
meter of 6 mm have impinged on 8.0- mg/cm thin natural
lithium foil, which was prepared at the TIFR target labor-
atory. This lithium foil was placed between the two tan-
talum foils of different thicknesses. The lithium target
was pasted on 0.1-mm-thick tantalum foil to stop the pro-
ton beam along with a 4.0- mg/cm thick front tantalum
foil. The energy losses of the protons in the lithium and
tantalum foils were calculated from the Monte Carlo sim-
ulation code SRIM [15]. The proton energy loss in the
lithium foil is from 264.08 to 167.12 keV, whereas in the
tantalum foils, it is from 56.7 to 44.96 keV. The samples
for irradiation were kept one at a time at a distance of 2.1
cm from the Ta—Li—Ta stack at 0° with respect to the pro-
ton beam direction. The experimental arrangement for the
neutron irradiation is shown in Fig. 1.

In the above experimental setup, when the natural
lithium foil was bombarded with protons with energies of
15, 18 and 21 MeV, quasi- monoenergetic neutrons (79)
were produced in the forward direction via the 7L1(p,n)
reaction. This reaction Lr(p,n) (E4=1.88 MeV) pro-
duces monoenergetic neutrons below the proton energy of
2.4 MeV. However, above the proton energy of 2.4 MeV,
the first excited state of 'Be is populated 0.43 MeV above
the ground state, which is the second group of neutrons
(n1). The "Be ground state threshold is 1.881, and neut-
ron energy corresponding to the ground state is Ep 1.881.
Similarly, the first excited state threshold for "Be is 2.38
MeV, and neutron energy correspondlng to the first ex-
cited state is £,-2.38. In the Ll(p,n) reaction, for proton
energies below 5 MeV at zero-degree, these low energy
neutrons yield less than about 10% of the ground state
yield. Thus the usefulness of the monoenergetic neutron
source is only slightly impaired. Three-body interactions
take place above 6 MeV, which populates excited states
of ‘Be and produces neutrons with primary neutron peak
(np) [16]. The primary neutron peak (np) has a higher
neutron energy and flux, and this peak is used to measure
the (n,2n) reaction cross section of antimony isotopes.
The neutron distribution for energies of 15, 18 and 21
MeV was obtained by interpolation techniques using the
neutron distribution of M. W. Mcnaughton et al. [17].
The neutron distribution has a quasi-monoenergetic peak
near £,~1.88 and a long tail towards lower energies, as
shown in Fig. 2(a,b,c) for the proton energies of 15, 18
and 21 MeV. This neutron spectrum was used for the
neutron energy calculation based on the kinematic rela-
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tion (E,, :E,,—Eth),Ep is the proton energy, and Ey, is
the threshold energy of the 7Li(p,n) reaction. The effect-
ive mean neutron energy of the primary neutron group
from the neutron spectrum was calculated using equation
(1), and the uncertainty associated with this neutron en-
ergy is the spectrum width of the primary neutron peak.
The calculated neutron energy is given as 12.50+0.68,
15.79+0.55 and 18.87+0.59 MeV corresponding to pro-
ton energies 15, 18 and 21 MeV.

E
f Ei¢;(E)dE

E,
<El‘l> = E"W >
¢i(E)dE

E,

M

(E,) is the effective mean neutron energy, En.x is the
maximum neutron energy, E,, is the peak forming start
energy, E; is the energy bin and ¢;(F) is the neutron flux
for the energy bin E;.

III. SAMPLE PREPARATION AND y—RAY
ACTIVITY MEASUREMENTS

A. Sample preparation

Natural antimony (with purity 99.89%) in powder
form was used for sample preparation of weight ~600 mg
forzeach sample. Three antimony pellets of area 1.327
cm~ and diameter 1.3 cm were prepared into circular
shapes using the pelletizer. Thin aluminium metal foil
(with purity 99.97%) of weight ~25.6 mg was used as a

=

Fr=—"F
=,

(color online) Schematic diagram of the experimental setup used for neutron irradiation.
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[
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standard for normalization during the irradiation process.
Thg aluminium monitor foil in a square shape of area 1
cm” and thickness 0.1 mm was placed with each anti-
mony sam_}ale. The neutron flux was determined using the
standard Al(n, a)24Na reference reaction. During the ir-
radiations, these samples were wrapped in 0.011-mm-
thick aluminium foil to prevent radioactive contamina-
tion from one another and to the surrounding.

B. y-ray activity measurements

The samples were irradiated at a distance of 2.1 cm
from the neutron source for 7 to 9 hours to obtain suffi-
cient activity in the antimony targets and the reference
foils. After the irradiation process and sufficient cooling,
the samples were transferred to the low-background
counting location. The irradiation, cooling and counting
time of the samples at different energies are summarized
in Table 1. The emitted y-rays from the neutron-irradi-
ated samples were measured by a 40% relative efficiency
pre-calibrated Baltic p-type coaxial high-purity germani-
um detector (HPGe) coupled to a PC-based 4096 multi-
channel analyzer. This detector was shielded with lead
blocks to reduce the contribution of the natural back-
ground radioactivity. The samples were kept at a dis-
tance of 3 cm from the end cup of the HPGe detector to
maintain a very low dead time throughout the experiment.
At this distance, the correction for the coincident sum-
ming effect was considered in the efficiency calculation.
The CAMAC-based Genie y-ray spectroscopy software
was used for the data acquisition. The energy and effi-
ciency calibration of the detector was carried out using
the standard calibrated “’Eu point source at the same
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(color online) Neutron energy flux spectra from the
7Li(p,n) reaction at 0° of the impinging protons at energies 15,
18 and 21 MeV, obtained from the distribution of M. W.

geometry to reduce the coincidence summing effect. The
energy resolution of the HPGe detector was 3.305 keV at
1408 keV y-ray of a standard ’Eu point source. A typic-
al y-ray spectrum obtained from the HPGe detector is giv-
en in Fig. 3, where the 564.12 keV and 1171.3 keV v-
lines of antimony isotopes are seen. The necessary decay
data of the antimony and aluminium targets are presented
in Table 2.

