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A B S T R A C T

Sapphire fiber Bragg gratings (SFBGs) are promising high-temperature sensors, which can be applied to measure
temperature and strain in extreme environments. However, the multimode operation of SFBGs is susceptible to
disturbance, leading to unreliable wavelength detection. Here, we propose by using added multimode fibers
(AMMF) and tracing the longwave edge of reflection envelope to enhance the stability of wavelength detection
for SFBG. The near-field profiles of transmission modes are investigated in sapphire fiber with different lengths of
AMMF. It is found that the mode-field distribution of sapphire fiber can be improved by using AMMF with a
length of 1000 m, which results in a reduction of relative standard deviation (RSD) from 57 % to 10 %. Then, the
signal-to-noise ratio (SNR) in the reflection spectrum of SFBG is improved to 16 dB by polishing inclined end
faces of sapphire fiber using the removal mechanism of hard-brittle materials. Furthermore, we detect the
wavelengths of both the longwave edge and peak on the reflection envelope, which reveals lower fluctuations (i.
e., SD = 0.02 nm) of the longwave edge, since lower-order modes are more stable during transmission. The effect
of external disturbances (i.e., torsion and vibration) on demodulation of SFBG is also evaluated, with a maximum
fluctuation of 0.06 nm (SD = 0.01 nm). A temperature experiment is carried out with the assembly and poly-
nomial fitting curves with high fitness are obtained. Thus, our proposed methods enhance the reliability of
wavelength detection in the reflection spectrum of SFBG, which is beneficial to improving the sensing perfor-
mance of SFBG-based sensors.

1. Introduction

A single-crystal sapphire fiber tends to be of particular attention due
to its high melting point (~2045 ℃), excellent corrosion resistance,
superior mechanical, and optical properties [1]. The sapphire fiber
Bragg gratings (SFBGs) inscribed by femtosecond laser [2–5] can be used
to measure temperature [6–8] and strain [9,10], which is promising for
monitoring structural health in extreme environments, such as aero-
space [11], nuclear power [12] and metallurgical [13] industries.
However, the multimode operation of conventional SFBGs is susceptible

to disturbances. This is attributed to the large refractive index difference
(i.e., 1.75) between the sapphire fiber and air cladding, resulting in tens
of thousands of guided modes within the fiber. Numerous guided modes
with different attenuations produce an asymmetric SFBG reflection
spectrum with a large bandwidth (e.g., 7 nm), which is larger than that
of Gaussian-shaped single-mode FBGs (e.g., 0.5 nm). Such spectral
characteristics hamper the stable detection of SFBG wavelength [14,15].
Moreover, when sapphire fibers and optical paths are subjected to dis-
turbances (e.g., torsion or vibration), the mode coupling is prone to
change, leading to unreliable wavelength detection. To solve this
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problem, studies on reducing the guided modes of sapphire fibers have
been widely carried out. Thomas E. Blue [16] showed that an ion
implanted cladding made the fiber’s intensity profile nearly single
mode. This method requires special equipment (i.e., neutron sources),
which is expensive and not easily available. A thermal acid etching
method was proposed to acquire a 9.6 μm diameter micro-SFBG, and the
reflection spectrum of SFBG exhibited discrete narrow-band peaks [17].
However, such a micro-SFBG is extremely fragile. Sapphire-derived fi-
bers can be obtained by inserting a sapphire fiber into a silica tube and
pulling it at high temperatures [18]. Silica cladding limits the operation
of sensors to below 1200 ℃. Femtosecond laser inscribing of a single-
mode SFBG is also a promising approach [19], but it is laborious to
fabricate single-mode SFBG with sufficient lengths at present, which is
not suitable for practical applications. The above-mentioned methods
have their problems, such as complicated processes, expensive equip-
ment, and degradation of SFBG performance. Suppressing higher-order
modes from the fiber coupling position can also obtain single-mode
SFBG spectra using a tapered fiber [20,21]. Nevertheless, it is not suit-
able for SFBGs that are far from the coupling position (e.g., over 20 cm).

