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A B S T R A C T

A real-time in-situ monitoring system for detecting beta and gamma nuclides underwater was proposed, and 
basic characteristic experiments were conducted. The current radiation monitoring system in Korea for low- 
energy beta nuclides uses liquid scintillation counting (LSC), which is time consuming and not recommended 
for rapid responses to uncontrolled releases.

An integrated monitoring system comprising two scintillators (NaI(Tl) and plastic) was proposed and 
analyzed. This system exhibited gamma and beta detection efficiencies of 2.51 ± 0.025 % and 8.00 ± 0.08 %, 
respectively, for the 137Cs and 90Sr disk sources. The coincidence net count rates of 90Sr from 90Sr + 137Cs were 
578.00 ± 0.58 and 577.06 ± 0.77 cps, respectively. The system revealed a relative difference of 0.40 %, which 
eliminated the effect of gamma nuclide, thus providing a methodological basis for distinguishing between un
derwater beta and gamma nuclides. The results indicated that the present approach could be usefully applied to 
establish a real-time beta and gamma monitoring system for underwater environments, such as groundwater at 
decommissioning sites.

1. Introduction

Radioactive materials generated during the operation of nuclear 
power plants (NPPs) and other nuclear facilities are released into the 
external environment within legally acceptable limits. Such releases 
should be meticulously planned according to the procedures outlined in 
technical guidelines for NPP operations. Planned releases ensure that 
radioactivity levels do not reach thresholds that would endanger the 
environment and surrounding communities. Additionally, the radiation 
dose from NPPs should be maintained as low as reasonably achievable to 
ensure public safety. However, in some decommissioned or currently 
operational NPPs in the United States—such as the decommissioned 
Indian Point NPP and the currently operational Braidwood NPP—ra
dioactive materials were unintentionally released due to system or 
equipment leaks or operator errors, resulting in groundwater contami
nation [1,2]. Unlike planned releases, uncontrolled releases do not 
follow a pre-determined route, meaning radioactive materials may reach 
the environment without being monitored or controlled. Therefore, NPP 
operators must proactively prevent uncontrolled releases. Given the 
diverse causes of such releases and the challenge of completely 

preventing them, early detection and prompt response mechanisms are 
crucial.

On-site groundwater should be regularly monitored before and after 
the decontamination and decommissioning (D&D) of nuclear facilities, 
including early monitoring of uncontrolled releases. If releases are 
controlled following the remediation of a D&D site, long-term ground
water radiation monitoring is required. Beta nuclides generated from 
nuclear facilities must be managed from the perspective of health 
physics, necessitating technology capable of promptly and accurately 
detecting the contamination levels.

In Korea, environmental radioactivity around nuclear facilities is 
currently assessed according to the Korea Nuclear Safety and Security 
Commission notice No. 2017-17, “Regulations on Environmental Radi
ation Monitoring and Environmental Radiation Impact Assessment 
around Nuclear Facilities” [3]. Water samples, including rainwater, 
surface water, and groundwater, were collected monthly for environ
mental radiation monitoring [4]. These samples were analyzed for 
gross-beta radiation, tritium, and gamma radiation. However, 
measuring instruments such as liquid scintillation counters (LSC) 
require pretreatment due to the short range of low-energy beta nuclides, 
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making in-situ LSC impractical if long sampling and analysis times are 
needed [4]. Consequently, prompt response to uncontrolled conditions 
is challenging.

Real-time in-situ gross beta measurements in underwater environ
ments are not currently practiced in Korea. Consequently, efforts were 
made to develop an in-situ beta measurement system for use at D&D 
sites was attempted [5]. Plastic scintillators, known for their high 
sensitivity to short range beta particles and minimal damage upon 
contact with water, form the basis of this system [5]. A system was 
proposed for monitoring short-range beta radiation in groundwater at 
D&D sites. For existing groundwater in-situ beta measurement systems, 
which measure 3H and 90Sr, additional studies are required to determine 
whether water samples contain gamma nuclides. To address this, a de
tector using an inorganic scintillator was added. This study focuses not 
only on detecting gamma nuclides but also on determining beta coin
cidence counts while minimizing the effects of gamma nuclides in water 
samples.