IV. DATA ANALYSIS AND RESULTS

A. Cross section calculations

The cross sections were measured by irradiating the
target samples with a neutrons beam using the neutron ac-
tivation method. These activated samples emit character-
istic y-rays having a suitable half-life with y-ray trans-
ition probability. The neutron activation cross sections for
the selected reactions were calculated relative to the
27Al(n,cz/)24N31 reference reaction cross section using the
following formula,

(e.1y.Abuwr.f) =~ (CAAM.EE)
(Tsp) =(TA1) " ( Al >

el AbuWef), (CAAM.GE)

CFA.."Sb * Clowsb * Careasb

b

Al

@)

9
Cr wn Al ¥ Crowal * Careaal

where osp and oa; are sample and monitor reaction cross
sections, C is the y-ray peak count, 4 is the decay con-
stant, ¢ is the efficiency for the characteristic y-ray of the
radionuclide, I, is the y-ray abundance, Wz. is the weight,
Abu. is the isotopic abundance, AM is the atomic mass,
is the time factor, CL and LT are the clock and live time,
Clow 18 the correction factor due to the low energy neut-
ron contribution, Cr_ is the correction factor due to the
self-attenuation of the p-ray and Cue, is the correction
factor due to area. The following relation gives the time
factor f,

e

where #;, is the irradiation time, 7.0 is the cooling time
and ¢ is the counting time. The half-life, isotopic abund-

Table 1. Sample details and irradiation, cooling and counting times for Sb samples.
Natural abundance Samples weight (mg) Thickness (cm) Irradiation time ~ Cooling time ~ Counting time
Isotope E,(MeV)
(%) Sb pellet Al foil Sb pellet Al foil (sec) (sec) (sec)
sb 57.38 (5) 15 601 25.6 0.07 0.01 32700 20986 1930
#sb 42.64 (5) 18 602 25.9 0.07 0.01 25200 21475 1244
Al 100 21 600 25.9 0.07 0.01 25200 24117 1214
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Fig. 3. Typical offline y-ray energy spectra obtained with an HPGe detector after irradiation at neutron energy of 15.79 MeV for the
"Sb sample.
Table 2. Nuclear spectroscopic decay data with their uncertainties for sample and monitor reactions [18-20].
Reaction En(MeV) Half-life (71/2) Decay mode E, (keV) 1,(%)
218h (n,2) 'SH™ 9.33 5.76 (2) day £(100 %) 1171.3 100
'3b(n,2n) Sb 9.03 2.72 (2) day B(97.59 %) £ (2.41%) 564.12 70.68 (18)
7 Al(n,@)**Na 347 14.99 (12) hours B~ (100 %) 1368.62 99.99 (4)

ance, y-ray abundance and decay mode for the sample
and monitor reaction products with their uncertainties are
given in Table 2. The spectroscopic decay data with un-
certainties were taken from the nuclear database [18-20].
The present measured cross sections of the me(n,Zn)
%Sh™ and 123Sb(n, Zn)me reactions are given in Table 3.

Interaction of the y-rays with samples requires correc-
tion for the self-attenuation effect. This self-attenuation
factor Iy, for activated materials was calculated by the
relation Iy = ((1-e7)/ul), where [ is the thickness of
the sample and u is the mass attenuation coefficient,
which was taken from the XMuDat ver.1.0.1 [21-22].
The values for the correction factor of the self-attenu-
ation are given in Table 4. The reaction cross sections
were measured for the primary neutron (ng) energy peak,
as shown in Fig. 2. The following relation gives a correc-
tion for the low energy background neutrons,

_Jo(Ep)oi(En)

COW:1 )
1 [¢(Eyors(E)dE

“)

where ¢ (E) = ¢(Epl) + ¢(Ep2) is the neutron flux, E, and
E,, are the primary and secondary neutron energy peaks
in the neutron spectrum and o (E) is the reaction cross
section. The values of this cross section o;(E) for the
sample and monitor reactions were obtained from the
TENDL-2019 and IRDFF-1.05 evaluated data libraries
[12, 23]. The spectral indexing method for correcting the
low energy background neutron is given in Ref. [24]. The
calculated values of the correction factor for the low en-
ergy background neutrons are given in Table 4. The spec-
trum-averaged cross section for the monitor reaction is
{om), obtained by the following relation,

(Om) = f oo (E)dE/ f ¢odE. (5)

The correlation coefficients for the monitor reaction
are obtained using the following equation,

Cor((aiXoj)) = Cov ((aiXo)) /(Var(a:).Var(o )% (6)
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Table 3. Measured cross sections with uncertainties and correlation matrix at £, =12.50, 15.79 and 18.87 MeV.

(E,) (MeV) 'Sb(n,2n)*’Sb™ (mb) "*Sb(n,2n)'’Sb (mb) Correlation matrix
12.50+0.68 424.47+46.35 1371.74£130.56 10
15.79+0.55 596.25+94.37 1570.29+233.34 0.1735 1.0
03176 0.2556 1.0
0.8483 0.1775 0.3233 1.0
18.87+0.59 633.68+55.17 1412.50+101.63 01652 09253 02561 01778 1.0
0.3412 0.2401 0.8511 0.3672 0.2418 1.0
Table 4. Values of y-ray self-attenuation and low energy where ¢ is the efficiency of the corresponding y-rays, C is

background neutron correction factors used to measure the
cross section.

Reaction (Ex) MeV)  E, (keV)  (Cry,) (Ciow)

12.50 0.988029  0.99948

1Sb(n, 2) *’SH™ 15.79 1171.2 0.988064  0.96515
18.87 0.988076  0.90076

12.50 0.980661  0.99841

"38h(n,2n) Sb 15.79 564.2 0.980717  0.95577
18.87 0.980736  0.88616

12.50 0.999322  0.87381

“Al(n,a)"'Na 15.79 1368.62  0.999330  0.90274
18.87 0.999320  0.75953

The reference cross section of the 27A1(n, a/)24Na mon-
itor reaction at the nearest point energies was calculated
using the evaluated cross-section data of the IRDFF-1.05
[23] library. The monitor cross sections with uncertain-
ties and the covariance and correlation matrix are given in
Table 5.

B. Covariance analysis

We calculated the covariance matrix for the detector
efficiency and reaction cross section in the above data
analysis. All the uncertainty information for the experi-
mental data is included in the covariance matrix. There-
fore, the calculated matrix gives complete information of
the uncertainties in the measured cross section. The effi-
ciencies of the detector were measured using y-lines of
the calibrated 'Eu point source. The following relation
gives the efficiency of the HPGe detector,

CK,
£= ———0,
NolLye=

(7

the count under the gamma peak, N, is the activity of the
standard '’Eu source at an initial time, I, is the y-ray in-
tensity, A is the decay constant of ISZEu, Kc is the correc-
tion factor for the coincidence summing effect, and ¢ is
the time elapsed from the manufacture date to the start of
counting. The correction factor K¢ was calculated from
the Monte Carlo Simulation code EFFTRAN [25] using
HPGe detector structured data such as crystal hole cavity,
end cup, mount cup, crystal material, dimension, ab-
sorber, window and calibration source information. It is
observed that the HPGe detector efficiency is the func-
tion of counts, decay constant, the activity of source and
y-ray intensity. Uncertainty in these four variables
propagates in the detector efficiency estimation. There-
fore, detector efficiency can be written as the function of
only four attributes, 1,,4,C,Ny. The total uncertainties
due to these four attributes in detector efficiency were
calculated using quadratic sum formula,

A&V (AC (ALi\: (AN 5
(?) —(?) *(17) *(To) HOAD% ()

Uncertainty in the constant is Ad=

(0.693 A7y )2/72 ).

The knowledge about the partial uncertainties and
their correlations provides a foundation for creating the
covariance matrix, which fully describes the uncertain-
ties in the calculated efficiencies. It is possible to directly
calculate the elements of this covariance matrix using the
formula,

decay

(Vs)ij = Zreirsijrejr’ (9)

where S;;- is the nxn micro-correlation matrix between
the i and j™ observations due to the r attributes, e;,

Table 5. Standard 27Al(n,a)24Na reaction cross sections with their covariance and correlation matrix obtained from IRDFF-1.05 [23].

