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Abstract
Burnup measurement is crucial for the management and disposal of spent fuel. The conventional approach indirectly estimates 
burnup by examining the fission product or actinide content. Compared to the first two methods, the active neutron method 
exhibits a lower dependence on the irradiation history and initial enrichment degree of the spent fuel. In addition, it can be 
used to directly determine the content of fissile nuclides in spent fuel. This study proposed the design of a burnup measure-
ment equipment specifically crafted for plate segments by utilizing a compact D-D neutron generator. The equipment initi-
ates the fission of fissile nuclides within the spent fuel plate segment through thermal neutrons provided by the moderators. 
Subsequently, the burnup is determined by analyzing the transmitted thermal neutrons and counting the fission fast neutrons. 
The Monte Carlo program Geant4 was used to simulate the relationship between spent fuel plate segment assembly burnup 
and the detector count of 10 MW material test reactor designed by the International Atomic Energy Agency. Consequently, 
the feasibility of the method and rationality of the detector design were verified.
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1  Introduction

With the development of nuclear energy and technology, 
the efficient utilization of nuclear energy, particularly in 
the form of a plate fuel assembly (PFA), has emerged as 
a prominent international research focus. Compared with 
the traditional rod fuel assembly, the PFA exhibits a denser 
structure, enhanced coolant utilization efficiency, and supe-
rior economic and safety performance relative to a rod spent 
fuel assembly of equivalent size. The increased core den-
sity of plate fuel reactors facilitates a greater neutron flux. 
This has prompted extensive investigations into plate fuel 
reactors, such as the International Atomic Energy Agency 
(IAEA) 10 MW material test reactor [1–3], Japan’s JRR-3 
and JRR-4 reactors  [4], and China’s Advanced Research 
Reactor (ARR) [5]. These studies have explored the anti-
irradiation effects of materials and reactor characteristics, 
and underscored the advancements in this field. However, 
there is a dearth of research on the burnup measurement of 
spent fuel within a plate fuel assembly.

Burnup measurement is a pivotal technology in spent fuel 
treatment and disposal and constitutes a central aspect of 
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nuclear security. Burnup in spent fuel delineates the total 
energy produced per unit mass of nuclear fuel loaded into 
the core, serving as an indicator of fuel depletion, expressed 
in MW⋅d/tHM or percentage depletion. Burnup can be meas-
ured using destructive analysis or nondestructive testing 
methods [6]. Although destructive analysis ensures high 
measurement accuracy, its large-scale application in nuclear 
facilities beyond research facilities is challenging because of 
the strong radioactivity of spent fuel and the intricacies of 
the analysis process.

Presently, the internationally recognized nondestructive 
testing methods for burnup primarily include passive neu-
tron measurement and the gamma detection method [7–10]. 
Passive neutron measurement entails the detection of spon-
taneous fission neutron emissions from actinides in spent 
fuel to assess the burnup. The nuclides commonly used for 
passive neutron detection are 242 Cm and 244Cm, which are 
formed from 235 U or 238 U after multiple neutron captures 
and exhibit a power-exponential relationship with burnup. 
Spent fuels with the same burnup albeit different irradia-
tion histories differ in terms of neutron emissivity by less 
than 10%. In addition, passive neutron detection is less 
affected by the spent fuel cooling time, with passive neutron 
emissions from spent fuel reduced by less than 50% over 
a 30-year period [11]. However, passive neutron measure-
ments require a highly accurate measurement position, and 
the moderator concentration in the measurement tank must 
be corrected [12–14].

Currently, gamma detection is the most widely used 
method for burnup detection. It offers the advantages of a 
short measurement period, simple operation, and burnup 
measurement of the entire spent fuel assembly. Its measure-
ment principle detects the photon energy spectrum emit-
ted by the spent fuel. Finally, the burnup value of the fuel 
to be measured is obtained from the relationship between 
the nuclides and burnup. The nuclides used for the gamma 
spectrum analysis are referred to as labeling nuclides. The 
commonly used labeling nuclides are generally fragment 
nuclides with long half-lives, such as 106Ru, 134Cs, 137Cs, 144
Ce,154Eu, 125Sb, etc [15–20]. Burnup can be solved by estab-
lishing the ratio relationship between nuclides and burnup, 
which is highly dependent on the initial enrichment degree 
and irradiation history of the fuel, particularly when measur-
ing the burnup of low-enriched uranium with deep burnup. 
Because of the difference between the fissionable element 
yield of 239 Pu generated by irradiation and the initial fission-
able nuclide 235 U, the equation must be modified accord-
ingly. In addition, the use of long half-life labeling nuclides 
to measure the burnup of fuels with complex irradiation his-
tories introduces large uncertainty because of cumbersome 
data processing.

