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Abstract

The 232Th(n, 2n)**' Th reaction cross sections relative to the 2*2Th(n, f)*’Zr monitor reaction at the effective neutron
energies of 8.97 and 16.52 MeV have been measured by using the activation and off-line y-ray spectrometry. The neutron
beams were generated from the "Li(p,n)’Be reaction by using the proton beam energies of 11 and 18.8 MeV. Correction
factors for the low energy neutrons were taken care by considering the thickness of sample and non mono-energetic
neutrons. The covariance analysis in the uncertainty of the reaction cross section was carried out by using error propagation
and micro-correlation technique. The present data were compared with the literature data, evaluated data and theoretical

values based on TALYS-1.8 code.

Keywords 232Th(n,2n)?*! Th reaction cross sections - 'Li(p,n)’Be reaction neutrons - Activation and off-line y-ray

spectrometry - Covariance analysis - TALYS-1.8 code

Introduction

India has a continuing programmatic interest in basic
nuclear data science related to 2**Th->**U fuel cycle [1].
This is because **Th->**U fuel has a great potential to
serve as a significant source of low carbon electricity in
India. Thorium can also be utilized as a part of viable
energy mix of options designed to last for several centuries.
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Developments of reactor design for the utilization of
232Th-23U fuel in the Advanced Heavy Water Reactor
[2, 3] demands new nuclear data [4] for all the isotopes of
*2Th—2U fuel cycle. As compared to >*U and **Pu
based fuels, the isotopes 2*2Th and 233U require several
sequential captures of neutrons to form transactinide iso-
topes such as the isotopes of Pu, Am and Cm etc. Thus, the
production of transactinide wastes in pure 2*’Th-23U
based fuel is several orders of magnitude smaller than in
233U-23Pu based fuel. The 232U nuclide of concern in fuel
cycle is produced dominantly via the 2*’Th(n, 2n) reaction
route of thorium rods in thermal, fast, fusion and acceler-
ator driven sub-critical systems (ADSs) [5]. A discussion of
production routes of 22U, and the important role of >*’U in
232Th-233U fuel cycle, and concerns, are discussed in the
literature [6], and are not reproduced here to save space.
The experimental 2*>Th(n, 2n)?!Th reaction cross sec-
tions data measured by various researchers within the
neutron energies of 6-20 MeV are compiled in EXFOR
library [7, 8]. Overall 102 data points are available in the
literature during the time of writing this paper. These data
show that the 2*’Th(n,2n)*!Th reaction cross-section
increases from the threshold value and reaches a peak
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around the neutron energy of 11 MeV. There after it
decreases up to the neutron energy of 20 MeV [9-27].

In the present work, we measured the 2*2Th(n,2n)>! Th
reaction cross sections at the effective neutron energies of
8.97 and 16.52 MeV by using an activation method and
off-line y-ray spectrometric technique. We have used rel-
ative method, as described in Refs. [28, 29], where *7Zr
fission product from the 232Th(n, f) reaction was taken as
neutron flux monitor. We also present the covariance
analysis of the experimental data by considering the partial
uncertainties in various attributes and the correlations
between those attributes. In Indian context, the covariance
analysis of nuclear data presented in this paper are moti-
vated by our programmatic interest [30]. More details on
the data sets of the attributes used in the covariance anal-
ysis are available in the unpublished internal document
[31] based on Refs. [28, 29] and are not reproduced here to
save the space.

Experimental details

The experiment was carried out by using the 14 UD
BARC-TIFR (Bhabha Atomic Research Centre-Tata
Institute of Fundamental Research) Pelletron facility at
Mumbai, India [32]. The neutron beam was produced by
using the "Li(p,n)’Be reaction with the proton beam
energies of 11 and 18.8 MeV in the main line at 6 m above
the analyzing magnet of the Pelletron facility to utilize
maximum proton current from the accelerator. The incident
proton current during the irradiation at 11 MeV and
18.8 MeV proton energies were 120 nA and 220 nA,
respectively. A collimator of 6 mm diameter was used
before the lithium target. The natural lithium foil of
thickness 7.8 mg/cm® was sandwiched between two tan-
talum foils of different thicknesses. The front tantalum foil
facing the proton beam was 3.2 mg/cm?® thick. The
degradation of proton energy according to SRIM code [32]
due to Tantalum and Lithium foils were 39-56 keV and
78-276 keV, respectively. The back tantalum foil of
thickness 41 mg/cm? was used to stop the proton beam. A
schematic diagram of experimental setup used in the pre-
sent irradiations is shown in Fig. 1.