2. Material and methods

2.1. Detection system

2.1.1. Beta-detection system
Plastic scintillators are physically and chemically stable even when 

in direct contact with water. Additionally, owing to their low effective 
atomic number, they exhibit minimal backscattering and low sensitivity 
to gamma rays, which helps reduce background levels. Leveraging the 
characteristics of short-range beta particles in water and the non- 
hygroscopic nature of plastic scintillators, a detection system was 
designed to detect short-range particles when they are in direct contact 
with the plastic scintillator, as depicted in Fig. 1 [6]. The monitoring 
system was also designed for real-time monitoring by circulating water 
samples through the system via a pump, similar to methods used in 
existing studies [5].

A plastic scintillator (EJ-212, Eljen Technology) was used for beta 
detection. The material properties of EJ-212 are listed in Table 1 [7]. 
The maximum emission wavelength of the EJ-212 scintillator is 423 nm, 
which is similar to the wavelength of the PMT R878 (Hamamatsu) used 
in this study, which has a peak emission at 420 nm.

The PMT R878, a head-on type photomultiplier tube [8], was 
selected for its suitable size for laboratory-scale experiments and 
cost-effectiveness in implementing a monitoring system. As listed in 
Table 2 [8], the PMT R878 has an effective area with a diameter of 46 
mm and is supplied with 1250 V from a high-voltage power supply. It 
covers the 300–650 nm range with a peak.

2.1.2. Gamma-detection system
Inorganic scintillators with high atomic numbers and densities are 

typically used for gamma-ray measurements. Most of these scintillators 
consist of a single transparent material, varying in size from a few mil
limeters to several centimeters. They offer extremely high light output 
and detection efficiency for gamma rays [9]. For instance, NaI(Tl), an 
inorganic scintillator, has light output and absolute detection efficiency 
approximately four times greater than those of common plastic 

scintillators. However, many inorganic scintillators with high light 
output have relatively long decay times. The decay time affects the time 
resolution, crucial for the simultaneous counting methods used in this 
study. Longer decay times can degrade time resolution and increase 
random simultaneous counting signals, which are considered back
ground radiation and can obscure the actual sample signals, especially in 
environments with high background radiation. Therefore, the decay 
time of inorganic scintillators is a critical factor. Additionally, hygro
scopicity is an important consideration for in-situ underwater moni
toring. This study evaluated NaI(Tl), GAGG(Ce), LaBr3, and CeBr3 as 
potential candidates. Table 3 lists the properties of these scintillators 
[10–14]. Among them, LaBr3(Ce) and CeBr3 demonstrated the best 
decay times of 25 ns and 19 ns, respectively, whereas GAGG(Ce) pre
sented an intermediate decay time. The light yield, which is directly 
proportional to detection efficiency, is above 40,000 photons/MeV for 
most candidates. Notably, GAGG(Ce) is the only candidate that is 
resistant to hygroscopicity.

2.2. Monte-Carlo simulation

To evaluate the energy-specific detection efficiency based on scin
tillator thickness and sample temperature, a Monte-Carlo simulation 
using MCNP6.2 was performed [15]. Fig. 2 illustrates the MCNP6.2 
modeling, which was conducted to derive the beta- and 
gamma-detection characteristics. The NaI scintillator was encapsulated 
in an aluminum cell, with magnesium oxide (MgO) used as a reflector. 
Due to the NaI scintillator’s susceptibility to mechanical and thermal 
shocks and its deliquescence, it was sealed with an aluminum cell [16]. 
The MgO reflector had a thickness of 1.85 mm, and the aluminum 
packaging was 0.5 mm thick. The NaI scintillator was modeled as a 
cylinder with a diameter and height of 5.08 cm. The water sample was 
contained within a 5 cm cube, excluding the acrylic structure supporting 
the EJ-212. The material of the detection section containing the water 
sample was modeled as a 6 cm cube. The detector size was determined 
by optimizing the diameter of the R878 used in this study (5 cm). 
Consequently, the diameter of the EJ-212 was also 5 cm, and a hole with 

Fig. 1. Concept of the in-situ beta monitoring system using plastic scintilla
tors [6].

