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Abstract. The 232 Th(n, γ ) reaction cross-section at average neutron energies of 13.5, 15.5 and
17.28 MeV from the 7 Li( p, n) reaction has been determined for the first time using activation
and off-line γ -ray spectrometric technique. The 232 Th(n, 2n) cross-section at 17.28 MeV neutron energy has also been determined using the same technique. The experimentally determined
232 Th(n, γ ) and 232 Th(n, 2n) reaction cross-sections from the present work were compared with
the evaluated data of ENDF/BVII and JENDL-4.0 and were found to be in good agreement. The
present data, along with literature data in a wide range of neutron energies, were interpreted in terms
of competition between 232 Th(n, γ ), (n, f ), (n, n f ) and (n, xn) reaction channels. The 232 Th(n, γ )
and 232 Th(n, 2n) reaction cross-sections were also calculated theoretically using the TALYS 1.2
computer code and were found to be in good agreement with the experimental data from the present
work but were slightly higher than the literature data at lower neutron energies.
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1. Introduction
Presently, advanced heavy water reactors (AHWR) [1,2] and fast reactors [3–6] are of
interest for power production. Recently, accelerator-driven sub-critical systems (ADS)
[7–12] are also of primary interest from the point of transmutation of long-lived fission
products (93 Zr, 99 Tc, 107 Pd, 129 I and 135 Cs), and incineration of long-lived minor actinides
(237 Np, 240 Pu, 241 Am, 243 Am and 244 Cm) to solve the problem of radioactive wastes. In
AHWR, 232 Th–233 U is the primary fuel for power generation. However, 232 Th–233 U fuel
in combination with ADS is another method for power generation besides for transmutation of long-lived fission products and incineration of long-lived minor actinides. The
advantage of 232 Th–233 U fuel in AHWR [1,2] and ADS [7–12] over the present reactors
based on uranium fuel is that it produces thousand times less radiotoxic wastes. Studies
have shown that thorium-based fuels in fast spectrum systems can efficiently perform the
task of reducing reactor-grade and weapons-grade plutonium stockpile [13] while maintaining acceptable safety and control characteristics of the reactor system. Besides these,
thorium in the Earth’s crust is three to four times more abundant than uranium and thus
can help to greatly extend the nuclear fuel resources. It is a fact that 232 Th is the only
nucleus present in nature which can give rise to an excess of fissile material 233 U in the
presence of either thermal or fast neutrons, thus making it an excellent choice for nuclear
reactors of the future. Furthermore, thorium-based fuel is an attractive option because
no trans-uranics are produced compared to uranium-based fuels. This reduces the cost of
fuel cycle.
In the thorium–uranium fuel cycle, the fissile nucleus 233 U is generated by 232 Th(n, γ )–
233
Th reaction followed by two successive β-decays. The 232 Th(n, 2n)231 Th reaction
cross-section rapidly increases above a threshold energy of 6.648 MeV. A schematic
diagram of the Th–U fuel cycle is given below:
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Thus, the production of the fissile nucleus
U depends on the
Th(n, γ ) reaction
cross-section, which is required with an accuracy of 1–2% for predicting the dynamical behaviour of complex arrangements in fast reactors or ADS [14,15]. In fusion–fission
hybrid systems, a sensitivity study has shown that the production rate of 233 U can be predicted within 1%, provided the 232 Th(n, γ ) cross-section is known within 2% [16,17].
Thus, the neutron interactions and fission cross-sections for 232 Th and 233 U in the low
neutron energy are important for AHWR [1,2], whereas the neutron interactions and fission cross-sections in the higher energy range are important for ADS [7–12] because they
dominate the neutron transport and neutron regeneration. Thus, the 232 Th(n, γ ) reaction
cross-section at higher neutron energy has a strong impact on the performance and safety
assessment for ADS [18]. In ADS a 10% change in the 232 Th neutron capture crosssection gives rise to a 30% change in the needed proton current of the accelerator if the
233
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system has to be operated at a sub-critical level of K eff ≈ 0.97 [19]. Thus, precise nuclear
reaction cross-section data are important for the nuclear and shielding design of AHWR
and ADS-based transmutation system. However, the database and experience of thorium
fuels and the thorium fuel cycles are very limited compared to other conventional fuels.
A careful look at the nuclear cross-section data, available in the existing cross-section
libraries shows that, 232 Th(n, γ ) reaction cross-section data within neutron energies of
thermal to 2.73 MeV are based on physical measurements [20–22] and activation technique [23–35]. Beyond 2.73 MeV, the 232 Th(n, γ ) reaction cross-section data are available
only at 3.7 and 9.85 MeV (Naik et al [36]) and at 14.5 MeV (Perkin et al [37]) using the
activation technique. From these data, it can be seen that the 232 Th(n, γ ) reaction crosssection decreases monotonically from 20 eV to 3.7 MeV. Beyond the neutron energy in
the range of 6–7 MeV, 232 Th(n, γ ) reaction cross-section increases and remains flat within
9.85–14.5 MeV [36,37]. It can also be seen from refs [36,37] that the 232 Th(n, γ ) reaction cross-section at 14.5 MeV is higher than the expected trend. At neutron energy higher
than 6.44 MeV, 232 Th(n, 2n) reaction begins and becomes the predominant mode besides
fission and inelastic reaction channels, which are already significant above 1 MeV. In
contrast to 232 Th(n, γ ) reaction cross-section data [20–37], sufficient data on 232 Th(n, 2n)
reaction are available from physical measurements [38] and from off-line activation methods [39–46]. However, the literature data of 32 Th(n, 2n) reaction cross-section [38–46]
are within 11 MeV neutron energy. It can be seen from these data that the 232 Th(n, 2n)
reaction cross-section increases from 6.44 MeV up to the neutron energy of 9.86 MeV
and then remains constant up to 11 MeV. Keeping these facts in mind, it is important to
measure the 232 Th(n, γ ) and (n, xn) reaction cross-sections besides the yields of fission
products at higher neutron energy.
In the present work, we have determined the 232 Th(n, γ ) reaction cross-section at average neutron energies of 13.5 ± 0.35, 15.5 ± 0.5 and 17.28 ± 0.35 MeV using the neutron
beam from 7 Li( p, n) reaction and by activation followed by off-line γ -ray spectrometry.
The 232 Th(n, 2n) reaction cross-section is also determined at an average neutron energy
of 17.28 ± 0.35 MeV using the same technique. The neutron interaction cross-sections in
the energy range 14–18 MeV are of fundamental importance for fission and acceleratordriven reactors because they dominate the neutron transport and neutron regeneration.
The present data along with literature data at different neutron energies, are interpreted
from the point of view of (n, f ), (n, n f ), (n, 2n f ) and (n, xn) reaction thresholds.