Both methods have merits and drawbacks because 
they rely on the irradiation history and initial enrichment 

information of the fuel assembly  [21]. In recent years, 
burnup measurement methods have attracted increasing 
attention in various countries [22–27]. Burnup measure-
ment methods based on active neutron challenge technol-
ogy have been widely studied [28–31]. Compared with pas-
sive neutron and gamma measurements, the active neutron 
method enables the direct measurement of the remaining 
fissile nuclide content within the spent fuel, independent of 
the irradiation history or initial enrichment.

In this study, an equipment was proposed to measure the 
burnup of a plate spent fuel assembly by utilizing a D-D neu-
tron generator. The 2.45 MeV neutrons emitted by the D-D 
neutron generator were moderated by thermal or epither-
mal neutrons. Subsequently, fission neutrons were generated 
by inducing fission in fissile nuclides within the spent fuel 
assembly. The burnup was quantified by detecting neutron 
counts using a “U-shaped” neutron detector.

The plate segment fuel assembly from the IAEA10MW 
material test reactor served as the reference assembly for this 
study. The moderator structure and detector configuration 
were simulated and optimized using Monte Carlo simulation 
software Geant4 [32, 33]. The fission process was simu-
lated using the FTFP_BERT_HP physical model provided 
by Geant4. Consequently, the burnup-count relationship for 
the spent fuel assembly under various burnup scenarios was 
obtained.

2 � MTR fuel assembly

The 10MW material test reactor (MTR) is an idealized pool 
material test reactor designed by the International Atomic 
Energy Agency and is used to compare calculation methods 
and codes in terms of safety-related aspects. The MTR is 
a pool reactor that uses two different enriched and sized 
fuel assemblies: high-enriched fuel containing 93% enriched 
uranium and low-enriched fuel containing 20% enriched ura-
nium. The MTR uses a considerable amount of light water 
as a peripheral reflector, and the neutron scattering response 
is relatively anisotropic [34].

The MTR core comprises 24 standard-size fuel assem-
blies and 2 half-size fuel assemblies and 4 control assem-
blies in an approximately 5 × 6 matrix arrangement. Each fuel 
element and graphite element has an axial reflector with a 
volume fraction of 20% Al and 80% H

2
 O at each end. Fur-

ther, it has a H 
2
 O reflective layer with a thickness of 150 mm 

on the outer side [34–36].
The burnup parameter information was derived from 

the 10MW segment fuel data sourced from IAEA-TEC-
DOC-233 [36]. The considered nuclides include 235U , 236U , 
238U , 239Pu , 240Pu , 241Pu , and 242Pu . The fission products 
considered were 135Xe and 149Sm . The variation in the indi-
vidual nuclides with burnup is shown in Fig. 1.
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3 � Plate spent fuel burnup measurement 
system

The layout of plate spent fuel burnup measurement system 
is shown in Fig. 2. The system comprised four main compo-
nents: a compact D-D neutron generator, neutron moderator, 
slab fuel assembly, and “U-shaped” 3He neutron detection 
system.

As shown on the left-hand side of Fig. 2, the outside 
of the compact D-D neutron generator was wrapped 

with HDPE (yellow part in Fig. 2) and fixed to the sup-
port bracket (orange in Fig. 2). The neutron moderator 
comprised three parts: HDPE at the front (yellow part in 
Fig. 2), D

2
O at the back (blue part in Fig.  2) and graphite 

wrapped in the outer layer (brown part in Fig. 2). The 
right side of Fig. 2 shows a U-shaped 3He neutron detec-
tion system comprising fission neutron detectors on both 
sides and a transmission neutron detector on the back. The 
two-sided neutron detectors were composed of HDPE sup-
port and 3He neutron detectors with Cd sheets at the front. 
The back-transmission neutron detector comprised an alu-
minum support and 3He detectors.