Table 1 
Properties of EJ-212 (Eljen technology) [7].

Properties EJ-212

Light output [% anthracene] 65
Scintillation efficiency [photons/1 MeV e− ] 10,000
Wavelength of maximum emission [nm] 423
Light-attenuation length [cm] 250
Rise time [ns] 0.9
Decay time [ns] 2.4
Full width at half maximum (FWHM) [ns] 2.7
No. of H atoms per cm3 [ × 1022] 5.17
No. of C atoms per cm3 [ × 1022] 4.69
Density [g/cm3] 1.023
Polymer base PVT
Refractive index 1.58

Table 2 
Specifications of PMT R878 [8].

Type Head-on type

Tube size Dia. 51 mm
Photocathode area shape Round
Photocathode area size Dia. 46 mm
Wavelength (short) [nm] 300
Wavelength (long) [nm] 650
Wavelength (peak) [nm] 420
Photocathode material Bi-alkali
Window material Borosilicate glass
Anode-to-cathode supply voltage [V] 1250
Time response (rise time Typ.) [ns] 7
Time response (transit time Typ.) [ns] 70
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a diameter of 4.6 cm was modeled to accommodate it.

2.2.1. Beta- and gamma-detection efficiency based on plastic-scintillator 
thickness

The beta-detection efficiency based on the plastic-scintillator thick
ness was calculated using MCNP6.2. As depicted in Fig. 3, the modeling 
was performed on EJ-212 plastic scintillators with thickness of 1, 3, and 
5 mm. The beta-detection efficiency was evaluated using 3H, 14C, and 
90Sr sources. For gamma-detection efficiency, the source was modeled to 
emit monoenergetic gamma rays with energy levels of 0.05, 0.1, 0.2, 0.5, 
0.8, 1.0, 1.5, 2.0, 2.5, and 3.0 MeV. Additionally, the source was ho
mogeneously distributed within the water samples.

2.2.2. Beta- and gamma-detection efficiency based on inorganic-scintillator 
thickness

To evaluate the energy-specific detection efficiency based on the 
inorganic-scintillator thickness, a Monte-Carlo simulation using 
MCNP6.2 was performed. The source was homogeneously distributed 
within the water samples. For assessing beta radiation detection effi
ciency, the source was modeled as 90Sr, which emits high-energy beta 
radiation. For evaluating energy-detection efficiency, the source emitted 
monoenergetic gamma rays at energy levels of 0.05, 0.1, 0.2, 0.5, 0.8, 
1.0, 1.5, 2.0, 2.5, and 3.0 MeV. To evaluate the optimal thickness, the 
range of high detection efficiency was determined by varying the 
thickness from 1 to 7 cm in 1 cm increments. This range was chosen to 
account for attenuation in thicker scintillators and to exclude thick
nesses in millimeters where interaction probabilities were low. Note that 
MCNP6.2 does not account for the scintillation process; instead, the 
detection efficiency was determined based on the number of gamma 
rays deposited on the scintillator, using the F8 tally. The detection- 
efficiency results obtained from the simulations were calculated using 
Equation (1). 

εMC =
Peak number of photons in the simulated spectrum

Number of photons emitted by the source
. (1) 

2.3. Design of detection circuit

Coincidence counts for gross-beta detection were obtained as illus
trated in the conceptual schematic in Fig. 4. To acquire the incident 
radiation signal, a high-voltage power supply (556, ORTEC) provided 
the operating voltage to the PMT [17]. The two output signals of the 
PMT were simultaneously amplified using a dual amplifier (855, 
ORTEC) [18]. A timing single-channel analyzer (SCA; 551, ORTEC) and 
a time-to-amplitude converter (567, ORTEC) were used in the coinci
dence method to minimize the background effect [19–21]. The signal 
acquired from the coincidence method was digitized using a multi
channel analyzer (EASY-MCA 2 K, ORTEC) [22]. For acquiring the en
ergy spectra of gamma nuclides, the same high-voltage power supply 
(556, ORTEC), amplifier (855, ORTEC), and MCA (EASY-MCA 2 K, 
ORTEC) were used.

