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A B S T R A C T

A navigable online monitoring system for marine radioactivity was developed to cope with possible large-scale 
marine nuclear pollution incidents. This system used a NaI(Tl) detector array mounted on a ship to collect 
radioactive data across wide marine areas rapidly. High volume-efficiency aids the system in rapidly identifying 
radionuclides exceeding standard levels. This feature enables the system to monitor the seawater in a wide area 
within a shorter time and promptly detect marine nuclear pollution incidents. Monte Carlo simulations were used 
to optimize the number of NaI(Tl) crystals and the detector spacing for enhancing the volume-efficiency of the 
system. Three Φ3" × 6″ NaI(Tl) detectors and the mounting bracket with a fixed detector spacing of 30 cm were 
fabricated based on the simulation outcomes. The volume-efficiency for 137Cs of the system was around six times 
higher than that for the buoy-based monitoring system with a 3-inch NaI(Tl) detector. The theoretical volume- 
efficiency curve, which was calculated through Monte Carlo simulation, was verified in a standard liquid source. 
The minimum detectable activity concentration (MDC) for radioisotopes of the system under various radioactive 
measurement durations was discussed, such as the MDC for 137Cs for 5 min measurement was 0.152 Bq/L. 
Marine radioactivity measurement experiments were conducted in the sea near the Tianwan nuclear power plant 
in Lianyungang, China. The test results showed that the activity concentration of 40K was 11.4 Bq/L. The results 
of navigation monitoring were consistent with those of sampling and laboratory measurement, which verified the 
stability and accuracy of the system.

1. Introduction

Accidents in coastal nuclear power plants and maritime nuclear 
submarines can result in widespread radioactive pollution of seawater 
[1–3]. For example, Japan discharged nuclear wastewater from the 
Fukushima nuclear power plant into the ocean on August 24, 2023, 
which raised concerns regarding potential impacts on marine ecosys-
tems [4]. The need for marine radiation monitoring has become 
increasingly apparent. Currently, the commonly used methods for 
monitoring marine radioactive pollution are manual sampling moni-
toring and buoy-based in situ monitoring. Manual sampling requires 
monitoring personnel to collect seawater samples at designated 

locations and then transport them back to the laboratory for analysis. 
Although this method is highly sensitive, it is limited by the lack of 
real-time capability [5–8]. Buoy-based in situ monitoring commonly 
involves the deployment of 3-inch NaI(Tl) detectors on buoys for 
real-time monitoring of seawater at specific points. However, the 
application of these methods to wide-area monitoring requires many 
buoys, which is challenged by high construction costs and maintenance 
[9–13].

A navigable online monitoring system was developed in this study 
for real-time monitoring of large-scale seawater radioactivity. As shown 
in Fig. 1, the system was equipped with an underwater radiation de-
tector array composed of multiple large-volume NaI(Tl) detectors 
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mounted on a ship to collect seawater radioactivity data during navi-
gation. The seawater radioactivity measurement is a type of volume 
source detection. The detection efficiency is related to the volume of 
seawater. To distinguish it from traditional detection efficiency, this 
paper refers to it as volume efficiency. When the volume-efficiency of 
the system is higher, the time required to respond to radionuclides 
exceeding standard levels increases. This condition helps the system 
monitor seawater in a wide area rapidly and discover nuclear accidents 
in a timely manner. Therefore, the design of the underwater radiation 
detector array needs to be optimized to improve the volume-efficiency of 
the system. This study describes the design of the detector array and the 
measurement results from the field experiments in the sea near the 
Tianwan nuclear power plant.

2. Design of underwater radiation detector array

2.1. MCNP model of the underwater radiation detector array

The technology based on NaI(Tl) scintillation crystals is currently the 
primary method employed in marine radioactivity monitoring [14,15]. 
The crystals with larger volumes are characterized by higher 
volume-efficiency, which aids in the early identification of nuclear ac-
cidents. Therefore, the NaI(Tl) detector array with a total crystal volume 
of 127.2 cubic inches, which is equivalent to the sum of six Φ3" × 3″ 
crystals, was utilized in this work. The MCNP code was adopted to 
further improve the volume-efficiency of the system. The code was 
utilized to simulate the effects of the number of NaI(Tl) crystals and 
detector spacing on volume-efficiency under the condition of constant 
total crystal volume. The goal was to optimize the design of the NaI(Tl) 
detector array.