2. Description of the experiment
The experiment was carried out in 14UD BARC-TIFR Pelletron Facility at Mumbai, India
[36]. The neutron beam was obtained from the 7 Li( p, n) reaction by using the proton
beam main line which was placed 6 m above the analysing magnet of the Pelletron Facility
so as to utilize the maximum proton current from the accelerator. The energy spread for
proton at 6 m height was the maximum (50–90 keV). At this port, the terminal voltage was
regulated by GVM mode using terminal potential stabilizer. Further, we used a collimator
of 6 mm diameter before the target. The lithium foil was made up of natural lithium
having a thickness of 3.7 mg/cm2 and was sandwiched between two tantalum foils of
different thicknesses. The thinner tantalum foil having a thickness of 4 mg/cm2 faced
Pramana – J. Phys., Vol. 79, No. 2, August 2012

251

Sadhana Mukerji et al
the proton beam, in which the degradation of the proton energy was only 30 keV. The
thicker tantalum foil of 1.0 mm, located behind the lithium foil, was sufficient to stop
the proton beam. Behind the Ta–Li–Ta stack, the natural thorium metal foil of 1 cm2
length and 0.025 mm thickness was placed for irradiation. The Th foil was wrapped
with 0.025 mm thick superpure aluminum foil and mounted at zero degree with respect
to the beam direction at a distance of 2.1 cm from the location of the Ta–Li–Ta stack.
The experimental arrangement is shown in figure 1. The isotopic abundance of 232 Th in
natural thorium is 100%. Different sets were made for different irradiations at various
neutron energies.
The samples were irradiated for 5–7 h depending on the proton beam energy. The
proton beam energies were 16, 18 and 20 MeV and the proton current during the irradiation was within 300–400 nA. The maximum incident neutron energies on Th targets
were 14.1, 16.1 and 18.1 MeV respectively. After irradiation, the samples were cooled
for sufficient time (6–24 h). Then the irradiated target of Th along with Al wrapper were
mounted on different Perspex plates and taken for γ -ray spectrometry. The γ -ray counting of fission/reaction products from the irradiated Th sample was done at BARC using
pre-calibrated HPGe detector connected to a PC-based 16 K GAMMA FAST MCA with
High Voltage Power Supply Card. The detector is a coaxial p-type HPGe detector from
EURASIS, France, with a relative efficiency of 50%. The resolution of the detector system was 2 keV at 1332.5 keV of 60 Co. The detector has a 3 lead shielding on all sides
to reduce the background of the system. The measurements were repeated several times
to follow the decay of the radionuclides. Measurements were done at suitable distance
between the sample and the end cap of the detector to keep the dead time within 5% to
avoid pile-up effects. The γ -ray counting of the sample was done in live time mode and
was followed as a function of time. The energy and efficiency calibration of the detector system was done by counting the γ -ray energies of standard 152 Eu and 133 Ba sources
keeping the same geometry, where the summation error was negligible. The uncertainty
in the efficiency was 2–3%. The γ -ray counting of the irradiated Th samples were done up
to few months to check the half-life of the nuclides of interest. A typical γ -ray spectrum
from the irradiated 232 Th sample for 232 Th(n, γ ) and 232 Th(n, 2n) reactions are given in
figures 2 and 3 respectively.

Li foil
Proton
beam

Thick Ta foil
(Beam stopper)

Flange
Th wrapped
with Al

Neutrons

2.1 cm
Thin tantalum
Wrapping foil

