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Abstract: We report for the first time the resurgence of regenerated fiber Bragg gratings
(RFBGs) useful for ultra-high temperature measurements exceeding 1400 °C. A detailed study
of the dynamics associated with grating regeneration in six-hole microstructured optical fibers
(SHMOFs) and single mode fibers (SMFs) was conducted. Rapid heating and rapid cooling
techniques appeared to have a significant impact on the thermal sustainability of the RFBGs
in both types of optical fibers reaching temperature regimes exceeding 1400 °C. The presence
of air holes sheds new light in understanding the thermal response of RFBGs and the stresses
associated with them, which governs the variation in the Bragg wavelength.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fiber sensors capable of measuring high temperatures are crucial for many industrial processes
that require operations in harsh environments. The sensing ability of an FBG based sensor which
is dependent on the peak reflectivity at a specific wavelength, experiences a severe degradation
at high temperature environments restricting them from being implemented in engine turbines,
power plants, steel/aluminium smelters, space exploration modules and other applications in
oil and gas as well as aerospace industries where monitoring high temperature is a necessity.
Over the past two decades, substantial research has been carried out to elevate the operational
temperature of FBGs including hypersensitization through pre-irradiation [1], optimization of
the glass composition and fabrication of type II [2] and type IIA [3] gratings using femtosecond
lasers.
In the investigation of FBG sensors with improved sustainability at high temperature envi-

ronments, the advent of RFBGs can be considered as a technological breakthrough which has
managed to revitalize research on high-temperature sensing [4,5]. The strength of the initial seed
grating (SG), pre-annealing cycle [6], fiber composition [7,8], gas loading [9], type of laser used
for FBG inscription [10,11] and the applied strain [12] have been found to influence the grating
regeneration process. While RFBGs have exhibited pronounced temperature stability capable of
withstanding temperatures beyond 1000 °C [13], the origin and the underlying mechanisms of
thermal regeneration remain controversial. Various concepts with considerable disparity have
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been proposed towards explaining the formation of RFBGs. The challenge in understanding
grating regeneration relies on the complex thermal processing steps and the physicochemical
procedures associated with it. Although, comprehensive studies have been conducted in the
investigation of the characteristics of RFBGs, majority of the reported research studies are
confined to the investigation of regeneration properties in SMFs with different dopant/co-dopants
whereas only a handful have demonstrated the existence of RFBGs in microstructured optical
fibers (MOFs) [14]. Thus, to improve the properties of the RFBGs and their deployment in
ultra-high temperature measurements, it is prudent to investigate regeneration present in various
fiber structures and different regeneration techniques, which can further assist in developing a
sound understanding of the grating regeneration process.
MOFs, developed through the modification of their internal structures, where most are

constructed with a solid or hollow core surrounded by a periodic arrangement of air-holes running
along the entire length of the fiber, play a significant role in many sensing schemes such as in
pressure sensing, gas sensing, refractive index sensing and in bio sensing [15]. Suspended-core
MOFs consist of relatively large air holes surrounding a small core which is suspended along
the fiber length. Owing to the innate features of the suspended-core fibers, they have attracted
the attention of the research community in many aspects, for instance, as bend sensors, pressure
sensors, strain sensors as well as in the detection of volatile organic components (VOCs) [16]. In
this study, we report for the first time to the best of our knowledge, resurgence of RFBGs referred
to as resurgent regenerated fiber Bragg gratings (R2FBGs) which can sustain temperatures
exceeding 1400 °C. A detailed comparison of regeneration characteristics in RFBGs present
in SHMOFs and SMFs (G.657 fiber) when subjected to different thermal annealing techniques
is carried out. Furthermore, the highest temperature sustainability of the two types of RFBGs
and the impact on the Bragg wavelength as well as the stress changes under these annealing
techniques are demonstrated as well.

