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Abstract For 2*’Th and 238U, the (n,y) reaction cross-
sections at the neutron energies of 2.45 and 14.8 MeV as
well as the (n,2n) reaction cross-sections at 14.8 MeV have
been determined using activation and off-line y-ray spec-
trometric technique. The (n,7) and (n,2n) reaction cross-
sections of ***Th and ***U were also calculated theoreti-
cally using the TALYS 1.6 computer code. The present
data and literature data in a wide range of neutron energies
were compared with the evaluated data of ENDF/B-VIIL.1,
JENDL-4.0, JEFF-3.1/A and CENDL-3.1 and theoretical
value of TALYS to examine the systematics of (n,7) and
(n,2n) reaction cross-sections.

Keywords (n,y) and (n,2n) reaction cross-sections of
232Th and *®U - D4D and D+T neutrons - Neutron
energies of 2.45 £ 0.18 and 14.8 & 0.1 MeV - Off-line y-
ray spectrometric technique - TALYS calculation

Introduction

Neutron induced reaction and fission cross-sections of iso-
topes of actinides from Th—-Cm are important for various
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types of reactor applications. In most of the conventional
reactors such as light water reactors (PWR, BWR) and
heavy water reactor (HWR) in all over the world are based
on enriched or natural uranium as the fuel. In all the con-
ventional and fast reactors [1-5], 2381 is the major constit-
uents of the fuel. Similarly, in the advanced heavy water
reactor (AHWR) [6, 7], **Th is the important constituents
of the fuel. The accelerated driven sub-critical system
(ADSs) [8—13] is also advanced reactor used for the incin-
eration of long-lived alpha active minor actinides (**’Np,
24OPu, 241Am, 243Am, 244Cm) and transmutation of long-
lived fission products (93Zr, gch, 107Pd, 1291, 135Cs). The
ADSs [8-13] based on the Th-U fuel cycle is important
because one can exploit its potential to design a hybrid
reactor system that can produce nuclear power with the use
of thorium as main fuel [14]. The 22Th-23U in the oxide
form can be used as the primary fuel in AHWR, whereas
Z3¥U—2%Pu in the form of carbide is used as the primary fuel
in fast reactor. The U and **°Pu are first generated in a
research reactor from ***Th(n,)***Th ***U(n,»)**’U reac-
tions and by successive two beta decays. Then the fissile
material U with ***Th in AHWR and **’Pu with ***U in
fast reactor can be used for power generation. The ***Th and
238U are used as the breeding material to regenerate the
fissile material >*U and **°Pu, respectively. Thus it is
important to have knowledge about the (n,y) reaction cross-
section of ***Th and ***U over a wide range of neutron
energy. This is because the range of neutron energy varies
from thermal to 15-20 MeV in conventional reactor and
from keV to 20 MeV in fast reactor. At higher neutron
energy, the (n,2n) reaction of **Th and ***U are also an
important mode of reactions for neutron economy and thus
design of different types of reactors.

Sufficient data on the (n,y) and (n,2n) reaction cross-
sections of ***Th [15-44] and **8U [26, 34, 36, 45-73] over
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a wide range of neutron energy are available in literature
based on EXFOR compilation [74]. In the recent past we
have determined the (n,y) and (n,2n) reaction cross-sections
of **Th [41—44] and **®U [70-73] using the wide range of
quasi-mono-energetic neutron from the ’Li(p,n) reactions.
The 232Th(n,y) and 238U(n,y) reaction cross-sections from
our earlier work [41-44, 70-73] at the average neutron
energy of 3.7 to 17.28 MeV are in good agreement with the
calculated data from TALYS [75] as well as evaluated data
of ENDF/B-VII.1 [76], JENDL-4.0 [77], JEFF-3.1/A [78]
but not with CENDL-3.1 [79] and Ding et al. [80]. How-
ever, some of the literature data within the neutron energy
of 5-7 MeV [56, 58-60] and 14.2-20 MeV [20, 60, 81] for
238U(n,y) reaction as well as at 14.5 MeV [20] for
232Th(n,y) reaction are not in agreement with the calculated
data from TALYS [75] and evaluated data of ENDF/BVII
[76], JENDL-4.0 [77] and JEFF-3.1[78] but are in agree-
ment with the evaluated data of CENDL-3.1 [79]. In view
of this in the present work, the neutron induced reaction
cross-sections of **Th and ***U at the neutron energies of
2.45 and14.8 MeV have been experimentally determined
using activation and off-line gamma ray spectrometric
technique.

