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Abstract Currently, the liquid scintillation method is

widely used to measure the activity of tritiated water in the

primary circuit of nuclear power plants, which leads to the

continuous production of radioactive waste during mea-

surement. In addition, the real-time activity information of

tritiated water cannot be obtained. To solve this problem,

herein we present an online tritiated water measurement

method based on plastic scintillators that used the optical

transport process in the Geant 4 software toolkit to build a

model of plastic scintillation detection for tritiated water.

Through simulation, the basic geometric dimensions of the

detector were determined. In this dimension, using one

detector to measure for 3 h, when the tritiated water

activity was 100 Bq/L, its resolution was 16% (16 Bq/L).

In addition, calculations were performed for the presence

of other background signals to obtain the minimum

detectable concentration.

Keywords Tritiated water � Geant 4 � Plastic scintillators �
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1 Introduction

Tritium is an isotope of hydrogen (3H). It can be found

in air, water, food, and all living organisms through isotope

exchange with hydrogen in water and organisms [1, 2]. The

biological effects caused by the intake of different forms of

tritium are significantly different [3]. The solubility of

tritium gas in human blood is low, thus the internal radi-

ation dose produced by tritium gas entering the blood is

low. However, tritium gas can enter the lungs through

breathing, which is an important factor causing internal

radiation dose [4]. The harm caused by tritiated water is

greater than that caused by tritium gas. Tritiated water can

be evenly distributed throughout the human body within

2–3 h, and the radiological harm caused by tritiated water

is 2500 times more than that caused by tritium gas [5].

Tritium mainly exists in the form of tritiated water (HTO).

There are two ways to produce tritiated water: natural

formation and artificial formation; and the amount of

artificial tritiated water released is much higher than that of

natural tritiated water produced. Currently, governments

and related organizations have enacted legislation and

promulgated regulations that stipulate the maximum con-

centration of tritium in drinking water. For example, the

U.S. Environmental Protection Agency (EPA) sets a

maximum of 740 Bq/L [6] and the EU Council Directive

2013/51/Euratom, establishes a limit of 100 Bq/L [7].

The tritium in the environment originates from both

natural formation and artificial formation. The release rate

of artificial tritium is higher than that of natural tritium.

Artificially released tritium mainly comes from nuclear

weapon experiments and reactors [8]. Owing to the pro-

hibition of nuclear testing and the gradual rise of the

nuclear power industry, there is an increase in the amount
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of tritium released from nuclear power plants. In nuclear

power plants, tritiated water is mainly produced in the

water coolant and the moderator, and its amount depends

on the type of reactor. The Chinese government has pro-

posed requirements for the detection of liquid effluents

from nuclear power plants, including tritium as a separate

test item and clarified restrictions on tritium emissions. The

PWR nuclear power plant continuously generates tritium

due to the reaction of boric acid and neutrons in the pri-

mary circuit system, and the tritium activity reaches

107 Bq/L when operating at a stable power [9]. After

processing, the activity of tritium in the liquid effluent was

approximately 100 Bq/L. Traditional tritium concentration

measurement methods include the b-ray-induced X-rays

(BIXS) method [10], calorimetry [11, 12], imaging plate

method [13], the liquid scintillation method [14, 15]. The

BIXS method is a convenient and non-destructive tritium

measurement method. However, because of the low energy

of b-rays produced by tritium decay (0–18.6 keV), the

intensity of X-rays generated in the material is insignifi-

cant, so the detection efficiency of the BIXS method is low.

The calorimetry method converts kinetic energy into heat

energy in the sample chamber based on b-rays by tritium

decay. It calculates the tritium content by measuring tem-

perature change in the sample chamber. However, the

small change in the water tritium concentration will cause a

small temperature change in the sample room, which will

lead to a higher detection limit of this method (approxi-

mately 2 9 109 Bq/L), and the measurement time of the

calorimetry method is relatively longer. The operation of

the imaging plate method is complicated and risky. This

method ought to work by exposing the imaging plate to

tritium water vapor for up to 24 h before measurement,

which poses security risks. Its detection limit is

4 9 106 Bq/L [13], which cannot be used for online

measurement of low-concentrated tritiated water. Cur-

rently, nuclear power plants widely use offline liquid

scintillation methods to measure the concentration of tri-

tiated water. The detection limit of the liquid scintillation

method is less than 100 Bq/L, but its shortcomings are

obvious. In the actual measurement process, it is necessary

to select the type of scintillation liquid according to the

specific situation. In addition, the selection of scintillation

bottles, the amount of scintillation liquid, the pretreatment

of samples, and the holding time will affect the measure-

ment results [16, 17]. It takes approximately two days for a

single measurement, which makes it impossible to grasp

the tritiated water activity information in the liquid effluent

of nuclear power plants in real time. Simultaneously, when

the concentration of tritiated water is measured by the

liquid scintillation method, liquid waste is produced con-

tinuously, which runs counter to the purpose of environ-

mental protection. To solve these problems, this study

designs a set of low-activity tritiated water online mea-

surement systems.