It is worth noting that multimode disturbances deteriorate the sta-
bility of wavelength detection for a reflection spectrum with a large
bandwidth. This implies that stable SFBG wavelength detection can be
obtained by improving the mode distribution even with numerous
guided modes. Extended multimode silica fibers (50 m) were used to
improve the stability of multimode spectra [7,14]. However, the
mechanism has not been clarified and systematic quantitative research
is lacking. In addition, optimizing the signal-to-noise ratio (SNR) of the
SFBG reflection spectrum contributes to a stable demodulation. Wave-
length detection of multimode reflection envelopes seems to have
different options [15]. Therefore, studies on the stability of SFBG
wavelength detection are significant and missing, which hinders the
widespread application of SFBG in complicated environments. In this
work, we proposed a detection method of multimode sapphire fiber
Bragg gratings for improving the reliability of such sensors. Added
multimode fibers (AMMF) were used in the lead-in optical path of SFBG
to fully excite guided modes, resulting in a steady distribution of various
modes. We investigated the near-field profiles of transmission modes in
sapphire fiber with different lengths of AMMF. Then, the inclined end
faces of sapphire fiber were polished to improve SNR. Furthermore, we
detected the wavelength fluctuations of both the longwave edge and
peak on the reflection envelope. The effect of external disturbances (i.e.,
torsion and vibration) on the detection of SFBG wavelength was eval-
uated, which demonstrated the effectiveness of our methods.

2. Experiments and methods

2.1. Mode stability of sapphire fiber

A single-crystal sapphire fiber without cladding is a typical multi-
mode fiber, due to the large difference (i.e., > 0.7) in refractive index
between sapphire and air. Bragg gratings inscribed in such fibers exhibit

a broad envelope of the reflection spectra. The spectral shape is unsta-
ble, since the multimode transmission is susceptible to disturbances
from the external environment. Hence, we propose using AMMF to
uniformly excite guided modes in sapphire fiber, aiming to achieve a
balanced mode distribution. Given that the diameter of sapphire fiber
was ~ 100 μm, a step-index multimode fiber-type YOFC SIMM (SI2014-
N, NA = 0.22, dcore = 105 μm, length = 1–1000 m, loss ≤ 8 dB/km
@1300 nm) was utilized as the AMMF. The MMF coupler was manu-
factured using the same type of AMMF. The near-field profiles of
transmission modes were investigated by using the experimental setup
of optical path 1, as illustrated in Fig. 1. A multimode 650 nm light was
incident on a sapphire fiber with a length of 25 cm and multimode silica
fiber. An observation system was set up to measure the near-field
transmission mode field of AMMF with different lengths, which con-
sisted of a lens and a CCD (Newport, LBP2-HR-VIS). As shown in Fig. 2,
the near-field profiles of transmission modes were recorded and the
fluctuations in intensity at different positions in the x and y directions
are extracted. When the length of AMMF increases from 1 m to 1000 m,
the maximum fluctuation of mode field intensity decreases significantly.
This result demonstrates that AMMF can enhance the uniformity of
mode field distribution (MFD). Then, the mode coupling state was
disturbed by twisting multimode fibers to evaluate the stability of MFD.
As shown in Fig. 1, two rotating fixtures were used to twist guided
multimode fiber with a length of 10 cm. Torsion angles were 0◦, 90◦,
180◦, and 360◦, respectively. When the length of AMMF is short, modes
are not adequately coupled and are prone to sudden changes. After using
longer AMMF, the mode fields reach a nearly uniform distribution. Due

Fig. 1. Schematic of the experimental setup for characterizing optical properties, including the near-field profile of transmission modes in the sapphire fiber and
reflection spectra of the SFBG.

Fig. 2. The measurement of near-field transmission mode field of sapphire fiber
with different lengths of AMMF for (a) 1 m, (b) 50 m, (c) 500 m and (d) 1000 m,
respectively.
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to the attenuation, the gain coefficient and exposure time of CCD need to
be increased. Therefore, standard deviation (SD) and relative standard
deviation (RSD) were adopted to evaluate the stability of the mode field
for different attenuation. The SD and RSD of intensity fluctuations in
near-field transmission mode field of sapphire fiber with different
lengths of AMMF are listed in Table 1. It could be seen that the change of
MFD was significant with 1 m and 50 m AMMF, in which the RSD was
59 % ~ 31 %. It decreased to 35 % ~ 23 % with 500 m AMMF and
further decreased to 23 % ~ 10 % with 1000 m AMMF. Therefore,
connecting AMMF to the sapphire fiber effectively promoted the exci-
tation and equalization of guided modes, which can improve the sta-
bility of the MFD in sapphire fiber. S. Savović et al. have obtained that
the coupling length for achieving thoroughly steady state power distri-
bution is 3100 m for step-index glass optical fiber (CGW-CGE-68), using
a power flow equation [22]. However, pursuing a completely steady
state seems to be unadvisable, since long AMMF can also introduce
unbearable transmission losses.

