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HIGHLIGHTS

® Fast neutron induced (n, 2n) reaction cross sections of rare earth isotope 140Ce for the formation of 139‘“Ce, were measured.
® The neutron energies used were 14.77, 14.68, 14.42, 14.07 and 13.73 MeV neutron energies.

® The experimental cross sections were measured relative to 2’Al(n, p)*’Mg reaction.

® Cross sections estimated by EMPIRE-3.2 and TALYS-1.8 codes are in good agreement with the experimental cross sections.
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Cross sections for the formation of metastable state of '*°Ce through *°Ce(n, 2n)'**™Ce reaction were measured
at five neutron energies over 13.73-14.77 MeV range using the activation method and off-line gamma-ray
spectrometric technique. These cross sections were in agreement with the corresponding theoretical cross sec-
tions estimated over 10-20 MeV neutrons by EMPIRE-3.2 code, using LEVEDEN 4 and strength function GSTRFN
0 parameters, and TALYS-1.8 code using ldmodel 5 and preeqmode 4 parameters. The estimated most probable
excitation energies of *°Ce were 1.320-3.877 MeV, respectively over 13.73 MeV and 14.77 MeV neutron en-

1. Introduction

Studies of nuclear reactions induced by neutrons, gamma-rays and
charged particles are important for obtaining information about the
excited states and ground states of nuclei, in addition to nuclear reac-
tion mechanisms (Naik et al., 2013; Sahan et al., 2016; Semkova et al.,
2004; Vogt et al., 2002). Usually neutrons are produced from the D+ D,
D+T, 3H(p, n), “Li(p, n) and °Be(p, n) reactions. Neutrons are also
produced. Neutrons are also produced through gamma-ray induced
reaction such as (y, n) reaction in which normally electrons are used to
generate bremsstrahlungradiation (Jagtap et al., 2016; Patil et al.,
2012, 2010). For the neutron induced reactions, the cross-section data
for a large number of nuclear reactions such as (n,n’), (n, 2n), (n, p) and
(n, o) have been measured over a large energy range from threshold to
20 MeV and reported in the literature (Attar et al., 2014, 2008; Badwar
et al., 2016; Lalremruata et al., 2012, 2009; Luo et al., 2009; Barough
et al., 2014; Pandey et al., 2014; Yigit, 2018). In some of the nuclear
reactions, the excited nucleus decays to a metastable state, having a
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life-time in the range of milliseconds to a few hours, and then makes
the transition to the ground state. Moreover, in some cases the excited
nucleus has two channels through which it decays to the ground state,
one directly and the other through the metastable state. Similarly, the
ground state can also be radioactive, and therefore the contribution of
the metastable state in the formation of the ground state is important
(Kestelman et al., 2007; Luo et al., 2007; Parashari et al., 2018; Sarkar,
Bhoraskar, 1992).

The cross sections for formation of metastable states can provide
information on nuclear structure, spin distribution factor, nuclear level
density and spin of energy levels. For an excited nucleus, the prob-
abilities for decaying to the metastable state and to the ground state
depend on the spin distribution factor. An approximate value of the
cross section for the formation of metastable state can be therefore
estimated from the spin distribution factor which is related to nuclear
level density through a relation involving spin of nuclear levels, as
described in our earlier publication (Sarkar and Bhoraskar, 1998).

The metastable state decays to a certain energy level or ground state
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by emitting gamma-rays and may have a life-time in the range of mil-
liseconds to a few hours. The cross section for the formation of a me-
tastable state depends on the threshold of the particular nuclear reac-
tions, energy of the incident neutrons and spins of the excited levels of
the nucleus (Naylor and White, 1977; Yoshimi et al., 1998). The cross
sections for the formation of a metastable state vary with the excitation
energy of the nucleus, being produced by different nuclear reactions
with suitable target nuclei. This study is important from the point of
view of a basic understanding of the channel effects in the formation of
metastable states of the nucleus. For fusion reactor technology ex-
tensive experimental data on low and high energy neutron-induced
reactions have been evaluated and compiled (EXFOR, 2013). The rare-
earth elements are always present in small concentrations in the
structural material of the nuclear reactor. However, it has been ob-
served that not much work has been carried out to study the cross-
sections for the formation of a metastable state through the (n, 2n)
reaction for rare earth elements (Bramlitt and Fink, 1963; Kong et al.,
1998; Qaim, 1974; Van Gosen et al., 2014; Wille and Fink, 1960).

Among all the natural rare-earth elements, cerium has a relatively
large abundance. Cerium is used with uranium oxide as a nuclear fuel
for nuclear power in space (Katalenich et al., 2013). Cerium is also used
as a radiation- hardening agent in the glass industry and as a diluent in
uranium, plutonium and thorium oxide nuclear fuels due to its low
neutron -capture cross- section. In nature it occurs as a silvery-white
metal in the composition of oxides and chlorides. So far thirty five
isotopes of cerium have been discovered, out of which four are stable
and thirty one are unstable. The stable isotopes are 1*°Ce, 138Ce, 1°Ce
and '%?Ce with isotopic abundances of 0.185(2)%, 0.251(2)%,
88.45(51)% and 11.11(51)%, respectively (Berglund and Wieser, 2011;
Rosman and Taylor, 1998; Torrel and Krane, 2012).

