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Cascaded Sapphire Fiber Bragg Gratings Inscribed
by Femtosecond Laser for Molten Steel Studies

Dinesh Reddy Alla , Deva Prasad Neelakandan , Farhan Mumtaz , Member, IEEE, Rex E. Gerald II ,
Laura Bartlett , Ronald J. O’Malley , Jeffrey D. Smith , and Jie Huang , Senior Member, IEEE

Abstract— This research reports a distributed fiber optic high-
temperature sensing system tailored for applications in the steel
industry and various other sectors. Recent advancements in
optical sensor technology have led to the exploration of sapphire
crystal fibers as a solution for sensing in harsh environments.
Utilizing a femtosecond (fs) laser, cascaded fiber Bragg grat-
ings (FBGs) were meticulously fabricated within a multimode
sapphire optical fiber. These FBGs endowed the system with
distributed sensing capabilities and underwent rigorous testing
under extreme temperatures, reaching up to 1800 ◦C. The study
delves into the investigation of the FBG reflection spectrum,
facilitated by the development of a sophisticated multimode
demodulation system, which contributed to the attainment of pre-
cise temperature measurements with a performance accuracy of
99.9%. Demonstrating exceptional thermal stability, the sapphire
FBGs endured temperatures of 1600 ◦C for a sustained duration
of 22 h. Furthermore, this article explores the application of
distributed temperature sensing employing multiple sapphire
FBGs, showcasing their utility in temperature measurements
related to molten steel studies.

Index Terms— Femtosecond (fs) laser, fiber Bragg gratings
(FBGs), fiber sensors, molten steel, sapphire optical fiber, sub-
merged entry nozzle (SEN).

I. INTRODUCTION

IN 2022, the United States observed the production of
approximately 94.7 million net tons of steel, marking a

significant milestone with substantial ramifications for the
energy sector [1]. Small improvements in operating stability,
efficiency, and product yield translate to substantial energy
cost savings for the industry on an annual basis. The annual
total energy expenditures in the U.S. steel industry exceed six
billion dollars. A 10% enhancement of energy efficiency would
lead to 600 million dollars in savings per year in the U.S. steel
industry [2]. The production of 1 ton of crude steel generates
about 1.9 tons of carbon dioxide. The improvement of produc-
tion efficiency and the elimination of waste will also lead to a
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significant reduction in carbon dioxide emissions. Distributed
temperature measurements at various molten steel processing
stages will lead to an increase in production efficiency and a
reduction in energy requirements.

In steel manufacturing, several areas in the continuous
casting process would benefit from distributed temperature
measurement at steelmaking temperatures. One such area is
the submerged entry nozzle (SEN), which is the refractory
component that transfers the liquid steel from the tundish to
the mold, protects the steel from air exposure, and directs the
steel flow in a controlled manner in the mold. A distributed
temperature sensor array placed within the SEN wall could
be used for submergence control, SEN wear monitoring,
monitoring of wave activity and flow asymmetry in the mold,
and continuous steel temperature monitoring in the mold. Such
measurements would enable improvements in quality, safety,
and production efficiency in the continuous casting process.

In recent years, fiber optic sensors have proven to be
valuable sensing systems with higher accuracy, high mea-
surement resolution, and wide sensing range compared to
thermocouples. One of the commercially available and com-
monly used fiber-optic sensors was the FBGs [3], [4]. Various
applications of FBGs for measuring strain and temperature
in industries were widely discussed [5], [6]. In recent years,
the application of FBGs for temperature measurements in the
steel industry has been extensively reported [7], [8], [9], [10].
Lieftucht et al. [8] successfully developed a continuous caster
mold monitoring system through temperature measurements
using FBGs, known as a high-definition mold (HD mold).
Later, Wans et al. [7] described the improvement in process
stability and enhancement in product quality obtained by
monitoring the heat transfer in an HD mold, which provided
sufficient time for the operator to take actions necessary correct
anomalous casting conditions. In 2018, Castiaux et al. [9]
reported an efficient way of installing FBGs in copper molds
and evaluated their potential for thermal mapping of liquid
steel and breakout detection of mold during steel casting.

