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A B S T R A C T   

This work aims to develop and characterize a mathematical algorithm for the temperature compensation of the 
fiber Bragg grating dosimeter and study of the effect of cumulative radiation dose on the Bragg wavelength shift 
(BWS). Studies on the BWS and the influence on the thermo-optic response coefficient of FBGs caused by the Co- 
60 gamma irradiation are performed. The BWS shows a linear dependence on temperature, and the inherent 
thermo-optic coefficients of the FBGs range from 10.1 to 24.0 pm/◦C. The thermo-optic coefficient of FBGs is 
measured immediately after every 2-h irradiation. It turns out that the thermo-optic coefficient is not affected by 
the cumulative radiation dose and the fluctuation caused by radiation is under 2.2%. The BWS caused by 6.75 
kGy gamma rays in 15 h shows a linear increase after correcting the interference of temperature. The radiation- 
induced coefficient is 5.18 pm/kGy and the lowest cumulative dose detection limit can be achieved at 116 Gy, 
which is assessed in the specific situation. The study of wavelength recovery after 3.375 kGy irradiation shows 
that the BWS can be recovered by around 7 pm from the 15 pm redshift, which indicates that the damage caused 
by the 3.5-h irradiation can be partly self-healed. This study shows the application feasibility of FBG as an online 
and remote radiation dosimeter.   

1. Introduction 

The measurement of radiation dose is needed in the field of nuclear 
applications such as homeland security, nuclear waste repository, and 
radiotherapy, as well as in other experimental or technological radiation 
exposure environments. Optical fiber sensors have attracted great in-
terest for the demand of remote, online and distributed measurement of 
radiation fields. According to different operational principles, optical 
fiber sensors can be roughly classified as luminescence dosimeters, the 
fiber Bragg grating (FBG) sensors, distributed optical fiber sensors based 
on light scattering phenomena, and fiber Fabry-Perot sensors, etc. (Di 
Francesca et al., 2019; Faustov et al., 2015; O’Keeffe et al., 2008; Shaw 
et al., 2019; Zhang et al., 2018). 

One of these technologies, FBG, is immune to electromagnetic 
interference, convenient to wavelength division multiplexing, inexpen-
sive, flexible, thin and lightweight. Thus, FBG, including its applications 
in high dose radiation environments, has been widely researched 
(Morana et al., 2017). When FBGs were applied to monitor temperature 

in a high-radiation environment (such as nuclear power plant reactors), 
researchers found that the long-term effects of high-energy rays on FBGs 
caused Bragg wavelength shift (BWS), which results in considerable 
errors in the temperature measurement (Gusarov et al., 1999). There-
fore, researchers attempted to mitigate radiation interference by using 
various hardening techniques for temperature monitoring (Kuhnhenn 
et al., 2017; Zaghloul et al., 2018). A study on the influence of different 
dopant and fiber pretreatment on the BWS under irradiation was con-
ducted by Gusarov et al. (Gusarov and Hoeffgen, 2013). The BWS of 
gratings written on pure silica fiber or fluorine-doped fiber under radi-
ation was less than ordinary FBG (Morana et al., 2015; Remy et al., 
2016). In addition, the BWS of germanium-doped or boron-germanium 
co-doped FBGs under radiation was larger than that of normal ones. 

With the development of new grating fabrication techniques, 
different grating types were studied and compared for harsh environ-
ment sensing (Blanchet et al., 2018). On the basis of the formation 
mechanism, FBG categories were classified into Type I, Type II, Type IIA, 
regenerated gratings, and femtosecond infrared laser induced gratings 
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(Birri et al., 2019; Mihailov, 2012; Morana et al., 2018; Tu et al., 2017). 
However, the BWS phenomenon of FBGs under radiation could be used 
for radiation sensing (Krebber et al., 2006; Broadway et al., 2019). 
Therefore, methods were also investigated to enhance radiation sensi-
tivity. Hydrogen-loading was applied before writing to improve the ra-
diation sensitivity of the FBGs (Slattery et al., 2005). Forming resonant 
cavities or using long-period gratings is an advanced method to enhance 
radiation sensitivity used in recent years (Avino et al, 2013, 2015; 
Esposito et al., 2017; Sporea et al., 2016). Thus, FBG is a promising 
candidate for radiation dosimeter. FBG is sensitive to multiple param-
eters, which leads to a cross-sensitivity issue (Yang et al., 2013). Tem-
perature cross-sensitivity is a crucial problem that needs to be solved 
before the practical application of FBGs to radiation field dose 
measurement. 