A literature survey indicates that the cross sections of the **°Ce(n,
2n)1%°MCe reaction over the neutron energy range of 13.4-14.95 MeV
have been measured by a few researchers (Luo et al., 2015; Reyhancan
et al., 2003; Sakane et al., 2001; Kasugai and Ikeda, 1997; Satoh et al.,
1995). However, there are disagreements over the measurements of
these cross- sections. So it is important to study the neutron- induced
reactions for such rare- earth elements, and to improve the values of the
cross sections with known, systematic uncertainties.

In the present work, the cross-sections for the formation of **™Ce
through the reaction '*°Ge(n, 2n)'**™Ce over the neutron energy range
of 13.73-14.77 MeV have been measured by using activation method
and employing a (D-T) reaction based 14 MeV Neutron Generator. The
nuclear reaction yields are obtained by absolute measurements of the
gamma activities of the product nuclei using a high-purity germanium
detector. For this reaction, the theoretical values of the cross sections
have been estimated by using the TALYS 1.8 (Koning et al., 2015) and
EMPIRE-3.2 Malta (Herman et al., 2013) computer codes. This reaction
has threshold energy of 10 MeV and is therefore useful for studying
nuclear reactions at neutron energies higher than 10 MeV without any
interference from low energy neutrons. The measured cross sections
have been compared with the respective theoretical cross-sections, as
well as with the experimental cross-sections measured earlier and re-
ported in the nuclear data center library such as the Evaluated Nuclear
Data File (ENDF/B-VIL.1, 2018.) (ENDF) and Experimental Nuclear
Reaction Data (Otuka and Smith, 2014) (EXFOR).
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2. Experimental details
2.1. Neutron irradiation

The neutron irradiation work was carried out using the 14 MeV
Neutron Generator facility of the Department of Physics, Savitribai
Phule Pune University, Pune, India, in which neutrons are produced
through D-T reaction. For the measurement of 140Ce(n, 2n)'3°™Ce re-
action cross section, each sample was made by packing a mixture of
natural CeCl3(99.99%) powder and thin pieces of aluminum foil
(99.99%), of total weight of ~ 1.5 g, in a polythene bag. By folding the
polythene bag the cerium-aluminum sample of size ~ 10 mm X 10 mm
X 3 mm was obtained. Following the same procedure, twenty samples
were prepared, and divided in three groups, such that each group had
five samples. The remaining five samples were used for deciding the
neutron irradiation time. The samples of three groups were used for the
measurement of cross sections of *°Ce(n, 2n)!3°™Ce reaction with 2”Al
(n, p)*’Mg as a monitor reaction.

The half life of >*™Ce is 57.58 s (Joshi et al., 2016) whereas that of
monitor 27Mg is 9.458 min (Basunia, 2011). To decide an optimum
neutron irradiation period, five samples were irradiated with
14.77 MeV neutrons one each for 600, 500, 400, 300 and 240s. The
gamma-ray activity of >**™Ce was found to saturate for neutron irra-
diation time 300 s and above. It was therefore decided to use irradiation
period of 240 s for which gamma-ray activities of both '**™Ce and *’Mg
were adequate for the present experiment.

For the neutron irradiation experiment, a semicircular aluminum
ring of 50 mm radius was horizontally fixed around the tritium target
holder in such way that the axis of the semicircular ring, was perpen-
dicular to ground, passing through the tritium target. Angles from 0° to
120° were marked on the ring for the identification of angular positions
of 0°, 30°, 60°, 90° and 120° with the reference to center of tritium
target. Five samples of one set were mounted on aluminum ring in a
such way that one sample was fixed at one angular position respectively
at 0°, 30°, 60°, 90° and 120° marked on the ring. The 14.77 MeV neu-
trons were produced by bombarding ~175 keV deuterium ions, of beam
diameter ~4 mm and ~100 pA, on an 8 Ci tritium target. The neutron
flux measured by an aluminum foil near the tritium target was ~ 10%n/
cm? s. All the five mounted samples were irradiated simultaneously
with neutrons for 240 s, but with different energy of neutrons. As per
the energy distribution of the emitted neutrons, the samples mounted at
0°, 30°, 60°, 90° and 120° angular position were irradiated with
14.77 MeV, 14.68 MeV, 14.42 MeV, 14.07 MeV and 13.73 MeV energy
of neutrons, respectively (Attar et al., 2008; RNAL, 2002). After the
completion of the irradiation period of 240 s, the neutron generator was
switched off and all the five samples were taken out and transferred to
the gamma-ray counting room. The Table 1 gives details of the nuclear
decay data of the '**™Ce and ?Mg radioisotopes produced through the
140Ce(n, 2n)'%°™Ce and 2’Al(n, p)*’Mg reactions, respectively (Basunia,
2011; Joshi et al., 2016).

