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We demonstrated a linear-cavity fiber laser using a fiber Bragg grating (FBG) fabricated by femtosecond laser
and a Sagnac loop as cavity mirrors. The temperature sensing response of the fiber laser was characterized by
placing the FBG in a high-temperature environment. The stability of the fiber laser at high temperature was
improved after the FBG was annealed at 1100 °C. The fiber laser can work stably as a temperature sensor at

1000 °C and its temperature sensing sensitivity is approximately 15.9 pm/°C from 300 °C to 1000 °C.

1. Introduction

Temperature sensors have widely applications in industrial fields.
The most popular temperature sensors are electrical sensors including
thermoelectric thermometer, electrical resistance thermometer, and so
on. Optical sensors are getting more attention due to their advantage
of immunity to electromagnetic interference. Fiber Bragg grating (FBG)
sensors as one of optical sensors have particular merits of multiplexing
capabilities, the ability of quasi-distributed sensing and resistance to
corrosion. FBG can be used to realize sensing by measuring its reflection
or transmission spectra directly. The other method is to measure the
wavelength of the fiber laser based on FBG. Compared with the former,
the latter has additional advantages, such as narrow linewidth, which
enhances the resolution for wavelength shift, and high signal-to-noise
ratio benefiting for precise measurements [1-3]. Fiber lasers based
on FBGs have been widely used as hydrophones [4], temperature
sensors [5] etc.

In many fields such as petrochemicals, high-temperature creep and
aerospace, high temperature sensing are greatly needed. Owing to that
the traditional FBGs will be erased at above 400 °C, FBG sensors and
FBG-based fiber laser sensors are not suitable for high-temperature
sensing. The traditional FBGs are usually fabricated by long-pulse UV
lasers and result from color center formations. These types of FBGs
referred to as type I gratings.

Many methods have been proposed to increase the temperature
resistance of FBGs fabricated by long-pulse UV lasers. One method
is to form type Ila FBGs, which are induced by introducing negative
refractive index modulation into the fiber core via successive exposure

ES

to type I gratings. This type of grating can work at 700 °C [6]. A
distributed Bragg reflector (DBR) fiber laser with a cavity length of
13 mm based on a Type Ila Bragg grating was reported and shown to
operate stably at 600 °C [7]. Another method is to induce regenerated
gratings which are obtained by thermally annealing type I gratings.
The regenerated gratings have a higher sustainable temperature of up
to 1000 °C [8,9]. DBR fiber lasers composed by thermally regenerated
fiber gratings can withstand temperatures up to 750 °C [10].

In recent years, femtosecond lasers have been effectively used as
light sources in processing FBGs [11-14]. A high reflective FBG could
be inscribed by femtosecond laser within less than 60 s using the
method of direct point-by-point [15]. It costs less than 1 min even few
seconds to make a saturated FBG using the method of phase mask [14,
16,171 depending on the fabrication conditions. FBGs fabricated using
femtosecond lasers have many unique advantages compared to those
fabricated by conventional UV lasers, including no photosensitivity
requirement for the fiber and wonderful thermal stability [18,19]. FBGs
induced by high-intensity ultrafast IR laser can work at temperatures
in excess of 1000 °C [18]. FBGs fabricated by femtosecond laser have
also been used to construct fiber lasers. An Erbium fiber laser based
on intracore femtosecond-written FBG has been demonstrated [20].
A distributed Bragg reflector fiber laser fabricated by femtosecond
laser inscription realized single-mode, single-polarization operation at
temperatures in excess of 600 °C [21]. Although regenerated FBGs and
FBGs made by femtosecond lasers can work at 1000 °C, to the best of
our knowledge, no one has reported FBG-based fiber lasers that can
operate at 1000 °C.
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Fig. 1. (Color on line) Schematic diagram of the fiber laser. WDM: wavelength division
multiplexer; OC: optical coupler; EDF;: erbium-doped fiber (gain); EDF,: unpumped
erbium-doped fiber; SMF: single mode fiber; PC: polarization controller; OSA: optical
spectrum analyzer.

In this paper, we demonstrate a fiber laser based on an FBG fabri-
cated by femtosecond laser and a Sagnac loop. The temperature sensing
response of the fiber laser is characterized. The results show that
annealing the FBG at 1100 °C improved the stability of the fiber laser at
high temperatures, and the fiber laser can work stably as a temperature
sensor at 1000 °C. The center wavelength of the fiber laser increases
with the temperature increasing and has a quadratic dependence on
temperature from room temperature to 1000 °C. The dependence of
the center wavelength of fiber laser on the temperature is nearly linear
over 300 °C to 1000 °C range and the temperature sensing sensitivity
in this temperature range is approximately 15.9 pm/°C according to
the linear fitting.

