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Abstract: This paper demonstrates the fabrication of radiation-resistant fiber Bragg grating (FBG)
sensors using infrared femtosecond laser irradiation. FBG sensors were written inside acrylate-coated
fluorine-doped single-mode specialty optical fibers. We detected the Bragg resonance at 1542 nm.
By controlling the irradiation conditions, we improved the signal strength coming out from the FBG
sensors. A significant reduction in the Bragg wavelength shift was detected in the fabricated FBG
sensors for a radiation dose up to 10° gray, indicating excellent radiation resistance capabilities. We
also characterized the temperature sensitivity of the radiation-resistant FBG sensors and detected
outstanding performance.

Keywords: fiber Bragg grating sensor; radiation resistant; femtosecond laser

1. Introduction

A fiber Bragg grating is a kind of distributed Bragg reflector, typically a few millimeters
in length, which is fabricated inside the fiber core to reflect light at the Bragg wavelength
and transmit all other wavelengths. Since their discovery by K. O. Hill et al., fiber Bragg
gratings (FBGs) have been considered a promising tool in diverse fields of science and
technology [1]. Because of their high-quality optical signal, stability, low cost, and ease
of fabrication, FBGs have become an indispensable component in optical sensors, optical
networks, wavelength division multiplexing (WDM) systems, photonic signal processing,
and industrial applications [2-6]. Depending on the application area, six different structures
of FBGs have been reported so far: uniform, Gaussian apodized, raised-cosine apodized,
chirped, discrete phase shift, and superstructure [7]. Among the various application areas,
the most remarkable is sensing. During the last four decades, a broad range of FBG sensors
have been proposed by researchers: strain sensors [8-10]; chemical sensors [11,12]; bending
sensors [13,14]; medical sensors [15,16]; and temperature sensors [17-19]. The application
of FBG sensors in the medical sector shows much promise. Julien Bonefacino et al. proposed
an ultra-fast polymer optical fiber Bragg grating-based sensor for monitoring the human
heartbeat and respiratory functions [15]. Rui Min et al. proposed a polymer optical
fiber-based FBG sensor for monitoring human physiological and body functions such as
respiration rate, heart rate, foot pressure, and joint movement [16].

In addition to their other sensing applications, FBG sensors have remarkable appli-
cations in space science and the power industry, especially the atomic energy industry.
However, the quality of most of these FBG sensors degrades with time due to exposure to
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high amounts of radiation [20,21]. S. Ju reported the temperature and gamma-ray (y-ray)
dependency of optical attenuation in FBG-inscribed silica glass fibers [20]. The attenuation
caused by y-ray irradiation and the temperature variation were measured as 0.185 dB/m
and 27.5 x 10~* dB/°C, respectively. A. F. Fernandez and his research group detected a
0.25 dB reduction in optical power from FBG temperature sensors due to the long-term
radiation effect [21]. As a result, there is huge demand for radiation-resistant sensors. To
overcome the impact of radiation on FBG sensors present in the atomic energy industry
and space science, researchers have proposed different techniques for fabricating radiation-
resistant FBG sensors [22,23]. A. Pal et al. proposed a radiation-resistant FBG sensor system
where the FBG sensors written into a photosensitive fiber were connected to a specially
designed radiation-resistant optical fiber and shielded by stainless steel tubing. Still, the
FBG sensors showed a radiation-induced absorption (RIA) of ~2.2 dB/km [22]. M. A.
S. Zaghloul et al. proposed radiation-resistant FBG sensors in random air-line fibers for
temperature sensing in nuclear reactor cores. Although the authors claimed that they had
developed radiation-resistant FBG sensors, a reduction in the peak signal strength of ~5 dB
was detected in the FBG sensors due to long-term exposure to heavy radiation. In addition,
a wavelength shift of ~5.5 nm was observed in FBG sensors under long-term radiation [23].
As a result, the development of a stable radiation-resistant FBG sensor remains a challenge
to researchers.

