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Measurement of 2?Th(n, y) reaction cross sections in the neutron energy range of 11-19 MeV
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The cross sections for the >**Th(n, y) reaction have been measured in the neutron energy range of 11-19 MeV
by using activation and offline y-ray spectrometric techniques. The neutrons of desired energy were obtained
by the "Li(p, n) reaction using a proton beam of 13-21 MeV from the 14UD BARC-TIFR Pelletron facility at
Mumbai, India. The ***Th(n, y ) reaction cross sections were calculated using the computer code TALYS-1.8. The
uncertainties in the measurement have been studied using covariance analysis of the experimental data. The results
from the present work have been compared with the evaluated data of ENDF/B-VII.1 and JENDL-4.0 as well as
the theoretically calculated values based on TALYS-1.8, and were found to be in good agreement. The outcome
of the present work is important for the development of future fast reactors and accelerator driven subcritical

systems (ADSs).
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I. INTRODUCTION

The nuclear technology used for power production has no
greenhouse gas emission effect. Thus nuclear power has a
potential to expand in large scale and can effectively replace
fossil fuel. However, nuclear power production in conventional
reactors based on enriched or natural uranium fuel has a
problem of generation of long-lived minor actinides. The issues
of global warming and long-lived nuclear waste management
can be avoided by using a nuclear power reactor based on
thorium-uranium fuel. Owing to a number of favorable material
characteristics, 23>Th is a better fertile host [1] to produce
the fissile 2*U isotope. Rubbia er al. [2] and Bowman [3,4]
have proposed the concept of accelerator-driven subcritical
reactor systems (ADSs), which demonstrate that a commercial
nuclear power plant of adequate power can also be built
around a subcritical reactor, provided it can be fed externally
with the required intensity of accelerator-produced neutrons.
ADSs have attractive features [5—8] for the elimination of
troublesome long-lived minor actinides (**’Np, 2*°Pu, 2! Am,
283 Am, ***Cm) and fission products (**Zr, *°Tc, '%Pd, 1?1,
135Cs) of the spent fuel, as well as for nuclear energy generation
utilizing thorium as fuel. Besides ADSs, advanced heavy water
reactors (AHWRs) [9,10] and fast reactors [11-13] are also
of current interest for power production. In the Th-U fuel
cycle, the production of the fissile nucleus >**U depends on
the 2*?Th(n, y) reaction cross sectionwhich is required with

*siddharthparashri5 @ gmail.com
fsk.mukherjee-phy @msubaroda.ac.in

2469-9985/2018/98(1)/014625(10)

014625-1

an accuracy of 1-2% for predicting the dynamical behavior
of complex arrangements in fast reactors and ADSs [14,15]
safely. In fast breeder reactors, the most important region for
neutron capture of 232Th lies between 10 and 100 keV [16],
but ADSs will use fast neutrons. Thus the 22 Th(n, y ) reaction
cross section at higher neutron energy has a strong impact
on the performance and safety assessment for ADSs [17]. In
ADSs a 10% change in the *>Th neutron capture cross section
gives rise to a 30% change in the needed proton current of the
accelerator if the system has to be operated at a subcritical level
of Kegr =~ 0.97 [18].

The cross-section data for the 2*>Th(n, y) reaction are
available in the literature over a wide range of neutron energies
from thermal to 2.73 MeV, based on physical measurements
[19-21] and activation technique [22-32]. Beyond 2.73 MeV,
the data for the 2*>Th(n, y ) reaction cross section are available
atthe neutron energy of 3.7 MeV [24,26] and around 6—17 MeV
[25,28-30,33] by using the activation technique. However, the
data at the neutron energy of 14.5 MeV [33] are significantly
higher than the expected trend by others [25,28-30]. From
these data, it can be observed that the 2*>Th(n, y) reaction
cross section decreases monotonically from20eV to2.73 MeV.
However, sufficient data are not available in the literature
except for a few [24,25,28-30,33] above the neutron energy
of 2.73 MeV. In view of this, in the present work, we have
measured the 22Th(n, y) reaction cross section at average
neutron energies of 10.95 £ 0.59,13.97 + 0.57, 14.98 £ 0.55,
and 18.99 4 0.65 MeV by using the activation and offline y-
ray spectrometric techniques. The neutron beam was generated
by using the "Li(p, n) reaction with proton energies of 13,
16, 17, and 21 MeV. A detailed covariance analysis has
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FIG. 1. Experimental setup used for the irradiations.

also been performed to understand the dependence of cross
section on uncertainties from different parameters. The present
data are of particular interest from the point of view of the
giant dipole resonance (GDR) around the neutron energies of
10-20 MeV.

This paper is divided into the following sections: the
experimental methodology is given in Sec. II. Section III gives
the data analysis. Covariance analysis of the experimental
uncertainty is described in Sec. IV. Section V gives the results
and discussion, followed by conclusions in Sec. VI.