The neutron energy (E,) due to the "Li(p, n)’Be reaction
was obtained by using the kinematic relation
E, = Ep — ETy. Ep and Ey, are the incident proton energy
and the threshold energy of the "Li(p,n)’Be reaction. For
the proton beams of energy higher than 2.4 MeV, the
emerging neutrons are not mono-energetic due to the
excited states of beryllium. Thus, the effective neutron
energy for each of the two proton energies is obtained by
taking the average of the one given by the kinematic
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Fig. 1 A schematic diagram of experimental setup used for the
irradiations

relation and the other given by considering the primary
group of neutrons in the neutron spectra taken from Refs.
[33, 34]. By considering the errors in the neutron energy
obtained by kinematic relation and based on the neutron
spectrum, the error in the effective neutron energy was
propagated. The details of computation are given in the
internal document [31] based on Refs. [20, 28]. The
respective effective neutron energies with reference to the
proton energies of 11 and 18.8 MeV are found to be
8.97 £ 0.34 and 16.52 &+ 0.30 MeV, respectively.

Two thorium metal foils of purity more than 99.99.99%
weighing 0.9005 + 0.0003 and 0.3955 + 0.0003 g were
wrapped with aluminum foils of thickness 0.025 mm to
prevent radioactive contamination from the samples to
surrounding. 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 stacks in sequence
were irradiated one at a time with effective neutron ener-
gies of 8.97 and 16.52 MeV for the duration of 16.08 and
5 h, respectively. The irradiated foils of thorium from two
stacks were then cooled for 34.96 and 69.1 h, respectively
and then mounted separately on different Perspex plates.
The fission product, *’Zr produced in the ***Th(n, f)
reaction was used as neutron flux monitor in both the
irradiations.

Gamma ray counting of the irradiated foils was per-
formed by using a pre-calibrated 80-cc High Purity Ger-
manium detector coupled to a PC-based 4096 channel
analyzer. 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 '3*Ba and '3?Eu sources,
keeping the same geometry. The details of calibration and
model detection are provided in the unpublished internal
document [31] based on Refs. [28, 29].
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Data analysis and results

In the present work, the cross sections of 2*?Th(n,2n)*}! Th
reaction at the effective neutron energies of 8.97 and
16.52 MeV were measured by using the following equa-
tion.

CylyWiyabnyAvy (I«;)M&/(M) (1 — e_;*”’t"""M) (e_)*Mt""”’M) (1 — e_/MtCM

the foils were determined by using the expression,
1=t
rattn - ul

is mass attenuation coefficient obtained from XMuDat Ver.
101 [36, 37].

, where [ is the thickness of the sample and u

oy = 0y.

" CodmWiyabnyAvy (L) &y (1 — et ) (e vt ) (1 — e~*vicy) L

H (1)

where oy(E,) and oy(E,) denote cross section of
22Th(n,2n)*!'Th reaction and cross section of the
232Th(n, f) reaction at the neutron energy E,, respectively,
Y denotes yield of *’Zr fission product in the 2*>Th(n, f)
reaction, Cy and Cy, denotes the detected y-ray peak counts
of the reaction product 2*'Th and fission product *’Zr,
respectively, Ay, 4y denote decay constants of the product
nuclides 2*'Th and °’Zr, respectively, (v, &(m) denote
efficiency of detector corresponding to characteristic y-rays
of the product nuclides **'Th and “'Zr, respectively,
Wty and Wty are the same and denote weights of 232,
abny and abny, are the same and denote isotopic abun-
dances of the 22Th, Avy, Avy are the same and denote
average atomic mass of »2Th, (I,), and (I,),, denote -
ray abundances of the 2!'Th and °"Zr. ti;r, feo01 and t. denote
the irradiation time, cooling time and counting time of the
samples. (Cy),, and (Cy),, denote the correction factors of
sample and monitor reactions, respectively for the kth
attribute, where k represents the dead time