Femtosecond lasers have been considered a versatile tool for fabricating micro/nano-
structures on the surface of and inside transparent materials [24-28]. Because of their
focusing capability inside the fiber core, researchers consider femtosecond lasers to be the
most promising technology for fabricating FBG sensors. Initially, femtosecond laser sources
operating in the ultraviolet (UV) wavelength range were considered for fabricating FBG
sensors [29-31]. However, most researchers have utilized infrared (IR) femtosecond lasers
for fabricating FBGs [32-36]. A large variety of fabrication techniques have been consid-
ered for FBG fabrication, including the point-by-point method [29,32], the holographic
method [31], the plane-by-plane method [33], and the phase mask method [30,34-36]. Be-
cause of the low processing time and high precision, the phase mask method is the most
widely used technique for fabricating FBG sensors. A. Martinez et al. demonstrated a
UV femtosecond laser-assisted point-by-point inscription technique for the fabrication of
FBG sensors used to monitor temperatures in the range between 500 °C and 1050 °C [29].
Another research group proposed for the first time the fabrication of Bragg gratings inside
a photonic crystal fiber by a UV femtosecond laser using the phase mask technique for
channel dropping, tunable filtering, and channel monitoring [30]. Bragg gratings were
fabricated inside a germanosilicate optical fiber core by means of two UV femtosecond
laser-assisted holographic technologies [31]. K. K. C. Lee et al. reported the fabrication
of a temperature-compensated FBG-based 3D shape sensor by means of a femtosecond
laser-assisted point-by-point method [32]. The proposed sensor was designed for bend
sensing up to a curvature of 2.5 x 1072 mm ™!, temperature sensing up to 250 °C, and real-
time 3D fiber shape sensing. A novel technique, namely, an IR femtosecond laser-assisted
plane-by-plane method, was proposed by K. Bronnikov and his research group where the
researchers were successful in measuring the bending sensitivity of fibers ranging between
0.046 nm/m~! and 0.049 nm/m~! with an error rate down to ~1% [33]. S. J. Mihailov et al.
reported the formation of Bragg gratings inside an all-5iO, and Ge-doped fiber core by
irradiating an IR femtosecond laser on top of a phase mask [34]. The fabricated gratings
exhibited low polarization dependence and stable operation at temperatures up to 950 °C.
Using the IR femtosecond laser-aided phase mask technique, FBGs were fabricated inside
non-photosensitive fibers to achieve a transmission of —25 dB at the Bragg wavelength [35].
Most of these research works were limited to the characterization of the FBG sensors in
terms of reflected power, RIA, and sensitivity and the demonstration of the fabrication
technique. None of the reported research works examined the impact of laser parameters
on the performance of the FBG sensors. In addition, the benefit of using an IR laser over an
UV laser in respect of the performance of FBG sensors remains undiscovered. Thus, it is
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desirable to investigate the impact of laser wavelength and other laser parameters on the
performance of the FBG sensors, especially radiation-resistant sensors.

In this paper, we report the fabrication of radiation-resistant FBG sensors using the
IR femtosecond laser-assisted phase mask technique. Acrylate-coated fluorine (F)-doped
silica fibers were considered for producing radiation-resistant FBG sensors suitable for
operating under heavy y-ray radiation. The Bragg resonance was detected at 1542 nm.
We investigated for the first time the influence of various fabrication conditions on the
performance of the FBG sensors. To optimize the laser parameters for achieving the highest
reflected signal power, we fabricated the FBG sensors by varying various laser parameters
including beam diameter, focal length, laser power, and laser exposure time. To optimize
the performance of the FBG sensors, we varied the laser power, laser exposure time, and
length of the FBG under the optimized fabrication conditions. Furthermore, we compared
the performance of the IR femtosecond laser-inscribed FBG sensors with the commercially
available UV femtosecond laser beam-fabricated FBG sensors. The IR femtosecond laser-
based FBG sensors showed higher reflected power with excellent temperature sensitivity
compared with the UV femtosecond laser-based FBG sensors. In addition, we compared
the performance of the F-doped silica fiber-based FBG sensors with the Ge-doped silica
fiber-based FBG sensors. A significant reduction in the wavelength shift was noticed in the
F-doped FBG sensors fabricated using optimized laser parameters. The wavelength shift
was constant over a wide range of radiation doses (0-10° gray), indicating outstanding
radiation resistance. On the contrary, F-doped FBG sensors showed higher reflected signal
power as compared with the Ge-doped FBG sensors. The F-doped FBG sensors show
promise as a candidate for a stable radiation-resistant sensor in the atomic energy industry.

2. Fundamental Concepts

When a broadband light source is transmitted through a FBG-inscribed optical fiber, a
particular wavelength, known as the Bragg wavelength (Ap), of the incident broadband
light source obeys the following phase matching condition [1].