Conventional FBGs are developed through an ultraviolet
(UV) laser-based phase mask method, where the optical fiber
undergoes type-I refractive index modulation. However, the
type-I index modulated FBGs typically have low operating
temperatures (<450 ◦C). Another solution was to use a
femtosecond (fs) laser to fabricate FBGs through a point-
by-point method. The fs laser creates type-II refractive index
modulation along the optical fiber and can withstand extremely
harsh environments and that can measure high temperatures
(∼1800 ◦C) [11], [12], [13], [14], [15], [16]. In the last decade,
Mihailov et al. [13] reported various applications of fs-laser
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fabricated FBGs in harsh and extreme environmental condi-
tions. The fs laser fabricated single-mode silica FBGs have
provided efficient and accurate sensing means for temperatures
<1200 ◦C, but for temperatures beyond 1200 ◦C, sapphire
optical fiber-based sensors would provide a viable option for
accurate temperature sensing. Sapphire crystal fibers possess
remarkable attributes, including an exceptionally high melt-
ing point exceeding 2072 ◦C, excellent transparency within
the telecommunication band, resistance to corrosion, and
immunity to electromagnetic interference [17], [18], [19].
Wang et al. [18] discussed sapphire optical fiber-based ultra-
high temperature sensing systems based on FBGs, interferom-
etry, Raman scattering, and sapphire thermometry principles.
Unlike silica-based optical fibers, the sapphire fibers are fab-
ricated in the shape of semi-cylindrical rods without a layer
of cladding, and with commercially available fiber diameters,
the beam propagation in the optical fiber is highly multimodal
at the near-infrared telecommunication bands.

Sapphire optical fiber thermometry was a single-point tem-
perature sensing system that uses thermal radiation from
a sapphire optical fiber for temperature sensing [18], [20],
[21], [22]. Qian et al. [22] successfully demonstrated a
nanorod alumina-coated sapphire fiber-based optical fiber ther-
mometer for temperature analysis in molten steel. However,
the sensing principle was based on the intensity analysis of
thermal radiation spectra, which can be affected by ambient
light coupling and variations in fiber position. To overcome
these issues, a convolution neural network algorithm was
developed and trained for temperature classification from the
thermal radiation spectra.

The fs-laser inscribed sapphire FBGs are reported to be
stable, efficient, and effective for harsh environments and
ultrahigh-temperature measurements [23], [24], [25]. Habis-
reuther et al. [23] reported a fs-laser fabricated air-clad sap-
phire FBG for temperature measurements in the range of
1900 ◦C along with FBG multiplexing for distributed sensing.
The fs laser fabricated sapphire FBGs based on phase masks
for temperature and strain sensing were previously discussed
[15], [26], [27]. Busch et al. [26] reported the fs-laser phase
mask fabricated sapphire FBG for temperature measurements
in the range of 1750 ◦C along with a long-term test with
temperatures cycling between 1200 ◦C and 500 ◦C for 120 h.
The commercially available sapphire optical fibers are highly
multimodal; hence, the fs laser line-by-line scanning method
was commonly applied for FBG fabrication, which resulted in
higher reflectivity [28], [29], [30], [31] over the point-by-point
fabrication method [17], [32]. Xu et al. [28] investigated fs
laser-based line-by-line fabricated FBGs reflectivity and SNR
change compared to FBGs fabricated at different layers and
layer spacings within the diameter of the fiber. The line-by-
line-based fabrication method has resulted in sapphire FBGs
with greater reflectivity.

