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In this paper, up to 1100°C and 1200°C high-temperature distributed Brillouin sensing based on a GeO2-doped
single-mode fiber (SMF) and a pure silica photonic crystal fiber (PCF) are demonstrated, respectively. The
Brillouin frequency shift’s (BFS) dependence on temperatures of the SMF and PCF agrees with a nonlinear func-
tion instead of a linear function, which is mainly due to the change of the acoustic velocity in a silica fiber. BFS
hopping is observed in both kinds of fibers between 800°C–900°C in the first annealing process, and after that,
the BFS exhibits stability and repeatability with a measurement accuracy as high as �2.4°C for the SMF and
�3.6°C for the PCF. The BFS hopping is a highly temperature-dependent behavior, which means that a high
temperature (>800°C) would accelerate this process to reach a stable state. After BFS hopping, both the SMF and
PCF show good repeatability for temperatures higher than 1000°C without annealing. The process of coating
burning of a silica fiber not only introduces a loss induced by micro-bending, but also imposes a compressive
stress on the bare fiber, which contributes to an additional BFS variation at the temperature period of the coating
burning (∼300°C–500°C). © 2016 Optical Society of America

OCIS codes: (290.5900) Scattering, stimulated Brillouin; (060.5295) Photonic crystal fibers; (280.6780) Temperature.
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1. INTRODUCTION

Stimulated Brillouin scattering (SBS) used as an effective sens-
ing mechanism has been widely reported over the past twenty
years [1,2]. A so-called truly distributed sensing technique
named the Brillouin optical time domain analysis (BOTDA)
has been widely developed due to its advantages of a high
signal-to-noise ratio (SNR) and high accuracy [3–5]. Currently,
the development of the BOTDA technique includes two
perspectives: the development of a new BOTDA-based sensing
scheme [6–10], and the development of new-type optical
fibers for stimulated Brillouin scattering [11–16]. The new
schemes include a pulse coding technique [6], a Raman-assisted
amplifying technique [7], a differential pulse-width pair tech-
nique [8], a pre-pump-pulse technique [9], and a dynamic
BOTDA technique [10], which could effectively extend the
sensing range, improve the spatial resolution, and shorten
the measuring time for strain/temperature sensing purposes.
New-type fiber-based sensors include polymer optical fibers
for large-scale strain sensing [11,12], few-mode fibers or

polarization-maintaining optical fibers for multiple parameter
sensing [13,14], multimode optical fibers with excited funda-
mental modes for bend-insensitive sensing [15], and silica
microwires for highly nonlinear applications [16], which could
further extend the application scope of the BOTDA technique.

One of these applications is high-temperature monitoring,
which is one of the major concerns in the processes of control-
ling and machining, such as in heavy energy-consuming indus-
tries [17] or volcanic events [18]. Up to now, a large number of
discrete fiber-optic high-temperature sensors have been devel-
oped [19–24] that feature compact size and instantaneity. The
difficulty of multiplexing is a huge challenge to achieve distrib-
uted high-temperature sensing. Therefore, it is highly desirable
to develop a distributed high-temperature fiber sensor that fea-
tures low cost, high reliability, and high accuracy. An early work
of Thévenaz characterized the Brillouin gain spectrum of a
single-mode fiber (SMF) from −272°C to 727°C and revealed
the nonlinear relationship between the Brillouin frequency shift
(BFS) and temperature [25]. Reference [26] investigated the
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temperature dependence of the (BFS) in a commercially avail-
able dispersion-shifted fiber in the range of 20°C–820°C,
although distributed-fiber high-temperature sensing was not
achieved in their study. Although Ref. [27] demonstrated that
1000°C high-temperature distributed sensing can be achieved
with the BOTDA technique in an SMF, it was not a systematic
investigation that could offer insight into the nature of
high-temperature distributed sensing, and several significant
problems have not been illustrated.

In this paper, we demonstrate an up to 1100°C and 1200°C
high-temperature distributed Brillouin sensing based on a
GeO2-doped SMF and a pure silica photonics crystal fiber
(PCF). BFS hopping is observed in both kinds of fibers
between 800°C–900°C in the first annealing process, and
after that, the BFS exhibits stability and repeatability with a
measurement accuracy as high as �2.4°C for the SMF and
�3.6°C for the PCF. For temperature measurements
>1000°C, the annealing process is not required for both fibers
since the BFS is same in this temperature, including during the
first-time measurement. The process of coating burning of
the fiber not only introduces a loss induced by micro-bending,
but also imposes a compressive stress on the bare fiber, which
contributes to an additional BFS variation at the temperature
period of the coating burning (∼300°C to 500°C). The
BFS dependence on the high temperatures of the SMF and
PCF is a nonlinear function instead of a linear function, which
is mainly due to the change of the acoustic velocity in a
silica fiber.

