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A B S T R A C T   

This study aimed to investigate the use of metal coatings for enhancing the radiation sensitivity of optical fibers. 
Monte Carlo simulations were conducted for a preliminary study of the enhancement effects of different metals 
and thicknesses on radiation sensitivity. The enhancement effect on radiation sensitivity was further verified by 
through an accelerator irradiation experiment. In this study, optical frequency domain reflectometry (OFDR) 
technology was used to determine changes in the radiation sensitivity of the optical fibers. The results show that 
the attenuation of the optical fiber with a lead metal coating was approximately-three times higher than that 
without a coating. Acceptable agreement was obtained between the simulation and experimental results. In 
conclusion, using lead-metal coating reduced the detection limit of the optical fiber dosimetry by 66%.   

1. Introduction 

Radiation dose monitoring is important for applying nuclear tech
nology [1–3]. Dose measurement must be remote, online, and distrib
uted [4]. 

Optical fiber sensors have many unique advantages, such as anti- 
electromagnetic interference, mechanical flexibility, small size, and 
light weight [5–7]. Using the optical time domain reflectometry (OTDR) 
interferometry [8], point sensors (such as fiber Bragg gratings [9]) and 
Micro optical sensors (such as silicon light-emitting devices mono
lithically [10]) have been used to monitor physical parameters such as 
temperature and strain. When optical fibers are used in radiation dose 
measurement, three macroscopic effects of optical fibers in the radiation 
field are mainly used: Radiation-induced emission (RIE), Radiation- 
induced refractive index change (RIRIC), and Radiation-induced atten
uation (RIA). For the RIE effect, it mainly uses the Cherenkov light [11] 
or the scintillation photons [12] generated by the fiber. The research on 
RIRIC effect is mainly for the application of the fiber Bragg grating (FBG) 
[13] and long period gratings (LPG) [14–16]. Irradiation of FBG or LPG 
by photons caused wavelength shift (Bragg wavelength or resonance 
wavelength). The dose is obtained according to the wavelength shift. 

For the RIA effect, radiation-induced point defects in optical fibers 

under ionizing radiation are called color centers [17]. The generation of 
color centers weakens the strength of the transmitted signal in the fiber 
[18]. Dosimetry based on RIA measurements was performed in the early 
90s [19–21] and was first implemented at the accelerator in 2004 by 
Henschel et al. [22]. Studies have shown that in the case of P-doped 
fibers, the expected RIA that corresponds to a dose of 300 Gy would be 
approximately 1.3 dB/m at a wavelength of 1300 nm [23]. In the case of 
Al-doped fibers, their RIA can reach 4.8 dB/m in the linear variation 
range [24]. For silica core fibers undoped with related elements, studies 
have shown that ultra-low loss pure silica core fiber (ULL-PSC) fibers 
from Corning can achieve RIA levels of 2 dB/m at a dose of 2000 Gy 
[25]. 

Previous studies have focused on the doping of elements in the core 
to enhance the RIA effect of the optical fiber to achieve radiation 
dosimetry at relatively low doses [26–28]. In addition, optical time 
domain reflectometry (OTDR) has been employed in previous studies to 
obtain distributed dose measurements. However, OTDR technology has 
a lower spatial resolution (several meters to tens of meters) [8,29]. 
Optical frequency-domain reflectometry (OFDR) has also been proposed 
to achieve higher-resolution radiation dose measurements [30]. OFDR is 
a reflectometer system used for measuring distributed fiber-optic 
backscatter with micron-scale spatial resolution [31], with high 
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signal-to-noise ratio, high spatial resolution, and high sensitivity in the 
field of optical fiber sensing. 

A metal coating was used in this study to increase the RIA To further 
improve the sensitivity of distributed dose measurement. The Monte 
Carlo Geant4 toolkit was used to simulate the influence of a metal layer 
on dose deposition in the fiber core. In addition, the effect of the actual 
improvement of the metal layer on the optical fiber radiation sensitivity 
was verified through an experiment with an accelerator irradiating the 
optical fiber. 

2. Materials and methods 

In this study, Monte Carlo tool kit Geant4 was used to simulate the 
deposition dose in the optical fiber core to obtain the best parameters. 
According to the simulation results, the corresponding metal layer and 
thickness are selected to carry out the actual optical fiber irradiation 
experiment. The setup of simulation and experiment were introduced in 
this section. 

2.1. Configurations of the Monte Carlo simulation 

This section includes physical lists, radioactive sources, and geo
metric models used in GEANT4 simulations. 