Despite the highly reflective sapphire FBGs, most of the
reported sapphire FBG spectra exhibit poor signal-to-noise
ratio (SNR), distorted peaks, low fringe visibility, and broad
linewidth. These issues are mainly due to the highly multi-
modal interference of the air-cladded sapphire optical fibers.
Efforts have been made to address these issues, including
the investigation of proper cladding materials to minimize
the number of modes [33], the fabrication of a near-single

mode sapphire optical fiber [32], and the use of an ultralong
lead-in optical multimode fiber to reduce the multimodal
interference [23], [27], [31], [34]. The cladded sapphire optical
fibers have shown reduced numerical apertures, but most of
the cladding materials can only withstand up to 1400 ◦C
due to the mismatch in the thermal expansion coefficients
of the coating and sapphire materials. The near-single mode
sapphire optical fiber can be a good solution but with a
drastically reduced diameter that may degrade the mechanical
strength of the fiber. An ultralong lead-in optical multimode
fiber can reduce the multimodal interference to some extent
but still cannot drastically minimize it. Moreover, rigorous
packaging of the lead-in fiber was also required. In summary,
there remains a strong need for the development of sapphire
FBGs exhibiting high-quality reflection spectra and a novel
interrogation unit to eliminate multimodal interference. In a
recent contribution, our research group has reported [35],
[36], [37] the successful fabrication of large-scale cascaded
multimode FBGs through the meticulous first-order point-by-
point technique. These FBGs were constructed within sapphire
crystal fiber and coreless fiber, and they demonstrated excep-
tional fringe visibility ranging up to ∼6 dB. This high fringe
visibility characteristic represents a significant advantage for
the realization of distributed thermal mapping in the context
of sensing in the harsh environments.

In telecommunications for spatial multiplexing, higher
order modes are excited in multimode fibers by fabricat-
ing specialized 3-D tapers, which selectively excite required
modes eliminating multimode interference [38], [39], [40].
Lai et al. [39] reported a silicon-based spot size converter
made from tapered channel waveguides and a Y-junction,
which reduced coupling loss at higher order modes. In 2020,
Weihong shen et al. [40] reported a silicon-integrated edge
coupler, which contains a triple tip inverse taper in a mul-
timode fiber for building an efficient integrated multimode
interface for simultaneous coupling of two modes into the fiber
for mode division multiplexing.

In this article, we report the fs laser-based sapphire FBG
fabrication through a line-by-line scanning method, which
results in high reflectivity, good SNR, a low full-width at
half-maximum (FWHM), and a thermal stability of long
duration. A novel mode scrambler method was also included
in the interrogation unit to drastically minimize the multimode
interference of sapphire optical fiber. The FBG was tested at
temperatures of up to 1800 ◦C and, for the first time to the best
of our knowledge, the fiber was employed for measurements in
molten steel by embedding the fiber into an alumina-graphite
SEN refractory to monitor temperature during the direct
immersion of the refractory into molten steel. This innovative
sensing technology holds immense potential for continuous
temperature monitoring in the demanding environments of
steel molds, refractory components, furnaces, turbine engines,
and boilers [17], [41], [42], [43].

II. THEORY

FBGs can be manufactured using either single-mode or
multimode optical fibers. In single-mode fibers, only the
fundamental mode is guided, leading to a simpler design
and analysis of the Bragg grating. Conversely, multimode
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fibers support multiple modes, which adds complexity to
the design and analysis of the Bragg grating. When light
travels through a multimode fiber, it excites multiple modes,
each with distinct velocities and phase accumulations over a
specific distance. Consequently, the power distribution among
these modes varies along the length of the fiber, creating an
opportunity to create a multimode FBG. The reflectivity of the
grating in a multimode FBG can be expressed as [36]

R(L , λ) =

∑
σ |χ0σ |

2ζσ∑
σ |χ0σ |

2 (1)

where χ0σ and ζσ denote the incident modal amplitude and
modal reflectivity, respectively. L represents the length of the
grating, while λ stands for the operating wavelength.