II. EXPERIMENTAL METHODOLOGY

The experiment was carried out by using the 14UD Bhabha
Atomic Research Center-Tata Institute of Fundamental Re-
search (BARC-TIFR) Pelletron facility in Mumbai, India,
using the activation technique followed by offline y-ray spec-
troscopy. Proton beams of known energy from the pelletron
were bombard on a lithium (Li) target to generate the desired
energy neutron beam from the "Li(p, n) reaction. A Li foil
of thickness &~ 7.8 mg/cm? was sandwiched between tantalum
(Ta) foils of different thicknesses. Thin Ta foil ~ 3.2 mg/cm?
was used at the beam side to ensure that protons passing
through the foil should not lose much energy, while a thick Ta
foil more than 0.025 mm thick was used at the back of the Li
foil to stop the proton beam. Behind the Ta-Li-Ta stack, a >*>Th
sample of thickness &~ 0.025 mm was placed at a distance of
2.1 cm, aligned at zero degrees with respect to the proton
beam. The 2*>Th sample was wrapped with pure aluminum
foil of thickness 0.025 mm to prevent the contamination of
radioactivity coming out od the sample to the surroundings
during irradiation. The experimental arrangement of the stack
used for the irradiation is shown in Fig. 1. The stack was kept
inside the irradiation port at 6 m height just before analyzing
magnets on the main beamline of the Pelletron. This port is
very suitable for such kind of irradiation as it provides high
proton flux. The energy spread for protons at 6 m height of the
beamline was 50-90 keV. At this port, the terminal voltage was
regulated by a generating voltmeter (GVM) using a terminal
potential stabilizer. Further, a collimator of 6 mm diameter was
used as the target in order to get a proper circular shaped beam.

The irradiation for each sample was carried out for about
5-8 h so that sufficient activity could be built up to be
suitable for the y-ray counting. The proton energies used in
the irradiations were 13, 16, 17, and 21 MeV. The degradation

of proton energy in the Li and Ta metal foils facing the
beam was calculated using the computer code SRIM [34].
The neutrons thus generated by the ’Li(p, n) reaction were
found to have average energies of 10.95 4 0.59, 13.97 + 0.57,
14.98 £ 0.55, and 18.99 £ 0.65 MeV, respectively. After the
irradiation, each sample was counted for a sufficiently long
time due to the half-life of 26.97 days for **Pa, which is the
daughter product of 2**Th. The y-ray counting of the samples
was done by using a precalibrated 80 cm® HPGe detector
coupled to a PC based 4096 channel analyzer. A standard
152Eu source was used for the energy and efficiency calibration.
The resolution of the detector system during counting was
measured as 2.0 keV at 1332 keV of ®Co. The samples
were placed at a suitable distance from the endcap of the
detector to avoid summing error. The irradiated Th samples
were counted for a sufficient amount of time to accumulate
sufficient data and also to minimize the counting statistic
uncertainty.

III. DATA ANALYSIS

A. Calculations for neutron spectra

The incident proton energies used in the present experiment
for irradiation purposes were 13, 16, 17, and 21 MeV. Neutrons
were generated by the "Li(p, n) reaction using the protons
as the incident particle on a natural Li target wrapped with
Ta foil. Natural lithium consists of °Li and "Li isotopes with
abundances of 7.42% and 92.58%, respectively. Therefore,
a variety of reactions takes place when the protons interact
with the natural lithium target. The production of the ground
state of "Be from the 7Li(p,n) reaction has a threshold
energy of 1.88 MeV, whereas the threshold energy for the
first excited state is 2.38 MeV. Thus above the proton energy
of 2.38 MeV (Ep > 2.4 MeV) a second neutron group is
produced due to the population of the first excited state of
"Be. Thus, for the proton energies of 13, 16, 17, and 21 MeV,
neutron energies corresponding to the ground state of "Be
are 11.12, 14.12, 15.12, and 19.12 MeV, which are referred
to as the first group (). For the first excited state of "Be,
the neutron energies of the second group of neutrons (n;)
will be 10.62, 13.62, 14.62, and 16.62 MeV, respectively.
Besides n¢ and n; groups of neutrons, other reaction channels
such as "Li(p, y)*Be — “He + *He 4+ n (Q = —3.23 MeV)
also open up at such high proton energies, which results
in a continuous neutron energy distribution. In the present
work, the continuous neutron spectrum was generated by using
the neutron energy distribution given in Refs. [35,36]. The
resulting neutron fluxes (¢;) for proton energies of 16 and 21
MeV are shown in Fig. 2. These distributions were obtained
by shifting the peak wherever necessary, and interpolation
was also used to shift the peak for desired neutron energies.
This scaling was done because the maximum neutron energy
from the "Li(p, n) reaction cannot exceed Ep — 1.88 MeV.
Similarly, for Ep = 13 and 17 MeV, the corresponding neutron
spectra are obtained by interpolation of the neutron distribu-
tions of Mashnik et al. [36]. These neutron spectra have a
quasi-monoenergetic the peak near Ep — 1.88 MeV and along
tail towards the lower energies, as shown in Fig. 2. The tail
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FIG. 2. Neutron spectra generated from the "Li(p, n) reaction
using 16 and 21 MeV protons.