Following the same experiment procedure, a set of five samples of
second group and a set of five samples of third group were irradiated
with neutrons of different energies under identical conditions. The
details of the activation cycle such as neutron energies, irradiation
period, gamma-rays counting period, cooling period and angular posi-
tions of the five samples during neutron irradiation are given in Table 2.

Table 1
Nuclear data for '**™Ce and ?’Mg radioisotopes.
Nuclear Reaction Isotopic Abundance(%) Reaction Product Half life E, (keV) Gamma-Ray Abundance (%) Reference
14%Ce(n, 2n) 88.450(51) 139mCe 57.58s (32) 754.24 92.6 (Joshi et al., 2016)
27Al(n, p) 100 Mg 9.458 m (12) 843.76 70.94(9) (Basunia, 2011)
1014.52 29.06(9) (Basunia, 2011)
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Table 2
Details of the activation cycle and angular positions of the samples during
neutron irradiation.

Angular Neutron Irradiation time  Cooling time Counting time
Position Energy (MeV) () (s) (t2) (s) (t3) (s)
0 14.77(17) 240 30 40
30 14.68(15) 240 80 40
60 14.42(12) 240 130 40
90 14.07(8) 240 180 40
120 13.73(7) 240 230 40

2.2. Measurement of gamma-ray activity

The energy and activity of the gamma-rays emitted by each neutron
irradiated sample were measured by a coaxial HPGe (38%) detector,
cooled by LN2 cryostat. The gamma-ray spectrum was recorded by
connecting the detector to a 4096 channel analyzer through amplifier,
discriminator and other standard nuclear electronic units. To avoid
contamination, the detector surface was covered with ~ 0.1 mm thick
polyethylene sheet. A Canberra make Multi Gamma Standard MGS-3
source was used for the measurement of detection efficiency and also
for energy calibration, using gamma-rays over the energy range of
88-1332keV. The measured energy resolution of the HPGe detector
was~ 2.5keV at 1332 keV gamma-rays of Co-60 source.

After neutron irradiation all the five samples were brought to
gamma-ray counting room and sample irradiated at 0° angular position
was mounted in front of HPGe detector for gamma-ray counting within
a period of 30 s. In this manner the cooling time for the first sample was
30s. After recording gamma-ray spectrum of the first sample by HPGe
detector for 40s, the sample was removed. The second sample irra-
diated at 30° was mounted in front of the HPGe detector and spectrum
was recorded for 40s. A time period of 10 s was required for removing
the sample and mounting the other sample in front of the HPGe de-
tector. Following the same procedure the gamma-ray spectra of samples
irradiated 60°, 90° and 120° were recorded sequentially. In this manner,
gamma-ray spectra of five samples of the first, the second and the third
group were recorded by HPGe detector, the details of which are given in
the Table 2. The spectrum of the background radiation was measured
for 40s and the recorded gamma-ray spectrum of each sample was
corrected for the background radiation using a computer program. The
recorded gamma-ray spectrum of a sample irradiated with neutrons at
0° angular position is shown in Fig. 1

1400 - o
Ce
1200 4 ”°Ce(n,2n)m"'Ce
27AI(n,p)”Mg (monitor)
1000
n 800+
]
c
3
O 600
0.841 MeV
400 a,
,/ g
1.013 MeV
200 H Srame
I/ Mg
0 T T T T 1 T T T T
00 03 06 09 12 15 18 21 24 27 3.0
Energy(MeV)

Fig. 1. Gamma-ray spectrum of the sample irradiated at 0° position with
14.77 MeV neutrons. The photo peaks of **™Ce and ?’Mg are indicated with
energies.
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2.3. Data analysis

Fig. 1 shows a typical recorded gamma-ray spectrum of 1*°™Ce and
#7Mg radioisotopes produced by irradiating a sample of Ce and Al with
14.77 MeV neutrons. The activation cross sections for the *°Ce
(0,2n)'*™Ce reaction at 13.73MeV, 14.07MeV, 14.42MeV,
14.68 MeV and 14.77 MeV neutron energies were estimated using the
nuclear data given in Table 1 and the following activation expression(1)
(Attar et al., 2008).

AEyT,MA Ny (1—e™MU) g=Mmtz (1—eAMB)
g = O —
YAMELAy N (1—eM) et (1—e i)

@

In the above expression, o is the reaction cross section, A is the
number of counts under the photo peak, I, is photon disintegration
probability, € is the detector efficiency, o is the cross section for the
nuclear reaction, A is the decay constant, N is the number of atoms of
the isotope of the element, t; is the irradiation time, t, is the cooling
time, and t3 is the period for which the gamma-ray activity was mea-
sured. The quantity with the subscript M stands for the monitor element
and reaction. For the monitor 2’ Al(n, p)>’Mg reaction, the cross section
used were 78.24, 73.65, 68.31, 66.31, 63.98mb respective at
13.73 MeV, 14.07 MeV, 14.42 MeV, 14.68 MeV and 14.77 MeV neutron
energies. These cross sections have been obtained from literature
(Filtankov, 2016) and normalized with Evaluated Nuclear Data File
(ENDF) data corresponding to specific neutron energies.

