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Abstract: Nuclear energy is the focus of sustainable energy development worldwide. A high-
temperature gas-cooled reactor (HTGR) plays a vital role in the development of nuclear energy. In a
pebble-bed HTGR, the burn-up measurement system is important for ensuring reactor safety and
economy. This study optimized a burn-up measurement system by adding anticoincidence technology
with bismuth germanium oxide (BGO) crystals and a plastic scintillator used as anticoincidence
detectors. Through Monte Carlo simulation, the detection effects of two different anticoincidence
detectors on fuel elements were compared and analyzed. The study focused on varying the
wall thickness and top thickness of these detectors to optimize the peak-to-Compton ratio (P/C).
The results showed that the size of the BGO detector with the best anticoincidence effect (P/C of 727)
consists in a diameter of 140 mm and a length of 210 mm. The best plastic scintillator size (P/C of 180)
consists in a diameter of 260 mm and a length of 260 mm. Adding the anticoincidence technology
lowered the Compton plateau of the measured gamma spectrum and significantly improved the
detection performance of the burn-up measurement system. The new burn-up measurement system
has improved detection precision not only for Cs-137 but also for low-activity nuclides.

Keywords: high-temperature gas-cooled reactor; burn-up measurement; anti-coincidence technology;
peak to Compton ratio; nuclear energy

1. Introduction

With the development of society and economy, the shortage of energy is becoming more and
more serious. Therefore, the sustainable development of energy has become the focus of much of the
world. An efficient, clean, and economic energy, nuclear energy plays an important role in the field of
sustainable energy [1], and the high-temperature gas-cooled reactor (HTGR) is one of the preferred
reactors for the fourth generation nuclear power systems in the current international nuclear energy
field [2]. China has been working on HTGRs since the 1970s [3]. The Institute of Nuclear and New
Energy Technology of Tsinghua University built a 10 MW pebble-bed high-temperature gas-cooled
experimental reactor (HTR-10). This study is mainly based on the HTR-10, which is still operated by
this university.

The HTGR has the characteristics of non-stop refueling and fuel element recycling [4,5].
The burn-up measurement system of the reactor uses a high-purity germanium (HPGe) detector
for nondestructive on-line measurement of fuel element burnup. The result of the measurement
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determines the disposition of the fuel element, that is, to unload it as spent fuel or return it to the core [6].
If the measured burnup is incorrect, and spent fuel is recycled back into the core, the fuel cladding
material can be damaged and increase the risk of radioactive material leakage [7–10]. In contrast, if the
fuel has not yet reached the discharge burnup value, and it is discharged as spent fuel, this leads
to increased cost and nuclear fuel waste [11]. Thus, the accuracy of burnup measurement is very
important for the safety and economy of an HTGR.

To improve the accuracy and precision of the HTGR burnup measurement system, scholars all
over the world have been carried out a large amount of researches. These researches are mainly on the
geometric structure of the collimator, the deviation from the center of the fuel element, the attenuation
factor of the measurement system, the detection limit of the detector and the shielding efficiency,
and the effect of fuel element cooling time on the burnup [12,13]. However, there is currently no
research on the application of anticoincidence technology to burnup measurement.

The HTR-10 in China uses a burnup measurement system based on an HPGe detector to measure
γ-ray activity from Cs-137 [14]. However, the HTR-10 has intermittent operation, short operation times,
and long shutdown periods; the burnup of two fuel elements with the same activity may be different.
This leads to difficulties in calculating the burnup of the fuel elements by measuring only the activity
of Cs-137. It is necessary to measure additional radionuclides to improve the burnup measurement
results. To solve this problem, this study proposes to add anti-coincidence measurement technology to
the original burnup measurement system. The technology uses a common bismuth germanium oxide
(BGO) crystal and plastic scintillator as an anticoincidence detector to reduce the Compton plateau of
the γ-ray spectrum [15–17]. This can make the measurement of some low-activity nuclides possible
and at the same time improve the accuracy of Cs-137 detection. The design was developed through
Monte Carlo simulation [18,19], which provided an important theoretical reference for the construction
of the new burnup measurement system.