In this study, we investigated the effects of radiation and tempera-
ture on Type I FBGs written on optical fiber. To improve the sensitivity 
of FBGs in measuring doses in a radiation field, the dependence of 
temperature on bare FBGs was measured. The relationship between 
thermo-optical response coefficient and dose was discussed. Then a 
method of temperature effect correction was applied to the study of dose 
dependence of BWS. Lastly, the relaxation of BWS was studied after 
irradiation. 

2. Materials and methods 

2.1. FBG manufacturing and equipment 

Nine FBGs of the same type were written on SMF-28 (Corning, 
Shanghai/China) whose core/cladding diameter is 9/125 μm, respec-
tively; FBGs were produced by the Hope-Excellence Information Tech-
nology Co., Ltd (HE) in Beijing, China. The fiber was pre-hydrogenated 
for 300 h at 110 bars at room temperature. Type I FBGs were written on 
hydrogen-loaded fiber using excimer laser and phase mask and recoated 
with acrylate after writing. In the process of recoating, FBGs were 
recoated with acrylate using a mini-coater, suffered different number of 
UV curing cycle and a post-recoating thermal treatment (Blanchet et al., 
2018). The length of each FBG was 5 mm and the Bragg wavelengths of 
the fibers ranged from 1530 nm to 1565 nm. FBGs were taped tightly on 
a 10 × 10 cm2 PMMA pad with polyimide tape. As a temperature sensor, 
Pt100 thermal resistance (Heraeus, Hanau/Germany) was also fixed 
close to the FBGs on the PMMA pad. Through a resistance current 
transmitter, Pt100 could realize remote temperature measurement with 
accuracy guarantee of 0.1 ◦C. 

To resolve the reflected Bragg wavelength in the FBGs, the FBG 
demodulator used in this study was SuperHawk6000 (Beijing Hope- 
Excellence, Beijing/China) which was based on the principle of 
tunable fiber Fabry-Perot (TFFP) filter. It is equipped with a wide- 
spectrum light source to emit laser light along the fiber, and de-
modulates the spectrum reflected from the FBG. The BWS was obtained 

Fig. 1. Schematic of (a) the experiment setup and (b) actual irradiation placement.  
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by calculating the difference of the Bragg wavelength data with and 
without the effect of external sources. SuperHawk6000 can achieve a 
high wavelength resolution of approximately 0.7 pm in the working 
wavelength range of 1528 nm–1568 nm. Its wavelength accuracy is 1 
pm and its scan frequency is tunable from 1 Hz to 100 Hz. 

2.2. Test condition and experimental procedure 

The FBGs were irradiated using an industrial Co-60 gamma source at 
a dose rate of 0.45 kGy/h. The silver dichromate dosimeter was used in 
calibrating the dose rate and the accumulative doses during the 
experiment. 

As shown in Fig. 1(a), when analyzing the temperature dependence 
of the Bragg wavelength, FBGs were located in a temperature-controlled 
thermostat with no radiation rays and the central wavelength of the 
Bragg peak in the back reflection was recorded by the demodulator. 
FBGs wrapped with aerogel felt were under Co-60 gamma ray when the 
effect of gamma exposure on the reflectance wavelength was under 
discussion. Real-time signal was transmitted through a 45-m-long fiber/ 
cable. With a radioactive source dipped into a water pool after irradia-
tion, a relaxation experiment was performed, and the reflection wave-
length of the FBG was recorded as a comparison to the initial value and 
determined as a function of the relaxation time. The photograph of the 
experiment setup is shown in Fig. 1(b). The red dotted frame in the 
image is the position of the Co-60 source stick and the sample room for 
the irradiation experiment was set near the bottom of the source shelf. 
The FBGs were kept unstrained during the entire experiment to avoid 
complications related with strain sensitivity. 