In expression (1), the uncertainty associated with the measurement
of a parameter is independent of the uncertainty associated with each of
the other parameters. The uncertainty, do, of cross section was esti-
mated by the error analysis based on the quadrature method(Taylor,
1939) and using the following expression (2) from the literature (Otuka
et al., 2017);

(80/0)* = ) (3a/q)* + D, (8ay/ay)? + (Bom/om? + Y, (3t/t)?
q q i

(2

where, q is for 1*°Ce, qy is for the monitor Mg (q, qu= A, &, N, I, A).
Similarly, t; is the uncertainty in the irradiation time t;, cooling time t,,
counting time t3. The uncertainty in the cross section of monitor reac-
tion 8oy was obtained from literature (Taylor, 1939). The estimated
uncertainties in the measured parameters are given in Table 3.

The above mentioned uncertainties were used for the estimation of
experimental cross sectionsat each neutron energy.

3. Theoretical calculations

The cross sections of the *°Ce(n, 2n)!*™Ce reaction over the
neutron energy range of 10-20 MeV were theoretically estimated using
the TAYLS and EMPIRE computer codes. Two sets of calculations were
performed in the framework of direct reaction, compound nucleus, pre-
equilibrium emission and statistical Hauser-Feshbach models using
TAYLS 1.8 (Koning et al., 2015) and EMPIRE-3.2 (Herman et al., 2013)

Table 3
Uncertainties in different parameters used in estimation of
experimental cross sections of the'*°Ce(n, 2n)*3°™Ce re-

action.

Parameters Limit (%)
Counting rate =56
Efficiency calibration =4

Self- absorption =03
Neutron flux <6
Intensity I, =3
Irradiation time t; <1
Cooling time ty =1
Counting time t3 =1
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The options of nuclear level density and nucleon potentials which
yielded the values of theoretical cross-sections close to the respective
experimental cross section measured in the present work were used.

3.1. Theoretical calculation using TALYS-1.8 code

Using TALYS-1.8 version of TENDL Library, the theoretical cross
sections for the formation of metastable states of *°Ce through the
140ce (n,2n) 139mce reaction over 10-20 MeV neutron energies were
estimated and compared with the experimental cross sections measured
at five neutron energies in the present work as well as with the three
sets of cross sections reported in literature (Reyhancan et al., 2003;
Sakane et al., 2001; Kasugai and Ikeda, 1997) at five or more neutron
energies. In addition, the theoretical cross sections for 4°Ce (n, n’)
14OCe, 14OCe(n, 2n)*%°Ce and 140Ce(rl, 3n)38Ce reactions were also es-
timated over 10-20 MeV neutron energy range

The required database was generated from the Reference Input
Parameter Library RIPL (Capote et al., 2009). The global optical model
potential parameterization of Koning and Delaroche (Koning and
Delaroche, 2003), and the level density option ldmodel 5 were used.
The microscopic level densities and the gamma strength functions were
respectively obtained from Hillarie's combinatorial Tables (Hilaire
et al.,, 2012), and data base available in literature (Gardner, 1984;
Hauser and Feshbach, 1952; Kopecky, 1817). The contribution of the
compound nucleus was calculated by using the Hauser-Feshbach model
(Hauser and Feshbach, 1952).

In the present work the cross sections of *°Ce(n, 2n)'*°™Ce reac-
tion were estimated by TALYS-1.8 code using the following six level
density models (Koning et al., 2015);

(1) Level density model 1(LDM-1): The constant temperature model is
used in the low excitation region and the Fermi-gas model is used in
the high excitation energy region. The transition energy is around
the neutron separation energy.

(2) Level density model 2(LDM-2): The back-shifted Fermi-gas model.

(3) Level density model 3(LDM-3): The generalized super-fluid model.

(4) Level density model 4(LDM-4): The microscopic level densities
(Skyrme force) from Goriely'sTables (Goriely et al., 2008, 2001).

(5) Level density model 5(LDM-5): The microscopic level densities
(Skyrme force) from Hilaire's combinatorial tables (Goriely et al.,
2008, 2001).

(6) Level density model 6(LDM-6): The microscopic level densities
(temperature-dependent Hartree- Fock-Bolyubov, Gogny force)
from Hilaire's combinatorial Tables (Hilaire et al., 2012).

Similarly,the default basic input parameters used were as follows:
projectile as neutron, element as cerium, mass number as 140, and
neutron energy in terms of range file varying from 10 M to 20 MeV. In
addition, (i) by enabling the prequilibrium mode, all the four preqmodes
1,2,3 and 4 and (ii) the gamma-ray transmission coefficients (Gardner,
1984) from 0 to 1 in a step of 0.10 were used. It was observed that the
theoretical cross sections could be closer with the experimental
cross-sections when preqmode-4 and gnorm parameter value of 0.2
were used for all the six level density models.

