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Abstract
The fission yield data about neutron induced fission of 232Th play a crucial part
in generation-IV thorium- based molten salt breeder reactor designs and evalu-
ation the impact of decay heat in nuclear fuel cycle scenarios. The 232Th(n,f)
reaction cumulative fission product yields were measured at the average neutron
energy of 2.8 MeV using the activation method and off-line 𝛾-ray spectromet-
ric technique. The 2.8 MeV quasi-monoenergetic neutron beam was provided
the CPNG-600 Cockcroft Walton accelerator based on D(d,n)3He reaction at
the China Institute of Atomic Energy (CIAE). The neutron fluence fluctuation
was determined using the associated 3He particle method. The induced 𝛾-ray
activities of cumulative fission products were measured by a low background
with a high purity germanium (HPGe) 𝛾-ray spectrometer. Following sufficient
consideration and corrections the sources of uncertainty, high precision cumu-
lative yields of nine fission products were obtained. Our cumulative FPYs for
the 232Th(n,f) reaction at 2.8 MeV were compared with the existing experimen-
tal nuclear reaction data and evaluated data of ENDF/B-VIII.1, JEFF-3.3 and
JENDL-5 in a wide range of neutron energies. Meanwhile, cumulative FPYs of
232Th(n,f) reaction was also calculated using the TALYS-1.96 code to contrast
and analyze the result with the present data. The experiments have produced
valuable results on FPYs for 232Th in neutron fields of 2.8 MeV neutron energy.
The results also enable an update of the cumulative FPYs by incorporating the
latest nuclear data (emission intensities and half-lives), along with a detailed
discussion of the associated uncertainties. The fission yield data will be pro-
vided valuable insights for the design of Gen-IV reactors and the establishment
of evaluated fission yield databases.
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Full Text
Preamble
Cumulative fission product yields measurements with 2.8 MeV quasi-
monoenergetic neutron induced fission of 232Th

Bo Gao1, Chang-lin Lan1,†, Bo Xie1, Gong Jiang1, Jia-hao Wang1, Yan-liang
Chang1, Kuo-zhi Xu1, Jiang-long Pan1, Yu-ting Wei2, Xiao-dong Pan1, Yang-bo
Nie3, Shi-long Liu3, Xi-chao Ruan3, Yi Yang3, and Ke-liang Shi1
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Fission yield data for neutron-induced fission of 232Th play a crucial role in
Generation-IV thorium-based molten salt breeder reactor designs and in evalu-
ating the impact of decay heat in nuclear fuel cycle scenarios. The cumulative
fission product yields (FPYs) for the 232Th(n,f) reaction were measured at an
average neutron energy of 2.8 MeV using the activation method combined with
off-line 𝛾-ray spectrometry. The 2.8 MeV quasi-monoenergetic neutron beam
was provided by the CPNG-600 Cockcroft-Walton accelerator based on the
D(d,n)3He reaction at the China Institute of Atomic Energy (CIAE). Neutron
fluence fluctuation was determined using the associated 3He particle method.
The induced 𝛾-ray activities of cumulative fission products were measured with
a low-background high-purity germanium (HPGe) 𝛾-ray spectrometer. Follow-
ing thorough consideration and correction of uncertainty sources, high-precision
cumulative yields were obtained for nine fission products.

Our cumulative FPYs for the 232Th(n,f) reaction at 2.8 MeV were compared with
existing experimental nuclear reaction data and evaluated data from ENDF/B-
VIII.1, JEFF-3.3, and JENDL-5 across a wide range of neutron energies. Ad-
ditionally, cumulative FPYs for the 232Th(n,f) reaction were calculated using
the TALYS-1.96 code to contrast and analyze the results with our experimental
data. These experiments have produced valuable results on FPYs for 232Th
in 2.8 MeV neutron fields. The results also enable an update of the cumula-
tive FPYs by incorporating the latest nuclear data (emission intensities and
half-lives), along with a detailed discussion of the associated uncertainties. This
fission yield data will provide valuable insights for the design of Gen-IV reactors
and the establishment of evaluated fission yield databases.

Keywords: 232Th(n,f) reaction, D-D neutron source, Activation method, Cu-
mulative fission yield

chinarxiv.org/items/chinaxiv-202510.00160 Machine Translation

https://chinarxiv.org/items/chinaxiv-202510.00160


Introduction
Energy sources constitute a critical material foundation for national economic
development. The current global energy structure remains dominated by fos-
sil fuels such as coal, oil, and natural gas. Heavy reliance on fossil fuels leads
to greenhouse gas emissions, particularly carbon dioxide (CO2), which is the
primary driver of climate change. Furthermore, the finite and non-renewable
nature of fossil fuel resources poses significant risks to energy security. As a low-
carbon, energy-dense power source, nuclear energy represents a critical pathway
for sustainable development, making its expansion consistent with worldwide
energy transition strategies. The Thorium Molten Salt Reactor (TMSR), rec-
ognized as one of the six internationally acknowledged Gen-IV nuclear reactor
technologies, has attracted significant attention due to its abundant fuel reserves,
inherent passive safety features, waste minimization potential, and unparalleled
modularity.