(En) (MeV) Cross section (mb) Covariance matrix Correlation matrix
12.50+0.68 118.94+0.079 0.006326 1.0

15.79+0.55 114.38+0.067 0.000389 0.004493 0.0729 1.0

18.8720.59 557440108 0.002165 0.000917 0.01168 02517 01265 1.0
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and ej. are the nxn diagonal matrices of partial uncer-
tainties of the i and j™ observations due to the " attrib-
utes. The partial uncertainties in different attributes are
given in Table 6. The total error in the measured efficien-
cies is related to the variances by the formula
ogii = (Ve);)'/?. The calculated covariance and correla-
tion matrix for the HPGe detector efficiency is given in
Table 7. The y-rays emitted by °Sb™, Sb and **Na nuc-
lei are different from the y-ray of the standard ’Ey
source. A linear interpolation method was used in the cal-
culation to estimate efficiencies for the corresponding y-
rays of '’Sb™, '”’Sb and **Na nuclei. An empirical rela-
tion as a model through interpolation uses the following

linear parametric function,

In(ep =" pe(nlED*", (10)

where ¢; is the efficiency for the corresponding y-ray en-
ergy, E; and py is the fitting parameter. The least-square
condition states that the best estimate for P in the model
is the one that minimizes the chi-square statistic given by
x%=(Z-AP) V;' (Z-AP). From the least square meth-
od, the best estimate for P is calculated by the following
relation,

P=(ATV'A) (ATV,'2). (11)

In the above equation P is the column matrix, V, was
calculated as (Vy);;/eie; where V. is the covariance mat-
rix for the corresponding efficiencies &, A is the design
matrix with Az=0n[E;)* ", k=1,2...7,i=1,2... 8 and
Z is the column matrix with Z;= In(g;) [26]. The best fit
of the chosen model in the present work was obtained by
considering six parameters, and the model gives the best
fit value for k=7 and i=8, with the goodness of fit x>
=0.799. We consider the following linear parametric
model as the best model, which gives the values of fit-
ting parameters P =-5.453, —1.092, 1.783, —0.0567,
—5.579, —4.976, —1.208. From the above calculation, the
correlation matrix and efficiencies for the characteristics
y-rays of the °Sb™, '**Sb and **Na are given in Table 8.

In covariance analysis, a ratio method was used for
the calculation of the activation cross section. In the
standard equation (2), the sample reaction cross section
was normalized to monitor the reaction cross section. We
obtained the ratio of (o) and (o), i.e. the sample and
monitor reaction cross sections. The covariance matrix
for the measured cross section was calculated by the fol-
lowing formula,

(VO'S)ij = Zreirs ijré€jrs (12)

wher}? Sijr 1s the nxn micro-correlation matrix between
the i and jlh observations due to the 7" attributes, e;. and

Table 6. Partial uncertainties in various parameters to obtain HPGe detector efficiency.

E, (keV) Counts(x10™) Half-life(x10™*) Iy (x107%) Activity(x10™%) Total Uncertainty(x107%)
121.78 0.619 2.092 1.331 2.698 3.716
244.69 1.081 1.556 4.434 2.008 5.223
344.27 0.489 1.166 2.001 1.504 2.804
443.96 1.455 1.105 0.623 1.426 2.401
778.91 0.457 0.522 3.665 0.673 3.791
964.08 0.391 0.433 2.359 0.558 1.493
1085.87 0.381 0.358 1.995 0.462 2.114
1408.01 0.261 0.285 1.389 0.368 1.448
Table 7. Calculated covariance and correlation matrix for the HPGe detector efficiencies.
E, (keV) Covariance matrix (x107%) Correlation matrix
121.78 13.81 1.0
244.69 8.672 27.28 0.446 1.0
344.27 6.497 4.834 7.865 0.623 0.331 1.0
443.96 6.159 4.852 3.433 5.761 0.691 0.365 0.511 1.0
778.91 2906 2.162 1.619 1.535 14.36 0.206 0.109 0.152 0.168 1.0
964.08 2411 1.794 1344 1274 0.601 6.216 0.261 0.137 0.192 0.213 0.063 1.0
1085.86 1.966 1.485 1.112 1.054 0.497 0.413 4.466 0.254 0.134 0.187 0.208 0.062 0.078 1.0
1408.01 1.588 1.182 0.885 0.839 0.396 0.328 0.272 2.214 0.287 0.152 0.212 0.235 0.071 0.089 0.086 1.0
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Table 8. Interpolated detector efficiencies of the characteristic y-rays of the product nuclides with their uncertainties and correlation
matrix.
Reaction Nuclide E, (keV) Efficiency Correlation matrix
1Sb(n,2n) *"SH™ gp™ 1171.2 0.003749£0.0001326 1.0
’Sb(n,2n) **Sb Sb 564.2 0.010791+0.0002988 04826 1.0
7Al(n,a)*'Na *Na 1368.6 0.003369-£0.0001385 0.6459 0.1056 1.0

ejr are the nxn diagonal matrix of partial uncertainty i"
and jth observations due to the 7" attributes [27]. The
Table 9 summarizes the partial uncertainties in various
parameters to obtain(n,2n) reaction cross section of Sb
isotopes. The calculated correlation matrix for the
121Sb(n, 2n)1ZOSbm and 123Sb(n,Zn)me reactions cross
sections is given in Table 9. The error in the measured
cross sections are calculated by taking the square root of
the diagonal elements of the covariance matrix, i.e.
((Vy5);)'?. The source of uncertainty and their values in
the present measured cross sections are given as follows:
counting statistics (<5%), isotopic abundance (<1%), de-
tector efficiency (<4%), the weight of samples (<0.01%),
reference cross section (<1%), and self-absorption of -
ray (£1%). The uncertainties due to the other sources are
very small and neglected in measured cross sections.

C. Experimental results

There are no evaluation cross sections in the database
of IAEA for the '*'Sb(n,2n)'*’Sb", "*'Sb(n,2n)"*"Sb*,
me(n, Zrz)lzzsbm and 123Sb(n, 2n)l2ZSbg reactions. The
results of the present measurements with cross sections at
neutron energies of 12.50, 15.79 and 18.87 MeV are plot-

Table 9. Partial uncertainties in various parameters to obtain the me(n,Zn)

ted in Figs. 4(a) and 5(c) along with all other reported
data. We can see from Figs. 4(c) and 5(c) that the trends
of these evaluation excitation curves of JEFF-3.3,
TENDL-2019, JENDL/AD-2017 and ENDF/B-VIIIL.0 are
not the same.