The compact D-D neutron generator served as the neu-
tron source, providing exogenous neutrons. These neu-
trons, with an energy of 2.45 MeV, were moderated into 
thermal or epithermal neutrons using the neutron modera-
tor. Moderated neutrons interacted with the fuel assembly 
to produce fission neutrons or were absorbed or scattered 
by nuclides in the assembly.

The “U-shaped” 3 He neutron detection system meas-
ured the neutron intensity on the arms and backs of the 
spent fuel assembly. The neutron intensities of fuel assem-
blies were measured using a neutron moderator. Burnup 
measurements using the neutron count rates from the 
“U-shaped” 3 He neutron detection system arms and backs 
contribute to determining the average burnup of the spent 
fuel assembly. A response model correlating the neutron 
intensity with the burnup of the spent fuel assembly of 
the plate was established using a Monte Carlo simulation.

Fig. 1   (Color online) Burnup-nuclide relationship

Fig. 2   (Color online) Layout of 
plate spent fuel burnup meas-
urement system
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4 � Detector physical design

4.1 � D‑D neutron generator

A compact D-D neutron generator developed by Lanzhou 
University was used as an external neutron source [37–40]. 
The specific structures are shown in Fig. 2. The compact 
D-D neutron generator comprised four main components: 
the main body of the neutron generator, power supply and 
control integration cabinet, cooling cycle system, and 
industrial control machine.

When the neutron generator is in operation, the deu-
terium ion beam generated by the ionization of the dual 
plasma sources is accelerated to bombard the deuterium-
titanium target under the action of an external high-voltage 
electric field. Consequently, the D-D fusion nuclear reac-
tion occurs, generating quasi-monoenergetic fast neutrons 
with an energy of approximately 2.45 MeV. A neutron 
generator can provide a stable neutron beam current of 
greater than 5×108 nps with beam fluctuations of less than 
3% [38].

4.2 � Neutron moderators

The primary nuclide in the spent fuel assembly was 238 U, 
which constituted approximately 56.7% of the spent PFA. 
However, the active neutron interrogation method for meas-
uring burnup targets the nuclides 235 U and 239Pu. 238 U is a 
fissile nuclide with a fission cross-section in the thermal 
neutron energy region of only approximately 10−3 barn. 
However, it undergoes resonant absorption by 238 U at neu-
tron energies of 10 eV or more, potentially affecting the 
measurement accuracy. As shown in Fig.  3, 238 U and 239 Pu 
are fissile nuclides with reaction cross sections of approxi-
mately 1000 barn in the thermal neutron energy region. With 
an increase in neutron energy, the fission cross sections of 
238 U, 235 U, and 239 Pu gradually converge. When the neutron 
energy is greater than 1 MeV, the difference between the 
three fission cross sections is only two orders of magnitude.

Considering this, to mitigate the influence of the 238 U 
nuclide on the active neutron burnup measurements, it is 
necessary to moderate 2.45 MeV fast neutrons to thermal 
neutrons with energies lower than 10 eV. The moderator 
was designed with the goal of achieving a thermal neutron 
ratio of not lower than 70% while maximizing the injec-
tion of thermal neutrons. This design approach aimed to 
enhance the accuracy and reliability of burnup measure-
ments by considering the specific characteristics and inter-
actions of different fissile nuclides in the PFA.

Based on comprehensive material moderating effects, 
physical properties, and price considerations [41], Geant4 

was used to establish the model. The overall cross sec-
tion of heavy water (D

2
 O) and polyethylene (PE) Was 

250mm × 250mm . Heavy water was encased in aluminum, 
with the aluminum shell at the bottom being 1 mm thick, 
and the aluminum shells on the side and top measuring 3 
mm thick. To enhance the neutron utilization efficiency, 
a 300-mm reflective layer of polyethylene was added to 
the side and back of the neutron generator. In addition, 
the moderator was enveloped with 250-mm graphite, 
which served as the primary neutron moderator. An addi-
tional 250-mm layer of graphite was used as the neutron 
reflection and auxiliary moderating material. This layer 
was designed to scatter a portion of the neutrons, thereby 
allowing them to return to the moderator for continued 
moderation. The purpose was to minimize the neutron 
transmission and maximize the interaction of neutrons in 
the moderator, which achieves a better slowing effect.

