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This Letter reports the performance of femtosecond (fs)
laser-written distributed fiber Bragg gratings (FBGs) under
high-temperature conditions up to 1600°C and explores
the impact of rapid heat treatment on signal-to-noise ratio
(SNR) enhancement. FBGs are essential for reliable optical
sensing in extreme temperature environments. Comprehen-
sive tests demonstrate the remarkable performance and
resilience of FBGs at temperatures up to 1600°C, confirm-
ing their suitability for deployment in such conditions. The
study also reveals significant fringe visibility improvements
of up to ~10 dB on a 1-m-long sapphire optical fiber through
rapid heat treatment, representing a first-time achievement
to the best of our knowledge. These enhancements are vital
for improving the SNR and overall performance of optical
fiber systems in extreme temperatures. Furthermore, the
research attains long-term stability for the cascaded FBGs
over a 24-hr period at 1600°C. This research expands our
understanding of the FBG behavior in high-temperature
environments and opens avenues for developing robust opti-
cal fiber systems for energy, aerospace, oil and gas, and
high-temperature distributed sensing applications. © 2023
Optica Publishing Group

https://doi.org/10.1364/0OL.506053

FBGs have emerged as crucial components in optical sensing
systems, offering advantages such as high sensitivity, compact
size, and immunity to electromagnetic interference [1]. They
find applications in various industries, including aerospace,
oil and gas, structural monitoring, and high-temperature sens-
ing [2]. However, the performance and reliability of FBGs in
extreme temperature environments remain a significant chal-
lenge. The effects of high temperatures on conventional FBGs
include spectral distortion, signal attenuation, and reduced SNR
[3]. To overcome these limitations, researchers have explored
alternative materials and fabrication techniques to enhance the
performance of FBGs in harsh temperature conditions. The fs-
laser writing has emerged as a promising method for inscribing
FBGs with high precision and control, enabling the fabrication
of FBGs in various materials, including specialty fibers with
superior thermal properties [4]. Sapphire fibers have attracted
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considerable attention due to their exceptional mechanical
and thermal stability. They offer high-temperature resistance,
chemical inertness, and low-loss characteristics, making them
suitable for extreme temperature sensing applications [5,6]. Fs-
laser-written FBGs in sapphire fibers have shown promising
performance and potential for high-temperature sensing [7].
Several studies have demonstrated the advantages of fs-laser-
written FBGs in various materials. For instance, He et al. [8]
reported the fabrication of FBGs in photosensitive fibers using
fs-laser pulses, achieving high reflectivity and thermal stabil-
ity. Mihailov et al. [9] investigated the thermal stability and
mechanical reliability of fs-laser-written FBGs in silica fibers,
highlighting their robustness for high-temperature sensing appli-
cations. Furthermore, significant progress has been made in the
fabrication and characterization of sapphire-fiber-based FBGs
for high-temperature sensing applications. Busch er al. [10]
examined the stability of sapphire FBGs under temperature
cycles and annealing conditions. Over a period of 4 weeks, tem-
perature cycles between 500°C and 1200°C showed no signs
of wavelength or intensity drifts. Annealing at higher tempera-
tures prevented a wavelength drift but did not lead to a significant
improvement in the peak. However, at 1745°C, the peak intensity
decreased to 60% of its initial value. Shi ef al. [11] introduced
a heat treatment technique for three cascaded FBGs inscribed
via the point-by-point method on 60 cm sapphire fiber. The heat
treatment resulted in a remarkable enhancement of up to 5dB
in the fringe visibility of the cascaded FBGs, improving their
temperature sensing capabilities. In a similar vein, Yang et al.
[12] reported the successful inscription of three cascaded point-
by-point FBGs in a 95 cm sapphire fiber for commercial boiler
application. After slowly annealing the fiber for 80 h at a tem-
perature of 1000°C, they achieved a fringe visibility of 4.5dB
in the reflection spectrum, further emphasizing the potential of
sapphire-fiber-based FBGs for high-temperature sensing appli-
cations. In a separate study [13], they reported a process of
slow annealing sapphire FBG at a temperature of 1400°C for
a duration of 6 h, which amplify the fringe visibility on a lin-
ear scale, increasing it from 200 a.u. to 1200 a.u. Habisreuther
et al. [14] conducted research on the performance of a sin-
gle FBG inscribed into a sapphire fiber of less than 1 m in
length with a diameter of 100 um. They subjected the FBG
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to testing under an inductive furnace environment with a flow
of Argon gas, reaching temperatures of up to 1900°C. The
study achieved a temperature resolution of +2 K, demonstrat-
ing the potential of sapphire-fiber-based FBGs for accurate and
reliable high-temperature sensing applications. Guo et al. [15]
conducted a study on the fabrication of line-by-line FBGs on a
sapphire fiber with a diameter of 60 pm and a length of 20 cm.
They successfully achieved a fringe visibility of 10dB with a
single FBG. The FBG was then subjected to testing under high-
temperature conditions, reaching temperatures up to 1600°C.
This research highlights the feasibility of using line-by-line
FBGs on sapphire fibers for high-temperature sensing appli-
cations, showcasing their potential for enhanced performance
in extreme temperature environments. Grobnic [16] conducted
research on the fabrication of a single line-by-line written FBG
on a sapphire fiber with a length of 25cm and a diameter of
125 um. The study achieved a fringe visibility of 6.5dB for
the FBG and successfully demonstrated temperature measure-
ments up to 1500°C. Xu et al. [17] successfully demonstrated
the fabrication of five line-by-line cascaded FBGs on a 60 um
diameter sapphire fiber, achieving 4 dB fringe visibility in the
cascaded configuration. Furthermore, they compared the SNR
between 60 um and 100 um diameter sapphire fibers, finding
that the smaller diameter fiber exhibited superior SNR. These
findings highlight the potential of line-by-line cascaded FBGs
on smaller diameter sapphire fibers for improved sensing perfor-
mance in high-temperature application. Recently, our research
group successfully implemented large-scale cascading of sap-
phire FBGs using a first-order point-by-point FBG fabrication
technique [ 18]. This achievement exemplifies the effective gener-
ation of well-distributed thermal mapping, particularly suitable
for applications in harsh environments. Recent studies high-
light the growing interests in sapphire-fiber-based FBGs and
their potential for high-temperature sensing applications. By
incorporating these advancements into our research, we aim to
deepen our understanding of the performance and capabilities of
fs-laser-written FBGs in sapphire highly multimode fiber under
extreme temperature conditions.