2 Detector system

The b-rays produced by tritium decay have a maximum

energy of 18.6 keV. Its range in water is only a few

microns, and its penetration ability is poor. This leads to a

very small number of b-rays that can be detected, which

means that the detection efficiency is very low [18]. To

improve the detection efficiency of the detector for tritiated

water, it is necessary to have a sufficiently large contact

area between the tritiated water and the detector. In the

initial stage of the detector design, we consider using

multiple parallel-arranged fibers to form a detector array.

According to the investigation, it was found that the

common optical fiber is composed of an internal lumines-

cent medium and an external cladding. The thickness of the

external cladding is generally 1–2% of the diameter of the

optical fiber. Through Geant 4 simulation, it was found that

the range of b-rays produced by tritium decay in water and

plastic scintillators is less than 5 lm, which cannot pene-

trate the cladding of the fiber with the smallest diameter

(1 mm) on the market. Because the internal luminescent

medium and cladding are formed in one body during the

production of the fiber, through investigation, we found

that only SAINT-GOBAIN sells non-cladding scintillation

fibers. Owing to the cost and embargo issues, we propose a

technical scheme to increase the contact area by drilling

dense boreholes in a cylindrical plastic scintillator. The

contact area between the tritiated water and the detector

can be increased by increasing the flow channel of tritiated

water by drilling boreholes. A structure diagram of the

detector is shown in Fig. 1.

The entire detector is divided into three parts: a plastic

scintillator, sealing shell, and photomultiplier tubes (PMT).

The sealing shell in the middle part of the detector is a PC

tube that can be demountable. The number of PC tubes can

be added or reduced depending on change in the detector

length. Tritium decays to emit b-rays. Some b-rays can

reach the plastic scintillator and deposit energy. Subse-

quently, scintillation photons were produced. The scintil-

lation photons propagate through the plastic scintillator and

water; and finally reach the PMT. Then, they are converted

into photoelectrons and detected. Considering the size of

the photocathode matching the PMT, a cylindrical plastic

scintillator with a diameter of 5 cm, which has some water

flow channels, was selected. The density of the plastic

scintillator is 1.05 g/cm3, and the ratio of carbon to

hydrogen is 1:1.1. The luminescence spectrum is provided

by the manufacturer. The peak of the plastic scintillator

spectrum is at a wavelength of approximately 420 nm, and
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the light yield is 11250 photons/MeV (the nonlinear

problem of the light yield of the plastic scintillator in the

low-energy range is not considered here). The decay time

of the scintillation photons is 2.4 ns. The entire detector

shell adopts the structures of the inner and outer layers. The

inner layer uses Teflon material to reflect the scintillation

photons, and the outer layer uses an alloy shell to shield the

radiation from the background of the environment. Owing

to the low energy of the b-rays produced by tritium decay,

the number of scintillation photons generated is relatively

small. Part of the scintillation photons are lost owing to the

self-absorption of the material during the propagation

process. Considering the quantum efficiency of the PMT,

the number of photoelectrons produced on the PMT is very

small. Therefore, two PMTs are used for coincidence

measurements to effectively reduce false counting caused

by the dark current of the PMT. To improve the detection

efficiency of PMT for scintillation photons, PMT selects

Hamamatsu R6231-100 with a smaller dark current, larger

electron multiplication gain, and higher quantum effi-

ciency. According to the data provided by the manufac-

turer, the strongest wavelength of the emission spectrum of

the plastic scintillator is approximately 425 nm, and the

quantum efficiency of the PMT is as high as 20%. A

spectral match could be ascertained between the scintillator

and the PMT. The photocathode diameter of the PMT was

5 cm. At both ends of the detector shell, a 5 mm diameter

borehole was used as the inlet and outlet of the tritiated

water flow to maintain a constant water flow. At the

transverse position of the inlet and outlet of tritiated water,

a transverse borehole was drilled in the plastic scintillator

in the direction parallel to the upper and lower bottom

surfaces. At both ends of the plastic scintillator, the parts

near the PMT are filled with solidified optically coupled

glue to prevent direct contact between tritiated water and

the PMT photocathode. Teflon tape was used to seal the

ends of the plastic scintillator and the shielding shell.