/\B = ZTleffA (1)

where 1,4 represents the effective refractive index of the FBG region of the fiber core and A
represents the gratings’ period. The Bragg wavelength undergoes strong reflection from
the FBG while the remaining spectrum transmits through the FBG. The Bragg wavelength
can be shifted by controlling the gratings’ period and/or the effective refractive index of
the FBG. Temperature sensitivity is inherent to fiber Bragg gratings where the primary
contributor to Bragg wavelength shift is the variation in the n.g in the FBG region caused
by the mechanical stress () and temperature (T). In addition, thermal expansion alters
the gratings’ period, which is less significant due to the low thermal expansion coefficient
of silica fiber. A change in the refractive index (An) can be estimated by the following
Equation [2].
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o
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where 0, and T refer to the reference values of the local stress and temperature, re-
spectively, and Ac and AT represent the incremental deviations in the local stress and
temperature from their reference values, respectively. If the change in the Bragg wave-
length is denoted by AAp, Equation (2) can be elaborated as follows [2]:
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where ¢ = £dA/A is the strain with the £sign exemplifying the tensile and compres-
sive stresses. Equation (3) can be rewritten using Young’s modulus (Y) and the thermal
expansion coefficient («) [2,3].
Ay _ 1 1 (g 1 (Oness
= [y () oo [er gy () JaT
= ¢&; — "G [e, (P11 + Pip) + Ppaez] + [ + J]AT @)
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where ¢, is the axial strain, ¢, is the radial strain, P;; and and P, are Pockel’s coefficients,
a =0.55 x 1076 /°C (for silica fiber) is the thermal expansion coefficient, { = 5.77 x 107%/°C
(for silica fiber) is the thermo-optic effect, and P, is the photo-elastic coefficient of the fiber
(Pe =~ 0.22 for Ge-doped silica fiber). Thus, from Equation (4), the temperature dependence
of FBG sensors, i.e., the Bragg wavelength shift due to a change in the temperature, can be
determined by the following equation.

AMg

2 = (e + AT ©)

Figure 1a illustrates the basic principle of FBG sensors for measuring temperature
sensitivity. We utilized the phase mask technique [30,34-36] to fabricate the gratings
inside the fused silica glass sample and optical fibers. The +1/—1-order phase mask was
optimized to diffract light equally into the +1 and —1 orders where the 0-order beam was
highly suppressed. The interference between these two orders of diffracted light formed an
interference pattern with half the phase mask period, as illustrated in Figure 1b.
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Figure 1. Basic principles of (a) FBG sensors for the measurement of temperature sensitivity; (b) the
laser-assisted phase mask technique for fabricating FBG sensors.

3. Materials and Methods
3.1. Material Properties

During our experiments, we considered acrylate-coated fluorine (F)-doped single-
mode specialty optical fibers (core diameter: 8 pm; clad diameter: 125 pum) to fabricate
FBGs inside fiber cores. In order to determine the fabrication parameters, we fabricated
Bragg gratings inside fused silica glass samples (thickness: 1 mm, refractive index: 1.4533
@ 800 nm) before fabricating the FBG inside the core of the optical fibers.

3.2. Experimental Details

FBGs were inscribed inside the core of the F-doped optical fibers by means of a
Ti:Sapphire femtosecond laser (APRI, Femto-K1) operating at the central wavelength (A)
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of 800 nm. This laser produced ultra-short laser pulses with a pulse width (7) of 22 fs ata
pulse repetition rate of 1 kHz. The power of the laser pulses coming out from a linearly
polarized femtosecond laser system was attenuated by a 360° rotatable quartz phase A /2
wave plate connected to a polarizing beam splitter transmitting a p-polarized laser beam.
Figure 2a represents the image of the femtosecond laser system.
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Figure 2. Experimental setup. (a) Image of the femtosecond laser system; (b) schematic diagram of the
fabrication process of Bragg gratings inside fused silica glass; (c¢) schematic diagram of the fabrication
process of FBGs inside the core of optical fibers; (d) measurement technique of the transmitted and
reflected signals; (e) measurement technique of the radiation resistance and temperature sensitivity.
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The femtosecond laser beam was passed through a pinhole and expanded by a beam
expander (Edmund; magnification: x1.88 and x2.25), as illustrated in Figure 2b,c. Figure 3
depicts the beam profile of the laser beam, captured by a beam profiler (Thorlabs; BC106N-
VIS/M, Newton, NJ, USA), before the beam expander and after different magnifications
of the beam expander. Afterwards, the laser beam was passed through one of the three
cylindrical lenses having focal lengths of 12.7 mm (Thorlabs; LJ1942L.2-B), 15 mm (Thorlabs;
LJ1636L2-B), and 19 mm (Thorlabs; L]J1095L1-B). Because of the excellent performance
in fabricating Bragg gratings in fused silica glass, we selected the beam expander with a
magnification of x2.25 and the cylindrical lens with a 19 mm focal length to fabricate FBGs
in optical fibers (Figure 2c).