Table 3 
Properties of four inorganic scintillator candidates [10–14].

Materials Density [g/cm3] Wavelength of maximum emission [nm] Principal decay constant [μs] Total light yield [photons/MeV] Hygroscopicity

NaI(Tl) 3.67 415 0.23 55,000 O
GAGG(Ce) 6.63 520 0.05–0.15 40,000–60,000 X
LaBr3 5.08 380 0.02 60,000 O
CeBr3 5.2 380 0.02 60,000 O

Fig. 2. MCNP6 modeling of the beta and gamma monitoring detector 
(front view).

Fig. 3. MCNP6 modeling based on plastic scintillator thickness.
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2.4. Derivation of gross-beta detection efficiency using disk sources

A verification experiment was performed using disk sources in air to 
validate the method of deriving beta and gamma radioactivity with the 
monitoring system before applying it to water samples. For beta mea
surements, a90Sr disk source was used, while 60Co and 137Cs disk sources 
were used for gamma measurements. 60Co and 137Cs were the main 
nuclides analyzed in the water samples. The experiment utilized 90Sr as 
a representative gross-beta source due to its extensive use as a standard 
for gross-beta activity and its higher decay energy of 546 keV compared 
to other beta sources [23]. 90Sr is in radioactive equilibrium with its 
daughter nuclide 90Y. The parameters of the disk sources used to derive 
detection efficiency are listed in Table 4. The experiments with disk 
sources were performed in July 2023. The experimental setup for 
measuring gross-beta detection efficiency is shown in Fig. 5, and the 
overall process is illustrated in Fig. 6. The combined uncertainty for the 
full energy peak efficiency (FEPE) of 137Cs and the detection efficiency 
of 90Sr includes the uncertainties in source radioactivity, full peak 
emission probability, and counting measurement.

2.4.1. Calibration of NaI(Tl) detector, derivation of 137Cs FEPE, and 
coincidence counts using disk sources

The disk sources used for the calibration of the NaI(Tl) detector were 
60Co and 137Cs. A schematic illustration of the experimental setup is 
depicted in Fig. 7. The spectrum was derived using MCA by connecting 
the PMT to an 855 dual amplifier using a NaI(Tl) scintillator that was not 
affected by beta as a scintillator-support structure. The coarse gain of the 
855 dual amplifier was set to 20, and the fine gain was set to 6.5 for the 
NaI(Tl) scintillator. The measurement time was 900 s.

To calibrate the NaI(Tl) detector, the absolute FEPE was derived 
from the gamma energy spectrum of the source. The FEPE is calculated 
as shown in Equation (2). Following this, the environment was simu
lated using MCNP6.2, and the results from the simulation were 
compared and analyzed against the experimental data. 

εExp =
A

S × P(E) × t
(2) 

A = Full energy peak area count of source
S = Activity of source (Bq)
P(E) = Probability of gamma ray with energy E being emitted
t = Measurement time (live time) (s)

Additionally, the effect of the beta source 90Sr on the NaI(Tl) 
detection system was evaluated. The same experimental settings as those 
depicted in Fig. 7 were configured, and the energy spectra of the 90Sr 
disk source and background were derived and analyzed.

Thereafter, the coincidence counts of 137Cs were derived using two 
plastic scintillators. Net counts were derived by excluding background 
counts from the gross counts of 137Cs, and the detection efficiency was 
derived based on the net counts of 137Cs. A schematic illustration of the 
experiment performed to derive the coincidence counts for 137Cs is 
depicted in Fig. 8. The scintillation signals generated by the interaction 
between each plastic scintillator and 137Cs were amplified using an 
amplifier. These signals were then input to different timing SCAs for 
conversion into timing signals. If two timing signals occurred within the 
time window defined by the 567 time-to-amplitude converter, they were 
processed as coincidence counts. In this experiment, the coarse gain of 
the amplifier was set to 20 and the fine gain to 2.5. For the 551 timing 
SCA, the lower level was set to 0.1, and the time window of the 567 time- 
to-amplitude converter was set to 20 μs. The measurement duration was 
1800 s.