A neutron detector was added into the end of the mod-
erator in Geant4 model (not shown in Fig. 2). This detector 
was crucial for capturing and analyzing the neutron spec-
trum resulting from interactions within moderator materi-
als. Through simulations and analyses using the Geant4 
program, the performance and efficiency of the designed 
moderator system were evaluated to ensure that it satis-
fied the desired requirements for thermal neutron spectrum 
generation. To determine the thickness of the neutron mod-
erator, the neutron-moderating effects of PE and D 

2
 O were 

simulated using Geant4.
In Fig. 4a, the neutron flux exhibited a rising and then 

decreasing trend with an increase in the polyethylene (PE) 
thickness. The thickness of the first layer of the moderator, 
75 mm, was chosen as the point of the highest neutron flux. 
At this thickness, the neutron flux was 7.04 × 10−5 n∕cm2s−1 
(per unit source neutron), and the proportion of thermal 

Fig. 3   (Color online) Fission cross sections of 235 U, 238 U, and 239Pu
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neutrons was 28.50%. Once the thickness of the first layer 
(75 mm PE) was determined, a simulation was performed 
to determine the thickness of the second layer, as shown in 
Fig. 4b.

With an increase in heavy water (D
2
 O) thickness, the 

thermal neutron percentage gradually increased, whereas 
the neutron injection rate decreased. Considering the neu-
tron injection rate, thermal neutron ratio, equipment size, 
and material cost, the thickness of the second D 

2
 O layer 

was obtained as 260mm. At this thickness, the neutron flux 
was 3.73 × 10−5 n∕cm2s−1 (per unit source neutron), and 
the thermal neutron ratio was 74.1%. Figure 4c depicts the 
D-D moderated neutron spectrum under the moderator 
conditions. The overall size of the moderating body was 
750mm × 750mm × 350mm.

4.3 � “U‑shaped” detector structure

The “U-shaped” 3 He neutron detector system comprised 
two main components: an arm neutron detector and a back-
neutron detector. This system was designed to detect neu-
trons emitted from a plate-shaped spent fuel assembly. The 
structure of the detector system is shown in Fig. 2.

The back-neutron detector was responsible for detecting 
transmission neutrons that passed through the spent fuel 
assembly without reacting. It comprised two high-density 
polyethylene (HDPE) support plates and an aluminum 
alloy support plate. A total of 22 3 He counting tubes were 
embedded into the support plates. The structure of the back 
detector was optimized to capture the transmitted neutrons. 
Aluminum alloy was chosen as the back component because 
of its small thermal neutron absorption cross section, which 
helps avoid interference with transmitted neutrons.

The arm-neutron detector was designed to detect fission 
neutrons resulting from the induced fission of the spent 
fuel assembly. The primary material of the arm was HDPE. 
HDPE can moderate fast neutrons generated from fission 
while also functioning as a shield to protect against scattered 

neutron interference in the surrounding environment. This 
is essential for accurate and reliable detection of neutrons.

The “U-shaped” hollow area inside the three support 
panels served as the measurement chamber for the plate-
shaped spent fuel assembly. This design facilitated the effi-
cient detection and measurement of neutrons emitted from 
the spent fuel assembly, while minimizing interference from 
external sources.

4.4 � Arm and back detector structure

The arm detector is used for detecting fast neutrons gener-
ated by the induced fission in spent fuel. Therefore, HDPE 
was selected as primary support material. HDPE provides 
structural support, facilitates neutron moderation, and 
shields against neutron radiation. A 3 He counting tube was 
embedded in the HDPE to detect fission neutrons. When 
fission neutrons enter the detector, they collide with HDPE 
to achieve the desired moderating effect. In addition, the 
HDPE functions as a shield against external neutrons, 
thereby reducing the impact of environmental background 
neutrons. Moreover, it prevents fission neutrons generated 
by spent fuel from escaping and causing radiation damage 
to personnel.

As illustrated in Fig. 2, cadmium sheets with a specific 
thickness were added to the two arms of the measurement 
chamber to absorb the scattered neutrons from the spent fuel 
at the neutron source. The fission neutron energy spectra 
passing through the cadmium sheets and entering the arm 
detectors were simulated with varying cadmium sheet thick-
nesses (0mm, 1mm, 2mm, and 3mm). The results in Fig. 5 
indicate that without cadmium sheets, only the thermal and 
fast neutrons reached polyethylene. Thermal neutrons origi-
nated from moderated source neutrons scattered by the spent 
fuel, whereas fast neutrons were generated by induced fis-
sion in the spent fuel.