Appl. Sci. 2022, 12, 886

6 of 16

Figure 3. Beam profile of the infrared femtosecond laser beam. (a) Before beam expander; (b) after
the x1.88 beam expander; (c) after the x2.25 beam expander.

For fabricating FBGs inside the fiber core, the incident laser beam was passed through
a +1/—1-order phase mask (Ibsen photonics, Farum, Denmark) having a period of 2132 nm.
This beam was centered onto the fiber core and scanned horizontally over the cross-section
of the fiber core. For optimization, the distance of the phase mask from the sample surface
of the fused silica glass was varied from 0 pm to 1500 pm. Since excellent gratings were
detected for a distance of 1000 um in the fused silica glass, we selected 1000 pm as the
distance between the optical fiber surface and the phase mask during the fabrication of the
radiation-resistant FBGs sensors. To investigate the influence of the irradiation conditions
of the laser beam on the FBG signal strength, we controlled the laser power (measured
after the cylindrical lens) from 150 mW to 650 mW. Furthermore, the exposure time of the
optical fiber samples under the laser beam was varied between 1 s and 20 s. In contrast, we
varied the grating lengths from 3 mm to 18 mm under the optimized laser parameters. We
also examined the reproducibility of the proposed technique for fabricating FBG sensors.
Moreover, we compared the performance of the femtosecond laser-fabricated FBG sensors
with the most widely used commercial ultraviolet (UV) laser-fabricated FBG sensors.

3.3. Measurements and Analysis

To investigate the performance of the FBG sensors, the output from a super-luminescent
light-emitting diode (SLED) (Inphenix; IPEVM1020, Livermore, CA, USA) was linked with
Port 1 of an optical circulator that passed through Port 2 and reached the FBGs. The signals
transmitted through the FBGs were examined using an optical spectrum analyzer (OSA)
(Yokogawa; AQ6375, Tokyo, Japan), as illustrated in Figure 2d. In contrast, the reflected sig-
nals from the FBGs came from Port 2 to Port 3 and were investigated using an interrogator
(Micron Optics; SM125, Atlanta, GA, USA). To study the radiation resistance of the FBG
sensors, we placed the FBG sensors inside a Gamma chamber and irradiated them with a
Co® Gamma-ray (y-ray) at a radiation dose rate of 6000 gray /hour until the accumulated
radiation dose reached 10° gray (Gy) (Figure 2e). For radiation resistance measurement, we
followed the TIA-455-64 standard. A thermocouple temperature sensor (TC Temp. sensor)
was placed adjacent to the FBG sensors to monitor the temperature inside the Gamma
chamber. The Bragg wavelength shift and the amplitude of the reflected FBG signal were
continuously monitored for a wide temperature range (25 °C to 335 °C).

4. Results and Discussion
4.1. Fabrication of Bragg Gratings inside Fused Silica Glass

To optimize the irradiation conditions of the femtosecond laser beam, we fabricated
Bragg gratings 62.5 pm inside (the middle of the gratings) the fused silica glass samples by
controlling the beam expansion (BE), the focal length of the cylindrical lens (f), the phase
mask’s distance from the glass surface (z), and the laser power (P). The glass samples were
exposed under the laser beam for five (05) minutes. When the focal length of the cylindrical
lens was 12.7 mm, no Bragg gratings evolved inside the fused silica glass samples, as
illustrated in Figure 4a—d, even though we varied the beam expansion and the distance
between the phase mask and the glass samples.
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Figure 4. Formation of Bragg gratings inside fused silica glass for optimization of irradiation
conditions of the femtosecond laser beam. (a-d) Using a cylindrical lens with f = 12.7 mm: (a) P: 817
mW, z: 0 um, BE: x1.88; (b) P: 817 mW, z: 1000 um, BE: x1.88; (c¢) P: 610 mW, z: 500 um, BE: x2.25;
(d) P: 610 mW, z: 1500 um, BE: x2.25; (e-h) using a cylindrical lens with f = 15 mm: (e) P: 787 mW, z:
500 pm, BE: x1.88; (f) P: 787 mW, z: 1500 pm, BE: x1.88; (g) P: 805 mW, z: 0 pm, BE: x2.25; (h) P: 805
mW, z: 1000 um, BE: x2.25; (i-1) using a cylindrical lens with f = 19 mm: (i) P: 787 mW, z: 1500 um,
BE: x1.88; (j) P: 787 mW, z: 1000 um, BE: x1.88; (k) P: 600 mW, z: 1500 um, BE: x2.25; (1) P: 600 mW,
z: 1000 um, BE: x2.25.