2. Regeneration mechanisms

Recent studies have associated the regeneration mechanism to heat generation through UV
irradiation, assisted by bond breakage, stress variations and transient excitation states induced
by the laser [17]. In the investigation of glass relaxation processes, measurements of RFBGs
have indicated a depression in the core and inner-cladding areas revealing an increase in density
or relaxation of stresses in the interface [18]. Furthermore, micro-Raman spectroscopy has
managed to reveal the difference in the local glass relaxation in the UV exposed regions, even
though, annealing is similar in all areas, suggesting that the grating inscription has altered the
thermal history of glass [19]. Additionally, another study has demonstrated grating regeneration
in an etched fiber, signifying that grating regeneration is not entirely dependent on the structural
reactions occurring at the core-cladding boundary [20]. Moreover, a diffusion-reactionmechanism
based on molecular water and hydroxyl species in silica glass has also been proposed to explain
the basis of RFBGs highlighting the structural changes induced by the chemical interaction and
diffusion of hydrogen molecules in the glass matrix [6].
Since vitreous silica can crystallize at high temperature and pressure conditions, a model of

crystallization has been proposed as well to explain grating regeneration [21]. It is assumed
that formation of the crystalline polymorph cristobalite, which has a slightly higher density than
vitreous silica, occurs during the process. Modification of the thermal stress in the fiber core
through manipulation of the glass transition temperature via different cooling rates appeared
to have a notable impact on the thermal response of the RFBGs as well [22]. Since grating
regeneration involves many complicated mechanisms of various origins, careful scrutiny of
other distinct factors affecting the very concepts of stress induced densification of the fiber core,
crystallization and structural changes in the glass network and atomic diffusion is still required
for thorough understanding of the regeneration mechanisms.
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3. Experimental procedure

The SHMOF which consists of a single constituent, with regularly arranged air-holes was
fabricated in-house using the stack and draw technique. The schematic illustration of the stacked
preform is shown in Fig. 1(a). The air holes have a diameter of 11 µm and a pitch size of 15 µm
along with a fiber outer diameter of 125 µm [Fig. 1(b)].

Fig. 1. (a) Schematic diagram of the stacked SHMOF preform and SEM images of (b)
SHMOF and (c) SMF.

In the fiber drawing process, a vacuum pressure of ∼40 kPa was introduced to collapse the
air gaps between the rods and capillaries of the stacked preform structure. The capillaries
are composed of pure silica and do not include any other additional material. The drawing
temperature and tension were ∼1960 °C and ∼0.5 N, respectively. In order to assist modal
guidance and FBG inscription, a germanium (Ge) doped region (∼4 mol%) with a diameter of
∼2 µm was introduced to the SHMOF. The NA of the fiber is 0.114. Subsequently, with the aid
of 193 nm ArF excimer laser and a phasemask with a pitch of 1072.2 nm, FBGs were inscribed
in the SHMOFs and SMFs [Fig. 1(c)]. Prior to the grating inscription procedure, all the fibers
were loaded in a H2 chamber at a pressure of 1500 Psi for two weeks. 10 mm long gratings with
a Bragg transmission depth of ∼ 25 dB were inscribed via pulsed UV irradiation in these fibers
with a pulse energy of 80 mJ and 15 Hz repetition rate. Following FBG inscription, the FBGs
were annealed at 80 °C for 12 hours to remove any residual H2. A commercial fusion splicer
(FITEL-S178) was used to connect the SHMOFs with SMF using a manual splicing process.
The similar outer diameters of SMF and SHMOF permit the cladding boundaries to be manually
aligned and then spliced under reduced arc strength. Afterwards, the FBGs were inserted one at
a time to a muffle furnace (SG-XS 1700) with a maximum operational temperature of 1600 °C
and were subjected to various thermal annealing cycles. Firstly, the regeneration characteristics
of the two types of fibers were investigated and subsequently, the fibers underwent rapid heating
and rapid cooling techniques which are described in detail in the forthcoming sections.