When a 1-mm-thick cadmium sheet was added, as shown 
in Fig. 5(b), 96.54% of the thermal neutrons were absorbed, 
and the percentage of fast neutrons increased to 98.39%. The 

Fig. 4   (Color online) Relationship between moderator thickness and thermal neutrons. a Variation of neutron injection rate with PE thickness. b 
Variation of neutron injection rate with D 

2
 O thickness. c Moderated neutron spectrum
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neutron energy spectrum was minimally affected by increas-
ing the cadmium sheet thickness (Fig. 5(c) and 5(d)). This 
resulted in the final selection of a 1-mm-thick cadmium 
sheet for optimal performance. This choice enhanced the 
efficiency of the arm detector in capturing and detecting 
fission neutrons, while minimizing interference from other 
neutron sources.

The primary purpose of the back detector is to detect the 
unabsorbed transmitted neutrons that pass through the spent 
fuel assembly. In contrast to the arm detector, the transmit-
ted neutrons experienced moderating effects from both the 
moderator and the spent fuel assembly. Because the neutrons 
generated by induced fission are fast neutrons, the support 
material of the back detector did not need to fulfill the neu-
tron moderation function.

Considering these factors, and with an emphasis on better 
physical properties, aluminum alloy was chosen as the sup-
port body for the back detector. Aluminum alloys are well 
suited to this role, providing structural support without con-
tributing to the moderating effect of neutrons. This optimized 
the efficiency of the back detector in capturing and detecting 

unabsorbed transmitted neutrons, while minimizing unneces-
sary interference from the support material itself.

After the fundamental modeling of the detector was estab-
lished, the detection efficiency of the detection system with 
different geometrical parameters was simulated. The detection 
efficiency of the neutron detection system is defined as

and

where �
a
 is the detection efficiency of the arm neutron detec-

tion system. �
b
 is the detection efficiency of the back-neutron 

detection system. n
a
 is the neutron count recorded by the arm 

neutron detection system. n
b
 is the neutron count recorded by 

the back-neutron detection system. N
a
 is the number of neu-

trons emitted by the assembly to the arm neutron detection 

(1)�
a
=

n
a

N
a

× 100%

(2)�
b
=

n
b

N
b

× 100%

Fig. 5   (Color online) Effect of different thickness of cadmium sheets on the fission neutron energy spectrum: a 0 mm; b 1 mm; c 2 mm; and d 
3 mm
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system. N
b
 is the number of neutrons emitted by the assem-

bly and source to the back-neutron detection system.
This study involved varying the thickness of the support 

plate and the position of the 3 He counting tubes to assess 
their impact on the detection efficiency of the neutron 
detection system. Specifically, a 30-mm space was reserved 
between the assembly and detectors on the two arms and 
back to satisfy the passing requirements and optimize the 
detection efficiency.

In Geant4 simulations, the thickness of the support plate 
was set to 80 mm, 90 mm, 100 mm, and 110 mm. The 3 He 
counting tubes were uniformly arranged in the polyethylene 
plate, with their centers at specific distances from the surface 
of the support plate close to the component side: 17.19 mm, 
22.19 mm, 27.19 mm, 32.19 mm, 37.19 mm, 42.19 mm, 
47.19 mm, and 52.19 mm. Individual cases were studied 
separately. Figure 6a shows the arm detector detection effi-
ciency versus the polyethylene thickness and the 3 He detec-
tor position, and Fig. 6b shows the back-detection efficiency 
versus aluminum alloy thickness and 3 He detector position. 
These plots provide insight into the optimal configuration 
of the detection system by considering various geometrical 
parameters.

The analysis of Fig. 6a revealed that the detection effi-
ciency of the arm detector increased with the thickness of 
the HDPE plate. This improvement was attributed to the 
role of HDPE in moderating the number of fission neutrons. 
However, the increase in detection efficiency became mar-
ginal when the polyethylene plate reached a thickness of 
110mm, with an increment of less than 0.6%. To strike a 
balance between the performance and equipment miniaturi-
zation, the final decision was to set the HDPE thickness to 
110mm.