Similarly, no Bragg gratings were detected inside the glass samples when the focal
length of the cylindrical lens was 15 mm, as depicted in Figure 4e-h. As we know, the Bragg
gratings were fabricated by light interference caused by the phase mask. The amount of
power in the layer with light interference is expected to be different for different cylindrical
lenses having different focal lengths due to the variation in spherical aberrations [37]. The
amount of power at the interfering points for the cylindrical lenses having a focal length of
12.7 mm and 15 mm might be lower than the threshold value required to fabricate Bragg
gratings inside the fused silica glass sample, which in turn is responsible for the fact that no
Bragg gratings were formed inside the fused silica glass sample. We were able to fabricate
Bragg gratings inside glass samples only when the distance of the phase mask from the
glass sample was 1000 pm or 1500 pm with the cylindrical lens having a focal length of
19 mm (as shown in Figure 4i-1). Although both kinds of beam expander were able to form
Bragg gratings, the beam expander having a magnification of x2.25 consistently showed
Bragg gratings in the laser-irradiated area. The best-quality Bragg gratings were observed
inside the glass samples when f = 19 mm, BE = x2.25, and z = 1000 um (as illustrated in
Figure 41). These parameters can be considered the optimal irradiation conditions of the
femtosecond laser beam for fabricating FBGs inside the fiber core.

4.2. Fabrication of Fiber Bragg Gratings

Using the optimal parameters (f = 19 mm, BE = x2.25, z = 1000 um), we fabricated
15-mm-long FBGs inside the optical fiber core by means of a femtosecond laser beam with a
laser power of 400 mW and an exposure time of 20 s. Animage of the FBGs fabricated inside
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the fiber core is shown at the top of Figure 5a. A magnified image of the FBGs is illustrated
at the bottom of Figure 5a. From the interrogator we found that the Bragg wavelength of
the fabricated FBGs was 1542 nm. Hence, we obtained a large peak of the reflected signal
(15 dB) at the 1542 nm wavelength, as depicted in Figure 5b. We also investigated the
transmission spectrum of the incident light that passed through the FBG-engraved optical
fiber using an OSA, as represented in Figure 5c. The transmission spectrum also confirmed
the absence of the optical signal at the 1542 nm wavelength.

Reflection

1542 nm i ; Transﬁ}ls’si(?

e e i ——

15 dB

Figure 5. Characteristics of the FBGs fabricated inside the fiber core. (a) Image of the FBGs; (b) re-
flected signal from the FBGs at the Bragg wavelength of 1542 nm; (c) transmission spectrum of the
FBG-incorporated optical fiber.

4.3. Impact of Fabrication Parameters on the Reflected FBG Signal

We studied the impact of various fabrication parameters on the performance of the
FBG sensors. We fabricated 15-mm-long FBGs inside the core of the optical fibers by irradi-
ating the infrared (IR) femtosecond laser beam for 15 s where the laser power, measured
immediately after the cylindrical lens, was varied from 150 mW to 650 mW. We measured
the strength of the received signal power at the Bragg wavelength of 1542 nm that returned
from the FBGs using the interrogator, where the measurement was carried out at room tem-
perature, i.e., 25 °C. Figure 6a—f show images of the received signal power from different
FBG sensors fabricated under different laser powers. We detected a substantial difference in
the received signal for variation in the irradiation power of the IR femtosecond laser beam.
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Figure 6. Interrogator-assisted measurement of the received signal power (at A = 1542 nm) reflected
back from the 15-mm-long FBGs fabricated under different laser powers (P) for an exposure time of 15
s. (a) P =150 mW; (b) P = 250 mW; (c) P = 350 mW; (d) P = 450 mW; (e) P = 550 mW; (f) P = 650 mW;
(g) dependence of the received signal power on the irradiation power of the laser beam.