On April 21, 2025, the Chinese Academy of Sciences (CAS) announced a signif-
icant breakthrough in nuclear energy technology: the TMSR project has tran-
sitioned to thorium-based operation, marking the first deployment of a liquid-
fueled Gen-IV reactor in Wuwei, Gansu Province. TMSR operation is based
on the efficient utilization of the thorium-uranium fuel cycle (232Th-233U). In
contrast to the conventional uranium-plutonium fuel cycle (based on 235U/238U-
239Pu), TMSR employs thorium-232 (232Th) as a fertile material, which is trans-
muted into the fissile isotope uranium-233 (233U) through the nuclear reaction
process 232Th + n → 233U, thereby enabling a sustainable fuel cycle mechanism
for nuclear power generation. As a key transmutation nuclide in the 232Th-233U
fuel cycle, relevant nuclear data for 232Th provide essential support for TMSR
development and technological applications. Fission product yields, as a crucial
component of nuclear data, represent one of the key research priorities in neu-
tron nuclear data studies. Accurate reference data on 232Th FPYs are vital for
fission energy calculations, burnup analysis, neutron flux estimation, and safety
assessments in TMSR. Notably, fission product yields serve as key indicators
for quantifying fission events in neutron-irradiated samples [?].

In contrast to the 235U/238U-239Pu fuel cycle, existing yield nuclear data for
the 232Th-233U fuel cycle are limited overall. The EXFOR nuclear reaction
database documents over 30 experimental datasets reporting cumulative FPYs
across neutron energies spanning 0.025 eV to 14.8 MeV. However, available
measurements are predominantly concentrated in the D-T energy range, while
data for D-D energies remain notably insufficient [?].

In the D-D neutron source energy range, as illustrated in Fig. 1 [Figure 1: see
original paper], K.M. Broom (1964) [?] conducted experimental determinations
of cumulative FPYs induced by 2.95 MeV neutrons for products spanning 91Sr
to 139Ba, while D.L. Swindle et al. (1971) [?] subsequently measured fission
products ranging from 77As to 156Sm. In reactor environments, A. Turkevich
et al. (1951) [?] measured cumulative FPYs for isotopes ranging from 72Zn to
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144Ce at an average incident neutron spectrum energy of 2.70 MeV. Similarly,
H.N. Erten et al. (1981) [?] determined cumulative FPYs for products between
77Ge and 153Sm at 3.30 MeV, while A.E. Richardson et al. (1986) [?] reported
cumulative yields for 83gSe and 130gSb at 3.35 MeV.

Fig. 1. Cumulative FPYs data of 232Th in the existing literature.

In the aforementioned literature, cumulative fission yield data were obtained
solely through laboratory measurements for a limited number of nuclides, with
the majority published prior to the 1990s. To address data scarcity for cumu-
lative FPYs in the D-D energy range, we conducted an investigation of fission
induced by 2.8 MeV neutrons on 232Th. The objective of this work is to perform
a thorough, high-precision, self-consistent study that provides accurate relative
FPY information in the D-D energy range of fission-spectrum neutrons.

The experiments have produced valuable results on FPYs for 232Th in 2.8 MeV
neutron fields. These results also enable an update of the cumulative FPYs by
incorporating the latest nuclear data (emission intensities and half-lives), along
with a detailed discussion of the associated uncertainties.

II. Experimental Details
A. Experiment Method

Neutron activation analysis is a modern nuclear analytical technique widely
employed in nuclear data measurements. In this work, the activation method
combined with off-line 𝛾-ray spectrometry was utilized to measure 232Th(n,f)
reaction cumulative fission product yields at an average neutron energy of 2.8
MeV. This approach is characterized by high sensitivity, exceptional accuracy,
non-destructiveness, and the capability for simultaneous multi-nuclide analysis
through characteristic off-line 𝛾-ray spectroscopy.

The process begins with preparation of a neutron source and sample target.
Neutrons are irradiated onto the sample target, causing stable nuclides in the
sample to absorb neutrons and undergo nuclear reactions, thereby producing
radioactive nuclides. These radioactive nuclides subsequently decay, emitting
characteristic 𝛾-rays—a process known as neutron activation. After irradiation,
the sample is allowed to cool for a period of time. The activity of the irradi-
ated sample is then measured using 𝛾-spectrometry instruments such as HPGe
or NaI(Tl) detectors to obtain radioactive information. Finally, based on the
characteristic peaks in the 𝛾-spectrum, the nuclides present in the sample are
identified and quantified. The cumulative FPY of the nuclides is calculated
using the areas of the characteristic 𝛾-ray peaks. It should be noted that cor-
rections to nuclide yields and analysis of various uncertainty sources are also
essential.
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B. Neutron Source

The 2.8 MeV quasi-monoenergetic neutron beam was produced by the CPNG-
600 Cockcroft-Walton accelerator neutron source based on the D(d,n)3He reac-
tion at the China Institute of Atomic Energy (CIAE) by bombarding a Ti-D
target with a 300 keV deuteron beam [?]. Neutron fluence fluctuation was de-
termined using the associated 3He particles from the D-D reaction detected by
an Au-Si surface barrier detector. Based on this method, the mean neutron flux
was measured to be 1.4 × 109 (/s). The average neutron energy was calculated
using the Q-equation of the nuclear reaction. Table 1 depicts the parameters of
the neutron source used in this experiment.

