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Abstract
The 232Th(n, 2n)231Th reaction cross sections were measured at the neutron energies of 10.49 ± 0.29, 14.46 ± 0.26, 
18.36 ± 0.24 MeV and 15.03 ± 0.003 MeV. For the first three energies, 7Li(p, n) reaction as a neutron source at the BARC-
TIFR Pelletron accelerator facility was used. For the latter energy, 3H(d, n) neutron source using the PURNIMA neutron 
generator facility was used. The experiments were carried out using the activation method and off-line γ-ray spectrometric 
technique. Covariance information of various attributes of cross section was propagated to obtain the covariance matrix for 
the reaction cross sections. The experimental resuts obtained with reference to the two different neutron sources are then 
compared with the values of evaluated nuclear data files such as ENDF/B-VIII.0, JENDL 4.0, JEFF-3.2, ROSFOND-2010, 
TENDL-2017 and the theoretical values from TALYS-1.9 code.

Keywords  232Th(n, 2n)231Th reaction cross section · Activation and off-line γ-ray spectrometric technique · Covariance 
analysis

Introduction

Neutron induced reaction and fission cross sections of isotopes 
of actinides from Th–Cm are important for various types of 
reactor applications. In particular the (n, γ) and (n, 2n) reac-
tion cross-sections of uranium and plutonium isotopes are 
important for the conventional light and heavy water reactors 
as well as for the fast reactor [1, 2]. On the other hand, the 
(n, γ) and (n, 2n) reaction cross-sections of thorium isotopes 
are important for advanced heavy water reactor (AHWR) [3] 
and the accelerator driven sub-critical system (ADSs) [4–6]. 
In AHWR, one of the hazardous actinide is 232U , which has 
daughter products with high energy gamma-lines and thus cre-
ates a problem of safety issue. The actinide, 232U is being pro-
duced from different reaction routes. One of the main reactions 
leading to the production of 232U in thorium loaded reactors 
is 232Th(n, 2n)231Th reaction. The actinide, 231Th decays by 
beta particle emission and produces 231Pa . The (n, γ) reaction 
of 231Pa produces 232Pa , which decays by beta particle emis-
sion and gives rise to 232U . So an assessment of the amount 
of 232U produced in thorium fuel cycle requires an accurate 
knowledge of 232Th(n, 2n)231Th reaction cross section data 
at different neutron energies. The existing experimental and 
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evaluated data for the 232Th(n, 2n)231Th reaction cross section 
shows large discrepancies within the neutron energies from 8 
to 15 MeV. Thus, there is a need for more precise and accurate 
measurements of cross sections with covariance analysis.

In the present work, we obtain the 232Th(n, 2n)231Th 
reaction cross section with covariance error matrix at the 
effective neutron energies of 10.49 ± 0.29, 14.46 ± 0.26 and 
18.36 ± 0.24 MeV, employing the 7Li(p, n) reaction as the neu-
tron source using the BARC-TIFR Pelletron accelerator facil-
ity. Since 7Li(p, n) based neutron source has a broad neutron 
spectrum, we have considered a quasi mono-energetic source 
by employing 3H(d, n) reaction using the PURNIMA Neu-
tron Generator facility for the same reaction. The energy of 
neutron beam generated by this facility is 15.03 ± 0.003 MeV. 
We observe whether measurements obtained using different 
types of neutron sources behaves similar while comparing 
with the recommended curves. For the experiment involv-
ing the 7Li(p, n) reaction as the neutron source, 97Zr fission 
product characterised by the γ-line with 743.3 keV energy, 
was used as the monitor nuclide. For the experiment involving 
the 3H(d, n) reaction as neutron source, 115mIn characterised 
by the γ-line with 336.2 keV energy was used as the monitor 
nuclide. In both the experiments, 231Th reaction product char-
acterised by the γ-line with 84.21 keV energy was identified 
as sample nuclide. Table 1 presents the decay data of radio-
nuclides required for estimating 232Th(n, 2n)231Th reaction 
cross section.