2. Materials and Methods

The burnup measurement system has five main parts: elevator, collimator, sealing flange,
lead chamber, and HPGe detector (Figure 1) [20]. Measurement begins after the fuel element is
raised to the elevator. After being attenuated by the elevator pipe and sealing flange, the γ-rays pass
through the collimator to the HPGe probe. The counts captured by the probe are analyzed for the
gamma spectrum using GammaVision and Genie-2000 spectroscopy software to obtain the required
nuclide information, which determines the burnup online. Fuel element with burnup greater than the
burnup limit is discharged as spent fuel, and fuel with burnup less than the burnup limit is recycled
back into the core.
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The original burnup measurement method was to calculate the burnup by measuring the activity
of Cs-137 in the fuel element, because there is a one-to-one correspondence between the activity of
Cs-137 and the fuel element burnup, as shown in Equation (1) [21].

BU =
106E f

GbY7λ7
eλ7(t−t∗)A7 (1)

where A7 is the activity of Cs-137, λ7 and Y7 are decay constant of Cs-137 and fission yield, Gb is the
mass of heavy metal (unit: g), and E f is U-235 in one fission to release the energy of 197 MeV. t is
measuring time, and t∗ is a media time.

As discussed in the previous section, intermittent operation of HTR-10 means that the radioactive
nuclides (including Cs-137) in some fuel spheres decay during long shutdown periods. This reduces
the activity of the nuclide but does not change the burnup of the fuel. (These problems will also exist
for the larger HTR-PM modules currently under construction.) This leads to a situation where two
elements can show the same activity at the time of burnup measurement but have an actual burnup
that is different, causing inaccurate results for judging burnup. To solve this problem, we need to
understand the history of fuel element burnup, which tells us how many cycles the fuel elements
have experienced and the specific burnup process during operation. To understand the burnup
history of fuel elements, it is necessary to measure other nuclides, such as Co-60, in the fuel for
supplementary analysis.

The anticoincidence measurement system developed in this study consists of a main detector and
an annular detector. During measurement, the γ-rays emitted by radionuclides hit the HPGe detector
to generate pulse signals, and the scattered photons escaping from the main detector will enter the
peripheral anticoincidence detector and generate anticoincidence pulses. If both the primary detector
and the anticoincidence detector output a signal at the same time, the signal pulse is not recorded.
The signal pulse is recorded only when the main detector has outputs. In this way, because the signals
generated by escaping photons, such as Compton photons, are not recorded, the Compton plateau is
greatly reduced by anticoincidence, which improves the nuclide measurement accuracy. The working
principle of the system’s anticoincidence measurement process is shown in Figure 2.Sustainability 2018, 10, x FOR PEER REVIEW  4 of 12 
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3. Results

3.1. Model Calculation and Parameters

Geant4 is a detector simulation toolkit written in the C++ language [22]. It uses the Monte Carlo
program to simulate the physical process of high-energy particle transportation in the detector. It can
construct a complex geometric structure of the detector, establish the physical process model of the
interesting particles, trace the particles, and display the particle tracks. It has a powerful spatial
modeling ability.

In this paper, the operating system of simulation was Debian GNU/Linux 3.16, and the HTR-10
burnup measurement system model was constructed with 9.6.p03 version of Geant4 [23,24]. The energy
deposition data of the rays in the detector were collected and counted to form the results reflecting the
performance of the detector. The number of simulated particles in each group was 300,000 and the
calculation time was 42 s.

The aim of this study was to determine the shape parameters of the annular detector by simulating
the anticoincidence effect of the annular detector and the HPGe detector. The gamma spectra of
fuel elements after core irradiation are very complicated. The presence of the collimator, elevator,
and sealing flange degrades the calculation efficiency and precision of the Geant4 particle simulation
software. Therefore, to simplify the calculation without changing the nature of the target phenomena,
the exit direction of γ-rays was limited to a single direction, and the model was further simplified
by splitting it into two parts for the two detectors [25]. Other ancillary structures located between
the source and detectors in the burnup measurement system were ignored, because they can also
degrade the calculation efficiency. Such structures included the flat head made of 16MnR steel, sealing
materials, and grade Cr-45 steel.

