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Abstract
Tritium, a radioactive nuclide discharged by nuclear power plants, poses challenges for removal. Continuous online monitor-
ing of tritium in water is crucial for real-time radiation data, given its predominant existence in the environment as water. 
This paper presents the design, simulation, and development of a tritium monitoring device utilizing a plastic scintillation 
fiber (PSF) array. Experimental validation confirmed the device’s detection efficiency and minimum detectable activity. The 
recorded detection efficiency of the device is 1.6 × 10−3 , which exceeds the theoretically simulated value of 4 × 10−4 by four 
times. Without shielding, the device can achieve a minimum detectable activity of 3165BqL−1 over a 1600-second meas-
urement duration. According to simulation and experimental results, enhancing detection efficiency is possible by increas-
ing the number and length of PSFs and implementing rigorous shielding measures. Additionally, reducing the diameter of 
PSFs can also improve detection efficiency. The minimum detectable activity of the device can be further reduced using the 
aforementioned methods.
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1 Introduction

Tritium, the radioactive isotope of hydrogen, plays a unique 
role in nuclear physics and engineering due to its pure �
-decay, emitting � rays with a maximum energy of 18.6 keV 
and an average energy of 5.7 keV during decay. With a half-
life of 12.32 years [1], tritium can persist in the environment 
for an extended period, posing internal radiation hazards 
to humans upon ingestion. Currently, nuclear power plants 
serve as the primary source of tritium in the environment, 

emitting tritiated water (HTO) as the primary liquid emis-
sion [2, 3]. This tritium-contaminated water can enter the 
human body through ingestion or absorption, posing signifi-
cant threats to human life and health [4–8]. Once released 
into the environment, tritium can substitute for hydrogen 
and enter the water and organic material cycles. Major 
news stories, particularly regarding the challenging issue of 
Fukushima water, have been repeatedly reported and shared, 
leading to extensive discussions among scholars, regulatory 
agencies, power plant operators, and the general public [9]. 
This heightened awareness has further fueled attention to 
the treatment of tritium-contaminated water and its associ-
ated environmental and health impacts. Offline monitoring 
fails to promptly reflect changes in tritium activity in water, 
potentially resulting in the failure to implement emergency 
measures during a crisis. Therefore, online measurement 
of tritium in water sources such as wastewater and drink-
ing water is necessary to ensure the safety of the biological 
environment. By implementing online tritium monitoring, 
scientists and engineers can rapidly detect any increase in 
tritium activity and take immediate action to mitigate the 
potential risks posed by tritium contamination.
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Liquid scintillation counting is an excellent method for 
measuring tritium in water [10–13]. However, the scintillator 
becomes contaminated with tritium, leading to the genera-
tion of organic solvent waste. This necessitates sample treat-
ment for tritium measurement, a process that typically takes 
at least one day to complete, making it unsuitable for rapid 
water sample measurement [14–17]. Such batch processing 
monitoring might temporarily miss high tritium effluent. 
Therefore, continuous measurement monitoring is required 
to gain public confidence in tritium release. Additionally, 
a detection method that does not involve organic solvents 
would mitigate the waste disposal issue. Some researchers 
utilize small solid scintillation particles for detection. The 
principle of this method closely resembles that of the liquid 
scintillation counting method, hence it shares similar draw-
backs. Contamination of the scintillation material occurs 
during the measurement process, rendering it non-reusable 
and incurring high costs. The measurement necessitates a 
specific duration for the sample preparation process. Cur-
rently, ongoing studies on online tritium monitoring in water 
show that the detectors used have minimum detectable activ-
ity ranging from 1 × 104 to 1 × 106 BqL−1 [18–23].

Plastic scintillation fiber (PSF) emerges as a promising 
solution for scientific investigations [18, 24–26], owing to 
its remarkable properties. Its inherent characteristics, such as 
a sizable effective detection volume and stability, designate 
it as an optimal medium for detection purposes. To bolster 
detection efficiency further, plastic scintillation fibers can be 
strategically augmented in quantity. A notable advantage of 
utilizing plastic scintillation fibers lies in their non-reactive 
nature and insolubility in water. These attributes render them 
highly suitable for repeated utilization, promoting sustain-
ability and cost-effectiveness. As a result, this approach 
proves exceptionally well-suited for the development of 
online tritium monitoring systems specifically designed for 
water environments. The integration of this innovative mate-
rial empowers researchers to reliably and efficiently monitor 
tritium levels in water sources, ensuring the preservation and 
safety of our aquatic ecosystems.