4. Resurgence of regenerated fiber Bragg gratings

4.1. RFBGs in SHMOF and SMF

The fabrication of RFBGs are based on the thermal treatment of a UV inscribed type I FBG
known as the SG. Depending on the type of optical fiber, generally, when the SG is heated up
to a temperature in the range of 800-1000 °C, an erasure of the SG occurs and leads to the
formation of a high temperature resistant grating referred to as an RFBG. In the investigation of
regeneration characteristics of gratings inscribed in SHMOF and SMF, the FBGs were placed
inside a dry silica capillary tube which was in turn placed inside a muffle furnace one at a time
and the temperature was ramped at 3 °C/min up to their regeneration temperatures which are 900
°C and 925 °C for SHMOF and SMF, respectively. At this point, the SGs completely disappear
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and the appearance of RFBGs is observed. The temperatures were dwelled for 60 min until the
completion of the grating regeneration process where the reflected peak power of each RFBG
was completely stabilized. The reflection spectra were monitored using an interrogator (Micron
Optics: si155) and recorded using a LabVIEW program throughout the experiment. Afterwards,
the samples were naturally cooled down to room temperature inside the furnace. Figure 2(a)
shows the evolution of the grating reflectivity and the shift of the Bragg wavelength, λB of FBGs
in SHMOF and SMF, respectively. With rising temperature, the SG of SHMOF gradually decays
due to the decrease in the UV induced index modulation until a complete erasure occurs at 900
°C where the RFBG emerges and stabilizes. For SMF, this phenomenon is observed at 925 °C.
When the peak power of the SGs and the RFBGs are taken into consideration, evidently, a higher
ratio is observed for SMF compared to that of SHMOF signifying a higher index modulation
ratio, ∆ïreg/∆ïseed for SMF.

Fig. 2. (a) Evolution of the grating reflectivity and Bragg wavelength shift during thermal
regeneration and (b) Heating and cooling cycles of the RFBGs in SHMOF and SMF.

In the SG, the local refractive index modulation and the density are altered during FBG
inscription. Any subsequent annealing results in a structural relaxation. 193 nm UV irradiation
has resulted in an increase in stress in the core-cladding interface from 100 MPa leading towards
pressures over 250 MPa [23]. A variation in the stress profile exist at the core cladding interface
which arises due to the thermal expansion mismatch of the constituent materials and the stresses
generated during fiber drawing. Heating the fiber with CO2 laser can reduce these stresses [1].
Although, the high index of the core appears to anneal out with rising temperature, considerable
differences still exist in the glass network which dictate the final relaxation after further annealing
at high temperatures. Since the presence of OH is capable of resulting in a non-exponential glass
relaxation even in pure silica [24], existence of H2 intricates the grating regeneration process.
Recent discoveries of ultra-high temperature measurements on a fused silica fiber have revealed
that crystallization occurs after two annealing treatments [25]. With increasing temperature, fused
silica transforms into an intermediate unstable phase of α-cristobalite, and upon further heating,
results in the formation of β-cristobalite. Furthermore, since vitreous silica can crystallize at
high temperature and pressure conditions, pressures arising from the variation in the thermal
expansion coefficient between the core and cladding which is further enhanced by the UV-induced
stress during grating inscription, tends to increase the pressure within the optical fiber at these
high temperatures which will influence crystalization [21]. Therefore, formation of cristobalites
may very well be the structural changes that occur in RFBGs and R2FBGs which will be further
discussed in the forthcoming section.
The temperature sensitivities of the RFBGs in SHMOF and SMF were characterized by