Experimental details

The experiments were carried out using the neutron gen-
erator from the Cockcroft and Walton type multiplier
accelerator of Purnima at BARC, Mumbai. The Purnima
neutron generator is 300 kV DC electrostatic accelerator,
in which D" ion beam is accelerated at 100 kV and
bombarded on deuterium or tritium target of about 6-8
Curie. It produces 2.45 4+ 0.18 and 14.8 £ 0.1 MeV
mono-energetic neutrons based on the D(d,n)3He
(Q = 3.27 MeV) and T(d,n)*He (Q = 17.59 MeV) reac-
tions, respectively. The operating parameters of the neutron
generator for the experiment are 115 pA D" ion beam
current and vacuum inside the system is maintained at
pressure of 3 x 107 mbar.

For the neutron energy of 2.45 MeV, 327.5 mg of ***Th,
669.6 mg of **U metal foil and 207.48 mg of natural In
metal foils of about 1 cm? size were used for irradiation.
The samples were individually wrapped with 0.025 mm
thick super pure aluminium foil. A stack of In-Th-U was
made from these three samples and mounted at zero degree
with respect to the beam direction. The y-ray activity of
HSmyy from 115In(n,n') reaction was used to measure the
neutron flux. The isotopic abundance of ''’In in natural
indium is 95.7 %. The In-Th-U stack was irradiated for
2.5 h with the neutrons beam generated from D + D
reaction. In the case of 14.8 MeV neutron irradiation,
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285.7 mg of **’Th and 698.0 mg of ***U metal foil of
about 1 cm” sizes were used for irradiation. The samples
were also individually wrapped with 0.025 mm thick alu-
minium foil and a stack of Th—U was made. The stacks
samples were also mounted at zero degree with respect to
the beam direction. It was then irradiated for 3.5 h with the
neutron beam obtained from the D+T reaction. After
irradiation, the samples were cooled for 0.5-1.5 h. Then
the irradiated targets of Th, U and In along with Al wrapper
were mounted in different Perspex plates and taken for y-
ray spectrometry.

The y-rays of fission/reaction products from the irra-
diated Th, U and In samples were counted in an energy
and efficiency calibrated 80 c.c. HPGe detector coupled to
a PC-based 4 K channel analyzer. The counting dead time
was kept always <5 % by placing the irradiated Th, U and
In samples at a suitable distance from the detector to
avoid pileup effects. The energy and efficiency calibration
of the detector system was done by counting the y-ray
energies [82-84] of standard 1528y and '**Ba sources. The
standard '°*Eu and '**Ba sources were chosen to cover the
energy range from 53.16 to 1408.01 keV to avoid use of
so many sources having single or few y-lines. The effi-
ciency was also determined by using standard sources
having one or two y-lines such as 21 Am (59.5 keV), >’Co
(122.1, 136.5 keV), *"Cs (661.7 keV), **Mn (834.5 keV)
**Na (1274.5 keV) and *°Co (1173.2, 1332.5 keV) and
found to be in good agreement. The y-ray counting of the
standard sources were done at the same geometry keeping
in mind the summation error. The detector efficiency was
20 % at 1332.5 keV y-ray relative to 3" diameter x3”
length Nal(T1) detector. The uncertainty in the efficiency
was 2-3 %. The resolution of the detector system had a
FWHM of 1.8 keV at 1332.5 keV y-ray of ®°Co. The y-ray
counting of the irradiated In, Th and U samples were done
alternately in the first day. From second day onwards y-
ray counting of only Th and U samples were done up to
few months to check the half-life of the nuclides of
interest.

Data analysis
Calculation of the neutron flux

In the 2.45 and 14.8 MeV neutron irradiation, the neutron
beam was obtained from the D(d,n)SHe and T(d,n)4He
reactions, respectively. For the 2.45 MeV neutron irradia-
tion, the neutron flux was obtained by using HSIn(n,
n)'""™In reaction monitor. The observed photo-peak
activity (Aqps) for 336.2 keV y-line of 1Smpy was related to
the neutron flux (@) with the relation given below [41, 70].
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where N is the number of target atoms and oy is the
reaction cross-section of the ’In(n, n’)!">™In reaction. A is
the decay constant (4 = In2/T},,) of the reaction product of
interest with half-life = T,. 7 is the branching intensity of
the 336.2 keV 7-line of '"*™In and ¢ is its detection effi-
ciency. t, T, CL and LT are the irradiation, cooling, clock
and live time, respectively.