2.2. SNR optimization of SFBG reflection spectra

A low SNR of reflection spectrum will hamper wavelength demod-
ulation of SFBG when connected to AMMF. The reflectivity of SFBG is
low, i.e., about 8 %, resulting in a relatively low SNR of ~ 8 dB in
reflection spectra [23]. The SNR would decrease further with longer
sapphire fiber, for example, there is a 4 ~ 6 dB difference in the strength
of the SNR as the length of sapphire fiber increases from 20 cm to 120 cm
[24]. These losses are related to mode propagation and probably mode
conversion in sapphire fiber. Increasing the reflectivity of gratings and
reducing reflected intensity of fiber end faces could enhance the SNR. In
this experiment, we used the inclined end face of sapphire fiber to
minimize Fresnel reflection, which has been experimentally demon-
strated in the range of 30◦~45◦ [25]. An Inclined end face results in
harsh conditions for light to the fiber. However, sapphire fiber is a
typical brittle and hard material (i.e., Mohs scale hardness 9). The flat
end face is hard to obtain by using a commercial fiber clever. As shown
in Fig. 3(a), the fiber was broken directly, and the end face exhibits
irregular damage and partial dissociation planes. Obviously, the re-
flected intensity of this sample would be out of control. Hence, we used
the lapping processes and experimentally investigated the effect of
diamond lapping films on topography of the fiber end face. There exist
three material removal modes in the lapping processes: brittle fracture
mode, semi-brittle and semi-ductile mode, and ductile mode. These
modes are mainly controlled by lapping particle size [26]. The selected
particle sizes of lapping films are ranging from 1 μm to 30 μm. Sapphire
fiber polishing at 3 ~ 6 MPa pressure. As shown in Fig. 3(b)–3(d), using
lapping films with particle sizes of 30 μm, 9 μm and 5 μm, relatively
complete end faces could be obtained. However, the observable
scratches and small size dissociation planes existed, which indicated that
the removal mode of the optical fiber material is a brittle fracture. By
employing a lapping film with a particle size of 3 μm, although the
dissociation planes had disappeared, the end face has intermittent
scratches. The material is removed by the semi-brittle and semi-ductile
mode. Further use of a lapping filmwith a particle size of 1 μm, no cracks
and scratch defects on surfaces revealed that the fine abrasive particles
make materials on the optical fiber end-surfaces produce plastic flowing,

the material is removed by the ductile removal mode, as shown in Fig. 3
(f) and its inset. These results demonstrated that a smooth and flat end
face can be obtained under ductile removal mode by employing a dia-
mond lapping film with a particle size of 1 μm.

To study the effect of topography of fiber end face on the SNR of
SFBG, we fabricated a Bragg grating in sapphire fiber by using the
femtosecond laser line-by-line scanning technique, and the experimental
setup is referred to [23]. A sapphire fiber with a diameter of 100 μm and
a length of 25 cm was employed to inscribe SFBG. The SFBG fabrication
parameters including pulse energy, period, track length, and grating
length were set as 30 nJ, 1.78 μm, 60 μm, and 2 mm. The reflection
spectrum of SFBGwasmeasured by using the optical path 2 illustrated in
Fig. 1, consisting of a broadband source, an optical spectrum analyzer
(OSA Yokogawa, AQ6370D), a 1 × 2 multimode fiber coupler, and a
guided multimode fiber. At first, the SFBG was connected with the
guided fiber by using a Ferrule Connecter (FC) without an inclined 8◦.
The end face of sapphire fiber was immersed in the refractive index
matching oil with index value of 1.745. However, as shown in curve S1
of Fig. 4, the reflection peak of SFBG was completely drowned in the
background intensity. Hence, it is necessary to reduce the background
intensity, the input end of the sapphire fiber was polished to 8◦ (Ferrule
Connecter/Angled Physical Contact (FC/APC), and the end face was
broken to reduce the reflection. As displayed in curve S2 of Fig. 4, the
reflection peak with Bragg wavelength of 1551.40 nm and SNR of ~ 5 dB
appeared. To enhance the SNR, the output end of the sapphire fiber was
polished to 30◦, as shown in the insert of Fig. 4. The effect of topography
of the end face on the SNR was investigated. The lapping films with
particle sizes of 30 μm, 9 μm, 5 μm, 3 μm, and 1 μm were used to polish
the end face of SFBG. As illustrated in curves S3–S7 of Fig. 4, the SNR of
SFBG exhibits a significant increase (i.e., 16 dB) with the Fresnel
reflection of 0.019 %, which indicates that the light is more easily
transmitted away from the fiber when the bevel is polished more
smoothly. In addition, the fiber end face was immersed in the refractive
index matching oil (n = 1.745). The reflection spectrum was measured
and displayed in curve S8 of Fig. 4, which is close to the curve S7. This
result indicates that the SNR of 16 dB is an optimization value by using
the above-mentioned methods, which is beneficial for wavelength
demodulation of SFBG.