2. Experimental setup

The schematic diagram of the fiber laser is shown in Fig. 1. The
fiber laser consists of a 980-nm pump laser diode, a wavelength division
multiplexer (WDM) and a length of Er-doped fiber (1.6 m, ESF-7/125,
Nufern) as the gain of the fiber laser. The cavity of the fiber laser is
formed by an FBG and a Sagnac loop. The Sagnac loop is comprised
of a polarization controller (PC), a single-mode fiber (2 m, SMF-28,
Corning), a 2-m length of unpumped Er-doped fiber (EDF) (EDFC-
980-HP, Nufern), and an optical coupler of 50/50. The output laser
is split into two beams by a 10/90 optical coupler. Ten percent of
the fiber laser output is sent to an optical spectrum analyzer (OSA;
Yokogawa, AQ6370D; spectral resolution 20 pm) to measure the output
spectra, and the remaining power is transmitted to a power meter to
measure the output power. The unpumped Er-doped fiber is used as
a saturable absorber to improve the stability of the fiber laser [22,23].
The Sagnac loop incorporated with the unpumped EDF can be regarded
as a passive self-tracking narrow multiband optical filter [22,24] and
be able to stabilize the output of the fiber laser when two counter-
propagate waves formed a standing wave in it. Because the longitudinal
mode interval of the fiber laser was 17.2-MHz and the full-width-at-half
maximum bandwidth of the induced filter was 14.8-MHz, the fiber laser
satisfied the mode-selection condition.

The FBG was induced by 50-fs laser pulses generated by an am-
plified Ti: sapphire laser (Libra-USP-HE, Coherent, USA) at a center
wavelength of 800 nm and 1-kHz repetition rate with a Gaussian spatial
profile. The maximal single-pulse energy is about 3.5 mJ. The Gaussian
beam is focused by a cylindrical lens with a focal length of 25 mm
and then passed through a zero-order nulled phase mask with period
Ay, = 2.142 pm into the standard telecom fiber core. Femtosecond laser
can induce Type I and Type II grating structures in fibers depending
on the laser intensity of femtosecond laser, and only Type II grating
structures can withstand the high temperature up to 1000 °C [18]. The
threshold light intensity for forming Type II FBG is higher than that
for forming Type I FBG. In order to fabricate Type II FBG, the distance
between the fiber and phase mask was set to less than 1 mm to produce
a multiple beam interference-field pattern with a higher intensity than
that generated by two-beam interference [25]. The femtosecond laser
was set at a power of 750 mW. FBGs were fabricated by the interval
exposure of femtosecond laser, which can suppress the thermal effects
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and increase the reflectivity and formation efficiency of FBGs [26]. The
exposure times are controlled by a mechanical beam shutter with the
minimum open time of less than 20 ms and timing accuracy of 1 ms, the
exposure time and interval time were set to 0.1 s and 5 s, respectively.
The reflectivity of the FBG as a function of exposure time in interval
exposure mode has been shown in Fig. 2(a). The reflectivity of the FBG
firstly increases with the increase of exposure time and then reached
saturation at an exposure time of about 0.8 s. The saturated reflectivity
is about 83.0%.

In our demonstrated fiber laser, only a low-reflective FBG was
needed and used as the fiber laser output mirror. The low reflective FBG
was obtained by cutting a saturated Type II FBG rather than decreasing
the exposure time or power of the femtosecond pulse laser. This ensured
the low reflective FBG contain Type II structures as many as possible.
The exposure time of the saturated Type II FBG was 0.9 s. The lengths
of the saturated FBG and after it was being cut off a portion were
3.3 mm and 1.4 mm, respectively. The spectra of the saturated FBG
before and after cutting are shown in Fig. 2(b). The 3 dB bandwidth and
reflectivity of the two FBG are 1.060 nm, 83.3% and 1.032 nm, 55.9%,
respectively. The transmission spectra of the FBG before and after
cutting are shown in the set of Fig. 2(b). The blue shift of FBG reflection
spectra after cutting was observed. This may because the saturated FBG
fabricated by femtosecond laser was apodized due to the Gaussian beam
profile of femtosecond laser, and the center and peripheral portion
of the FBG own different effective refractive indexes thereby different
Bragg wavelengths [18]. The central portion structures of the FBG may
arise from laser-induced damage at high laser intensity, for example
micro voids, i.e. Type II grating structures, which result in a decrease
of refractive index [18,27]. The peripheral portion structures of the FBG
may arise from color center, i.e. Type I structures, which results in an
increase of refractive index [18].

Fig. 2(c) shows the output spectrum of the fiber laser at room
temperature at a pump power of 600 mW. The 3 dB bandwidth is
0.032 nm, which is much narrower than that of the FBG. The output
signal-to-noise ratio is more than 60 dB. The output power of the fiber
laser was 29 mW. We verified that when no unpumped EDF was present
in the Sagnac loop, the wavelength of the fiber laser output became
unstable.