Experimental details

Experiment involving the 7Li
(

p, n
)

 neutron source

The experiments employing the 7Li(p, n) reaction as a neutron 
source were performed at the 14 UD BARC-TIFR Pelletron 
facility [7]. The thickness of natural lithium foil used in the 
experiment to produce neutrons is 3.7 mg/cm2. The natural 
lithium foil is covered by tantalum foils in the front and the 
back. The thicknesses of the front tantalum foil and back 
tantalum foil are 3.9 mg/cm2 and 41 mg/cm2, respectively. 
Behind the Ta–Li–Ta stack, three thorium metal foils of sizes 
0.4, 0.5 and 0.5 cm2 were used for neutron irradiations. The 
weights of Th metal foils are 211.3, 216.6 and 246.8 mg. The 
Th–metal foils were wrapped with 0.025 mm thick super pure 
Al foil. The aluminum wrapped thorium samples were then 
mounted one at a time at an angle of 0° with respect to the 
proton beam’s direction at a distance of 2.1 cm behind the 

Ta–Li–Ta stack. The experimental set up used in the present 
work is given in Fig. 1. Three different irradiations were car-
ried out with the neutrons beam produced from the 7Li(p, n) 
reaction by using the proton beams of 13, 17 and 21 MeV 
energies from the accelerator. The protons currents during the 
irradiations were 55, 90 and 150 nA corresponding to the pro-
ton energies of 13, 17 and 21 MeV, respectively. The above 
mentioned samples were irradiated for the durations of 33,000, 
38,400 and 18,000 s. The irradiated samples were then cooled 
for 237,520, 129,743, 110,580 s. Then the γ-ray counting of 
the irradiated Al wrapped Th sample was performed by using 
a pre-calibrated 80-cc HPGe detector coupled to a PC-based 
4096 channel analyzer. The resolution of the detector system 
had a full width at half maximum (FWHM) of 1.8 keV at the 
1332.5 keV peak of 60Co . The counting dead time was always 
kept lesser than 5% by placing the irradiated thorium samples 
at a distance of 1 cm from the end cap of the detector. The 
energy and efficiency calibration of the detector system were 
performed by using standard 133Ba and 152Eu sources, keeping 
the same geometry.

Experiment involving the 3H
(

d, n
)

 neutron source

A Schematic diagram of the experimental set up for the neu-
tron irradiation set up based on the 3H(d, n) reaction is given 
in Fig. 2. This experiment was performed with the neutrons 
produced by bombarding a tritium target of about 6–8 Curie 
with deuterons beam of 0.16 MeV. The Cockcroft and Wal-
ton type multiplier accelerator available at the PURNIMA 
Neutron Generator (PNG) facility [8] was employed. The 

Table 1   Decay data of radio-
nuclides required for estimating 
�
U
(E

n
)

Element Isotopic abundance Isotope Half-life (h) γ-Ray energy (keV) γ-Ray abundance

Th 1 97Zr 16.749 ± 0.008 743.3 ± 0.03 0.9309 ± 0.0016
231Th 24.52 ± 0.01 84.21 ± 0.0013 0.066 ± 0.004

In 0.95 ± 0.0005 115mIn 4.48 ± 0.004 336.2 ± 0.025 0.459 ± 0.001

Fig. 1   Schematic representation of the experimental set up for the 
neutron induced reaction performed at the BARC-TIFR Pelletron 
facility
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titanium target loaded with tritium is employed as the neu-
tron producing target. The operating parameters of the 
neutron generator for the experiment are 200 µA ion beam 
current and vacuum inside the system is maintained at pres-
sure of 3E−6 mbar. One thorium metal foil of 0.72 cm2 size 
and one indium monitor foil of 0.5 cm2 size were taken for 
irradiation. The thicknesses of the thorium and indium foils 
are 0.017 mg/cm2 and 0.068 mg/cm2. The Th-metal foil and 
the In-monitor foils are 150.1 and 250.5 mg, respectively. 
The individual foils were wrapped with 0.025 mm thick 
super pure Al-foil and a stack was made. Then a stack of 
Al-wrapped Th and In metal foils were irradiated together 
for 5850 s using the neutron beam from the D+T reaction. 
The cooling time for irradiated Th and In foils are 73,937.0 s 
and 63,872 s, respectively. The γ-ray spectrometric analyses 
consisting of calibration of the HPGe detector followed by 
γ-ray counting of irradiated foils as mentioned in the above 
section. The counting time of the sample and monitor foils 
are 6624 and 7200 s, respectively.

Calculation of neutron energy

Effective neutron energy in the 7Li
(

p, n
)

 neutron 
source

The method of the calculation of effective neutron energies 
in a 7Li(p, n) reaction are available in Refs. [9–11]. The 
proton energy degradation in the tantalum and lithium 
foils was calculated using SRIM software [12]. The deg-
radation of energies for the proton beam of 13, 17 and 
21 MeV in the front tantalum foil were about 0.061, 0.050 
and 0.043 MeV, respectively. Similarly, the degradation of 
energies due to passage of protons in the lithium foil were 
about 0.11, 0.096 and 0.077 MeV, respectively. The infor-
mation about the proton energy degradation in front tan-
talum and lithium foil is used in finding the average proton 
energy, E

p
 , which are 12.91 ± 0.04, 16.92 ± 0.03 and 

20.93 ± 0.03 MeV, respectively.