Due to AMMF will increase transmission loss of optical path, the
spectra of SFBG with different lengths of AMMF were detected. As
shown in Fig. 5, the SFBG connected to AMMF with a length of 1 m
exhibited a higher SNR of 14 dB in the reflection spectrum. The reflec-
tion envelope contains numerous small peaks. The SNR decreased to 11
dB and the reflection envelope became smoothed obviously by using
AMMF with a length of 500 m. When the length of AMMF increased to
1000 m, the SNR was only 6 dB, and stray peaks of the reflection en-
velope were displayed again. Since weak light is susceptible to other
noise from the demodulation equipment. Hence, these results indicated
that the 500 m AMMF is optimal for wavelength detection of SFBG.

2.3. Wavelength detection of SFBG

The steady wavelength detection of SFBG reflection spectra was
experimentally investigated. The preprocessing of reflection spectrum is
necessary before wavelength detection. As shown in Fig. 6, the algo-
rithm procedure includes SG smoothing, Gaussian-like curve fitting, and
wavelength tracking. Note that the noise on the reflection envelope of
SFBG is caused by the light source. The peak wavelength was 1551.51
nm as the Bragg wavelength of most commonly traced. Considering that
lower order modes are more stable in propagation, the wavelength of
longwave edge was 1553.78 nm, which was obtained from the 1/e po-
sition of normalized Gaussian-like fitting function. This is a fact that the
effective refractive index of lower-order mode is greater than that of the
higher-order mode, so the lower-order mode is located on the longwave
side of reflection peak.

Table 1
The SD and RSD of intensity fluctuations in near-field transmission mode field of
the sapphire fiber with different lengths of AMMF. In each case, the SD (×103) is
listed first (counts), and the RSD is in parentheses.

AMMF 0◦ 90◦ 180◦ 360◦

1 m 0.93 (57 %) 0.62 (41 %) 0.73 (51 %) 0.88 (55 %)
50 m 0.77 (40 %) 1.22 (59 %) 0.60 (31 %) 0.79 (41 %)
500 m 0.58 (23 %) 0.99 (35 %) 0.67 (26 %) 0.83 (28 %)
1000 m 0.26 (10 %) 0.36 (13 %) 0.65 (23 %) 0.47 (17 %)
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3. Results and discussion

3.1. Evaluation results of torsion, vibration, and temperature

The stability of two wavelength detection methods with different
lengths of AMMF was assessed. Note that the following wavelength
fluctuations are the maximum values. The fluctuation of peak wave-
length was reduced from 0.17 nm (SD= 0.04 nm) to 0.14 nm (SD= 0.03
nm) after using the 500m AMMF in optical path, as displayed in Table 2.
However, it increased due to excessive loss caused by 1000 m AMMF.
Both of two positions (i.e., longwave edge and peak) show decreased
wavelength fluctuations. Notably, the enhanced stability for wavelength
fluctuation of 0.06 nm (SD = 0.01 nm) can be observed at longwave
edge.

Subsequently, the stability of wavelength detection for SFBG in the
presence of disturbances (e.g., torsion and vibration) was evaluated. The
torsion of multimode fiber dramatically changes the state of mode
coupling, which is applied to simulate disturbances in a real environ-
ment. Hence, the lead-in fiber with length of 10 cm was twisted in a
range of ± 360◦. Note that “+” and “-” represent clockwise and coun-
terclockwise of rotations, respectively. The fluctuations of peak wave-
length and longwave edge wavelength were evaluated in the cases of
using AMMF lengths of 1 m and 500 m in optical path. As shown in
Fig. 7, the fluctuation of peak wavelength reduced from 1.38 nm (SD =

0.31 nm) to 0.19 nm (SD = 0.05 nm), and that of longwave edge
wavelength reduced from 0.35 nm (SD = 0.09 nm) to 0.06 nm (SD =

0.01 nm). Therefore, stable wavelength detection can be realized using
AMMF of 500 m and detecting the longwave edge of SFBG reflection
envelope, even if the lead-in fiber is disturbed (i.e., twisted).