region consisting of lower neutron energies also contributes
in the reaction cross sections. Therefore, it is necessary to
remove the contribution arising from the tail part of the

J

233Th
(21.23 min)

22Th(n, y) —
(1.405 x 10° yr)

:3_ 233Pa

neutron spectra. This correction can be done by considering
spectral average cross sections as given in the next section.

B. Calculation of neutron flux

The generated neutron spectra were used for the calculation
of the total neutron flux, which was produced by the 7Li( p,n)
reaction. In the present experiment, we have used the Th
sample itself as the neutron flux monitor by using the yields of
fission products such as T 7r (t1p =169 h, £, =743 keV)
[37]. We did the y-ray counting for *’Zr by considering its
half-life. The total >**Th(n, f) reaction cross sections for all
the possible neutron energies in the spectra were taken from
ENDF/B-VII.1 [38]. A spectra weighted cross section ({ow))
for the 2?Th(n, f) reaction was calculated by using [39]

ZE» ¢E[GE[
EE T 1
ZE,- ¢Ei M

where ¢, and o, are the neutron flux and corresponding cross
section respectively, taken from ENDF/B-VII.1. Then the total
neutron flux was calculated by using the following expression:

_ Cons (%)
 Nolyelow)Y (1 — e i) (e He)(1 — e *LT)

where, Cops is the observed count for the respective y ray, CL
and LT are the clock time and the live time for the counting of
the spectrum, A is the decay constant (%), I, is the branching

(ow) =

(@)

@3

ratio for the respective y ray taken from Ref. [37], Ny is the
total number of target nuclei in the sample, € is the detector
efficiency, and Y is the yield of °’Zr (at 14 MeV neutron energy)
taken from Refs. [40—42]. t; and ¢, are the irradiation time and
cooling time respectively. The spectroscopic data related to
flux calculations are given in Table I. The flux values thus
extracted from the above-mentioned method were used in the
calculation of the (n, y) reaction cross section for 2327,

C. Determination of 22Th(n, y) reaction cross sections

The **2Th(n, y) reaction leads to the formation of **3Th,
which undergoes S decay to produce its daughter product
233Pa. The decay scheme related to present reaction is shown
below and the spectroscopic data used in the calculation are
given in Table I:

ﬂ— 233U

(26.97 d) (1.52 x 105 yr)

TABLE I. Nuclear spectroscopic data of radionuclides taken from Ref. [37].

Reaction Spin state Ty Decay mode E, I,

J* (%) (KeV) (%)
2Th(n, £)"Zr 1/2F 16.749 + 0.008 h B~(100) 743.36 £+ 0.06 93.09 + 0.01
B2Th(n, y)*?Th 1/2* 21.83 4+ 0.04 min B7(100)
23Th —— B~ 2pa 3/2% 26.975 + 0.013d B~(100) 311.90 & 0.05 38.5+04
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TABLE II. »**Th(n, y) reaction cross-sections at different neu-
tron energies (before and after tailing correction).

Neutron Energy Cross section (mb)

MeV)
Measured Tailing part Final
ENDF-B/VIIL.1 JENDL-4.0
10.95+0.59  14.45 + 3.48 12.56 12.76 1.787
13.97 £0.57 2.79 £ 0.71 1.458 1.706  1.207
14.98 £0.55 3.37 £ 0.69 1.983 2315 1.22
18.99 + 0.65 1.16 £ 0.14 0.579 0.682  0.529

Since 23 Th (¢, »2 = 21.83 min) undergoes B~ decay to produce
23pa (1, 2 =26.97 d), the (n, y) reaction cross sections were
calculated using the 23*Pa characteristic y line of 311.9 keV
measured from 5-7 days cooled spectra. The number of counts
measured from the respective decay spectra of >*3Th, with all
other spectroscopic details taken from Ref. [37], were used in
the equation

Com(FF)
No(®) T, e(1 — ) (e o) (1 — e+’