In the model design, the anticoincidence detector was given a cup-shaped structure with
cylindrical outer wall and cylindrical inner wall forming a hole with a diameter of 100 mm and
a height of 200 mm along the central axis. The HPGe probe was placed in this hole. A circular hole
with a diameter of 10 mm pierced the side wall of the anticoincidence. The axis of this hole was
coincident with the axis of the collimator, which was used to collect γ-rays. The annular detector used
BGO crystal and plastic scintillator. Note that the plastic scintillator had a low detection efficiency for
γ-rays and is used only for preliminary experimental testing.

The P-type HPGe detector used in the main detector had an energy resolution (full-width at half
maximum) of 1.85 keV for a 1332 keV γ-ray from Co-60 and relative efficiency of 30%. The aluminum
shell (end window) diameter was 76 mm, the end window top and side wall thicknesses were 1 mm,
and the distance between the top of the probe crystal and the aluminum protective shell was 4 mm.
The side wall thickness of the aluminum cup was 0.8 mm, the probe crystal end was 62.6 mm in
diameter, the crystal annular thickness was 25.9 mm, and the center (electrode) hole of the probe crystal
was 0.8 mm. A simplified model of the anticoincidence measurement system is shown in Figure 3.

In conformance with the IEEE [26] γ-ray detector measurement standard, this study used 1332 keV
γ-rays from Co-60 in the fuel element for single-peak simulation. Its peak-to-Compton ratio (P/C) (see
Equation (2)) was used as a reference to analyze the anticoincidence measurement effect of system.
Geant4 software was used to simulate the anticoincidence effect between annular detectors of different
sizes and the HPGe detector to determine the geometric dimensions for an optimum P/C.

P/C = NP/NC (2)

where NP is the number of counts in the peak channel, and NC is average number of counts per
channel between 1040 and 1096 keV of the Compton spectrum.
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3.2. Analysis Results of Two Detectors

There are two main factors influencing the detection efficiency of the annular detector: material
and geometric structure. Since the materials, BGO crystal and plastic scintillator, have been determined,
this study mainly analyzed the effect of specific geometric parameters on the anticoincidence between
the main detector and the two annular detectors. Two main geometric parameters, wall thickness and
top thickness, as shown in Figure 4, were varied. The other dimensions were as given in Section 3.1.
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3.2.1. Plastic Scintillator Detector Anticoincidence Effect Analysis

The initialize size of the plastic scintillator detector was set to a diameter of 200 mm and length
of 260 mm, and the initial wall thickness was set to 50 mm. The scintillator was composed of matrix
scintillation materials and wavelength shifting fiber with a density of 1.05 g/cm3. First, the wall
thickness was increased from 50 to 100 mm in 10 mm increments, while the top thickness of the annular
detector remained unchanged from its initial value of 60 mm. The P/C was determined for each wall
thickness, and the results are shown in Table 1 and Figure 5.

As can be seen from Figure 5, as the detector wall thickness increased, the P/C had an obvious
rising trend and increased by a total of 70. The average P/C growth of the system was 14 per 10 mm
increment. When the wall thickness increased to 80 mm, the growth of P/C slowed down. According
to the comprehensive consideration of the P/C effect, material cost, and system geometry space, a wall
thickness of 80 mm was determined to be optimal.
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Using the selected wall thickness of 80 mm, to make the results more representative,
the anticoincidence effect simulation was repeated, while the top thickness was varied from 50 to
90 mm in 10 mm increments (not from the initial value of 60 mm). The simulation results are shown in
Table 2 and Figure 5.

Table 1. P/C of the system with increasing scintillator wall thickness.

Wall Thickness/mm
P/C of Plastic Scintillator

Peak Channel Np Total Counts from 1040 keV to 1096 keV Nc P/C

50 6774 13,284 27,209 95 139
60 6774 13,189 24,364 85 154
70 6774 13,241 22,321 78 169
80 6774 13,174 20,755 73 180
90 6774 13,238 19,241 67 196

100 6774 13,146 17,926 63 209

Table 2. P/C of the system with increasing top thickness and an 80 mm wall thickness in the scintillator.