We further investigated the anti-vibration performance of wave-
length detection for SFBG. One of the most widespread external

Fig. 3. The topography of sapphire fiber end faces observed by scanning electron microscope. (a) crushing with Miller’s pliers. (b–f) polishing by using the diamond
lapping films with particle sizes of 30 um, 9 um, 5 um, 3 um, and 1 um, respectively.

Fig. 4. The spectra of SFBG by processing sapphire fiber end faces. The sample
information is abbreviated as [name, coupling surface, end face, particle sizes of
lapping film]. [S1, 0◦, RI-matching], [S2, 8◦, broken], [(S3, S4, S5, S6, S7), 8◦,
30◦, (30, 9, 5, 3, 1 μm)], [S8, 8◦, 30◦, RI-matching]. (The inset is a micrograph
of sapphire fiber).

Fig. 5. The SFBG reflection spectra detected with different lengths of AMMF,
including 1 m, 500 m and 1000 m.
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perturbations is vibration in application environments, which is difficult
to avoid in certain application scenarios, such as embedding inside a
vehicle or inserting nuclear fuel rods. A section of lead-in multimode
fiber and SFBG were fixed to the vibration stage as shown in the optical
path 2 of Fig. 1. This vibration test system included a signal generator,

charge amplifier, accelerometer, vibration stage, and oscilloscope. The
vibration frequency was set to 10–100 Hz and vibration acceleration was
set to 1–13 g (g ≈ 9.8 m/s2) due to the fact that reflection spectrum is
mainly affected by low-frequency vibrations. The fluctuations of peak
wavelength and longwave edge wavelength were also evaluated in the
cases of using AMMF lengths of 1 m and 500 m in the optical path. As
displayed in Fig. 8, the fluctuation of peak wavelength reduced from
0.38 nm (SD = 0.11 nm) to 0.14 nm (SD = 0.04 nm), and that of
longwave edge wavelength reduced from 0.12 nm (SD = 0.02 nm) to
0.02 nm (SD = 0.01 nm). This shows that our improvement can also
effectively enhance the stability of SFBG wavelength detection in vi-
bration environments. Therefore, the stable wavelength detection for
SFBG with a large bandwidth was obtained by using 500 m AMMF in the
demodulated optical path and tracking longwave edge of reflection
envelope. The proposed methods were especially valuable for improving
the reliability of the SFBG-based sensors in complex environments, such
as aerospace and nuclear energy fields.

Moreover, a temperature test was investigated by using the assem-
bly. A SFBG was inscribed in sapphire fiber with a length of 45 cm. The
grating pitch Λ, track length L, and grating pitch quantity N were 1.76
μm, 60 μm, and 2273, respectively. The temperature experiment was
carried out by using a tube furnace (Carbolite, Gero HTRH). A B-type
thermocouple was fixed next to the SFBG to obtain standard reference
temperatures. The SFBG spectra were recorded using the spectral mea-
surement settings in Fig. 1. It was annealed at 1200℃ for 4 h to release
the internal stress generated by inscribing of SFBG, and the temperature
control rate was 3℃/min. In the temperature response experiment, the
tube furnace was heated from room temperature (~25 ℃) to 1380 ℃
and maintained for 40 min at each measurement point. As shown in
Fig. 9(a)–9(b), with the increase of temperature, the reflection peak of
SFB–G gradually redshifted, SNR slightly decreased, and floor n–oise
was elevated due to the increase of blackbody radiation. Note that the
unevenness of the spectral background noise at lower temperatures is
caused by the light source. The evolution of spectra during cooling down
is opposite to heating up. During the process of temperature change, a
500 m AMMF was used to keep the spectrum smooth. Fig. 9(c)–9(d)
show the response of peak wavelength and longwave edge wavelength

Fig. 6. The optimization of SFBG reflection spectrum and the wavelength
detection of SFBG, which including the linear normalization, SG smoothing,
and Gaussian-like function fitting.

Table 2
The stability of the wavelength of peak and longwave edge of SFBG wavelength
detection methods.