Figure 1. Schematic diagram showing the arrangement used for neutron irradiation.
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Figure 2. Typical γ -ray spectrum of irradiated natural Th metal showing the γ -ray
spectrum for 232 Th(n, γ ) reaction.
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Figure 3. Typical γ -ray spectrum of irradiated natural Th metal showing γ -ray
spectrum for 232 Th(n, 2n) reaction.

3. Analysis of the experiment
3.1 Calculation of the neutron energy
The incident proton energies in the present experiment were 16, 18 and 20 MeV respectively. The maximum incident neutron energies on Th targets were 14.1, 16.1 and
18.1 MeV respectively. Neutrons are generated by the 7 Li( p, n) reaction. However, a different reaction takes place when the proton beam heats the natural lithium target. Natural
lithium consists of 6 Li and 7 Li isotopes with 7.42% and 92.58% abundances respectively.
The Q-value for the 7 Li( p, n)7 Be reaction to the ground state is −1.644 MeV, whereas
for the first excited state it is 0.431 MeV above the ground state leading to an average
Pramana – J. Phys., Vol. 79, No. 2, August 2012
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Q-value of −2.075 MeV. The proton energies selected for the experiment are 16, 18 and
20 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 7 Be is having the threshold of 1.881 MeV,
whereas the first excited state of 7 Be is having the threshold of 2.38 MeV. With 7 Li, a
second neutron group at E P ≥ 2.4 MeV is produced due to the population of the first
excited state of 7 Be. Thus, for proton energies of 16, 18 and 20 MeV, the corresponding first group of (n 0 ) neutron energies are 14.12, 16.12 and 18.12 MeV to the ground
state of 7 Be. For the first excited state of 7 Be, the neutron energy of the second group
of neutrons (n 1 ) will be 13.62, 15.62 and 17.62 MeV respectively. Fragmentation of
7
Li( p, γ )8 Be∗ → 4 He + 3 He + 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 n 0 and n 1 groups of neutrons. The branching ratio to the
ground and first excited states of 7 Be up to the proton energy of 7 MeV is given in refs
[47,48], whereas for proton energies from 4.2 MeV to 26 MeV is given in ref. [49]. For
proton energies of 16, 18 and 20 MeV, the neutron spectra are continuous besides n 0 and
n 1 group of neutrons. To observe the trend of continuous neutron spectrum, we have generated it by using the neutron energy distribution given in refs [49,50]. This distribution
is obtained by shifting the peak by −0.5 MeV. So the peak of the distribution is around
18 MeV for proton energy of 20 MeV. This scaling has been done due to the fact that the
maximum neutron energy from 7 Li( p, n) reaction cannot exceed E P −1.88 MeV. Similarly, for E P = 16 and 18 MeV runs, the corresponding neutron distributions are obtained
by interpolation of the neutron distributions of Mashnik et al [50]. These neutron distributions have a quasimonoenergetic peak near E P − 1.88 MeV and a long tailing towards
lower energies, as shown for the typical case in figure 4 for proton energy of 20 MeV.
After removing the tailing distribution, the average neutron energies under the quasimonoenergetic main peak region were obtained as 13.35 ± 0.35, 15.5 ± 0.5 and 17.28 ±
0.35 MeV for proton energies of 16, 18 and 20 MeV respectively. These average energies
10
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Figure 4. Plot of neutron flux in arbitrary unit as a function of neutron energy from
7 Li( p, n) reaction for 20 MeV proton energy.

