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Gamma and electrons radiation induced effects on FBG written in standard and 
radiation hardened optical fibers by different fabrication methods are discussed. Four 
FBG are exposed to the two radiation types up to 120kGy while their response is 
recorded in real time. Radiation tolerance of all components is reported with respect to 
RIA while BWS from 10pm up to 120pm proves dependent on fiber type, radiation and 
fabrication method. Results lead to special discussion on the protection coatings on the 
gratings region as these may influence electron radiation induced effects as opposite 
from gamma-ray, where presumably this element is not impacting the radiation induced 
spectral changes.   
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1. Introduction 
 

Optical fibers have been studied for many decades, becoming part of an 
increasing number of industries, telecommunication having of course the largest 
demand. Aside, optical fibers applications are more or less trivially found in fields such 
as automotive[1], oil and gas industry[2], structural health monitoring [3] or biosensing 
[4],[5],[6]. 

Optical fiber-based technology has found wide interest for applications in 
radiation environments [7] due to several factors. Mainly, the most appealing among 
these are the immunity to electromagnetic fields, real time remote interrogation over 
long distances, the small size of the optical components (down to 1 mm length and 125 
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micrometer width) and the possibility to tailor the proposed solution to best fit the 
application. Research widens towards interdisciplinary applications such as space 
exploration, aerospace, high energy physics, defense industry, nuclear installations [8], 
and medical diagnostics [9]. 

Exploring and customizing novel optical fiber-based platforms for ionizing 
radiation diagnostics, sensing, energy distribution or for developing radiation 
hardened devices is certainly appealing especially due to the technological progress of 
the fabrication techniques. A wide range of sensors developed, starting from custom 
fiber Bragg gratings (FBG) - UV or fs-laser written [10],  long period gratings (LPG) 
fabricated in single mode (SM) optical fibers doped/co-doped with different materials 
in core/cladding region [11], or even fiber-laser based [12] are the subject of several 
research groups worldwide. These devices, demonstrated their potential to retrieve and 
feed-back real time information from harsh environments, independently [13], [14] or 
forming matrixes by multiplexing several gratings [15]. 

While testing optical fiber sensors in ionizing radiation, the ambition is to target 
a) radiation tolerance up to high accumulated dose, b) to set a dose rate dependence 
and c) enhancing sensitivity up to lowest dose rate such as Gy level, currently found in 
medical applications.  

In the current work, we discuss in a comparative manner the effect of two 
different ionizing radiation types, namely 60-CO gamma ray and electrons obtained by 
a linear accelerator, on fiber Bragg gratings fabricated by two techniques. We aim in 
providing vital analyses based on experimental data which can lead to a FBG-based 
hybrid sensing system. Furthermore we demonstrate its functionality up to high 
radiation total accumulated dose with the possibility of double-compensation: radiation 
or temperature. 

 
2. Materials and methods 
2.1 Optical platforms 

For the current work and with respect to several advantages, the optical fibers 
chosen were of single-mode type and divided to standard Ge-doped and pure silica core 
fiber. Considered for sensing mechanisms, the gratings fabricated were of FBG type. 
Since these structures are well studied and characterized for decades from the point of 
view of the physical mechanism, we only briefly stress the main features, considered 
as influencing the current experimental work, as follows:  

FBG work as selective filters attributed to a periodic modulation of the optical 
fibers core’s refractive index. While part of the emitted spectra is further transmitted, 
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a specific resonant wavelength, λBragg  gets reflected by the structure with respect to the 
effective refractive index (neff) and the modulation period (Λ):  

                              λBragg = 2neffΛ                                 (1) 
 
A linear temperature dependence of an FBG is following: 
 

λBragg =λBragg (T0)+α0(T−T0)                                 (2) 
Where, α0 shows the sensors’ temperature sensitivity, meaning the variation of the 
resonance wavelength along with induced temperature. Although mechanical strain 
dependent, FBG sensors in the current work were mechanical stress free therefore 
being not vital to insist on the mechanical induced changes components within the 
spectral characterization.      