In previous studies, stability was demonstrated at elevated
temperatures, specifically reaching a maximum of 1200°C while
achieving a fringe visibility of approximately 5 dB (~3.5 a.u. in
linear intensity) [11,12]. These studies utilized a slow anneal-
ing technique to enhance the SNR of cascaded FBGs, resulting
in an improvement of approximately 0.5a.u. However, these
FBGs tend to degrade in harsh environments. Slow annealing
involves controlled heating and cooling cycles that induce struc-
tural changes, resulting in improved performance and stability at
high temperatures. Nevertheless, the effects of rapid heat treat-
ment annealing on fs-laser-written FBGs in a sapphire highly
multimode fiber at extreme temperatures have not been inves-
tigated before. This study aims to examine long-term stability
performance and the impact of rapid heat treatment as an alter-
native approach to enhancing the fringe visibility of cascaded
FBGs in a 1-m-long sapphire highly multimode fiber. By com-
paring the performance of rapid heat treatment with the results
obtained from slow annealing, we seek valuable insights into
the optimal methods for enhancing FBG performance in high-
temperature environments, specifically at temperatures up to
1600°C.

Figure 1(a) presents a schematic representation of the line-
by-line method employed for the precise fabrication of three
cascaded FBGs using fs-laser inscription. The process involved
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Fig. 1. (a) Schematic representation of the fs-laser inscription
pattern employed for cascaded line-by-line fabrication of FBGs,
while the micrographs exhibit (b) polished facet of a sapphire crystal
fiber, and the line spacing patterns for FBG; displaying (c) top view
and (d) lateral view.