Further, for a constant HDPE thickness, the detection effi-
ciency increased and then decreased as the distance between 
the center of the 3 He tube and the edge of the HDPE plate 
varied. The efficiency peaked at a distance of 37.19 mm. 
This behavior was explained by the fact that certain fission 
neutrons, after entering polyethylene, were directly detected 
by the 3 He counting tube at the front end, whereas others 
were reflected by the polyethylene at the back end and are 
then detected. Therefore, an optimal detector structure was 
achieved when the polyethylene at both ends of the 3 He 
counting tube attained an appropriate thickness.

The  f ina l  s i ze  o f  t he  HDPE p la te  was 
220mm × 210mm × 110mm , and the center of the 3 He 
counting tube was positioned 37.19 mm from the edge of 
the HDPE. Under these conditions, the detection efficiency 
reached a maximum of 21.85%. This configuration strikes a 
balance between the thickness of the polyethylene plate and 
the positioning of the 3 He counting tube, thereby ensuring 
the optimal performance of the arm detector.

Figure 6b illustrates the trend of the back-detection effi-
ciency with changes in the geometric parameters of the alu-
minum alloy plate. Notably, the detection efficiency of the 
back detector was higher than that of the arm detector. It 
decreased as the thickness of the support plate increased 
and as the distance between the 3 He counting tube and the 
inside of the support plate increased. However, the overall 
trend was not pronounced.

The behavior observed was attributed to the scattering 
characteristics of aluminum alloy material. Although alu-
minum alloys scatter thermal neutrons to a certain extent, 
their scattering ability is lower than that of polyethyl-
ene alloys. Consequently, increasing the thickness at the 
front end resulted in a decrease in the detection efficiency. 

Fig. 6   (Color online) Detection efficiency �
f
 versus polyethylene and aluminum plate geometry parameters. a Arm detection efficiency. b Back 

detection efficiency
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However, a slight increase in the detection efficiency was 
observed when the thickness of the back end was increased.

After careful consideration, the size of the back detector 
considered was a 220mm × 210mm × 110mm aluminum 
alloy plate, placing the 3 He counting tube close to the 
inner side of the aluminum alloy plate and leaving only a 
5-mm gap at the inner edge. The detection efficiency of the 
back-detection system reached 42.05%. This configuration 
ensured a balance between the thickness of the aluminum 
alloy plate and the positioning of the 3 He counting tube, 
thereby achieving optimal performance for the back detector.

5 � Response curves and conclusions

5.1 � Neutron spectrum from spent fuel assembly

In this study, source neutrons were initially moderated by 
a moderator before interacting with the spent fuel assem-
bly. This process involved the emission of neutrons from 
the spent fuel assembly. The emitted neutrons were sub-
sequently collected using a neutron detection system. The 
source neutron spectrum used in this study was derived from 
the spectrum of neutrons obtained after the initial modera-
tion. Therefore, the neutrons emitted from the plate spent 
fuel assembly comprised two primary components:

Fission neutrons:These are neutrons induced by the fis-
sile nuclides present in the assembly. A sizable number of 
neutrons are released from fission reactions, and their con-
tribution to the emitted neutron spectrum is a crucial aspect 
of this analysis.

Source neutron transmission:This term refers to the neu-
trons that are part of the initial source spectrum and are 
transmitted through the spent fuel assembly without being 
subjected to any additional interactions.

The combination of these two components forms the 
overall spectrum of neutrons emitted from the plate spent 
fuel assembly, which is essential for the accurate charac-
terization and analysis of the performance of the neutron 
detection system.

The plate-shaped spent fuel assembly had a height of 
600 mm. Considering its elongated structure, a track-based 
approach was planned for the stepwise measurement of the 
burnup of the fuel assembly during the actual measurement 
process. Similarly, a stepwise approach was adopted for the 
simulation. Specifically, a 100-mm segment of the assembly 
centered on the neutron source irradiation was selected for 
the simulation of the emitted neutron field. This focused 
simulation facilitated a detailed examination of the neutron 
characteristics in a specific region of the fuel assembly.

In the context of using the arm detector to measure the 
response relationship between fission neutron counts exit-
ing from the side and the depth of spent fuel burnup, an 

illustrative example of a plate-shaped spent fuel assembly 
with a burnup of 30% was considered. The neutron energy 
spectra of both sides of the assembly are shown in Fig. 7a.