3. Results and discussion

The performance of the FBG-based fiber laser was tested at different
temperatures with a pump power of 600 mW. The FBG was placed
in a tube furnace that can be operated from room temperature to
1200 °C. During the heating process, the temperature was increased at
intervals of 100 °C and kept 60 min at each temperature to observe the
stability of the fiber laser output after the temperature had stabilized.
Fig. 3(a) shows the variation in wavelength at different temperatures.
At temperatures from room temperature to 800 °C, the fiber laser
wavelength quickly reached a stable value when the temperature of
the furnace reached the set temperature. In contrast, the wavelength
of the fiber laser was red-shifted at 900 °C and 1000 °C, even when
the temperature was kept constant for 100 min. Next, we increased
the temperature of the tube furnace to 1100 °C and annealed the FBG
for 10 min. After annealing, the wavelength of fiber laser remained
stable at 1000 °C after keeping the temperature constant for 40 min.
Fig. 3(b) and (c) show the wavelength and intensity of the fiber laser
before and after annealing at 900 °C and 1000 °C, respectively. At
both 900 °C and 1000 °C, the intensity of the fiber laser was similar
before and after annealing, while obvious differences in wavelength
were observed. More specifically, at both 900 °C and 1000 °C, the
wavelength was clearly red-shifted before annealing and became more
stable after annealing.

Next, we increased the temperature directly to 1000 °C from room
temperature and tested the long-term thermal stability of the fiber
laser while it operated for 300 min at 1000 °C. The variation in the
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Fig. 2. (Color on line) (a) Reflectivity of the FBG as a function of exposure time in
interval exposure mode. (b) Reflection spectra of the FBG before and after cutting.
Inset: The transmission spectra of the FBG before and after cutting. (c) The output
spectrum of the fiber laser at a pump power of 600 mW.

wavelength and intensity of the fiber laser with time are shown in
Fig. 4. The wavelength and intensity became stable after 30 min. The
wavelength showed a small fluctuation of less than 0.05 nm. The
above results imply that the fiber laser achieved stable output at high
temperatures up to 1000 °C after the FBG was annealed at 1100 °C.
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Fig. 3. (a) Variation in wavelength at different temperatures before and after annealing
at 1100 °C. (b) Details of the wavelength and intensity of the fiber laser at 900 °C
before and after annealing. (c) Details of the wavelength and intensity of the fiber laser
at 1000 °C before and after annealing. The squares and circles represent the recorded
data. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The temperature sensing characteristics of the FBG-based linear-
cavity fiber laser were tested. The temperature of the tube furnace
was increased from 100 °C to 1000 °C in intervals of 100 °C in the
heating process. Each temperature was maintained for 60 min to obtain
spectra. The temperature was then decreased from 1000 °C to 100 °C in
intervals of 100 °C to characterize the behavior of the fiber laser output
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Fig. 4. (Color on line) Variation in fiber laser wavelength and intensity as the laser
worked at 1000 °C for 300 min. The squares and circles represent the recorded data.

during the cooling process. Again, each temperature was maintained for
60 min to obtain spectra.

Fig. 5(a) shows the laser spectra at different temperatures during the
heating process. The variation in laser intensity with temperature dur-
ing the heating and cooling processes is shown in the inset of Fig. 5(a).
During the heating and cooling processes, the fiber laser intensity
showed only small fluctuations of less than 1.1 dB. Fig. 5(b) shows
the center wavelength of the linear-cavity fiber laser as a function of
temperature from room temperature to 1000 °C. The black triangles
and red inverted triangles represent the recorded data during heating
and cooling processes, respectively, and the solid curves represent their
quadratic fits. The curves for cooling and heating almost completely
overlap. The center wavelength of the linear-cavity fiber laser increases
with the temperature increasing and has a quadratic dependence on
temperature. The quadratic behavior of the FBG-based fiber laser out-
put from room temperature to 1000 °C may be due to the quadratic
behavior of FBG temperature coefficients [28,29]. The inset of Fig. 5(b)
shows the linear fitting results of the temperature-wavelength curves
from 300 °C to 1000 °C. The solid curves represent their linear fits
(R? = 99.9%). The good linear relationship of fiber laser wavelengths
and temperatures makes the temperature sensor demodulation easier
from 300 °C to 1000 °C. The temperature sensitivity of the fiber laser
wavelength is about 15.9 pm/°C for both heating and cooling processes
from 300 °C to 1000 °C. Consequently, we achieved a fiber laser with
good temperature sensing ability at 1000 °C.

4. Conclusion

We developed a linear-cavity fiber laser based on an FBG fabricated
by femtosecond laser, and tested its temperature sensing characteristics.
The fiber laser worked stably at 1000 °C after annealing at 1100 °C
and its wavelength had a quadratic dependence on temperature from
room temperature to 1000 °C. The temperature-wavelength had a good
linear relationship from 300 °C to 1000 °C. According to the linear
fitting, the average sensing sensitivity was estimated to be about 15.9
pm/°C from 300 °C to 1000 °C. The temperature-wavelength curves
showed good repeatability between the heating and cooling processes.
Thus the linear-cavity fiber laser has good sensing repeatability. The
results of this work imply that the fiber laser can be applied at high
temperatures up to 1000 °C.
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