(or) = (3)
Here, oy is the reaction cross section and the other symbols
have their same meanings as in Eq. (2). Neutron flux (®)
calculated from Eq. (2) is used in (3) for the calculation of
o,. The experimentally measured cross sections for incident
neutron energies of 10.95 + 0.59,13.97 + 0.57,14.98 + 0.55,
and 18.99 4+ 0.65 MeV are 14.45 +3.48,2.79 £ 0.71,3.37 &+
0.69, and 1.16 % 0.14 mb, respectively. Besides the ny group
of neutrons, the n; group and tailing part also took part in
the formation of 2**Th and thus in the population of >**Pa.
Therefore, to calculate the true value of the cross sections, the
contributions from the tailing part of the neutron spectrum must
be subtracted from the measured values. The contributions of
the cross sections due to the tail region of the neutron spectrum
for the »*>Th(n, y) reaction have been estimated using the
ENDF/B-VII.1 [38] and JENDL-4.0 [43] data by folding the
cross sections with neutron flux distributions. The contribution

for the tail region at the neutron energies of 10.95 £ 0.59,
13.97 £ 0.57, 14.98 £ 0.55, and 18.99 +£ 0.65 MeV evaluated
form ENDF/B-VII.1 [38] are 12.56, 1.458, 1.983, and 0.579
mb and from JENDL-4.0 [43] they are 12.76, 1.706, 2.315, and
0.682 mb respectively. Thus the true value of cross-sections
after the tailing correction are 1.787, 1.207, 1.22, and 0.529
mb, respectively. The measured and the final cross-section
values after the tailing corrections are given in Table II. 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, and is found to be
12-25%. The systematic errors are due to uncertainties in
neutron flux estimation (*7%), the irradiation time (*~2%),
the detection efficiency calibration (*3%), the half-life of the
product nuclei, and the y-ray abundances (*2%). The overall
uncertainty in the measurements up to this point is in the
range of 12-25%, coming from the combination of statistical
and systematic errors. Since we have used the >*’Th(n, f)
reaction to measure the flux and all four targets were counted
using the same detector geometry, there exists a correlation
between the efficiency and the cross sections measured at
the four neutron energies. Therefore, to minimize the errors
propagating through various quantities into the measured cross
sections, we have performed covariance analysis for the present
measurement, which is given in the next section. The errors in
the resulting cross sections after the tailing corrections were
calculated using covariance analysis.

IV. COVARIANCE ANALYSIS

A. Uncertainty in detector efficiency

The efficiency of the HPGe detector is determined by using
a standard '>?Eu source. The variation of the efficiency with
y-ray energy for detectors is geometry independent, while their
absolute values depend on geometry. The geometry dependent

TABLE III. Partial uncertainties in the efficiency.

Energy Partial uncertainty (x 10°) due to attributes Total uncertainty (x 10%)
(KeV) C)
r=1(C) r=2(I,) r = 3(Ny) r=4(T))

121.8 0.500127 2.876885 5.807249 0.017511 6.500081
244 0.722310 1.573122 3.361365 0.010135 3.780916
344 0.258827 1.679963 2.528450 0.007624 3.046701
411 0.981793 0.887414 1.728683 0.005212 2.177107
778.9 0.332362 0.603551 1.104305 0.003329 1.301629
867 0.920560 0.634021 1.012019 0.003051 1.507849
964 0.242351 0.380814 0.893612 0.002694 1.001150
112 0.225001 0.403821 0.781149 0.002355 0.907687
1212 0.959746 0.394639 0.663224 0.001999 1.231553
1299 0.748385 0.324648 0.650048 0.001961 1.043093
1408 0.131442 0.241646 0.634347 0.001912 0.691426
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TABLE IV. Covariance matrix (V. x 100) for the detector efficiency.

0.004225

0.001952  0.00143

0.001468  0.00085 0.000928

0.001004  0.000581  0.000437  0.000474

0.000641  0.000371  0.000279  0.000191  0.000169

0.000588  0.00034 0.000256  0.000175  0.000112  0.000227

0.000519  0.0003 0.000226  0.000154  0.000099  0.00009 0.0001

0.000454  0.00026 0.000196  0.000135  0.000086  0.000079  0.00007 0.000082

0.000385  0.000223  0.000168  0.000115  0.000073  0.000067  0.000059  0.000052  0.000152
0.000378  0.000219  0.000164  0.000112  0.000072  0.000066  0.000058  0.000051  0.000043  0.00012
0.000368  0.000213  0.000160  0.00011 0.00007 0.000064  0.000057  0.00005 0.000042  0.000041  0.000048

efficiency of the detector is given by the relation

C

=K, 4
“Nol,e*T At X

where Nj is the disintegration rate of '>>Eu y ray source at the
time of manufacturing, A is the decay constant, T is the time
interval between the date of manufacturing and observation,
I, is the absolute intensity of the particular y ray, and K, is
the correction factor for the coincidence-summing effect [44].
The coincidence summing correction was performed using the
EFFTRAN code [45].