3 Structure optimization of detector

To ensure that the detector is efficient and has a low

minimum detectable concentration, it is necessary to

increase the contact area between the tritiated water. The

aperture and the number of boreholes, as well as the length

of the plastic scintillator, are important factors determining

the contact area. At the same time, in the transmission

process of scintillation photons, whether or not the inner

wall of the borehole is polished also has an important

impact on the collection efficiency of scintillation photons.

To consider the influence of these factors, we used the

Geant 4 software toolkit [19] to simulate the detection of

tritiated water concentration using a plastic scintillator.

3.1 Aperture selection of borehole

The range of b-rays generated by tritium decay in water

and plastic scintillators is calculated by simulation and b
spectral data from Mertens et al. [20]. The calculation

results show that 99.4% of the b particles range within

5 lm. b-rays beyond 5 lm from the plastic scintillator

hardly contributed to the measurement results. To reduce

the calculation time in the program, we set the position of

particles in the tritiated water layer within 5 lm from the

surface of the plastic scintillator.

To improve the detection efficiency of the system, it is

necessary to increase the contact area between the tritiated

water and the detector surface. Currently, it is assumed that

the detector diameter is 5 cm, and the length is 60 cm.

When the aperture is 1 mm, 2 mm, 3 mm, 4 mm, and

5 mm, respectively, and the gap between holes is fixed at

Fig. 1 (Color online) Detector

model and physical picture
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1 mm, the effective emission volumes of the b particles are

0.0050, 0.0051, 0.0034, 0.0032, and 0.0024 L, respectively.

When the aperture was 2 mm, the b particle emission

volume was the largest. However, owing to the limitations

of machine tool technology is easier to drill the drill bit

vertically when the aperture is 3 mm. After relevant

research on mechanical processing, when the five-axis

CNC machine tool uses 3 mm drill bidirectional drilling, it

can achieve 60 cm plastic scintillator drilling. Therefore,

we determined the detector model as follows: a cylindrical

plastic scintillator with a diameter of 5 cm drills the dense

boreholes arranged by the array in the direction parallel to

the axis, the aperture was 3 mm, and the gap between the

holes was 1 mm. The length of the cylindrical plastic

scintillator did not exceed 60 cm.

3.2 Construction of detector model and simulation

Based on the parameters in Sect. 3.1, the tritiated water

detected by the detector was simulated. In the simulation,

the physical process uses the physical process of

G4EmLivermorePhysics and the optical physical process

of Geant 4 (Optical Physics) [21]. The former is used to

solve the transport problem of b particles, mainly providing

energy deposition data. The latter can transform energy

deposition into optical photons and transport them, and its

transport method is based on the theory of geometrical

optics. The physical process of G4EmLivermorePhysics is

more accurate in simulating low-energy electromagnetic

interactions, and its lower energy limit is 100 eV. The

electromagnetic interaction processes include Brems-

strahlung, Coulomb scattering, fluorescence effect, and

Auger electrons.

The refractive index and absorption length were

obtained from the parameters of pure plastic in Ref. [22].

The optical properties of water are taken from the detector

parameters of Geant 4’s own routine (examples/extended/

OpNovice). The quantum efficiency of the PMT adopts the

parameters provided by the manufacturer of R6231-100

(http://www.hamamatsu.com.cn/). The detector shell is

made of Teflon, the surface of which is a Lambertian

reflection [23]. The surface of the detector to Teflon was

set as PolishedTeflon_LUT, which is from the measured

surface database of Geant 4. In the simulation, the optical

surface of each interface was polished.

Electrons are generated in tritiated water and deposited

into plastic scintillators to generate photons. Finally, some

photons arrive at the PMT to generate photoelectrons. We

believe that this is an effective event only when both PMTs

output signals simultaneously. Figure 2 shows the photon

transport process for the particle deposition energy of the

detector. The green line is the transmission path of the

scintillation photon, and the gray line at both ends is the

PMT photocathode. The simulated energy deposition

points were marked. The number of photons in the trans-

mission process is lost owing to the self-absorption of the

plastic scintillator. In addition, some photons are emitted

into the water outside the plastic scintillator and cannot

reach the PMT. Therefore, when the energy deposition

point was close to the left end, the number of photons

transmitted to the right end is less than that to the left end.