Using the relation, Ek
n
= E

p
− E

th
 , the neutron energies 

Ek
n
 due to kinematics were obtained as 11.03 ± 0.04, 

15.04 ± 0.03 and 19.05 ± 0.03  MeV, where E
th

 is the 
threshold energy of 7Li(p, n) reaction ( E

th
 = 1.881 MeV). 

Uncertainty in the neutron energy due to kinematics was 
obtained using the law of error propagation.

We obtain the neutron energies, Esp
n  from the neutron 

spectra corresponding to E
p
 of 13, 17 and 21 MeV, which 

are given in Ref. [13]. Mean values of Esp
n  corresponding 

to primary group of neutrons are obtained as weighted 
average of neutron energy with fluxes taken as weight and 
uncertainty assigned to Esp

n  . The uncertainty to Esp
n  was 

obtained based on FWHM taken from the spectrum cor-
responding to primary group of neutrons and then using 
relation “standard deviation = FWHM/2.3548”. The neu-
tron energies Esp

n  due to neutron spectra are obtained as 
9.96 ± 0.58, 13.88 ± 0.51 and 17.67 ± 0.48  MeV, 
respectively.

The effective neutron energies are obtained by taking 
the average of the neutron energies, which were obtained 
by using kinematics ( Ek

n
 ) and spectra ( Esp

n  ). The effective 
neutron energies values are 10.49 ± 0.29, 14.46 ± 0.26 and 
18.36 ± 0.24 MeV, respectively.

Neutron energy in the 3H
(

d, n
)

 neutron source

The method for the calculation of neutron energies in a 
3H(d, n) reaction is available in Ref. [14]. The datasets 
used in the calculation of this neutron energy is available 
in detail in Ref. [15] and the same is not reproduced here 
in order to save space. The neutron energy with its associ-
ated error is obtained as 15.03 ± 0.003 MeV.

Efficiency calibration of HPGe detector using 
the 133Ba and 152Eu standard 
‑ray sources

The efficiency of the HPGe detector used in the experi-
ments involving 7Li(p, n) and 3H(d, n) reaction as neutron 
sources is described below.

Fig. 2   Schematic representation 
of the experimental set up for 
the neutron induced reaction 
performed at the Purnima Neu-
tron Generator (PNG) facility
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Efficiency calibration of detector in the experiment 
of 7Li

(

p, n
)

 neutron source

The calibration procedure for the HPGe detector used in 
the present work is carried out using a 133Ba (Source activ-
ity = 64,860.96 ± 254.67 Bq as on 1-10-1999) and a 152Eu 
(Source activity = 38,832.18 ± 197.05 Bq as on 1-10-1999) 
standard point sources. The standard point sources were situ-
ated at a suitable distance of 1 cm from the detector end cap. 
For the estimation of efficiency of HPGe detector system, 
following relation was used.

where Eγ is γ-ray energy, �
(

Eγ

)

 is efficiency, C is detected 
γ-ray counts per second, T1∕2 is half-life, t is elapsed time 
between date of manufacture of calibration source and detec-
tor calibration. The γ-ray abundance 

(

Iγ
)

, half-life at each 
of the seven γ-ray energies of 133Ba and 152Eu , which were 
retrieved from Ref. [16]. The correction factor as a result of 
coincidence summing effect KC was determined by using 
EFFTRAN code [17]. Table 2 presents the auxiliary data, 
experimental data of counts and the values for efficiencies 
�
i
 of the detector for the 7 γ-lines.
The covariance matrix V

�
 for the seven γ-ray energies ver-

sus efficiencies, were obtained using the micro correlation 
method of Smith [18], which was later followed by others 
[9, 10, 19]. The covariance matrix V

�
 was obtained by con-

sidering the uncertainty information in each of the four 
attributes C, Iγ , Ao and T1∕2 and correlations between them. 
Partial uncertainties in εi due to attributes C, Iγ , Ao and T1∕2 
are calculated and the result of the covariance analysis for 

(1)�

(

Eγ

)

=
CKC

IγA0e
−0.693t∕T1∕2

efficiencies at these 7 energies, V
�
 of order 7 × 7 correspond-

ing to the 133Ba and 152Eu standard sources was obtained.
The characteristic γ-ray energies of the reaction product 

231Th and fission product 97Zr are different from γ-ray ener-
gies of 133Ba and 152Eu sources. To determine the efficiencies 
of detector corresponding to the γ-rays of 231Th and fission 
products 97Zr , we considered following linear parametric 
function

The goodness of fit was achieved for n = 4, with 
χ2

10−4
= 1.25 ≈ 1 . We consider the following linear paramet-

ric model as the best model, which is given below.