of the detector (%) low energy neutron contribu-

tion (o) and y-ray self-attenuation factor (I'ay,). The cor-
rection term, o is obtained following the approach given
originally by Smith et al. [35] and used in our team’s
earlier work by Shivashankar et al. [28] and Yerraguntla
et al. [29]. It may be noted that

w14 >, ®(Ep,)0i(Ep,) + [o™ @(E)o,dE
L >, ©(Ep,)oi(Ep,) (2
i=UM

where @ represents the flux corresponding to discrete
peaks, and ¢ is the continuum with reference to the neutron
spectra. Ep,, Ep, represent the neutron energies corre-
sponding to higher and lower energy neutron peaks. E
corresponds to much lower energy tail part of the neutron
spectra. The self-attenuation factor (I'ym);;i = U, M; of

Efficiency calibration, model detection
and estimation of efficiency of HPGe
detector

Standard point sources of '3*Ba and '>?Eu were used for
energy-efficiency calibration and placed at a distance of
1 cm from the end cap of the High Purity Germanium
Detector. The efficiencies corresponding to the character-
istic y-ray energies of '**Ba and '"?Eu were obtained by
using the following equation.

CK.
— —oem 3)
A,ae "

& =

where ¢, C, K¢, a, A,, 1 2 and ¢ denotes efficiency of the
detector, detected y-ray counts under the photo-peak per
second, correction factor for the coincidence summing
effect, branching factor or y-ray abundance, activity at the
time of source calibration, half-life of radioactive nuclide,
time elapsed between calibration at the time of packing and
at the time of the experiment.

The experimental data (C), simulated data (K.) and
auxiliary data A, a and #,/, at 11 gamma lines of 133Ba and
I52Ey are presented in Table 1. The counts C was obtained
by using y-ray spectrometry. Counting time for '3*Ba and
152Ey standard sources were 1500 and 2400 s, respectively.
The coincidence summing correction factor (K.) was
obtained by using the Monte Carlo simulation code EFF-
TRAN [38]. The data for A, was supplied by the manu-
facturer. The decay data for y-ray abundance and half-life
were taken from NuDat [39].

Using the uncertainty data for C, A,, a and ¢/, and
ascribing micro-correlations between them the covariance
matrix V, for 11 observations was propagated. We further
obtain linear parametric function In &¢=4.03 —
0.90(In E) +0.16(In E) * —O0. 04(1nE) > —0.068(In E) *

as energy-efficiency model with {— = 1.72 (nearest to 1
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Table 1 Efficiency calibration

data of (?%tector usilrslég standard S(ir\ljr)na—ray energy c(l}zzizr)na—ray abundance  Counts Half-life (y) Kc Efficiency
sources >°Ba and >“Eu
1525,
121.8 28.53 £ 0.16 240,401 =900 13.517 £0.014 1.118 0.1171
488.7 0.414 £ 0.003 984 + 104 1.222  0.0361
688.7 0.856 £ 0.006 1742 + 119 1.053  0.0266
778.9 12.93 £+ 0.08 20,775 £ 197 1.112  0.0222
964.1 14.51 £ 0.07 19,723 £+ 192 1.092 0.0184
1408.0 20.87 £+ 0.09 20,700 £+ 154 1.072  0.0132
1335,
53.2 2.14 £ 0.03 2287 +£ 231 10.551 £0.011 1.155 0.0173
81.0 329 £ 0.30 220,630 + 822 1.124  0.1055
2232 0.453 £ 0.003 2326 + 166 1.096  0.0788
276.4 7.16 £ 0.05 31,041 £ 227 1.091  0.0662
302.9 18.34 £ 0.13 76,396 + 208 1.048  0.0611
356.0 62.05 £+ 0.19 221,606 + 498 1.039  0.0520
383.8 8.94 £ 0.06 32,705 £ 201 0.910 0.0466