Therefore, there appears to be a photon flux gradient

toward the right in the figure.

3.3 Length selection of plastic scintillator

To realize the measurement of low-concentration triti-

ated water with 100 Bq/L, the detection system needs to

have sufficient detection efficiency, that is, the plastic

scintillator should have sufficient contact area with tritiated

water. The smaller the aperture, the greater the number of

boreholes, and the larger the contact area. However, con-

sidering the possible polishing and existing processing

level of the borehole in the later stage, we chose the design

of a 3 mm aperture and 1 mm gap between holes. There-

fore, we can only increase the contact area by increasing

the length of the detector and the number of detectors in the

detection system. According to the investigation, when two

ends of the plastic scintillator are drilled by a five-axis

CNC machine tool, 60 cm long drilling can be realized.

Therefore, we used Geant 4 to simulate the number of

photons received by the PMT photocathode at different

lengths (20 cm–60 cm), as shown in Fig. 3.

Figure 3 presents the coincidence photon number spec-

trum received by the PMT photocathode when plastic

scintillators with different lengths measured at the same

time. The abscissa is the sum of the number of photons

received by the two PMTs when the two PMTs capture no

less than one photon at the same time, and the ordinate is

the number of times this number appears in the simulation.

From Fig. 3, it can be seen that the spectrum of the photon

number is similar to the b-ray energy spectrum produced

by tritium decay. With the increase in length, the peak

position moved to the left. This is because as length

increases, the self-absorption effect of the material

increases during the transmission of the scintillation

Fig. 2 (Color online) The photon transport process in the detector

(green is the transport path of photons)
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photon. The longer the detector, the longer the path of

photon propagation, and the greater the possibility of

photons emitting into the outer space of the plastic scin-

tillator in the propagation process. This is another reason

why the detection efficiency decreases with an increase in

the detector length. This requires a lower noise level and a

higher signal-to-noise ratio in back-end electronic devices.

However, the b-ray incident on the plastic scintillator in

unit time increases linearly with the length, as shown in

Table 1. At the same measurement time, according to the

number of effective events based on the coincidence pho-

toelectron number, a 60 cm long plastic scintillator cap-

tured 3,735,924 times, and a 20 cm long plastic scintillator

was captured 1,395,343 times. Using a detector with a

length of 60 cm was the optimal choice within the allow-

able range of the processing level as this saves approxi-

mately 2.68 times the measurement time when compared to

a 20 cm detector. The detection efficiency in this study is

based on the effective emission volumes, and the beta

particles generated beyond 5 lm from the surface of the

plastic scintillator are not taken into account. The detection

efficiency (DE) is the ratio of the number of effective

events based on the coincidence photoelectron number to

the number of events under certain detection conditions.

DE ¼ D

N
� 100%;

where D is the number of effective events based on coin-

cidence photoelectron number, N is the number of events.

Under the same tritiated water concentration and the

same detection time, different sizes of detectors were

simulated. When the aperture and the gap between holes

are fixed, the length of the plastic scintillator is propor-

tional to the number of electron incidents, which can better

observe the relationship between the detection efficiency

and length. The probability of particle deposition energy in

a plastic scintillator is independent of the detector length.

The simulation results are presented in the table below.

When the length of the detector increases from 20 to

60 cm, the detection efficiency of the detector decreases

from 4.19 to 3.74% (the quantum efficiency of the PMT is

considered in the simulation, that is, when PMTs capture

no less than one photoelectron at the same time, we believe

that the detector successfully detects an effective case).

With an increase in length, the detection efficiency

decreases. This is because as the length increases, the self-

absorption effect of the material increases during the

transmission of the scintillation photon. However, owing to

the increase in length, the contact area between tritiated

water and the detector increases, and the number of parti-

cles incident on the detector per unit time increases. The

number of b-rays received by the detector with a length of

60 cm per unit time was three times that of the detector

with a length of 20 cm. Using a detector with a length of

60 cm was the optimal choice within the allowable range

of the processing level. It saves approximately three times

the measurement time compared to a 20 cm detector.