The different sources of uncertainty in the calibration
process, which propagate as the uncertainty in the efficiency
of the detector, are from C, Ny, I,, and T,,. Therefore, the
efficiency of the detector can be written as the function of four
attributes as

e = f(C, Ny, I,,, T12). %)

The uncertainties in the detector efficiency due to the four
attributes can be calculated using the quadratic sum formula
for 11 gamma lines as

(5 =) + (T +(52) s @

& C i N() Jé Vi
where the uncertainty in decay constant is
0.693T;
Ar =2 (7
Ti)p

Further, the covariance matrix for these 11 measurements
is given by

(Vg)ij = Zeirsijré’jr (8)

where §;; is the microcorrelation between ¢;, and e, due to
the rth attribute [46]. The microcorrelations between different

TABLE V. Measured efficiencies with correlation matrix.

E, (KeV) Efficiency Correlation matrix
311.90 0.229286 + 0.002785 1
743.36 0.098438 + 0.001195 0.904 1

attributes have been assigned based on the assumptions given
in Refs. [41,47].

The partial uncertainties related to four attributes are given
in Table III and the covariance matrix (of dimension 11) related
to detector efficiency is given in Table IV. Since the y rays
taken into calculations are different from those taken into
account for efficiency calculations, the detector efficiencies
for “7Zr (E, = 743.36 KeV) and **Pa (E, = 311.90 KeV)
was calculated using the model interpolation [41]

Ingi =Y pu(nE)"", ©)

where p,, is the fitting parameter, m is the order of the
model used for fitting, and E; is the energy of the y lines.
The solution for Eq. (9) can be obtained by considering a
linear model Z = AP, where, Z is a column matrix with
its elements are defined as z; = In¢;, A is the design matrix
with elements, A;,, = (In E;)"~!, and P is the matrix having
elements p,,. Parameters p,, can be estimated using the least-
squares method. The covariance matrix for solution parameters
is given by Vs = (A'V "' A)~!. Now the values of parameters
Pm can be calculated as

P=Vp(AV'2Z), (10)

Vo
(€iej) "
The goodness of the fit can be calculated by x2 = (Z —
AP)’VZ’I(Z—AP) [41]. Using Eq. (10) we obtain P =
(—2.568, —0.860, —0.1383, —0.3045, —0.1088) with x2 =
1.33. The calculated efficiencies and the corresponding cor-
relation matrix for characteristic y lines 311.90 and 743.36
KeV using P and V are given in Table V.

where matrix V. can be obtained using (V);; =

B. Uncertainty in the cross-section measurement

Following the ratio measure technique [48] for covariance
analysis in activation cross-section measurement, by using
Eq. (2) in Eq. (3), we can redefine Eq. (3) for the present
measurement (r) and the monitor reaction (/) as

Crenly, i,
(0) = (¥ ol S (11
Cuerly, fi,
with the time factor f defined as
f=A—e) e )1 —eT)/h. (12)
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TABLE VI. Monitor [?*?Th(n, f)] cross sections [38] and *'Zr
fission yield [40].

TABLE VIII. Covariance matrix (%) and corresponding correla-
tion coefficients for the measured 2*2Th(n, y) cross sections.

E, MeV) Cross section (mb) Fission yield (%)
10.95 213.06 + 3.40 340+0.14
13.97 276.12 +4.43

14.98 298.22 + 5.07

18.99 392.28 4+ 6.66

E, (MeV) Covariance matrix (Vm,.j) Correlation matrix
10.95 4.5342 1

13.97 0.1821 1.20234 0.078 1

14.98 0.1821 0.1821 4.3657 0.041 0.079 1
18.99 0.1821 0.1821 0.1821 2.6055 0.053 0.102 0.054 1

According the quadratic sum formula, the uncertainties are
related to the parameters in Eq. (11) as

2 2 2
Ao, Aa, Aa,,
<0r>_20:<ar)+2a:<am>
(Aam)2 (AYf>2
+ +1 ).
O Yf

a=a(C,e I, f).

13)

Since the decay constant is related to the cross section
through the exponential function, the uncertainty in the time
factor should be propagated from the uncertainty in the decay

constants by
Af\2 AV
(F) =5(5)-

with the relative sensitivity given by

(14)
Atje i MLT)e 0T
S = (—1 ey — )\-tc + —1 D) —1). (15)