The structure of the detector is shown in Fig. 2. The NaI(Tl) crystal 
and the outer casing were cylindrical. Above the crystal was an air layer 

with a height of 50.21 cm. Below the air layer, a 0.5 cm thick SiO2 layer 
was present, followed by a 0.25 cm thick MgO layer and a 0.2 cm thick 
Al layer. The outer shell was made of Ti alloy with a thickness of 0.5 cm.

In this study, the NaI(Tl) crystal with a constant total volume was 
divided into n quantities, where n ranged from 1 to 6 (Table 1). While 
the dimensions of the crystals in the detectors were changed, the 
thickness of other materials, such as MgO, Al, SiO2, and Ti, and the 
height of the air layer were kept constant.

The source model was configured as spherical. Radioactive nuclides 
were assumed to have a uniform distribution in seawater. The detector 
was at the center of spherical seawater. Under these geometric condi-
tions, the volume-efficiency εV was calculated using Formula (1): 

εV =V × ε (1) 

where V is the simulated seawater volume in L, and full energy peak ε is 
simulated using the pulse height tally ‘F8:P′ with the default physics 
option in the MCNP code. The unit of the volume-efficiency εV is cps/ 
(Bq/L).

This study determined the size of the seawater volume source based 
on detection distance to simulate the large seawater radiative environ-
ment; this distance was defined as the farthest distance at which the 
detector could detect gamma rays [16]. The Monte Carlo model, as 
shown in Fig. 2(a), positioned a single detector within a spherical 
seawater source. In the model, the center of the sphere coincided with 
the NaI(Tl) crystal center. A total of 12 values collected at intervals of 10 
cm from 10 cm to 120 cm were used as the radius of the sphere. The 
curves in Figs. 3 and 4 show the volume-efficiencies of NaI(Tl) detectors 
of different specifications for the 0.662 MeV gamma rays from 137Cs and 
the 2.62 MeV gamma rays from 208Tl. The efficiencies vary with the 
radius of spherical seawater sources.

The results indicated that, with the increase in sphere radius, the 
volume-efficiency initially rose first and then stabilized. The smallest 
source radius at which the volume-efficiency reaches its maximum was 
considered the effective detection distance. When the volume of a single 
NaI(Tl) crystal increased or the energy of the radiation rose, the effective 
detection distance amplified. For a NaI(Tl) detector with dimensions of 
Φ5" × 6.5″ inches, the maximum detection distance for 2.62 MeV 
gamma rays was 100 cm. The distance from the boundary of the 
seawater sphere source to the center of the NaI(Tl) crystal should be at 
least 100 cm in this study.

2.2. Effect of detector spacing on volume-efficiency

In the detector array, the detector spacing, which was defined as the 
minimum distance between the surfaces of the housings of two adjacent 
detectors, may affect the volume-efficiency. Therefore, the detector 
spacing needs to be optimized to improve volume-efficiency. The MCNP 
model is shown in Fig. 5, where the centers of the NaI(Tl) crystals were 
situated on the same plane to ensure that the detectors were at the same 
height, and their geometric centers were aligned with the center of the 
sphere. The detector array was arranged in a symmetric polygonal 
pattern to ensure structural stability during navigation. A total of 7 
spacing values collected at intervals of 10 cm from 0 cm to 60 cm were 
used as the detector spacing, and the radius of the seawater source was 
set to 200 cm.

Fig. 1. Installation method of the detector array. The detector array is sub-
merged in seawater during navigation.

Fig. 2. MCNP model of the NaI(Tl) detector.

Table 1 
Dimensions of NaI(Tl) crystals.