Compared with the discrete fiber-optic high-temperature
sensors [23,24] that need to be annealed several times to
achieve an adequate stable functionality level, the distributed
Brillouin optical fiber sensors (including the SMF and PCF)
only need to be annealed one time to reach a reliable level
for practical use, which makes them more convenient for
high-temperature measurements.

2. PRINCIPLE

When light travels in the fiber, a backscattered light called
Stokes light is generated due to the acoustic waves (phonons)
excited by the electrostriction mechanism, which is known as
spontaneous Brillouin scattering. The backscattered Stokes
light suffers a Doppler shift called the Brillouin frequency shift,
which is given by [28]

νB � 2neff υA
λP

; (1)

where neff is the effective core refractive index, υA is the acoustic
velocity, and λP is the wavelength of the pump wave in a
vacuum. If the frequency of the introduced downshifted probe
wave equals the frequency of the Stokes wave, stimulated
Brillouin scattering (SBS) would occur and the higher-
frequency pump would convert part of its energy to the lower-
frequency probe through the acoustic wave field. The BOTDA
technique incorporates the SBS process and the optical time
domain analysis technique, which uses pulse light as the
pump and frequency downshifted continuous light as the probe
and features high sensing accuracy and long sensing distances
[5,29].

3. EXPERIMENTAL SETUP

The experimental setup is illustrated in Fig. 1. The output of an
optical fiber laser is divided into two arms by a 50/50 coupler
providing two waves, i.e., a pump and a probe. An arbitrary
function generator is used to drive a high extinction ratio
(>45 dB) electro-optic modulator (EOM) to generate the
pump pulse. A polarization scrambler is used to randomly
change the polarization state of the pump pulse to reduce
polarization fading-induced fluctuations in the signal by aver-
aging a large number of signal traces. We used 1000 times aver-
aging in our experiment. The pump pulse is amplified by an
erbium-doped fiber amplifier and then sent into the fiber under
test (FUT). The continuous probe beam is modulated by an-
other EOM, which is driven by a microwave generator to gen-
erate carrier-suppressed two-sideband modulation by adjusting
the bias voltage of the modulator. Two beams interact in the
FUT, and the SBS interaction occurs. The Brillouin signal is
extracted by a filter and converted into an electrical signal with
a photo detector and monitored by an oscilloscope, and then a
BGS can be obtained by changing the probe frequency at a step
of 4 MHz in the vicinity of the BFS. The FUT includes a 2 m
PCF (NKT photonics, LMA-10) and a 50 m SMF (Yangtze
Ltd.). Note that the width of the pump pulse used in the ex-
periment is 10 ns, corresponding to a 1 m spatial resolution in a
silica fiber. The peak power of the pulsed pump is ∼400 mW
and the power of the probe is ∼1 mW, which lead to a relative
high signal intensity. The high-temperature measurements for
the SMF and PCF are achieved with a chamber furnace
(Chinese Academy of Science Instrument Department, SXL-
1400C), of which the temperature is monitored by an electrical
thermocoupler with a measuring accuracy of �1°C.

4. EXPERIMENTAL RESULTS

A. SMF for 1100°C High-Temperature Distributed
Sensing
First, an SMF is used to measure the high temperatures. A
∼2.4 m fiber section located at the end of a 50 m SMF is
put into the chamber furnace, and the temperature is increased
in steps of 100°C. The distributed measurement results are
shown in Fig. 2(a). It is shown that the BFS of the SMF

