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The Letter reports the thermal stability and strain response of Fabry—Perot (FP) cavity under different high
temperatures. The FP cavity was made by thermal regeneration of two identical cascaded fiber Bragg gratings
(FBGs). It is demonstrated that the FP cavity is capable of measuring temperatures from 300°C to 900°C with a
temperature sensitivity of 15.97 pm/°C. The elongation of the fiber was observed through the drifted Bragg
wavelength at 700°C or above when weight was loaded. The elongation was further inferred by the slight change

in the interference spectra of the FP cavity at 900°C.
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A fiber Bragg grating (FBG) is a kind of sensing element
characterized by wavelength demodulation, small size,
and flexible bend. It has been extensively used in various
fields, such as bridge health monitoring”, wind turbine
rotor blade?, railways24, urban infrastructurel?, and
medical applications?. But beyond that, FBG sensors
are capable of working well in harsh environments; for
instance, they can be found in the fields of aircraft struc-
ture?, nuclear power plant?, and oil and gas transporta-
tion for structural health monitoring?.

Generally, FBGs could be achieved in two ways: one
is the ultraviolet (UV) laser inscription method, and
the other is based on infrared (IR) femtosecond (fs) laser
pulse radiation. IR fs-induced FBGs can be written
through various coatings, such as acrylate, polyimide,
and carbon. Writing with IR fs pulses relies on a
multi-photon process, which has the significant advan-
tages of high strength, high reliability, and being the focus
of research in recent years™X Some excellent groups
have reported that IR fs FBGs could be operated up to
1200°C with silica-based fibers and 1745°C with sapphire
fibers™2J. But, the cost of material and time for IR fs FBGs
is relatively higher than that of conventional UV-induced
FBGs. Therefore, the UV FBG still has great development
and market potential in traditional sensing areas.

However, the UV-induced refractive change in the op-
tical fiber core may degrade at temperatures higher than
300°CY. Many efforts have been made to improve the
temperature limit of silica fiber FBGs. Guan et al
provided a post-UV treated method to generate a high-
temperature-resistant FBG that could survive at about
528°C. Bartelt et al.”¥ reported a type II FBG with a
stable temperature response at 700°C. Oliveira et al.X
showed enhanced thermal stability at 800°C with
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nonhydrogenated fibers. Chemical composition grating,
namely the regenerated FBG, is also another way of
pursuing better resistance at high temperatures for UV-
written FBGs, which was first reported, to the best of
our knowledge, by Fokine et al. in 20022, Several research-
ers have put a lot of work into regenerated FBGs for tem-
perature and strain sensing®?2. The theories of seeded
crystallization and trapped water molecules are two repre-
sentative different opinions?. Up to now, the mechanism
underlying the regeneration process is still inconclusive.
Yet, it does not hold back the study of regenerated FBGs,
but opens a new situation of rapid development.

Former researchers could observe the elongation of
fibers under high-temperature strain at the end of the ex-
periment?, In this Letter, the tiny elongation could be
monitored in real time and deduced from spectra during
the experiment. Herein, two identically seeded FBGs were
used for the regenerating process. After the regeneration,
two cascaded FBG arrays were obtained, forming a micro-
fiber Fabry—Perot (FP) interferometer. The regenerated
FBGs were used for measuring the wavelength drift as
the temperature changes, and the FP cavity would be
capable of monitoring the strain response on line when
the load was applied on the fiber at high temperatures.

The cascaded FBGs were inscribed by a beam scanning
method combining phase mask technology. The UV laser
used in the inscription is an argon ion laser (Coherent In-
nova 300C MOTOFRED) with an emission wavelength of
244 nm. The Bragg condition for an FBG is given by

Ap =2y - A, (1)

where Ay is the Bragg wavelength, n. is the effective
refractive index of the fiber core, and A is the period of
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Fig. 1. Scheme for the setup of FBG inscription via the beam
scanning method.