C. Target Preparation and Irradiation

The 232Th sample is a pellet fabricated by pressing ThO2 powder with a purity
of 99.99%, having a mass of 1.7715 g and a diameter of 20 mm. Zn, In, and Al
foils (all with purity higher than 99.9% and diameter of 20 mm) were selected
as neutron fluence monitors to determine the neutron fluence received by the
sample. The samples were packaged in the order of Th-Zn-In-Al and prepared
for irradiation, as shown in Fig. 2 [Figure 2: see original paper].

The irradiation experiment was performed at the CPNG-600 Cockcroft-Walton
accelerator facility of CIAE, with the target foil mounted in direct contact with
the beam tube end-plate. The experimental setup is shown in Fig. 2. The 232Th
sample pellet was positioned at 0° relative to the beam direction, 3.8 cm from
the target. A 300 keV deuteron beam was accelerated to produce a 2.8 MeV
quasi-monoenergetic neutron beam via the D(d,n)3He reaction for irradiating
the ThO2 samples.

Considering the relatively small neutron-induced fission cross-section of 232Th
(approximately 1.29$×10^{-27}$ m2 at 2.8 MeV), an extended irradiation period
of 19.05 hours was employed. Throughout the irradiation process, neutron flux
variation was monitored in real-time using an Au-Si surface-barrier detector to
measure the accompanying 3He particles from the D(d,n)3He reaction, thereby
tracking neutron flux non-uniformity.

TABLE 1 . The parameters of the neutron source used in this experiment.

Neutron
Energy
(MeV)

Nuclear
Reac-
tion

Target-to-neutron-
source distance
(cm)

Neutron
Flux Rate
(/cm2∗s)

Incident
Deuterium Beam
Energy (keV)

2.8$±0.3|𝐷(𝑑, 𝑛)^{3}$He7.72 ×
106
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D. Measurement of 𝛾-ray Radioactivity

Understanding HPGe 𝛾-ray spectrometer detector performance is an essential
prerequisite before conducting FPY measurements. The experiment was con-
ducted using an HPGe 𝛾-ray spectrometer with a relative efficiency of 50%
(model GEM50P4) manufactured by ORTEC, USA, which achieved an energy
resolution of 1.9 keV for 60Co at 1.33 MeV. The 𝛾-spectrum acquisition was
performed using MAESTRO-32 software developed by ORTEC, specifically de-
signed for HPGe detector systems. For HPGe 𝛾-ray spectrometer detectors,
energy calibration is a crucial component of the experiment. Inaccurate calibra-
tion will affect subsequent calculations of FPYs. Under identical experimental
conditions, the energy calibration for a given HPGe detector remains consistent.
The standard point source 152Eu of known activity was selected for calibration.
The 𝛾-spectrum measurements were conducted in the low-background labora-
tory at CIAE. Fig. 3 [Figure 3: see original paper] presents the calibrated 𝛾-ray
spectrum, whose characteristic energies cover the entire energy range of interest.
The relationship between the detected 𝛾-ray energy and the corresponding chan-
nel address is illustrated in Fig. 4 [Figure 4: see original paper]. The full-energy
peak efficiency as a function of energy was fitted with an exponential function
to derive the detector efficiencies at the characteristic 𝛾-ray energies of 152Eu.
The fitting parameter values are given in Fig. 5 [Figure 5: see original paper].

Fig. 2. Schematic diagram of experimental geometry.

Fig. 3. The typical 152Eu 𝛾-spectrum measured by HPGe 𝛾-ray spectrometer.

Fig. 4. The fitted energy curve and measured energy data.

Fig. 5. The fitted efficiency curve and measured efficiency data.

The irradiation, cooling, and measurement times are adjusted according to the
half-lives of the target nuclides in order to perform targeted measurements. In
this experiment, following an irradiation period of 19.05 hours, the 232Th sample
was cooled for 0.4 h and 6.53 h, as shown in Fig. 6 Figure 6: see original
paper and (b), respectively. An appropriate cooling period not only reduces the
system dead time of the 𝛾-spectrometer—facilitating acquisition of 𝛾-spectra—
but also minimizes the radiation dose received by experimenters. The 232Th
sample was then mounted on a pre-calibrated HPGe detector, and the full-
energy peak counts of characteristic 𝛾-rays emitted by various fission products
were recorded. Finally, the aforementioned MAESTRO-32 software was used
for data acquisition.