Using all these parameters as input to the TALYS-1.8 code,eight
plots of theoretical cross sections were obtained over 10-20 MeV neu-
tron energy range. As shown in Fig. 2,out the eight plots of cross sec-
tions, six plots were obtained by using six level density models, from
Idmodel 1 to ldmodel 6. The remaining two plots were obtained by
using default parameters with ldmodel 1 and then replacing ldmodel 1
by ldmodel2. The cross sections measured at five neutron energies in
the present work, and three sets of cross sections reported in literature
EXFOR data (Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and
Ikeda, 1997) for five or six neutron energies over the range of
13-15MeV, were compared with these eight plots of theoretical cross
sections given in Fig. 3. These eight plots of cross sections were

13
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Fig. 2. Cross sections for'*°Ce(n, 2n)'**™Ce reaction (i) in eight plots obtained
theoretically by TALYS 1.8 over 10-20 MeV neutron energy range using pre-
equilibrium, preeqmode 4 and parameters of level density model 1-6 and de-
fault 1d model 1 & 2 (ii) measured in the present work at 13.73 MeV,
14.07 MeV, 14.42MeV, 14.68 MeV and 14.77 MeV neutron energies and (iii)
reported in literatrure by Reyhancan et al. (2003), Sakane et al. (2001) and
Kasugai and Ikeda (1997)).
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14
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Fig. 3. Cross sections of '*°Ce(n, 2n)'**™Ce reaction(i) in nine plots theoreti-
cally obtained by EMPIRE 3.2 over 10-20 MeV neutron energy range using
LEVEDEN 4 with parameters of GSTRFN from 1-6 and LEVDEN 0&1 default
parameters(ii) measured in the present work at 14.07 MeV, 14.42MeV,
14.68 MeV and 14.77 MeV neutron energies and (iii) reported in literatrure by
Reyhancan et al. (2003), Sakane et al. (2001) and Kasugai and Ikeda, (1997).

obtained to encompass five values of experimental cross sections
measured in the present work and three sets of cross sections reported
in literature (Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and
Ikeda, 1997) at five or six neutron energies. It can be seen in Fig. 2 that
all the five cross sections measured in the present work could be
matched,with in experimental errors, with the theoretical plot obtained
using ldmodel 5 parameter (Goriely et al., 2008).

3.2. Theoretical calculation using EMPIRE Code

Using the EMPIRE-3.2 nuclear code (Herman et al., 2013), the
theoretical cross sections for the formation of metastable state of *°Ce
through **°Ce (n,2n) *°™Ce reaction over 10-20 MeV neutron energies
were estimated and compared with the experimental cross sections
measured at five neutron energies in the present work as well as with
the three sets of cross sections reported in literature (Reyhancan et al.,
2003; Sakane et al., 2001; Kasugai and Ikeda, 1997) at five or more
neutron energies.

The EMPIRE-3.2 nuclear code was used with the default parameters
LEVDEN 0 and GSTRFN 1, over 10-20 MeV neutron energy range. The
discrete levels were taken from the RIPL-3 level file, based on ENSDF
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Table 4

Applied Radiation and Isotopes 146 (2019) 10-17

For '°Ce(n, 2n)'3°™Ce reaction induced by 13.73-14.77 MeV neutrons, the most probable energies with which (i) the first neutron and the second neutron are

emitted and (ii) the corresponding excitation energy of '*°Ce nucleus.

Neutron Energy Compound nucleus energy

Most probable energy of the emitted

Most probable energy of the emitted Excitation Energy of *°Ce nuclei

[MeV] [MeV] first neutron [MeV] second neutron [MeV] [MeV]
13.73 19.06 1.00 0.33 3.101
14.07 19.398 1.02 0.51 3.238
14.42 19.745 1.04 0.52 3.556
14.68 20.003 1.06 0.53 3.784
14.77 20.093 1.06 0.53 3.873

(Capote et al., 2009). In the EMPIRE-3.2 code,there are five nuclear
level density (NLD) parameters (Herman et al., 2013) as given below;

(i) LEVDEN 0. EMPIRE NLD (EGSM RIPL-3) as default.
(ii) LEVDEN 1. Refitted GSM model (Ignatyuk) NLD.
(iii) LEVDEN 2. Refitted Gilbert & Cameron NLD.

(iv) LEVDEN 3. RIPL-3 HFB parity dependent NLD.

(v) LEVDEN 4. EMPIRE 2.18 Gilbert & Cameron NLD.

All these nuclear level density parameters are defined on the nuclear
potential and threshold of the reaction under study. In the present
work, the cross sections over 10-20 MeV neutron energy range were
estimated by EMPIRE-3.2 code and using all the five nuclear level
density parameters. The Gamma ray strength functions, GSTRFN, from
0 to 6,involving enhanced generalized, modified, mughabghab, and
standard Lorentzian were obtained from RIPL and literature (Kopecky
et al., 1993; Mughabghab and Dunford, 2000; Plujko, 2000).The nu-
clear level density LEVDEN 0 was used as the default with gamma-ray
strength function GSTRFN 1 (Kopecky et al., 1993).Similarly, the nu-
clear level densities from LEVDEN 1 to LEVDEN 4 were used with all
the seven GSTRFN varying from 0 to 6 (Mughabghab and Dunford,
2000; Plujko, 2000).