3.4 Study on whether inner wall is polished

of borehole

The energy deposited by the b-ray in the plastic scin-

tillator generates scintillation photons, and the scintillation

photons propagate in the plastic scintillator to the PMT at

both ends. During the propagation of scintillation photons

in a plastic scintillator, multiple reflections, refractions, and

absorption occur between the tritiated water and the plastic

Fig. 3 (Color online) Comparison of coincidence photon number of

PMT with different lengths of plastic scintillators

Table 1 Simulation results

Detector length (cm) 20 30 40 50 60

Number of events 33,333,333 50,000,000 66,666,666 83,333,333 100,000,000

Number of effective events based on coincidence photon number 1,587,340 2,377,602 3,158,911 3,937,217 4,708,828

Number of effective events based on coincidence photoelectron number 1,395,343 2,030,251 2,627,727 3,195,951 3,735,924

Detection efficiency 4.19% 4.06% 3.94% 3.84% 3.74%
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scintillator interface. It is great significance to study the

influence of the polishing of the inner wall on the number

of photons collected by the PMT photocathode. The

influence of that on the photon number received by the

PMT was simulated using Geant 4. As shown in Fig. 4, the

blue line is the photoelectron number spectrum captured by

two PMTs at the same time in the case of the ground

internal wall of the plastic scintillator, and the green line is

the photoelectron number spectrum in the case of the

polished internal wall. It can be observed from the fig-

ure that when the inner wall is polished, the number of

photoelectrons converted by the PMT photocathode was far

greater than that when the inner wall was ground. Thus, the

detection efficiency of the detector is higher when the inner

wall of the plastic scintillator aperture is polished.

3.5 Simulation results

As seen above, when the diameter of the plastic scin-

tillator is 5 cm and the length is 60 cm. The performance

of the detector is at its best when 105 boreholes are drilled

parallel to the axis, the aperture is 3 mm, the gap between

holes is 1 mm, and the inner wall of the borehole is pol-

ished. On the left side of Fig. 5, the red line is the nor-

malized distribution of the b-ray energy generated by

tritium decay, and the blue line is the normalized distri-

bution of the deposition energy simulated by Geant 4.

Because the physical process of G4EmLivermorePhysics

has poor simulation accuracy below 1 keV, the curve

below 1 keV is abnormal as seen in Fig. 5. From the dia-

gram, it can be found that the peak value of the b-ray
produced by tritiated water decay is approximately 3 keV,

while the peak value of the deposited energy in the plastic

scintillator is approximately 6 keV. The reason for the peak

shift to the right is that a part of the relatively high-energy

(the right side of the peak) b-rays loses some energy in

water before they are incident on the plastic scintillator,

and some of the relatively low-energy (the left side of the

peak) b-rays are not incident on the plastic scintillator and

they lose energy completely. The right figure shows the

result obtained by Geant 4 when the length of the plastic

scintillator is 60 cm. The red line is the number spectrum

of the scintillation photons produced by incident b-rays in a
plastic scintillator. The abscissa is the number of scintil-

lation photons, and the ordinate is the number of times the

number appears. The green line represents the number of

photons captured by a PMT when these photons are

simultaneously captured by two PMTs at the same time.

The abscissa is the number of photons captured by the

PMT, and the ordinate is the number of times the number

appears. The blue line represents the spectrum of photo-

electrons captured by a PMT when these photoelectrons are

captured by two PMTs simultaneously after considering the

quantum efficiency of the PMT. The quantum efficiency

curve was added to the Geant 4 simulation program by

sampling. A total of 100 million b-ray emissions were

simulated in tritiated water within 5 lm from the surface of

the plastic scintillator. Among them, 4839,367 b-rays
deposited energy in plastic scintillation to generate scin-

tillation photons, and the number of photoelectrons cap-

tured by PMTs at both ends was 3735,924. In other words,

in the effective b-ray emission volume, approximately

4.84% of the b-rays deposit energy in the plastic scintil-

lation to generate scintillation photons, and approximately

77% of the scintillating photons are captured by both ends

of the PMT while generating electronic signals. For the

effective b-ray emission volume, the detection efficiency

(5 lm water layer) of the detector (60 cm long) was

approximately 3.74%. Based on this data, we can calculate

the number of pulses detected per unit time according to

the activity of the b-ray.
Geant 4 was used to simulate a set of detection systems

