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a b s t r a c t

The 232Th(n,c)233Th and 232Th(n,2n)231Th reaction cross-sections have been determined for the first time
at average neutron energies of 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV using activation and off-line c-ray
spectrometric technique. The neutron beam was generated using 7Li(p,n) reaction. The experimentally
determined cross-sections were compared with the evaluated nuclear data libraries of ENDF/B-VII and
JENDL 4.0 and are found to be in good agreement. The 232Th(n,c)233Th and 232Th(n,2n)231Th reaction
cross-sections were also calculated theoretically using TALYS 1.2 computer code and compared with
the experimental data.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The measurement of the neutron induced reaction cross-sec-
tions such as (n,c), (n,2n), (n,p) and (n,a) as a function of the
incident neutron energy for actinides and structural materials
are of particular importance. These reaction cross-section data
are required for several applications in the areas of reactor tech-
nology, applied nuclear physics, nuclear models, elemental analy-
sis, etc. In addition to these novel options, the reaction cross-
sections are useful in accelerator driven sub-critical systems
(ADSs), which is considered as a promising and challenging task
for transmutation of long-lived radioactive waste and power pro-
duction (Rubbia et al., 1995; Carminati et al., 1993; IAEA, 1997;
Bowman, 1998; Ganesan, 2007; Westmeier et al., 2005). The tho-
rium based nuclear fuel cycle offers many advantages. The
ll rights reserved.
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232Th–233U fuel cycle is studied extensively for power production
and as a waste management option in the next generation of sys-
tems like ADSs (Rubbia et al., 1995; Carminati et al., 1993; IAEA,
1997; Bowman, 1998; Ganesan, 2007; Westmeier et al., 2005),
AHWR (Sinha and Kakodkar, 2006) and fast reactors (Mathieu
et al., 2005; IAEA, 2002; Nuttin et al., 2005). Thorium fuel is an
attractive way to produce long term nuclear energy with low
radio toxicity waste.

The abundance of thorium in the earth crust is three to four times
that of uranium, thus the thorium fuel cycle ensures a long term sup-
ply of nuclear fuel. Because of its relatively high natural abundance,
232Th is gaining importance as a fertile isotope for future nuclear
reactors. The thorium–uranium fuel cycle is based on the fertile
232Th and the fissile 233U, formed by neutron capture on 232Th and
the subsequent b–decays of 233Th and 233Pa. The neutron capture
reaction cross-section of 232Th is an important parameter for the
design of any nuclear reactor based on the 232Th–233U fuel cycle.

The nuclide 233U and 232U is formed by the 232Th(n, c)233Th and
232Th(n, 2n)231Th reaction according to the scheme
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Fig. 1. Schematic diagram showing the arrangement used for neutron irradiation.
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The production of the fissile nucleus 233U depends on the
232Th(n,c) reaction cross-section, which is required with an accu-
racy of 1–2% to be used safely in simulation techniques for predic-
tion, the dynamical behavior of complex arrangements in fast
reactors or ADSs (Pronyaev, 1999; Kuzminov and Manokhin,
1997). The importance of 232Th(n,c) reaction cross-section at high-
er neutron energy has a strong impact on the performance and
safety assessment for ADSs. A 10% uncertainty in the reaction
cross-section of 232Th(n,c) can produce 30% uncertainty in the pro-
ton current requirement to operate an ADSs at the sub-critical level
of keff � 0.97 (Salvatores, 1997).