Fig. 1. Experimental setup. C, coupler; PC, polarization controller;
EOM, electro-optic modulator; DC, direct current; AFG, arbitrary
function generator; MG, microwave generator; PS, polarization scram-
bler; EDFA, erbium-doped fiber amplifier; FUT, fiber under test;
FBG, fiber Bragg grating; PD, photo detector; OSC, oscilloscope.
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increases nonlinearly from 25°C to 1100°C and there is a big
BFS increase, called “BFS hopping,” between 800°C and 900°
C, which can be clearly observed in the blue curve of Fig. 2(b).
After the first measurement up to 1100°C, the chamber furnace
is programmatically controlled and cooled down to room tem-
perature in 10 h, and then a second measurement is conducted.
The results of the first and second measurements are shown in
Fig. 2(b), where the BFS variation of the heated fiber still in-
creases nonlinearly, while the BFS hopping has disappeared.
This phenomenon is mainly due to the internal stress of the
glass accumulated when the fiber was drawing [30], and it
can be eliminated by a first-time heating called “annealing.”
In Fig. 2(b), in the range of 25°C–200°C, the temperature co-
efficient is 1.246 MHz/°C in the first annealing process and
1.387 MHz/°C in the second measurement, which shows a
∼11.3% temperature coefficient enhancement. In order to
be sure that the fiber is stable and reproducible for the practical
use, a third measurement is conducted, and a comparison of the
second and third measurements is shown in Fig. 2(c), where the
two curves coincide pretty well. The difference between the
second and third measurements is shown at the right axis of
Fig. 2(c), which is within �2 MHz except for 400°C, which
is probably due to the temperature fluctuation of the chamber
furnace. The BFS of the SMF changes with the temperature
nonlinearly instead of linearly, which coincides with the results

in Ref. [26]. The BGSs of the SMF from 25°C to 1100°C are
shown in Fig. 2(d), where the solid lines show Lorentzian fits
that are in good accordance with the Lorentzian function.

B. Characterization of BFS Hopping
Next, the “BFS hopping” between 800°C and 900°C is inves-
tigated, and the results are shown in Fig. 3(a). A 10 m SMF
section is put into the chamber furnace and the temperature is
kept at 800°C, 850°C, and 900°C for 2 h. Every 50°C incre-
ment of the temperature needs 20 min to reach a stable temper-
ature field in the chamber furnace. The BFS is measured and
shown as the black square points in Fig. 3(a), and the red round
points show the BFS difference between every two adjacent
points (dBFS) at each period. At the period of 800°C, the fiber
remains at a stable level and the BFS shows almost no changes
within 2 h, which indicates that the BFS hopping does not vary
obviously at this temperature [30]. Next, the chamber furnace
is heated to 850°C in 20 min, and the BFS increases consid-
erably during the first 40 min and then the growth rate slows
down, which indicates that the “BFS hopping” is evident at this
temperature. When the temperature is increased to 900°C, the
BFS shifts very slowly, and thus the “BFS hopping” reaches a
relatively stable level. In Fig. 2(b), note that the BFSs coincide
pretty well between the first and second measurements from
1000°C to 1100°C, which indicates that the “BFS hopping”

Fig. 2. Measurement results of SMF in the range of 25°C–1100°C, (a) measured Brillouin frequency shifts over a 50 m-long sensing fiber, where
the BFS hopping is observed between 800°C–900°C, (b) the comparison of first and second measurements, where the BFS hopping disappears for
the second measurement, (c) the comparison of the second and third measurements and their difference, and (d) measured Brillouin gain spectra in
the range of 25°C–1100°C after the first annealing.
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was done before 1000°C, so temperature sensing above 1000°C
can be done without the first annealing. Therefore, the “BFS
hopping” is a highly temperature-dependent behavior, which
indicates that the time of releasing the internal stress is related
to the temperature.

In what follows, the stability of the SMF is investigated
before the emergence of the BFS hopping behavior, i.e., from
100°C to 800°C. As illustrated in Fig. 3(b), the two measure-
ments are conducted, and the BFS differences between the first
and second measurements are shown at the right axis. The two
measurements generally match well and the BFS difference is
no more than �4 MHz except for 300°C and 400°C (7.2 and
13 MHz difference), which is probably caused by the coating of
the fiber.

C. Characterization of Coating Burning
Next, the effect of the coating (composition: double-layer acryl-
ate, thickness: 125 μm) is investigated by making a comparison
between a coated and uncoated fiber. Two pieces of 2 m fiber
sections (one has a coating and the other’s coating is purposely
stripped off ) are put into the chamber furnace together, and the
temperature is increased from 25°C to 1100°C. The results
are shown in Fig. 4(a). The left axis shows the BFS variation,
and the right axis shows the BFS differences between the two

measurements. The difference is no more than �4 MHz ex-
cept for 400°C, at which degree the BFS of the uncoated fiber
is 13 MHz larger than that of the coated fiber. This is the same
result as in Fig. 3(b); the difference is that the coating of the
fiber is not stripped off. Hence, the big BFS difference at 400°C
is probably due to the coating burning.