254

Pramana – J. Phys., Vol. 79, No. 2, August 2012

232

Th(n, γ ) and 232 Th(n, 2n) cross-sections

are the energy folded by flux under the main peak regions divided by the total flux under
the peak.
3.2 Calculation of the neutron flux
For higher monoenergetic neutrons, the photopeak activity of the 336.2 keV γ -line of
In from the 115 In(n, n  ) reaction is used for flux determination. In the present work, the
neutron beam was produced from 7 Li( p, n) reaction, where the neutron energy is on the
higher side and not exactly monoenergetic. This is due to the contribution from the second
group as well as a tailing part from the break up 8 Be → 4 He + 3 He + n, which has a significant contribution. It can be seen from refs [49,50] that tailing region of the low-energy
neutrons is quite significant. Within this range of neutron energy, the 115 In(n, n  )115m In
reaction cross-sections change continuously [51]. On the other hand, the neutron-induced
fission cross-section of 232 Th [52] has a step function, whereas the yields of fission products [53,54] at peak position of the mass-yield curve do not change significantly. For this
purpose, the neutron flux [36] was calculated using the yield (Y ) of fission products as
131 132
I, Te and 97 Zr, extracted from the experimental yields of refs [53,54] in the neutroninduced fission of 232 Th. The neutron flux and the observed photopeak activities (Aobs )
for γ -lines of the respective nuclide are related by the equation
115m

φ=

Aobs (C L/L T ) λ
,
N σf Y aε(1 − e−λt )(e−λT )(1 − e−λC L )

(1)

where N is the number of target atoms σf is the fission cross-section taken from refs
[55,56], Y is the yield of the fission product taken from refs [53,54], a is the branching
intensity and ε is the detection efficiency for γ -lines of the nuclide of interest, t and T are
the irradiation and cooling times whereas, CL is the clock time and LT is the live time of
counting, respectively. In the above equation the CL/LT term has been used for dead time
correction. The γ -ray energies and the nuclear spectroscopic data such as the half-lives
and branching ratios of the reaction products are taken from refs [57–59] and given in
table 1.
The neutron flux calculated using eq. (1) for 13.5 ± 0.35, 15.5 ± 0.5 and 17.28 ±
0.35 MeV neutron energies were (9.65 ± 0.76) × 106 , (3.09 ± 0.25) × 107 and (8.59 ±
0.67) × 107 n cm−2 s−1 corresponding to the proton energies of 16, 18 and 20 MeV,
respectively. The neutron flux for the 232 Th(n, 2n) reaction at an average neutron energy
of 17.28 ± 0.35 MeV was (7.02 ± 0.55) × 107 n cm−2 s−1 . This value was obtained

Table 1. Nuclear spectroscopic data used in the calculation.
Nuclide

Half-life

γ -ray energy (keV)

γ -ray abundance (%)