Number of NaI(Tl) crystals Dimensions of crystals

1 Φ5" × 6.5″
2 Φ4" × 5.1″
3 Φ3" × 6″
4 Φ3" × 4.5″
5 Φ3" × 3.6″
6 Φ3" × 3″
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The curves in Figs. 6 and 7 illustrate the volume-efficiency of 
different combinations of detector arrays for 0.662 and 2.62 MeV 
gamma rays as a function of detector spacing. The curves exhibited 
similar trends, with volume-efficiency initially increased as spacing 
rose. When the spacing exceeded 30 cm, the volume-efficiency reached a 
maximum and tended to stabilize. Given that the detectors in the de-
tector array will obstruct gamma rays from each other, a shielding effect 
will be generated, which reduces the volume-efficiency. Once the 
spacing reaches 30 cm, the shielding effect between them nearly dis-
appears. Therefore, the detector spacing in the array should be greater 
than or equal to 30 cm for the monitoring of seawater radioactivity.

2.3. Effect of the number of NaI(Tl) crystals on volume-efficiency

This section simulated volume-efficiency curves for different com-
binations of detector arrays. The aim was to determine the optimal 
number of NaI(Tl) crystals based on the total volume-efficiency within 
the energy range of 0.05–3 MeV and the sum of the volume-efficiency for 
major artificial radionuclides discharged into the ocean from nuclear 
power plants.

The model for optimizing the number of NaI(Tl) crystals, similar to 
Fig. 5(b), used a fixed detector spacing of 30 cm and a seawater sphere 
source radius of 200 cm. The source energy ranged from 0.05 MeV to 3 
MeV, with intervals of 0.1 MeV. As a result, 31 energy values were 

Fig. 3. Volume-efficiency for 0.662 MeV γ rays as a function of source radius.

Fig. 4. Volume-efficiency for 2.62 MeV γ rays as a function of source radius.

Fig. 5. (a) Detector spacing (b) Top-down MCNP view of various combinations of detector arrays. The yellow section represents the seawater, and the red depicts NaI 
(Tl) detectors.

Fig. 6. Relationship between detector spacing and volume-efficiency for 0.662 
MeV gamma rays.
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generated. The volume-efficiency curve was fitted using Formula (2). 

ln εV =
∑

i
Pi(ln E)i (2) 

where E represents the particle energy, εV denotes the volume- 
efficiency, i ranges from 0 to 6, and Pi represents the parameters to be 
calculated. The volume-efficiency curves for different combinations of 
detector arrays are shown in Fig. 8.

In Fig. 8, the volume-efficiency curves initially rose and then 
declined with the increase in energy. With the increase in gamma-ray 
energy, the effective detection distance, which was defined as the 
farthest distance at which the detector can detect gamma rays, rose. This 
improvement led to a higher number of particles detected by the de-
tector, which boosted the volume-efficiency. However, as the gamma- 
ray energy increased, the probability of complete energy deposition 
within the crystal decreased, which resulted in the decline in volume- 
efficiency for full-energy peaks. At higher energies, the dominant ef-
fect was the decrease in energy deposition probability, which led to a 
reduction in volume-efficiency. Conversely, at lower energies, the in-
crease in counting rate dominated, which improved the volume- 

efficiency.
Fig. 8 also shows that the volume-efficiency curves intersected 

pairwise. Before these intersections, the detector array with more NaI 
(Tl) crystals had higher volume-efficiency, while the opposite was true 
after the intersections. Given the consistency in the total volume of 
crystals, the volume-efficiency curves for different combinations of de-
tector arrays will exhibit a point of intersection. At this intersection, the 
decrease in volume-efficiency due to the reduction in the volume of each 
crystal is balanced by the increase in volume-efficiency resulting from 
more crystals. In the high-energy region after the intersection point, the 
decrease in volume-efficiency due to reducing the volume of individual 
crystals has a greater impact on detecting high-energy particles than the 
effects of increasing the number of crystals. Therefore, the detector array 
with fewer NaI(Tl) crystals but larger individual crystal volumes had 
higher volume-efficiency. Conversely, in the low-energy region, 
increasing the number of NaI(Tl) crystals has a larger impact on 
enhancing the volume-efficiency of low-energy photons. Therefore, the 
detector array with more NaI(Tl) crystals achieved higher volume- 
efficiency in the low-energy region.