Observation of the spectrum revealed two counting peaks: 
∙ Lower count peak located at 10−8 MeV to 10−7 MeV.
∙Higher count peak positioned at 10−1 MeV to 10 MeV. 

This phenomenon was attributed to the presence of source-
scattered neutrons in addition to fission neutrons in the 
emitted neutron spectrum. Source-scattered and fission neu-
tron spectra were obtained on both sides of the assembly  
(Fig.  7b and c). The key findings of the simulation are as 
follows:

∙ The source-scattered neutron spectra closely matched 
the incident neutron spectra.

∙ The fission neutron spectrum followed the standard 
Maxwell-Boltzmann distribution.

These results validate the reliability of the simulation. 
Notably, fission neutrons emitted from both sides of the 
module accounted for 86.67% of the total neutron count 
when the burnup was 10%. This information contributes to 
understanding the composition of the neutron spectrum and 
aids in the development of a reliable response relationship 
for the arm detector in relation to burnup.

The back detector recorded the response relationship 
between the source-transmitted neutrons emitted by the 
spent fuel assembly and the burnup. The emitted neutron 
field was subjected to the same treatment and the resulting 
(Fig. 7d–f) is analyzed.

Figure 7e shows the source-transmitted neutron energy 
spectrum. Notably, there was a significant percentage of fast 
neutrons in the tail compared to the incident neutron energy 
spectrum. This phenomenon can be attributed to the high 
cross-section of the thermal neutron reaction owing to the 
various thermal neutron absorbers contained in the spent 
fuel assembly materials. Thus, a sizable portion of the ther-
mal composition of the incident neutrons was absorbed by 
the component. In addition, the fission neutrons produced by 
the induced fission of thermal neutrons in the fissile nuclides 
in the assembly also contributed certain fast neutrons.

At a burnup of 30%, 62.53% of the total neutrons were 
transmitted by the incident neutrons through the assembly. 
Therefore, most of the neutrons detected by the back detector 
originated from external neutron sources.

5.2 � Neutron counting and spent fuel burnup 
response model

The relationship between the counts recorded by the arm 
detector and the burnup response of the spent fuel assem-
bly of the plate section is illustrated in Fig.  8a. As the 
burnup increased, the counts of the arm detectors gradu-
ally decreased, demonstrating a robust linear relationship 
between the two variables ( R2 = 0.9601). This correlation 
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can be attributed to the role of the arm detector in detecting 
the induced fission neutrons. The number of induced fission 
neutrons was positively correlated with the content of fissile 
nuclides in the spent fuel. As burnup deepened, the content 
of fissile nuclides diminished, resulting in a gradual reduc-
tion in the number of induced fission neutrons. The resulting 
response relationship between the arm detector count and 
burnup is

where X
a
 represents the arm detector counts and BU 

represents the spent fuel assembly burnup in percent fissile 
nuclide consumption. The formula is applicable to a burnup 
range of 0–50%. Figure 8b depicts the trend of the ratio of 
the arm detector counts to the number of emitted fission 
neutrons with burnup. As evident, the ratio of the arm detec-
tor count to the number of fission neutrons emitted from the 
component stabilized at approximately 0.2082. Furthermore, 
the fluctuations within the range of 0–50% of burnup did not 
exceed 0.0022, demonstrating a prominent level of stability. 
This observation validated the rationality of the design of 
the detection system.

Figure 8c illustrates the relationship between the back-
detector counts and the burnup. In contrast to arm detec-
tors, the counts of back detectors were primarily influenced 

(3)X
a
= −467.84BU + 103512.75.

by neutrons transmitted from the source. The trends shown 
in Figs. 8c indicated a positive correlation between the 
back-detector counts and burnup. This correlation can be 
attributed to the gradual decrease in fissile nuclides in the 
spent fuel as the burnup increases. In addition, most fission-
produced neutrons have a fast neutron composition, contrib-
uting less to back detectors without moderating measures. 
The presence of fission products, particularly neutron poison 
nuclides, such as Xe and Sm, can also affect the results of the 
back detector. According to IAEA-TECDOC-233 [36], the 
amounts of Xe and Sm peaked at 5% of the fuel consumption 
and then decreased as the burnup increased. This explains 
why the transmission neutron counts were lower than those 
of the fresh fuel at a low burnup. As the burnup deepened, 
the reduction in fissile nuclides and nuclides with large neu-
tron absorption cross sections, such as Xe and Sm, resulted 
in the relationship shown in Fig. 8c. The results became even 
more complicated when the effects of additional neutron 
poisons were considered. The final relationship between the 
back detector counts and burnup is obtained as follows:

where X
b
 is the back-detector count, BU is the burnup in 

units of the percentage of fissile nuclide consumption, and 
R
2 = 0.9528.