Top Thickness/mm P/C of Plastic Scintillator

Peak Channel Np Total Counts from 1040 keV to 1096 keV Nc P/C

50 6774 13,122 21,214 74 176
60 6774 13,174 20,755 73 180
70 6774 13,094 19,924 70 187
80 6774 13,224 19,792 69 190
90 6774 13,191 19,397 68 194
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As can be seen from Table 2, as the top thickness of the plastic scintillator detector increased,
the P/C of the system presented an increasing trend. The P/C of the system increased by 18 overall,
and the average increase was 4.5 per 10 mm increment. As can be seen from the growth curve in
Figure 5, the overall P/C growth trend was relatively slow. This indicates that a changing top thickness
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has less effect on the P/C of the system. Therefore, in terms of P/C effect and material cost, it is more
appropriate to use the initial top thickness value of 60 mm.

3.2.2. BGO Detector Anticoincidence Effect Analysis

The size of the BGO detector was set to a diameter of 110 mm and length of 210 mm. The initial
value of the top thickness was 10 mm, and the initial value of the wall thickness was 5 mm. BGO has
a density of 7.13 g/cm3. Because the detection efficiency of the BGO detector is sensitive to its size,
the thickness increment of this simulation was 5 mm.

In the first simulation, the top thickness of the annular detector was kept at its initial value of
10 mm while the wall thickness was varied from 5 to 20 mm to observe its effect on the anticoincidence
of the system. The results are shown in Table 3 and Figure 6.

Table 3. P/C of the system with increasing bismuth germanium oxide (BGO) detector wall thickness.

Wall Thickness/mm
P/C of BGO Crystals

Peak Channel Np Total Counts from 1040 keV to 1096 keV Nc P/C

5 6774 13,129 11,962 42 313
10 6774 13,048 6535 23 569
15 6774 13,005 5472 19 677
20 6774 13,079 5129 18 727
25 6774 13,028 5071 18 732
30 6774 13,139 5145 18 728
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As can be seen from Figure 6, as the wall thickness of the BGO detector increased,
the anti-coincidence effect of the system showed a significant upward trend. The P/C of the system
increased from 313 to 727 in increments of 414. However, when the wall thickness reached 20 mm,
the P/C trend flattened, with slow growth and stagnation at a value of around 730. Considering
the above results, material cost, and geometric space of the system, a 20 mm wall thickness was
deemed optimal.
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Using the selected wall thickness of 20 mm, the anticoincidence effect simulation was repeated
while the top thickness was varied from 10 to 30 mm, also in 5 mm increments. The simulation results
are shown in Table 4 and Figure 6.

Table 4. P/C of the system with increasing top thickness and 20 mm wall thickness in the annular
BGO detector.

Top Thickness/mm
P/C of BGO Crystals

Peak Channel Np Total Counts from 1040 keV to 1096 keV Nc P/C

10 6774 13,079 5129 18 727
15 6774 12,942 5047 18 731
20 6774 13,054 4980 17 747
25 6774 13,012 5033 18 737
30 6774 13,171 4996 18 751

As can be seen from the results, as the top thickness of the detector increased, the P/C changed
less than it did in response to wall thickness changes. When the top thickness reached 30 mm,
the P/C had only increased by 24, which produced a basically horizontal curve, as shown in Figure 6.
This also indicates that changing the top thickness has less effect on the anticoincidence of the system.
Considering the above results, the initial value of 10 mm was deemed optimal for the top thickness.

4. Discussion

The results in Section 3 determined the wall and top thickness parameters that optimized the
P/C effects of the two annular detectors, with a diameter of 260 mm and a length of 260 mm for the
scintillator and a diameter of 210 mm a length of 140 mm for the BGO detector. The P/C of the burnup
measurement system was simulated without an anticoincidence detector. It was found that the P/C
was around 69, as shown in Table 5. According to the data in Tables 4 and 5, after adding the BGO
detector, the P/C of the system increased by 685. Figure 7 shows the anticoincidence effect diagram
of the same spectrum with and without the annular BGO detector. As can be seen from the Figure 7,
when the BGO detector was present, the Compton plateau for γ-rays was greatly reduced, and the
peaks of the γ-ray spectrum were much more obvious, which shows that, after adding anticoincidence
technology, detection performance of the burnup measurement system improved significantly.Sustainability 2018, 10, x FOR PEER REVIEW  9 of 12 
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Table 5. P/C of the system with no anticoincidence detector.