There are some measurements of 232Th(n,c) reaction cross-sec-
tion from thermal to 2.73 MeV in the last few years using activa-
tion technique (Pomerance, 1952; Macklin et al., 1957; Stupegia
et al., 1963; Forman et al., 1971; Lindner et al., 1976; Baldwin
and Knoll, 1984; Jones et al., 1986; Wisshak et al., 2001; Karaman-
is et al., 2001). However, only three experimental data are avail-
able for the neutron energy beyond 2.73 MeV using activation
techniques, one at 14.8 MeV by Perkin et al., 1958, two at
3.70 ± 0.30 and 9.85 ± 0.38 MeV by Naik et al., 2011. At the neu-
tron energy higher than 6.44 MeV, 232Th(n,2n) reaction starts
and becomes the predominant mode besides fission and inelastic
reaction channels. Sufficient data on the 232Th(n,2n) reaction
cross-section at different neutron energies are available in litera-
ture (Butler and Santry, 1961; Bormann, 1965; Chatani, 1983;
Raics et al., 1985; Karamanis et al., 2003; Adam et al., 2005). Adja-
cent to the neutron energy of 6.44 MeV there is no 232Th(n,c)
reaction cross-section data available to examine its trend, where
the 232Th(n,2n) reaction starts. In the present work, the neutron
capture cross-section of 232Th was measured at the average neu-
tron energy of and 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV. The
neutron beam was produced by using 7Li(p,n) reaction. The acti-
vation method followed by off-line c-ray spectrometric technique
was used for the present work. Using the same technique,
232Th(n,2n) reaction cross-section is also determined at average
neutron energy of 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV. The
experimentally obtained reaction cross-sections were compared
with the evaluated nuclear data libraries of ENDF/B-VII.0 (Chad-
wick et al., 2006), JENDL 4.0 (Shibata et al., 2011), and JEFF-3.1
(Koning et al., 2007). Theoretically, the present experimental data
have been analyzed on the basis of the TALYS 1.2 reaction code
(Koning et al., 2005).
Fig. 2. Typical c-ray spectrum of irradiated natural Th metal shows the c-ray
energies for 232Th(n,c) reaction.
2. Description of the experiment

Average neutron energy of 8.04 ± 0.30 and 11.90 ± 0.35 MeV
were produced by the 7Li(p,n) reaction at proton energy of 10
and 14 MeV, using the 14 UD BARC-TIFR Pelletron facility at Mum-
bai, India. The lithium foil was made up of natural lithium with
thickness 3.7 mg/cm2 and is sandwiched between two tantalum
foils of different thicknesses. The thinner tantalum foil facing the
proton beam with thickness of 4 mg/cm2, in which the degradation
of the proton energy is only 30 keV. The thicker tantalum foil of
0.025 mm, which is located behind the lithium foil, is sufficient
to stop the proton beam. Behind the Ta–Li–Ta stack, the natural
thorium metal foil with thickness 143.8 mg/cm2 was placed for
irradiation. The Th foil was wrapped with 0.025 mm thick super
pure aluminum foil and mounted at zero degree with respect to
the beam direction at a distance of 2.0 cm from the location of
the Ta–Li–Ta stack. The experimental arrangement is shown
in Fig. 1. The isotopic abundance of 232Th in natural thorium is
100%.

Different sets were made for different irradiations at various
neutron energies. Both the samples were irradiated for 5–7 h
depending upon the proton beam energy facing the tantalum tar-
get. The proton beam energies were 10 and 14 MeV and the proton
current during the irradiation was 270 nA at 10 MeV and 300 nA at
14 MeV. The maximum neutron energies facing the Th sample tar-
gets were 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV respectively. The
activity measurements of the irradiated samples were started after
sufficient cooling time. Then, the irradiated samples along with the
aluminum wrapper were mounted on Perspex plates and taken for
c-ray spectrometry. The activities of the radio nuclides produced
from irradiated Th samples were measured using energy- and effi-
ciency-calibrated 80 cm3 HPGe detector coupled to PC-based 4 K
channel analyzer. The measurements were repeated for several
times to follow the decay of the radio nuclides. Measurements
were done at suitable distance between the sample and the end
cap of the detector to keep the dead time within 5%. The detection
efficiency as a function of the photon energy was determined by
using the standard 152Eu source. A typical c-ray spectrum from
the irradiated 232Th sample for 232Th(n,c) and 232Th(n,2n) reac-
tions are given in Figs. 2 and 3 respectively.