The phase-matching condition for a uniform fiber Bragg
grating (FBG) with a period 3 is expressed by the equation
βx− βy = 2π /3, where βx and βy represent the propagation
constants of the forward and backward propagating modes,
respectively. To achieve reflection within the same mode, it is
necessary for the condition βx = −βy to be satisfied. For a
step-index multimode optical fiber, the propagation constant
of the pth principal mode can be determined as follows [44]:

βp =
2π
λ

√
n2

2 + ψp N A2 (2)

where ψp represents the normalized propagation constant for
the pth principal mode, and its value is determined by [45]

V =
1√

1 − ψp

(
p
π

2
+
π

4
+ arctan

(√
ψp

1 − ψp

))
. (3)

The positions of reflection peaks in FBGs are intricately
determined by both the grating period and propagation con-
stants. Manipulating the waveguide profiles of optical fibers
allows for the precise adjustment of the spacing between these
resonance peaks, facilitating the creation of multiwavelength
filters. Throughout the fabrication process of these gratings,
variations in refractive index and subtle deviations from perfect
phase matching can induce shifts in the reflection peaks toward
longer wavelengths, a phenomenon commonly referred to as
a “red shift.” Additionally, as the phase matching condition
of a new mode approaches satisfaction, new reflection peaks
may emerge; however, these peaks can be transient and may
vanish with further irradiation. The amalgamation of multiple
resonance peaks within FBGs results in a significantly broader
bandwidth when compared to individual peaks, making them
particularly well-suited for applications that demand wideband
filters.

The characteristics of the grating within a multimode
fiber can be assessed through the coupled-mode theory. This
involves representing the overall electric field as a summation
of the electric fields associated with the fiber modes, enabling
the description of the behavior of the mth mode as it propa-
gates along the z-axis. In the absence of Bragg gratings, the
mode amplitude of the mth mode follows the coupled-mode
equation as [46]

dζm

dz
=

∑
n ̸=m

−iCmnexp
[
−i
(
βn − βm +

2π
3

)
z
]
ζn (4)

where ζm represents the mode amplitude of the mth mode;
βn , denoting the propagation constants; Cmn , signifying the

Fig. 1. Schematic of fs laser microfabrication system with M0–M6: mirrors,
HWP: half-wave plate, GLP: Glan-laser polarizer, BB: beam block, QWP:
quarter-wave plate, BS: beam sampler, PD: photodiode, L1 and L2: lens, DM:
dichroic mirror, MT: turning mirror, IL: imaging lens system, OL: objective
lens, PZ: piezo stage, and TS: translational stage.

coupling coefficient between modes m and n; and 3 stands
for the grating period. As the detuning, computed as βm −

βn = 2π /3, gradually diminishes toward zero, it signifies
the successful fulfillment of the phase matching condition.
The extent of coupling is directly dependent on the coupling
coefficient between modes m and n. When modes m and n
propagate in the same direction, this coupling coefficient is
indicated as Cmn = Cmn∗, with the asterisk symbolizing the
complex conjugate. Conversely, when these modes travel in
opposite directions, the coupling coefficient takes the form
Cmn = −Cmn∗. The specific value of this coupling coefficient,
denoted as Cmn , can be determined through the methodology
outlined in [47]

Cmn =
ω

4

∫∫
1ε(x, y, z)

−→
Em(x, y).

−→
E∗

n (x, y)dxdy (5)

where ε denotes the perturbation in permittivity, which can be
approximated as ε ≈ 2nδn, where δn is significantly smaller
than n. Here, n represents the refractive index. The symbol ω
corresponds to the optical frequency. The terms E⃗(x, y) and
E⃗∗

n (x, y) represent the electric field distributions of modes m
and n, respectively. These distributions are normalized to unit
power, indicating the relative strength of the electric fields in
each mode. The order of an FBG is given by [35], [43]

mλBragg = 2neff3 (6)

where m = 5 corresponds to the order of FBG, and neff
represents the effective refractive index of the fiber. Multimode
fiber-based FBGs offer numerous benefits compared to their
single-mode counterparts. These advantages stem from their
larger mode field diameter and increased overlap between
the modes and the grating, resulting in increased sensitivity
to temperature and strain. Additionally, they can serve as
distributed sensors for measuring temperature or strain along
the fiber’s length. However, it is important to note that modal
interference and dispersion can introduce complexity into the
analysis and impose limitations on FBG performance.
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III. EXPERIMENT