2.4.2. Derivation of beta and gamma coincidence counts and gross-beta 
detection efficiency using disk sources

Coincidence counts for 90Sr and 90Sr + 137Cs disk sources were 
derived under identical experimental conditions, as depicted in Fig. 8. 
First, the FEPE for 90Sr + 137Cs disk sources was determined using a NaI 
(Tl) detector and compared with the FEPE for 137Cs alone, as depicted in 
Fig. 7. The activity of 137Cs was calculated from its FEPE value obtained 
with the NaI(Tl) detector. The coincidence counts for 137Cs were 
calculated using the detection efficiency value of 137Cs for the plastic 
scintillators, as detailed in Section 2.4.1, based on the derived activity of 
137Cs. To verify the detection system, the coincidence counts for 137Cs 
were subtracted from the coincidence counts for 90Sr + 137Cs disk 
sources. The resulting values were then compared with the coincidence 
counts for 90Sr disk sources.

Fig. 4. Schematic illustration of the conceptually designed gross-beta coincidence-count detection system.

Table 4 
Parameters of disk sources used for detecting efficiency.

Parameters 90Sr/90Y 60Co 137Cs

Original activity [kBq] 3.7/3.7 37 9.25
Production date 2022.07.12 2022.07.14 2022.07.12
Half-life 28.78 y/64 h 5.27 y 30.08 y
Manufacturer Spectrum Techniques (TN)
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Fig. 5. Experimental setup.

Fig. 6. Schematic illustration of the verification method for deriving gross-beta efficiency using disk sources.
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3. Results & discussions

3.1. Results of Monte-Carlo simulation

3.1.1. Beta- and gamma-detection efficiency based on plastic-scintillator 
thickness

By performing the MCNP simulation described in Section 2.2.1, the 
detection efficiencies of plastic scintillators measuring 1, 3, and 5 mm 
thick were determined, which were the same for the three thickness 
ranges, as shown in Table 5. Detection efficiencies of scintillators in
crease with the increase of the beta ray energy. The radionuclides were 
modeled to be contained within a water sample, where beta particles 
with short ranges are more likely to be absorbed by water before 
interacting with the scintillating material. This implies that low-energy 
beta particles lose a significant amount of their energy in water 
compared to high-energy beta particles, resulting in reduced in
teractions with the scintillating material and consequently lower 
detection efficiency. Based on the MCNP6.2 simulation results, the 
detection efficiency of the beta sources was not affected by the plastic- 
scintillator thickness. As shown in Fig. 9, the amounts of energy 
deposited for cases (a) and (b) are different; however, the nonzero en
ergy deposition of beta particles in the scintillator in the F8 tally of 
MCNP6.2 was considered a count. As depicted in Fig. 10, the energy 
spectra of 3H and 14C were consistent, respectively, regardless of the 
different plastic-scintillator thickness and that of 90Sr was consistent for 
the thicknesses of 3 and 5 mm. As the scintillator thickness increases 
from 1 mm to 5 mm, energy absorption reaches a saturation point, 
meaning that further increases in thickness do not significantly affect the 
results. However, the spectra appeared in the region of low energy not 
up to maximum energy, which was thought to be because the thickness 
of the specified cell was insufficient in MCNP simulation, causing most 
energetic electrons to be lost through transmission or other processes. 
Thin plastic scintillators reduce the self-absorption of photons generated 
during the scintillation process. Moreover, in gross-beta measurements, 
the 5-mm-thick plastic scintillator experienced relatively significant 
interference from gamma rays compared to the 1-mm-thick plastic 

Fig. 7. Schematic illustration for deriving the gamma energy spectrum.

Fig. 8. Schematic illustration for deriving the coincidence count of the 
gamma source.

Table 5 
Detection efficiencies of 1-, 3-, and 5-mm-thick plastic scintillators based on 
MCNP6 simulation.