3. Results and discussion 

3.1. Temperature dependence of the Bragg wavelength in FBGs 

The Bragg wavelength equation is given by, 

λB =  2neff Λ (1)  

where λB is the peak wavelength at the Bragg back reflection, neff is the 
effective refractive index and Λ is the grating period (Kinet et al., 2014). 

In the case of stress-free FBG, the reflection Bragg wavelength λB 
shifts proportionally with the temperature. The BWS as a function of 
temperature can be calculated by, 

ΔλB =ΚT ΔT (2)  

where KT is the thermo-optical response coefficient, which can be ob-
tained through curve fitting. The values of ΔλB and ΔT were acquired 
from measurement. 

In this section, the dependence of temperature on the bare FBG was 
first studied separately, and the relationship between the Bragg wave-
length of the FBG and the temperature change was obtained. 

The BWSs with temperature for each FBG are shown in Fig. 2, in 
which the data have been normalized to the Bragg wavelength at 25 ◦C. 
The solid line is the fitting curve of BWS versus temperature. The BWS 
shows a linear dependence with the temperature at a wide range (from 
0 ◦C to 60 ◦C) as illustrated. The BWSs versus temperature for the nine 
FBGs are plotted in Fig. 2(b). 

In accordance with Formula (2), the thermo-optical response coef-
ficient of λBfor each FBG was fitted by linear regression using the least 
squares method. Consistent with previous results, the R-square of the 
linearity of the fitting line is greater than 0.99. The thermo-optical co-
efficients of the FBGs in the experiment are listed in Table 1. The 
inherent temperature sensitivity of FBGs varied from 10.1 pm/◦C to 24.0 
pm/◦C even if the same fiber type and the same writing process were 
used. This is because one step in the manufacturing procedure is that the 
Type I FBG requires the coating of a specific fiber section to be stripped 
before being written. The FBG was finally recoated for durability and the 

instability of manual recoating for several times may have caused the 
temperature sensitivity difference. 

3.2. Radiation dose response of the thermo-optical response coefficient in 
FBGs 

When using FBG sensor to measure radiation dose, its application in 
an environment where radiation and temperature coexist is inevitable. 
In consideration of the lessons from the study of the joint effect of 
temperature and strain, the contribution of radiation and temperature to 
the Bragg wavelength are assumed to be two independent parts (Kinet 
et al., 2014). The total BWS of FBG under radiation detection application 

Fig. 2. (a) Bragg wavelength shift of the FBG under the temperature from 0 ◦C 
to 60 ◦C; (b) Bragg wavelength shifts of nine FBGs under the temperature from 
25 ◦C to 30 ◦C. 

Table 1 
Thermo-optical response coefficient of each FBG used in this work.  

FBG label KT(pm/◦C)  FBG label KT(pm/◦C)  FBG label KT(pm/◦C)  

1 19.9 4 11.3 7 17.8 
2 14.9 5 11.5 8 11.4 
3 24.0 6 10.4 9 10.1  
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can be proposed as 

ΔλВ(D,T)=ΔλВ(D)+ΔλВ(T)=ΔλВ(D) + ΚΤ ΔΤ (3) 

To compensate for the temperature effect, the radiation-induced 
BWS ΔλB(D) was obtained by subtracting the temperature-induced 
BWS, which is the product of thermo-optical response coefficient 
KTand temperature change ΔT, from the total BWS ΔλB(D,T). 

Avino et al. reported a fiber-optic resonant cavity based on two FBGs 
or one π phase-shifted FBG to detect ionizing radiation (Avino et al, 
2013, 2015). Both ionizing radiation detectors were observed remark-
able variations of the fiber thermo-optic coefficient after irradiation in 
clinical linear accelerators. Kinet et al. confirmed that the FBG tem-
perature sensitivity, which also means thermo-optical response coeffi-
cient, distinctly decreased after irradiation (Kinet et al., 2019). A few 
references have mentioned the regularity of the thermo-optic response 
coefficient after irradiation; therefore, the use of the thermo-optic 
response coefficient to characterize the accumulated radiation dose is 
also worth studying. If using this parameter is feasible, then the need for 
temperature recording throughout the process can be eliminated. 
However, some researchers reported a different result. Henschel et al. 
presented a repeated measurement of temperature sensitivity with a 
FBG after its irradiation up to 1 MGy resulted within limits of error 
similar to the sensitivity of unirradiated fiber (10.04 instead of 10.41 
pm/◦C) (Henschel et al., 2009). Gusarov and Hoeffgen found that the 
temperature sensitivity coefficients were not affected by radiation 
within the accuracy of measurements (smaller than ±0.2 pm/◦C in all 
cases; ±2%) (Gusarov and Hoeffgen, 2013). Blanchet et al. also 
confirmed that the thermal sensitivity coefficient did no change with the 
irradiation within an error of 2% (obtained at 250 ◦C) (Blanchet et al., 
2019). 