conducting heating and cooling cycles as illustrated in Fig. 2(b). Overall wavelength shifts of
12.5 nm and 13.2 nm can be observed for SHMOF and SMF, respectively. When heated from
ambient temperature to the maximum temperature, λB red shifts linearly agreeing with the Bragg
condition (λB= 2ïeffΛ), in which both the period of the FBG, Λ (thermal expansion) and the
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effective refractive index, ïeff (thermo-optic effect) of the fiber core rely on the temperature.
Since the thermo-optic effect dominates the thermal expansion, generally, 90% of the wavelength
shifts are ascribed to the variation in the refractive index of the fiber core [26]. The similar
sensitivities during the heating and cooling cycles for the RFBGs in both types of fibers with
the absence of any hysteresis indicate a stable response which leads towards a good sensing
performance. A temperature sensitivity of 13.5 pm/°C and 14 pm/°C with an R2 value of 99.9%
were obtained for SHMOF and SMF, respectively. Figure 3(a) verifies the repeatability of the
sensing characteristics of the RFBGs in both types of fibers where three heating cycles were
carried out from 250 °C until the regeneration temperature of each RFBG. A complete overlap
of the three heating cycles is clearly observed for the RFBGs. In order to validate the practical
usage of the RFBGs and to relax the residul stress in the optical fibers, a wavelength stability test
was conducted at 900 °C and 925 °C for a duration of 6.5 h for RFBGs in SHMOF and SMF,
respectively and the obtained results are demonstrated in Figs. 3(b) and (c). A total wavelength
drift of 0.1 nm and 0.07 nm are observed for SHMOF and SMF, respectively.

Fig. 3. (a) Temperature sensitivity calibration for three heating cycles and (b) wavelength
stability of RFBGs in SHMOF and (c) SMF for 6.5 h.

4.2. R2FBGs in SHMOF and SMF

Further heat treatments were carried out on the RFBGs in an attempt to explore their maximum
temperature sustainability. The RFBGs which underwent the annealing processes discussed in
section 4.1, were further heated at a continuous ramping rate of 3 °C/min until the RFBGs were
completely extinguished. Figure 4(a) illustrates the response of the peak power and the shift of
λB of the RFBGs in SHMOF. A stable response of the peak power is observed for the RFBG
until 1000 °C followed by a gradual decay of only ∼3 dB until 1280 °C. At this point, the peak
power starts to plummet and the RFBG gets completely submerged in background noise at 1363
°C. Furthermore, nonlinearity in the wavelength response can also be observed beyond 1280 °C.
Experiments have verified that even though, the softening temperature of fused silica is ∼1600 °C,
silica optical fibers undergo a phase transformation leading towards the creation of microcrystals
at ∼1100 °C [25]. This in turn results in a transmission loss due to the devitrification of the fiber
core or stress induced losses resulting from the crystal formation on the fiber surface restricting
the long-term operation of fiber sensors beyond 1200 °C.

When the temperature is further increased, the resurgence of a new grating is observed which
reaches a maximum peak power around 1405 °C. Afterwards, this newly created R2FBG was
naturally cooled down to room temperature. Although, the origin of the R2FBG is still unclear,
we believe that structural rearrangements and transformations which occur in the glass matrix
together with the global change in the stresses in the fiber are responsible for this phenomenon.
The cristobalite structure suspected to be formed during grating regeneration [21] consists of
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Fig. 4. (a) Peak power, wavelength shift and (b) reflection spectra of an RFBG/R2FBG in
SHMOF with increasing temperature.

two varieties, namely, α-cristobalite and β-cristobalite [27]. They are crystalline polymorphs
of silica and their formation at high temperatures is not directly dependent on the core dopants
of the optical fiber but rather on the high temperature and high pressure [21]. Cristobalites can
nucleate heterogeneously and grow internally in vitreous silica [27]. β-cristobalite is more stable
than α-cristobalite at high temperatures and hence, it is possible that formation of β-cristobalite
occurs and coexist with α-cristobalite post grating regeneration which explains the outstanding
thermal stability of RFBGs. β-cristobalite is stable in the high temperature regimes and can be
transformed back to stabilized α-cristobalite around 269 °C during the cooling down process to
room temperature [25]. The growth rates of β-cristobalite in fused quartz at 1347 °C and 1408
°C are determined to be 6.5×10−4 µm/min and 3.7×10−3 µm/min, respectively [27]. Therefore,
at temperatures beyond the resurgence of RFBGs (>1363 °C), an increasingly high population of
β-cristobalite exist.
Figure 4(b) shows the reflection spectra of the RFBG and the R2FBG at various temperatures