A fs laser (Spirit One, Spectra-Physics) with pulse duration
<400 fs at a repetition rate of 200 kHz was used for sap-
phire FBG inscription following a line-by-line laser scanning
method. The laser system was integrated with an efficient
second harmonic generation (SHG) module, which enabled
switching the laser central wavelength between 520 and
1040 nm. The laser was customized to work at 520 nm at
a 5-kHz repetition rate and 500 nJ/pulse. The custom-built
fs-laser microfabrication system contains a fs laser and an
automized workstation (femtoFBG, Newport Corporation), as
shown in Fig. 1. The translation stage assembly (Newport,
XMS100) included in the workstation provided a 3-D dis-
placement accuracy of 0.05 µm across the x-axis and <1-nm
resolution across the y- and z-axes. The average laser power
was controlled by a half-wave plate and Glan-laser polarizer,
built inside of femtoFBG workstation. The fs-laser pulses were
reflected through a dichroic mirror and centered into the fiber
using a 40X nonimmersion objective lens. The fiber alignment
and FBG fabrication process were observed in real-time using
a CMOS camera. The microfabrication system was controlled
by a computer through a custom-built graphical user interface
(GUI).

In this study, the effective refractive index (neff) for each
Bragg wavelength is evaluated both experimentally and ana-
lytically using (6). In order to make strong FBG reflectors,
a high pulse repetition rate and high laser intensity were
employed, which led to a larger spot size, resulting in selecting
a larger grating period. Higher order FBGs were fabricated to
facilitate the laser spot size, and a grating period of 2.29 µm
gave fifth-order FBGs with a Bragg wavelength of 1603.2 nm.
Sapphire FBGs were fabricated in a 125-µm-diameter air clad,
30-cm-long sapphire fiber (MicroMaterials Inc, Tampa, FL,
USA). One end of the sapphire fiber is a 0◦ polished end
face in order to splice it to an MM silica fiber. The other
end is 7◦ polished in order to eliminate endface reflections
[26], [27]. The fabrication process was observed through a
CMOS camera. To fabricate FBGs with 80 µm length, the
origin (0,0,0) of the fabrication profile was set 12.5 µm away
from the fiber boundary toward the longitudinal centerline of
the fiber. The laser shutter opens, and the 3-D stage moves
80 µm along the negative x-axis direction, drawing an 80-µm
line in the sapphire fiber. The laser shutter closes, and the stage
moves along the y-axis direction to the point (0, 2.29 µm, 0).
This process was repeated until the total moving distance
along the positive y-axis reaches 7 mm, to the point (80 µm,
7000 µm, 0). The moving speed of the stage along the
x-axis was 100 µm/s and along the y-axis was 1000 µm/s. The
sapphire FBG was excited by connecting it to a 105-/125-µm
multimode silica fiber using a mechanical splicer through
a 50:50 multimode coupler. The signal from a high-power,
broadband supercontinuum laser source (400–2000 nm) was
launched into the multimode scrambler (MMS-201) and the
output of the multimode scrambler was connected to the mul-
timode coupler. The optical spectrum analyzer (OSA) collects
the reflections from FBGs. The mode scrambler effectively
randomizes the light from the laser source over time at a
frequency of 150 kHz, so that the light distribution at the
output was uniform and stationary, which helped reduce the
multimodal interferences.

Fig. 2. First demonstration of sapphire FBGs in molten steel immer-
sion test. (a) Schematic of FBG reflection spectrum measurement setup.
(b) Enlarge inset shows sapphire FBG positions corresponding to a thermo-
couple. (c) Image of sapphire fiber showing FBG sections illuminated by the
supercontinuum laser.