a Spectra Physics Sp-One-8-SHG laser integrated with a
second-harmonic generation module, allowing customization
of the central wavelength range (520nm or 1040 nm). Laser
parameters were adjusted to generate 520 nm pulses at a rep-
etition rate of 5kHz with a target energy of 500 nJ. Accurate
placement of the inscriptions was ensured by employing a 3D
alignment assembly (Newport, XMS100) along with the fs laser.
The laser pulse energy was regulated using a half-wave plate and
a Glan laser polarizer. The pulses were directed through dichroic
mirrors and focused onto the target object using a 40X non-
immersion objective lens (ZEISS). Throughout the fabrication
process, positioning and monitoring of the target object were
facilitated by a CCD camera. The laser system was operated via
a user-friendly graphical user interface (GUI)-based computer-
aided device, providing comprehensive control over predefined
operations. The phase matching condition of the FBGs is given
by mAg =2n.4A [19], where m represents the FBG order, Ag is
the wavelength, n. is the effective refractive index, and A is
the grating period. A sapphire fiber with a diameter of 125 ym
and a length of 1 m (purchased from Micromaterials Inc., USA)
was utilized, having a refractive index of 1.745 at 1550 nm. An
index-matching liquid (purchased from Cargille—Sachher Lab
Inc. USA) with a refractive index of 1.745 + 0.005 was employed
between the glass cover slides during the fabrication process to
facilitate the visualization of localized changes in the sapphire
fiber induced by the femtosecond laser. Fourth-order cascaded
FBGs were fabricated with m=4, and the corresponding A
values for FBG,, FBG,, and FBG; were 1.685 um, 1.754 um,
and 1.822 um, respectively. The cascaded FBGs lengths were set
at 7 mm, 8 mm, and 9 mm, while maintaining a constant reflec-
tor width of 60 um. The polished cross section of the sapphire
crystal fiber (approximately 125 um in diameter) is depicted in
Fig. 1(b), while Figs. 1(c) and 1(d) illustrate top view and lateral
view of the fs-laser-written reflector’s width and depth for FBGs;.
The FBGs were inscribed at intervals of 20 mm from each other,
and FBG; was positioned near the end facet of the sapphire fiber.

Figure 2(a) illustrates the experimental setup employed to
record the reflection interference spectrum. The sapphire opti-
cal fiber was spliced with a multimode fiber (MMF) using the
glass processor splicing method described in our previous study
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Fig. 2. (a) Schematic illustration of the signal acquisition setup
for cascaded sapphire FBGs. (b) Visual representation depicting the
sapphire fiber with cascaded FBGs in a straight orientation. (c) The
same representation but with a bending orientation. (d) Interference
spectra observed from cascaded sapphire FBGs in both straight and
bending orientations.

[19]. To minimize the impact of multimodal interferences and
improve the SNR, an electronic mode scrambler (MMS-201)
was utilized. The input light for the FBG sensors was provided
by a supercontinuum laser source (SC-5, Wuhan Yangtze Soton
Laser). An optical spectrum analyzer (OSA) was employed to
capture the changes in the spectrum. The OSA was connected
to a laptop using a GPIB cable, and the experimental data was
recorded using a custom MATLAB program code. The purpose
of the setup was to investigate the effects of different orientations
of the sapphire fiber, both straight and bent.

The sapphire fiber was subjected to both straight and bend-
ing orientations to assess variations in FBGs’ signal strength,
as depicted in Figs. 2(b) and 2(c). Notably, when the sapphire
fiber underwent a bend of approximately 90° with a substantial
curvature, the reflection signal displayed minimal attenuation,
as evident in the interferogram showcased in Fig. 2(d). Sap-
phire fibers are highly multimode, and typically bending can
significantly affect the signal strength. However, the findings
of the experiment demonstrated that the signal remained sta-
ble without any significant dropout, representing a significant
breakthrough. This breakthrough allows for the implementa-
tion of such configurations in scenarios necessitating bending
applications.

Afterward, the cascaded sapphire FBGs were placed inside
an induction coil furnace for a rapid heat treatment. The sap-
phire fiber was encased in a 24 in. nonporous Alumina Ceramic
Tube, which had two bores. The outer diameter of the tube was
0.250 in., while the inner diameter measured 0.063 in. This
ceramic tube provided a protective sheath for the fiber, ensur-
ing its safety and stability during the experimental process. The
induction coil system had a ramp rate of 100°C/min, allow-
ing for rapid temperature increase. The temperature was raised
until it reached 1600°C and then stabilized for approximately
30 min. Subsequently, the temperature was gradually ramped
down. Moreover, a 2D profile depicting the temperature gradient
was created, illustrating the positioning of the FBGs within the
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Fig. 3. (a) The 2D temperature distribution plot shows the place-
ment of the FBGs inside the induction coil region. Additionally, a
real experimental image of the induction coil unit is displayed when
the temperature reaches 1600°C. (b) The 3D contour plot illus-
trates the transient profile of the temperature during the heating,
stabilizing, and cooling phases.

induction coil furnace and the respective time intervals for each
segment, as shown in Fig. 3(a), which also includes a real exper-
imental image of the induction coil unit for visual reference. To
gain a clearer understanding of the different steps involved in the
rapid heat treatment process, a 3D contour plot was created, as
shown in Fig. 3(b). This plot depicted the heating, stabilizing,
and cooling intervals, providing a visual representation of the
temperature profile.