Fig. 3. Typical c-ray energy of irradiated natural Th metal shows the c-ray energy
for 232Th(n,2n) reaction.
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3. Analysis of the experiment and results

3.1. Calculation of the neutron energy

Natural lithium consists of isotopes 6Li and 7Li with abundances
7.42% and 92.58% respectively. Neutrons are generated by the
7Li(p,n) reaction. The Q-value for the 7Li(p,n)7Be reaction to the
ground state is �1.644 MeV, whereas for the first excited state is
0.431 MeV above the ground state leading to an average Q-value
of �2.079 MeV. The selected proton energies for the experiment
are 10 and 14 MeV. The degradation of the proton energy on the
front thin tantalum foil of 4 mg/cm2 thickness is only 30 keV. The
ground state of 7Be is having the threshold of 1.881 MeV whereas
the first excited state of 7Be is having the threshold of 2.38 MeV.
With 7Li, a second neutron group at EP P 2.4 MeV is produced
due to the population of the first excited state of 7Be. Thus for
the proton energy of 10 and 14 MeV, the corresponding first group
of (n0) neutron energies are 8.12 and 12.12 MeV to the ground
state of 7Be. For the first excited state of 7Be, the neutron
energy of the second group of neutrons (n1) will be 7.62 and
11.62 MeV respectively. Fragmentation of 8Be to 4He + 3He + n
(Q = �3.23 MeV) also occurs when the proton energy exceeds the
value 4.5 MeV and the other reaction channels are open to give
continuous neutron distribution besides n0 and n1 groups of neu-
trons. The branching ratio to the ground and first excited state of
7Be up to proton energy of 7 MeV is given in Refs. Liskien and Paul-
sen (1975) and Meadows and Smith (1972), whereas for proton
energies from 4.2 MeV to 26 MeV is given in Ref. Poppe et al.
(1976). The neutron spectrum has continuous tailing besides n0

and n1 group of neutrons, for the proton energies of 10 and
14 MeV. The neutron spectra for these proton energies were gener-
ated as done by Naik et al., 2011, using the neutron energy distri-
bution given in Refs. Poppe et al. (1976) and Mashnik et al. (2008).
The generated neutron spectra of the present work at proton en-
ergy of 10 and 14 MeV are similar to the distribution shown by
Naik et al., 2011 for proton energy of 12 MeV. For the proton
energy of 10 MeV, the tailing part of the distribution of the neutron
spectrum below 6 MeV has been removed to obtain the average
neutron energy under the main peak region, which is
8.04 ± 0.30 MeV. The uncertainty of the neutron energy arises
due to the spread of the neutron distribution (width) consisting
of n0 and n1 group of neutrons. Similarly for the proton energy of
14 MeV, the average neutron energies under the main peak region
was obtained as 11.90 ± 0.35 MeV after removing the tailing distri-
bution of the neutron spectrum below 10.5 MeV.
3.2. Calculation of the neutron flux

The neutron flux is usually obtained by using 197Au(n,c)198Au
and 115In(n,n1)115mIn reaction cross-sections for mono-energetic
nuclear reactions. For thermal neutrons the photo peak activity
of the 411.8 keV c-line for 198Au from 197Au(n,c) reaction is used
to find the neutron flux. For higher energy neutrons the photo peak
activity of the 336.2 keV c-line of the 115mIn from the 115In(n,n1)
reaction is used for flux determination. In the present work the
neutron beam was produced from 7Li(p,n) reaction, where the neu-
tron energy is on higher side and not exactly mono-energetic. This
is due to the contribution from the second group as well as a tailing
resulting from the break up 8Be ? 4He + 3He + n, which has a sig-
nificant contribution. It can be seen from Refs. Poppe et al.
(1976) and Mashnik et al. (2008)) that tailing region of the low en-
ergy neutrons is quite significant. Within this range of neutron en-
ergy, the 115In(n,n1)115mIn reaction cross-sections changes
continuously (The International Reactor Dosimetry file, 2002). On
the other hand, the neutron-induced fission cross-section of
232Th (Blons et al., 1975) has a step function, whereas the yields
of fission products (Glendenin et al., 1980) at peak position of
the mass-yield curve do not change significantly. For this purpose,
the neutron flux was calculated using the yield (Y) of fission prod-
ucts as 135I and 97Zr, extracted from the experimental yields of Ref.
Glendenin et al. (1980) and Crouch (1977) in the neutron induced
fission of 232Th. The neutron flux and the observed photo peak
activities (Aobs) for c-lines of the respective nuclide are related by
the equation,