The total volume-efficiency in the energy range of 0.05–3 MeV and 
the sum of volume-efficiencies for the major artificial nuclides emitted 
from nuclear power plants are shown in Table 2. The results indicated 
that detector arrays with 2, 3, and 4 NaI(Tl) crystals exhibited higher 
overall volume-efficiency in the range of 0.5–3 MeV. The sum of volume- 
efficiency for major nuclides in detector arrays with 3, 4, 5, and 6 NaI 
(Tl) crystals was higher. Comparing the two parameters showed that, for 
NaI(Tl) crystals with a total volume of 127.2 cubic inches, dividing them 
into 3 or 4 equal-volume crystals and arranging them in a detector array 
with a detector spacing of 30 cm or more was optimal for the monitoring 
of seawater radioactivity. The volume-efficiency for 137Cs of the detector 
array composed of three Φ3" × 6″ NaI(Tl) detectors reached 1.22 cps/ 
(Bq/L) and was about six times higher than the 0.21 cps/(Bq/L) from a 
buoy-based gamma-ray measurement system with a Φ3" × 3″ NaI(Tl) 
detector as this study [13]. The results also showed that the optimized 
design of the large volume NaI(Tl) detector array could improve the 
volume-efficiency of the system, which resulted in quicker responses of 
the system to nuclear accidents.

3. Deployment tests of the underwater radiation detector array 
in marine environment

3.1. Online monitoring system for navigable marine radioactivity

Based on the simulation results from Chapter 2, three Φ3" × 6″ NaI 
(Tl) detectors were fabricated and assembled into an underwater radi-
ation detector array. The mounting bracket with a fixed detector spacing 
of 30 cm was designed, as shown in Fig. 9. The length of the bracket 
could be adjusted to position the centers of the crystals below the sea 
surface by 100 cm.

The hydrostatic pressure test of the NaI (Tl) detectors was carried out 
at the National Ocean Technology Center, China. The NaI(Tl) detectors 

Fig. 7. Relationship between detector spacing and volume-efficiency for 2.62 
MeV gamma rays.

Fig. 8. Volume-efficiency curves for different combinations of detector arrays.

Table 2 
Parameters for comparing volume-efficiency.

Different 
combinations of 
detector arrays

Sum of volume- 
efficiencies at 0.05–3 
MeV cps/(Bq/L)

Sum of volume-efficiencies for 
major artificial nuclides emitted 
from nuclear power plantsa cps/ 
(Bq/L)

1-Φ5" × 6.5″ 3.17E+04 14.99
2-Φ4" × 5.1″ 3.19E+04 15.86
3-Φ3" × 6″ 3.20E+04 16.57
4-Φ3" × 4.5″ 3.18E+04 16.58
5-Φ3" × 3.6″ 3.17E+04 16.69
6-Φ3" × 3″ 3.15E+04 16.67

a Major artificial nuclides emitted from nuclear power plants 
[17]:51Cr,54Mn,59Fe,58Co,60Co,134Cs,137Cs,131I,124Sb,110m Ag, and65Zn.
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were able to withstand water pressure at a depth of 200 m, so they could 
be mounted on a longer bracket to detect seawater radioactivity at 
greater depths in the future. The outer shell of the NaI(Tl) detectors was 
made of Ti alloy, which has the characteristics of corrosion resistance 
and impact resistance. Additionally, the mounting bracket could also 
protect the detectors. Because of the above reasons, these NaI(Tl) de-
tectors could withstand abuse from a moving ship in a storm or colliding 
with an object.

The online monitoring system for navigable marine radioactivity 
primarily consisted of an underwater radiation detector array, air dose 
rate meter, meteorological sensors, data acquisition devices, communi-
cation systems, and positioning systems, as illustrated in Fig. 10. The 
acquisition and communication module was one of the core components 
of the entire system, and their hardware and software were self-made. 
The collection module automatically collects and packages data from 
detector arrays, air dose rate meter, and meteorological sensors at reg-
ular intervals, including environmental monitoring data such as 
seawater dose rate, seawater gamma spectrum, air dose rate, tempera-
ture, wind speed, air pressure and location. The collection frequency can 
be adjusted online, with a range from every 30 s to every 24 h. The 
communication module transmits these data to the remote server 
through a 4/5G wireless network. If there is no wireless network, data 
can also be directly transmitted to a portable laptop through a wired 
connection. Finally, the software on the server would process these data, 
utilizing spectral analysis methods such as nuclide identification and 
activity concentration calculation. The software interface can display 
real-time information, including seawater γ dose rates, seawater γ 
spectra, and location.