The received signal power was negligible when the FBGs were fabricated at a laser
power of 150 mW, as depicted in Figure 6a. The power of the received signal was 10 dB
when the laser power was increased to 250 mW for fabricating FBGs inside the fiber core
(Figure 6b). The highest received signal power of 20.6 dB was detected in the FBG sensors
fabricated by the femtosecond laser beam at a laser power of 350 mW, as represented in
Figure 6¢. The received signal power started decreasing again for the FBGs fabricated by a
laser power higher than 350 mW, where the received signal power was 16.8 dB for 450 mW,
15.7 dB for 550 mW, and 15.4 dB for 650 mW (Figure 6d—f). The quality and precision of
the FBGs are directly dependent on the laser power of the IR femtosecond laser beam.
Femtosecond laser irradiation causes a refractive index change in the irradiated area, which
is expected to be around 1.9 x 1072 for our sample fiber with the laser parameters used
during our experiments [34].

The amount of refractive index change is highly dependent on the laser intensity,
where a large refractive index change is observed for a high laser intensity. A change in
the refractive index can slightly alter the Bragg wavelength. In addition, the reflectivity of
the signal depends on the change in the refractive index and the length of the gratings [36].
At low laser power, the change in the refractive index was low and FBGs might not have
formed everywhere inside the fiber core, which caused the received signal power to be low.
From the experimental results, we can infer that the best-quality FBGs were formed under
the optimal laser power. When the laser power is higher than the optimal value, we expect
an increase in the refractive index and heat-affected zone around the gratings, which in
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turn degrades the quality of the gratings. Hence, the power of the received signal varied
with the irradiation power of the femtosecond laser beam and showed the largest peak
of 20.6 dB at the optimal laser power of 350 mW. Figure 6g plots the dependence of the
received signal power on the irradiation power of the femtosecond laser beam at the Bragg
wavelength of 1542 nm.

After we found the optimal laser power (350 mW) of the femtosecond laser beam, we
varied the exposure time of the laser beam from 1 s to 20 s for the fabrication of 15-mm-long
FBGs inside the fiber core. We measured the signal power at 25 °C. The interrogator outputs
of the received signal power reflected from the FBG-inscribed optical fibers, fabricated
under different exposure times, are illustrated in Figure 7a—f. The FBGs fabricated using
the laser power of 350 mW under a laser exposure of 1 s exhibited a received signal power
of 2.9 dB at 1542 nm, as shown in Figure 7a.
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Figure 7. Interrogator-assisted measurement of the received signal power (at Ag = 1542 nm) reflected
back from the 15-mm-long FBGs fabricated under different exposure times (t) of the laser beam
using a laser power of 350 mW. (a) t =1s; (b)t =3s;(c)t=6s;(d)t=12s;(e) t =155; (f) t =20s;
(g) dependence of the received signal power on the exposure time of the laser beam.

When the exposure time was increased to 3 s, the received signal power was increased
to 7.4 dB, as illustrated in Figure 7b. With the increase in the exposure time of the femtosec-
ond laser beam, the power of the received signal increased until the exposure time reached
15 s (Figure 7c—e). The highest signal power of 20.6 dB was detected for an exposure time
of 15 s. However, when the exposure time was increased to 18 s, the signal power reduced
down to 17.4 dB, as represented in Figure 7f. Thus, we can consider 15 s to be the optimal
value of exposure time to fabricate a good-quality FBG sensor. Under a short exposure
time, very few laser pulses overlapped in each irradiated spot. Thus, the change in the
refractive index along with the width and depth of the grooves inside the gratings were
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small. Consequently, the reflected signal power was low for short exposure times. Perfect
FBGs were fabricated when the exposure time was 15 s. With the increase in the exposure
time, the number of laser pulses irradiated in each spot increased, which in turn caused
an increase in the refractive index, width, and depth of the gratings. Furthermore, the
heat-affected zone around the gratings is expected to increase. As a consequence, the power
of the reflected signal was decreased from the highest value for a laser exposure time of
18 s. We fabricated FBGs of different lengths inside the fiber core by means of femtosecond
laser beam irradiation with a laser power of 350 mW and an exposure time of 15 s. The
interrogator’s output was measured at 25 °C. Figure 8a illustrates that a signal peak of
15.1 dB was detected at 1542 nm when the length of the FBG was only 3 mm.
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Figure 8. Interrogator-assisted measurement of the received signal power (at Ag = 1542 nm) reflected
back from FBGs of different lengths (L) fabricated by irradiating a femtosecond laser beam with a
power of 350 mW for 15s. (a) L =3 mm; (b) L =6 mm; (¢) L =9 mm; (d) L = 12 mm; (e) L = 15 mm;
(f) L = 18 mm; (g) dependence of the received signal power on the length of the FBGs.