Detection efficiency of 1, 3, 5 mm scintillator (%) Relative error (%)
3H 0.0002 2.24
14C 0.0021 0.68
90Sr 0.1222 0.29

Fig. 9. Energy-deposition mechanism in MCNP simulation.
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scintillator. Consequently, among the 1, 3, and 5 mm plastic scintilla
tors, the 1 mm scintillator was found to be the most suitable.

As depicted in Fig. 11, the effects of gamma rays on the 1, 3, and 5 
mm plastic scintillators were derived using MCNP6.2. As shown in 
Fig. 11, the spectrum of a plastic scintillator reflects energy deposition, 
resulting in a combined shape of the Compton continuum and double 
escape peaks for the range of given gamma-ray energy. All graphs 
exhibited similar trends, regardless of the plastic scintillator thickness. 

The results confirmed that the influence of gamma rays increased with 
the plastic-scintillator thickness. This is because thinner plastic scintil
lators allow greater penetration of gamma rays. Additionally, the find
ings confirmed that a thinner plastic scintillator could minimize the 
impact of gamma rays. However, as the thickness decreases, the risk of 
physical damage increases due to direct contact with the sample.

3.1.2. Beta- and gamma-detection efficiency based on inorganic-scintillator 
thickness

In the case of beta rays, because of the support structure between the 
sample and scintillator, the beta rays could not reach the inorganic 
scintillator, thus resulting in zero detection efficiency in the MCNP6.2 
simulation. This result is to be expected because only the gamma source 
should be detected in the beta–gamma mixed samples using an inorganic 
scintillator. Fig. 12 depicts the detection efficiency of each inorganic 
scintillator as a function of thickness, as obtained from the MCNP6.2 
simulation. The results showed that the FEPE of GAGG(Ce) began to 
saturate at a thickness of 4 cm, whereas those of LaBr3, CeBr3, and NaI 
(Tl) began to saturate at a thickness of 5 cm. Saturation occurs when the 
increase in FEPE is less than 1 % with a 1 cm increase in scintillator 
thickness in the low-energy region. As thickness increased, the detection 
efficiency increased exponentially. Among the scintillator candidates, 
GAGG(Ce) exhibited the highest FEPE across most energy regions. 
However, GAGG(Ce) is less compatible when its maximum emission 
wavelength is 520 nm, given the most PMTs peak at a wavelength of 
420 nm. The maximum emission wavelength of NaI(Tl) is 415 nm, 
which aligns best with the PMT used in this study. Consequently, a 5 cm 
NaI(Tl) scintillator was used in the experiment.

3.2. Results of gross-beta detection efficiency based on disk sources

3.2.1. Results of 137Cs FEPE and coincidence counts using disk sources
The energy of the NaI(Tl) detector was calibrated to determine the 

FEPE of 137Cs and to convert the number of channels into energy. Fig. 13
shows the energy-calibration curve based on the experimental data. The 
three full peaks were fitted using a linear function to establish the 
calibration function, which was determined using Equation (3). The R2 

value of the linear function was 1, indicating a perfect fit. 

Y(keV)=0.9442 × X(channel number) + 31.814, (3) 

Fig. 14 compares the FEPE (εExp) obtained experimentally with the 
detection efficiency obtained through simulations (εMC). The uncer
tainty in the FEPE was calculated by combining the uncertainties from 
the source radioactivity, full peak emission probability, and measure
ment counting. The experimentally derived FEPE for 137Cs, was 2.51 ±

Fig. 11. Energy spectra of gamma rays based on plastic-scintillator thickness.

Fig. 10. Energy spectra of 3H, 14C, and 90Sr.
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0.025 %. For statistical evaluation, the relative difference between the 
measured data and the simulated data was assessed using Equation (4). 

Relative difference=
measured data − simulation

simulation
[%]. (4) 

The relative differences were 1.2 %–3.3 % compared with the 
MCNP6.2 results, thus indicating that MCNP6.2 agreed well with the 
measured data.