In this section, the method of repeated irradiation was used to obtain 
KTafter each irradiation for verification. The FBGs underwent 2-h irra-
diation for three times; the measurement of thermo-optic coefficient was 
performed immediately after irradiation. The relationship of the 
thermo-optic response coefficient with the cumulative dose was 
analyzed in Figs. 3 and 4. 

FBG #6–0, #6–1, #6–2 and #6–3 in Fig. 3 denote FBG #6 before 
irradiation and after one, two, and three rounds of a 2-h irradiation, 
respectively. Only the result of FBG #6 is presented here because the 
results of other FBGs are similar. The KTvalues of FBG #5 and #6 under 
different conditions are presented in Fig. 4. The results show that the 
thermo-optic response coefficient is not affected by the cumulative ra-
diation dose and continues to fluctuate within the error range (under 

2.2%). This result supports most of the literature results but slightly 
different from the experimental results of Avino and Kinet (Avino et al, 
2013, 2015; Kinet et al., 2019). These differences are partly due to the 
different FBGs used. In general, KT measured before irradiation is 
equivalent to KT during irradiation and the effectiveness of the calcu-
lation method using Formula (3) is verified. 

3.3. Radiation dose response of the Bragg wavelength in FBGs 

In this section, an aerogel material was used to provide a certain 
degree of insulation for a 15-h irradiation experiment. Although the 
adiabatic treatment was performed, approximately 1 ◦C ambient tem-
perature fluctuation was still observed between day and night within 15 
h. These temperature values with an accuracy less than 0.1 ◦C were 
measured simultaneously during Bragg wavelength interrogation. The 
wavelength change under the combined inducement of temperature and 
radiation was recorded directly, and the separate radiation-induced 
wavelength change was calculated using Formula (3). 

FBGs labeled 1, 2, 3 were used for research on responses to repeated 
radiation doses. The uncorrected and corrected shifts for investigated 
FBGs during the irradiation experiment is shown in Fig. 5. 

In Fig. 5(a), the direct output without temperature correction is the 
BWS under the combined action of the two parameters, and the cross- 
sensitivity result makes it unfavorable for direct dosimetry applica-
tion. Fig. 5(b)(c) show a continuous increase in ΔλB(D) with the radia-
tion dose after correction (result of FBG #3 is similar to that of FBG #1, 
#2). Up to 6.75 kGy, any saturation of BWS is not observed for all FBGs 
because the accumulated dose was not high enough to saturate as 
observed in a previous work (Blanchet et al., 2019). Approximately, the 
BWS caused by 15-h gamma rays irradiation shows a certain linear 
relationship. Taking FBG #1 for example, the maximum wavelength 
shift was 35 pm and the radiation-induced coefficient is 5.18 pm/kGy. 
The Bragg wavelength measurement error during one laser interrogation 
is approximately 0.6 pm, thus the lowest cumulative dose detection limit 
can be achieved at 116 Gy with the set of equipment applied in this 
work. Broadway et al. presented a polymer fiber Bragg grating sensor 
and calculated a sensitivity of − 26.2 pm/kGy and a resolution of 40 Gy 
over a total dose of 41 kGy (Broadway et al., 2019). This detection limit 
is probably limited by the radiation sensitivity of FBG and the perfor-
mance of demodulation equipment. For high-dose radiation dosimetry 
such as industrial measurement application and experiment monitoring 
of large-scale scientific devices, this combination of FBG and demodu-
lator is suitable. To obtain a lower detection limit in a low-dose situation 

Fig. 3. Temperature dependence of BWS of same FBG with different irradia-
tion times. 