This study utilized the Monte Carlo simulation tool 
Geant4 to design the plastic scintillation fiber array and 
assess its impact on detector efficiency [27–30]. To align 
with experimental conditions, parameters such as the num-
ber, length, and diameter of the PSFs were optimized, fol-
lowed by the structural design of the array. The aim was to 
maximize the detection volume, leading to the estimation 
of the theoretical detection efficiency. After completing the 
simulation, a detection system was developed and subjected 
to testing. Signal analysis and algorithm optimization were 
performed to enhance the system’s performance. The detec-
tion efficiency and minimum detectable activity for tritium 
water sample calibration were evaluated, comparing and 
interpreting both the simulation results and experimental 

findings. Based on the outcomes, potential optimizations and 
advancements for the equipment were identified. Plans were 
formulated for the practical application of the detection sys-
tem, considering the insights gained from the simulation and 
experimental phases. This comprehensive approach aimed 
to improve the overall effectiveness and applicability of the 
detection system for tritium measurement in water samples.

2  Simulation analysis

To determine the detection efficiency of the plastic scintilla-
tion fiber array for tritium detection in water, we employed 
a comprehensive computational approach. We utilized the 
widely acclaimed Monte Carlo simulation software, Geant4, 
for meticulous modeling and precise calculations, ensuring 
the validity and reliability of our results. Through this rig-
orous methodology, we distinctly illustrated the behavior 
of beta rays emitted from tritium decay within water, spe-
cifically highlighting their transmission depth. Our analysis 
revealed that these beta rays have a transmission depth of 
approximately 5 μm , aligning precisely with existing scien-
tific literature [1, 3, 13, 21, 31]. The consistency observed 
between our simulation results and previous research further 
validates the accuracy and credibility of our computational 
model.Furthermore, we applied the same simulation meth-
odology to investigate the range of tritium within the outer 
cladding of the plastic scintillation fiber. The simulation 
results, visually represented in Fig. 1, unequivocally indicate 
that the range of tritium within the outer cladding is less than 
ten microns. Conventional PSF structures consist of inner 
scintillation and outer cladding, with the latter typically 
being tens of microns thicker than the transmission depth 
of beta rays within it. Due to the low beta decay energy 
emitted by tritium decay, it cannot penetrate the outer clad-
ding. Therefore, removing the outer cladding is necessary 
to enable direct entry of beta rays into the inner scintilla-
tion region. We utilized the PSF with the cladding structure 
removed in the subsequent simulations and experiments.

In Fig. 2a depicts the foundational model of a detector 
utilizing plastic scintillating fibers (PSF) without clad-
ding, implemented on the Geant4 simulation platform. This 
model comprises PSFs, a water layer serving as the radiation 
source, a reflector layer providing both reflection and shield-
ing, and photocathodes positioned on both ends of the detec-
tor. The photon transport process is illustrated in Fig. 2a, 
showing that the detector functions by depositing the energy 
from beta rays into the water layer, which then generates 
scintillation photons within the PSF. These scintillation pho-
tons propagate through the PSF fibers, ultimately reaching 
the photocathode of photomultiplier tubes (PMTs) located 
on both ends of the detector. The PMTs are responsible for 
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converting these optical signals into electrical signals, facili-
tating signal processing and data analysis.

The properties of PSF, including its refractive index 
(1.58), density ( 1.03 g cm−3 ), hydrocarbon ratio (1:1.1), 
decay time (2.3  ns), scintillation photon decay length 
(2.00 m), and maximum emission wave length (430 nm), 
are obtained from the Geant4 NIST database G4_POLY-
STYRENE. The photon yield of 8400MeV−1 is applied, 
considering possible nonlinearities at low energy. In the 
simulation, the reflective layer is designed with optical 
properties similar to those of a smooth, totally reflecting 
mirror, enabling efficient collection of scintillation photons. 
The radioactive source utilized is a tritium beta spectrum, 
uniformly distributed in space and emitting isotropic radia-
tion. To ensure the convergence and reliability of our simu-
lation results, an extensive number of particles, specifically 
1 × 109 L−1 , are released by the specific volume of the radio-
active source, enhancing statistical accuracy and reducing 
uncertainties in results.