References

231 Th

25.52 h
21.83 m
26.975 d

84.2
86.5
311.9

6.6
2.7
38.4

[58,59]
[58,59]
[58,59]

233 Th
233 Pa
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based on the ratio of the neutron flux of the neutron spectrum of refs [49,50] for (n, 2n)
reaction above its threshold to the total flux. The error for the neutron flux value is based
on the propagated error from fission cross-section [52], yields of fission products [53,54]
and the counting statistics of photopeak activity of the fission rate monitor.
3.3 Determination of 232 Th(n, γ )233 Th and 232 Th(n, 2n)231 Th reaction cross-sections
and their results
The radioactive products such as 233 Th and 233 Pa were produced from 232 Th(n, γ ) reaction followed by beta decay. Similarly, the radioactive product 231 Th was produced from
the 232 Th(n, 2n) reaction. For the calculation of 232 Th(n, γ ) and 232 Th(n, 2n) reaction
cross-sections, the decay data of 233 Th, 233 Pa and 231 Th are taken from refs [57–59] and
are shown in table 1. The radionuclide 233 Th (t1/2 = 21.83 m), which was produced by
the 232 Th(n, γ )233 Th reaction underwent β − decays to 233 Pa (t1/2 = 26.975 d). In view of
this, the 232 Th(n, γ ) reaction cross-section was calculated from the observed photopeak
activity of 233 Pa in the γ -ray spectrum of the 7–15 days-cooled sample. So the 233 Pa radionuclide was identified through an analysis of the 311.9 keV characteristic γ -line. Similarly, the 232 Th(n, 2n) reaction cross-section was calculated from the observed photopeak
activity of the 84.2 keV γ -line of 231 Th in the γ -ray spectrum of a 12–25 h-cooled sample.
The number of detected γ -rays (Aobs ) of the reaction products 233 Th and 231 Th was
used to calculate the neutron-induced reaction cross-section of 232 Th using eq. (1) and is
rewritten as
σ =

Aobs (C L/L T ) λ
.
N φaε(1 − e−λt )(e−λT )(1 − e−λC L )

(2)

All terms in eq. (2) have the same meaning as in eq. (1). In eq. (2) the experimentally obtained neutron flux mentioned before was used to calculate the 232 Th(n, γ ) and
232
Th(n, 2n) reaction cross-sections at different neutron energy. The 232 Th(n, γ ) reaction cross-section for the average neutron energies of 13.5 ± 0.35, 15.5 ± 0.5 and
17.28 ± 0.35 MeV were 2.49 ± 0.15, 2.34 ± 0.15 and 1.569 ± 0.141 mb respectively.
On the other hand, the 232 Th(n, 2n) reaction cross-section at neutron energy of 17.28 ±
0.35 MeV was 656 ± 99 mb. The 232 Th(n, γ ) cross-section values were slightly higher
because of the contribution from the low-energy neutron reaction cross-section. The
contribution of the cross-section due to the tail region of the neutron spectrum for the
232
Th(n, γ ) reaction has been estimated using the ENDF/B-VII [60] and JENDL-4.0 [61]
by folding the cross-sections with neutron flux distributions of refs [49,50]. At proton
energies of 16, 18 and 20 MeV, the contribution of the cross-sections to the 232 Th(n, γ )
reaction cross-section from ENDF/B-VII [60] was evaluated to be 1.402, 1.570 and
1.019 mb, respectively. On the other hand, the contribution of the cross-sections to the
232
Th(n, γ ) reaction cross-section from JENDL-4.0 [61] for proton energies of 16, 18
and 20 MeV were 1.475, 1.709 and 1.113 mb, respectively. The actual experimentally
obtained cross-sections for 232 Th(n, γ ) reaction, after removing the contribution from the
tail region, were 1.052 ± 0.166, 0.701 ± 0.171 and 0.501 ± 0.141 mb for average neutron
energies of 13.5±0.35, 15.5±0.5 and 17.28±0.35 MeV, which are given in table 2. At an
256
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Table 2.

