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The neutron capture cross section of 232Th was measured at the neutron time-of-flight facility Back-n of China Spal-
lation Neutron Source (CSNS) for the first time. The measurement was performed with 4 hydrogen-free deuterated benzene
CgDg liquid scintillation detectors, in the ES#2 experiment station on the beam line, at a distance of about 76 m from the
neutron-production assembly. The total energy detection principle in combination with the pulse height weighting tech-
nique (PHWT) was applied to analyze the measured data. Results of the 232 Th (n, y) reaction cross section in the unresolved
resonance region from 4 keV to 100 keV were obtained, which shows a good agreement with the existing experimental data
from EXFOR, as well as with the evaluated data from the ENDF/B-VIIL.0 and CENDL-3.1. In addition, the excitation
function of 232Th (n,y)?*3Th reaction in the unresolved resonance region was theoretically calculated by using the code
TALYS-1.95. By fitting the experimental cross section and theoretical data, the average parameters in the unresolved
resonance region were extracted. The datasets are openly available at http://dx.doi.org/10.11922/sciencedb.j00113.00015.

Keywords: 232Th (n,7) cross section, CSNS Back-n facility, C¢Dg detectors, unresolved resonance region
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1. Introduction

Nowadays, the energy of nuclear fission has incompa-
rable advantages in serving the ever growing requirements
for energy and environmental protection. Compared to the
traditional uranium—plutonium fuel cycle, the importance of
thorium-based nuclear fuel has become increasingly promi-
nent because of its excellent breeding capability in both ther-
mal and fast reactors, lesser long-lived minor actinides result-
ing from fission, and abundant reserves of thorium.! Either
the critical or the subcritical system based on Th-U fuel cy-
cle becomes the focus of attention presently, such as the tho-
rium molten salt reactor nuclear energy system (TMSR)!?! and
the accelerator-driven sub-critical system (ADS).’! The de-
sign and development of these innovation nuclear systems re-
quire precise neutron nuclear data of the key isotopes, since
the simulation of the performances for these systems strongly
depends on the cross sections of neutron-induced reactions. In
this scenario, an accurate knowledge of the *>Th (n, y) cross
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section is of great importance in the thorium—uranium fuel
cycle which is based on the fissile *U formed by neutron-
induced capture on the fertile 232 Th.

The TMSR system is designed for thorium-based nuclear
energy utilization and it is committed to achieving the compre-
hensive utilization of nuclear energy.!?! The use of thorium
can significantly reduce the generation of high-level radioac-
tive waste of spent fuel, which is an interesting advantage com-
pared to the uranium fuel. For TMSR, 23 Th is the ‘beginning’
nuclide of the thorium—uranium cycle chains, which makes the
neutron capture data of 23>Th an essential input for the critical
performance and safe operation of the reactor core. In addi-
tion, a sensitivity analysis of nuclear data for the Th-U fuel
cycle in the molten salt reactor shows that a 1% disturbance
of the 23>Th neutron capture cross sections would result in a
0.35% change of the kg for the core system,!*! which makes
the accurate measurement of 232Th (n,y) cross section impor-
tant for serving the neutron nuclear data requirements of the
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TMSR system.

The available data of >>Th (n, y) cross section are mainly
from evaluated nuclear data libraries or existing experimen-
tal data included in EXFOR. In recent years, several mea-
surements of 232Th (n,y) cross section have been performed
using the time-of-flight technique at different white neutron
sources, e.g., n_TOFP-% and GELINA.[78] Although most of
these experiments were carried out with high precision, the
discrepancies of 23>Th (n, y) cross sections still exist and can-
not be ignored. The Back-n facility!®!! is a newly built time-
of-flight spectrometer at the China Spallation Neutron Source
(CSNS),['12] wwhich has been constructed with the aim of
studying the neutron-induced reaction cross section for sup-
porting the eminent demands for an enhanced nuclear database
in China.!'” With a wide neutron energy spectrum, high neu-
tron flux, and high time resolution of the Back-n facility, it mo-
tivates a 23>Th (n, ) cross section experiment with high accu-
racy. No other work of the 232Th (n, ) cross section measure-
ment has been performed at this facility before. The present
work reports the data analysis procedure and the results of
232Th (n,7) cross section in the unresolved resonance region
(URR) from 4 keV to 100 keV. The values of the experimen-
tal cross section are included in the supplementary materials
(SM) in the form of excel files, which are openly available at
http://dx.doi.org/10.11922/sciencedb.j00113.00015. Because
the data analysis and the type of result presentation in the re-
solved resonance region (RRR) are significantly different from
those in the URR, the results in the RRR will be described in
detail in another literature to be published.