For the isomeric state cross section from Fig. 4(a), our
results are higher than those obtained by N. L. Das et al.
[54], W. D. Lu et al. [55] and A. Reggoug et al. [66]. At
15.79 and 18.87 MeV, the present measured data are in
agreement with the results of S. K. Ghorai ef al. [56] and
M. Bormann et al. [59] within experimental uncertainties.
In contrast, at 12.50 MeV, the present data lies between
the data of S. K. Ghorai et al. [56] and Y. Kanda [65]. In
addition, for the isomeric state the cross section values of
J. L Casanova [62] is much higher than the present meas-
ured cross section. Similarly, the rezported measurements
of the various experiments for the ! 1Sb(n,Zn)IZOSbg reac-
tion agree very well except for some of the reported data
by R. A. Jarjis [60] and C. Carles [69] as shown in Fig. 4(b).

It can be seen from Fig. 4(c) that in the 14 to 20 MeV
energy range, results of N. L. Das et al. [54], M. Bor-
mann et al. [59] and Y. Kanda [65] are consistent with
the result of ENDEF/B-VIIL.0 evaluation for the

5™ and me(n,Zn)me reactions cross section.

121 120,

123 122,

Parameters Sb(n,2n) ~'Sb™ Sb(n,2n) ~Sb
(Ey=12.50 MeV)  (E,)=15.79 (MeV)  (E,)=18.87 (MeV) (Eny=12.50 MeV)  (E,)=15.79 (MeV)  (E,)=18.87 (MeV)

TAl 2.838 3.498 12.289 9.172 9218 2.740
Csp 22.657 32.923 17.691 23.466 28.323 15.095
AMg, 0.070 0.099 0.105 0.112 0.128 0.115
Asp 2.963 4232 5.993 9.353 10.802 9.289
War 6.367 11.925 15.842 27.435 39.282 3.533
Iyag 0.170 0.239 0.253 0.549 0.629 0.565
£al 17.450 24.512 26.051 56.392 64.596 58.090
Cal 31.208 77.626 31.804 100.852 204.565 70.918
AM 5 0.472 0.663 0.705 1.525 1.747 1.571
Aal 1.117 2.063 3.128 3.608 5.438 6.684
Wsp, 8.504 23.850 9.505 27.480 62.852 2.120
Abungy, 0.212 0.298 0.317 0.683 0.782 0.703
Iygy 0.006 0.009 0.010 2.465 2.823 2.539
&sb 15.010 21.085 22.408 37.983 43.509 39.127
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121

Sb(n,2n)IZOSb reaction. In addition, the JENDL/AD-
2017 and TENDL-2019 evaluations agree with the repor-
ted data of J. H. Mccrary et al. [63] and Y. Kanda [65] at
higher energies within experimental uncertainties. The
cross section predicted by the JEFF-3.3 library is too
large in the 15 MeV energy region and agrees very well
with lower energy data of N. L. Das et al. [54], B. Minetti
et al. [57] and M. Bormann et al. [59].

It is observed that, for the 12 Sb(n,2n) ~Sb" and
Sb(n,2n)1228bg reactions, experimental data exist with-
in 13-16 MeV neutron energies. The reported experi-
mental results of J. L. Casanova [62], E. Rurarz et al. [72]
and S. K. Mangal et al. [73] are slightly higher than N. L.
Das et al. [54] and J. Luo et al. [61] for the isomeric state.
However, the data of J. Luo et al. [61] is in agreement
with N. L. Das et al. [54] as shown in Fig. 5(a). Similarly,
we can see from Fig. 5(b) that for the ground state, the
results of B. Minetti ef al. [57] and C. S. Khurana et al.
[70] are slightly higher than the J. Luo et al. [61] and J. L.
Casanova [62]. However, the results of J. Luo et al. [61]
are consistent with J. L. Casanova [62] within experi-
mental error.

From Fig. 5(c), we can be seen that in the 13 to 19
MeV energy range our data at 12.50, 15.79 and 18.87
MeV are consistent with the result of the JENDL/AD-
2017 evaluation for the 123Sb(n,Zn)me reaction. At
15.79 and 18.87 MeV, the present measured data are in
agreement with the results of the TENDL-2019 evalu-
ation, whereas at 12.50 MeV the present measurement
data are in agreement with the ENDF/B-VIIL.0 evalu-
ation, as we can see from Fig. 5(c). However, the results
of W. D. Lu et al. [55] and S. K. Ghorai et al. [56] are in
agreement with the result of the JENDL/AD-2017 evalu-
ation within experimental uncertainties. Similarly, the
results of N. L. Das et al. [54] and J. Luo et al. [61] agree
very well with the JEFF-3.3 evaluation.

122
123

V. CROSS SECTION SEMI-EMPIRICAL
FORMULAE AND RESULTS SYSTEMATIC
FORMULAE

The different semi-empirical formulae for calculating
neutron-induced reaction cross sections such as
(n,p),(n,2n),(n,) and (n,f) reactions are developed by
various authors for incident neutron energies around 14 to
15 MeV. The experimental cross section of neutron-in-
duced reactions is given by the relation,

o (n,x) = Copee®, (13)
where C and a are the fitting parameters for different re-
actions obtained by the least square method, s is the
asymmetry parameter s = (N —Z)/(A) and o, is the non-
elastic cross section. These non-elastic cross sections
have been measured for many nuclei, varying with the
atomic mass of the nuclei. The semi-empirical formulae
for the (n,2n) cross section developed by the authors
Chatterjee [28], Lu and Fink [29], Luo [30], Bychkov
[31] and Habbani [32] within 14 to 15 MeV energies are
given in Table 10. All semi-empirical formulae de-
veloped by various authors are exponentially dependent
on the mass number A, the neutron number N and proton
number Z of the target nucleus. We have calculated neut-
ron-induced (n,2n) reaction cross sections for the 2Ish
and '”’Sb isotopes from systematic formulae, and calcu-
lated values are given in Table 11. The cross section data
from these formulae are essential in nuclear reaction the-
ories, medical accelerators, and the designing and shield-
ing of advanced reactors.

The cross sections of the 121Sb(n,2n)1208b and
Sb(n,Zn)me reactions were calculated from the sys-
tematic formulae, and the obtained values are given in
Table 11. It is observed that (n,2n) reaction cross sec-

123

Table 10. Systematic formulae for(n,2n) reaction cross section given by different authors.
Authors The formulae for (,2n) cross section Mass region Ref.
2 —
Chatterjee T = 31.39(A% + 1) exp(W) 45< A <238 [28]
2 — —
Lu and Fink Onon = 45.76(A% + 1) 1 4.372exp(%) 28< 7 <82 [29]
2 133.86(N-2) 779.47(N-2Z)> 1500.51(N -Z)?
Luo anz,,=o.0226(A%+1) exp 2386W =D _TIOHTWN-2)" | 150051(N-2) 23< A <209 [30]
’ A A? A3
~795(N-Z
Bychkov Opon =8.7(A+ 100)[1 —O.SSeXp(%))] 45< A <238 [31]
2 N-Z
Faan= 23‘53(A% + 1) exp(3.5( - )) 45< A <209 0dd A [32]
Habbani 5
N-Z+1
Tnm = 20.82(/4% + 1) exp(3.76%) 48< A <238 Even A [32]
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Table 11.
gp isotopes estimated using systematic formulae.