Decay curves were used to uniquely identify and determine each fission product
while ensuring the absence of interfering transitions. The experimental half-lives
were compared with literature values, and only those fission products showing
good agreement were retained for final analysis. However, due to limitations
in energy resolution, two adjacent full-energy peaks could not be sufficiently
resolved. As shown in Fig. 6, hundreds of different energy characteristic 𝛾-rays
were measured by the HPGe detector. To identify whether each 𝛾-ray is emitted
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by the radionuclide of interest, the decay curve analysis method was adopted to
identify the radionuclide by measuring its half-life, as discussed in our previous
articles [?]. We take the 641.285 keV 𝛾-ray produced by the 142La nucleus
as an example, which may be affected by the very close energy 𝛾-ray (641.4
keV) from 147Pr (T1/2=13.44 min, I𝛾=13.44%). Because the half-life of 147Pr
is short, there is good consistency between the half-life obtained by periodic
measurement as shown in Fig. 7 [Figure 7: see original paper] (3.33 h) and the
recommended half-life (91.1 min) of 142La. When the relative deviation between
the experimental value and recommended value is less than 5%, the data are
selected for the final fission yield calculation [?]. By means of this method, the
characteristic 𝛾-rays of nine fission products were identified, as shown in Fig. 6.
The cumulative yield for these determined fission products will be quantitatively
evaluated through the formulation presented in Eq. (1) in the following section.
The decay characteristics of the product radioisotopes are summarized in Table
2.

Fig. 6. The 𝛾-spectrum of different fission products of the 232Th sample. (a)
232Th sample at 3.8 cm with 2400 s lifetime; (b) 232Th sample at 3.8 cm with
36000 s lifetime.

Fig. 7. Relationship between measurement time of 142La and logarithm of
characteristic peak counts.

TABLE 2 . Characteristics of identified fission products 𝛾-ray.

Fission
products

Half-life of
product

𝛾-ray energy E𝛾
(keV)

𝛾-ray intensity I𝛾
(%)

132Te 9.65$±$0.06 h
139Ba 2.611$±$0.017 h
142La 16.749$±$0.008 h
143Ce 3.204$±0.013𝑑|||||20.83±0.08ℎ|||||6.58±0.03ℎ|||||82.93±0.09𝑚𝑖𝑛|||||91.1±0.5𝑚𝑖𝑛|||||33.039±$0.006

h

III. Data Analysis
A. FPY Calculation

The derivation of the cumulative FPY calculation formula is closely related to
the development of nuclear physics, the theory of radioactive decay, and the
statistical nature of fission processes. The establishment of this formula under-
went gradual evolution from experimental measurements to theoretical models,
with continuous refinement through experimental validation and database de-
velopment. Initially, research on FPYs primarily focused on experimental mea-
surements, employing chemical separation and radioactive detection techniques
to determine the relative and absolute yields of various fission products. The
number of detected 𝛾-rays under the photopeak of a specific fission product is

chinarxiv.org/items/chinaxiv-202510.00160 Machine Translation

https://chinarxiv.org/items/chinaxiv-202510.00160


connected to their cumulative FPY. The cumulative FPY can be calculated by
Eq. (1):

𝐶 = 𝜆𝐹total
Φ𝜎𝑓𝑁𝐼𝛾𝜀𝛾𝑒−𝜆𝑡1(1 − 𝑒−𝜆𝑡2)

𝑛
∑
𝑥=1

𝑒−𝜆(𝑇𝑛𝑓−𝑇𝑥𝑓) [1 − 𝑒−𝜆(𝑇𝑥𝑓−𝑇𝑥𝑖)]

where 𝐶 is the net area count of the photoelectric peak of the measured charac-
teristic 𝛾-ray; 𝜆 is the decay constant of the fission product; 𝐹total is the total
correction factor; Φ is the neutron flux density; 𝜎𝑓 corresponds to the 232Th fis-
sion cross section at the neutron energy employed in this work; 𝑁 is the number
of 232Th atoms in the target; 𝐼𝛾 is the absolute intensity of the characteristic
𝛾-ray; 𝜀𝛾 is the 𝛾-ray detection efficiency of the HPGe detector system; 𝑡1 de-
notes the cooling time; 𝑡2 denotes the instrument measurement time; 𝑇𝑥𝑖 and
𝑇𝑥𝑓 denote the start time and end time of the 𝑥-th irradiation in 𝑛 times of
irradiations.

Ultimately, nine characteristic 𝛾-rays (as shown in Fig. 6) were identified to
calculate the FPY. A list of the fission product radioisotopes, their half-lives,
characteristic 𝛾-ray energies, and associated intensities was summarized and
given in Table 2. The corresponding nuclear data were utilized in determining
the FPY values.

B. Correction Factor Calculation

In nuclear reaction data measurement by the activation method, several correc-
tions must be applied, including isotopic impurities, neutron beam flux fluctua-
tion, self-absorption effect, cascade summing correction, pile-up effect, scattered
neutron correction, dead time correction, and so forth. The main correction fac-
tors and primary uncertainty sources are introduced in this section.