Nine plots of theoretical cross sections over 10-20 MeV neutron
energy range estimated by EMPIRE-3.2 with different input parameters
are shown in Fig. 3. For comparison, the cross sections measured in the
present work at five neutron energies and three sets of cross sections
reported in literature EXFORdata (Reyhancan et al., 2003; Sakane et al.,
2001; Kasugai and lkeda, 1997) are also given in Fig. 3.

Fig. 3 shows that these nine plots of theoretical cross sections have
encompassed all the cross sections measured at five neutron energies in
the present work and three sets of cross sections at five and more
neutron energies reported in EXFOR data (Reyhancan et al., 2003;
Sakane et al, 2001; Kasugai and Ikeda, 1997) in the range of
13-15 MeV.

3.3. Comparison of experimental and theoretical cross sections

The cross sections of *°Ce(n, 2n)'3°™Ce reaction(i) theoretically
estimated over 10-20 MeV neutron energy range using (a) EMPIRE-3.2
-LEVEDEN 4 with parameters of GSTRFN 0 and (b) TALYS-1.8 ldmodel
5 are plotted in Fig. 5. In addition,Fig. 5 also shows experimental cross
sections (i) measured in the present work at 13.73 MeV 14.07 MeV,
14.42MeV, 14.68 MeV and 14.77 MeV neutron energies and (ii) re-
ported in literatrure EXFOR data by Reyhancan et al. (2003),Sakane
et al. (2001) and Kasugai and Ikeda (1997). Results shown in Fig. 5 give
a comparison between the theoretical cross sections with the experi-
mental cross sections measured in the present work as well as reported
in EXFOR data (Reyhancan et al., 2003; Sakane et al., 2001; Kasugai
and Ikeda, 1997).

3.4. Estimation of other cross sections

For comparison, the cross sections of 1#°Ce (n, n") 1#°"Ce, *°Ce (n,
2n) *°Ce and '*°Ce (n, 3n) '*%Ce reactions over 10-20 MeV neutron
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energy range were also estimated using TALYS 1.8 code and the results
are given in Fig. 5.

3.5. Excitation energy of 1*°Ce

In the *°Ce (n, 2n) **°Ce reaction the cross section for the forma-
tion of metastable state, 13*™Ce, is decided by the most probable energy
of excitation of '*°Ce.For this reaction,the most probable energy of
excitation of %°Ce was estimated by considering the energies with
which the first neutron and the second neutron are emitted, at a given
incident neutron energy. For five incident neutron energies over the
neutron energy range of 13.73-14.77 MeV, the most probable excita-
tion energies of the *°Ce were estimated using the EMPIRE-3.2 code
and the results are given in Table 4.

4. Results and discussion

The cross sections of *°Ce(n, 2n)'*°™Ce reaction (i) over the neu-
tron energy range of 13.73-14.77 MeV have been measured and (ii)
theoretically estimated using TALYS-1.8 and EMPIRE-3.2 codes over
the neutron energy range of 10-20 MeV. Fig. 1 shows the gamma-ray
spectrum of the Ce-Al sample irradiated with 14.77 MeV neutrons. The
photo-peaks at 0.754 MeV due to '*°™Ce and that at 0.841 MeV and
1.013 MeV due to *’Mg radioisotopes have clearly appeared in the re-
corded gamma-ray spectrum. The photo peaks at the same energies
were also present in the gamma-ray spectra of other Ce-Al samples
placed at different angular positions and irradiated with neutrons of
different energies. These results show that over the neutron energy
range of 13.73-14.77 MeV, both cerium and aluminum elements could
be activated and the intensities of the recorded photo peaks were good
enough for the estimation of cross sections. It is observed in Table 4 that
at an incident neutron of 14.77 MeV energy, the most probable ex-
citation energy of '3°Ce is 3.873 MeV, which is closer to the first excited
energy level of 3.877 MeV (Joshi et al., 2016).For '>°™Ce, the half life
of 57.58s was used for estimation of experimental cross sections,
whereas half life of 54.8 s was considered based on RIPL data for esti-
mation of theoretical cross sections using TALYS-1.8 (Koning et al.,
2015) and EMPIRE-3.2 (Herman et al., 2013)codes. However, the the-
oretically estimated cross sections did not change when the half-life of
57.58s or 54.8 s was used.

From Table 5, it is observed that the measured cross sections for the
formation of metastable state of *°Ce varies from 850 = 58mb to
1092 + 81 mb over 13.73-14.77 MeV neutron energy range.In litera-
ture,experimental cross sections for the 140Ce(n, 2n)'3°™Ce reaction
over 13.4-14.95MeV neutron energy range have been reported (Luo
et al., 2015; Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and
Ikeda 1997). However, the cross sections reported in literature (Luo
et al., 2015; Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and
Ikeda, 1997)at five or six neutron energies over 13.4-14.95 MeV range
were only used for comparison with the cross sections measured at five
neutron energies in the present work.