The rest of this paper is organized as follows. Section 2
provides a description of the experimental details. The data
analysis procedure is described in Section 3. In Section 4, the
results of experimental cross section are given and discussed.
The excitation function of 2*Th (n,y)>**Th reaction calcu-
lated by using the theoretical code TALYS!!3 is presented.
In addition, the parameters used to describe the average cross
section in the URR are also given in this section. The conclu-
sions are presented in Section 5.

2. Experimental details

The measurement of 2*>Th (n, ) cross section has been
performed at the Back-n time-of-flight facility of CSNS op-
erated with the double-bunch mode. At Back-n, the primary
neutrons are generated by spallation reactions induced by a
1.6 GeV/c proton beam impinging on a tantalum-cladded and
water-cooled sliced tungsten target.!!*! These primary neu-
trons are subsequently moderated by the spallation target it-
self and the surrounding moderators until they enter the evac-
uated neutron transport tube of the Back-n facility. Two ex-
perimental stations are located on the beam line at flight path
lengths of approximately 55 m (ES#1) and 76 m (ES#2) from

the spallation target. The present *’Th (n,?y) measurement
was performed at station ES#2, taking advantage of the low
Y-rays background and excellent neutron energy resolution. A
detailed description about the characteristics of the Back-n fa-
cility can be found elsewhere.!!%1®) The Monte—Carlo calcu-
lation indicates that the time resolution is better than 1% at
the experimental station which is located about 80 m away
from the tungsten target in the energy range of 1 eV-1 MeV
when the accelerator works in the single-bunch mode.!'*!3]
Therefore, the neutron energy can be accurately deduced by
the time-of-flight technique.

A disk-shaped 2*2Th sample of 0.82 mm in thickness, cor-
responding to 1.819x 10~3 atoms/barn was used for the mea-
surement. A natural carbon sample with the same diameter
was used to evaluate the background resulting from sample
scattered neutrons. In addition, a gold sample, as a standard
isotope whose (n,7) cross section is well-known, was mea-
sured under the same condition to verify the data analysis pro-
cedure. The characteristics of the samples are listed in Table 1.
Besides, an empty holder measurement was also carried out in
order to estimate the background that is independent of the
232Th sample.

Table 1. Characteristics of samples.

Sample  Shape  Diameter (mm) Mass (mg) Chemical form
YAu disk 30 12680 metal
Z2Th  disk 30 4953 metal

natc disk 30 1300 graphite

The prompt y-rays from the neutron capture of 232Th
were detected with four hydrogen-free deuterated benzene
C¢Dg liquid scintillation detectors, which have been widely
used for high resolution neutron capture cross-section mea-
surements at the time-of-flight facilities by using the total en-
ergy detection principle in combination with the pulse height
weighting technique (PHWT).['7-1%1 Figure 1 shows the C¢Dg
detector system which consists of four C¢Dg detectors, one
aluminum detector bracket and one sample holder. The type
of the liquid scintillator in the C¢Dg detectors is EJ315, and
the aluminum shell wrapped around the scintillator is approx-
imately 13 cm in diameter and 7.62 cm in thickness. In addi-
tion, an ETEL 9390KEB photomultiplier tube covered by an
aluminum shell is directly mounted onto the scintillator. The
four C¢Dg detectors were installed at an angle of 110° relative
to the direction of the neutron beam and about 15 cm (distance
between the detector center and the sample center) upstream
from the capture sample. Such experimental setup with back-
ward angular of the detectors can sufficiently reduce the back-
ground resulting from scattered neutrons from the sample and
the neutron beam dump.