2.1.1. Physics list and source definition in the simulation 
Geant4 is a general-purpose Monte Carlo simulation toolkit for par

ticle transportation and has been widely used in the field of nuclear 
technology applications [32]. In this study, the detailed transport of 
ionizing radiation and dose deposition were simulated using the “Stan
dard Electromagnetic Physics” a Physical List in the Geant4 Monte Carlo 
Toolkit (version 10.06. p01). The optical fiber was vertically irradiated 
with 6 MV and 10 MV photons [33,34]. A surface source with a diameter 
of 4 cm was placed close to the solid water surface and emitted particles 
perpendicular to the fiber. All simulations were performed using 1 × 109 

primary particles to maintain a statistical uncertainty below 0.5 %. 

2.1.2. Geometry structure applied in the simulation 
The Geometric structure applied in the simulation is shown in Fig. 1. 

Three fibers with a length of 10 cm were placed side-by-side with a 
spacing of 0.3 cm. The outer dimensions of the coating, cladding, and 
core of the optical fiber were 245, 125, and 9 μm, respectively. The core 
and cladding materials were silica dioxide, and the coating was poly
imide. The densities of the core and cladding were 2.2 g/cm3, whereas 
the coating density was 1 g/cm3. Since the polyimide layer does not 
affect the experimental results. After removing the original polyimide 
coating, the fiber becomes so fragile that experiments are difficult to 
perform. Therefore, we keep the original coating layer for experiment 
and simulation. Square metal layers with an area of 10 × 10 cm were 
placed above and below the optical fibers. The metal layers were used to 
simulate the coatings of the fibers, similar to a study conducted by 

Debnath et al. [35]. Three materials—lead, copper, and alumi
num—were used as metal layers. To ensure a charged particle equilib
rium in the fiber, layers of solid water with different thicknesses, 
depending on the photon energy, were placed on the outer side of the 
metal layer: a thickness of 1.5 cm was used for 6 MV photons and a 
thickness of 2 cm was used for 10 MV photons. 

2.2. Experimental procedure 

Based on the Geant4 simulation, the radiation sensitivity enhance
ment of the metal-coated fiber was verified through an accelerator 
(Varian TrueBeam) irradiation experiment. The transmission spectra of 
the silica-core fiber (SMF-28) and radiation-sensitive fiber (IXF-RAD- 
SENSE-SM-1550-PI) [36] under irradiation were measured before the 
experiment. An appropriate optical fiber was selected for follow-up ex
periments based on the spectral change characteristics of the two optical 
fibers after irradiation. 

In the experiment, the OFDR technology (OCI-T Wuhan Haoheng) 
was used to measure the attenuation change of the optical fiber under 
irradiation. Multiple groups of optical fibers were connected through an 
FC/APC flange to simultaneously measure the signal attenuation of the 
optical fibers. The average value of all data within every 2 cm of the 
fiber, considered as the measurement point, was taken to improve the 
stability of the measurement results. Fiber attenuation was obtained by 
calculating the difference between the signals at the start and end of the 
region of interest. 

The experimental setup is shown in Fig. 2. Since the RIA measure
ment results are attenuation per unit length of the optical fiber, four 
groups of 1-m long optical fibers were used. Lead, copper, or aluminum 
sheets of 0.6 mm thickness were placed above and below in each of the 
three groups to simulate coatings of the optical fibers. A group without a 
metal covering served as the control group. Solid water with a 1.5 or 3 
cm thickness, depending on the photon energy used, was placed above 
the metal sheet to ensure charged particle equilibrium in the fiber during 
irradiation. The optical fiber was placed under a linear accelerator 
(source-to-axis distance (SAD) = 100 cm). In this experiment, 6 and 10 
MV energies were used for irradiation at dose rates of 6 and 3 Gy/min, 
respectively. Signals were recorded every 5 Gy, and each group was 
irradiated with a total dose of 60 Gy. During irradiation, the size of the 
radiation field was controlled to 36 cm × 36 cm to ensure that all the 
fibers were in the radiation field. The uncertainty of the dose received by 
each group of fibers was less than 4 %, which was verified using an EBT3 
film before the experiment. 

3. Results and discussion 

According to previous studies [37,38], the use of an optical fiber RIA 
combined with OFDR technology has the potential to achieve remote, 
online, and distributed dose monitoring. Therefore, this study developed 
a method for enhancing the radiation sensitivity of the fibers based on 

Fig. 1. Schematic of the geometry and beam setup in Geant4.  
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fiber coating to enable better application of the fiber dosimeter in low- 
dose radiation environments. 