2.2 Materials and methods: 
 

The most common and standard fabrication method of FBG is the exposure of 
Ge-doped silica fibers to high photonic energy UV light [16]. In order to have the 
inscription process possible the photosensitivity of the material needs enhancement. 
Therefore doping with high concentration of Ge in the core region is required. 
However, the presence of Ge-content, makes the fiber platforms more vulnerable to 
high energy ionizing radiation. The FBG fabrication methods can be divided into linear 
absorption methods using continues-wave UV lasers and nonlinear absorption methods 
using ultra short pulse lasers such as the femtosecond (fs) lasers. On the other hand, the 
fs laser inscriptions are performed with a different mechanism, the multiphoton 
absorption, in which case the photosensitivity of the fiber is not mandatory. The fs 
inscribed gratings have several advantages when compared to UV gratings such as: 
better tensile tolerance, the inscription can be performed through the different coatings, 
higher temperature stability and survivability [17-20]. 

In the current scenario, the fibers configuration included two commercial Ge-
doped optical fibers each containing FBG, fabricated by UV exposure, of 10cm length 
with a trivial temperature sensitivity of 10pm/1oC. Secondly, two additional gratings 
were custom femtosecond lased fabricated by Loptek GmbH (Berlin, Germany) in pure 
silica core fiber, bend insensitive. The fiber’s type was FIBERCORE SM1500SC 
having 7 cm core diameter and standard 125 micrometer core plus cladding diameter. 
The operating wavelength of both fiber types is 1550nm with a cut-off wavelength 
between 1400nm and 1500nm. For the SM1500SC the numerical aperture is ~0.18 
while the attenuation is less than 0.7 db/k, at 1550nm. Finally the coating diameter is 
of 245 μm, although not particularly of importance in such experiments but in the 
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current case may be leading to a discussion following the results section. In the case of 
the pure silica core fiber, the gratings surface was coated with acrylate while in the case 
of the FBG written in standard Ge-doped fibers, the region containing the grating was 
uncoated due to fabrication method.  
 
 2.3. Experimental setup 

Three main experimental setups are being utilized for the dedicated spectral 
characterization as follows.  

a) A Laboratory setup at CETAL department part of INFLPR is optimised for 
temperature calibration of the optic components and includes both heating chambers 
and interrogation equipment. A temperature chamber (Memmert, GmbH) was 
controlled to induce temperature shift up to 80oC while all FBG were carefully placed 
in the central part of the chamber. Temperature was increased from room temperature 
with a 5o degree step and a fixed slope in order to prevent sudden changes and to favor 
homogeneity. The resonance (Bragg) wavelength shift was recorded in real time while 
temperature was measured with a calibrated Type J thermocouple placed near the 
gratings. A second temperature sensor was fixed and part of the T-chamber. Spectral 
acquisition was provided in all cases by an optical interrogator type LUNA SM125 
equipped with four acquisition channels. The four gratings were not multiplexed but 
interrogated separately using four standard single mode fiber connections, each 
independently connected to a separate channel.  Following, a brief schematic of the 
setup as well as calibration results are presented, where FBG1 and FBG2 are UV 
fabricated respectively FBG3 and FBG4 are fs-laser inscribed and further referenced 
with these abbreviations:  

 

FBG1 9.8 
pm/1oc 

FBG2 9.6 
pm/1oc 

FBG3 10 
pm/1oc 

FBG4 10.2 
pm/1oc 

 

Fig.1. Temperature calibration setup Table 1 
BWS(pm) vs. T(oC) 

  
b) Gamma irradiation setup  
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The gamma-ray irradiation was performed at IRASM department, part of the 
“Horia Hulubei” National Institute of Physics and Nuclear Engineering, A customized 
gamma chamber was utilized to expose the gratings to a 60-Co source. The setup was 
developed and utilized extensively in other works for the real time investigations of 
optical fibers sensors  [21], being particularly described in [22]. Briefly we stress the 
fact that this irradiation setup induces homogeneously gamma-radiation in a 5000 cm 
space, the sensors being placed in a particular position in such way that the dosimetry 
is well known and monitored. The temperature profile is recorded in real time grace to 
several adaptations of the gamma chamber, respectively by introducing two J-type 
thermocouples within two gas channels, while connection fibers are crossed in two 
additional channels. Optical interrogator is placed a few meters near the gamma 
chamber keeping transmission loss to a minimum due to short distance connection 
fibers. Adaptors are kept outside the 5000 cm irradiation space together with the single 
mode connection fibers to avoid additional radiation induced attenuation outside the 
gratings region. This dedicated setup was subject of many comparative studies and its 
performance in terms of stability and reproducibility is well checked periodically. 
Dosimetry is being performed during exposure, in the sensors region with traceable 
elements. Fig.2 shows a schematic of the gamma-irradiation setup: 