To further investigate this problem, we checked the
BOTDA time traces from 25°C to 600°C continuously, which
is the temperature region of the coating burning. The results are
shown in Fig. 4(b). At 272°C, the BOTDA time trace shows no

Fig. 3. (a) Investigations on BFS hopping. The BFSs are shown
as black square points, and the red round points are the BFS difference
between every two adjacent points at each period (dBFS).
(b) Comparison of two measurements under temperature region of
BFS hopping.

Fig. 4. (a) Influence of coating burning on the bare SMF.
(b) BOTDA time traces at 272°C, 344°C, and 564°C with coating.
(c) BOTDA time traces at 200°C, 300°C, 400°C, and 500°C without
coating.
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loss. The periodic fluctuations in the signal could result from
the coating pyrolysis, which induced an additional stress on the
fiber and the temperature non-uniformity inside chamber fur-
nace. Then, the loss in the signal enlarges as the temperature
gradually increases, as shown in the red curve of 300°C. At
344°C, the signal experiences a maximum loss of 36.8%
(56 mV), which can be clearly seen on the blue curve. The
signal loss is mainly due to the stress accumulated on the
fiber-produced micro-bending [31]. After that, the loss starts
to reduce and the signal begins to recover, which indicates that
the coating burning-induced stress on the bare fiber is smaller
and smaller, as shown in the pink curve of 425°C. At 564°C,
the signal is smooth again and enhanced compared to the
former ones, which shows that the coating has been burned
out. These results indicate that the coating burning would in-
troduce an inevitable loss, which would to some degree intro-
duce a fitting error to the Brillouin signal. In addition, the
coating burning-induced compressive stress would further lead
to a BFS shift, which also contributes to the BFS difference at
the temperature period of the coating burning. Last, we also
check the BOTDA time traces of the uncoated fiber, where
the data was extracted from Fig. 4(a) at 200°C, 300°C,
400°C, 500°C and was normalized so as to cancel the power
variations of the pump and probe. It can be seen clearly that,
in Fig. 4(c), there is no loss on the bare fiber for each signal,
which confirms that the observed loss in Fig. 4(b) is due to
coating burning.

D. PCF for 1200°C High-Temperature Distributed
Sensing
Then, the PCF for high-temperature measurements is con-
ducted. The sensing fiber is made up of a ∼2 m total internal
reflection type of PCF and two pieces of SMF spliced at the
both ends of the PCF, and its total length is 12 m. The dis-
tributed measurement results are shown in Fig. 5(a). An up to
1200°C temperature is applied to the PCF in steps of 100°C,
the BFS increases with the temperature nonlinearly, and there is
still BFS hopping between 800°C and 900°C, as with the SMF.
In Fig. 5(b), the BFS hopping has disappeared after annealing.
In the first annealing process, the temperature coefficient of the
PCF is 1.18 MHz/°C from 26°C to 200°C, and in the second
measurement, it is 1.42 MHz/°C from 36°C to 200°C, which
shows that the temperature coefficient of ∼20.3% has been im-
proved. This enhanced temperature coefficient could be due to
the internal stress release when the fiber was drawing. What is
more, the PCF shows good repeatability between the first and
second measurements from 1000°C to 1200°C, which indicates
that it can work effectively in this temperature range without
annealing. In Fig. 5(c), the comparison of the second and third
measurements shows that the PCF has good repeatability. The
difference of the second and third measurements is shown at
the right axis of Fig. 5(c). The maximum temperature uncer-
tainty is�4 MHz except for 300°C and 400°C, which is prob-
ably due to the temperature fluctuation of the chamber furnace.
The BFS of the PCF changes with the temperature nonlinearly,