Fig. 15 depicts the 90Sr and background energy spectra derived using 
the NaI(Tl) detection system. As depicted in the figure, the NaI(Tl) 

scintillator was not affected by the 90Sr source. This is because beta rays 
have relatively low energy, which implies that they cannot penetrate the 
reflector or the aluminum that seals the NaI(Tl). These results confirmed 
that the FEPE for the gamma source can be derived using the NaI(Tl) 
detection system, even if a beta source existed in the sample.

Subsequently, the coincidence counts of 137Cs were derived using the 
plastic scintillators. Table 6 lists the net coincidence count rate and 
detection efficiency of 137Cs obtained with the plastic scintillators.

Assuming the disk source activity corresponds to 137Cs, the activity 

Fig. 12. Gamma-detection efficiencies based on organic-scintillator thickness.

Fig. 13. Energy calibration of the NaI(Tl) detector. Fig. 14. Absolute full energy peak efficiency obtained from experiments 
and simulation.
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value of the sample can be determined using the 2.51 ± 0.025 % 
detection efficiency by counting the net area of the full peak with the NaI 
(Tl) detector. The net coincidence counts of 137Cs can then be predicted 
using the desired activity value and the detection efficiency of 2.51 ±
0.025 % for the plastic scintillator. If the derived net coincidence counts 
exceed the expected value, the excess is likely attributable to gross-beta 
contributions.

3.2.2. Derivation of beta and gamma coincidence counts and gross-beta 
detection efficiency using disk sources

Table 7 lists net coincidence count rate and detection efficiency of 
90Sr when measuring only 90Sr disk sources, as well as the net coinci
dence count rate when measuring both 90Sr and 137Cs disk sources 
together. The net coincidence count rate of the 90Sr disk source 
measured in air using the plastic scintillator was 578.00 ± 0.58 cps, 
with a confirmed detection efficiency of 8.00 ± 0.08 %. By subtracting 
the net coincidence count rate of 137Cs obtained in Section 3.2.1 from 
the net coincidence count rate of 90Sr + 137Cs disk sources, a value of 
577.06 ± 0.77 cps was derived. The relative difference between these 
two net coincidence count rates was within a maximum of 0.40 %, 
where the effect of 137Cs radioactivity was removed. As illustrated in the 
flowchart of Fig. 6, the coincidence counts for 137Cs detected from a 
plastic scintillator detection system can be eliminated based on the 
radioactive activity of 137Cs and its detection efficiency in the plastic 
scintillator system. Unlike the NaI(Tl) detection system, the plastic 
scintillator detects both gamma and beta radiation from 137Cs. However, 
the detection efficiency of the plastic scintillator system is determined 
based on coincidence counts relative to the activity of 137Cs during its 

characterization, inherently accounting for the combined effects of 
gamma and beta radiation. Therefore, by obtaining the radioactive ac
tivity of 137Cs using the NaI(Tl) detection system, it is possible to sub
tract the influence of all 137Cs radiation (gamma + beta) from the 
coincidence counts in the plastic scintillator detection system. Based on 
the disk-source experiments conducted in air, the procedure for deriving 
beta and gamma radioactivity using this monitoring system was suc
cessfully verified. However, because water has a higher attenuation 
coefficient than air, the detection efficiency for nuclides in water would 
be relatively lower compared to air. Despite this, the radioactivity of 
nuclides in water can be effectively separated using the detection 
efficiency-based approach for deriving the coincidence net count rate, as 
demonstrated in air. This approach leverages the detection efficiency 
evaluation of the integrated beta/gamma-detection monitoring system.

3.2.3. Derivation of minimum detectable activity (MDA) for 137Cs and 90Sr
The detector sensitivity describes how efficiently it converts radia

tion into a useable signal (i.e. “counts”). In other words, the sensitivity of 
a detector is defined by how small an amount of a sample it can measure 
for radioactivity. The MDA is calculated using Equation (5) [9]: 

MDA=
2.71 + 4.65 ×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
nb × T

√

T × m × ε [Bq / g]. (5) 

where nb is background count rate [cps], T is sample and background 
count time [sec], m is sample mass [g], and ε is detection efficiency.