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

Neutron energy
(MeV)

13.50 ± 0.35
15.50 ± 0.5
17.28 ± 0.35
17.28 ± 0.35

Neutron flux
(n

cm−2 s−1 )

Cross-section (mb)
Experimental ENDF/B-VII

JENDL-4.0

232 Th(n, γ )
(9.65 ± 0.76) × 106 1.052 ± 0.166 1.212–1.147a 1.398–1.136a
(3.09 ± 0.25) × 107 0.701 ± 0.171 0.769–0.479b 0.962–0.773b
(8.59 ± 0.67) × 107 0.503 ± 0.141 0.350–0.262c 0.692–0.556c
232 Th(n, 2n)
(7.02 ± 0.55) × 107
656 ± 99
436–354c
676–533c

a For 232 Th(n, γ ) reaction, the neutron energy ranges are 13–14 MeV.
b For 232 Th(n, γ ) reaction, the neutron energy ranges are 15–16 MeV.
c For 232 Th(n, γ ) and (n, 2n) reaction, the neutron energy ranges are 17–18 MeV.

average neutron energy of 17.28 ± 0.35, corresponding to the proton energy of 20 MeV,
the 232 Th(n, 2n)231 Th reaction cross-section was obtained to be 656 ± 99 mb, which is
also given in table 2.
The uncertainties associated with the measured cross-sections come from the combination of two experimental data sets. This overall uncertainty is the quadratic sum of both
statistical and systematic errors. The random error in the observed activity is primarily
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 the
nuclides of interest. The systematic errors are due to uncertainties in photon flux estimation (∼2%), the irradiation time (∼0.5%), the detection efficiency calibration (∼3%), the
half-life of the reaction products and the γ -ray abundances (∼2%) as reported in [57–59].
Thus, the total systematic error is about ∼4.2%. The overall uncertainty is found to range
between 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 232 Th(n, γ ) reaction cross-section at average neutron energies of 13.35 ± 0.35,
15.5 ± 0.5 and 17.28 ± 0.35 MeV (table 2) as well as the 232 Th(n, 2n) reaction crosssection at an average neutron energy of 17.28 ± 0.35 MeV (table 2) from the present work
are determined for the first time. The experimentally obtained reaction cross-sections
for the 232 Th(n, γ ) and 232 Th(n, 2n) reactions are compared with the evaluated data from
ENDF/B-VII [60] and JENDL-4.0 [61] and are given in table 2. These evaluated reaction cross-sections given in table 2 within the neutron energy range of 13–18 MeV for
232
Th(n, γ ) reaction and 17–18 MeV for 232 Th(n, 2n) reaction are due to the finite width
of the neutron energy under the main peak [49,50].
The experimentally obtained 232 Th(n, γ ) reaction cross-sections at average neutron
energies of 13.5 ± 0.35, 15.5 ± 0.5 and 17.28 ± 0.35 MeV as well as the 232 Th(n, 2n)
reaction cross-section at a neutron energy of 17.28 ± 0.35 MeV are within the range of
Pramana – J. Phys., Vol. 79, No. 2, August 2012
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the evaluated data (table 2). To examine this aspect, experimental data from [20–35]
within the neutron energies of 1 keV to 2.7 MeV are plotted in figure 5. The experimental data at neutron energies of 3.7 and 9.85 MeV from ref. [36] as well as at 14.5 MeV
from ref. [37] are also shown in figure 5. In the same figure, the evaluated data from
ENDF/B-VII [60] and JENDL-4.0 [61] are also plotted for comparison. It can be seen
from figure 5 that there are no data in the energy range of the present work except the data
at 14.5 MeV [37]. The experimental data at 14.5 MeV are based on the neutron energy
from D+T reaction and are significantly higher than the value of present work within
neutron energy of 13.5–15.5 MeV. It can be seen from figure 5 that both experimental and evaluated 232 Th(n, γ ) reaction cross-sections decrease up to a neutron energy of
6–7 MeV and thereafter increase up to 8 MeV and remain flat within neutron energy
of 9–14 MeV. Lower value of 232 Th(n, γ ) reaction cross-section around neutron energy
of 6–7 MeV is due to the opening of 232 Th(n, 2n) reaction channel having a threshold
of 6.44 MeV. However, higher value of the 232 Th(n, γ ) reaction cross-section at neutron
energy above 8 MeV and near constant value within 9–14 MeV may be due to the saturation of (n, 2n) and (n, nf ) reactions cross-sections. In view of this, the 232 Th(n, γ )