The calibration of the C¢Dg detector system was per-
formed by measuring the response to three different radioac-
tive sources of 137Cs (662 keV), 22Na (551 keV and 1274 keV)
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and 238Pu/'3C (composite source, 6129 keV). Geant4 Monte—
Carlo simulation together with experimental measurement of
the deposited energy spectra of each source were performed
for the detectors. The calibration results are reported in the
literature. [2°!

Fig. 1. C4Dg detector system at Back-n.

The data acquisition system records the full pulse shape
using flash ADCs with 1 GS/s sampling rate and 12 bits res-
olution. A trigger signal from the pulsed proton beam starts
the data acquisition, and all trigger signals from each proton
pulse are recorded in the raw data for off-line analysis. The
preprocessed data including neutron time-of-flight (TOF) and
pulse height spectra (PH spectra) of gamma from the C¢Dg
detector are extracted from the raw files with the data analysis
framework ROOT.[?!]

3. Data analysis

The neutron capture yield Y (E,) as a function of the inci-
dent neutron energy E, is determined by

C(En) —B(Eq) = P(En)Y (En)ec(En), (1)

where C(E,) and B(E,) are the respective counting spectra
measured by the C¢Dg system for the sample and the back-
ground. & (E,) is the efficiency of the detector system to de-
tect a capture event, and P(E,) is the neutron incident flux.
The determination of neutron energy, the deduction of differ-
ent background components, the correction of detector effi-
ciency and the determination of incident neutron flux are de-
scribed in the following sub-sections.

3.1. Determination of neutron energy

At Back-n, the kinetic energy of a detected neutron is de-
duced from the length of the flight path (L) and the flight time
(T,,) of the neutron via the classical formula

112
En = Emn ﬁ . (2)
Experimentally the flight time 7}, is derived from the time dif-
ference between the neutron production and the detection of
reaction products (the y-rays in capture measurement). As the
flight time of the so-called y-flash which originates from the

proton spallation reaction can be accurately determined by the
distance (Lg) between the outer surface of the spallation target
and the front face of the detector, it is usually used as a time
reference in TOF measurements. The TOF of each neutron is
given by

L
T,1=7;—Ts+7°, 3)

where T. is the stop signal that represents the moment of the
observed time of neutrons, T is the start signal which ori-
giantes from the arrival of the y-flash at each detector. Ly/c
is the time spent of y-ray’s transport in the vacuum tube. The
flight path length L is the sum of the fixed distance Ly and
an energy-dependent term AL that results from the neutron
moderation process in the spallation target. In this work, L
was calibrated by using a measurement of standard resonances
of 17Au and an average length of about 76.69 m was used

[221 The measurements of the

[23,24]

to calculate the neutron energy.
197 Au(n, y) cross section can be found in the literature.
For obtaining the experimental counting spectrum, a series of
parameters were extracted and analyzed from the digital wave-
forms of the C¢Dg detectors, i.e., the amplitude, the baseline

and signal area.!>!

3.2. Background deduction

An accurate evaluation of the backgrounds is of great im-
portance for this work. The dedicated study on background
for neutron capture cross section measurements with CgDg de-
tectors at Back-n can be found in the literature.>>! Figure 2
shows the experimental counting spectra mesured by different
samples, which are all normalized by the counting of a Li—Si
monitor detector. Several types of backgrounds contribute to
the present measurement, which can be calculated by

B(En) :BO +Bem(En)+Bs(En)~ (4)

The time-independent background By mainly comes from
the natural environment, the radioactivity of the 232Th sam-
ple and the activation of materials around the detector system.
This background has been estimated by a series of measure-
ments with the accelerator shutting down.