The(n,2n) reaction cross sections for 'Sh and

121 120, 123

Authors Sb(n,2n)'*°Sb Sb(n,2n)'*’Sb
Chatterjee 1410 1458
Lu and Fink 1519 1569
Luo 1568 1626
Bychkov 1369 1440
Habbani 1360 1442
JENDL/AD-2017 1471 1533
ENDF/B-VIILO 1607 1430
TENDL-2019 1524 1659
JEFF-3.3 1621 1709
EXFOR 1364 1853

tions obtained from formulae of Chatterjee and Bychkov
agree with literature data of J. H. Mccrary et al. [63] and
J. Araminowicz et al. [64] for the 121Sb(n,Zn)IZOSb reac-
tion, and with data of J. Araminowicz et al. [64] for the
123Sb(n,2n)msb reaction. Similarly, the cross sections ob-
tained from the formulae of Luo and Lu and Fink are in
aﬁreement with literature data of Y. Kanda [65] for the
! Sb(n, 2n)IZOSb reaction and data of W. D. Lu ef al. [55]
and S. K. Ghorai et al. [56] for the me(n, 2n)msb reac-
tion. In contrast, the (n,2n) reaction cross sections ob-
tained from the Habbani formulae are much lower com-
pared to other formulae and do not agree with the avail-
able literature data of "*'Sb and '’Sb isotopes.

VI. THEORETICAL CALCULATIONS

Different theoretical models have been developed in
nuclear physics to understand the compound nucleus, pre-
equilibrium and direct nuclear reaction mechanisms. The-
oretical calculations of the 121Sb(n,Zn)leSbm, IZISb(n,
2n)1ZOSbg and "*'Sb n,2n)12OSb reactions as well as for the
Sb(n,2n)'*’Sb", ’Sb(n,2n)'*’Sb* and '**Sb(n,2n)'*Sb
reactions cross section were performed by the statistical
nuclear reaction codes TALYS (ver. 1.9) [13] and EM-
PIRE (ver. 3.2.2) [14]. In both codes, different nuclear
level density, pre-equilibrium models and other input
parameters are given, and these parameters were used to
calculate the (n,2n) reaction cross sections.

A. EMPIRE (ver. 3.2.2) calculations

In the EMPIRE code, the theoretical calculations of
the compound nucleus (CN) particles and y-ray emission
were described by the statistical theory of Hauser—Fesh-
bach [33] and the width fluctuation correction for this
neutron-induced reaction was considered using the Hof-
mann —Richert —Tepel —~-Weidenmuller (HRTW) model
[34]. Different nuclear level density models were chosen
to calculate the (n,2n) reaction cross sections. The optic-

al model parameters given by Koning and Delaroche [35]
for neutrons and protons were used from the Reference
Input Parameters Library (RIPL-3) [36] database. The ex-
citon model code PCROSS developed by Kalbach [37]
was used to study the pre-equilibrium contribution in the
reaction cross section. Further, the pre-equilibrium contri-
bution in the cross section was obtained by the theories of
quantum-mechanical pre-equilibrium models multistep
compound (MSC) and multistep direct (MSD) [38-39].
The direct reaction was described by coupled channel cal-
culations using an optical potential (ECIS code in DR).
The y-ray strength function was described by the
Brink—Axel model [40—41], except for E1, where the em-
pirical model of Kopecky and Uhl was used for calcula-
tion [42]. In EMPIRE code, phenomenological EMPIRE-
specific level density (ESLM) [47], Gilbert -Cameron
(GCM) [46] and generalized superfluid (GSM) [49, 50]
level density models were used for the cross section cal-
culations. The generalized superfluid model used BCS
theory in the low energy region and the Fermi-gas model
(FGM) in the high energy region. The Gilbert—Cameron
nuclear level density model utilized the constant temper-
ature model (CTM) in the low energy region and the
FGM in the high energy region. The generalized superflu-
id model includes deformation effects by an empirical
parameter J considered in the moment of inertia. The
third level density based on the Hartree -Fock Bogoli-
ubov microscopic model (HFBM) was also used for cross
section estimation [53].

B. TALYS (ver. 1.9) calculations

Furthermore, calculations with statistical nuclear re-
action code TALYS (ver. 1.9) [12] were performed to
analyse and predict nuclear reactions. This code simu-
lates the nuclear reactions that involve neutrons, protons,
photons, deuterons, tritons and a-particles in the energy
range from 1 keV to 200 MeV with mass of target nuclei
12 and heavier. The CN cross section was calculated con-
sidering the Hauser —Feshbach theory [33] and default
Moldauer model [43— 44], including width fluctuation
correction in reactions. The Koning and Delaroche [35]
phenomenological optical model local potential was used
in the theoretical cross section calculations. The exciton
model of Koning and Duijivestjin [45] was used to study
the pre-equilibrium contribution in the reaction cross sec-
tion. The y-ray strength function (SF) was described by
the Kopecky—Uhl generalized Lorentzian [42]. In the TA-
LYS code, six different nuclear level density models are
given and used for predicting the cross section at excita-
tion energies where discrete level information is unavail-
able or incomplete. These models range from phenomen-
ological analytical expressions to tabulated level densit-
ies derived from microscopic models. Three phenomeno-
logical level densities were suggested. The first is the
constant temperature model (CTM) introduced by Gil-
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bert and Cameron [46]. In this model, denoted ‘ldmodel
1°, the excitation energy divided into two parts: a lower
energy region where the constant temperature law is ap-
plied and a higher energy region where the Fermi gas
model is applied. ‘ldmodel 2’ is the back-shifted Fermi
gas model (BFGM) [47], in which the Fermi gas expres-
sion is used in all energy region. ‘ldmodel 3’ is the gener-
alized superfluid model (GSM), which considers super-
conductive pairing correlations according to the theory of
the Barden—Cooper—Schrieffer — i.e., at low energy, par-
ing correlations strongly influence the level density, and
the high energy region is described by the Fermi gas
model [48—50]. Similarly, three microscopic level dens-
ity models were also suggested in the TALYS code. In
‘ldmodel 4°, for the RIPL database, S. Goriely has calcu-
lated level densities from drip line to drip line based on
Hartree —Fock calculations for excitation energies up to
150 MeV and for spin values up to 7 = 30 [51]. In °1d-
model 5°, the calculations make coherent use of nuclear
structure properties determined within a deformed
Skyrme —Hartree —Fock Bogolyubov framework. Level
densities for more than 8500 nuclei are made available in
tabular format for excitation energies up to 200 MeV and
for spin values up to J =49 [52]. ‘Idmodel 6’ is based on
temperature-dependent Hartree—Fock Bogolyubov calcu-
lations using the Gogny force [53]. The relative feeding
of the isomeric and ground states can be used as a ‘probe’
to investigate the spin distribution of the populated ex-
cited states of the compound nucleus. The spin cut-off
parameter o represents the width of the angular mo-
mentum distribution of the level density and is given by
the following equation,

o2 (E,) = 0.01389(A%"* /@) VaU , (14)

where A is the mass number, U is the effective excitation
energy defined as U = (E, — A), E, is the true excitation
energy and the energy shift A is an empirical parameter
that is equal to, or for certain models, closely equivalent
to, the pairing energy that is used to represent observed
odd—even effects in nuclei. The parameter a is the en-
ergy-dependent level density parameter, which considers
shell effects at low energies and the damping at higher
excitation energy. When shell effects are absent, the para-
meter « is called the asymptotic level density parameter
and is equal to the a parameter. The TALYS keyword
“Rspincut” was modified (from the default value of 1.0)
to reproduce the existing experimental data. This
keyword represents a multiplication factor of the spin cut-
off parameter o..