For the 14.8 MeV neutron irradiation, the neutron flux
(®) was obtained from the 529.87 and 1383.93 keV y-ray
activities of the fission product, 1331 and %Sr in both the
B2Th(n, f) and 2%U(n, f) reactions using the following
relation [41, 70].

Aovs () 4

¢= NogLeY (1 — e #)e T(1 — e~CL)

(2)

All terms in Eq. (2) have the same meaning as in Eq. (1)
except the yield (Y) of the fission product and the fission
cross-section (ay).

In the above two equations, the observed photo-peak
activities (Agps) of the 336.2, 529.87 and 1383.93 keV were
obtained from the net gross peak-area after subtracting the
Compton background [41, 70]. The CL/LT term in Egs. (1)
and (2) has been used for dead time correction. The or for
the "In(n, n')!"®™n reaction as well as the o for the
232Th(n, f) and 238U(n, f) reactions were taken from refs
[74, 85]. The oy value for the ''*In(n, n’)''*™In reaction at
the neutron energy of 2.45 MeV used in the Eq (1) is
0.348 £ 0.019 barn [74, 85]. At the neutron energy of
14.8 MeV, the o values for the 2**Th(n,f) and >**U(n,f)
reactions [74, 85] wused are 0.365 £ 0.034 and
1.249 £ 0.042 barns, respectively. The yield (Y) of the
fission products, 22Sr and %1 for the ***Th(n,f) and>*®*
U(n,f) reactions used in the Eq (2) were taken from the
refs. [86, 87]. The cumulative yields of 22Sr and ' in the
232Th(n,f) reaction [86] at the neutron energy of 14 8 MeV
were 5.58 £ 0.53 and 3.78 £ 0.18 %, respectively. Simi-
larly, the cumulative yields of 928r and '**1 in the 238U(n,f)
reaction [87] at the neutron energy of 14 8 MeV were
3.87 £ 0.26 and 5.73 &£ 0.37 %, respectively. The nuclear
spectroscopic data such as half-life (7,;) and branching
intensity (a) were taken from refs. [82—84] and are shown
in Table 1. However, we have used the nuclear spectro-
scopic data from Ref. [82] to keep the coherency with our
earlier data for the (n,y) and (n,2n) reaction cross-section of
22Th [41-44] and B8y [70-73]. The neutron fluxes were
then calculated from Eqs. (1) and (2) by using different
terms. The neutron flux obtained from the y-ray activity
of ""™n from the '"In(n,n’) reaction for 2.45 MeV

neutron irradiation is (1.526 + 0.180) x 10° ncm 2 s ..

Table 1 Nuclear spectroscopic data used in the calculation from refs.
[82, 83]

Nuclide Half-life y-ray energy (keV) y-ray abundance (%)
22Sr 271h 1383.93 90.0
1331 20.8 h 529.87 87.0
1Smp, 4486 h 336.2 459
BITh 25.52 h 84.22 6.6
Z3Th 223 m 86.48 2.7
233pa 26.967 days  300.34 6.62
312.17 38.6
340.81 4.47
By 6.75 days 101.06 25.4
208.0 21.2
By 2345 m 74.66 48.0
ZNp 23565 days  103.73 242
106.13 27.2
209.75 3.42
228.18 10.76
277.6 14.38

The y-ray energy and their branching intensity marked with bold
letters are used for calculations

Similarly, the average neutron flux obtained from the fis-
sion products (925r and 3 3I) activities of the 232Th(n,f)
and238U(n,f) reactions for the 14.8 MeV neutron irradiation
is (3.108 £ 0.077) x 10° ncm ™2 s .