For the molten steel immersion test, a test frame with
a motorized immersion and retraction mechanism was used
to position the sample in the molten steel bath. A 200-lb.
induction furnace capable of melting and holding steel at
temperatures exceeding 1600 ◦C (3000 ◦F) for 30 min was
used. The sapphire fiber was housed in a cylindrical sample
tube made of alumina-graphite SEN refractory to measure
the temperature gradient along the length of the sample.
An S-type thermocouple was used for a reference temperature
measurement for comparison. Fig. 2(a) shows the alumina
graphite rod, which was 6” in height and 2” in diameter. A 0.5”
diameter 5” deep hole was drilled to house the reference
S-type thermocouple and the 18” long sapphire fiber with three
inscribed FBGs.

The sapphire fiber was sheathed in an alumina tube of
0.219” OD × 0.156” ID to provide mechanical strength.
A stainless-steel tube was connected to the ceramic tube using
a high-temperature adhesive (JB Weld, 1000 ◦C) and was used
to sheath the fiber and splice point up to the interrogation
system. The wires of the S-type thermocouple were sheathed
in a double-bore ceramic tube of 0. 125” OD × 0.04” ID.
The fiber with FBGs was immersed into molten steel, such
that two FBGs were below the molten steel and one FBG was
above the melt. A schematic of this arrangement is shown
in Fig. 2(a). Each FBG was 7 mm (0.28”) long, across the
longitudinal axis of the sapphire fiber. The spacing between
the end face and FBG #1 was 12.7 mm. The space between
FBG #1 and FBG #2 was 25 mm. The space between FBG
#2 and FBG #3 was 15 mm. The thermocouple tip was placed
next to FBG #2, as shown in Fig. 2(c). The placements of the
FBGs and thermocouple tip were carefully aligned to measure
a good temperature comparison between the thermocouple and
FBG #2.

IV. RESULTS AND DISCUSSION

The fabrication of FBG within a sapphire fiber was charac-
terized by 80-µm line lengths, 2.29-µm grating periods, and
an overall length of 7 mm. Microscopic images of the gratings,
as depicted in Fig. 3(a) and (b), reveal the dimensions of
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Fig. 3. Microscope images of a sapphire FBG. (a) Top view, (b) lateral
view, (c) polished facet of sapphire crystal fiber, (d) sapphire FBG reflection
spectrum, and (e) FBG reflection spectrum demonstrating mode scrambler
efficiency.

Fig. 4. Reflection spectra of two sapphire FBGs fabricated for high-tem-
perature induction furnace tests. (a) Reflection spectra at room temperature
(24 ◦C). (b) Sapphire FBG λBragg increases by 7.2 nm for temperature
increments of 200 ◦C up to 1800 ◦C.

80 µm in length (top view) and 10.6 µm in depth (lateral
view). The polished sapphire crystal fiber can be seen in
Fig. 3(c). The analysis of the reflection spectrum identified
a peak with an SNR of 6.54 dB and an FWHM of 5.66 nm.
To ensure uniform light distribution across the fiber’s cross
section and to mitigate mode-dependent losses and other
distortions inherent in the multimode fiber optic system,
a multimode scrambler was integrated into the sapphire fiber
FBG light excitation pathway. This strategic intervention led
to a more stable and uniform reflection spectrum, as illus-
trated in Fig. 3(d). The FBG reflection spectrum of a multi-
mode step-index silica fiber (FG105LCA) with and without
the implementation of a multimode scrambler is shown in
Fig. 3(e), and it can be observed that the multimode scrambler
(MMS-201) effectively increased SNR of FBGs and stabilized
the baseline. The sapphire FBG was characterized in reflection
mode for temperature measurement. The max reflectivity of
the proposed FBG can be estimated by [48]

R = tanh2(Cmn.L) (7)

where Cmn is the coupling coefficient (−0.0001612 µm−1),
L is the length of FBG (7 mm), and the reflectivity of the
proposed sapphire FBG is obtained as ∼10.38%.