/ ¼ AobsðCL=LTÞk
Nrf Yaeð1� e�ktÞðe�kTÞð1� e�kCLÞ ð1Þ

where N is the number of target atoms. rf is the fission cross-section
taken from Refs. Henkel (1957) and Paradela et al. (2006), Y is the
yield of the fission product taken from Ref. Glendenin et al.
(1980) and Crouch (1977),‘a’ is the branching intensity and e is
detection efficiency for c-lines of the nuclide of interest. ‘t’ and T
are the irradiation and cooling times whereas, CL and LT are the
clock time and live time of counting, respectively. In the above
equation the CL/LT term has been used for dead time correction.
The c-ray energies and the nuclear spectroscopic data such as the
half-lives and branching ratios of the reaction products are taken
from Refs. Blachot (2005), Singh and Tuli (2005) and Browne
(2001) and given in Table 1.

The neutron flux calculated using Eq. (1) for 8.04 ± 0.30 MeV
and 11.90 ± 0.35 MeV neutron energies are obtained to be
(3.56 ± 0.03) � 106 and (1.30 ± 0.02) � 107 n cm�2 s�1correspond-
ing to the proton energy of 10 and 14 MeV, respectively. The neu-
tron flux for the 232Th(n,2n) reaction at the average neutron
energies of 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV were obtained
as (2.34 ± 0.02) � 106 and (9.06 ± 0.02) � 106 n cm�2 s�1, respec-
tively. These values were obtained based on the ratio of neutron
flux of the neutron spectrum of Refs. Poppe et al. (1976) and Mash-
nik et al. (2008) for (n,2n) reaction above its threshold to total flux.
3.3. Determination of 232Th(n,c)233Th and 232Th(n,2n)231Th reaction
cross-sections and their results

The neutron irradiation on 232Th target resulted in the produc-
tion of 233Th radio-nuclide through (n,c) reaction process and
231Th radio nuclide through (n,2n) process. The decay data of the
radio-active products contributing reaction process and threshold
energy are taken from Refs. Singh and Tuli (2005), Browne
(2001) and Browne and Firestone (1986) are presented in Table 1.
The unstable radio-nuclide 233Th (t½ = 21.83 m), which is produced
by the 232Th(n,c) 233Th nuclear reaction decays to 233Pa



Table 1
Nuclear spectroscopic data used in the calculation.

Nuclide Half life c-Ray energy (keV) c-Ray abundance (%) References

231Th 25.52 h 84.2 6.6 (Singh and Tuli)
233Th 21.83 m 86.5 2.7 (Browne)
233Pa 26.975 d 311.9 38.4 (Browne)

Table 2
232Th(n,c) and (n, 2n) reaction cross-sections at different neutron energies.

Neutron energy (MeV) Neutron flux (n cm�2 s�1) Cross section (mb)

Experimental ENDF/B-VII.0 JENDL-4.0

232Th(n,c)
8.04 ± 0.30 (3.56 ± 0.03) � 106 0.77 ± 0.08 0.703–0.816a 0.93–1.068b

11.90 ± 0.35 (1.30 ± 0.02) � 107 1.12 ± 0.02 1.182–1.157c 1.497–1.398d

232Th(n,2n)
8.04 ± 0.30 (2.34 ± 0.02) � 106 1566.29 ± 62.11 1146.33–1734.4a 1304.87–1904.0b