Determination of (n, y) and (n, 2n) reaction cross-
sections of 2*’Th and **%U

The nuclear spectroscopic data used in the present work for
the calculation of the (n,y) and (n,2n) reaction cross-sec-
tions of *Th and ?*®U are taken from the refs. [82—84] and
are given in Table 1. In the case of = 2Th(n, y) reaction, the
half-life of the reaction product, 233Th is 22.3 min, which
decays 99.61 % to 233pa within 3 h. In view of this, the
22Th(n, y) cross-section was calculated from the observed
photo-peak activity of ***Pa (T}, = 26.967 days) of the
long cooled spectrum. In the calculation, the photo-peak
activity of the 312.2 keV y-line was used instead of
300.3 keV. This is to avoid the interference of the
300.1 keV y-line of >'?Pb, which is the decay product from
22T, Similarly, the 232Th(n,2n) reaction cross-section was
calculated from the observed activity of the 84.2 keV y-line
of *'Th (T,, = 25.52 h) from the y-ray spectrum of a
sufficiently cooled sample. This is because in the gamma
ray spectrum recorded within 3—4 h, the y-line of 84.2 keV
of 2'Th has the interference from the 86.5 keV of ***Th
(T, = 22.3 min). The observed photo-peak activities
(Aops) Of the 84.2 keV y-line for **'Th and the 312.2 keV -
line for >**Pa are related to the 232Th(n,y) and 232Th(n,2n)
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reaction cross-section (o) with the following relation
[41, 70].

_ Aobs (%))L

- N(]’)Iﬁ(l _ ef/lr>e—iT(1 _ ef)MCL)

OR (3)
Allterms in Eq. (3) have the same meaning asin Eq. (1). The
neutron flux (@) of (1.526 £ 0.180) x 10° n cm ™2 s~ ' was
used to calculate the 232Th(n,y) reaction cross-section at
neutron energy of 2.45 MeV, which is 36.396 + 4.571 mb.
Similarly, at neutron energy of 14.8 MeV, the neutron
flux (@) of (3.108 + 0.077) x 10° n cm™2 s~ ! was used to
calculate the 232Th(n,y) and 232Th(n,2n) reaction cross-sec-
tions, which are 1.569 + 0.257 and 1674.0 &= 92.0 mb,
respectively.

In the case of 238U(n, y) reaction, the half-life of B0 is
23.54 min (Table 1), which decays 99.6 % to ***Np within
3 h. In view of this, the ***U(n,)) reaction cross-section (o)
was calculated from the y-ray activity of 239Np (T
= 2.3565 days) measured after sufficient cooling time. In the
calculation, the photo-peak activity of the 277.6 keV y-line
was used instead of 228.18 keV. This is to avoid the inter-
ference of the 228.16 keV y-line of the fission product '**Te
(T, = 3.204 days), which comes from 2 8U(n,f) reaction.
Similarly, the 238U(n,2n) reaction cross-section was calcu-
lated from the observed activity of the 208.0 keV y-line of
27U obtained from the y-ray spectrum of a sufficiently
cooling time, when **U could not be detected any more. This
is because ***Np has the 209.75 keV interfering y-lines. The
photo-peak activity of the y-line 208.0 keV instead of
101.06 keV was used in the calculation because the fission
product '**Sm (T, = 46.284 h) from ***U(n,f) reaction has
an interfering y-line of 103.18 keV. The observed photo-peak
activities (Aops) Oof the 208.0 keV y-line for U and the
277.6 keV y-line for **Np were used in Eq. (3) for the cal-
culation of (n, ) and (n, 2n) reaction cross-sections (ogr) of the
28U, The neutron flux (@) of (1.526 % 0.180) x 10°
n cm 2 s at neutron energy of 2.45 MeV was used to cal-
culate the 238U(n, y) reaction cross-section, which is
30.004 4+ 4.284 mb. Similarly, at neutron energy of
14.8 MeV, the neutron flux (&) of (3.108 £ 0.077) x 10°
ncm 2 s~ ! was used to calculate the 238U(n, y) and 238U(n,
2n) reaction cross-sections, which are 1.266 + 0.379 and
692.7 £ 28.7 mb, respectively.