L — Th _
— Empty holder
natC sample

Counts (Li—Si counts™1)

Neutron energy (MeV)

Fig. 2. Counting spectrum of 232Th sample, accompanying with differ-
ent components of background.
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The sample-independent background Bem (E,) originates
from the neutron beam reactions with anything other than the
232Th sample. Namely, it represents all the effects caused by
the neutron beam but not by the sample. This background
component is evaluated by a measurement of empty-sample
holder with the neutron beam switched on.

Another source of background Bg(E,) is attributable to
the neutrons scattered from samples. Some scattered neutrons
would be thermalised and captured by the materials around the
detectors. The resulting y-rays are recorded by the C¢Dg¢ de-
tectors and will inevitably contaminate the capture yield from
the 2%2Th sample. This background can be evaluated by a
measurement of a natural graphite sample ("'C) which has
a quite small capture cross section but a considerably high
scattering cross section. For calculating the scattering neu-
tron background of thorium, a ratio 1 that represents the dif-
ference between the scattered neutrons from the >Th sample
and the "™'C sample is calculated by the Geant4 Monte—Carlo
simulation.[?®) This background component can be expressed
as

By(En) = N (Nc(En) — Nem(En)), )

where Nc(E,) and Ngm(E,) represent the experimental spec-
tra of the graphite sample and the empty holder, respectively.
Figure 3 shows the ratio 1) as a function of neutron energy,
which was obtained by simulating the number of the scattered
neutrons entering the detectors from the 23>Th sample and the

16.25.27] The ratio 7 is related to the atomic density

NaLC sample.
and the neutron scattering cross section of the samples. And
the product of 1 and the experimental spectra of the "C sam-
ple were used to evaluate the scattered neutron background of
232Th. The systematic uncertainty ascribed to the background
deduction propagates into the final capture yield according to
the signal-to-background ratio. By comparing the TOF spectra
measured with the empty holder and the 23> Th sample, an un-
certainty of about 1.5%—1.9% was deduced in the URR from
4 keV to 100 keV.[28:2]

10t

S 100

10~ v vyl vl el il
10-6 10— 10-* 10-3% 10-2 10-' 1Q°
Neutron energy (MeV)

Fig. 3. Ratio 7 as a function of neutron energy.

3.3. Detector efficiency

The y-ray detection from a neutron capture event is re-
lated to the de-excitation path of a compound nucleus, which
means that the actual count directly observed in the detec-
tor system is not equal to the count of capture events ex-
pected. Considering the multiplicity of the y-ray cascade, the
PHWT!!7-19] has been applied in the data analysis procedure,
which is based on the following two conditions:'?! (1) the ef-
ficiency to detect y-rays (&) must be low enough to assure
that at most only one y-ray of a capture cascade is detected at
a time. The total efficiency to detect a capture event (&) can
be approximately calculated by

80:1—H(1—£y,-)z28y,-. (6)

L
(2) &; is proportional to the register y-ray energy Ey;, i.e.,
&y = kEy;. Therefore, the efficiency & becomes

g ~ kY Eyi ~KEy = k(So+ Enc), (7)
i

where E, represents the excitation energy of the compound nu-
cleus system, which equals the sum of neutron binding energy
Sy and incident neutron kinetic energy E, .. With Eq. (7), the
detection efficiency is independent of the details of the y-ray
cascade path and becomes neutron energy-dependent. Unfor-
tunately, for the C¢Dg detector system, €y; is small enough but
it is not directly proportional to the y-ray energy. Therefore,
the correction of the detector efficiency to ¥ ray is indispens-
able.