Fig. 3 shows plots of theoretical cross sections of '*°Ce(n, 2n)'**™Ce
reaction over 10-20 MeV neutron energy range,estimated theoretically
using TALYS 1.8 code with different values of level densities
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Table 5
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Cross sections of 1*°Ce(n, 2n)'**™Ce nuclear reaction (i) measured in the present work over the range of 13.73-14.77 MeV neutron energies [9], (ii) theoretical values
estimated from TALYS 1.8 and EMPIRE 3.2 codes and (iii) literature values from references (Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and Ikeda, 1997).

Neutron Energy  Present work o Theoretical o (mb) Neutron Sakane et al. o Neutron Kasugai et al. 0 Neutron Reyhancan et al.
(MeV) (mb) — Energy (MeV) (mb) Energy (MeV)  (mb) Energy (MeV)  o(mb)
TALYS-1.8 EMPIRE3.2
13.73(7) 850 + 58 914 895 13.40(5) 893 + 38.39 13.38 640 = 30 13.57 875
14.07(8) 951 + 58 964 970 13.65(5) 899 + 38.65 13.7 770 = 30 13.75 833
14.42(12) 1015 + 63 1020 1016 13.88(5) 948 + 40.76 14.03 870 + 40 14.15 798
14.68(15) 1047 + 62 1052 1072 14.28(5) 958 + 41.19 14.36 840 + 40 14.52 866
14.77(17) 1092 + 81 1060 1079 14.58(5) 966 + 41.53 14.95 1020 + 40 14.75 953
- - - - 14.87(5) 983 + 42.26 - - 14.83 930
: - . 1400
corr.espondlnlg‘ut)o model 1 1'(3(; model 6. I.Il add}tlon, Fig. 3 s.hows the cross TALYS, EMPIRE & Experimental Result
sections for Ce(n, 2n) *”™Ce reaction (i) measured in the present
work at 13.4 MeV, 14.07 MeV, 14.42MeV, 14.68 MeV and 14.77 MeV 12004
neutron energies and (iii) reported in literature Reyhancan et al.
(2003), Sakane et al. (2001) and Kasugai and Ikeda (1997) for com- 1000 4
parison. v
It can be observed in Fig. 2 that all the five values of cross sections _ 8004 v®
measured in the present work are covered under the six theoretical 'g v
plots obtained by TALYS 1.8 using preequilibrium, preeqmode and e 600 4
. —=— Presentwork
parameters of level density models 1-6. However, only a few values of Reyhancan
. - R 400 4 ®
cross sections of the three sets of cross sections reported in literature — % Sakane
(Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and Ikeda, 1997) —v— Kasugai
show matching with these six plots given in Fig. 2. A detailed analysis of 2004 —— TALYS1.81d5 preeqmode4
Fig. 2 shows that (i) out of six cross sections reported by Reyhancan EMPIRELEVDEN4GSTRFN 0
et al. (2003), only two cross sections at 13.57 MeV and 13.75MeV 010 1'2 1'4 1'6 1'8 20
neutron energies (ii) out of five cross sections reported by Kasugai and
Energy (MeV)

Ikeda (1997) only one cross section at 14.95 MeV neutron energy, and
(iii) out of six cross sections reported by Sakane et al. (2001), four cross
sections at 13.40,13.65,13.88 and 14.28 MeV neutron energies lie on
these six plots of theoretical cross sections. However,all the cross sec-
tions reported in literature (Reyhancan et al., 2003; Sakane et al., 2001;
Kasugai and lkeda, 1997), could be covered when two additional plots
of cross sections estimated by TALYS-1.8 using default ldmodel 1 & 2
were plotted in Fig. 2. It can be observed in Fig. 2 that all the literature
values of experimental cross sections (Reyhancan et al., 2003; Sakane
et al.,, 2001; Kasugai and Ikeda, 1997) in addition to the five cross
sections measured in the present work are encompassed by the eight
plots of theoretical cross sections estimated by TALYS-1.8,with different
input parameters.

While comparing the three sets of cross sections reported in litera-
ture with the plots in Fig. 3,it is observed that (i) out of six values of
cross sections reported by Reyhancan et al. (2003), only two values of
cross sections at 13.57 MeV and 13.75 MeV neutrons energies (ii) out of
five values of cross sections reported by Kasugai and Ikeda (1997) three
values of cross sections at 13.70,14.03 and 14.95 MeV at neutron en-
ergies, and (iii) out of six values of cross sections reported by Sakane
et al. (2001), four values of cross sections at 13.65,13.88,14.28 and
14.58 MeV neutron energies are covered under the seven plots of the-
oretical cross sections estimated by EMPIRE 3.2 -LEVEDEN 4 with
parameters of GSTRFN from 0 to 6 (Kopecky et al., 1993; Mughabghab
and Dunford, 2000; Plujko, 2000) over 10-20 MeV neutron energy
range. It is observed that when two additional plots of cross sections
estimated by EMPIRE-3.2 using LEVDEN Default 0 & 1 parameters were
added in Fig. 3,all the experimental cross sections reported in literature
(Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and Ikeda, 1997)
could be encompassed under nine plots of theoretical cross sections
shown in Fig. 3.