Results and discussion

The neutron flux used in the calculation as well as the (n,y)
and (n,2n) reaction cross-sections of >>°Th and ***U at
neutron energies of 2.45 and 14.8 MeV from the present
work are given in Table 2. In the same table, the literature
data from refs [20, 81] and evaluated data from ENDF/B-
VII.1 [76], JENDL-4.0 [77], JEFF-3.1/A [78] and CENDL-
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3.1 [79] are also given for comparison. The uncertainties
associated to the measured cross-sections are from the
replicate measurements. The overall uncertainty is the
quadratic sum of both statistical and systematic uncer-
tainties. The random error in the observed activity is pri-
marily due to counting statistics, which is estimated to be
1015 %. 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 the irradiation time (~0.25 %), the
detection efficiency calibration (~3 %), the half-life of the
fission products and the y-ray abundances (~2 %) as
reported in the literature [82—-84]. Besides this, systematic
errors are due to the uncertainty in the neutron flux esti-
mation (~ 15.7 %) at the neutron energy of 2.45 MeV and
(~2.6 %) at 14.8 MeV. Similarly, the uncertainty during
the flux determination also comes from the uncertainty in
the g value of '“In(n,n')!"™In reaction (~0.7 %) at
neutron energy of 2.45 MeV and in the of value of
232Th(n,f) reaction (9.3 %) and ***U(n,f) reaction (3.4 %)
at 14.8 MeV. Thus, the total systematic errors are different
for the (n,y) and (n,2n) reaction cross-sections of **>Th and
238U at the neutron energies of 2.45 and 14.8 MeV. The
systematic uncertainty for the (n,y) and the (n,2n) reaction
cross-sections of *Th and **U is ~ 16.1 % at the neutron
energy of 2.45 MeV and ~5-10 % at 14.8 MeV. Thus the
overall uncertainty is found to be ~16-19 %, coming from
the statistical and systematic uncertainties at the neutron
energies of 2.45 and 14. 8 MeV.

The experimental data of present work from Table 2 and
literature data [15-74] as well as the evaluated data from
different compilations [76-80] for the (n,y) and (n,2n)
reactions of 2*>Th and >*®U were plotted in Figs. 1,2, 3 and
4 for comparison. It can be seen from Table 2 and Figs. 1
and 2 that the experimental (n,y) reaction cross-sections of
232Th and #*®U at neutron energy of 2.45 MeV and (n,2n)
reaction cross-sections at 14.8 MeV from the present work
are in good agreement with the literature data [74] and
evaluated data of ENDF/B-VIIL.1 [76], JENDL-4.0 [77],
JEFF-3.1/A [78] and CENDL [79]. However, the (n,y)
reaction cross-sections of **Th and ***U at neutron energy
14.8 MeV from the present experiment are significantly
lower than the literature data [20] but are in agreement with
the evaluated data from CENDL-3.1 [79] and slightly
higher than the evaluated data from ENDF/B-VIIL.1 [76],
JENDL-4.0 [77], JEFF-3.1/A [78] and Ding et al. [80]
compilation. In order to examine this aspect, the (n,y) and
(n,2n) reaction cross-sections of 232Th and ***U at different
neutron energy beyond 1 keV were also calculated theo-
retically using the computer code TALYS, version 1.6 [75].
TALYS [75] can be used to calculate the reaction cross-
section based on physics models and parameterizations. It
calculates nuclear reactions involving targets with mass
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Table 2 The (n, y) and (n, 2n) reaction cross-sections of 232Th and >**U at neutron energy of 2.45 4+ 0.18 and 14.8 £ 0.1 MeV
Systems Neutron Neutron flux Expt. cross- ENDF cross- JENDL cross-  JEF-3.1/A CENDL-4.0
energy (n cm ™2 571) section (mb) section (mb) section (mb) Cross- cross-section
(MeV) section (mb) (mb)
232Th(n,y) 245+ 0.18 (1.53 £0.18) x 10° 36.396 & 4.571 49.457-45.170  48.781-43.491  42.000 42.770-37.900
232Th(n,y) 14.8 £ 0.1 (3.11 £ 0.08) x 10° 1.569 £ 0.257 1.154-1.007 1.136-1.059 1.500 1.657-1.683
Z2Th(n,2n)  14.8 £+ 0.1 (3.11 £ 0.08) x 10°  1674.0 £ 92.0 1148.1-985.8 1515.1-1295.2  1258.9-1191.2  1271.6-1149.6
238U(n,y) 245+ 0.18 (1.53 £0.18) x 10° 30.004 & 4.284  38.500-27.939  33.887-31.374  31.200 32.256-29.717
238U(n,y) 14.8 £ 0.1 (3.11 £+ 0.08) x 10° 1.266 £ 0.379 0.880-0.710 0.536-0.469 0.880 1.263-1.564
¥Um2n) 148 +£0.1  (3.11 £0.08) x 10°  692.7 & 28.7 719.5-593.8 817.5-682.0  704.0-589.7 629.0
@ refs. [41-44] 100 LU () U m A I Leipunskiy (1958)
% Present work 3- D(r;ak: (13(7_1)(1972)
A Karamanis 2001 b vk
107 | v Davletshin 1992 [ M g. P?.(l\1/lgc7§a)miels(1982)
® Poenitz 1978 , = Vuong Huu Tan (1996)
Lindner 1976 10 ‘E e
® Perkin 1958 F —-—JENDL - 4.0
ENDF-B/VII.O = b : —+—CENDL -31
10" | JENDL 4.0 £ 3 =, —-—ﬁiséi.jem
a ——TALYS 1.6 =10 @ Refs. [70-73]
£ CENDL 3.1 L) o & Perkin(1958)
© = JEFF3.1/A s P A1
10° £ 10° (@i{({/v v v
.\\
232 233
Th(n”Y) Th 10" PR I U U NI IR N S SR SR |
4 0 2 4 6 8 10 12 14 16 18 20
10 B b v o Voo by b e b b b b b by