The original efficiency to detect a Y ray is related to the
detector response function R(E4) via

&= [ R(Es)dE, )

where Ej4 represents the energy deposition in the detectors, and
R(Ey) is the probability distribution of the deposited energy.
To achieve the proportionality between the 7y-ray efficiency
and the y-ray energy, a mathematical manipulation based on
Monte—Carlo simulations is used. The detector response func-
tions for different y-ray energies are artificially weighted by a
proper weighting function (WF), and the y-ray efficiency be-
comes

£y = / R(Eq)WF(Eq)dEq = kEy;. ©)

Fig. 4. Geometry of the detector system used in Geant4 simulation.
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In this work, the WF is determined by simulating the
detector response functions of a series of monoenergetic -
rays released from the sample using the Monte—Carlo toolkit
Geant4.[?%! The detailed geometry of the complete experimen-
tal set-up including the detectors and sample, displayed in
Fig. 4, is taken into account in the simulation. The details
on the applications of PHWT and the calculatios of WF for
the C¢Dg detector system at the Back-n beam line of CSNS
are explained extensively in the literature®”! and references
therein.

Figure 5 shows the detector efficiency before (Fig. 5(a))
and after weighting (Fig. 5(b)). The ratio Q (Fig. 5(c)) between
the weighted efficiency and 7y-ray energy is usually used to es-
timate the quality of PHWT. An expected value of 1 for Q at
different incident y-ray energies shows a great rationality of
the weighting function in the energy range of interest. The de-
viation at low energies is caused by that the threshold of y-ray
energy used in the simulation is 150 keV, and the detectors are
impossible to record valid signals at the low energy due to the
experimental limitations.

> ' (a) ]
Q L 4
g 0.05[ .
S [ ]
S - -
T 0.04pH y
= r ]
S ¥ 1
@0.03; -
T i ]
= 0.02( 7
=] ]
b ]
R o
12F 3
> L ]
2 10 .
L [ ]
Q -
£ 8 ]
[0} o i
o 6F ]
2z b ]
S ]
s 2f 7
0: 1 1 1 1 1 1 _:
O B e O T B

(c)
1.0F .
0.8F .
0.6 1
< 0.4 .
0.2 9
...I...I...I...I...I...I.T

0 2 4 6 8 10 12
E (MeV)

Fig. 5. Detector efficiency before (a) and after weighting (b). By the
weighting procedure, the ratio between the detector efficiency and y-ray
energy is equal to 1 (c).

After the correction of the detector efficiency, the experi-
mental capture yield Y (E,) is calculated via

Cw(En) _BW(EH) = (D(En)Y(En)kEm (10)

with Cy, and By, being the weighted count spectra of the sample
and the background. The proportionality constant k is taken
equal to 1 MeV~!. ®(E,) and E, in Eq. (10) have the same
meaning as in Eqs. (1) and (7), respectively. In this way, the
experimental neutron capture yield can be calculated without
considering the actual cascade path. Several systematic effects
related to the PHWT contribute to the final yield, i.e., the ef-
ficiency of more than one y-ray detected in a capture cascade
(see Eq. (1)), the adequacy of the WF used, the reduction of
cascade y-ray due to the electron internal conversion process,
the count loss due to the energy threshold and so on. These ef-
fects have been discussed extensively in the literature, [!3-20-30]
and the systematic uncertainty of the experimental neutron
capture yields from the PHWT is about 2%.['8]

3.4. Neutron flux and normalization

Although ®(E,) is crucial for the calculation of the cap-
ture yield (see Eq. (10)), the absolute value of neutron flux
incident on the sample is unknown in the capture cross section
measurement. This issue is solved by the so-called saturated
resonance technique. 3]

In the previous work, the 2>3U/?*U multi-layer fission
ionization chamber (MFC) based on the 2°U (n,f) reaction
was used to measure the relative energy dependence of neu-
tron flux (i.e., the source neutron energy spectrum) up to hun-
dreds of MeV.[32] And at neutron energies below 10 keV, the
Li-Si neutron monitor based on the detection of °Li(n, t)*He
reaction product was applied to measure the flux with less ob-
vious resonance structures. >3 The relative neutron flux (see
Fig. 6) adopted for the calculation of capture yield is the point-
wise data from the experimental results of these two detec-
tors, with an overall systematic uncertainties about 8% for
neutron energies between 4 keV to 100 keV. More details on
the neutron energy spectrum evaluation can be found in the
literature. 32331 As shown in Fig. 6, this spectrum is a combi-
nation of the measurement results in ES#1 and ES#2, and it is
widely used in the capture measurements at Back-n at present.
The fluctuation in the measured flux, especially at low ener-
gies, is related to the resonance structure of the materials in
the neutron beam and the detector.