measuring for 3 h. Counting statistics of tritiated water

with different activities are shown in Fig. 6. The abscissa

in Fig. 6 refers to the number of effective events with

different tritiated water activities detected by the detector

when measured for 3 h by Geant 4 simulation. The ordinate

is the number of times this number appears in the simu-

lation. We simulated 100 million b-rays emission events in

the effective volume. It can be seen from Fig. 6 that the

number of effective events in tritiated water with different

activities is a Gaussian distribution. After calculation,

when the activity is from 100 to 10,000 Bq/L, the resolu-

tion is 16.13% (16 Bq/L), 7.35%, 5.10%, 3.55%, 2.87%,

2.50%, 2.20%, 2.04%, 1.86%, 1.73%, 1.64%, and 1.50%

(150 Bq/L). The detection system can theoretically realize

online measurement of tritiated water activity as low as

100 Bq/L. The simulation of the detection system shows

that it successfully realizes the online measurement of low-

activity tritiated water and reduces the single measurement
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Fig. 4 (Color online) Comparison of coincidence photoelectron

number of whether inner wall is polished
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time of the offline liquid scintillation method from to

2–3 days to 3 h.

3.6 Hypothesis of background count and minimum

detectable concentration (MDC)

There are several other radionuclides in the liquid

effluent of a nuclear power plant, except 3H, like 14C,
54Mn, 137Cs, 58Co, 60Co. The b-ray generated by its decay

affects the measurement results. Because the concentra-

tions of 54Mn, 137Cs, 58Co, and 60Co were much lower than
14C, 14C was used as the background source, and the

minimum detectable activity concentration (MDC) of the

detector was analyzed. The concentration of 14C in the

liquid effluent was 37.6 Bq/L. Because the range of rays

generated by the decay of 14C is much higher than that of b
rays generated by the decay of tritiated water, the effective

volume of 14C as the background source is the total volume

of tritiated water in the detector (0.42 L). The activities of
14C in the effective volume were calculated to be 15.79 Bq.

Assuming that the measurement time is 3 h, the energy

spectrum of 14C deposited in plastic scintillator are simu-

lated, and the background count within 0–18.6 keV can be

calculated as 118.7. The minimum detectable activity

concentration (MDC) applies the formula proposed by

Currie in 1968:

MDC ¼ LD
emIbT

� 1
V
¼ 2:71þ 4:65

ffiffiffiffiffi

Bt

p

emIbT
� 1
V
;

where LD (Bq) is the minimum determinable limit; Bt is the

background count of regions of interest; em is the detection

efficiency; T (s) is the measuring time; Ib is the energy

branching ratio corresponding to b-ray; and V (L) is the

effective volume of samples. Bt=118.7, em=3.74%,

T = 10,800 s, Ib=1. Thus, the minimum detectable con-

centration was 38.86 Bq/L.

In the liquid effluent of the primary loop of the nuclear

power plant, the concentration of 14C as the background

source was 37.6 Bq/L. Considering the influence of back-

ground counts, the minimum detectable concentration

(MDC) of 3H can get to 38.86 Bq/L when the system is

detected for 3 h.
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Fig. 5 (Color online) The figure on the left is the normalized energy

spectrum. Red is the normalized energy spectrum of b-rays produced
by the decay of tritiated water. Blue is the normalized energy

spectrum of the deposited energy incident on the plastic scintillator.

The figure on the right is the number spectrum of photons and

photoelectrons, red is the spectrum of scintillation photons generated

by b-ray deposition energy, green is the spectrum of coincidence

photons captured by two PMTs, and blue is the spectrum of

coincidence photoelectron
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Fig. 6 (Color online) Counting statistics of tritiated water with

different concentrations when measured by a single detector in Geant

4 simulation for 3 h
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4 Other details of the detection system

Because the environment of liquid tritium activity mea-

surement is complicated, the liquid effluent of a nuclear

power plant is taken as an example, which also contains the

influence of a, c, high-energy b-rays, and cosmic rays. This

method is different from the offline liquid scintillation

method. The liquid scintillation method can remove the

influence of other rays through physical and chemical

methods. To achieve online real-timemeasurement with this

detection system, the energy spectrum of rays in tritiated

water must be obtained through back-end electronic devices.