Fig. 5. Measurement results of PCF in the range of 36°C–1200°C, (a) distributed measurements of Brillouin frequency shifts over the sensing
fiber, where the Brillouin frequency shift hopping is observed between 800°C–900°C, (b) the comparison of the first and second measurements,
where the BFS hopping disappears for the second measurement, (c) the comparison of the second and thirdmeasurements and their difference, and
(d) measured Brillouin gain spectra in the range of 36°C–1200°C, after the first annealing.
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which is the same as with the SMF. As mentioned above, the
BFS is determined by Eq. (1). The temperature coefficient of
the effective index is about 1 × 10−5∕°C [32], which is much
lower than that of the BFS, whose average coefficient is
7.19 × 10−5∕°C, calculated from �dυB∕dT �∕υB0 (υB0 is the
BFS at room temperature) in the temperature range of 36°C
to 1200°C and depicted in Fig. 5(c). Therefore, the origin
of the nonlinear BFS dependence on the temperature is mainly
due to the velocity variations of the acoustic wave [33]. More
specifically, there is a nonlinear relationship between the modu-
lus and temperature [34], which shows that the nonlinear BFS
behavior with temperature could be due to the silica material’s
behavior. Figure 5(d) shows the BGSs of the PCF, and the solid
lines show Lorentzian fits. Here, we should note that the differ-
ent linewidths in Fig. 5(d) as well as in Fig. 2(d) are mainly due
to the temperature fluctuation and inhomogeneous distribu-
tion in the chamber furnace. We use a 10 ns pump pulse cor-
responding to a∼100 MHz BGS linewidth, while the period of
the BGS measurement is several minutes, at which the
temperature of the chamber furnace would go up and down
periodically, especially under 600°C, both of which would
inevitably induce the linewidth of BGS to broaden.

E. Effect of Coating Burning on the PCF
Based on the analysis of the coating burning effect on the SMF,
we analyze the effect of the coating burning on the PCF
by comparing two measurements from 100°C to 800°C.
Different from the coating of the SMF, which is easy to strip
for several meters, the coating (composition: single-layer acryl-
ate, thickness: 125 μm) of the PCF is so hard to strip off that
any further stress imposed on the bare PCF would break it.
Thus, we put 1 m PCF section with a coating into the chamber
furnace and measure it twice to analyze the coating burning
effect.

As shown in Fig. 6, the round black points show the BFSs of
the first measurement with coating, the red square points are
the BFSs of the second measurement when the coating has been
burned, and the blue triangle points represent the BFS differ-
ence between the two measurements. Unlike the results of the
SMF in Fig. 3(b), the BFSs of the second measurement are
between 15–27 MHz lower than that of the first measurement
from 100°C to 700°C, which indicates that the coating would
introduce a tensile stress when the fiber was drawing. At the

coating burning period around 400°C, the BFS difference is
smaller than that of 300°C and 600°C, which indicates that
coating burning introduced an additional compressive stress
that counteracts the tensile stress of fiber drawing. This phe-
nomenon can also be clearly observed in Fig. 5(a): the BFS dif-
ference of 69 MHz between 300°C and 400°C is clearly smaller
than the BFS difference of 83 MHz between 400°C and 500°C,
which indicates that the BFS at 400°C has been reduced by
coating burning-induced compressive stress. These results of
the coating effect on the PCF coincide with those of the
SMF in that an additional compressive stress is produced on
the bare fiber during this period.

5. DISCUSSION

At the temperature of 1100°C, the SMF is kept for 32 h and
there is no additional loss produced, which indicates that the
fiber could measure temperatures as high as 1100°C reliably
and stably for a long time. However, the loss of the SMF is
instantly increased when the chamber furnace reaches 1200°C,
which is mainly due to the dopant diffusion of the core that
modifies its guiding property and fiber devitrification, i.e.,
the growth of a crystalline structure substituting the amorphous
structure of the glass [35]. In the case of the PCF that is made of
pure silica with a regular hexagonal lattice, the fact that it can
work at a higher temperature is mainly due to the exclusion of
dopant diffusion. Actually, we indeed use the PCF to achieve
distributed fiber sensing as high as 1200°C. However, the PCF
could be only kept in the chamber furnace for ∼3 h at 1200°C,
and then a significant loss of about 2.4 dB/m is produced,
which indicates that the fiber structure has been destroyed
gradually. Figure 7(a) shows the loss of the PCF increases with
time at 1200°C, and after it produces 2.4 dB/m, the loss in-
creases quickly in 2 h. Since there is no dopant in the core
of the PCF, the reason for the loss is due to fiber devitrification.
For a pure silica PCF with a regular arrangement of air holes to
form its waveguide structure, a 1200°C temperature would
make the fiber fracture as polycrystalline structures form
[25,35] and undergo a transition process [34], which would
produce cracks on the fiber and hence contribute to a continu-
ous loss. Figure 7(b) shows the temperature coefficients of the
PCF and SMF at 100°C. We can see that both fibers’ temper-
ature coefficients decrease gradually with the temperature,
while the PCF’s temperature coefficient shows a larger variation
range than that of the SMF. Compared with the SMF, the
PCF’s temperature coefficient is larger before 900°C, while after
900°C, the PCF’s temperature coefficient is smaller, which
makes it easier for the PCF to produce a larger sensing uncer-
tainty than the SMF at >900°C.