11.90 ± 0.35 (9.06 ± 0.02) � 106 2097.93 ± 25.13 2181.9–2165.44c 2265.98–2270.1d

a For 232Th(n,c) and (n,2n) reaction the neutron energy ranges are 7.5–8.5 MeV.
b For 232Th(n,c) and (n,2n) reaction the neutron energy ranges are 7.5–9.0 MeV.
c For 232Th(n,c) and (n,2n) reaction the neutron energy ranges are 11.0–12.6 MeV.
d For 232Th(n,c) and (n,2n) reaction the neutron energy ranges are 11.0–12.5 MeV.
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(t½ = 26.975 d) by b� decay process. In view of this, the 232Th(n,c)
reaction cross-section was calculated from the observed photo-
peak activity of 233Pa from the c-ray spectrum of the long cooled
sample. So the 233Pa radio-nuclide was identified through an anal-
ysis of the 311.9 keV characteristic c-line. Similarly, the
232Th(n,2n) reaction cross-section was calculated from the ob-
served photo-peak activity of the 84.2 keV c-line of 231Th from
the c-ray spectrum of a sufficiently cooled sample.

The number of detected c-rays (Aobs) of the reaction products
233Th and 231Th was used to calculate the neutron induced reaction
cross-section of 232Th using Eq. (1) and is rewritten as

r ¼
Aobs

CL
LT

� �
k

Nuaeð1� e�ktÞðe�kTÞð1� e�kCLÞ ð2Þ

All terms in Eq. (2) have the same meaning as in Eq. (1). At an aver-
age neutron energy of 8.04 ± 0.30 MeV, the 232Th(n,c) reaction
cross-section obtained to be 4.52 ± 0.08 mb for neutron flux of
(3.56 ± 0.03) � 106 n cm�2 s�1. Similarly, for average neutron en-
ergy of 11.90 ± 0.35 MeV, for the same reaction the cross-section
obtained to be 2.24 ± 0.02 mb for the neutron flux of
(1.30 ± 0.02) � 107 n cm�2 s�1. At an average neutron energy of
8.04 ± 0.30 MeV, the neutron flux of (2.34 ± 0.02) � 106 n cm�2 s�1

was used to calculate the 232Th(n,2n) reaction cross-section, which
is 1566.29 ± 62.11 mb. Similarly at an average neutron energy of
11.9 ± 0.35 MeV, the neutron flux of (9.06 ± 0.02) � 106 n cm�2 s�1

was used to calculate the 232Th(n,2n) reaction cross-section, which
is 2097.93 ± 25.13 mb. At same neutron energy, lower neutron flux
used for the 232Th(n,2n) reaction cross-section calculation com-
pared to 232Th(n,c) reaction is based on the threshold value of
6.44 MeV for the former reaction.

The 232Th(n,c) cross-section values of 4.52 ± 0.08 mb at neutron
energy of 8.04 ± 0.30 MeV and 2.24 ± 0.02 mb at 11.90 ± 0.35 MeV
are slightly higher because of the contribution from the low energy
neutron reaction cross-section. This contribution of the cross-sec-
tion from the tail region to the 232Th(n,c) reaction has been esti-
mated using the ENDF/B-VII.0 (Chadwick et al., 2006) and JENDL-
4.0 (Shibata et al., 2011) by folding the cross-sections with neutron
flux distributions of Refs. Poppe et al. (1976) and Mashnik et al.
(2008)). At proton energy of 10 MeV, the contribution of the
cross-sections to the 232Th(n,c) reaction was evaluated to be 3.55
and 3.95 mb from ENDF/B-VII.0 (Chadwick et al., 2006), JENDL-
4.0 (Shibata et al., 2011), respectively. Similarly, contribution to
the 232Th(n,c) reaction from the above evaluations at proton en-
ergy of 14 MeV are 1.02 mb and 1.22 mb from ENDF/B-VII.0 (Chad-
wick et al., 2006), JENDL-4.0 (Shibata et al., 2011) respectively.