In the data analysis of >>2Th (n, ) cross section measure-
ment, the absolute normalization of the capture yield is de-
termined by the nearly saturated resonance at E, = 23.5 eV
of thorium, with a peak transmission of about 0.3%. At this
resonance energy, the macroscopic total cross section is large
enough (noy > 1) to ensure that all incident neutrons can in-
teract with the sample so that the neutron transmission can be
negligible. And the neutron width is much smaller than the
capture width (I, < I), which ensures that all the incident
neutrons in the vicinity of this resonance energy get captured
by the sample. Therefore, the neutron capture yield (including
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the neutron multiple scattering effect) at the resonance energy
is close to unity. To evaluate the systematic uncertainty of
the normalization, the experimental data should be fitted using
different resonance parameters based on a rigorous theoretical
analysis.[”®] However, in the present work, a systematic uncer-
tainty of about 1% is given for the self-normalization by sim-
ply comparing different normalization cofficients obtained by
the experimental yield and theoretical yield at the resonance
top.'**! This uncertainty is also correlated to the accuracy of
the shape of the neutron flux, which will be discussed in detail
in the following section.

105 [T ey

104

103

10?

10!

— Measured by MFC
100 — Measured by Li—Si monitor

Intensity (neutrons/cm?/s)

10-6 104 102
E (MeV)

ul ul ul
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Fig. 6. Source neutron spectrum measured by Li-Si monitor detector (red
line) and by 235y/238y multi-layer fission ionization chamber (blue line).

4. Results and disscussion
4.1. Determination of the (n, y) cross section

The capture yield Y (E,) in a capture experiment is related
to the capture cross section o, and the total cross section o; via
the following formula:

o.(Ep)

Y(En) = (1 - eiNdoﬂEn)) o, (E )

felEn), (11)
where N is the atomic density of the sample, d is the sample
thickness, and the capture yield Y (E,) is calculated through
Eq. (10) which has been described in detail in Section 3. In the
(n, ) cross section measurement, the correction u(E,) of neu-
tron multiple scattering and self-shielding effect in the sample
must be made for the sample with a finite thickness, which is
calculated by

(1 _ e—Ndca(En))

”(En) = fc(En) W»

12)
where f.(E,) is the energy-dependent factor for multiple scat-
tering correction, and the term in the parenthesis of the right
side of Eq. (12) accounts for the self-shielding effect. As
it is difficult to deduct the contribution of these two effects
through experiment, the correction is generally obtained by
Monte—Carlo simulations!®! or analytical approaches.*! In
this work, we used again the Geant4 code to calculate the mul-
tiple scattering correction f(E,). Combined with the calcula-
tion of Eq. (12), the result of the correction factor u(E,) was

obtained and it ranges from about 1.036 to 1.067 for the 2>>Th
sample from 4 keV to 100 keV. Then, the average capture cross
section (0¢(Ey,)) of 2*Th was derived from the corrected av-
erage capture yield (Y (E,)) via

(Y (En)) = u(En)Nd(0c(En)).- (13)

4.2. Discussion of results and uncertainties

The results of this work and several experimental data
from the previous measurements are plotted in Fig. 7, accom-
panying with the evaluated data from the Evaluated Nuclear
Data File Version B-VIIL0 (ENDE/B-VIIL0),37) as well as the
Chinese Evaluated Nuclear Data Library (CENDL-3.1).[38]