1. Isotope correction
Isotopic correction of the sample is an essential step for precise analysis of
irradiation experiments. Since naturally occurring isotopes in the sample can
influence nuclear reactions, and parameters such as reaction cross-sections and
fission yields vary for each isotope, it is necessary to perform isotopic corrections.
In this experiment, the 232Th target was prepared by pressing ThO2 powder
with a purity of 99.99%, where the isotopic abundance of 232Th dominates.
Therefore, isotopic correction for the thorium sample is not required.

2. Neutron beam fluence fluctuation correction
The neutron beam fluence cannot remain perfectly stable during long irradiation
periods. Consequently, the neutron beam injection rate fluctuates to a certain
extent and requires correction. The neutron beam fluence fluctuation correction
factor 𝐾 is calculated using Eq. (2):

𝐾 = ∑𝑛
𝑖=1 Φ𝑖 (1 − 𝑒−𝜆Δ𝑡𝑖) 𝑒−𝜆𝑇𝑖

Φ (1 − 𝑒−𝜆𝑇 )
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where 𝑛 is the number of time intervals into which the irradiation time is divided,
Δ𝑡𝑖 is the duration of the 𝑖-th time interval, 𝑇𝑖 is the time interval from the end
of the 𝑖-th interval to the end of irradiation, 𝑇 is the total irradiation time, Φ𝑖
is the neutron flux averaged over the sample during Δ𝑡𝑖, and Φ is the neutron
flux averaged over the sample during 𝑇 .

3. Self-absorption correction
In irradiation experiments, self-absorption correction is crucial for ensuring the
accuracy and reliability of experimental data. Since experimental samples pos-
sess finite thickness, when 𝛾-rays pass through the material they interact with
the sample substance, causing a portion of the 𝛾-rays to be absorbed. This
results in loss of 𝛾-rays and reduction of intensity, ultimately decreasing the
number of 𝛾-rays actually detected and affecting the precision of experimental
results. Therefore, to obtain accurate data, correction for the self-absorption
effect is necessary. Typically, the self-absorption effect is closely related to the
atomic number of the sample material and the energy of the 𝛾-rays. When the
sample is thicker or has higher density, the self-absorption effect becomes more
pronounced.

Assuming the intensities of the 𝛾-rays before and after passing through the
material are 𝐼0 and 𝐼 , respectively, the following relationship holds:

𝐼 = 𝐼0𝑒−𝜇𝑚𝑑𝑚 , 𝜇𝑚 = 𝜇
𝜌 , 𝑑𝑚 = 𝑑𝜌

where 𝜇𝑚 is the energy-dependent mass attenuation coefficient (cm2/g); 𝜇 is the
linear absorption/attenuation coefficient (cm−1), typically denoted by 𝑁𝑣𝜎 (𝑁𝑣
is the atomic number density of the sample and 𝜎 is the interaction cross-section
between 𝛾-rays and the sample material); 𝜌 denotes the density of the absorbing
material (g/cm3); 𝑑𝑚 is the mass thickness of the sample (g/cm2); and 𝑑 is the
linear thickness of the sample (cm).

According to the attenuation law of 𝛾-rays in matter, the self-absorption correc-
tion factor 𝐶𝑠 can be calculated as expressed in Eq. (4):

𝐶𝑠 = 𝜇𝑚𝑑𝑚
1 − 𝑒−𝜇𝑚𝑑𝑚

Values for thorium metal were obtained from the National Institute of Standards
& Measurements XCOM database [?]. According to the ratio of Th and O, the
total mass absorption/attenuation coefficient for different 𝛾-ray energies of Th
and O materials could be obtained by interpolation.

4. Coincidence summing correction in 𝛾-ray cascade radiation
In 𝛾-ray spectral analysis, the coincidence summing effect of 𝛾-ray cascade ra-
diation significantly impacts measurement accuracy, necessitating appropriate
corrections. Since the time intervals between cascade 𝛾-ray emissions from ra-
dionuclides are on the order of 10−9 s, while 𝛾-ray spectrometers typically have
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resolving times exceeding 10−6 s [?], coincidence summing occurs when two or
more cascade 𝛾-rays are misidentified as a single summed signal in the detector,
leading to increase or decrease of the full-energy peak count and thus devia-
tion from the true value. Furthermore, higher detector efficiency leads to more
pronounced loss or gain in full-energy peak counts. This effect is particularly
noticeable in measurements of radionuclides with complex decay schemes.