throughout the heating process. Figure 5 indicates the reflection spectra of the SG, RFBG and
the R2FBG in an SHMOF at room temperature (25 °C). A significant decrease in the bandwidth,
side lobes and the reflected peak power is observed for the RFBGs and R2FBGs compared to that
of the initial SGs. A blue shift of ∼ 0.8 nm and ∼1.25 nm in λB is noticed for the RFBG and
R2FBG when compared to that of the SG in SHMOF. The blue shift in the RFBG compared to
its SG can be ascribed to the relaxation of UV-induced ∆ïDC [14]. Since the stress that exists in
the glass structure plays a key role in determining the shift of λB, the further blue shift in λB
of the R2FBG may possibly be due to the further residual stress relaxation in the glass matrix
during annealing at high temperatures. The temperature sensitivity of the R2FBG was calibrated
as shown in the inset of Fig. 5. A temperature sensitivity of 13.7 pm/°C was obtained over the
temperature range from 250 °C to 900 °C with an R2 value of 99.9% which is similar to the
temperature sensitivity of its RFBG. However, in the range from 900 °C to 1370 °C a temperature
sensitivity value of 15.3 pm/°C was obtained with an R2 value of 99.9% and is much higher than
that in the lower temperature range.
An additional heat test was carried out on another R2FBG to investigate its maximum

sustainable temperature. From Fig. 6(a), it is noticed that the R2FBG in SHMOF emerges at
1407 °C and completely decays by 1452 °C denoting a maximum withstanding temperature of
∼1450 °C. Structural modifications in the glass matrix together with the net variation in the
stresses present in the core-cladding interface which is influenced by the air holes at extreme
temperatures are responsible for the formation of R2FBGs in SHMOFs. The deviation of the
temperature at which the resurgence of the R2FBG occurs when compared to that of Fig. 4(a),
maybe due to the surface contaminants such as cladding residues which affect the formation of
the cristobalite crystals [25]. Although, each sample was subjected to similar thermal treatments,
and cleaned thoroughly before conducting the experiments, when a number of thermal processing
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Fig. 5. Spectral profile of the SG, RFBG and R2FBG in SHMOF. The inset shows the
temperature sensitivity calibration of the R2FBG.

steps are involved, it is possible for slight variations to occur which ultimately may affect the
resurgent temperature of the R2FBG. Since the strength of the SG governs the strength of the
RFBG [17], this concept can also be extended for the strength of the R2FBG. We believe that
the weak reflectivity of the initial SG is responsible for the diminished strength of the R2FBG.
Since the maximum investigated temperature reported for an RFBG to date is 1295 °C [21], this
unprecedented revelation of the R2FBG which is capable of withstanding temperatures exceeding
1400 °C in an optical fiber consisting of a single constituent (Ge), is significantly important in
molding the understanding of grating regeneration. Additional exploitations are still required to
clarify the origin of the R2FBGs and their characteristic behavior.

Fig. 6. (a) Peak power and wavelength shift of RFBGs in SHMOF and SMF and (b)
reflection spectra of the RFBG/R2FBG in SMF with increasing temperature.