Table 2 Interpolated detector

e Radionuclide
efficiencies

y-ray energy (keV)

Efficiency (ey) Correlation matrix

21T 84.2
7r 743.3

0.062 £ 0.0040 1
0.023 £ 0.00028 0.15 1

among all those § obtained for different models considered

with different linear parametric functions). For more details
on covariance analysis and model detection, refer to Refs.
[28, 29, 31]. Further, the efficiency of detector at charac-
teristic p-ray energy corresponds to 2*!Th and %"Zr (84.2
and 743.3 keV, respectively) were obtained by interpola-
tion technique, whereas the covariance information for
these measurements was obtained by propagation tech-
nique. We present the relevant data in Table 2.

Estimation of 232Th(n, 2n)2>"Th reaction
cross section with covariance analysis

Among the attributes mentioned in Eq. (1), the attributes
measured with error are ay(E,), Cuy, Cu, Aus 4> AV,

Avy, Wiy, WtM’(Iy)U’ (Iy)m, Eyys Ey(M)> (Faltn)Ua (Fatm)Ma
Y. Other attributes namely, fiy, f001 and 7. given in Eq. (1)

Table 3 Decay data of radio-nuclides required for estimating oy (E,)

Isotope  Half-life (h) y-ray abundance  Isotopic abundance

7 16.749 + 0.008
BlTh 24.52 + 0.01

0.9309 + 0.0016 1
0.066 & 0.004

@ Springer

are observed without error and treated as constants. Basic
decay data of the attributes required to determine cross
section are presented in Table 3. The data for yields with
error (0.049195 £ 0.003955 and 0.04495 + 0.004186)
were taken from Refs. [40-42].

The cross sections for the 2?Th(n,f) reaction was
obtained from ENDF/B-V111.0 and then interpolated to
obtain cross section at neutron energies of our interests,
namely, 8.97 and 16.52 MeV. The data with necessary
covariance information is given Table 4.

The cross sections of 2*2Th(n,2n)*!Th reaction at the
neutron energies of 8.97 and 16.52 MeV were obtained by
substituting the basic data of the attributes in Eq. (1) and
presented in Table 6. The covariance matrix associated
with these two measurements are obtained by considering
the observations of all the attributes and their covariance
information. The covariance matrix V;, is given by

(Vo )y= D _(e);(e);(su)y, 1<i, j<2, 1<1, k<16

kl
(4)

where oy; is a vector consisting of two entries with the
measurements of 232Th(n, 2n)?*! Th reaction cross sections
at the neutron energies of 8.97 and 16.52 MeV

(ex),= a?;y) A(xy), is the partial uncertainty in gy; due to

the k th attribute amongst the list given above, (ek)j:
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Table 4 2>Th(n,f) reaction

. Neutron energy (MeV)
cross sections at the neutron

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

Correlation matrix

energies 8.97 £ 0.34

16.52 £ 0.30

0.3370 &+ 0.0073 1
0.4613 £+ 0.0105 0.89 1

Table 5 Partial uncertainties in the 2*?Th(n,2n)?! Th reaction cross section

Attributes

E, = 897 MeV

E, = 16.52 MeV

Correlation

Photo-peak counts of gamma-ray Cy
Decay constant Ay

Average atomic mass Avy

Weight of the sample Wty

Gamma ray abundance (I,),
Efficiency of detector &,y
232Th(n, f) reaction cross section
Yield Y

Gamma attenuation coefficient (I'ym),,
Photo-peak counts of gamma-ray Cy
Decay constant Ay