The MDA for 137Cs of HPGe is 0.002–0.006 Bq/L for a measuring 
time of 80,000 s where it also depends on mass of the sample. The 
effluent control limit for 137Cs is 50 Bq/L. In this monitoring system 
(sample amount 131.08 g, background counting rate 8.85 cps, mea
surement efficiency 2.51 %), a measurement time of approximately 
7000 s is required to reach the effluent control limit. For gamma 
detection, this monitoring system does not require sensitivity up to 
HPGe as it is used to confirm the presence or absence of gamma nuclides 
and to eliminate their influence.

In this monitoring system, experiments were conducted on the beta 
radionuclide 90Sr, and the MDA was compared for the low-background 
alpha/beta counter (LB), commercial device used to measure 90Sr. The 
MDA for 90Sr of LB is 0.2–0.4 mBq/L for a measuring time of 12,000 s. 
The effluent control limit for 90Sr is 20 Bq/L. In this monitoring system 
(sample amount 131.08 g, background counting rate 8.85 cps, mea
surement efficiency 8.00 %), a measurement time of approximately 
4000 s is required to reach the effluent control limit. The MDA of LB is 
much lower than that of this monitoring system. However, this moni
toring system has the advantage of not requiring pre-treatment and 
allowing on-site measurement.

This analysis of beta radionuclides using HPGe and LSC typically 
takes 3–5 days from sample collection to preprocessing and measure
ment. However, this system can measure on-site without preprocessing, 
achieving MDA of 14.3 Bq/L for 137Cs and 4.49 Bq/L for 90Sr within 24 

Fig. 15. 90Sr and background energy spectra obtained using the NaI(Tl) 
detection system.

Table 6 
Coincidence count and detection efficiency of137Cs.

Background count rate [cps] Gross count rate [cps] Net count rate [cps] Detection efficiency [%]
137Cs 8.85 ± 0.07 239.70 ± 0.37 230.85 ± 0.37 2.51 ± 0.025

Table 7 
Coincidence counts and detection efficiencies of90Sr and90Sr + 137Cs and90Sr alone.

Background count rate [cps] Gross count rate [cps] Net count rate [cps] Detection efficiency [%]
90Sr 8.85 ± 0.07 586.85 ± 0.57 578.00 ± 0.58 8.00 ± 0.08
90Sr + 137Cs 8.85 ± 0.07 816.76 ± 0.67 807.91 ± 0.68 –
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h. These values correspond to 28.6 % and 22.5 % of effluent control 
limits, respectively. Accordingly, it is believed that this should be suf
ficient to determine whether there is contamination.

It was confirmed that the present experimental verification using 
disk sources could provide key information to the field applicability of a 
real-time in-situ beta and gamma monitoring system for water samples. 
If water samples are properly calibrated and the detection efficiency is 
accurately derived based on the source, the proposed system can be 
applied to various water types, including groundwater, seawater, and 
rainwater.

4. Conclusion

In this study, a continuous integrated beta/gamma-detection moni
toring system was conceptually designed and evaluated for treating 
contaminated water from areas near nuclear facilities, such as decom
missioning sites. The detection component was designed so that the 
sample was in direct contact with the plastic scintillator, enabling the 
detection of short-range beta nuclides in water. Additionally, MCNP 6.2 
simulation was performed to evaluate NaI(Tl), GAGG(Ce), LaBr3, and 
CeBr3 inorganic scintillators, aiming to eliminate the influence of 
gamma nuclides if present in the sample. Based on the simulation results 
and PMT specifications, a 5-mm-thick NaI(Tl) scintillator was selected to 
construct the monitoring system.

The constructed gamma-detection system yielded a detection effi
ciency of 2.51 ± 0.025 % for the 137Cs disk-source through calibration. 
The relative difference in the coincidence net count rates of 90Sr for the 
90Sr disk source and 90Sr + 137Cs disk sources was confirmed to be 0.40 
%, which, based on this monitoring system, showed that the radioac
tivity of nuclides could be separated sufficiently even if beta and gamma 
nuclides are mixed. The integrated beta/gamma-detection monitoring 
system developed in this study was indicated to have the potential to 
provide the foundation for real-time in-situ monitoring in water envi
ronments, including groundwater at decommissioning sites.
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