In Fig. 2b, the configurations are as follows: the first 
is a square arrangement structure, the second is a circu-
lar arrangement, and the last is a hexagonal dense packing 
arrangement structure. The simulation results indicate that 
the hexagonal dense packing arrangement achieves signifi-
cantly higher filling efficiency compared to the other two 
methods. Consequently, increasing the number of PSFs in 
the cylindrical detection chamber enhances detection volume 
and efficiency. Furthermore, each PSF has a detection range 
of less than 5 μm , and a spacing of 0.1 mm effectively detects 
all PSFs. Therefore, the PSF array is constructed using a 
hexagonal dense packing arrangement in this simulation.

The PSFs in this simulation had a diameter of 1 mm 
and length of 100 mm, with an interval between each PSF 
of 0.1 mm, and the diameter of the detection chamber was 
22 mm. In Fig. 3a presents the simulation results of the 
detection efficiency of the entire detection system under 
the given conditions; the overall detection performance 
of an array consisting of plastic scintillating fibers with 

Fig. 1  Transmission depth of 
beta rays emitted by tritium 
decay in the outer cladding of 
PSF

Fig. 2  (Color online) Overview 
of the simulation model: a the 
model structure, b the probe 
array structure
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matching radii within a detection chamber of identical 
radius is positively correlated with the number of PSFs 
utilized. This is because increasing the number of PSFs 
simultaneously expands the detection volume and reduces 
the volume of tritiated water. Assuming that the other 
conditions remain constant, an increase in the volume 
ratio directly increases the detection efficiency. Thus, to 
enhance the detection performance and efficiency of the 
detector, it is essential to maximize the number of PSFs 
in the detection array.

In Fig.  3b, the photon number distribution from the 
photomultiplier photocathodes is depicted at various PSF 
lengths, representing the energy spectrum derived from 
tritium measurements. It’s important to note that the length 
of the PSF affects both the absorption of photons by water 
and the PSF itself, resulting in a decrease in the number of 
photons reaching the photocathode of the photomultiplier 
tube. Consequently, this reduction impacts the overall distri-
bution of energy spectra exhibited by the photons. However, 
increasing the length of the PSF directly enhances the detec-
tion volume of the array, thereby improving the detection 
performance of the detector. Therefore, the influence of PSF 
length on detection efficiency should not be overlooked, and 

optimizing both the length and quantity of PSFs is crucial 
for enhancing the efficiency of the entire system.

3  System composition

3.1  Detection structure

Figure 4a presents a comprehensive structural diagram of the 
detector system, offering clarity on its fundamental configu-
ration. The system operates as follows: The target sample is 
introduced directly into the detection chamber through an 
injection port, pump, and flowmeter. Once inside the detec-
tion chamber, the sample undergoes a measurement process 
of specific duration. The detector functions by transferring 
energy from beta rays within the aqueous medium to plastic 
scintillating fibers, leading to the emission of scintillation 
photons. These photons then travel through the plastic scin-
tillation fiber array and water medium, ultimately reaching 
the photomultiplier tubes, where they are converted into 
electrical signals. These signals undergo further process-
ing to derive the desired measurement outcomes. After the 
measurement process is complete, the sample is discharged 

Fig. 3  (Color online) Simu-
lation results: a relation of 
different numbers of PSFs to 
detection efficiency, b influence 
of different lengths of PSF of 
photon distribution
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from the detection chamber and guided through a pipeline 
and flowmeter to a waste liquid tank for proper disposal.

Figure 4b presents a detailed illustration of the probe 
chamber’s structural arrangement. The plastic scintillation 
fiber array is positioned within the probe chamber using a 
grid system, ensuring that the PSFs’ ends are close to the 
probe window. This placement minimizes water sample 
retention in the central region of the chamber. An airtight 
connection between the photomultiplier tubes and the probe 
is established using optical silicone. Additionally, the tubes 
are precisely aligned at both ends, aligning them with the 
chamber’s geometric center. Efforts are made to direct the 
flow of water samples toward the lower end of the detection 
chamber to facilitate their exit from the upper end. Main-
taining a predominantly horizontal flow is crucial to pre-
vent bubble formation and potential interference within the 
chamber.

3.2  Signal analysis

The LeCroy-640Zi oscilloscope is an indispensable tool 
in our signal analysis process, especially after assembling 
the device under study. It utilizes continuous sampling over 
1600 s to thoroughly analyze the detector’s signals.