 

  
Fig.2 Gamma irradiation setup 

 
c) Electron irradiation setup 
The electron irradiation was performed at the Electron Accelerators Laboratory, 

National Institute for Laser, Plasma and Radiation Physics. Having several previous 
works describing the setup [23][24][25], we only emphasize the essentials: A 
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“travelling-wave” linear accelerator, driven by a 2MW peak power tunable EEV 
M5125 type magnetron operating in the S-band (2992-3001 MHz) is utilized to 
irradiate the samples up to 120 kGy, respectively an electron energy of 5.5 MeV. The 
two samples are irradiated in open space, while connecting fibers 20 m long reach 
outside the radiation area up to the interrogation unit. The same optical interrogator is 
utilized in all setups for reproducibility purpose. While exposed, the Bragg wavelength 
is recorded with 1 second acquisition rate, together with the full spectral shape of the 
investigated sensors, respectively FBG2 and FBG4, but with lower frequency of 300s. 
Together with spectral characteristics, a thermocouple 15m long is placed inside the 
irradiation area of 10 cm radius. Both the sensors and thermocouple are situated at 40 
cm under the initial beam exit and are centered in the mentioned diameter. Total 
accumulated dose was of 120 kGy for an exposure of 30 minutes. All peripherals are 
kept outside radiation zone. An experimental schematic diagram is found bellow in Fig. 
3:  

 
Fig. 3. Electron irradiation setup 

3. Results 
3.1 Exposure of the FBG to 60-Co Gamma radiation 

Two FBG, respectively FBG1 and FBG3 from above description, were placed 
inside the gamma chamber and centered in the 5000cm3 space. The J-type 
thermocouple was fixed at ~1 cm on top of the gratings and the chamber was set to 22 
hours irradiation time while the dose rate is stable at the value of 2.45 kGy/h. The 
spectral characteristics of both gratings were recorded in real time, both in the case of 
transmission spectra between 1510nm-1590nm and the Bragg wavelengths, further 
referred as λB1 and λB2. Spectral print of both gratings, as recorded prior and after the 
exposure to γ-ray are presented in figure 4. It is important to stress that temperature 
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variation influence on the Bragg wavelength shift (BWS) was not subtracted in Fig.4, 
since we first wish to present the original recorded data so to emphasize on the 
influence of this (T) physical parameter. 

  
Fig.4 a) FBG1 (UV) before and after γ exposure Fig.4 b) FBG3 (fs-laser) before and after γ 

exposure 
The BWS recorded in real time is further presented in figure 5 while 

temperature profile recorded during the exposure can be observed in Fig.6. Following 
the reported temperature coefficients calculated during the laboratory calibration stage, 
and the uniformity of the temperature inside the gamma chamber, the T correction was 
possible and further applied to bring the adjustments to the Bragg wavelengths, 
therefore reporting the genuine data of the γ influence on the optical sensors: 

  
Fig.5 a) Temperature compensated  

           BWS recorded for FBG1 
Fig.5 b) Temperature compensated  

           BWS recorded for FBG3 
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3.2 Electron radiation effects on standard UV fabricated and fs-laser 
written FBG 

As different from the two gamma experiments described above, the FBG pair, 
identical from the fabrication point of view with the previous ones, was subjected to e-
beam simultaneously. The setup is described in section 2.3, the total accumulated dose 
being of 120 kGy while having a uniform dose-rate of 3.8 kGy/min.  In a comparative 
manner with the 3.1 section, the spectral changes recorded are represented bellow in 
the following figures. 