In order to reduce the partial uncertainty in measured
efficiencies, we have calculated 1,, , = €,,/€,. The fractional
uncertainty Any, , /N, 1S thus given by var(n,, ,) = var(e,,) +
var(e,) — 2 cov(e€,, €,) and is found to be 0.414%. The fission
yield and the respective uncertainty (4.117%) for *'Zr were
taken from the data by England and Rider [40] and are given
in Tables VI and VII, respectively. The England and Rider
data [40] contains evaluated fission yields, and the respective
uncertainty could be up to & 50%. A similar study has also
been performed by Sivashankar et al. [41] by taking the
977r fission yield for 14 MeV neutrons. Furthermore, one
experimental datum measured by Sadhana Mukerji et al. [42]
using the similar "Li(p, n) reaction as neutron generator, at
the BARC-TIFR Pelletron in Mumbai, gives the uncertainty
in the fission yield for *’Zr as 3.14 4 0.15%, which is similar
to the fission yield data by England and Rider [40]. Since,

the experimental fission yield data are very limited, we are
assuming the 14 MeV fission yield value to be constant in the
neutron energy range 11-19 MeV. The present data can also be
normalized with the available experimentally measured fission
yields in future. The values given in Tables I and VI were
used to calculate the partial error in each attribute. The partial
uncertainties and correlation coefficients from each attribute
in Eq. (11) are summarized in Table VII.

Using the definition given in Eq. (8), the final covariance
matrix (V) is generated by adding all the matrices from each
attribute with the correlation matrix, as given in Table VIII.
The uncertainty in the measured cross sections now can be
calculated by taking the square root of diagonal elements
[(Ves, )1/?] of the covariance matrix. The tailing corrected cross
sections with the calculated uncertainties from the covariance
analysis along with the cross-section values calculated using
ENDF-B/VIL.1 and JENDL-4.0 data libraries and TALYS-1.8
are given in Table IX.

V. RESULT AND DISCUSSIONS

The cross sections for the 22>Th(n, y ) reaction at the average
neutron energies of 10.95 + 0.59,13.97 + 0.57,14.98 £+ 0.55,
and 18.99 £ 0.65 MeV have been measured. The uncertainties
in the present work have been analyzed using the covariance
technique and the ratio measurement method, which is a
well-established procedure for the uncertainty analysis in
neutron-induced reactions. In the present experiment, the cross
sections at each neutron energy, have been measured relative
to the monitor cross section 232Th(n, f). All the attributes,
except for efficiency, involved in the cross-section calculation
of 2*Th(n, y ) have been measured individually in the present
experiment. However, due to the use of the same detector
geometry and the monitor reaction for each measurement, there
exists a correlation between the errors of all the parameters,
which leads to the final covariance matrix, given in Table VIII.
The errors propagated through all the parameters into the

TABLE VII. Fractional uncertainties in various parameters to obtain 2>Th(n, y) cross section.

E, MeV) Partial uncertainty (%)

Cr Cm IVr IVm Mrx f)»r f}»m Yf Ow
10.95 10.755 17.803 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.599
13.97 6.135 7.862 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.603
14.98 6.623 19.277 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.701
18.99 8.496 12.933 1.038 0.0174 0.414 0.0421 0.0443 4.117 1.698
Corr. 0 0 1 1 1 1 1 1 0
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TABLE IX. 2*Th(n, y) reaction cross sections at different neutron energies.

Neutron energy Flux Cross section (mb)

(MeV) nem2s™! Measured ENDF-B/VII.1 JENDL-4.0 TALYS-1.8
10.95 £0.59 5.65 x 10° 1.787 £0.378 1.180 1.495 1.174
13.97 £ 0.57 2.35 x 10° 1.207 £ 0.132 1.153 1.159 1.155
14.98 £ 0.55 1.64 x 10° 1.22+£0.25 0.843 0.923 0.821
18.99 £ 0.65 8.49 x 10° 0.529 £ 0.085 0.214 0.499 0.225

cross-section measurement have also been determined and
are tabulated in Table VIII. The experimentally measured
cross-section data for the 232Th(n, y) reaction at the above
neutron energies were also compared with the values from
the literature [24,28-30,33] and from ENDEF/B-VIII.1 [38]
and JENDL-4.0 [43] data libraries, and are given in Table IX.
Figure 3 shows the present experimental data along with the
literature data [22-24,28-33,49]. The theoretical values from
nuclear data libraries are also used to examine the trend of
cross section within the range of neutron energies of the
present work. It can be observed from Fig. 3 that most of
the experimental data from different authors [22-24,31-33,49]
were concentrated below 6 MeV and the observed trend of
cross section decreases monotonically. Beyond 6 to 7 MeV,
the reaction cross section for 22 Th(n, y ) again increases. The
dip in the >**Th(n, y) reaction cross section around a neutron
energy of 6-7 MeV is due to the opening of >*’Th(n, 2n)
reaction channel, having a threshold energy of 6.44 MeV.
In order to examine this, the 2*Th(n, 2n) reaction cross
section from the literature [24,27-30,50-53] as well as from
the evaluated ENDF/B-VIII.1 [36] and JENDL-4.0 [43] data
libraries are plotted in Fig. 4. It can be seen from Fig. 4
that the 2**Th(n, 2n) reaction cross section increases sharply
from its threshold value of 6.44 to 8 MeV. Thereafter it
remains constant up to the neutron energy of 14 MeV. Thus,
beyond the neutron energy of 8 MeV, the 2> Th(n, ) reaction
cross sections increase up to 10 MeV and then remain nearly