Equation (3) was used to estimate the efficiencies corre-
sponding to γ-rays emitted from the reaction product 231Th 
and fission product 97Zr . The best values and covariance 
matrix for efficiency at characteristic γ-ray energy of 84.21 
and 743.3  keV, can be accomplished by following the 
method of least squares. Table 3 contains information about 
the efficiency of HPGe detector �

γi
 for 84.21 and 743.3 keV 

γ-lines of the reaction products 231Th and 97Zr corresponding 
to the sample and the monitor along with correlation matrix.

Efficiency calibration of detector in the experiment 
of 3H

(

d, n
)

 neutron source

The calibration procedure for the HPGe detector used in the 
present work is carried out using a 133Ba (Source activ-
ity = 111,000  Bq as on 1-3-2006) standard point source 

(2)

Z = In
(

�i

)

=

m
∑

k=1

pk(ln
[

Ei

]

)k−1 1 ≤ i ≤ 10, 1 ≤ k ≤ m

(3)ln � = −3.73 − 0.94 lnE + 0.09(lnE)2 + 0.08(lnE)3

Table 2   Specification of γ-ray 
energy, γ-ray photo-peak counts, 
γ-ray abundance, half-life and 
efficiency of the detector for the 
experiment involving 7Li(p, n) 
neutron source

γ-Ray energy (keV) γ-Ray abundance (%) Counts (s) Half-life (y) Efficiency �
i

133Ba
 80.9 32.9 ± 0.3 1333.96 ± 1.42 10.551 ± 0.011 0.1898 ± 0.0019
 160.6 0.638 ± 0.005 45.50 ± 1.10 0.3339 ± 0.0086

152Eu
 367.8 0.859 ± 0.006 13.03 ± 0.30 13.517 ± 0.014 0.0930 ± 0.0023
 586.3 0.455 ± 0.004 4.0555 ± 0.33 0.0546 ± 0.0045
 778.9 12.93 ± 0.08 66.365 ± 0.54 0.0315 ± 0.0004
 964.1 14.51 ± 0.07 53.59 ± 0.4605 0.0226 ± 0.0003
 1112.1 13.67 ± 0.08 38.44 ± 0.3266 0.0172 ± 0.0002

Table 3   Specification of 
interpolated detector efficiencies 
for the experiemnt involving 
7Li(p, n) neutron source

Radio-nuclide γ-Ray energy (keV) Efficiency ( εγ
i

 ); i = U, M Correlation matrix

231Th 84.21 ± 0.0013 0.2151 ± 0.0024 1
97Zr 743.3 ± 0.03 0.0337 ± 0.0004 −0.04204 1
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situated at the detector end cap. The time taken between the 
calibration, at the time of packing and at the time of the experi-
ment was 11.7 years. Table 4 presents the auxiliary data, 
experimental data of counts and the values for efficiencies �

i
 

of the detector at 8 γ-lines. Partial uncertainties in εi due to 
attributes C, Iγ , Ao and T1∕2 are calculated and the result of the 
covariance analysis for efficiencies at these 8 energies, V

�
 of 

order 8 × 8 corresponding to 133Ba standard source. In this 
experiment also, the best values and covariance matrix for effi-
ciency at characteristic γ-ray energies of 84.21 and 336.2 keV, 
can be accomplished by the method of least squares as men-
tioned before. Detailed description of the data sets used in the 
calculation of efficiency is given in Ref. [15]. Table 5 contains 
information about the efficiency of the HPGe detector �

γi
 at 

84.21 and 336.2 keV γ-lines of the reaction products 231Th and 
115mIn corresponding to the sample and the monitor.

