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Abstract [Background] Tritium is a radioactive isotope of hydrogen that is primarily released from nuclear power

plants in the form of tritiated water. Once discharged, it can enter natural water bodies and the human living
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environment. Due to its biological toxicity, continuous monitoring of tritium in water is required. Regulatory limits
on tritium activity in drinking water vary by region, with the lowest threshold reaching 100 Bq-L", which places
stringent demands on the detection limit of monitoring systems. [Purpose] This study aims to meet the requirement
for real-time monitoring of low-level tritium water by developing a detection system with a low minimum detectable
activity concentration (MDAC). [Methods] Based on a laboratory-developed real-time tritium-in-water monitoring
system using plastic scintillating optical fibers, Geant4 Monte Carlo simulations combined with ROOT-based data
analysis were employed to investigate the key factors affecting MDAC of the monitoring system. Under fixed
chamber geometry and electronic parameters, the effects of fiber length, diameter, number, spatial arrangement,
cladding thickness, fiber curvature, and impurity radionuclide background were systematically investigated. [Results]
The simulation results indicate that: (1) a fiber length of approximately 20 cm provides a practical balance between
mechanical feasibility, cost and MDAC reduction; (2) for a fixed chamber geometry, MDAC decreases with the
increase of fiber number or fiber diameter; (3) the influence of fiber arrangement on MDAC is significant only at low
filling densities; (4) fiber cladding affects MDAC reduction only when the filling density is low and the cladding
thickness is below 0.1 pm; (5) it is necessary to ensure that the fibers are straight and without obvious bends as much
as possible during the industrial manufacturing and processing of scintillator fibers; and (6) impurity radionuclides
can significantly degrade detection efficiency and increase MDAC, hence, should be minimized. [Conclusion] For
practical detector design, achieving an MDAC of 100 Bq-L™ requires a single 46 mm-diameter chamber filled with
approximately 1 800 unclad plastic scintillating fibers of 1 mm diameter and 20 cm length. At high filling densities, a

uniform fiber arrangement is recommended to reduce optical crosstalk. In addition, background suppression and the

integration of radionuclide pre-treatment or purification units should be considered in practical applications.
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Fig.1 (a) Schematic diagram of the water-based tritium detector composed of a polytetrafluoroethylene chamber, a plastic

scintillator fiber array, and photomultiplier tubes on both sides

[8]

, (b) Front-end detection structure of the actual detector (color

online)
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Table 1 Parameters and constants directly affecting counts in Geant4 simulation

AL S BRI AP A R AR
Parameters in simulation Default value Constants in simulation Typical value
Fe4F 1~ $ Number of optical fibers 562 PMT W it I PMT absorption peak / nm 420
Fe4F K ¥ Length of optical fibers /cm 20 PMT %% PMT quantum efficiency 0.26

64T E.4% Diameter of optical fibers 1 HIHA 24 X IR E AL 46

/ mm Effective diameter of photocathode / mm

412 JE ¥ Cladding thickness / pm 0 HCEF MR R S U 435

Scintillation emission peak of optical fiber / nm

fiz = B 14 Diameter of chamber / mm 46

Fe£F 6745 Light yield of optical fiber / MeV™ 8 000

JI % /= F Height of chamber / cm 20 HTFRKAZE 0.126
Photon quenching coefficient / mm MeV™

I 521 [A] Measurement time / h 1 fi FL T RE 5 Tritium electron energy / keV 5.7

754 % 1 Coincidence window / ns 200 # 511 # Background count / s 9
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