grating. Figure 1 shows the setup of FBG inscription. A
UV reflective mirror and a cylindrical mirror were mounted
on a high-precision translation stage with a minimum incre-
mental motion of 1 nm (Newport XMS160). The UV cir-
cular beam was shaped into an ellipse with a long axis
of 3 mm at the focal length of the cylindrical mirror. An
interference pattern was created by two outgoing beams,
which were produced by the first-order diffraction of the
phase mask. When a hydrogen-loaded optical fiber was
placed into the interference region adjacent to the phase
mask, a periodical modulation occurred in the core of
the optical fiber. If the proper velocity of the translation
stage was controlled for the first exposure and followed
by the second exposure without a phase mask, a kind of
apodized FBG could be obtained. The length and transmis-
sion depth of the FBG can be adjusted by controlling the
moving distance of the translation stage and the exposure
time. Here, a Corning HI1060 FLEX optical fiber was used
for inscription after hydrogen loading (P = 1950 psi,
T =80°C, t =17 days). Two identical FBGs were fabri-
cated via the above-mentioned method. The two FBGs
have the same length of 8 mm. The length of the FP cavity
induced by FBGs is 9 mm. The spectrum of the reflected
light was recorded by an optical spectrum analyzer
(Yokogawa AQ6370D). The reflection and transmission
spectra of the two FBGs are shown in Fig. 2. The first
FBG has a transmission depth of 40 dB with a 3 dB reflec-
tion bandwidth of 0.7314 nm, as shown in Fig. 2(a). After
the second inscription, the transmission depth of the
cascaded FBGs is approximately 47.25 dB, and the 3 dB
reflection bandwidth becomes 0.9467 nm, as shown in
Fig 2(b). The cascaded FBGs were placed in air for sub-
sequent use.

The regeneration and temperature response of FBGs
were evaluated by placing the cascaded FBGs inside a
muffle furnace. The thermal regeneration processing
recipe for the cascaded FBGs is shown in Fig. 3. Firstly,
the temperature was increased from room temperature to
900°C within 40 min. For a dwell time of 1.5 h at 900°C,
the cascaded FBGs experienced spectral degeneration and
regeneration completely. The red curve in Fig. 4 displays
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Fig. 2. Reflectance and transmittance spectra of the identical
FBGs.
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Fig. 3. Wavelength evolution of the cascaded FBGs during the
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Fig. 4. Reflective spectra of the cascaded FBGs during the re-
generation and temperature response. The inset is the partial
enlargement of the spectrum after the regeneration.
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the spectrum of the regenerated FBGs. It can be clearly
seen that the interference pattern forms in the spectral
profile of the FBG, as shown in the drawing of the partial
enlargement in Fig. 4. Secondly, the temperature rose to
1050°C within 10 min and lasted for a period of 20 min so
as to finish the post-annealing procedure. Thirdly, the
temperature was set from 1050°C to 300°C with a control-
lable cooling rate of 50°C/h. Finally, the furnace was
heated from 300°C to 900°C with a temperature interval
of 100°C. At each temperature holding point, the dwell
time was 1 h. After that, the furnace naturally cooled
down. The post-annealing and controlled cooling would
be helpful to stabilize the regenerated FBGs. It is indi-
cated by the stable wavelength at each holding point,
as shown in Fig. 3. Moreover, Fig. 4 describes the good
shape of the reflective spectra from 300°C to 900°C. It
means that the two identical FBGs were regenerated si-
multaneously and formed a kind of FP interferometer.

Figure 5 depicts the temperature dependence of the
wavelength for the regenerated FBGs. The reflective spec-
trum splits into multi-peaks due to the interference by the
FBG-induced FP cavity. A 10 dB spectrum width method
was used to evaluate the central wavelength of the multi-
peaks spectrum® as shown in the inset of Fig. 5. The
central Bragg wavelength of the cascaded FBGs can be
obtained from the following equation:

Ae = (4 +49)/2, (2)

where 4, is the central Bragg wavelength, and 4, and A, are
the left and right wavelengths corresponding to the 10 dB
bandwidth of the spectrum profile, respectively. The slope
of the temperature response is related to the thermal-
optics and thermal-expansion coefficients. It is indicated
that the wavelength kept a linear relationship with the
temperature. The slope is 15.97 pm/°C, and the correla-
tion coefficient is 0.999. It means that the regenerated
FBGs could be competent to measure temperatures within
900°C.
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Fig. 5. Temperature dependence of the wavelength for the

regenerated FBGs from 300°C to 900°C. The inset shows the
method to obtain the Bragg wavelength of the cascaded FBGs.