Our experimental setup involves the decay of tritiated 
water, which emits low-energy �-rays that interact with the 
plastic scintillator. However, due to limited energy trans-
fer, fewer scintillation photons are produced, reducing the 
probability of simultaneous detection by the photomultiplier 
tubes located at both ends of the scintillator. Additionally, 
the quantum efficiency of the PMTs is diminished in these 

circumstances, resulting in relatively small amplitude signals 
that can be easily overshadowed by the inherent dark current 
noise in the PMTs. To address this issue, our system employs 
two PMTs for coincidental measurements at both ends of the 
plastic scintillator. Assuming that the dark current is ran-
domly generated and that the scintillation photons propagate 
simultaneously towards both ends, we expect the photons to 
coincidentally reach the photocathode of each PMT and be 
detected. This approach ensures accurate capture of genuine 
coincidence signals while effectively suppressing the influ-
ence of interspersed dark-current noise [32, 33].

However, simultaneous detection of the dark current gen-
erated by both PMTs by their respective photocathodes can 
lead to false coincidence events. Long-term experiments 
should be conducted to assess the effect of these false coin-
cidences on measurement results. Based on the observed 
curve and the relationship between coincidence counting and 
dark current during our experiments, we adjusted the voltage 
levels of the PMTs to 1000 V and 1050 V, respectively. This 
adjustment takes into account the expected performance 
variability among PMTs of the same model. In long-term 
measurements using these PMTs operating at elevated volt-
ages, the coincidence count originating from dark current 
remained consistently below 1 for 1600 s. Thus, the use of 
two PMTs in coincidence measurements and voltage adjust-
ment effectively addresses the issue of dark current noise 
and false coincidence events.

The low energy levels of beta rays emitted during tritium 
decay, typically on the order of a few thousand electron 
volts, pose a significant challenge to the detection process, 
as the weak signal is prone to interference from ambient 

Fig. 4  Design of the system and 
detector: a Design of the sys-
tem, b Design of the detector
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noise. To address this issue, signal processing is necessary 
to filter out unwanted noise and extract the tritium detection 
signal. It should be noted that the high-amplitude end of the 
detector output signal is primarily occupied by high-energy 
gamma rays and high-energy cosmic particles, which must 
be filtered out to avoid overwhelming the detector’s output 
signal. Conversely, the low-amplitude end contains a mixture 
of environmental noise and tritium detection signals, mak-
ing it crucial to analyze and process these signals separately 
to avoid potential interference between them. Thus, appro-
priate signal processing techniques need to be employed to 
distinguish the tritium detection signal from other signals 
in the low-amplitude end of the output signal. This can be 
achieved through careful analysis of the signal spectrum and 
the application of appropriate filters, such as bandpass fil-
ters, to isolate the tritium detection signal. Overall, effective 
signal processing techniques are essential to ensure accurate 
and reliable detection of tritium, especially in the presence 
of ambient noise.

The acquired signal data undergoes processing and analy-
sis using specialized software. The initial step in this process 
involves applying a filter algorithm to the signal to remove 
any unwanted noise that may have been captured during 
acquisition. This step is crucial for ensuring the accuracy 
and reliability of subsequent signal analysis. Following the 
application of the filter algorithm, a peak search algorithm 
is utilized to identify peak signal counts from each photo-
multiplier tube individually. This information is essential for 
identifying coincidence events and evaluating system per-
formance. Finally, the coincidence algorithm is employed 
to optimize the delay time between the two signals and 

minimize background noise counts. This algorithm ensures 
that the signal meets the experiment’s requirements and 
remains unaffected by external factors that could compro-
mise its accuracy. Optimizing the delay time reduces the 
likelihood of false coincidence events and improves meas-
urement accuracy. Overall, the application of these algo-
rithms significantly enhances the reliability and accuracy 
of our measurements. It establishes a robust framework for 
processing and analyzing signal data, enabling us to obtain 
precise and dependable results.