3.1. Transmission spectra of two optical fibers under irradiation 

Fig. 3 shows the near-infrared transmission RIA spectra of the SMF- 
28 silica and radiation-sensitive fibers. The spectra were measured using 
an all-band broadband light source and spectrometer under cobalt-60 
irradiation. Fig. 3 shows the attenuation results of the transmission 
spectra of the optical fibers at a dose rate of 420 Gy/h. Based on the RIA 
spectrum of the SMF-28 fiber, the attenuation of the fiber did not in
crease significantly with irradiation time, and no obvious absorption 
band was observed in the 1550 nm band. In contrast, the spectrum of the 
IXF-RAD-SENSE-SM-1550-PI fiber exhibited an obvious absorption band 
near the 1550 nm wavelength, and the attenuation of the fiber changed 
significantly with increasing irradiation time. Considering that the 
center wavelength of the swept-frequency laser in the OFDR used in this 
experiment was 1550 nm, the RIA changes in the 1550 nm band would 
be useful for OFDR. The absorption band is mainly caused by IR- 
absorbing P1 defects [39]. Therefore, the IXF-RAD-SENSE-SM-1550-PI 

fiber was selected for further study. 

3.2. Simulation results 

3.2.1. Enhancement of dose deposition in the fiber core with metal coatings 
subjected to 6 MV photon irradiation 

Fig. 4 shows the simulated relative dose deposition ratio for the fiber 
core irradiated with 6 MV accelerator photons. The relative dose ratio 
represents the results normalized to the dose deposition in the fiber core 
without a metal layer covering. The results show that the enhancement 
effect of dose deposition in the fiber core was substantially affected by 
the type of metal layer. For the same thickness of the metal layer, the 
metal-covered fiber core with a high atomic number had a higher dose 
deposition. Therefore, selecting lead as a coating material for optical 
fibers results in higher enhancement in radiation sensitivity. The dose 
deposition in the fiber core increased with the increasing thickness of the 
metal. When the metal layer reached a certain thickness, the dose 
deposition enhancement reached a plateau. As shown in the results, the 
maximum dose increase was reached when the thickness was 0.4 mm, 
with 2.4 times increase in dose deposition. In contrast, when copper and 

Fig. 2. Experimental setup.  

Fig. 3. Fiber RIA spectra: (a) SMF-28 fiber and (b) radiation-sensitive fiber.  
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aluminum were used, the dose deposition in the fiber core increased 
slowly with increasing thickness. Moreover, the increases in dose 
deposition by using copper and aluminum were lesser than that by using 
lead. 

The simulation results show that using metal materials with high 
atomic numbers can significantly increase dose deposition in the fiber 
core because high-energy photons generate a large amount of secondary 
particles in high-Z metallic materials. Secondary particles deposit more 
energy in the fiber below the metal layer. Thus, the deposition dose in 
the fiber core increased with the thickness of the metal layer. When the 
metal layer reached a certain thickness, the generation and attenuation 
of secondary particles in the metal layer gradually reached a balance. 
Thus, the enhancement effect on the dose deposition tended to be stable. 

3.2.2. Enhancement of dose deposition in the fiber core with metal coatings 
at 10 MV photon irradiation 

Fig. 5 shows the simulation results obtained using 10 MV photons. A 
similar trend was observed for the 6 MV photon irradiation. A metal 
layer with a higher atomic number resulted in a higher dose deposition 
enhancement in the fiber core. A plateau for enhancement existed when 
a certain thickness was achieved. For 10 MV photons, when the lead 
plate was used, the enhancement effect reached a plateau when the 

thickness reached 0.6 mm, and its relative dose deposition in the fiber 
core was increased by 2.6 times. 

When irradiated with photons of 10 MV energy compared to 6 MV 
photons, the thickness required to reach equilibrium also increased 
because of the increase in the primary photon energy. Therefore, in the 
simulation results, the use of 10 MV photons required a metal layer 
thickness greater than that for 6 MV photons when the dose deposition 
in the fiber core enhancement effect reached equilibrium. 

3.3. Experimental results 

3.3.1. Fiber attenuation at 6 MV photon irradiation with a dose rate of 6 
Gy/min 

Fig. 6 shows that the attenuation of the fiber increased with the 
irradiated dose. The slope of the linearly fitted curve represents the rate 
of change in fiber attenuation. The intercept of the fitted curve was 
subtracted to ensure it would start from the same position. Table 1 
presents the slopes and R2 of the fitting curves for the fibers with and 
without metal layers after irradiation with 6 MV photons at 6 Gy/min. 
The slopes of the fibers with lead, copper, and aluminum metal layers 
were approximately 2.52, 1.28, and 1.02 times, respectively, higher 
than that without a metal layer. The experimental results were consis
tent with the simulation results in terms of the magnitude of increase. 