Measurement and covariance analysis 
of the 232Th

(

n, 2n
)231

Th reaction cross section

The neutron induced reaction cross section at a particular neu-
tron energy can be obtained using the relation,

where U and M represent sample and monitor, �U
(

En

)

 and 
�M

(

En

)

 denote cross section at the neutron energy En ; Y 
denotes yield of fission product in the neutron induced fis-
sion and is only taken into consideration for nuclides under-
going fission, CU and CM denote the detected γ-ray peak 

(4)�U = �MY
CU�UWtMabnMAvU

(

Iγ
)

M
�γM

(

1 − e−�MtirrM
)(

e−�MtcoolM
)(

1 − e
−�MtcM

)

CM�MWtUabnUAvM
(

Iγ
)

U
�γU

(

1 − e
−�UtirrU

)(

e
−�UtcoolU

)(

1 − e
−�UtcU

)

∏

k

(

Ck

)

M
(

Ck

)

U

counts for the nuclides of target and monitor; λU , λM denote 
decay constants of the reaction product from the target and 
monitor; �γU and �γM denote the efficiencies of the detector 
corresponding to characteristic γ-rays of the product 
nuclides; WtU , WtM denote weights of the target and moni-
tor; abnU and abnM denote isotopic abundances of target and 
monitor; AvU , AvM denote average atomic mass of target and 
monitor; 

(

Iγ
)

U
 and 

(

Iγ
)

M
 denote γ-ray abundances of the 

nuclides. tirr , tcool and tc denote the irradiation time, cooling 
time and counting time of the target. 

(

Ck

)

U
 and 

(

Ck

)

M
 denote 

the correction factors for the kth attribute, where k represents 
the (a) dead time correction factor of the detector 
[(

CL

LT

)

U
,
(

CL

LT

)

M

]

 , CL refers to clock time and LT refers to 
Live time, (b) low energy neutron contribution factor 
(

αU, αM
)

 and (c)  γ-ray self-at tenuat ion factor 
[

(Γattn)U, (Γattn)M
]

 (d) Area 
(

AU,AM

)

 factor. The correction 
term in (a) can be obtained during the experiment through 
MCA. The correction term in (b) was obtained following the 
approach given originally by Smith et al. [20]. The correc-
tion term in (c) was obtained by using the expression, 
Γattn =

1−e−�l

�l
 , where l is the thickness of the sample and µ is 

mass attenuation coefficient obtained from XMuDat Ver. 101 

Table 4   Specification of γ-ray 
energy, γ-ray photo-peak counts, 
γ-ray abundance, half-life and 
efficiency of the detector for 
133Ba standard source for the 
experiment involving 3H(d, n) 
neutron source

γ-Ray 
energy 
(keV)

γ-Ray abundance (%) Peak area Coincidence 
summing

Half-life (years) Efficiency �
i

53.1 2.14 ± 0.03 615 ± 150 1.348 10.551 ± 0.011 0.0038 ± 0.0009
80.9 32.9 ± 0.3 103,829 ± 322 1.286 0.0394 ± 0.0004
160.6 0.638 ± 0.005 3710 ± 222 1.049 0.0592 ± 0.0036
223.2 0.453 ± 0.003 1864 ± 129 1.203 0.0481 ± 0.0033
276.4 7.16 ± 0.05 27,920 ± 753 1.194 0.0452 ± 0.0013
302.8 18.34 ± 0.13 69,868 ± 2117 1.112 0.0412 ± 0.0013
356.0 62.05 ± 0.08 210,131 ± 7637 1.096 0.0361 ± 0.0013
383.8 8.94 ± 0.06 32,065 ± 886 0.891 0.0310 ± 0.0009

Table 5   Specification of 
interpolated detector efficiencies 
for the experiment involving 
3H(d, n) neutron source

Radio-nuclide γ-Ray energy (keV) Efficiency ( �γ
i

 ); i = U, M Correlation matrix

231Th 84.21 ± 0.0013 0.0434 ± 0.0006 1
115mIn 336.2 ± 0.025 0.0378 ± 0.0007 −0.04698 1

[21, 22]. The covariance matrix for cross section at the 
required neutron energy was obtained using the relation,

(5)V
�(U) =

n
∑

kl=1

PkSklPl; 1 ≤ k, l ≤ 18
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where V
�(U) denotes the covariance matrix for cross section, 

Pk and Pl denote the diagonal matrix for partial errors for n 
observations due to kth attribute and n observations due to 
lth attribute. Skl denotes the micro-correlation matrix.