Figure 5 provides a comprehensive depiction of the vari-
ous constituent elements comprising the detector system. 
Figure 5a represents the photomultiplier tube sleeve, which 
serves the dual purpose of securely holding and shielding the 
photomultiplier tube against interference noise. Figure 5b 
showcases the detection chamber, constructed from Teflon 
material, with dimensions of 90 mm in length and 22 mm in 
diameter, matching the size of the photomultiplier tube. The 
window component of the detection chamber is exemplified 
in Fig. 5c, comprising a coated acrylic plate characterized 
by impressive light transmittance exceeding 95%. Moving 
on to Fig. 5d, it represents an array consisting of 104 plastic 
scintillation fibers, measuring 100 mm in length and 1 mm 
in diameter. The PSF array is meticulously arranged using 
a hexagonal dense packing configuration, with a spacing of 
approximately 0.5 mm between each PSF. Lastly, Fig. 5e 
represents the photomultiplier itself, specifically utilizing the 
R3550 model manufactured by Hamamatsu, Japan.

Figure 6 illustrates a representative distribution of the 
signal amplitudes obtained from the measurements of the 
tritium water samples with an activity of 5000BqL−1 . The 

Fig. 5  (Color online) Physical 
drawings of the components of 
the detector: a Photomultiplier 
tube sleeve, b the detection 
chamber, c Window of the 
detection chamber, d an array of 
PSFs, e a photomultiplier
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figure clearly shows that this distribution corresponds to the 
energy spectrum of beta rays emitted during tritium decay. 
Due to the 1 millivolt amplitude interval used in the oscil-
loscope sampling, the tritium energy spectrum distribution 
could not be completely fitted. The analysis of this spectrum 
revealed distinct characteristics and allowed the identifica-
tion of tritium signals amid background noise interference. 
In the high-energy region of the spectrum (above 0.05 V), 
which predominantly consists of signals with higher ampli-
tudes, the presence of background noise interference is more 
pronounced. The tritium signals in this region are typically 
minimal and can be easily overshadowed by noise. Con-
sequently, this high-energy region is commonly excluded 
from tritium signal analysis to ensure accurate and reliable 
measurements.

However, special attention was paid to optimizing the 
signal processing algorithm for the low-energy region 
(below 0.005 V) to mitigate the effects of noise interfer-
ence. The algorithm was fine-tuned to effectively minimize 
the noise levels in this region, enhancing the sensitivity 
to low-amplitude tritium signals. A visual examination 
of Fig. 6 demonstrates the effectiveness of this optimiza-
tion, as it reveals minimal fluctuations or disturbances in 
the low-energy portion of the spectrum, which is often 
referred to as a weakened signal burr. By excluding the 
high-energy region with pronounced background noise 
interference and applying an optimized signal process-
ing algorithm to the low-energy region, we can focus on 
accurately detecting and analyzing tritium signals within 
the spectrum. This approach ensured that our measure-
ments maintained a high level of precision and reliability, 
enabling us to draw meaningful conclusions from the data.

4  Result and analysis

4.1  Experimental result and minimum detectable 
activity

After completing the assembly, debugging, and signal 
algorithm optimization of the equipment, the minimum 
detectable activity of the equipment was calibrated. The 
specific parameters of the equipment are as follows: The 
test equipment employed in this study incorporated a 
detection array consisting of 104 plastic scintillation fib-
ers, 100 mm in length and 1 mm in diameter. The PSFs 
are arranged in a hexagonal dense packing configuration, 
with a spacing of approximately 0.5 mm between adjacent 
PSFs. This arrangement ensures optimal coverage and sen-
sitivity of the detection system. The detection chamber, in 
which the PSF array was housed, had a length of 90 mms 
and a diameter of 22 mm. This chamber can accommo-
date a water sample volume of 26.03 mm, allowing pre-
cise and accurate measurements. To ensure reliable and 
precise measurements, the experiments were conducted 
under strict light-avoidance conditions.

Initially, low-background distilled water was intro-
duced into the experimental setup to assess and investi-
gate the background count in the testing environment. The 
background count is influenced by three primary factors: 
environmental radiation and noise, supply voltage cross-
talk, and the crosstalk count of the photomultiplier. In the 
absence of adequate lead shielding, the background noise 
count exhibited fluctuations ranging from 1.12 to 1.25 
counts per second during prolonged measurement periods. 
Consequently, the experiment necessitated multiple meas-
urements to mitigate the influence of background noise on 
equipment performance. By conducting repeated measure-
ments, we aimed to minimize the impact of background 
noise and obtain more accurate and reliable experimental 
data.