C. Theoretical calculation results

Statistical calculations were performed by the TA-
LYS (ver. 1.9) and EMPIRE (ver. 3.2.2) codes using dif-

ferent level density and pre-equilibrium models. The ex-
perimental data obtained in the present work are dis-
cussed and compared with the literature data and results
from the available evaluations: the TENDL-2019, JEFF-
3.3, JENDL/AD-2017, and ENDF/B-VIII.0 databases.
Due to the very small cross section of the (n,y) reaction
above the 9 MeV energy region, the small contribution to
the y-ray activity of products from the me(n,y)me re-
action can be neglected. In the present work, further study
of the existing exgerimental cross section data for popu-
lating "°Sb and '*Sb ground and isomeric state as well as
the total were also discussed and compared with the the-
oretical calculations obtained from the TALYS (ver. 1.9)
and EMPIRE (ver. 3.2.2) codes.

121 120 g m 121 120

Sh(n,2n) " Sb", “'Sh(n,2n) " Sb* and

IZISb(n, 2n)120Sb reactions

1.

The theoretical calculations from the TALYS and
EMPIRE codes utilizing different level density models
were performed for the 21sh (n,2n) 120Sbm,
I2]Sb(n,Zn)IzOSb‘g and 121Sb(n,2n)lZOSb reactions and res-
ults are demonstrated in Fig. 6 from threshold to 26 MeV
neutron energies. Different statistical models were used
in the TALYS and EMPIRE codes for the estimation of
cross sections, and these models are included in Tables
12 and 13.

It can be seen that for the isomeric state the theoretic-
al TALYS calculations based on three phenomenological
level density models are in agreement with the results of
N. L. Das et al. [54] and W. D. Lu et al. [55]. However,
our results at 12.50, 15.79 and 18.87 MeV and reported
data [56—59] are much higher than those of the three phe-
nomenological models for the '*'Sb(n,2n)'*’Sb™ reaction.
The three phenomenological level density models for the
"'Sb(n,2n)'*’Sb® reaction are able to reproduce the repor-
ted experimental data very well within the experimental
uncertainties.

The TALYS calculations using microscopic level
density models Goriely and Goriely —Hilaire for the
1218b(n,2n)1208bm reaction are able to reproduce the ex-
perimental data of S. K. Ghorai et al. [56], B. Minetti et
al. [57] and R. Pepelnik et al. [58], within experimental
uncertainties. It can be seen that, in the 13 to 18 MeV en-
ergy range, the results of S. K. Ghorai ef al. [56] and M.
Bormann et al. [59] are consistent with the results of TA-
LYS calculations using the microscopic level density
model Goriely —Hilaire -Gogny for the isomeric state,
whereas for the ground state the Goriely and Goriely—Hil-
aire level density models calculations are in agreement
with the existing experimental data. In addition, for the
isomeric state the TALYS calculation using microscopic
level density model Goriely —Hilaire —Gogny overestim-
ated the cross section and agreed with the lower energies
data of S. K. Ghorai et al. [56] and M. Bormann et al.
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Table 12. Models and parameterization of the TALYS (ver. 1.9) code used to calculate (n,2n) reaction cross section of !Sb and '*’Sb
isotopes.
Optical model Level density models Pre-equilibrium models E1 y-ray strength function model

Constant temperature model
Back-shifted Fermi gas model
Koning—Delaroche
local OMP

Generalized superfluid model
Goriely (microscopic model 1)

Goriely—Hilaire (microscopic model 2)

Goriely—Hilaire—-Gogny force (microscopic model 3)

preeqmode 2 Kopecky—Uhl generalized Lorentzian

Table 13. Models and parameterization of the EMPIRE (ver. 3.2.2) code used to calculate (n,2n) reaction cross section of "21Sh and

"3 isotopes.

Optical model Level density models

o E1 y-ray strength
Pre-equilibrium models .
function model

Constant temperature model (GCM)
Generalized superfluid model (GSM)
Hartree—Fock—Bogoliubov model (HFBM)

Koning global potential

Exciton model calculations with code PCROSS,

Phenomenological
Brink—Axel model

quantum-mechanical pre-equilibrium models multistep
compound (MSC) and multistep direct (MSD)

[59]. In contrast, for the 1218b(n,2n)1203bg reaction, this
model underestimated the cross section within neutron
energies from 11 to 22 MeV, and agreed only with R. A.
Jarjis [60] at 16 MeV energies. The TALYS calculations
using microscopic level density model Goriely for the
isomeric state and phenomenological level density model
back-shifted Fermi gas for the ground state show overall
agreement with the present work and existing data, as
shown in Figs. 6(a) and 6(b).

Furthermore, our results at 12.50, 15.79 and 18.87
MeV energies agree very well with the EMPIRE calcula-
tion using the ESLD level density model as plotted in Fig.
6(a). However, the results of EMPIRE calculations using
the GSM, GCM and HFBM level density models are in
agreement with the reported data within experimental un-
certainties for the 121Sb(n,2n)1208bm reaction. Similarly,
the EMPIRE calculation using the GCM level density
model describes the data reasonably well for the ground
state, as shown in Fig. 6(b). In contrast, the experimental
results of the 121Sb(n,Zn)meg reaction are in agreement
with the ESLD and HFBM models calculations, whereas
the GSM model calculation agrees with the reported data.
The measurements of the various experimenters agree
very well with each other except for some of the meas-
urements reported by R. A. Jarjis [60] and C. Carles [69]
for the me(n, Zn)12 Sb* reaction.

However, for the results of the 121Sb(n,Zn)IZOSb reac-
tion, the theoretical calculations from the TALYS code
based on the generalized superfluid and back-shifted
Fermi gas models describe the data of J. H. Mccrary et al.
[63], J. Araminowicz et al. [64], and the data of Y. Kanda
[65] within the 13 to 14 MeV energy range. In contrast,
the constant temperature model is able to describe the
data of Y. Kanda [65] within the 14 to 15 MeV energy
range, the data of J. H. Mccrary et al. [63] at 15.34 MeV

and the lower-energy data of M. Bormann ef al. [59]. In
addition, the TALYS calculations based on the micro-
scopic models agree very well with J. H. Mccrary et al.
[63], J. Araminowicz et al. [64], and the data of Y. Kanda
[65] within the 13 to 14 MeV energy range. The TALYS
calculation using the Goriely—Hilaire—Gogny microscop-
ic model is plotted in Fig. 6(c).