Observations reveal that the sapphire-fiber section within the
induction furnace endured an extreme temperature environment,
characterized by a temperature gradient spanning from 1550°C
to 1600°C. Following the cooling process, a comparative anal-
ysis was conducted between the interferogram acquired from
the cascaded FBGs post-heat treatment and the interferogram
obtained before the heat treatment. Substantial improvements
in the SNR were evident. Specifically, each FBG exhibited
an average 3 dB gain, resulting in fringe enhancement within
the interferogram, as illustrated in Fig. 4(a). Notably, a fringe
visibility of 10dB was achieved, underscoring the efficacy of
the annealing process in significantly enhancing the SNR of
the FBGs through a rapid heat treatment. Further discussion
related to the rapid annealing of sapphire FBGs can be found in
Supplement 1.

Following the rapid heat treatment, three cascaded FBGs with
Bragg wavelengths of 1469.41 nm, 1528.12 nm, and 1587.07 nm
underwent calibration. The calibration process involved employ-
ing a customized high-temperature furnace (SAFTherm SANTE
FURNACE 30-1700°C) with a precision of +1°C and a max-
imum temperature capability of 1700°C, as ascertained by a
B-type thermocouple. The FBG was positioned within the fur-
nace, which featured a controlled heating rate of 5°C per minute.
During the calibration procedure, the temperature incrementally
rose from an ambient room temperature at 1600°C, progressing
in 100°C increments. Conversely, for the cooling phase, the FBG
underwent a reverse process, with temperature data recorded in
100°C decrements. Throughout both the heating and cooling
phases, the temperature remained constant for 30 min at each
heating step, and the spectrum was captured using an OSA. The
spectral evolution of cascaded FBGs during the heating pro-
cess is illustrated in Fig. 4(b). Notably, each FBG exhibits an
excellent fit to a 2nd-order polynomial curve. The curve fitting
results in R-squared values of approximately 0.999 for both the
temperature increase and decrease, as illustrated in Fig. 4(c).

The stability assessment of the cascaded FBGs was conducted
at an elevated temperature of 1600°C. The sensor exhibited
commendable stability performance throughout a rigorous 24-hr
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Fig. 4. (a)Interferogram before and after the rapid heat treatment.
(b) Spectral evolution of the FBG sensors during the heat treatment
process, spanning from 24°C to 1600°C. (c) Calibration curves
of sapphire FBGs, showcasing their responses during heating and
cooling phases.

duration in this challenging environmental condition. Detailed
experimental demonstrations and precautionary measurement
procedures for this test can be found in Supplement 1 and in
Ref. [20].

In summary, this research demonstrated the excellent perfor-
mance of cascaded line-by-line FBGs written on a 1-m-long
sapphire fiber for distributed temperature mapping under harsh
environmental conditions. The study establishes the long-term
stability of these FBGs, sustaining good performance over a
continuous 24-hr period at 1600°C. This achievement surpasses
previous reports, which had demonstrated a stability of up to
1200°C using three cascaded FBGs [11] or up to 1600°C with a
single FBG [21]. The highly multimode nature of sapphire fibers
presents a considerable challenge in achieving enhanced fringe
visibility. However, through the implementation of the rapid heat
treatment, ~3 dB improvements in SNR were achieved, surpass-
ing previous achievements with slow annealing methods and
shorter sapphire fibers. The obtained interferograms exhibited
fringe visibility of ~10dB, a significant achievement consid-
ering the inherent multimode behavior of sapphire fibers. The
successful annealing process achieved through the rapid heat
treatment holds great potential for enhancing FBG performance
in extreme temperature environments. These findings expand
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our understanding of the FBG behavior under high-temperature
conditions and offer promising prospects for the development
of robust optical fiber systems. The utilization of rapid heat
treatment techniques could pave the way for improved perfor-
mance in energy, aerospace, oil and gas, and high-temperature
sensing applications. Further research and optimization in this
arena hold promise for overcoming the challenges posed by the
highly multimode nature of sapphire fibers and unlocking their
full potential in harsh temperature sensing applications.
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