In addition, scanning electron microscope (SEM) micro-
graphs for the cross sections of the PCF before and after
annealing are acquired, as shown in Fig. 8. The diameter d
of the air holes and the pitch Λ of the lattice at room temper-
ature are ∼2.89 and ∼6.5 μm, respectively. After annealing at
1200°C for 5 h, the diameter of the air holes is 2.42 μm, while
the pitch of lattice is still 6.5 μm, which indicates that the air
holes of the PCF have collapsed by 14.5%. This phenomenon
would lead to some extent to the expansion of the mode field
area of the PCF, which would be easily influenced by the cracksFig. 6. Influence of coating burning on the bare PCF.
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induced by fiber devitrification and would further increase the
light scattering, hence producing an extra loss.

Last, we analyze the measurement accuracy of the SMF and
PCF by acquiring the temperature coefficients of the BFS at
100°C, and get the BFS difference between the second and
third measurements at 100°C in Figs. 2(c) and 5(c) as the

BFS uncertainty. By calculating the temperature uncertainty
from the BFS uncertainty and temperature coefficient, the
maximum temperature uncertainty is �2.4°C for the SMF
at 1100°C and �3.6°C at 1200°C for the PCF, including
the accuracy of the chamber furnace of �1°C.

6. CONCLUSION

In conclusion, we demonstrate up to 1100°C and 1200°C
high-temperature distributed Brillouin sensing based on a
GeO2-doped SMF and a pure silica PCF. BFS hopping is ob-
served in both kinds of fibers between 800°C–900°C in the first
annealing process, and after that, the BFS exhibits stability and
repeatability with a measurement accuracy as high as �2.4°C
for the SMF and �3.6°C for the PCF. This BFS hopping is a
highly temperature-dependent behavior, which means that a
higher temperature would accelerate the process of BFS hop-
ping to reach a stable functional level. After the first annealing,
the temperature coefficient has been improved by ∼11.3% and
∼20.3% from room temperature to 200°C for the SMF and
PCF, respectively, which could be due to the internal stress re-
lease. For temperature measurements >1000°C, the annealing
process is not required for the fibers since the BFS is same in
this temperature, including the first-time measurement. The
process of coating burning of the fiber not only introduces a
loss induced by micro-bending, but also imposes a compressive
stress on the bare fiber, which contributes to the BFS variations
at the temperature period of coating burning (∼300°C to
500°C). The observed phenomenon of BFS hopping and
the effect of coating burning turn out to be detrimental for
distributed high-temperature sensing and can be eliminated
in a first-time annealing. The BFS dependence on high temper-
atures of SMFs and PCFs is a nonlinear function instead of a
linear function, which is mainly due to the change of the acous-
tic velocity in a silica fiber. The PCF could measure 1200°C for
short times (in first 3 h), and it is stable and reliable after one-
time annealing. Although the PCF would produce a huge loss
at 1200°C after 3 h and start to fail in the measurement, it is
still meaningful and could be qualified for 1200°C high-
temperature distributed sensing, temperatures at which SMFs
are not competent.

From a user’s point of view, it is recommended to use the
fiber directly when the measured temperature is less than
200°C; due to the impacts of coating burning and BFS hop-
ping, it is strongly recommended to perform the first-time
annealing process for the fiber when the temperature is higher
than 200°C, where the annealing process usually needs several
hours at a temperature higher than 850°C. In practical use, in
order for these two fibers to achieve high-temperature sensing,
it is best to coat them with a metal coating, which can effec-
tively protect the fibers, since the silica fiber is fragile after
annealing, and can effectively couple the outer temperature
field to the inner fibers.
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Fig. 7. (a) The loss of PCF at 1200°C in 5 h, and (b) the compari-
son of the temperature coefficients between the PCF and SMF at
100°C.

Fig. 8. SEM of PCF, (a) normal end face of PCF at room
temperature, (b) micrograph around the core, d � ∼2.89 μm,
A � ∼6.5 μm, (c) after annealing at 1200°C for 5 h, and (d) micro-
graph on one side of the core, d � ∼2.42 μm, A � ∼6.5 μm.
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