Typically, coincidence correction for 𝛾-ray cascades can be divided into two
scenarios. In the first scenario, three 𝛾-rays are denoted as 𝛾𝑚𝑖, 𝛾𝑖𝑗, and 𝛾𝑗𝑛,
where the four excited states 𝑚, 𝑖, 𝑗, and 𝑛 follow a sequentially decreasing
energy order. The 𝛾-rays 𝛾𝑚𝑖, 𝛾𝑖𝑗, and 𝛾𝑗𝑛 represent transitions from higher
excited states 𝑚, 𝑖, and 𝑗 to lower excited states 𝑖, 𝑗, and 𝑛, respectively. When
the cascade decay 𝛾-rays 𝛾𝑚𝑖 or 𝛾𝑗𝑛 enter the detector simultaneously with the
measured 𝛾-ray 𝛾𝑖𝑗, the deposited energy in the detector exceeds 𝐸𝑖𝑗, preventing
its counting at the full-energy peak position of 𝛾𝑖𝑗. This results in reduction of
the full-energy peak count for the measured 𝛾-ray 𝛾𝑖𝑗. Taking the cascade 𝛾-ray
𝛾𝑚𝑖 as an example, the coincidence summing factor 𝐶𝑚𝑖 induced by 𝛾𝑚𝑖 relative
to the measured 𝛾-ray 𝛾𝑖𝑗 can be expressed as shown in Eq. (5):

𝐶𝑚𝑖 = 1 − ℎ𝜀𝑇

where ℎ represents the ratio of the emission probability of the cascade 𝛾-ray 𝛾𝑚𝑖
to the sum of the emission probabilities of all 𝛾-rays decaying from the excited
state 𝑚; 𝜀𝑇 denotes the full spectrum detection efficiency of the cascade 𝛾-ray
𝛾𝑚𝑖.

In the second scenario, when an intermediate energy level 𝑛 exists between
states 𝑖 and 𝑗, a cascade decay may occur where the excited state 𝑖 decays to
the intermediate state 𝑛, followed by subsequent decay from state 𝑛 to state 𝑗
(𝛾𝑖𝑛 → 𝛾𝑛𝑗). If the cascade 𝛾-rays 𝛾𝑖𝑛 and 𝛾𝑛𝑗 are simultaneously detected, their
summed energy deposition (𝐸𝑖𝑗 = 𝐸𝑖𝑛 + 𝐸𝑛𝑗) contributes to an enhanced count
rate at the full-energy peak position of the measured 𝛾-ray 𝛾𝑖𝑗. The coincidence
summing correction factor 𝐶𝑖𝑛,𝑛𝑗, introduced by the cascade decay 𝛾𝑖𝑛 → 𝛾𝑛𝑗,
can be formulated in Eq. (6):

𝐶𝑖𝑛,𝑛𝑗 = 1 + ℎ𝜀𝑝,𝑖𝑛𝜀𝑝,𝑛𝑗

where 𝜀𝑝,𝑖𝑛 and 𝜀𝑝,𝑛𝑗 denote the full-energy peak efficiencies of the cascade 𝛾-
rays 𝛾𝑖𝑛 and 𝛾𝑛𝑗, respectively.

The peak-to-total ratio (𝑅𝑖𝑗) is defined as the ratio of the efficiency of the
full-energy peak (𝜀𝑝,𝑖𝑗) to the efficiency of the full spectrum (𝜀𝑇 ,𝑖𝑗). 𝑅𝑖𝑗 remains
invariant with variations in the source-to-detector distance and does not require
knowledge of the absolute activity of the reference source, expressed mathemat-
ically as follows:
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𝑅𝑖𝑗 = 𝜀𝑝,𝑖𝑗
𝜀𝑇 ,𝑖𝑗

The 𝜀𝑝,𝑖𝑗 can be obtained from Fig. 5, and the value of 𝑅𝑖𝑗 can be calculated
using the methodology described in Ref. [?]. The 𝜀𝑇 ,𝑖𝑗 and 𝑅𝑖𝑗 parameters were
used in the coincidence summation correction calculations.

5. Pile-up correction
In irradiation experiments, pile-up effect correction aims to reduce or elimi-
nate measurement errors caused by the detector receiving multiple particles or
photons within a short time interval. This phenomenon, also known as pulse
pile-up, is particularly significant under high count rates and can degrade en-
ergy spectrum resolution and measurement accuracy. The pile-up effect arises
due to the finite response time of the detector to sequential events. When two
or more events occur within the detector response time, they are superimposed,
leading to count loss and resulting in undercounting. Such superposition can
also deteriorate energy resolution and induce spurious peaks in the spectrum.

In 𝛾-ray spectrometry measurements, the detected count rate of 𝛾-rays decreases
exponentially over time. If the measurement duration is relatively short, the
overall count loss rate remains nearly constant, allowing the use of an average
count loss rate to correct for the actual count loss in the experiment. As reported
in Ref. [?], for the nuclide 90Rb with a half-life of 158 s, the systematic error
introduced by pile-up correction was only 0.02%. In practice, the longer the
half-life of a nuclide, the lower the count loss rate, and the smaller the error
caused by pile-up effects. In this experiment, the sample was cooled for more
than 0.4 hours, and the detected fission products had relatively long half-lives.
Therefore, pile-up correction can be neglected in this case.