However, the detection system cannot identify a, b, and c
rays by waveform [24–26]. Through the analysis and quan-

titative research of the energy spectrum, we can identify and

filter effective low-energy b-rays. In general, it is still nec-

essary to simulate the energy deposition of different rays in

the detection system usingGeant 4 to provide a basis for later

energy spectrum analysis. Finally, the accuracy of the energy

spectrum analysis was verified based on the experimental

measurement data.

The nuclear power plant needs to sample its liquid

effluent regularly and measure its activity using the liquid

scintillation method. The detection system can be com-

pared with the liquid scintillation method of measuring the

same sample. The accuracy of the energy spectrum analysis

method was verified based on the measurement results of

the liquid scintillation method. If the energy spectrum

analysis scheme cannot achieve a better elimination of the

effects of other rays, the liquid to be tested can be purified

by an ultrapure water machine to eliminate the effects of

other radionuclides. At the same time, the water purifica-

tion system can eliminate the pollution of plastic scintil-

lators by algae and pollutants in the water to prevent

degradation of its detection performance.

Because of the low-energy b-ray deposition energy, the

signal amplitude output by the PMT is small, which

requires the back-end electronic devices to have large

magnification and low noise level, so that the online

detection of tritiated water activity based on plastic scin-

tillators can become a reality. Simultaneously, the back-

end electronic device designed a mode conversion func-

tion. In a later stage, it is necessary to identify the effective

low-energy b-ray counts according to the difference in the

energy spectrum. According to the collocation of the

plastic scintillator and PMT, we use a 500MSPS ADC chip.

Because this sampling rate ensures that there are no less

than four sampling points at the rising edge, the obtained

pulse height can be relatively accurate. In addition, a high

sampling rate can greatly reduce the time window of two

PMT coincidence judgments, and greatly reduce the

probability of false counting of the PMT dark current.

Presently, the processing of the detector and the design

of back-end electronic devices have been completed.

Electronic devices include two PMT output preamplifiers, a

dual-channel 500 MHz sampling data board, and a network

communication board. The network communication board

corresponds to an IP address. A network communication

board can connect five data acquisition boards; that is, an

IP address can connect five detectors. Through the switch,

a PC can connect multiple network boards, which can

double the number of detectors. Today, with the adoption

of a bill by the Japanese Cabinet Parliament to discharge

radioactive wastewater into the Pacific Ocean, two years

later, radioactive wastewater may contain radionuclides

such as 90Sr, 137Cs, 14C, and 129I. There are obvious dif-

ferences between c-rays and b-rays produced by these

major radionuclide decays. The detector system has the

function of energy spectrum acquisition. Through in-depth

simulation research and energy spectrum analysis, the

detection system is expected to become an effective means

for online real-time monitoring of multiple particle con-

centrations in wastewater.

5 Conclusion

This study mainly concluded the following: The range

of b-rays produced by tritium decay is within 5 lm in a

plastic scintillator and water. Calculations show that when

the plastic scintillator’s borehole inner wall is polished, the

detection efficiency of the detector is higher than that of a

detector with a ground inner wall. Through the Geant 4

simulation, when the detector was 5 cm in diameter and

60 cm in length, 105 densely arranged boreholes were

drilled parallel to the axis. The aperture was 3 mm and the

gap between holes was 1 mm. The detector had the best

performance considering the condition of the mechanical

processing technology. The simulation shows that when the

activity is from 100 to 10,000 Bq/L, the resolution is

16.13% (16 Bq/L), 7.35%, 5.10%, 3.55%, 2.87%, 2.50%,

2.20%, 2.04%, 1.86%, 1.73%, 1.64%, and 1.50% (150 Bq/

L). The detection system can theoretically realize online

measurements of tritiated water activity to as low as

100 Bq/L. After calculation, when the detector has the

optimal performance determined in this paper, the activity

of 14C, which is the main background source in the liquid

effluent of a nuclear power plant, is 37.6 Bq/L, and the

minimum detectable concentration of 3H can reach

38.86 Bq/L in the detection system for 3 h. This study aims

to change the current situation in which nuclear power

plants can only measure tritiated water activity offline. It

provides a real-time online measurement method for triti-

ated water activity monitoring in nuclear power plants and

solves the problem of continuous production of radioactive
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waste using the liquid scintillation method. Currently,

sewage treatment plants have b-ray activity detection

requirements, and the detection system studied has a huge

market space. In future nuclear power plants dominated by

nuclear fusion reactions, there are more ways to produce

liquid tritium and more monitoring points that require

online measurement, which enables the detection system’s

broad application prospects.
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