Once we determined the experimental method involv-
ing multiple measurements, we settled on conducting ten 
measurements. To ensure the equipment’s sensitivity to 
tritium water with lower activity levels, we employed a 
descending gradient activity measurement method dur-
ing the experimental process. This approach systemati-
cally evaluated the equipment’s capability to detect and 
quantify tritium water samples with decreasing levels of 
activity, helping us identify the minimum detectable activ-
ity and assess the equipment’s performance in effectively 
capturing and measuring tritium activity even at low lev-
els. For calibration purposes, we used standard tritium 
water samples to determine the detection efficiency of the 
equipment. The specific activity of the tritium water sam-
ples used in the experiment was calibrated using a liquid 

Fig. 6  Typical signal amplitude spectrum measured with the test 
equipment
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scintillation counter (ALOKA LSC-LB7, Japan). Each sig-
nal measurement lasted for 1600 s, and the tritium water 
samples had specific activities of 935BqL−1 , 4250BqL−1 , 
and 6200BqL−1 , respectively.

The results obtained from the equipment are depicted 
in Fig. 7a. This figure illustrates a strong positive corre-
lation between the counting rate and the activity of the 
tritium water sample. As the activity of the tritium water 
sample increases, the counting rate of the equipment also 
increases accordingly. The detection efficiency is calculated 
as the ratio of the actual count of the detector to the theoreti-
cal total number of the sample. Based on this correlation, 
the detection efficiency of the device was calculated to be 
1.6 × 10−3 . This detection efficiency is an order of magnitude 
higher than that of similar detectors used by other research-
ers, which is 3.11 × 10−4 [24]. The calibration procedure and 
the determination of the detection efficiency using standard 
tritium water samples ensure accurate and reliable measure-
ments throughout the study. With the established detection 
efficiency, subsequent experimental samples’ tritium activity 
levels can be quantified with a high degree of confidence.

To measure low-level radioactivity effectively, it’s crucial 
to minimize the instrument’s Minimum Detectable Activity 
(MDA) as much as possible. MDA typically characterizes 
the instrument’s measurement threshold. The calculation 
formula for MDA is presented in Eq. (1) [34].

where Nb is the background count rate (cps), T is the meas-
urement time (s), � is the detection efficiency and V is the 
sample volume (L). During the experiment, the measure-
ment duration was set to 1600 s, the volume of the water 
sample was precisely measured at 26.03 mL, and the instru-
ment exhibited a detection efficiency of 1.6 × 10−3 . The 
background count rate registered at 1.25 counts per second. 
Based on these parameters, the minimum detectable activity 
of the device was calculated as 3165BqL−1.

Using the experimental results and calculated MDA, we 
can explore the device’s capabilities further. We can calcu-
late the Minimum Detectable Activity (MDA) under varying 
background noise counts while keeping the measurement 
time fixed at 1600 s. Additionally, assuming a background 
noise count of 1.25 cps, we can determine the MDA for dif-
ferent measurement times. This analysis allows us to evalu-
ate the device’s performance under different conditions.

To visually depict the MDA change, Fig. 7b and c show 
the MDA curve with a red line. Specifically, Fig. 7b empha-
sizes the substantial enhancement in the device’s detection 
performance due to shielding measures. Additionally, Fig. 7c 
illustrates variations in the device’s performance at different 
measurement times during practical use. These fluctuations 
underscore the device’s stringent detection performance 

(1)MDA = (2.71 + 4.65
√

Nb × T)∕(� × V × T)

requirements, especially in short-term measurements where 
precision and effectiveness are paramount.

The absence of a lead shielding layer in the experimen-
tal setup resulted in a noticeable increase in background 
noise count. While this might have somewhat mitigated 
noise impact when measuring highly active tritium water 

Fig. 7  Experimental results and Evaluation of the minimum detect-
able activity (MDA): a Experimental results, b background count rate 
and MDA when the measurement time is 1600 s, c measurement time 
and MDA, the red symbols are the performance confirmed by the test 
device in this study
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samples, it’s important to note that for low-activity tritium 
water measurement, a lead shielding layer is crucial. Add-
ing a lead shielding layer can significantly enhance detec-
tor performance, reducing minimum detectable activity and 
improving overall accuracy. Given this result, it’s highly 
advisable to include a lead shielding layer in future experi-
ments. This shield acts as a protective barrier, effectively 
reducing external interferences and minimizing background 
noise count. Thus, the detection system will be better 
equipped to accurately measure and quantify low levels of 
radioactivity in tritium water samples. Incorporating a lead 
shielding layer not only enhances detector sensitivity and 
precision but also ensures reliable and reproducible results. 
Therefore, for more robust and accurate measurements of 
low-activity tritium water samples, it is essential to include 
a lead shielding layer in future experimental setups.