10 12 14 16 18 20 22
En (MeV)

0 2 4 6 8

Fig. 1 Plot of the experimental and evaluated 2**Th(n, y) reaction
cross-section as a function of the neutron energy from 1 to 20 MeV.
Experimental values from the present work and from refs. [15-31,
41-44] are in different symbols, whereas the evaluated and theoretical
values from TALYS are in solid lines of different colours

larger than 12 amu and projectiles like photon, neutron,
proton, 2H, *H, *He and alpha particles in the energy range
from 1 to 200 MeV. In the present work, we have used
neutron energies from 1 to 20 MeV for the ***Th and ***U
target. All possible outgoing channels for a given projectile
(neutron) energy were considered including inelastic and
fission channels. However, the cross-sections for the (n, y)
and (n, 2n) reactions were specially looked for and
collected.

The calculated (n y) reaction cross-sections of >>*Th and
238U from TALYS are plotted in Figs. 1 and 2 as a function
of neutron energy from 100 to 20 MeV. On the other hand,
the calculated (n,2n) reaction cross-sections of 232Th and
38U from TALYS are plotted in Figs. 3 and 4 as a function
of neutron energy. It can be seen from Figs. 1 and 2 that the
(n,7) reaction cross-sections of ***Th and ***U from TA-
LYS [75] and the evaluated data from ENDF/B-VII.1 [76],
JENDL-4.0 [77], JEFF-3.1/A [78] follows the same trend

E, (MeV)

Fig. 2 Plot of the experimental and evaluated 28U(n, ) reaction
cross-section as a function of the neutron energy from 1 to 20 MeV.
Experimental values from the present work and from refs. [45-60,
70-73] are in different symbols, whereas the evaluated and theoretical
values from TALYS are in solid lines of different colours

2.5x10°
A 232 231
* 2Th(n,2n) *'Th
2.0x10° |-
*
1.5x10° |
—
< ® refs. [41-44]
é % Present work
© 1.0x10° | A Karamanis 2003
' t Raics 1985
+ ®  Butler 1961
TALYS 1.6
5.010°F |, ——ENDF/B-VILO
' L — JENDL 4.0 \
- y —— JEFF 3.1/A
CENDL 3.1
0.0 _! L | | | ) .
6 8 10 12 14 16 18 20
Erl (MeV)

Fig. 3 Plot of the experimental and evaluated >**Th(n, 2n) reaction
cross-section as a function of the neutron energy from 5 to 20 MeV.
Experimental values from the present work and from refs. [32—44] are
in different symbols, whereas the evaluated and theoretical values
from TALYS are in solid lines with different colours
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2.5x10°

®  Chou You - Pu (1978)
» H. Karious (1979)

N. V. Kornilov (1980)
2.0x10° v A A Filatenkov (1999)
Xianggao Wang (2010)
Present work

—-— ENDF /B-VIL1
—
3 3| —v— JENDL - 4.0
g 1.5x10 —e— JEFF-3.1/A
= TALYS - 1.6 (Default)
(5‘ ® Refs. [70-73]

—— CENDL 3.1

n

£ 1.0x10° |-
o]