3.2. Experimental verification of the volume-efficiency curve

The volume-efficiency curve of the NaI(Tl) detector array, as fitted in 
Section 2.3, was verified in the standard liquid sources provided by the 
National Ocean Technology Center, China. The standard liquid source 
was placed in a water tank with a height of 3 m and a diameter of 2.5 m, 
which contained 137Cs (0.85 Bq/L) and 133Ba (0.36 Bq/L). Each detector 
in the array was placed at the center of the water tank, with the NaI(Tl) 
crystal positioned 1 m below the water surface, and measured for 1 h in 
the standard liquid source. The counts at the same channel address in the 
energy spectra from three detectors were summed to obtain the syn-
thetic spectra, as shown in Fig. 11.

The volume-efficiencies εV for 137Cs and 133Ba at 662 and 356 keV, 
respectively, were obtained from the volume-efficiency curve shown in 
Fig. 8, which yielded 1.22 cps/(Bq/L)@662 keV and 1.34 cps/(Bq/L) 
@356 keV. The formula for calculating the nuclide activity concentra-
tion is shown as Formula (3). 

a=
n

εVp
(3) 

where a is the activity concentration in Bq/L, n is the net count rate of 
the full energy peak in cps, and p is the gamma-ray emission probability. 
As shown in Table 3, the bias of the activity concentrations for 137Cs and 
133Ba were less than 5%, which indicates that the efficiency calibration 
is reasonably accurate.

3.3. Minimum detectable activity concentration calculation of the 
underwater radiation detector array

Minimum detectable activity concentration (MDC) is a substantial 
performance indicator of the detection instrument, which refers to the 

Fig. 9. NaI(Tl) detector array and bracket.

Fig. 10. Navigable online monitoring system.
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minimum activity concentration that the system can detect. The 
accepted calculation formula of MDC is shown as Formula (4) [18,19]: 

MDC=
2.65 + 4.71

̅̅̅
B

√

εVpT
(4) 

where B represents background counts, and the ROIs for background 
counts B were determined as the regions covering an energy interval of 
2.5 × FWHM, centered on the photon energy for the radionuclides; p 
stands for gamma emission probability; T is the duration of spectral 
measurement; and εV denotes volume-efficiency, which was calculated 
by the fitting curve in Section 2.3. Based on the gamma spectrum 
measured by the NaI(Tl) detector array in seawater, the MDC for the 
radionuclides was calculated, as shown in Table 4. In this study, only the 
presence of a single radioactive nuclide was considered, therefore the 
results of MDCs in Table 4 are theoretically the lowest.

The volume-efficiencies and MDCs of the individual detector and 
detector array for 137Cs were compared, as shown in Table 5. The 
volume-efficiency of the individual detector was calculated based on 
formula (1). The energy spectrum of each detector had been processed 
through energy calibration. Hence, the background counts RoIs of the 
detector array could be obtained by summing the ROIs of the three 
detectors. The results indicated that the sum of the volume-efficiencies 
of the three detectors was 1.23 cps/(Bq/L), slightly higher than the 

1.22 cps/(Bq/L) from the detector array, with a deviation of 0.82%. For 
MDCs, although the background counts of the detector array had 
increased, due to the square root processing of the background counts 
during calculation, the MDCs of the detector array were smaller than 
that of a single detector. The detector array can detect lower activity 
concentrations of radioactive nuclides at the same measurement time. 
The optimization of the detector array scheme can maximize the effec-
tiveness of each detector in the array, thereby enhancing the volume- 
efficiency and detectability for artificial radionuclides.

3.4. Experimental results of seawater radioactivity measurement

The system was used to conduct two application tests in the sea near 
the Tianwan nuclear power plant in Lianyungang, including nearshore 
and offshore areas. Each test involved 3 h of sailing at a speed of 5 km/h, 
with seawater gamma spectroscopy collected every 5 min. In addition, 
the background spectrum measured for 30 min was obtained by an in 
situ measurement experiment near the nuclear power plant, with the 
position retained during the measurement. Fig. 12 shows the back-
ground gamma spectra measured for 5 min.