232 233 -~ - ENDF-B-VII/1 ® Naik, etal.- 2011
100 Th(n,y)"Pa ... JENDL-4.0 Mukherji-2012
3 -+=- TALYS-1.8 Default ) Prajapai-2012 ]
B\ ——TALYS-1.8 Modified ¢ Crasta. 2012 ]
B\ Lindner-1976 % Davletshin-19921

A\ N v Poenitz-1978 4 Naik- 2015

\ F Stupegia-1963 <. Bhike-2012

\ - Perkin-1958 @ Present Work

10k \ v * Karamanis-2001 _

Cross-section (mb)

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " b I " 1 " i
8 10 12 14 16 18 20 22
Neutron Energy (MeV)

FIG. 3. Comparison of the present experimental > Th(n, y )**Th
reaction cross sections with the literature data [22-26,28-33,49],
evaluated data [38,43], and theoretical values [54].

constant up to 14 MeV due to the nearly constant value of
the 2*Th(n, 2n) reaction cross section. Beyond the neutron
energy of 14 MeV, the *>Th(n, 3n) reaction channels open up
and thus both the 2> Th(n, y) and 22Th(n, 2n) reaction cross
sections decrease. These observations indicate the partition
of energy in different reaction channels. Since very limited
work has been carried out in this region [28-30,33], the
reaction cross-section data were measured in the present work
and are found to be in good agreement with the literature
data [28-30] and the evaluated data of ENDF/B-VIII.1 and
JENDL-4.0 data libraries. However, the data of Perkin et al.
[33] around a neutron energy of 14 MeV based on the D + T
neutron source are unusually high. This is most probably due
to the contribution of cross sections from low energy scattered
neutrons from the D + T neutron source. We have also tried to
fit the present experimental as well as the literature data using
theoretical nuclear modular code TALYS-1.8 [54] using default
as well as adjusted parameters.

TALYS is a computer code that can be used to calcu-
late the reaction cross-section based on physics models and
parametrizations. In the present work, we have calculated
the 2*2Th(n, y) reaction cross section by using default and
adjusted parameters. All possible outgoing channels in the
neutron-induced reactions of >*Th were considered. The
level density parameters were adjusted accordingly to get a
better agreement with the experimental values and literature
data. In the present calculation, the energy dependence of