  
Fig.7 BWS induced by e-beam for FBG2 and 

FBG4 
Fig.8 Transmission spectra of FBG2 and 
FBG4 before and after e-beam exposure 

 
Fig.6 Temperature profiles for FBG1 (black) and FBG3 irradiation (red) 
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Worth to be noticed, Fig.6 presents both induced spectral changes during 

irradiation in real time as well the variation of the resonance wavelengths following 
irradiation for about 80 minutes. Easily noticeable, the FBG2, although presenting an 
obvious recovery tendency blue shifting towards the initial value, the impact of electron 
radiation is clearly visible after the beam is shut down. The temperature variation 
recorded with the thermocouple placed inside the beam is reported in Fig.9.   

 
Fig.9 Temperature profile of the electron irradiation 

 
 

4. Discussions and conclusions 

In the light of the above mentioned results, there are several discussions 
necessary to approach. To briefly summarize, the real time response of the four FBG 
is represented in the figure 10 with respect to the Bragg wavelength induced variation 
during radiation exposure for the first 110 minutes. Temperature changes induced 
during the experiments were recorded along with spectral data provided by the sensors, 
again in real time. Accumulated radiation dose is different depending on each 
experiment. Electrons energy is different than CO-60, therefore a more detailed 
comparison following same experimental conditions is not trivial and this parameter 
needs to be taken into account.  
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Fig. 10  

We need to emphasize on the following remarks. The FBG sensors were stress 
free during all experiments. Therefore, the mechanical influence on the BWS is 
negligible. Radiation induced attenuation (RIA) is the main and most important 
radiation induced effect on optical fibers and their degradation in harsh environments. 
However, in the current case, for the mentioned dose and parameters, and as 
demonstrated in Fig.4 and Fig.8, RIA is limited and may be considered negligible in 
both gamma and electron irradiation experiments. This is attributed to the optical fibers 
type and dopant concentration if any but also to the fact that within the setup, only very 
short part of the fiber, containing the gratings, was directly exposed, the rest being 
shielded along with the peripherals (e.g. splices, adaptors). Taking into account the 
above considerations, the changes of the Bragg wavelengths is clearly representative 
as radiation induced change and makes the subject of the current work being directed 
correlated with radiation effects on the gratings. A summary of the approximate BWS 
during exposure is found in Table 2, including temperature corrections for gamma 
experiment.   

`Table 2.  
Results summary 

Sensor No. Fiber 
type 

Fabrication 
method 

Radiation 
type 

Accumulated 
dose 

Dose rate BWS 

FBG1 Ge-
doped 

Phase-mask Gamma 56 kGy 2,45kGy/h 40pm 

FBG2 Ge-
doped 

Phase-mask Electrons 120 kGy 228kGy/h 120pm 

FBG3 Pure 
silica 

Fs-laser Gamma 56 kGy 2,45kGy/h 10pm 

FBG4 Pure 
silica 

Fs-laser electrons 120 kGy 228kGy/h 10 pm 
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Special discussion needs to be carried out based on the temperature calibration 
and radiation effects especially in the case of the e-beam exposure. As mentioned in 
earlier section, all the four gratings have a similar temperature sensitivity of about 
10pm/oC. If, during gamma exposure temperature influence can be clearly separated 
from radiation one, given the saturation level of the BWS and the recorded temperature 
in the gratings region thus making the data coherent and sound, during the electron 
irradiation the subtraction of T effect was not possible since sensors data is not in 
agreement with irradiation time and temperature measured by the thermocouple. As 
seen in the Fig.9, representing the temperature profile of roughly 30 minutes of 
irradiation, the temperature gets stabilized in the first five minutes, and should 
represent a induced shift of about 40 pm based only on thermo-optic coefficients. If in 
the case of FBG 2, the effect may be a component of the total represented shift, in the 
case of the FBG4 written in pure silica core fiber considered radiation tolerant, the 40 
pm shift does not exist. Since FBG 4 host fiber has similar thermo-optic coefficient, 
demonstrated in the calibration stage by the FBG peak variation, linear with 
temperature in the controlled chamber, and having a BWS of  precisely 10.2 pm/1oC, 
the electrons induced temperature change should be visible as well on the same optical 
sensor. The difference may be due, and coming back to 2.2 section, to the acrylate 
coating found on FBG4 but not on FBG2. However these effects need to be further 
investigated by replicating similar experiments with different coated FBG written in 
pure silica core fibers. 
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