The high-temperature strain response was performed in
the muffle furnace with the regenerated FBGs under a
load of 51.37 g, which is equivalent to ~570 pe. The tem-
perature of the muffle furnace was set from 300°C to 900°C
with a temperature interval of 100°C, and the holding
time lasted for about 1 h. The reflective spectra were re-
corded by the optical spectrum analyzer. The central
wavelength was acquired with the above-mentioned
method. The wavelength evolution was depicted in Fig. 6.
It can be seen that the wavelength drift is not obvious be-
low the temperature of 600°C. But, when the temperature
rose to 700°C or above, the wavelength appeared with an
apparent red shift. The wavelength drift at 700°C is about
32 pm, whereas the drift is 77 pm at 800°C. Furthermore,
for the sake of obviousness, the dwell time at 900°C lasted
for 3 h. The wavelength drift reaches up to 1.4 nm. As for
the 900°C, the reflective spectra were thoroughly ana-
lyzed, as shown in Fig. 7. In a linear scale, the reflective
spectrum has three peaks at the beginning, and four peaks
emerge at the end of 3 h, as shown in Fig. 7(a). Figure 7(b)
displays the specific spectral evolution at different
times at 900°C. It is known that if the length of the FP
cavity becomes longer, the period of interference fringes
gets shorter?. Therefore, it is deduced that the cavity
length formed by identical FBGs has been stretched. In
other words, the optical fiber is elongated under high-
temperature strain. It is consistent with the previously re-
ported phenomenon2:2,

It must be admitted that the speed of elongation for the
optical fiber at 900°C is not very fast. Both the reflectivity
and 10 dB bandwidth of the FP cavity remain nearly con-
stant. For the sake of understanding the high-temperature
strain response of the FP cavity, higher temperature was
provided. The temperature of the muffle furnace rose up to
1000°C from 900°C within 10 min and then lasted for
about 25 min. It was found that the 10 dB bandwidth
gradually became wider with the temperature rising
and holding, as shown in Fig. 8. Particularly, the band-
width increased by 0.23 nm within 25 min at 1000°C.
The reflective spectrum remained normal at the beginning
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Fig. 6. Wavelength evolution of regenerated FBGs under high-
temperature strain.
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Fig. 8. Time dependence of 10 dB bandwidth for the regenerated
FBGs from 900°C to 1000°C and reflective spectra at 909°C and
1000°C.

of the temperature rising; however, the wave profile of
the FP cavity split apart into two peaks at the end of
the temperature holding, as shown in Fig. 8. The intensity
of the reflection peak has sharply declined. It is due to the
period-length mismatch between the two FBGs of the FP
cavity under high temperatures. As for the germanium-
doped optical fiber, the drawing tension mainly results

from the cladding, whereas the stress arising in the core
is negligible2!. Therefore, the residual stress is concen-
trated at the cladding. When the FP cavity was annealed
at 1000°C for 25 min, the residual stress at cladding
was released. However, the residual stress release was
uncontrollable, which gave rise to the mismatch between
the identical FBGs. Then, the rigid FP cavity was de-
stroyed, and split peaks were formed. It means that a
higher temperature could accelerate the elongation of
the optical fiber under loading or even destroy the intrinsic
properties of the optical fiber produced by the draw-
ing tower.

In conclusion, the inscription of identical FBGs was
achieved via the beam scanning method combined with
phase mask technology. An FP interferometer was ob-
tained after the thermal regeneration of the cascaded
FBGs. The FP cavity showed a linear temperature
dependence of the Bragg wavelength from 300°C to
900°C, and the temperature sensitivity was 15.97 pm/°C.
It was also indicated that the FP cavity could be capable
of responding to high-temperature strain, and the elonga-
tion of the optical fiber was indirectly verified.
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