and 232 Th(n, 2n) reaction cross-sections at neutron energy beyond 1 keV were calculated
using the computer code TALYS, version 1.2 [62].
TALYS is a computer code basically used for analysing basic scientific experiments or
for generating nuclear reaction cross-section data based on physics model parametrizations. The basic objective is the simulation of nuclear reactions that involve projectiles
like photons, neutrons, protons, deuterons, tritons, 3 He- and α-particles, in the energy
range of 1 keV to 200 MeV and for target nuclides of mass heavier than 12 amu. In the
present work, we have used neutron energies from 1 keV to 20 MeV for 232 Th target. In
TALYS, the cross-section for reactions to all open channels is calculated. Several options
are included for the choice of different parameters such as γ -strength functions, nuclear
level densities, nuclear model parameters etc. All outgoing channels possible for the given
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Figure 5. Plot of experimental, theoretical and evaluated 232 Th(n, γ ) reaction crosssections as a function of neutron energy.
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neutron energy, including inelastic and fission channels, were considered. However, the
cross-sections for the (n, γ ) and (n, 2n) reactions were specially looked for and collected.
Theoretically calculated 232 Th(n, γ ) reaction cross-section using TALYS 1.2 computer
code is also plotted in figure 5.
It can be seen from figure 5 that, the trend of the experimental and evaluated 232 Th(n, γ )
reaction cross-sections is well reproduced by the TALYS 1.2 computer code. However,
the 232 Th(n, γ ) reaction cross-section calculated from TALYS are slightly higher than
the experimental and evaluated data for neutron energies of 100 keV to 7.5 MeV but are
comparable with the experimental values at neutron energies of 9.85 to 17.28 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 232 Th(n, γ ) reaction cross-section calculated using TALYS 1.2 code shows a dip
in 6–7 MeV neutron energy. The dip in the 232 Th(n, γ ) reaction cross-section around 6–
7 MeV neutron energy indicates the opening of the (n, 2n) reaction channel besides the
(n, n f ) channel. To verify this, 232 Th(n, 2n) reaction cross-sections from the present work
and from [38–46] along with the calculated [62] and evaluated data [60,61] are plotted in
figure 6.
It can be seen from figure 5 that the experimental and calculated 232 Th(n, 2n) reaction
cross-sections show a sharp increase from 6.6 MeV to 8.0 MeV neutron energy and thereafter remains constant up to 14 MeV. Thus, the increasing trend of 232 Th(n, γ ) reaction
cross-section beyond 8 MeV (figure 5) is due to the constant 232 Th(n, 2n) reaction crosssection (figure 6). Furthermore, it can be seen from figures 5 and 6 that the 232 Th(n, γ )
reaction cross-section shows a dip, whereas the 232 Th(n, 2n) reaction cross-section shows
a sharp increase. This is most probably due to the sharing of the excitation energy between
232
Th(n, γ ) and (n, 2n) reaction channels in the neutron energy below 14 MeV. Above
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Figure 6. Plot of experimental, theoretical and evaluated 232 Th(n, 2n) reaction crosssections as a function of neutron energy.
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14 MeV neutron energy, 232 Th(n, γ ) and (n, 2n) reaction cross-sections show a decreasing
trend due to the opening of (n, 3n) reaction channels.

5. Conclusions
(i) The 232 Th(n, γ )233 Th reaction cross-sections at average neutron energies of 13.5 ±
0.35, 15.5 ± 0.5 and 17.28 ± 0.35 MeV as well as the 232 Th(n, 2n)231 Th reaction
cross-section at 17.28 ± 0.35 MeV neutron energy have been determined for the first
time.
(ii) The 232 Th(n, γ ) and 232 Th(n, 2n) reaction cross-sections at average neutron energies
of 13.5 ± 0.35, 15.5 ± 0.5 and 17.28 ± 0.35 MeV are in good agreement with the
evaluated data from ENDF/B-VII and JENDL-4.0.
(iii) The 232 Th(n, γ ) and 232 Th(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 determined values.
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