Average atomic mass Avy,

Weight of sample Wty

Gamma ray abundance (I,),,
Efficiency of detector &,y

Gamma attenuation coefficient ('),

4.46E-02 (2.4%)
1.17E-04 (6.4E-03%)
1.20E-08 (6.6E-07%)
5.86E-04 (3.2E-02%)
1.11E-01 (6.1%)
1.20E-01 (6.6%)
3.97E-02 (2.2%)
1.47E-01 (8.0%)
1.36E-03 (7.4E-02%)
1.29E-01 (7.1%)
6.64E-04 (3.6E-02%)
1.20E-08 (6.6E-07%)
5.86E-04 (3.2E-02%)
3.14E-03 (1.7E-01%)
2.19E-02 (1.2%)
2.70E-02 (1.5%)

1.98E-02 (3.2%)
2.32E-04 (3.7E-02%)
4.07B-09 (6.6E-07%)
4.53E-04 (7.3B-02%)
3.76E-02 (6.1%)
4.06E-02 (6.6%)
1.41E-02 (2.3%)
5.78E-02 (9.3%)
7.10E-04 (1.1E-01%)
5.69E-02 (9.2%)
5.86E-04 (9.4E-02%)
4.07B-09 (6.6E-07%)
4.53B-04 (7.3E-02%)
1.07E-03 (1.7E-01%)
7.45B-03 (1.2%)
1.22E-02 (2.0%)

Uncorrelated
Fully correlated
Fully correlated
Uncorrelated
Fully correlated
Fully correlated
Partially correlated®
Uncorrelated
Uncorrelated
Uncorrelated
Fully correlated
Fully correlated
Uncorrelated
Fully correlated
Fully correlated

Uncorrelated

“Correlation value is given Table 4

aﬂu' . . . .
a(xk])j A(xy); is the partial uncertainty in oy; due to the I th

attribute amongst the list given above, (skl),'j is the micro-
correlation between i th observation due k th attribute and j
th observation / th attribute. For the detailed derivation of
Eq. (4) with necessary description, the readers can referred
to reference by Santhi Sheela et al. [43]. The partial
uncertainties in oy due to each of the sixteen attributes
appearing in Eq. (1) are obtained as in the description of
Eq. (4) and the same is presented in Table 5.

The observations between any pair attributes appearing
in Eq. (1) are independent of each other except for the pairs
of attributes (&,(v), &,m)), (Avu,Avm) and (Wty, Wiy,)
respectively, where cor(&y(u), Eym) = 0.1452,
cor(Avy, Avy ) = 1 and in the case of the attribute Wt and
at given neutron energy, the correlation between the
observation ofWty, and the observation of Wty is one.
The observations of attributesCy,Cy, Wty, Wty

(Tattn)ys (Tatn)y> and Y with reference to different neu-
tron energies are independent, therefore the corresponding
micro-correlation matrices are identity matrices of size
two. For each of the attributes Ay, Ay, Avm, Avy, (IV)U’
(IY)M, &yu), &ymythe micro-correlation matrices for
observation correspond to sample and observation corre-
spond to monitor are identical and equal to J matrix of
order 2 with all entries equal to one. Table 6 presents the
covariance matrix of oy.

Discussion

In the present study, the cross sections of >*>Th(n,2n)*}! Th
reaction were measured relative to the 232Th(n, £ Zr
monitor reaction at the effective neutron energies of 8.97
and 16.52 MeV by using activation and off-line y-ray

Table 6 Experimentally

Neut MeV
measured 2*2Th(n, 2n)?! Th eutron energy (MeV)

232Th(n,2n)?*! Th reaction cross section (barn)

Correlation matrix

reaction cross sections with
correlation matrix

8.97 £ 0.34
16.52 & 0.30

1.82 £ 0.27 1
0.62 &+ 0.10 0.37 1

@ Springer
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Fig. 2 Comparison of experimental **Th(n, 2n) reaction cross
sections with the evaluated data from different libraries and theoret-
ical values from TALYS-1.8

spectrometric technique. For comparison, we present our
current data in Fig. 2 along with other data available in the
literature [9-27] from EXFOR [7, 8]. In the same figure,
we have also plotted the evaluated data curves from the
ENDF/B-VIIL.O [44], JENDL 4.0 [45], JEFF-3.2 [46] and
ROSFOND [47] libraries. It can be seen from Fig. 2 that
our measurements of the 23>Th(n,2n)?*' Th reaction cross
section at the neutron energy of 8.97 MeV is found to be in
good agreement with all the evaluated data from different
libraries [44—47]. However, the measurement at the neu-
tron energy of 16.52 MeV is in between the evaluated
curves given by ENDF/B-VIILO [44], which coincides with
JEFF-3.2 and the rest [45-47].