When conducting the heating process on the RFBGs in SMF, an R2FBG was observed only
in a single scenario which is shown in Fig. 6(a). Figure 6(b) illustrates the reflection spectra
during the heating process. The resurgence of the RFBG occurs at 1273 °C which is significantly
lower to that of the two R2FBGs observed in SHMOF (1363 °C and 1407 °C) given that the
regeneration temperature of the RFBG in SHMOF (900 °C) is lower than that of SMF (925 °C).
However, several more investigations conducted under the same conditions failed to indicate
any presence of an R2FBG in SMF, and instead led to a simple thermal decay curve of the
RFBG as demonstrated in Fig. 7(a) with a highest withstanding temperature of 1387 °C. Even
in the presence of an R2FBG, the highest withstanding temperature of SMF is limited to 1350
°C. Figure 7(b) indicates the reflection spectra of the SG and RFBG in SMF where an overall
wavelength shift of ∼0.6 nm is observed between the two. Apart from SMF, same treatment was
carried out on the RFBGs in Corning SMF-28 as well. Nevertheless, any trace of an R2FBG
was not observed. Hence, it is evident that in contrast to SMF, the air holes present in SHMOF
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compensates the thermal stress from being transferred to the fiber core at temperatures beyond
its regeneration temperature permitting the grating structure to be intact even at temperatures
exceeding the resurgence of RFBGs.

Fig. 7. (a) Peak power and wavelength shift of an RFBG in SMFwith increasing temperature
and (b) Spectral profile of the SG and RFBG in SMF.

5. Thermal annealing techniques and the variation of stress

In an effort to explore and enhance the performance of the RFBGs at extreme conditions, the
RFBGs were exposed to two different thermal treatments.

5.1. Rapid heating

In this technique, the SGs in both types of optical fibers were inserted into a muffle furnace
which was pre-heated to their respective regeneration temperatures of 900 °C (SHMOF) and
925 °C (SMF). Grating regeneration occurs in both types of fibers within 5 min as shown in
Fig. 8(a). This time duration can be further reduced to seconds by subjecting the fibers to
different annealing temperatures [13]. However, in this study, the intention of this approach is to
investigate the maximum sustainable temperature of the RFBGs and their response to increasing
temperature when exposed to extreme temperature conditions. After grating regeneration, the
temperature was dwelled for 60 min for the reflected peak power of the RFBGs to completely
stabilize. Figure 8(b) demonstrates the reflection spectra of the SGs and RFBGs in both SHMOF
and SMF. While a blue shift in λB of 0.47 nm is observed for the RFBG in SHMOF compared
to its SG, a negligible shift in λB is observed for that in SMF. Subsequently, the RFBGs in
both SHMOF and SMF were further annealed to investigate their thermal decay characteristics.
The thermal degradation curves of the RFBGs in SHMOF and SMF are shown in Fig. 9(a).
Figures 9(b) and 9(c) show the reflection spectra of the RFBGs fabricated through the rapid
heating approach with increasing temperature. The maximum withstanding temperature of the
RFBGs in SHMOF and SMF amount to 1425 °C and 1200 °C, respectively. Apart from the high
temperature sustainability of the RFBG in SHMOF compared to that of the RFBG in SMF, it also
demonstrates a commendable spectral response even at a temperature of 1400 °C. However, in
the case of SMF, the reflection spectrum initiates to split at 1050 °C and is completely distorted
at 1200 °C.
This prominent enhancement of the RFBGs in SHMOF fabricated through rapid heating

treatment, in terms of high temperature stability while exhibiting an admirable spectrum profile
highlights the importance of the air holes in the SHMOF. When subjected to an extreme heat
treatment, the air holes surrounding the fiber core in SHMOF aid in reducing the thermal
stress induced to the core, thereby, permitting the RFBG to withstand elevated temperatures.
Nevertheless, in SMF the thermal stress induced to the fiber core is significantly higher which
in turn impacts the stability and the spectral profile of the RFBG under this extreme condition.
Since the RFBG in SHMOF can clearly withstand temperatures exceeding 1400 °C when rapidly
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Fig. 8. (a) Evolution of the grating reflectivity and Bragg wavelength shift during thermal
regeneration of rapidly heated SGs and (b) reflection spectra of the SGs and RFBGs in
SHMOF and SMF.