The 232Th
(

n, 2n
)231

Th reaction cross section 
in the experiment of 7Li

(

p, n
)

 neutron source

The 232Th(n, 2n)231Th reaction cross section for the neutron 
energies of 10.49, 14.46 and 18.36 MeV at the BARC-TIFR 
Pelletron facility were obtained by using Eq. (1). Numeri-
cal values for the attributes of cross section is mentioned in 
the detailed research gate internal log book document [15]. 
Among the attributes mentioned in Eq. (4), the attributes 
measured with error are �M(En ), CU , CM , λU , λM , AvU , AvM , 
WtU , WtM , 

(

Iγ
)

U
 , 
(

Iγ
)

M
 , �γU , �γM , (Γattn)U , (Γattn)M , AU , AM , 

Y . Other attributes namely, tirr , tcool and tc given in Eq. (4) are 
observed without error and treated as constants. The data for 
cumulative yield Y of 97Zr fission product in 232Th(n, f) reac-
tion with uncertainty (3.358 ± 0.134) was taken from Ref. 
[23]. The partial uncertainties for the three observations in 
all the 18 attributes of cross section are presented in Table 6. 
The monitor cross sections for the neutron induced fission 
of 232Th was obtained from ENDF/B-V111.0 and then inter-
polated to obtain the cross section at the neutron energies of 

10.49, 14.46 and 18.36 MeV. The data with necessary covar-
iance information is presented in Table 7. The observations 
between any pair of attributes appearing in Eq. (1) are inde-
pendent of each other except for the pairs of attributes ( �γU , 
�γM

 ), ( AvU , AvM ), ( WtU , WtM ), ( AU , AM ), ( (Γattn)U , WtU ), 
( (Γattn)M , WtM ), ( (Γattn)U , AU ) and ( (Γattn)M , AM ) where 
cor(εγU , εγM) = − 0.4204, cor(AvU , AvM) = 1, cor(WtU , WtM)  
= 1 and cor(AU , AM) = 1. There exists correlation between 

Table 6   Partial uncertainties in the 232Th(n, 2n)231Th reaction cross section

Attributes Partial uncertainties in the 232Th(n, 2n)231Th reaction cross section (barn)

Experiment involving 7Li(p, n) neutron source Experiment involv-
ing 3H(d, n) neutron 
source

En = 10.49 MeV En = 14.46 MeV En = 18.36 MeV En = 15.03 MeV

γ-Ray peak counts CU 3.29E−02 1.58E−02 5.96E−03 6.49E−02
Decay constant λU 7.83E−04 5.53E−05 − 1.53E−05 − 1.61E−04
Average atomic mass AvU 1.42E−08 7.14E−09 2.98E−09 6.83E−09
Isotopic abundance abnM NIL NIL NIL 5.43E−04
Weight of the sample WtU 2.95E−03 1.45E−03 5.30E−04 4.00E−04
γ-Ray abundance (Iγ)U 1.31E−01 6.58E−02 2.75E−02 6.30E−02
Efficiency of detector εγ

U

2.37E−02 1.19E−02 4.97E−03 1.39E−02
Monitor cross section σ

M
4.73E−02 2.46E−02 1.02E−02 3.86E−02

Yield Y 8.65E−02 4.34E−02 1.81E−02 NIL
γ-ray attenuation coefficient (Γ

attn
)
M

1.66E−03 6.86E−04 3.25E−04 1.82E−03
Area A

M
5.89E−02 2.95E−02 1.23E−02 2.83E−02

γ-Ray peak counts CM 2.25E−01 7.19E−02 2.69E−02 7.00E−02
Decay constant λM 7.85E−04 3.81E−04 1.81E−04 3.93E−04
Average atomic mass AvM 1.42E−08 7.14E−09 2.98E−09 1.09E−10
Weight of monitor WtM 2.95E−03 1.45E−03 5.30E−04 2.40E−04
γ-Ray abundance (Iγ)M 3.72E−03 1.87E−03 7.79E−04 2.26E−03
Efficiency of detector εγ

M

2.32E−02 1.17E−02 4.87E−03 1.93E−02
γ-Ray attenuation coefficient (Γ

attn
)
U

3.27E−02 1.42E−02 6.52E−03 5.22E−02
Area A

U
5.89E−02 2.96E−02 1.23E−02 2.83E−02

Table 7   232Th(n, f)97Zr and 115In(n, nl)115mIn reaction cross sections 
with correlation matrix at their respective neutron energies

Neutron energy (MeV) 
(Experiment involving 
7Li(p, n) reaction as neutron 
source)

232Th(n, f) 
reaction cross 
section (barn)