Fig. 4 shows two selective plots of cross sections, one plot is of
TALYS-1.8 with ldmodel 5, preequilibrium, preeqmode 4 parameters,
and the other plot is of EMPIRE-3.2 with LEVDEN 4, GSTRFN 0 para-
meters obtained respectively from Fig. 2 and Fig. 3. The cross sections
measured in the present work at five neutron energies 13.73 MeV,
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Fig. 4. Comparison of cross sections of *°Ce(n, 2n)***™Ce reaction(i) theore-
tically estimated over 10-20 MeV neutron energy range using EMPIRE-3.2
-LEVEDEN 4 with parameters of GSTRFN 0 (Kopecky et al., 1993) and TALYS-
1.8 1d model 5 (Goriely et al., 2008, 2001) with the cross sections (i)measured
in the present work at 13.73MeV 14.07 MeV, 14.42MeV, 14.68 MeV and
14.77 MeV neutron energies and (ii) reported in literature (Reyhancan et al.,
2003; Sakane et al., 2001; Kasugai and Ikeda, 1997).

o (mb)

(n,3n)

o T T T T T T
13 14 15 16

Energy (MeV)

17 18 19 20

Fig. 5. Theoretical cross sections of 1*°Ce (n, n") *°Ce”, 1*°Ce(n, 2 n)'*°Ce and
140Ce (n, 3n) '*®Ce reactions estimated using TALYS 1.8 over 10-20 MeV
neutron energy range.

14.07 MeV, 14.42MeV, 14.68 MeV and 14.77 MeV match fairly well,
within experimental error, with the TALYS 1.8 and EMPIRE3.2 plots
shown in Fig. 4.Moreover,in the present work the observed increase in
the cross sections with neutron energy, over 13.73-14.77 MeV, is con-
sistent with the corresponding theoretical cross- sections.

By comparing the cross sections reported in literature (Reyhancan
et al., 2003; Sakane et al., 2001; Kasugai and Ikeda, 1997) with the
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theoretical plots in Fig. 5,it is observed that (i) five out of six cross
sections measured byReyhancan et al.,(2003), (ii) all the five cross
sections measured by Kasugai and Ikeda (1997)and (iii) four out of six
cross sections measured by Sakane et al. (2001)do not match with the
theoretical plots of TALYS 1.8 and EMPIRE 3.2.

Fig. 5 shows that the cross section for (n, n”) reaction decreases
continuously with the increase in the neutron energy over 10-20 MeV
range, and attributed to the increase in the (n, 2n) cross sections.
However, it is interesting to note that the cross section of (n, n’) reac-
tion is relatively large ~2000 mb at 10 MeV neutrons, and even has
appreciable value, varying from around 600-500 mb over 14-15 MeV
neutron energy range.

Furthermore, the cross section of **°Ce(n, 2n)**°Ce increases over
the neutron energy range of 10 MeV to around 17 MeV, and then gra-
dually decreases with the further increase in the neutron energy.The
decrease in the (n, 2n) cross section is attributed to the initiation of (n,
3n) reaction channel having threshold energy ~16.77 MeV. However,
this trend is a general feature for (n, 2n) and (n, 3n) reactions for any
nucleus.

5. Conclusions

The cross sections for formation of '*°™Ce through the 140Ce(n,
2n)'3°™Ce reaction were measured at five different neutron energies,
over 13.73-14.77 MeV range. The corresponding cross-sections over
10-20 MeV neutron energy range were also estimated using the TALYS
1.8 and EMPIRE-3.2 codes, with different input parameters. In the
present work, the cross sections of 140Ce(n, 2n)!*°MCe reaction mea-
sured at five neutron energies show good matching, within experi-
mental error bars, with the single theoretical cross sections estimated
by EMPIRE 3.2 -LEVEDEN 4 with GSTRFN from 1-6 parameters as well
as that estimated by TALYS 1.8 using preequilibrium, preeqmode 4 and
level density model 1-6 parameters.

For this reactions, three sets of cross sections over five to six neutron
energies in the range of 13-15MeV are reported in literature
(Reyhancan et al., 2003; Sakane et al., 2001; Kasugai and Ikeda,
1997).However, the cross sections of any single set could not lie on any
one single theoretical plot of cross-sections estimated by TALYS 1.8 and
EMPIRE-3.2 codes in the present work. For this reaction, the cross
sections measured in the present work at five neutron energies over the
over 13.73-14.77 MeV range show good matching with the theoretical
cross sections. Moreover, the theoretical cross sections for formation of
metastable state, 13°™Ce, increases over 10 MeV to ~ 17 MeV neutron
energy range.These results are also consistent because the minimum
neutron energy required to excite the *°Ce nucleus to 1.3202 MeV
energy level, just above the metastable state level is close to 10 MeV,
and maximum neutron energy~ 17 MeV is below the threshold of (n,
3n) reaction.
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