For a FBG with a length of 6 mm, we measured a signal peak of 17.4 dB, as shown
in Figure 8b. The received signal power was 18 dB for a FBG with a length of 9 mm, as
depicted in Figure 8c. A further increase in the received signal power was achieved by
increasing the length of the FBG to 15 mm (Figure 8d,e), where the highest signal power
of 20.6 dB was detected from the 15-mm-long FBG. However, when the FBG’s length was
18 mm, the signal power decreased down to 16.2 dB, as shown in Figure 8f. The decrease in
the signal power with a FBG length greater than 15 mm might have been due to the high
losses introduced by the fiber core and FBGs. As a result, we can consider 15 mm to be
the optimal length of the FBG for a good-quality FBG sensor. Figure 8g demonstrates the
dependence of the received signal power on the length of the FBG. After accumulating all
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the experimental results, we obtained the following optimal fabrication parameters: a laser
power of 350 mW, an exposure time of 15 s, and a FBG length of 15 mm.

4.4. Reproducibility of the Fiber Bragg Gratings

To examine the reproducibility of the FBGs inside the fiber core, we fabricated FBGs
inside ten (10) F-doped silica fibers under same irradiation conditions: a femtosecond laser
power of 350 mW, an exposure time of 15 s, and a FBG length of 5 mm. Afterwards, we
measured the received signal power using an interrogator at 25 °C. The received signal
power from the nine FBG-incorporated F-doped optical fiber samples is illustrated in

Figure 9.
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Figure 9. Received signal power from the FBG-inscribed F-doped optical fiber samples fabricated by
IR femtosecond laser irradiated phase mask-assisted fabrication technology with a laser power of
350 mW, an exposure time of 15 s, and a FBG length of 5 mm. (a-i) Received signal power from nine
optical fiber samples at the Bragg wavelength of 1542 nm; (j) plot of the received signal power for
different optical fiber samples.
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A negligible difference in signal strength (~0.1 dB) at 1542 nm was detected from
the FBG-incorporated optical fibers. These results indicate excellent reproducibility of
FBG sensors using the proposed femtosecond laser irradiated phase mask-assisted fabrica-
tion technology.

4.5. Radiation Resistance, Temperature Sensitivity, and Impact of Temperature on the Reflected
Signal Power of the FBG Sensors

We examined the radiation resistance of the IR femtosecond (IR FS) laser-fabricated
F-doped FBG sensors by placing them inside a Gamma chamber with Co® y-rays radiated
at 6000 gray/hour, where the accumulated radiation dose was 10° Gy. In addition, we
investigated the temperature sensitivity of the F-doped FBG sensors and the power of the
reflected signal at the Bragg wavelength under different temperatures. The performance
of the IR FS laser-inscribed F-doped FBG sensors were compared with the IR FS and UV
femtosecond laser (UV FS)-fabricated Ge-doped FBG sensors. Figure 10 demonstrates the
radiation resistance, temperature sensitivity, and impact of temperature on the reflected
signal power of the different kinds of F/Ge-doped FBG sensors.
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Figure 10. Radiation resistence, temperature sensitivity, and impact of temperature on the reflected
signal power of different kinds of F/Ge-doped FBG sensors fabricated by IR and UV femtosecond
lasers. (a) Bragg wavelength shift under Gamma radiation; (b) impact of temperature on the power
of the reflected signal at the Bragg wavelength; (c) temperature sensitivity.