The actual experimentally obtained cross-section for 232Th(n,c)
reaction, after removing the contribution from the tail region was
obtained to be 0.77 ± 0.08 mb and 1.12 ± 0.02 mb at an average
neutron energies of 8.04 ± 0.30 and 11.90 ± 0.35 MeV, correspond-
ing to the proton energies of 10 MeV and 14 MeV, which are given
in Table 2. At an average neutron energies of 8.04 ± 0.30 and
11.90 ± 0.35 MeV, corresponding to the proton energies of 10 and
14 MeV, the 232Th(n,2n)231Th reaction cross-section were obtained
to be 1566.29 ± 62.11 mb and 2097.93 ± 25.13 mb, which are also
given in Table 2.

The uncertainties associated to the measured cross-sections
come from the combination of two experimental data sets. This
overall uncertainty is the quadratic sum of both statistical and sys-
tematic errors. The random error in the observed activity is primar-
ily due to counting statistics, which is estimated to be 5–10%. This
can be determined by accumulating the data for an optimum time
period that depends on the half-life of nuclides of interest. The sys-
tematic errors are due to uncertainties in photon flux estimation
(�2%), the irradiation time (�0.5%), the detection efficiency cali-
bration (�3%), the half-life of the reaction products and the c-ray
abundances (�2%) as reported in the literature (Blachot, 2005;
Singh and Tuli, 2005; Browne, 2001). Thus the total systematic er-
ror is about �4.2%. The overall uncertainty is found to range be-
tween 6.5% and 10.8%, coming from the combination of a
statistical error of 5–10% and a systematic error of 4.2%.
4. Discussions

The neutron induced reaction cross-section of the 232Th(n,c)
reaction measured in the present work at average neutron energies
of 8.04 ± 0.30 and 11.90 ± 0.35 MeV (Table 2) are determined for
the first time. On the other hand the 232Th(n,2n) reaction cross-
section from the present work at average neutron energy of
8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV (Table 2) are the re-deter-
mined value. The experimentally obtained reaction cross-section



Fig. 4. Plot of experimental, theoretical and evaluated 232Th(n,c) reaction cross-
section as a function of neutron energy.

Fig. 5. Plot of experimental, theoretical and evaluated 232Th(n,2n) reaction cross-
section as a function of neutron energy.
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for the 232Th(n,c) and 232Th(n,2n) nuclear reactions were com-
pared with the evaluated data from ENDF/B-VII.0 (Chadwick
et al., 2006) and JENDL-4.0 (Shibata et al., 2011) are quoted in
Table 2. These evaluated reaction cross-sections given in Table 2
within the neutron energy range from 7.5 to 8.5 MeV and 11 to
12.5 MeV for 232Th(n,c) and 232Th(n,2n) reactions is due to the fi-
nite width of the neutron energy under the main peak (Poppe et al.,
1976; Mashnik et al., 2008).

The experimentally obtained 232Th(n,c) and 232Th(n,2n) reac-
tion cross-sections at average neutron energies of 8.04 ± 0.30 and
11.90 ± 0.35 MeV are within the range of evaluated data (Table 2).
In order to examine this aspect, the 232Th(n,c) reaction cross-
section from present work along with literature data (Naik
et al., 2011; Lindner et al., 1976; Karamanis et al., 2001; Perkin
et al., 1958; Davletshin et al., 1992; Poenitz and Smith, 1978), gi-
ven in EXFOR (IAEA, EXFOR) as well as evaluated data from
ENDF/B-VII.0, JENDL-4.0 were plotted in Fig. 4. It can be seen
from Fig. 4 that the evaluated 232Th(n,c) reaction cross-section
decreases up to a neutron energy of 8 MeV and thereafter in-
creases. Higher value of the 232Th(n,c) reaction cross-section at
neutron energy above 8 MeV may be due to the saturation of
neutron emission (n,2n) and (n,nf) cross-sections. Theoretically,
the 232Th(n,c) and 232Th(n,2n) reaction cross-sections at neutron
energy beyond 1 keV were also calculated using computer code
TALYS version 1.2 (Koning et al., 2005). TALYS is a computer
code basically used for analysis of basic scientific experiments
or to generate nuclear data for applications. The basic objective
behold its construction is the simulation of nuclear reactions that
involve neutrons, photons, protons, deuterons, tritons, 3He- and
alpha-particles, in the 1 keV to 200 MeV energy range and for
target nuclides of mass 12 and heavier. In TALYS, cross-section
for reactions to all open channels is calculated. Several options
are included for the choice of different parameters such as c-
strength functions, nuclear level densities and nuclear model
parameters etc. All possible outgoing channels possible for the
given neutron energy were considered. However, the cross-sec-
tion for the (n,c) and (n,2n) reaction was specially looked for
and collected. Theoretically obtained 232Th(n,c) and 232Th(n,2n)
reaction cross-section using TALYS 1.2 computer code are also
plotted in Figs. 4 and 5.