Correlation matrix

10.49 ± 0.29 0.310 ± 0.007
⎡

⎢

⎢

⎣

1

0.8939 1

0.8943 0.8350 1

⎤

⎥

⎥

⎦

14.46 ± 0.26 0.370 ± 0.009
18.36 ± 0.24 0.480 ± 0.011
Neutron energy (MeV) 

(Experiment involving 
3H(d, n) reaction as neu-
tron source)

115In(n, nl)115mIn 
reaction cross 
section (barn)

Correlation matrix

15.03 ± 0.003 0.058 ± 0.002 [1]
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( (Γattn)U , AU ), ( (Γattn)M , AM ), ( (Γattn)U , WtU ), ( (Γattn)M , WtM ) 
corresponding to the 3 observations and the data are given 
in Ref. [15]. The observations of attributes CU , CM , WtU
,WtM , (Γattn)U , (Γattn)M , AU and AM with reference to different 
neutron energies are independent, therefore the correspond-
ing micro-correlation matrices are identity matrices of size 
three. For the three observations in λU , λM , AvM , AvU , 

(

Iγ
)

U
 , 

(

Iγ
)

M
 , εγU , �γM and Y , the micro-correlation matrix corre-

sponding to each of these attributes is equal to J matrix of 
order 3 with all entries equal to one. The data of �U with 
necessary covariance information is given Table 8. Hence 
the cross sections for the 232Th(n, 2n)231Th reaction with 
covariance error matrix was obtained by substituting the 
numerical values for the attributes and it’s corresponding 
partial uncertainties.

The 232Th
(

n, 2n
)231

Th reaction cross section 
in the experiment of 3H

(

d, n
)

 neutron source

The 232Th(n, 2n)231Th reaction cross section for the neu-
tron energy of 15.03 MeV at the Purnima neutron generator 
facility were obtained using Eq. (4). Numerical values for 
the attributes of cross section is mentioned in the detailed 
research gate internal log book document [15]. Among the 
attributes mentioned in Eq. (1), the attributes measured 
with error are �M(En ), CU , CM , λU , λM , AvU , AvM , WtU , 
WtM , 

(

Iγ
)

U
 , 
(

Iγ
)

M
 , �γU , �γM , (Γattn)U , (Γattn)M , AU , AM , abnM . 

Other attributes namely, tirr , tcool and tc given in Eq. (4) are 
observed without error and treated as constants. The partial 
uncertainties for the 1 observation in all the 18 attributes of 
cross section are presented in Table 6. The cross sections for 
the 115In

(

n, nl
)115m

In monitor reaction was obtained from 
IRDFF v.1.05 [24] and then interpolated to obtain cross 
section at neutron energy of 15.03 MeV. The data with 
necessary covariance information is presented in Table 7. 
The observation between any pair of attributes appearing 
in Eq. (1), ( �γU , �γM ), ( AvU , AvM ), ( WtU , WtM ), (AU , AM ), 

( (Γattn)U , WtU ), ( (Γattn)M , WtM ), ( (Γattn)U , AU ) and ( (Γattn)M , 
AM ) are dependent where cor(�γU , �γM) = − 0.04698, cor(AvU , 
AvM) = 1, cor(WtU , WtM) = 1 and cor(AU , AM,) = 1. There 
exists correlation between ( (Γattn)U , AU ), ( (Γattn)M , AM ), 
( (Γattn)U , WtU ), ( (Γattn)M , WtM ) corresponding to the 3 obser-
vations and the data are given in Ref. [15]. For each of the 
attributes, CU , CM , λU , λM , AvU , AvM , 

(

Iγ
)

U
 , 
(

Iγ
)

M
 , εγU , �γM , 

WtU , WtM , �M(En ), abnM , (Γattn)U , (Γattn)M , AU and AM the 
micro-correlation within itself is equal to one. The data of 
�U with necessary covariance information is given Table 8. 
Hence the cross sections for 232Th(n, 2n)231Th reaction with 
covariance error matrix was obtained by substituting the 
numerical values for the attributes and its corresponding 
partial uncertainties.

Discussion

In the present study, the cross sections of 232Th(n, 2n)231Th 
reaction relative to the 232Th(n, f)97Zr monitor reaction at 
the effective neutron energies of 10.49 ± 0.29, 14.46 ± 0.26, 
18.36 ± 0.24 MeV and relative to the 115In

(

n, nl
)115m

In mon-
itor reaction at the neutron energy of 15.03 ± 0.003 MeV 
were measured by using the activation method and off-line 
γ-ray spectrometric technique. The uncertainty in the reac-
tion cross sections was performed by using the method of 
covariance analysis. The 232Th(n, 2n)231Th reaction cross-
section at the average neutron energy of 18.36 ± 0.24 MeV 
was determined for the first time.