In addition, the 2*’Th (n, y) reaction cross-sections in the
unresolved resonance region from 4 keV to 100 keV were
also theoretically studied by using the computer code TALY S-
1.95U31 with default parameters. TALYS is an open source
software package for prediction and analysis of nuclear reac-
tions. It can calculate the nuclear reactions that involve neu-
trons, photons, protons, deuterons, tritons, 3He- and alpha-
particles, in the 1 keV=200 MeV energy range for target nu-
clides of mass 12 and heavier.['3] The calculation of TALYS
is not used as a fitting of the measured result in this work,
but as a prediction for nuclear reactions and neutron nuclear
cross section in the URR. In this work, all possible exit re-
action channels and all associated cross sections of n-+2>3>Th
reaction at different neutron energies were taken into account
and the cross section of the 23>Th (n, y) reaction was extracted
and analyzed. The results of theoretically calculated excita-
tion function are also shown in Fig. 7. All the cross section
data are included in the SM and the datasets are openly avail-
able at http://dx.doi.org/10.11922/sciencedb.j00113.00015.

T T
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e
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Cross section (mb)

Fig. 7. Comparison of the present experimental data, several exist-
ing data from EXFOR, the evaluated data from ENDF/B-VIIIL.O and
CENDL-3.1, and the theoretical calculation data from TALYS. In order
to keep the figure readable, the uncertainties for the existing experimen-
tal data are omitted.

As presented in Fig. 7, it can be seen that the trend of
the present measurement data is consistent with the theoret-
ical calculation results from TALYS and the evaluated data
of ENDF/B VIILOB7! and CENDL-3.15% in the URR from
4 keV to 100 keV. The theoretical cross sections calculated by
TALYS using the default parameters are slightly lower than the
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evaluated data. Although the neuton energy region at Back-
n is expanded to tens of MeV, the results here are limited to
about 100 keV because the system uncertainties increase sig-
nificantly at higher energy. Compared with the data measured
by Aerts et al.’! at n_TOF and by Broella ef al.®! at GELINA,
the present measured data shows a greater deviation and fluc-
tuation with the evaluated data. The structures of the neutron
spectrum cannot be excluded as an important contribution to
the fluctuation since these are greater than those in the tho-
rium data. The similar fluctuations also exist in the measure-
ments of other samples.[?*?*! Another important reason for the
discrepancy between our data and the existing data is the dif-
ferent normalization procedures. In the present measurement,
the capture yield is normalized by a saturated resonance at the
low neutron energy so that the structure of the energy spec-
trum at around this energy will inevitably disturb the accuracy
of normalization. It is worth considering a new specialized
measurement of the source neutron spectrum to offer more ac-
curate data in the future. However, it is hard for us at present
to evaluate the systematic uncertainty of normalization which
is combined with the shape of the neutron flux. In addition, the
new capture experiments of other isotopes recently performed
at Back-n have indicated that the in-beam Y background re-
sulted from the neutron captures on hydrogen in the spallation
target assembly may lead to the discrepancy of experimental
cross section, which is worth exploring in our newly planned
measurement.

The uncertainty of the present measurement originates
from several components, including the statistical and system-
atic uncertainties. The statistical uncertainties are evaluated by
the formula of N~ for N events in an energy bin. Thanks to
the high neutron flux and the adequate measurement time pro-
vided by Back-n, the statistical uncertainties in the URR are
less than 1%. The contributions of systematic uncertainties
can be inferred from the experimental data analysis procedure
and have been described in Section 3. These components are
listed in Table 2. It can be concluded that the systematic un-
certainty related to the energy dependence of the neutron flux
plays a dominant role in the URR. The total uncertainties are
shown in Fig. 7 in the form of error bars on the measured cross
sections.

Table 2. System uncertainties in the measured capture cross section.

Contributions Uncertainty
PHWT 2.0%
Neutron flux shape 8.0%

Background subtraction 1.5%-1.9%
Normalization 1.0%

4.3. Average parameters

In the unresolved resonance region, the cross section is
parameterized by the statistical models. Fictitious resonances
are generated to characterize the average cross section, which

is a substantially different way to describe the cross section
in the RRR, with a set of individual resonance parameters for
each resonance peak. The fictitious resonances described by
the average parameters enable the calculation of cross section,
which are essential for the neutron transport calculations of re-
actors. Hence, it is crucial to extract and analyze the average
parameters from the measured cross section.