AMMF Δλpeak (nm) SD (nm) Δλedge (nm) SD (nm)

1 m 0.17 0.04 0.06 0.01
500 m 0.14 0.03 0.07 0.02
1000 m 0.27 0.07 0.12 0.03

Fig. 7. The stability of wavelength detection for SFBG with AMMF lengths of 1 m and 500 m, respectively, by twisting in a range of ± 360◦ at guided fiber. (a) and (c)
the wavelength fluctuation of peak. (b) and (d) the wavelength fluctuation of longwave edge.
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to the temperature. Polynomial fits were applied and the residuals are
less than ± 0.13 nm. Fitting parameters of heating process and its
standard deviations were shown in the caption. The temperature
sensitivity of the longwave edge wavelength is 19.1 pm/℃ at 100 ℃,
29.2 pm/℃ at 700℃ and 34.2 pm/℃ at 1300℃, which is close to the
peak wavelength, that is, 19.0 pm/℃ at 100 ℃, 29.0 pm/℃ at 700 ℃
and 34.5 pm/℃ at 1300 ℃. These results are consistent with the pre-
vious values [23]. Moreover, the wavelength of longwave edge is more

overlapped between the heating and cooling processes, which was
conducive to high-precision temperature sensing.

3.2. Discussion

Sapphire fiber supports many transmission modes, and the reflection
peak of the grating with a large bandwidth is easily deformed due to the
disturbance of optical path, which leads to the failure of stable and high-

Fig. 8. The stability of wavelength detection for SFBG with AMMF lengths of 1 m and 500 m, respectively, with a vibration frequency of 10–100 Hz and a vibration
acceleration of 1–13 g. (a) and (c) the wavelength fluctuation of peak. (b) and (d) the wavelength fluctuation of longwave edge.

Fig. 9. A temperature test of an SFBG by using 500 m AMMF and two wavelength detection methods. Evolutions of reflection spectrum during (a) the heating process
and (b) the cooling process. (c) peak wavelength and (d) longwave edge wavelength as functions of the temperature, in which the fitting equation is y = B3 × x3 + B2
× x2 + B1 × x + B0. The parameters of B3, B2, B1, and B0 for peak wavelength are − 3.(6) × 10− 9, 1.3(9) × 10− 5, 1.6(7) × 10− 2, and 1534.4(9), and for longwave edge
wavelength are − 3.(4) × 10− 9, 1.3(8) × 10− 5, 1.6(5) × 10− 2, and 1536.2(7), respectively. Note that the value in parentheses represents its SD.
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precision wavelength detection. Single-mode sapphire fiber is the best
method. However, whether directly drawing ultra-small diameter sap-
phire fiber or inscribing single-mode waveguide inside fiber by using a
femtosecond laser, it is facing a huge challenge. This fundamentally
makes it difficult for SFBG-based optical sensors to realize temperature
and strain sensing in many complex measurement scenarios. However,
adding long multimode fibers in detecting optical path for SFBG pro-
motes full excitation of numerous transmission modes. Steady-state
distribution of modes can be achieved. The above experiments show
that the recorded SFBG spectra are almost unaffected by the disturbed
optical path. Since the stability of lower-order modes, the stable wave-
length detection of SFBG can be realized by tracking longwave edge in
the reflection spectrum. However, the large transmission loss of AMMF
is not conducive to gratings with very low reflectivity, such as those
written by femtosecond laser point-by-point method.

4. Conclusion

In this work, a high stability method of wavelength detection for the
multimode sapphire fiber Bragg grating is proposed. Connected to
different lengths of AMMF, the near-field profiles of transmission modes
in the sapphire fiber were investigated. The RSD of mode field intensity
distribution decreased from 57 % to 10 % when replacing AMMF length
of 1 m by 1000 m, indicating that the uniformed MFD was achieved.
Then, using the removal mechanism of sapphire material, the Fresnel
reflection of the sapphire fiber end face was reduced by polishing the
incline end face with 1 μm diamond lapping film. Utilizing this lapping
technique, the SNR of SFBG was up to 16 dB, and the Fresnel reflection
of sapphire fiber was 0.019 %. Afterward, the wavelength of both
longwave edge and peak on the reflection envelope were detected,
which revealed lower fluctuations (i.e., SD = 0.02 nm) of the longwave
edge. The torsion (i.e., ±360◦) and vibration (i.e., 10–100 Hz, 1–13 g)
were applied to the optical path to simulate disturbances in complex
environments. The results showed that the stability of wavelength
detection for SFBG was effectively improved by using the AMMF with
length of 500 m and detecting the longwave edge of reflection envelope.
Note that the transmission loss of long AMMF is not negligible.
Furthermore, a temperature experiment of SFBG has been carried out by
using the assembly. Polynomial fitting curves with high fitness can be
obtained. Therefore, such proposed methods effectively enhance the
sensing performance of SFBG-based sensors in disturbed environments,
such as aerospace, nuclear power, and metallurgical industries.
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