Furthermore, the EMPIRE calculation using the GSM
is able to describe the data of N. L. Das et al. [54], M.
Bormann et al. [59] for the 121Sb(n,2n)1208b reaction. In
contrast, the EMPIRE calculations using the GCM and
microscopic HFBM are able to describe the data of Y.
Kanda [65] at 14.05 and 14.72 MeV and data of M. Bor-
mann et al. [59] from 12.78 to 19.42 MeV energies with-
in experimental uncertainties. The EMPIRE calculation
using the GCM level density model describes the repor-
ted data as shown in Fig. 6(c).

The contribution of the cross sections from different
reaction processes in the 121Sb(n,Zn)IZOSb reaction were
studied from threshold to 30 MeV neutron energies. It is
observed that the contribution of the pre-equilibrium pro-
cess increases with energy above 19 MeV. The contribu-
tion from the direct process is zero in reaction cross sec-
tion and the compound nucleus process contributes max-
imum cross section. The more significant pre-equilibri-
um emission leads to a reduction in the compound nucle-
us emission. In order to investigate the effect of the pre-
equilibrium emission at higher energies, theoretical calcu-
lations were performed using the EMPIRE code. There-
fore, a more detailed comparison of the EMPIRE calcula-
tions using different pre-e%uilibrium and level density
models for the me(n, 2n)12 Sb reaction are illustrated in
Fig. 6(c). In the present work, the two quantum-mechan-
ical pre-equilibrium models (i) Multi-Step Compound
(MSC), and (i1) Multi-Step Direct (MSD) were used to
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Fig. 6. (color online) Experimental data of the
Sb(n,2n)'*’Sb™, *'Sb(n,21)"*’Sb* and "*'Sb(n,21)'"*’Sb reac-
tions and theoretical calculations from the TALYS and EM-

PIRE codes using different level density models.

study the pre-equilibrium emission from the EMPIRE
code along with generalized superfluid, Gilbert—Camer-
on and Hartree—Fock level density models. However, the
results of the 121Sb(n,2n)1208b reaction, the MSC pre-
equilibrium model with a generalized superfluid,
Gilbert—Cameron and Hartree—Fock level density models
describe the data of M. Bormann et al. [59] up to 16
MeV. In contrast, the MSD pre-equilibrium model with a
generalized superfluid, Gilbert-Cameron and Hartree—Fo-
ck level density models agree very well with the lower-
energy data of the N. L. Das et al. [54], M. Bormann et
al. [59] and Y. Kanda [65]. The best theoretical excita-
tion curve for the '>'Sb (n,2n)12OSb reaction with the MSD
pre-equilibrium and the Gilbert—Cameron level density
model is plotted in Fig. 6(c).

2. ]23Sb(n,2n)122Sbm, 123

123

122

Sh(n,2n) ~Sb* and

Sb(n,2n) "2Sh reactions

The existing experimental data of the 2

Sb(n,
21)'Sb™, "P’Sb(n,21)'°Sb® and ' ’Sb(n,2n)'’Sb reac-
tions and the theoretical calculations from the TALYS
and EMPIRE codes using different level density models
are illustrated in Fig. 7 from threshold to 26 MeV neut-
ron energies. The different statistical models used in the
calculations are included in Tables 12 and 13.

It is observed that cross section for the isomeric state,
the theoretical calculations from TALYS based on the
three phenomenological level density models fail to re-
produce the experimental data. In contrast, the TALYS
calculations using three microscopic level density mod-
els are agree very well with the experimental data repor-
ted by J. Luo et al. [61] and N. L. Das et al. [54]. The mi-
croscopic calculation based on the Goriely —Hilaire —
Gogny model is plotted in Fig. 7(a).

However, for the ~cross section of the
Sb(n,2n)meg reaction, the TALYS calculation based
on the constant temperature level density model is less
satisfactory for the literature data of J. Luo et al. [61] but
agrees very well with the J. L. Casanova [62] for the de-
fault value 1.0 for the ‘Rspincut’ parameter. By reducing
the value of ‘Rspincut’ to 0.6, this model is in agreement
with the higher-energy data of J. Luo et al. [61] as shown
in Fig. 7(b). However, the results of TALYS calculations
using the back-shifted Fermi gas and generalized super-
fluid level density models are lower than the experiment-
al results. In addition, the TALYS calculations using
three microscopic level density models fail to describe
the experimental data for the ground state.

The EMPIRE calculation using the ESLM level dens-
ity model describes the 123Sb(n,Zn)meg reaction cross
section reasonably well, as shown in Fig. 7(b). In con-
trast, the theoretical values from the EMPIRE using the
GCM, GSM and HFBM level density models are much
higher than experimental values. The reported cross sec-
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Fig. 7. (color online) Experimental data of the
"*Sb(n,21)'*Sb", '*’Sb(n,211)'*Sb® and '*’Sb(n,21)'’Sb reac-
tions and theoretical calculations from the TALYS and EM-

PIRE codes using different level density models.

tions of the 123Sb(n,Zn)mem reaction are much higher

than those of the theoretical excitation curves from the
EMPIRE code using the GCM, GSM and HFBM level

density models. The results of the EMPIRE calculation
using the HFBM model is plotted in Fig. 7(a).

The measured cross sections for the ' 3Sb(n,Zn)me
reaction at neutron energies of 12.50, 15.79 and 18.87
MeV and the results of the TALYS and EMPIRE calcula-
tions using different level density models are plotted in
Fig. 7(c), and measured values are given in Table 3. The
theoretical calculations from the TALYS code based on
the phenomenological level density models describe the
data of W. D. Lu et al. [55], and S. K. Ghorai et al. [56]
within the 15 to 16 MeV energy range. In contrast, the
TALYS calculations based on the microscopic level dens-
ity models Goriely and Goriely—Hilaire agrees very well
with W. D. Lu et al. [55], and S. K. Ghorai et al. [56],
whereas the calculations based on microscopic level
density model Goriely —Hilaire -Gogny is in agreement
with the lower-energy data of M. Bormann et al. [59], J.
Arminowicz et al. [64] and with the higher-energy data of
S. K. Ghorai ef al. [56]. Further, the EMPIRE calculation
using the GSM model is shown in Fig. 7(c), and it is ob-
served that the generalized superfluid model is in agree-
ment with J. Luo et al. [61]. In contrast, the EMPIRE res-
ults of the Gilbert -Cameron and Hartree —Fock level
density models are consistent with N. L. Das et al. [54]
and the lower-energy data of S. K. Ghorai et al. [56].