During the deployment tests, the identification rate for 40K isotopes 
was 100%, with an average activity concentration of 11.4 Bq/L. Other 
natural isotopes were not identifiable due to their lower concentrations 
and shorter measurement times. No artificial isotopes, such as 137Cs, 
were detected during the tests. The MDC values for 137Cs for 5 and 30 
min measurement were 0.152 and 0.062 Bq/L. The average activity of 
137Cs in the seawater near the Tianwan nuclear power plant has been 
reported to be around 0.012 Bq/L, which was lower than the MDC of the 
proposed system [20]. However, the proposed system can effectively 
detect marine radioactive pollution accidents with relatively high 
radioactivity in a timely way.

The seawater samples obtained near the Tianwan nuclear power 
plant were also analyzed in the laboratory using a high-purity germa-
nium gamma spectrometer [21,22]. Table 6 shows the radioactivity 
concentrations of 40K from both methods. The measurement results 
showed that the relative errors ranged from 3.6% to 21.3%, which 
verified the feasibility and reliability of the system.

4. Conclusion

This study proposed a navigable online monitoring system equipped 
with multiple large-volume NaI(Tl) detectors. This system could monitor 
a wide range of seawater radioactivity in a short period. While keeping 
the total volume of the NaI(Tl) crystals constant, Monte Carlo simula-
tions were employed to optimize the number of NaI(Tl) crystals and the 
detector spacing in the underwater radiation detector array to enhance 
the volume-efficiency of the system. Simulation results indicated that, 
for the NaI(Tl) crystal with a total volume of 127.2 cubic inches, 
dividing it into three or four crystals and arranging them in a detector 
array with a detector spacing of over 30 cm were more suitable for the 
monitoring of seawater radioactivity.

Based on the simulation results, three Φ3" × 6″ NaI(Tl) detectors and 
the bracket with a fixed detector spacing of 30 cm were fabricated. The 
volume-efficiency for 137Cs of the system reached 1.22 cps/(Bq/L) and 
was about six times higher than from a buoy-based monitoring system 
with a Φ3" × 3″ NaI(Tl) detector. The simulated volume-efficiency curve 
was verified using standard liquid sources. The results showed that the 
relative error between the measured values and the actual activity 
concentration was within 5%, which verified the accuracy of the 
volume-efficiency derived from the simulated efficiency curve. The 
deployment tests were performed in the sea area near the Tianwan nu-
clear power plant in Lianyungang, which confirmed the accuracy and 
stability of the system. The test results showed that the average activity 
concentration of 40K was 11.4 Bq/L, which was consistent with the 
laboratory analysis results. Therefore, the stability and reliability of the 
system were verified. The MDC of the system for 137Cs for 5 min 

Fig. 11. Composite gamma-ray spectrum measured for 1 h.

Table 3 
Computed results for the activity concentrations of137Cs and40K.

Nuclide Actual activity 
concentrations (Bq/L)

Measured activity 
concentrations (Bq/L)

Bias

137Cs 0.85 0.829 2.47%
133Ba 0.36 0.358 0.50%

Table 4 
MDC of radionuclides under different spectral acquisition times.

Nuclide 300 s (Bq/ 
L)

600 s (Bq/ 
L)

1800 s (Bq/ 
L)

1 h (Bq/ 
L)

24 h (Bq/ 
L)

131I 0.2304 0.1629 0.0941 0.0665 0.0136
60Co 0.0725 0.0512 0.0296 0.0209 0.0043
137Cs 0.1522 0.1076 0.0621 0.0439 0.0090
134Cs 0.1501 0.1061 0.0613 0.0433 0.0088
124Sb 0.2092 0.1480 0.0854 0.0604 0.0123
208Tl 0.1047 0.0740 0.0427 0.0302 0.0062
40K 0.8757 0.6192 0.3575 0.2528 0.0516
214Bi 0.6614 0.4677 0.2700 0.1909 0.0390
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measurement reached 0.152 Bq/L.
In addition to the issues discussed in this paper, the poor resolution 

of NaI(Tl) detector will make the system difficult in identify multiple 
radionuclides. In the future, a high-resolution HPGe detector can be 
installed on the same ship for a quick isotope identification from grab 
sample.
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