In the URR, the average cross section {0,./) for a neutron-
induced reaction from the entrance channel c to the exit chan-
nel ¢’ can be expressed as

<GCC’> = na’czgc«scc’ _UCC')>? (14)

where U, are the average collision matrixes and they are re-
lated to R matrix through some intermediate parameters. The
main parameters for the determination of capture cross sec-
tion in URR include the mean level spacing D;, the neutron
strength function S;, the average radiation width (1'5,>l and the
effective scattering radius R’. The subscript [ is the orbital an-
gular momentum of the incident channel.

The code FITACS, which has been integrated into
SAMMY-MS5,39 was used to fit the capture cross section
based on the Hauser—Feshbach theory with width fluctuations.
In this code, the energy dependence of the radiation widths
is specified via the giant dipole model, and of the mean level
spacing for s-waves via the Gilbert—-Cameron composite for-
mula. The mean spacings for / > 0 are given via the Bethe
formula and Moldauer prescription is used for partial cross

s.130] Generally, a simultaneous fit including the data

section
sets of different types of reaction cross sections is recom-
mend to determine the average resonance parameters. In this
work, we used only the present capture data. In order to ob-
tain realistic results, the initial values of the varied parame-
ters should not diverge outside of the constraints of the theory.
The starting values of neutron strength functions for s-wave
(So = 0.87 x 10~%) and p-wave (S; = 1.90 x 10~%) are taken
from the literature, ! and that for d-wave (S, = 0.89 x 10~%)
is adopted from the literature.5! The average radiation width
(I'y); for I = 0-2 and the mean level spacing for [ =0 (Dy =
17.2 eV) are also obtained from the literature.®) In addition,
the distant-level parameter R is obtained via R* =1—R'/a,
where R’ is the effective scattering radius and a represents the
channel radius with the units of Fermi. For the effective scat-
tering radius, we obtain value R’ = 9.65 fm from the Atlas of
Neutron Resonance.*?! And the channel radius a is calculated
through a = 1.23(JA/m,]'/? 4 0.8). Finally, the related initial
value of s-wave distant-level parameter R™ is —0.13.

Other fixed input parameters such as the neutron bind-
ing energy, the pairing energy, the center-of-mass excitation
energy, spin, and parity for different target levels are adopted
from the Evaluated Nuclear Structure Data File (ENSDF) of
the National Nuclear Data Center (NNDC). The final fitted re-
sults are shown in Fig. 8. The strength functions for s-wave
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and p-wave resonances are both fixed during the fitting. The
fitting parameter results are S = 1.15x 1074, (I})o = (I3)2 =
23.9 meV, and (Iy); = 25.8 meV.

— Present work (evaluation)
— ENDF/B-VIII.0

— CENDL-3.1

—— Experimental cross section (Back-n) |

103

Cross section (mb)

102

104 10°
Neutron energy (eV)

Fig. 8. Experimental cross section and the result of evaluation.

5. Conclusion

The 232Th neutron capture reaction cross section has been
measured at the Back-n facility of CSNS using the C¢Dg lig-
uid scintillation detectors for the first time. A detailed de-
scription of the data analysis procedure and the system un-
certainty evaluation was given. The 2*Th (n, ) cross section
data in the unresolved resonance region from 4 keV to 100 keV
were compared with the code TALYS, several existing data
from previous measurements, the data from ENDF/B-VIIL.O
and CENDL-3.1 evaluation database and were found in con-
sensus. The average parameters in the unresolved resonance
region were also obtained by using the code FITACS to fit the
experimental cross section and that generated via the theory.
The present measurement could offer an important reference
for the experimental design of neutron capture cross section
measurement at the Back-n facility. Further measurements
will be prepared to mitigate the fluctuation and improve the
accuracy of experimental cross section.

Data availability

The data that the this
study are openly available in Science Data Bank at
http://dx.doi.org/10.11922/sciencedb.j00113.00015.
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