3000 L I I B R AR DA
232. 231 - - —ENDF/B-VIII.1
- T Th(n, 2n)™ Th JENDL-4.0
~~~~~ TALYS-1.8 Default
2500 - ﬁ —— TALYS-1.8 Modified |
B Filatenkov-2016
- @ Naik-2011
o 2000 |+ A Prajapati-2012
e Ti I v Crasta-2012
=z F .4 @ Mukherji-2012
S 1500 . 4 Karamanis-2003
B B > Raics-1985 7
2 Butler-1961
b * Perkin-1961
(75} - -
4 1000
<
(@)
500 E
O. 1 PRRTIN NS S R S R 1 PRRTIN N SR R T S W 1

10 12 14 16 18 20 22
Neutron Energy (MeV)

FIG. 4. Comparison of >**Th(n, 2n)**' Th reaction cross sections
with the literature data [24,27-30,50-53], evaluated data [38,43], and
theoretical values [54].
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TABLE X. Default and adjusted parameters used in the TALYS-1.8 calculations.

Parameter CTM collective CTM effective
Default value Adjusted value Default value Adjusted value
for 2>Th(n, y) for 22Th(n, 2n)
o 0.02073 0.02073 0.06926 0.01556
B 0.22953 0.22953 0.28277 0.28277
Vi 0.47362 0.79462 0.4309 0.4309

the level-density parameter plays a very important role. The
level-density parameter (a) varies with energy according to

the equation
B 1 —e vV
T

with U defined as
U=E,— A, )

where a is the asymptotic value of a at high excitation energy
(E), and 8¢ is the shell correction of the nuclear binding
energy, whose magnitude establishes how a is different from
a at low energies. The sign of the shell correction term ¢
regulates whether a (U ) increases or decreases as a function of
effective excitation energy U. A is the energy shift which is
included to simulate the odd-even effects in nuclei, and y is the
damping parameter, which governs how fast A approaches a
andcanbe givenasy = ﬁ + y5. The level-density parameter
shows the presence of shell effects at low energy and their
disappearance at high energy in a phenomenological manner.
The asymptotic value of a is given by

a=aA+ BA*3, (18)

where A is the mass number, and «, 8, and y;, are global
parameters that have been determined to give the best average
level density description over a whole range of nuclides [54].
Table X shows the values of default and adjusted parameters
of TALYS-1.8 calculation used in the present work. As default,
TALYS uses the constant temperature model (CTM, effective +
collective) [55] with “ldmodell” parameters. For the present
case, we have used CTM (collective) with a different set of
parameters as given in Table X. The 22 Th(n, y ) reaction cross-
section values obtained from TALYS-1.8 based on adjusted
parameters are plotted in Fig. 3 and are found to be in good
agreement with the experimental data of the present work
and literature. It can also be seen from Fig. 3 that TALYS-1.8
(default) also satisfactorily reproduces that cross sections over
the entire range (1-25 MeV) of study. Although the cross
sections obtained from TALYS-1.8 (default) are slightly higher
than measured and evaluated data, the trend is reproduced quite
well. Figure 3 also shows that ENDF/B-VIII.1 evaluated data
start decreasing around 15 MeV and are not in agreement
with JENDL-4.0 as well as with TALYS-1.8 data. Moreover,
experimental data also seems to be in generally good agreement
with the latter.

The 2*’Th(n, 2n) reaction cross-section values obtained
from TALYS-1.8 with the default and adjusted parameters are
plotted in Fig. 4. In this case, we have used CTM-effective

while changing single-particle level density parameter g. The
single-particle level density parameter g can be written as g =
A/ Ky, where A is the atomic mass and Ky, is a constant. The
fitting was done using adjusted parameters for CTM-effective
(Table X), keeping Ky, = 10. It can be seen from Fig. 4 that
the 2>2Th(n, 2n) reaction cross-section values from TALYS-1.8
with the adjusted parameters fit very well with the previous
experimental data [24,27-30,50-53].

TALYS uses several models for the calculation of the y-ray
strength function. A standard Lorentzian form describes the
giant dipole resonance shape in the Brink-Axel option [56], in
which the energy dependent y-ray strength function fx.(E,)
for multipolarity £ of type X (type E or M) is given by

2
oxeEy Tk,

(E2 - E},)* + E2T},

Sxe(E)) = Kxq , (19)

where ox¢, Ex¢, and I'x, are the strength, energy, and the
width of the giant dipole resonance, respectively and Ky; =
1/(2¢ + 1)72h?c?. TALYS uses the Brink-Axel option for all
transition types other than E1. For E1 radiation, the default
option used in TALYS is the generalized Lorentzian form of
Kopecky and Uhl [57]. The y-ray strength function for E'l
under Kopecky and Uhl is given by

EyrEl
2
(E)% - E%) + EJ%F%I

JEl(Ey 1) = KEIUEIFE1|:

0.7T 1472 T?
—s | (20)
Eg
the energy dependent damping fator ['z; is given by
Fp=r £y + 4T (21)
e1=1g )
Efy
and the nuclear temperature T [58] is given by
E,+S,—A—E
= [T ’ @)
a(Sn)

where S, is the neutron separation energy, E, the incident
neutron energy, A the pairing correction, and a is the level
density parameter at S,,. The computed y strength parameters
for both the TALYS fits have been calculated and are presented
in Table XI. For E'1 transitions systematic formulas compiled
by Kopecky [59] were used, whereas for E2 transitions the
Brink-Axel options were used as default by TALYS.
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TABLE XI. y-ray strength function parameters for giant dipole
resonance.

Multipole transition y-ray strength function parameters

oo(X0) E(XC) T(XE) K(X¢0)

M1 1.078  6.663 4000 8.67 x 1078
El 687.477 13375 3314 8.67 x 10~%
M2 0.001 6663 4000 5.20x 1078
E2 0569 10238 3314 520x 1078

VI. CONCLUSIONS

The Z?Th(n, y) reaction cross sections were measured
at neutron energies of 10.95 £0.59, 13.97 +0.57, 14.98 &+
0.55, and 18.99 £ 0.65 MeV. The uncertainty in the present
measurements has been calculated with covariance analysis
and is found in the range 10-20%. The results from the present
work are compared with existing literature data along with the
values of ENDF/B-VIII.1 and JENDL-4.0 data libraries and
are found to be in good agreement. The >**Th (n, ) reaction
cross sections were also calculated theoretically by using the

TALYS-1.8 code with default as well as adjusted parameters.
TALYS (default) does not reproduce the experimental data
of the present work and literature as well as the data of
different libraries for the neutron energies within 1 and 7 MeV.
However, for E,, > 7 MeV, TALYS satisfactorily reproduces the
experimental data and is in good agreement with JENDL-4.0.
On the other hand, TALYS with an adjusted set of parameters
satisfactorily reproduces the (n, y) and (n, 2n) reaction cross
sections of 22Th in the entire energy range. The different
decreasing and increasing trends of the (n, y) and (n, 2n)
reaction cross sections of *>Th with neutron energy show the
partition of energy in different reaction channels.
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