Additionally, two new FBGs were fabricated on a
30-cm-long fiber with fiber length sufficient for installation in
a heating furnace for observing the Bragg wavelength shift to
temperature changes. Fig. 4(a) shows the reflection spectrum

Fig. 5. Reflection spectra of sapphire FBGs as a function of temperature
during (a) heating cycle, (b) cooling cycle, and (c) polynomial curve fit for
sapphire FBG Bragg wavelength (λBragg) versus temperature data for a heating
and cooling cycle.

at room temperature (24 ◦C). The sapphire fiber with the FBG
end was placed into a custom-built high-temperature induction
furnace. The light scattered by the FBGs was used to fix
the FBG position at the center of the furnace. The spectral
response of the sapphire FBGs with varying temperatures up
to 1800 ◦C is shown in Fig. 4(b). An increase in Bragg wave-
length (λBragg) with increasing temperature is expected and
confirmed. The induction furnace temperature was monitored
using an S-type thermocouple with a measurement range of
2000 ◦C. The fs-laser written gratings survived temperature
exposure of 1800 ◦C for 45 min. For temperatures above
1400 ◦C, the SNR of the reflection peak diminished due to
strong background light generated from the thermal radiation
of the sapphire optical fiber. The use of a multimode scrambler
helped in obtaining stable and accurate reflection spectra for
various temperatures. Molten steel temperatures are typically
around 1600 ◦C; hence, the spectrum shifts of the FBGs for
heating and cooling cycles up to 1600 ◦C were observed,
as shown in Fig. 5, and are of interest for additional high-
temperature experiments.

Fig. 5(c) shows the wavelength change with increasing
temperature and a polynomial curve fit with 99.93% accuracy
for the heat cycle and 99.92% accuracy for the cool cycle.
The plot of wavelength change with rising temperature shows
a sensitivity of 33.55 pm/◦C. A second-order polynomial
fit curve is obtained for efficient wavelength to temperature
conversion up to 1600 ◦C, as displayed in the inset of Fig. 5(c).
The relationship between the change in sapphire FBG Bragg
wavelength and change in temperature and strain can be
obtained by [31], [34]

1λBragg = λBragg(1 − pe)1ε + λBragg(αS + ζS)1T . (8)

The change in Bragg wavelength (1λBragg) is 49.77 nm at a
reference wavelength λBragg of 1603.2 nm without any applied
strain, where the temperature was shifted from 28 ◦C to
1610 ◦C with an incremental trend. This temperature-induced
wavelength shift closely aligns with the theoretical value of
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TABLE I
SENSITIVITIES ESTIMATIONS OF THE PROPOSED SAPPHIRE FBG

AT DIFFERENT WAVELENGTHS

Fig. 6. Comparison of temperatures measured by sapphire FBGs and a
thermocouple (S-type). (a) Various rise and hold temperatures in a heat cycle.
(b) Temperature stability of ±2 ◦C for 22 h.

∼50.084 nm, as calculated using (8), and the sensitivity of
the sapphire FBG is obtained as 31.65 nm/◦C. In this work,
an experimental model has been established, allowing for the
calculation of the theoretical sensitivity (S) of the proposed
sapphire FBG at different Bragg wavelengths, namely, λBragg ∼

1282, 1370, 1530, and 1603 nm. These theoretical sensitivity
values are presented in Table I.

Furthermore, to perform a longer duration thermal stability
analysis of the sapphire FBGs, the sapphire fiber with FBGs
was inserted into a ceramic furnace (Criferon Model. SiC
based). A 4 ◦C/min temperature ramp up was used to reach
1600 ◦C and FBG reflection spectra were recorded for 22 h
to test FBG stability. The furnace temperature was controlled
using an 80%–20% platinum–rhodium thermocouple and a
second S-type thermocouple was placed close to one of the
FBGs for temperature measuring comparisons.