4.2  Analysis of experimental results and outlook

The device’s detection efficiency was calculated to be 
1.6 × 10−3 , while the simulation result for the entire detec-
tion system is 4 × 10−4 . The actual equipment’s detection 
efficiency is approximately four times higher than that of 
the simulated equipment. This significant difference can 
be attributed to two main reasons. Firstly, inaccurate simu-
lation results of low-energy � rays in the model led to a 
substantial systematic deviation in the results. Addition-
ally, the actual PSF exhibits a certain arc, increasing the 
contact volume with the water body and resulting in higher 
detection efficiency compared to the simulation results. 
However, it’s important to note that simulation results are 
generally instructive. Currently, the existing device is in 
the initial stage of development. With a measurement time 
of 1600 s, it achieves a minimum detectable activity of 
3165BqL−1 . The water sample volume is 26.03 mls, and 
the sample injection process can be completed within 10 s 
using a peristaltic pump. Consequently, it can function 
as a warning measurement device for high-activity trit-
ium water samples, suitable for alarm systems in nuclear 
power plants and other specialized facilities. The simula-
tion results indicate that increasing the number of plastic 
scintillation fibers can positively impact both the detection 
efficiency and volume of the entire system. Additionally, 
extending the length of the PSF contributes to an increase 
in the detection volume. Reducing the diameter of the PSF 
allows for a higher density of PSFs within the same area, 
thereby enhancing the detection efficiency by augmenting 
the detection volume. To further improve detection per-
formance, strict shielding methods can be implemented 
to effectively control the background noise count. Many 
detection devices have successfully achieved a back-
ground noise count between 0.01 and 1 count per second, 
or even lower. By employing rigorous shielding measures 

to eliminate interference from ambient noise counts and 
restrict the background noise count to below 0.1 cps, the 
equipment’s detection performance can be significantly 
enhanced. This reduction in background noise count also 
leads to a decrease in the minimum detectable activity of 
the device. Based on the above conditions and simulation 
results, it is predicted that with a measurement time set at 
1600 s, the MDA of the device will be below 50BqL−1 . 
Notably, China mandates that the concentration of tritium 
in water 1 km downstream of inland nuclear power plants 
should not exceed 100BqL−1 , while the European Council 
Directive 2013/51/Euratom requires a maximum tritium 
level in water for human consumption to be lower than 
100BqL−1 . We are actively engaged in refining the equip-
ment and conducting experiments to validate the accuracy 
of the inferred results. With such exceptional performance, 
the device can effectively monitor tritium content in both 
nuclear power plant discharge outlets and common drink-
ing water sources, enabling early warning measurements.

5  Summary

In this study, we designed, simulated, and developed a trit-
ium monitoring device incorporating a PSF array. To vali-
date its performance, we conducted experimental tests to 
determine its detection efficiency and minimum detectable 
activity. The recorded detection efficiency of the device was 
1.6 × 10−3 , four times higher than the theoretical simulation 
value of 4 × 10−4 . However, we explained this discrepancy, 
emphasizing the importance of simulations in guiding the 
research and development of the device.

Without shielding, the device showed a minimum detect-
able activity of 3165BqL−1 over a 1600-second measure-
ment period. However, simulation results suggested that by 
lengthening the PSF, increasing their quantity, and imple-
menting rigorous shielding measures, the device’s mini-
mum detectable activity could improve to 50BqL−1 within 
the same timeframe. Moreover, by using smaller diameter 
PSFs along with optimized shielding and signal process-
ing algorithms to enhance detection efficiency, the device’s 
minimum detectable activity could be further reduced. This 
significant progress underscores the device’s potential for 
widespread application in tritium monitoring.

Overall, our study successfully designed and developed 
a tritium monitoring device based on a PSF array. Experi-
mental validation and simulation results showed the device’s 
capability to achieve desirable levels of minimum detect-
able activity through various optimization strategies. These 
results underscore the promising prospects and broad appli-
cations of the device in the field of online tritium monitoring 
in water.
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