The correction factors for dead time correction, neutron beam fluence fluctuation
correction, self-absorption correction, and coincidence summing correction in 𝛾-
ray cascade radiation, as well as the total correction factor, are summarized in
Table 3.

TABLE 3 . The values of correction factors for each identified fission product.

Fission
prod-
ucts

Dead
time cor-
rection

Coincidence
summing
correction

Self-
absorption
correction

Neutron fluence
fluctuation
correction

Total cor-
rection
factor

132Te
139Ba
142La
143Ce
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C. Uncertainties

After full consideration of uncertainty sources, the main uncertainties in the pre-
sented measurements are summarized in Table 4. The cross-section uncertainty
(0.77%) of the 232Th(n,f) reaction was obtained by an interpolation method
from literature [?]. The total uncertainty (3.83%–10.35%) in the present work
is the quadratic summation of the given uncertainties.

TABLE 4 . Terms contributing to the uncertainties associated with the yield
values.

Fission
prod-
ucts

𝐸𝑐
(%)

𝐸𝜖
(%)

𝐸𝑇
(%)

𝐸𝐼
(%)

𝐸𝑚
(%)

𝐸𝛼
(%)

𝐸𝑛
(%)

𝐸𝜎
(%)

𝐸total
(%)

132Te
139Ba
142La
143Ce

Where 𝐸𝑐 is the uncertainty of 𝛾-ray count; 𝐸𝜖 is the uncertainty of 𝛾-ray full-
energy peak efficiency; 𝐸𝑇 is the uncertainty of the half-life; 𝐸𝐼 is the absolute
intensity of 𝛾-ray; 𝐸𝑚 is the uncertainty of sample mass; 𝐸𝛼 is the uncertainty
of self-absorption; 𝐸𝑛 is the uncertainty of neutron flux density; 𝐸𝜎 is the un-
certainty of fission cross-section of 232Th(n,f) reaction; 𝐸total is the total uncer-
tainty.

D. Results

After careful calculation and correction, the cumulative FPYs for 232Th induced
by 2.8 ± 0.3 MeV neutrons and the evaluated cumulative FPY values based on
interpolation are presented in Table 5.

TABLE 5 . Terms contributing to the uncertainties associated with the yield
values.

Fission products
ENDF/B-
VIII.1 JEFF-3.3

JENDL-
5 Present work

132Te 7.639$±0.457|6.889±0.713|4.846±0.170|2.385±$0.147
139Ba 4.810$±0.246|5.801±0.506|8.399±0.458|9.143±$0.452
142La 6.382$±$0.245
143Ce

As shown in Fig. 8 [Figure 8: see original paper], the present data are displayed
along with existing literature data for nine fission products generated from quasi-
monoenergetic neutron-induced fission of 232Th, where neutrons were produced
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by an accelerator-based source. The red spheroidal dots in Fig. 8 show our re-
sults for yields ranging from 91Sr to 143Ce obtained from fission of 232Th with 2.8
MeV neutrons, in comparison to data from H. Naik et al. (left triangle and dots,
respectively) [?, ?] and those from P.M. Prajapati et al. at different energies
(right triangle) [?] and C. Chauvin (inverted triangle) [?] at 14 MeV. Typically,
the cumulative FPYs vary between approximately 2.385% for 132Te and 9.143%
for 142La. Our data support the negative slope of the energy dependence previ-
ously observed for high-yield fission products 91Sr, 92Sr, 97Zr, 135I, 139Ba, and
142La. The situation for 132Te, 133I, and 143Ce is uncertain. Although previous
data [?, ?] suggest no energy dependence for 132Te down to below 2.8 MeV, a
comparatively lower value was observed in our experiments relative to prior data.
For the high-yield fission product 133I, our datum is consistent with the trend
of previous data [?, ?], which indicate a positive slope. Data in energy regions
as low as below 2.8 MeV are not available for 133I to draw further conclusions.

All raw data described in this paper have been uploaded to the Science Data
Bank. A direct link to the dataset is available at https://doi.org/xxxxxx.

Fig. 8 [Figure 8: see original paper]. Energy dependence of cumulative fission
product yields obtained in fission of 232Th with monoenergetic neutrons.

IV. Technical Validation
The comparison between the present experimental measurement data and eval-
uated data is shown in Fig. 9 [Figure 9: see original paper]. The model for
fission yield calculation used in TALYS-1.96 [?] is the Okumura model (read in
yields and excitation energies) [?, ?]. The cumulative FPYs from evaluated nu-
clear data libraries ENDF/B-VIII.I, JEFF-3.3, and JENDL-5 are interpolated
from nine cumulative FPYs corresponding to adjacent energies (0.4 MeV or 0.5
MeV and 14 MeV) in ENDF [?]. The yields of 139Ba and 142La are significantly
higher than the evaluated yield values from the databases. It is postulated that
this phenomenon is due to the relatively short half-life of the resultant nuclide.
Therefore, it is crucial to optimize the irradiation, cooling, and measurement
times. Grouping samples based on the half-lives of product nuclides for tailored
irradiation, cooling, and measurement is necessary to fill gaps in experimental
data across different energy regions.