Peak Channel Np Total Counts from 1040 keV to 1096 keV Nc P/C

6774 13,109 53,767 189 69
6774 13,039 53,685 188 69
6774 13,038 53,792 189 69

4.1. Comparative Analysis of Experimental Results and Simulation Results

To verify the reliability of the simulation, the simulated data and the data measured by the
HTR-10 burnup measurement system were compared, as shown in Figure 8. As can be seen in the
figure, the Compton plateau for counts of the two spectra is slightly different because the actual
measurement is far more complex than the simulation. The actual measurement environment contains
natural radionuclides and other radioactive materials, and the effects of these conditions cannot be
accurately simulated by the Geant4 software. Additionally, the peaks in the simulated spectrum are in
good agreement with the actual measured peaks of the energy spectrum, which also proves that all
simulations performed in this study are accurate and reliable.
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4.2. Statistical Error Analysis of Simulated Data

The number of output pulses obtained from radiation measurement is a random variable that
follows the Poisson distribution. Therefore, data measured under the same conditions may be
completely different. As the simulation run-time approaches infinity, the arithmetic mean value
of the experimental value will tend to the mathematical expectation, which is not possible in practice.
In fact, we generally regard the arithmetic mean of finite time (usually once) as a real “mathematical
expectation,” which leads to error. This error is called statistical error, and it is a special error in the
measurement of radiation because of the statistical nature of radiation measurement. In this study,
the peak area errors and the background count errors of Co-60 γ-rays were calculated using different
shape parameters, and the results are shown in Table 6. From the data in Table 6, we can see that the
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statistical error range of γ-rays for different geometries was between 0.53 and 1.40%. These errors are
small, indicating again that the simulated data in this paper are accurate and reliable.

Table 6. Statistical error analysis.

Detector Type Statistical Error/%
Wall Thickness/mm

50/5 60/10 70/15 80/20 90/25 100/30

Plastic scintillator
Np error 0.87 0.87 0.87 0.87 0.87 0.87

Background error 0.61 0.64 0.67 0.69 0.72 0.75

BGO crystals Np error 0.87 0.87 0.88 0.87 0.88 0.87
Background error 0.91 1.24 1.35 1.40 1.40 1.39

5. Conclusions

This study evaluated the improvement of a burnup measurement system in an HTGR using
BGO crystals and a plastic scintillator. The anticoincidence effect of two annular detectors with
different geometric parameters was analyzed by Monte Carlo simulation, which provided an important
theoretical basis for the optimization of the burnup measurement system. The following conclusions
were obtained.

(1) As the wall and top thickness of the two annular detectors increased, the P/C of the γ-rays
showed an increasing trend to varying degrees. The influence of wall thickness increases on the
P/C of the system was found to be greater than that of increases in the top thickness.

(2) When the wall thickness of the plastic scintillator increased from the value of 50 to 100 mm,
the P/C of the system increased by 70. For every 10 mm increase in wall thickness, the mean
increase of the P/C of the system was 14. After the wall thickness increased to 80 mm, the growth
trend of P/C gradually leveled off. The geometric size producing the best anticoincidence effect
was estimated to consist in a diameter of 260 mm and a length of 260 mm, and its P/C is 180.

(3) In the detector using BGO crystals, when the wall thickness increased from 5 to 20 mm, the system
showed an obvious rising trend, with the P/C increasing by a total of 414. However, after the
wall thickness reached 20 mm, the P/C growth curve flattened out, with a peak of around 730.
Taking into account the system’s anticoincidence effect, geometric space, material cost, and other
factors, we determined the best anticoincidence BGO crystal geometry for a detector size of a
diameter of 140 mm and a length of 210 mm, and it achieved a P/C of 727.

This study is of great importance to the safety and economy of HTGRs and the sustainable
development of nuclear energy.
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