For comparison, we present our data in Fig. 3 along with 
the data from EXFOR [25] compilation, where literature 
data [26–47] are available. In the same figure, we have also 
plotted the evaluated data curves from the ENDF/B-VIII.0 
[48], JENDL 4.0 [49], JEFF-3.2 [50], ROSFOND-2010 
[51], TENDL-2017 [52] libraries and the theoretical values 
based on TALYS-1.9 [53]. It can be seen from Fig. 3 that the 
232Th(n, 2n)231Th reaction cross-section within the neutron 
energies of 10–12 MeV are very much scattered and there 
is significant differences between the some of the literature 
data and present data. The value from the present work at 
the neutron energy of 10.49 ± 0.29 MeV is on the lower side 
but in close agreement with the results of Tewes et al. [40]. 
Our measured cross section value for the 232Th(n, 2n)231Th 
reaction at the neutron energy of 10.49 ± 0.29 MeV agrees 
well with the evaluated data from ENDF/B-VIII.0, JENDL 
4.0, JEFF-3.2, ROSFOND-2010 and theoretical value from 
TALYS-1.9. The 232Th(n, 2n)231Th reaction cross sections 
at the neutron energy of 14.46 ± 0.26 MeV in the experi-
ment involving 7Li(p, n) reaction neutron source is in agree-
ment with the evaluated data of JEFF-3.2, ROSFOND-2010, 
TENDL-2017 and the literature data. Similarly, the present 
result at the neutron energy of 15.03 ± 0.003 MeV in the 
experiment involving 3H(d, n) reaction neutron source is 

Table 8   Experimentally measured 232Th(n, 2n)231Th reaction cross 
sections with correlation matrix

Neutron energy (MeV) 
(Experiment involving 
7Li(p, n) neutron source)

232Th(n, 2n)231Th 
reaction cross sec-
tion (barn)

Correlation matrix

10.49 ± 0.29 2.16 ± 0.31
⎡

⎢

⎢

⎣

1

0.34 1

0.31 0.37 1

⎤

⎥

⎥

⎦

14.46 ± 0.26 1.08 ± 0.13
18.36 ± 0.24 0.45 ± 0.06
Neutron energy (MeV) 

(Experiment involving 
3H(d, n) neutron source)

232
Th(n, 2n)231Th 

reaction cross 
section (barn)

Correlation matrix

15.03 ± 0.003 1.04 ± 0.14 [1]
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also in agreement with the evaluated data of JEFF-3.2, 
ROSFOND-2010, TENDL-2017 and the literature data. 
On the other hand, the 232Th(n, 2n)231Th reaction cross sec-
tion at the neutron energy of 18.36 ± 0.24 MeV based on 
the 7Li(p, n) reaction neutron source is in good agreement 
with the evaluated data of ENDF/B-VIII.0, JENDL 4.0 and 
ROSFOND-2010.

The 232Th(n, 2n)231Th reaction cross sections with accu-
rate uncertainties at different neutron energies of present 
work and literature data will be helpful for an evaluator to 
generate a recommended data file. The 232Th(n, 2n)231Th 
reaction cross sections at different neutron energies are 
useful for the design of various types of reactors such as 
advanced heavy water reactor (AHWR) [3] and accelerated 
driven subcritical system (ADSs) [4–6].

Conclusion

The cross sections of 232Th(n, 2n)231Th reaction at the 
effective neutron energies of 10.49 ± 0.29, 14.46 ± 0.26, 
18.36 ± 0.24 MeV and 15.03 ± 0.003 MeV were measured 
by using the activation method and off-line γ-ray spectro-
metric technique. The result from the present work at the 
neutron energy of 18.36 ± 0.24 MeV is determined for the 
first time, whereas for others are in agreement with most of 
the literature data. The present data at the neutron energies 
of 10.49 ± 0.29 MeV, 14.46 ± 0.26 MeV, 15.03 ± 0.01 MeV 
and 18.36 ± 0.24 MeV are also in agreement with most of 
the evaluated data of ENDF/B-VIII.0, JENDL 4.0, JEFF-3.2, 
ROSFOND-2010 and TENDL-2017 nuclear data libraries as 

well as with the calculated data based on TALYS-1.9 code. 
The 232Th(n, 2n)231Th reaction cross sections with appropri-
ate uncertainties at different neutron energies are important 
for the design of different advanced reactors.
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