It can be seen from Fig. 4 that, the trend of the experimental
and evaluated 232Th(n,c) reaction cross-section is well repro-
duced by the TALYS 1.2 computer code. However, the 232Th(n,c)
reaction cross-section calculated from TALYS are slightly higher
than the experimental and evaluated data for neutron energy
from 100 keV to 9.85 MeV but lower than the values at neutron
energy of 14.5 MeV. This is because in the TALYS the fission
cross-section as a function of the neutron energy is quantitatively
not well accounted, though the trend is reproduced. Similar to the
evaluated data, the 232Th(n,c) reaction cross-section calculated
theoretically using TALYS 1.2 code shows a dip at an neutron en-
ergy of 7.3–8.5 MeV. The dip in the 232Th(n,c) reaction cross-sec-
tion around a neutron energy of 7.5–8.5 MeV indicates the
opening of the (n,2n) reaction channel besides the (n,nf) channel.
To verify this, 232Th(n,2n) reaction cross-sections from the pres-
ent work and from the literature (Naik et al., 2011; Butler and
Santry, 1961; Raics et al., 1985; Karamanis et al., 2003) along
with the theoretical (Koning et al., 2005) and evaluated data
(Chadwick et al., 2006; Shibata et al., 2011; Koning et al., 2007)
were plotted in Fig. 5.

It can be seen from Fig. 5 that the experimental and theoretical
232Th(n,2n) reaction cross-section shows a sharp increasing trend
from the neutron energy of 6.6 MeV to 8.0 MeV and thereafter re-
mains constant up to 14.5 MeV. Thus, the increasing trend of
232Th(n,c) reaction cross section beyond 8 MeV up to 14.5 MeV
(Fig. 4) is due to constant 232Th(n,2n) reaction cross-section
(Fig. 5). Furthermore, it can be seen from Figs. 4 and 5 that the
232Th(n,c) reaction cross-section shows a dip, where the
232Th(n,2n) reaction cross-section shows a sharp increasing trend.
This is most probably due to the sharing of the excitation energy
between 232Th(n,c) and (n,2n) reaction channels in the neutron
energy range below 14 MeV. Above the neutron energy of
14 MeV, 232Th(n,c) and (n,2n) reaction cross-sections show a
decreasing trend due to opening of (n,3n) reaction channels.

5. Conclusions

(a) The 232Th(n,c)233Th reaction cross-sections at an average
neutron energies of 8.04 ± 0.30 and 11.90 ± 0.35 MeV have
been determined for the first time. On the other hand, the
232Th(n,2n)231Th reaction cross-section at neutron energy
of 8.04 ± 0.30 MeV and 11.90 ± 0.35 MeV are the re-deter-
mined values, which are in agreement with the literature
data.

(b) The 232Th(n,c) and 232Th(n,2n) reaction cross-sections at
average neutron energies of 8.04 ± 0.30 and 11.90 ±
0.35 MeV are in good agreement with the evaluated data
from ENDF/B-VII.0, JENDL-4.0 and JEFF 3.1.
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(c) The 232Th(n,c) and 232Th(n,2n) reaction cross-sections were
also calculated using the TALYS 1.2 computer code and
found to be in general agreement with the experimentally
measured data.
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