3.3.2. Fiber attenuation at 10 MV photon irradiation with a dose rate of 6 
Gy/min 

Fig. 7 shows the change in the fiber attenuation at 10 MV photon 
irradiation. Table 2 lists the slopes and R2 of the fitted curves under this 
condition. Compared to 6 MV photon irradiation, higher-energy radia
tion caused a higher change in the attenuation enhancement of the metal 
coating. This result is mainly related to the fact that as the photon energy 
increases, the metal layer generates more secondary particles through 
interaction. In MOS-like device structure for the Si/SiO2 layer, similar 
fact observed for the silicon optical sensor [40]. Secondary particles 
deposit more energy, thereby increasing fiber attenuation. In the 
experimental results, compared with the case without a metal layer, the 
attenuation of the fibers with lead, copper, and aluminum metal layers 
increased by 3.24, 2.02, and 1.56 times, respectively. 

3.3.3. Fiber attenuation at different dose rates 
In addition to the irradiation dose and photon energy, the dose rate 

can also affect fiber attenuation. Fig. 8 shows the attenuation magni
tudes of the fibers with and without metal layer coatings irradiated with 

Fig. 4. Relative dose ratio at 6 MV photon irradiation.  

Fig. 5. Relative dose ratio at 10 MV photon irradiation.  
Fig. 6. Optical fiber attenuation at 6 MV photons irradiation with a dose rate of 
6 Gy/min. 
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6 MV photons at a dose rate of 3 Gy/min. Table 3 lists the slopes and R2 

of the fitted curves under this condition. The slopes of the fitting curves 
show that compared with the case without a metal layer, the attenuation 
values of the fibers with lead, copper, and aluminum metal layers 
increased by 2.39, 1.37, and 1.19 times, respectively. 

Experimental results of this study show that the largest change in 
fiber attenuation was obtained when the fiber was coated with a 0.6 mm 
lead metal layer among the studied metal layers. The optical fiber with a 
metal layer irradiated with 10 MV photons had higher increase in 
attenuation than that irradiated with 6 MV photons. At different irra
diation dose rates, the results of 3 and 6 Gy/min showed no significant 
differences. Therefore, irradiation using two common accelerator 
photon irradiation dose rates, metal coating had no significant impact on 
the radiation sensitivity of the fiber. 

3.3.4. Comparison of influencing factors 
In Fig. 9, the attenuation changes slope of the optical fiber with the 

metal layer under the three conditions of irradiation (i.e., 6MV, 6 Gy/ 
min; 10MV, 6 Gy/min; 6MV, 3 Gy/min) is normalized relative to the 
control group. The results show that the photon energy is the main 
influencing factor of improvement effecting under the same thickness of 
metal layer. The reason is that photon-silicon dioxide reaction cross- 
section decreases with increasing energy in the case of high energy 
photon. Therefore, the fiber attenuation variation is lower when the 
fiber without metal layer was irradiated by photons with 10MV energy. 
When metal layers are added, the higher energy creates more secondary 
electrons in the thicker metal layers. Thus metal-covered fibers have 
greater attenuation at higher energies. In contrast, the dose rate has no 
significant effect on improving effecting. 

3.4. Discussion 

Optical fiber radiation sensitivity is a significant problem in the 
application of fiber optic radiation dose sensors. In the application of 
distributed optic fiber sensors to radiation dose measurement, appro
priate fibers need to be selected for different dose ranges. Morana et al. 
[36] used two types of phosphorus-doped fibers to obtain an attenuation 
value of 4 dB km− 1 Gy− 1, and there is no rapid recovery effect of fiber 
after irradiation at room temperature. This phenomenon can be 
explained by the switching mechanism between P1 defects and POHCs 
defects related to the phosphorus element doped in the fiber. Zaghloul 
et al. [24] performed a distributed dose using an aluminum-doped fiber 
and OFDR, and an attenuation variation of 4.8 dB km− 1 Gy− 1 was ob
tained using a fitting function. Debnath et al. [35] used a metal layer in 
the fiber scintillator probe and obtained 1.4 times increase in the scin
tillation photon intensity. 