Further, Fig. 2 shows that within the neutron energies of
9-13 MeV, there are large variations among the literature
data [9-27]. Some of the literature data are significantly
lower than the evaluated data of different libraries [44—47].
In view of this, the 32Th(n, 2n)?*! Th reaction cross section
was theoretically calculated by using the TALYS-1.8 code
[48]. TALYS is a computer code [48], which can be used to
calculate the reaction cross-section based on physics
models and parameterizations. It calculates nuclear reac-
tions involving targets with mass larger than 12 amu and
projectiles like photon, neutron, proton, 2H, 3H, *He and
alpha particles in the energy range from 1 keV to
200 MeV. In the present work, we have used neutron as a
projectile and ***Th as a target. We have used the neutron
energy from the threshold value of **2Th(n, 2n)**'Th
reaction (i.e. 6.4682 MeV) up to 20 MeV. The calculation
of **Th(n, 2n) reaction cross-section was done by using
the default parameters. Theoretically calculated ***Th(n,
2n)**!Th reaction cross sections are plotted in Fig. 2.

It can be seen from Fig. 2 that the curve from TALYS
follows a similar trend of experimental data and evaluated

@ Springer

data. However, there is a right shift of the theoretical values
compared to the evaluated data. Thus within the neutron
energies of 9-13 MeV, the values from TALYS are pass-
ing through the middle of scattered experimental data.
Below the neutron energies of 13 MeV, the data from
TALYS are lower than the evaluated data. On the other
hand, it is slightly higher than the evaluated data above the
neutron energy of 15 MeV. In spite of these differences, a
general increase trend of 232Th(n, 2n)231Th reaction Cross-
section from the threshold values to a maximum value
around the neutron energy of 11-13 MeV is clearly seen
for theoretical and evaluated data. However, the experi-
mental data around the neutron energies of 11-13 MeV are
very much limited and are lower than both the theoretical
and evaluated data, which suggest the experimentalist for
its redetermination. Above the, neutron energy of 13 MeV,
the (n, 2n) reaction cross-section of *>*Th decreases due to
the opening of other reaction channels, which indicates the
shearing of energy in different channels.

Conclusion

The 2*2Th(n, 2n)3!'Th reaction cross sections relative to
the 232Th(n, DWZr monitor reaction at the average neutron
energies of 8.97 and 16.52 MeV have been measured by
using the activation and off-line y-ray spectrometric tech-
nique. The neutron beams were generated from the
"Li(p,n)"Be reaction by using the proton beam energies of
11 and 18.8 MeV. Correction factor accounting for low
energy neutrons were used for the measurement by con-
sidering the thickness of sample and non mono-energetic
neutrons from the accelerator. The efficiency of detector
was determined by using '>?Eu and '**Ba standard sources
after taking care of coincidence summing effect. Least
square method was employed to obtain the energy-effi-
ciency model and y-ray self-attenuation correction. The
uncertainties of all the attributes for the cross section were
taken care except the time factor. The covariance analysis
in the uncertainty of the reaction cross section was carried
out by using error propagation and micro-correlation
technique. The 2*>Th(n, 2n)>}!Th reaction cross section as
a function of neutron energy was also theoretically calcu-
lated by using TALYS-1.8 code with default parameters.
The present data were compared with the literature data,
evaluated data of ENDF/B-VIIL.O, JENDL 4.0, JEFF-3.2
and ROSFOND libraries as well as with the theoretical
values from TALYS-1.8 code and found to be in general
agreement.
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