Fig. 6(a) shows the comparison of temperatures measured
by a thermocouple and a sapphire FBG. The reflection spec-
trum of the FBG is collected and is cross correlated with its
preceding FBG spectrum. The difference in correlation is then
used to calculate the FBG peak shift. A temperature ramp-up
from room temperature to 1612 ◦C was performed between
0 and 6 h, followed by a temperature ramp down to room
temperature after 28 h. The duration between 6 and 28 h
indicates that the temperature was held at 1612 ◦C by the
furnace. Thermal stability at 1612 ◦C for 22 h was observed,
with less than a ±2 ◦C thermal drift for the sapphire FBG
measured temperatures.

Fig. 6(b) shows a good match of temperature measured by
the sapphire FBG and an S-type thermocouple for various
hold and rise temperatures performed in a single heat cycle

Fig. 7. First demonstration of sapphire FBG molten steel immersion.
(a) Reflection spectra of sapphire FBGs before and during immersion.
(b) Comparison of temperatures measured by the sapphire FBGs and the
thermocouple (S-type).

demonstrating the accuracy of (8). Although the sapphire FBG
(±2 ◦C) has slightly lower precision compared to a thermo-
couple (±0.5 ◦C), it offers distributed sensing capabilities,
making it a highly cost-effective option over thermocouples.
The sapphire fiber with FBG costs U.S. $260, whereas an
S-type thermocouple costs U.S. $2000. Therefore, sapphire
FBGs provide a more economical solution for distributed
sensing applications.

For the molten steel immersion experiment, a single sap-
phire fiber with three FBGs was employed in the immersion
setup shown in Fig. 2(b). Reflection spectra were recorded
for 30 min during the immersion experiment. The reflection
spectra of the FBGs before (at room temperature) and during
immersion (at liquid steel temperature) are shown in Fig. 7(a).
The background high-temperature thermal radiation peak can
be observed in the 1400–1500-nm wavelength range along
with the Bragg wavelength shifts of the inscribed FBGs. The
comparisons of temperatures measured by the #2 sapphire
FBG and the S-type thermocouple are shown in Fig. 7(b).
It shows a close match between temperatures measured using
FBG #2 and the nearby thermocouple. The FBGs placed
below and above the liquid steel meniscus show a difference
in temperature measurement as expected due to difference
in thermal gradient. The sapphire fiber survived immersion
into molten steel and successfully monitored temperatures
along the alumina graphite sample tube for 30 min. The
third-order polynomial transfer function developed above (2)
facilitates accurate temperature measurements and the ceramic
tube protects the sapphire fiber from contamination, making
the sensors reusable.

V. CONCLUSION

Utilizing a fs laser, FBGs were inscribed within a sap-
phire optical fiber via a line-by-line scanning technique. This
innovative approach yielded FBG reflection spectra boasting
a remarkable SNR of 6.54 dB with low FWHM of 5.66 nm.
The application of a mode scrambler (MMS-201) in an FBG
demodulation system assisted in obtaining stable and accurate
reflection spectra. The slender and well-defined Bragg wave-
length peak facilitated highly efficient and precise tempera-
ture measurements, even in extreme environments exceeding
1600 ◦C. A rigorous thermal stability assessment of sapphire
FBGs revealed temperature measurements characterized by a
mere 0.125% error margin, coupled with a thermal drift within
the range of ±2 ◦C. Notably, the inaugural implementation
of sapphire FBGs in a molten steel immersion experiment
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using an alumina-graphite SEN refractory provided compelling
evidence of the efficacy of sapphire FBG sensors in suc-
cessfully monitoring temperatures during this critical process.
This groundbreaking achievement underscores the potential
of sapphire FBG sensors as ideal candidates for integration
into SENs and refractory linings. Furthermore, the superior
efficiency and accuracy of sapphire FBG sensors, compared
to traditional thermocouples, hold the promise of enhancing
productivity, reducing power consumption, and diminishing
the carbon footprint within the steel industry.
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