Compared with previous studies, we consider for the first time to 
increase the RIA by adding metal coating to the fiber to improve radi
ation sensitivity. Monte Carlo simulation was used to simulate the in
fluence of a metal layer on dose deposition in the fiber core. And 
according to the simulation results, the optimal thickness of the metal 
layer under different ray energies is determined. In the experiment, the 
metal-coated optical fiber is combined with OFDR technology to realize 
the online measurement of radiation dose. And the RIA changes of the 
metal-coated fiber under different radiation conditions are verified 
experimentally. Using this method can help improve the application of 

Table 1 
Slopes of the fitting curves for the optical fibers with and without metal layers 
irradiated with 6 MV photons at a dose rate of 6 Gy/min.  

Metal layer Energy (MV) Dose rate (Gy/min) Curve slope R2 

0.6 mm-Pb 6 6  0.06067  0.94894 
0.6 mm-Cu 6 6  0.03089  0.86362 
0.6 mm-Al 6 6  0.0245  0.67649 
None 6 6  0.02399  0.78282  

Fig. 7. Optical fiber attenuation at 10 MV photon irradiation with a dose rate 
of 6 Gy/min. 

Table 2 
Slopes of the fitting curves for the optical fibers with and without metal layers 
irradiated with 10 MV photons at a dose rate of 6 Gy/min.  

Metal layer Energy (MV) Dose rate (Gy/min) Curve slope R2 

0.6 mm-Pb 10 6  0.06641  0.94006 
0.6 mm-Cu 10 6  0.04140  0.94811 
0.6 mm-Al 10 6  0.03202  0.85865 
None 10 6  0.02047  0.70345  

Fig. 8. Optical fiber attenuation changes at 6 MV photon irradiation with a 
dose rate of 3 Gy/min. 

Table 3 
Slopes of the fitting curves of the optical fibers with and without metal layers 
irradiated with 6 MV photons at a dose rate of 3 Gy/min.  

Metal layer Energy (MV) Dose rate (Gy/min) Curve slope R2 

0.6 mm-Pb 6 3  0.07191  0.89106 
0.6 mm-Cu 6 3  0.04126  0.92775 
0.6 mm-Al 6 3  0.03607  0.87473 
None 6 3  0.03007  0.95418  
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optic fiber sensing technology in electronic device radiation protection 
and radiation dose monitoring applications. 

In practical applications, the radiation dose information is reflected 
by the change in fiber attenuation. Therefore, its measurement range is 
mainly affected by the linear correspondence range between fiber 
attenuation and radiation dose. This range is usually determined 
through the formation and change in material defects during fiber 
irradiation. The lowest detection limit is determined by the rate of 
change in attenuation and detection accuracy for fiber loss. In optical 
fiber detection using the OFDR technology, the measurement accuracy 
for optical fiber attenuation is approximately ± 0.1 dB [41], which can 
be determined by fitting the slope of the curve in the experimental re
sults; a dose of approximately 50 Gy was required to achieve an atten
uation of 0.2 dB for a 1 m long untreated fiber. In contrast, a dose of 
approximately 16.6 Gy was required to achieve a 0.2 dB attenuation 
when the same fiber had a lead metal layer, indicating a reduction of 66 
% in the minimum detection limit. 

This study had some limitations. In this study, the enhancement of 
radiation sensitivity was investigated using a direct overlay of the metal 
layer. This may lead to problems with the angular response of the fiber, 
which is avoided by choosing vertical irradiation in this paper. Relevant 
metal-coated fibers will be customized for experiments in a follow-up 
study. In addition, the experiments in this study were performed only 
in a standard room-temperature environment. A follow-up study should 
consider the influence of environmental factors (e.g., temperature and 
stress) on the RIA changes of metal-coated fibers in combination with 
practical applications. 

4. Conclusion 

In this study, the enhancement of metal coating on the radiation 
sensitivity of optical fibers was investigated. The effect of the thickness 
of three metal layers on dose deposition in the core was determined. The 
lead metal layer exhibited the highest enhancement effect among the 
three studied materials. The attenuation of the fiber with a 0.6 mm lead 
layer coating increased by 2.52 times under 6 MV energy photon irra
diation. Moreover, the attenuation of the fiber with the same metal layer 
increased by 3.24 times under 10 MV energy photon irradiation. No 
significant difference was observed in attenuation at dose rates of 3 and 
6 Gy/min. The experimental results show that using optical fibers with 
metal layers can achieve radiation dose monitoring in low-dose radia
tion environments. This study helps improve the application of optical 
fiber sensing technology in electronic radiation protection and radiation 

dose monitoring applications. 
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