It is worth mentioning that Figure 10a confirms a maximum wavelength shift of
-5.5 pm under extreme Gamma radiation (0° Gy) in the IR FS laser-fabricated F-doped
FBG sensors, which was the lowest among the F/Ge-doped FBG sensors fabricated by IR
or UV femtosecond lasers. Under the same amount of radiation, the commercial IR FS
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laser-inscribed Ge-doped FBG sensor showed a wavelength shift of 11.25 pm. The worst
scenario was observed for the commercial UV FS laser-fabricated Ge-doped FBG sensors,
where a wavelength shift of ~50 pm was observed under 10° Gy of Gamma radiation.
Due to the extreme Gamma radiation inside the Gamma chamber, the temperature of the
surrounding environment of the FBG sensors increased significantly, which is a common
phenomenon during atomic energy generation. Thus, it is desirable to utilize a stable FBG
sensor that exhibits a high reflected signal power at the Bragg wavelength. The UV FS laser-
fabricated Ge-doped FBG sensors showed a significant reduction in the reflected signal
power (—3 dBm) at the Bragg wavelength of 1542 nm when the surrounding temperature
was increased from 25 °C to 335 °C, as evident from Figure 10b. In contrast, the IR FS
laser-fabricated FBG sensors showed excellent consistency in the reflected signal power
even at high temperatures such as 335 °C where the F-doped FBG sensors showed the
best results with a peak reflected signal power of 0.7 dBm. In addition, the reduction in
the reflected signal power for the F-doped FBG sensors was just under 0.45 dBm over the
temperature range of 25-335 °C. Figure 10c shows the temperature sensitivity of the FBG
sensors under a wide range of temperatures varying from 25 °C to 335 °C. Both the IR FS
laser and the UV FS laser-inscribed FBG sensors showed excellent temperature sensitivity.
For the IR FS laser-fabricated F-doped FBG sensor, the highest temperature sensitivity of
14.4 pm/°C was evident at 310 °C, a value similar to those of the IR FS laser-fabricated
Ge-doped FBG sensor and the UV FS laser-inscribed Ge-doped FBG sensors. From the
experimental results, we can infer that the wavelength of the femtosecond laser beam
has a significant impact on the fabrication of quality FBG sensors. We also compared the
performance of the IR FS laser-inscribed FBG sensor with other reported research works,
a summary of which is shown in Table 1. Compared with other radiation-resistant FBG
sensors, our F-doped FBG sensor shows superior results from all perspectives. Thus, our
IR FS laser-fabricated F-doped FBG sensor shows promise as a radiation-resistant sensor,
especially in the atomic energy industry.

Table 1. Comparison of our experimental results with other reported research works.

Parameters  Our S.Juetal. [20]  A.Paletal.[22] M. A.S. Zaghloul et al. [23]
Achievements

Peak Received
Signal Power, dBm 20.6 —20.80 N/A —-21
(without radiation)
Peak Received
Signal Power, dBm 0.7 —21.12 N/A 27
(with radiation)
Bragg Wavelength
Shift, pm —5.5 120 —-32 —2750
(with radiation)
Highest
Temperature
Sensitivity, pm/°C
(with radiation)

14.4 548 10.53 5.97

5. Conclusions

In summary, we fabricated radiation-resistant F-doped FBG sensors for operation un-
der heavy radiation conditions. Infrared femtosecond laser-assisted phase mask technology
was used to fabricate the FBGs, having a Bragg resonance at 1542 nm, inside acrylate-coated
F-doped silica fibers. Experimental results exemplify that fabrication parameters such as
focal length, laser wavelength, laser power, laser exposure time, and grating length have
a significant impact on the performance of the FBG sensors. The optimal values of the
laser parameters to fabricate high-quality radiation-resistant FBG sensors were: a laser
power of 350 mW, a laser exposure time of 15 s, and a FBG length of 15 mm. We compared
the performance of our infrared femtosecond laser-fabricated F-doped FBG sensors with
commercial Ge-doped FBG sensors fabricated by infrared and ultraviolet femtosecond
lasers. The infrared femtosecond laser-fabricated FBG sensors showed better performance
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as compared with the ultraviolet femtosecond laser-inscribed FBG sensors. Among all FBG
sensors, our F-doped sensor showed the best radiation resistance under 10° Gy of Gamma
radiation, where the wavelength shift was just —5.5 pm. The highest reflected signal
power of 0.7 dBm was detected in the F-doped FBG sensors with a maximum reflected
signal power reduction of 0.45 dBm. In contrast, the infrared femtosecond laser-based
F-doped FBG sensors showed excellent temperature sensitivity over the temperature range
of 25-335 °C, where the highest temperature sensitivity of 14.4 pm/°C was noticed at
310 °C. The temperature sensitivity of the proposed infrared femtosecond laser-fabricated
F-doped FBG sensor was the highest among all the studied radiation-resistant FBG sensors.
We strongly believe that the proposed radiation-resistant F-doped FBG sensors will play
significant role in dynamic application areas, including the atomic energy industry and
space research.
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