Fig. 9 [Figure 9: see original paper]. Present data compared to the cumulative
FPYs from evaluated nuclear data.

V. Usage Notes
The cumulative FPYs measurements for 2.8 MeV quasi-monoenergetic neutron-
induced fission of 232Th are reported, based on experiments conducted on the
CPNG-600 Cockcroft-Walton accelerator at CIAE. Herein, we detail the data
analysis procedures and ensure open access to the cumulative FPY data, in-
tending to support both nuclear physics specialists and scientists in adjacent
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disciplines for their future research.

This dataset possesses significant utility across various domains of nuclear
physics, particularly in:

(1) Nuclear model validation and reactor design: The experimental re-
sults can effectively verify the accuracy of nuclear models used to calculate
cumulative yields of nuclear reactions and provide data references for es-
tablishing yield databases in the CENDL library. After reactor shutdown,
radioactive decay of fission products continues to generate significant heat,
known as decay heat. If not adequately removed, this can lead to core
meltdown. Fission product yield data serve as the fundamental basis for
calculating the magnitude of this decay heat. This data provides safety en-
gineers with essential information to determine required cooling capacity
and duration after shutdown, forming the lifeline for nuclear safety system
design.

(2) Nuclear waste treatment and transmutation research: The man-
agement of long-lived radioactive waste, such as minor actinides, from
nuclear reactors is a global challenge. Transmutation, which converts long-
lived nuclides into short-lived or stable ones through nuclear reactions, is
a promising solution. In this context, the yield of 97Zr as a fission product
is a key parameter for assessing transmutation process efficiency and prod-
uct toxicity. By quantifying 97Zr production within transmutation targets,
scientists can validate theoretical models and optimize system designs.

(3) Test reactor accident analysis: The decay of 132Te produces 132I, a
radionuclide known for its intense gamma rays and high volatility, making
it readily detectable in the environment. Consequently, elevated levels
of 132I detected after a nuclear accident strongly indicate 132Te release.
Analyzing the activity and ratio of 132Te/132I provides critical information
for experts to reconstruct accident timelines, estimate release inventory,
and determine the time of fission occurrence.

(4) Environmental and geochemical studies: The yield data can be ap-
plied to investigate sorption and migration behavior in environmental and
geochemistry studies. The environmental behavior of lanthanides is of
great interest. For instance, utilizing the yield of 142La can serve as a
tracer to study the sorption, desorption, and migration of lanthanum in
soils, sediments, and water bodies. This research is crucial for under-
standing the environmental geochemical cycle of rare earth elements and
assessing the safety of geological disposal of radioactive nuclides.

(5) Radioisotope production: A further critical application of fission yield
data is its role as a production roadmap in radioisotope manufacturing.
Given that numerous radioisotopes are vital for medical, industrial, and
research applications, yield data are fundamental for selecting the most
efficient production method. They allow direct comparison of yields across
various reaction channels, thereby guiding scientists toward the most eco-
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nomical and efficient pathway that offers the highest yield with minimal
impurities.

VI. Code Availability
The theoretical simulations for this published dataset were performed using soft-
ware based on TALYS version 1.96. TALYS, developed under the leadership of
Koning at the Nuclear Research and consultancy Group (NRG), is a comprehen-
sive nuclear reaction code built upon key theoretical models such as the optical
model, the Hauser–Feshbach statistical theory with width fluctuation correc-
tions, the two-component exciton model, and the coupled-channels approach.
The code is capable of simulating a wide range of nuclear reactions induced by
various incident particles—including neutrons, protons, deuterons, tritons, He-3
and alpha particles, and photons—over an extensive energy range (0.001–200
MeV) and for mass numbers spanning 12 < A < 339. It provides predictions for
cross-sections, energy spectra, and fission fragment mass distributions, among
other observables. Notably, TALYS demonstrates excellent agreement with ex-
perimental data in reproducing fission fragment mass distributions. Owing to
these capabilities, the TALYS code has been selected as the theoretical tool for
the present work.

In computing fission product mass yields, the fission product mass yield curve
is determined for neutrons on 232Th at incident energies of 2.8 MeV. The pa-
rameters listed above represent a minimum input file for TALYS [?]. Other
parameters were manually specified. The fymodel 4 (model for calculation of
fission yields) was adopted for the Okumura model; the ffmodel 1 (model for
distribution of fission fragments) was employed in the GEF model, with fission
fragments generated by Ali Al-Adili and Fredrik Nordstroem; the ldmodel 5
(model for level densities) was chosen for Gogny-Hartree-Fock-Bogoluybov level
densities from numerical tables. A bin size of 100 (the number of excitation
energy bins in which the continuum of the initial compound nucleus is divided
for further decay) was selected. More detailed information related to the data
analysis code can be accessed as a notebook in the Science Data Bank, where
the complete dataset for this study has been uploaded. A direct link to the
dataset is available at https://doi.org/xxxxxx.
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