5.0x10% |-

0.0

Fig. 4 Plot of the experimental and evaluated >>*U(n, 2n) reaction
cross-section as a function of the neutron energy from 5 to 20 MeV.
Experimental values from the present work and from refs. [53, 61-73]
are in different symbols, whereas the evaluated and theoretical values
from TALYS are in solid lines with different colours

but not the evaluated data from CENDL-3.1 [79] and Ding
et al. [80]. It can be also seen from Figs. 1 and 2 that the
experimental (n,y) reaction cross-sections of B2Th and
38U from literature [20, 60] within neutron energy of
14.8-18.1 MeV are significantly higher than the calculated
values from TALYS and evaluated data from ENDF/B-
VIL.1 [76], JENDL-4.0 [77], JEFF-3.1/A [78] and Dinge
et al. [80]. However, the evaluated cross-section data of
CENDL-3.1 [79] for ***U(n,y) reaction is in agreement
with the literature data within neutron energy of
16.5-18.1 MeV [60] but not at 14.8 MeV [20]. The present
data at 14.8 MeV and our earlier data [41-44, 70-73]
within neutron energy of 5.9-15.5 MeV follow the trend of
the calculated values from TALYS and evaluated data from
ENDF/B-VIIL.1 [76], JENDL-4.0 [77], JEFF-3.1/A [78].
The data within neutron energy of 5.9-15.5 MeV from our
earlier work were obtained by using the neutrons from the
7Li(p,n) reaction, in which correction for the cross-section
due to the tail part of the neutron spectrum was taken care
[41-44, 70-73]. Thus the significantly higher (n,y) reaction
cross-sections of >*Th and ***U within the neutron ener-
gies of 14.8-18.1 MeV from literature [20, 60] is most
probably due to the contribution of cross-sections from the
low energy scattered neutrons. This indicates that the tail
part of the neutron spectrum [41-44, 70-73] or the scat-
tered neutron effect the (n,y) reaction cross-sections of
232Th and 2*®U. This is evident from the (n,2n) reaction
cross-sections of 2>>Th and 228U of Figs. 3 and 4, where the
experimental data of present work and literature [32—44,
53, 61-73] follows the same trend of evaluated data [76—
78] and calculated data of TALYS [75]. This is because the
low energy tail part of the neutron spectrum [41-44, 70—
73] or the low energy scattered neutron does not contribute

@ Springer

significantly to the (n,2n) reaction due to its threshold value
of 6.25-6.4 MeV.

Leaving behind the above discrepancy and resonance
cross-section, one can see from Figs. 1 and 2 that the (n,7y)
reaction cross-sections of >*2Th and >*®U decreases from the
neutron energy of 100 keV to 67 MeV based on the 1/V
trend. Around neutron energy of 67 MeV, where the (n,2n)
reaction cross-section of 2>*Th and 2*®U start increasing, the
(n,7) reaction cross-section remains minimum. Above
8 MeV, where the (n,2n) reaction cross-sections of 232Th
and >*®U remain constant, the (n,y) reaction cross-section
again increases. Within neutron energy of 8-14 MeV both
the (n,7) and (n,2n) reaction cross-sections of 232Th and 2%U
remain almost constant. However, above neutron energy of
12-14 MeV, both the (n,y) and (n,2n) reaction cross-sections
of 2**Th and ***U starts decreasing due to the opening of
(n,3n) reaction channels. These observations indicate the
partition of excitation energy in different reaction channels
besides (n,f) degrees of freedom.

Conclusion

(i) The 232Th(n,y) and 238U(n,y) reaction cross-sections
at neutron energy of 2.45 and 14.8 MeV are deter-
mined using off-line gamma ray spectrometric tech-
nique. The 232Th(n,2n) and >**U(n,2n) reaction cross-
sections at neutron energy of 14.8 MeV are also
determined using the same technique.

(i) The (n,y) and (n,2n) reaction cross-sections of B2Th
and U at neutron energy of 2.45 and 14.8 MeV
were also calculated using computer code TALYS
1.4. The (n,y) reaction cross-sections at neutron
energy of 2.45 MeV and (n,2n) reaction cross-section
at 14.8 MeV are in good agreement with the
literature data, evaluated data of ENDF/B-VII.1,
JENDL-4.0 and JEFF-3.1/A as well as with the
calculated values from TALYS. However, the
232Th(n,y) and 238U(n,y) reaction cross-sections at
neutron energy of 14.8 MeV are slightly higher than
the calculated values from TALYS and the evaluated
data of ENDF/B-VII.1, JENDL-4.0, JEFF-3.1/A but
are in agreement with the data of CENDL 3.1.
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