(4)X
b
= 2024.91BU + 194791.73,

Fig. 7   (Color online) Neutron energy spectrum of plate spent fuel 
assembly (30% Burnup). a Arm total outgoing neutron energy spec-
trum; b arm source scattering neutron energy spectrum; c arm fission 

neutron energy spectrum; d back total outgoing neutron energy spec-
trum; e back source scattering neutron energy spectrum; and f back 
fission neutron energy spectrum
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The trend of the ratio of the back detector counts to the 
number of transmitted thermal neutrons with combustion 
depth is presented in Fig. 8c, d. As evident, the relationship 
between the back-detector count and number of transmitted 
thermal neutrons remained stable, with upward and down-
ward fluctuations of no more than 0.012. Figure 8d illus-
trates that the ratio of the back detector counts to the number 
of transmitted thermal and epithermal neutrons gradually 
increased with increasing burnup. This shift resulted from 
the decreased absorption of transmitted thermal neutrons 
as burnup increased, leading to a softer transmitted neutron 
energy spectrum and a change in the average neutron energy 
from 0.8494 MeV to 0.6159 MeV. Because the cross-section 
of the reaction between 3 He and neutrons is negatively cor-
related with the neutron energy, a reduction in the average 
neutron energy results in more detector counts.

The above analysis revealed a robust linear correlation 
between the arm and back detectors of the “U-shaped” 3 He 
neutron detection system with the burnup of spent fuel 
assembly. This correlation enabled precise measurements 

of the quantities of fission and thermal neutrons emitted 
from the assembly, facilitating the accurate determination 
of the burnup. Notably, the back detector exhibited supe-
rior measurement accuracy compared with the arm detec-
tor. In conclusion, the “U-shaped” 3 He neutron detection 
system devised in this study enhanced the precision of the 
active neutron method for measuring the depletion depth 
of spent fuel assembly. This was achieved by establishing a 
relationship among the transmitted thermal neutrons, fission 
neutrons, and depletion depth through concurrent measure-
ments at the back and arm detectors, providing mutually 
reinforcing insights.

6 � Summary

This study proposed a burnup measurement system for a 
plate segment spent fuel assembly using a compact D-D neu-
tron generator. The system incorporated a moderator and 
“U-shaped” measurement equipment, with the optimization 

Fig. 8   (Color online) Relationship between the detector and burnup. 
a Relationship between arm detector counts and burnup response; 
b ratio of arm detector counts to outgoing fission neutron counts at 

different burnups; c relationship between back detector counts and 
burnup response; and d ratio of back detector counts to outgoing fis-
sion neutron counts at different burnups
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of physical and geometrical parameters based on burnup 
data obtained from the IAEA 10 MW MTR. The D-D neu-
tron generator demonstrated the ability to deliver 5.0×108 
nps of 2.45MeV fast neutrons. The configured moderator 
(75 mm PE + 260 mm Al) effectively moderated the fast 
neutrons to thermal or epithermal neutron, achieving a neu-
tron flux of 3.73×10−5 n/cm2 s −1 (per unit source neutron) 
with a thermal neutron proportion of 74.1%.

The induced fission of fissile nuclides in spent fuel, trig-
gered by thermal neutrons, resulted in the production of 
fission neutrons. The measurement of the fission and trans-
mission neutron counts exhibited a linear relationship with 
burnup, with R2 values of 0.9601 and 0.9528, respectively. 
The influence of poisoning on the detection results was 
qualitatively described. In future work, the influences of Xe, 
Sm, and other neutron poison nuclides on the measurement 
results will be studied quantitatively.

The findings of this study confirmed the feasibility of the 
physical design of the burnup measurement system based 
on the compact D-D neutron generator and demonstrated 
its capability to accurately measure the burnup of a spent 
fuel assembly.
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