The contribution of the cross sections from different
reaction processes in the 123Sb(n, Zn)me reaction were
studied from threshold to 30 MeV neutron energies. It is
observed that the contribution of the pre-equilibrium pro-
cess increases with energy above 19 MeV. The contribu-
tion from the direct process is zero in the reaction cross
section and the compound nucleus process contributes
maximum cross section. The more significant pre-equilib-
rium emission leads to a reduction in the CN emission. In
order to investigate the effect of the pre-equilibrium
emission at higher energies, theoretical calculations were
performed with the EMPIRE code. Therefore, a more de-
tailed comparison of the EMPIRE calculations using dif-
ferent pre—e%uilibrium and level density models for the
’Sb(n,2n)'*Sb reaction are illustrated in Fig. 7(c). In the
present work, two quantum-mechanical pre-equilibrium
models (i) Multi-Step Compound (MSC) and (i) Multi-
Step Direct (MSD) were used to study the pre-equilibri-
um emission from the EMPIRE code along with general-
ized superfluid, Gilbert—-Cameron and Hartree—Fock level
density models. However, for the results of the
me(n,Zn)me reaction, the MSC pre-equilibrium mod-
el with a generalized superfluid, Gilbert—Cameron and
Hartree —Fock level density models are able to describe
the data of J. Luo et al. [61]. In contrast, the MSD pre-
equilibrium model with a generalized superfluid,
Gilbert—Cameron and Hartree—Fock level density models
agree very well with the data of N. L. Das et al. [54], W.
D. Lu et al. [55] and S. K. Ghorai et al. [56] within ex-
perimental uncertainties, as shown in Fig. 7(c).
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3. Isomeric cross section ratio

. . . 120m, 122p.m, .
The isomeric pair ~ Sb™* and ~Sb™* are formed in

the (n,2n) reaction on "!Sh and '*’Sb isotopes. The EM-
PIRE and TALYS codes were used to calculate the iso-
meric to ground state cross section ratio (o-m /O'g) theoret-
ically. This ratio is low at low energies and increases as
the incident particle energy increases, resulting in an in-
crease in the population of high spin levels of the com-
pound nucleus. The reported experimental data and theor-
etical results of the TALYS and EMPIRE calculations
based on the different level density models are shown to-
gether in Figs. 8(a) and 8(b).

For the isomeric pair ~ Sb™*, theTALYS calcula-
tions using three phenomenological level density models
are in agreement with the experimental data of W. D. Lu
et al. [55], Y. Kanda [65] and A. Reggoug et al. [66] in
the lower-energy region, whereas in the higher-energy re-
gion the calculated isomeric cross section ratio retains the
trend of underestimating. In contrast, the TALYS calcula-
tions based on the microscopic level density models Gori-
ely and Goriely—Hilaire reproduce the higher-energy data
of M. Bormann et al. [59] and the lower-energy data of S.
K. Ghorai et al. [56] and Y. Kanda [65] within experi-
mental uncertainties, whereas the microscopic level dens-
ity models of Goriely—Hilaire—Gogny overestimated the
isomeric cross section ratio in higher-energy regions and
agreed only with the lower-energy data of M. Bormann et
al. [59] and J. L. Casanova [62].

However, the theoretical isomeric cross section ratio
from the EMPIRE code based on the GSM, GCM and
HFBM level density models are in agreement with the S.
K. Ghorai et al. [56], Y. Kanda [65] and the higher-en-
ergy data of M. Bormann et al. [59] within experimental
uncertainties. The results show that the TALYS and EM-
PIRE calculations using the GCM and Goriely level dens-
ity models describe quite well the behaviour of isomeric
cross section ratio, as shown in Fig. 8(a).

It can be seen that, for the ' Sb(n,2n)>’Sb"™
Sb(n,2n)meg isomeric cross section ratio, literature
data exist only in the energy region 13—15 MeV. The the-
oretical calculations from the TALYS code based on the
three phenomenological level density models are in
agreement with the data of B. Minetti ef al. [57] and J.
Luo et al. [61]. The results show that the back-shifted
Fermi gas model describes the isomeric cross section ra-
tio quite well, as shown in Fig. 8(b). However, the TA-
LYS calculations based on the three microscopic level
density models does not reproduce the reported experi-
mental data.

The theoretical excitation curve from the EMPIRE
calculation using the HFBM level density model is lower
than the data of B. Minetti et al. [57], J. Luo et al. [61]
and J. L. Casanova et al. [62], as shown in Fig. 8(b).
However, the results of the GCM and GSM level density
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Fig. 8. (color online) Isomeric cross section ratio (<r,,, /o-g)
and theoretical calculations from the TALYS and EMPIRE
codes using different level density models.

models does not reproduce the experimental data of the
previous work.

VII. SUMMARY AND CONCLUSIONS

The cross sections for the 1218b(n,2n)1208bm and
Sb(n,2n)me reactions were measured using the neut-
ron activation and offline y-ray spectrometric techniques
in the 13 —19 MeV energy region relative to the
27Al(n,a/)MI\Ia reference reaction. The present measured
data and statistical cross sections from the TALYS and
EMPIRE codes were compared with the previous literat-
ure data and evaluated JEFF-3.3, ENDF/B-VIII.O,
JENDL/AD-2017 and TENDL-2019 libraries. A detailed
analysis of uncertainties in efficiencies of the HPGe de-
tector and present measured cross sections were studied
by covariance analysis. In addition, the different authors’
formulae were used to systematically study the (n,2n) re-
action cross section of antimony isotopes. The formulae
of Chatterjee, Bychkov Luo and Lu and Fink reproduce
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the cross sections very well except for the Habbani for-
mula. The theoretical calculations of the (n,2n) reaction
cross sections for ground and isomeric states and the iso-
meric cross section ratio were performed using the statist-
ical nuclear reaction codes TALYS (ver. 1.9) and EM-
PIRE (ver. 3.2.2). The calculated cross sections differ in
magnitude only due to different nuclear inputs and differ-
ent nuclear reaction models in the theoretical calcula-
tions. The emission of particles and photons in CN is the
dominant reaction mechanism, just above the two-neut-
ron emission threshold energy. The CN cross section de-
pends on the OPs, NLDs, and ySFs statistical nuclear in-
gratiates. In conclusion, the cross section from the EM-
PIRE calculations differ only due to the difference
between the generalized superfluid and Gilbert—Cameron
level density models. This generalized superfluid level
density model considered the deformation effect and
played an essential role in describing the (n,2n) reaction
cross section. We considered nuclear ingratiates OPs,
level density, pre-equilibrium and ySFs for comparisons
in the EMPIRE and TALYS calculations. It is shown that
the two nucleon OPs of Koning and Delaroche give the
same results. Similarly, for the ySFs, the phenomenolo-

gical Brink —Axel model used in EMPIRE and
Kopecky—Uhl generalized the Lorentzian model used in
the TALYS code. It is safe to say that EMPIRE and the
TALYS calculations differ only by using different theor-
etical models. The TALYS calculations at energies above
14 MeV saturated more rapidly compared to the EM-
PIRE calculation. It is observed that more experimental
data are needed in the high-energy region to investigate
the contribution of different reaction channels and to test
the reliability of the theoretical calculations. The out-
comes of the experiment discussed here will be used for
the evaluation of nuclear data libraries, verification of
nuclear reaction models, and other basic fundamental ap-
plications.
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