Fig. 4. Dependence of thermo-optical response coefficient with different cu-
mulative doses. 
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(even for radiotherapy level), follow-up research can focus on increasing 
special dopant content (such as germanium) in the fiber core material or 
an instrument with higher wavelength measurement accuracy. 

The radiation response coefficients of these FBGs are kind of different 
even if the same fiber is written by the same manufacturer under the 
same conditions. This result may be related to the photosensitivity of the 
fiber itself (caused by locally uneven dopant, hydrogen permeation ef-
ficiency, and manual operation difference etc.). 

3.4. Relaxation of BWS in FBGs 

To determine the reliability of FBG for multiple use as a radiation 
dosimeter, research must be conducted on the recovery time of BWS 
after irradiation and the degree of damage to the FBG caused by radia-
tion during detection. Another three FBGs (labeled 7, 8, 9) were used in 
this part of irradiation. After 7.5 h of irradiation, we lowered the source 
into the water tank and kept it for 3.5 h to allow the wavelength to self- 
recover. During the period the change of the wavelength shift after 
irradiation was recorded. 

Fig. 6 shows the effect of relaxation for FBGs after a total irradiation 
dose of 3.375 kGy (accumulated 7.5 h at 0.45 kGy/h). The left part of the 
red line in the figure is the BWS of irradiation and the right part is the 
relaxation part without radiation. In the experiment, gamma rays cause 
a continuous redshift on fiber Bragg wavelength to 13 pm, with tem-
perature contribution corrected. After stopping irradiation for 3.5 h, the 
wavelength relaxes 7 pm back and then remains stable. That is, the effect 
of the removal of the Co-60 gamma source and the relaxation of the 
shifted Bragg wavelength can partly recover. The damage of 3.375 kGy 
to this specific FBG is semi-permanent in 3.5 h. When FBGs are taken out 
to measure BWS after being irradiated as an offline dosimeter, this slight 
wavelength recovery phenomenon may cause inaccuracy of the actual 
measured value and finally brings errors in characterizing radiation 
dose. As a result, this kind of dosimeter can be used as an online mea-
surement and has certain limitations if applied as an offline measure-
ment method. 

4. Conclusion 

This work develops and characterizes a method for the temperature 
compensation of the fiber Bragg grating dosimeter and studies the effect 

Fig. 5. (a) The BWS under irradiation without the temperature contribution 
correction; (b)(c) The BWS under irradiation with the temperature contribu-
tion correction. 

Fig. 6. Bragg wavelength shift of the FBG during irradiation (0–450 min, left 
part of the red line) and relaxation (450–660 min, right part of the red line). 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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of cumulative radiation dose on the Bragg wavelength shift. Studies on 
the BWS and the influence on the thermo-optic response coefficient of 
FBGs caused by the Co-60 gamma irradiation are performed. The BWS 
shows a linear dependence on the temperature change within a wide 
range (from 0 ◦C to 60 ◦C). A continuous increase in ΔλB(D) with the 
radiation dose can be observed after the correction of temperature effect 
and no saturation of BWS is observed for all FBGs. Taking FBG #1 for 
example, the radiation response coefficient is approximately 5.18 pm/ 
kGy and the device used in this work can achieve the lowest 116 Gy 
cumulative dose detection limit. The application feasibility of the FBG 
radiation dosimeter that uses the thermo-optic response coefficient to 
compensate the temperature effect is verified. The relaxation phenom-
enon makes the dosimeter more suitable for online measurement rather 
than offline measurement. Using the wavelength division multiplexing 
characteristics of FBGs in optical fiber networks, and cooperating with 
ultra-low loss optical fiber communication to transmit optical signals, it 
is possible to achieve remote online monitoring of dose distribution in 
the radiation field. 
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Taouri, A., Boukenter, A., Cannas, M., Ouerdane, Y., 2015. Radiation vulnerability of 
fiber bragg gratings in harsh environments. J. Lightwave Technol. 33, 2646–2651. 
https://doi.org/10.1109/JLT.2014.2364526. 
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