Fig. 9. (a) Thermal decay characteristics and (b) the reflection spectra of the RFBGs in
SHMOF and (c) SMF with increasing temperature.

heated, its sustainability at 1350 °C was investigated and is shown in Fig. 10. The RFBG is able
to successfully function for 75 min before decaying to a peak power that is undetectable by the
interrogator.

Fig. 10. Temperature sustainability of the RFBGs in SHMOF at 1350 °C fabricated through
rapid heating.

5.2. Rapid cooling

In this technique, the RFBGs were fabricated as discussed in Section 4.1 and after annealing
the RFBGs in both SHMOF and SMF at their respective regeneration temperatures for 6.5
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h to achieve residual stress relaxation, they were instantly removed from the muffle furnace
within a second. Annealing for 6.5 h reduces the residual stress in the fiber and the subsequent
immediate air quenching treatment introduces compressive stress to the RFBGs. A high cooling
rate is capable of inducing a large stress at the glass surface and will aid in resisting the high
temperature the optical fiber experiences afterwards, resulting in a high temperature sustainability
[28]. Figure 11(a) demonstrates the wavelength shift of the RFBGs in SHMOF and SMF under
the rapid cooling condition and Fig. 11(b) illustrates the reflection spectra of the RFBGs in both
types of optical fibers before and after the rapid cooling treatment. Red shifts in λB of ∼ 0.2 nm
and ∼ 0.1 nm are observed for the RFBGs in SHMOF and SMF, respectively which underwent
the treatment. Afterwards, the RFBGs were subjected to further annealing treatments to explore
their highest temperature stability. Figure 12(a) shows the thermal decay curves of the RFBGs in
SHMOF and SMF during high temperature annealing. A stable peak power is observed for the
RFBG in SHMOF until 1305 °C followed by a gradual decrease until 1360 °C before plummeting
to the noise level by 1419 °C. The reflection spectra of the RFBGs in both SHMOF and SMF
with increasing temperature are shown in Figs. 12(b) and (c), respectively. For the RFBG in SMF,
a stable response in the peak power is observed until 1050 °C with a gradual decay until 1350 °C
before a drastic drop to the noise level by 1411 °C.

Fig. 11. (a) Wavelength response of the RFBGs in SHMOF and SMF during rapid cooling
and (b) their reflection spectra at ambient temperature.

Fig. 12. (a) Thermal decay characteristics and (b) the reflection spectra of the rapidly
cooled RFBGs in SHMOF and (c) SMF with increasing temperature.

Although, the RFBGs in both types of fibers appear to exhibit a similarly high temperature
toleration, the thermal stability of the two RFBGs at a specific temperature reveals otherwise.
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With reference to Fig. 13, it is apparent that the RFBG in SHMOF has a temperature stability
which is two times higher compared to that of the RFBG in SMF at 1350 °C.

Fig. 13. Thermal stability of rapidly cooled RFBGs in SHMOF and SMF at 1350 °C.

Table 1 below summarizes the maximum sustainable temperature (Tmax) of the RFBGs and
R2FBGs in SHMOF and SMF under general heating conditions and during rapidly heated and
cooled conditions.

Table 1. Maximum temperatures of the RFBGs/R2FBGs when subjected to different thermal
treatments

Type of fiber
Tmax of RFBG

(°C)
Tmax of rapidly

heated RFBG (°C)
Tmax of rapidly

cooled RFBG (°C)
Tmax of

R2FBG (°C)

SHMOF 1425 1419 1452

SMF 1387 1200 1411

5.3. Variation of stress

A blue shift in λB is observed for the RFBGs in both SHMOF and SMF compared to their SGs
during the general regeneration procedure described in Section 4.1 [Figs. 5 and 7(b)]. This feature
can be related to an overall increase in the tensile stress between the fiber core and cladding,
as a result of the structural densification of the fiber core and the formation of the cristobalite
structures during the regeneration process. Changes in the density of the fiber core affect the
effective refractive index (∆ïeff) and the stress condition (∆σz) which can be expressed using the
following equations [22,26],

∆ηeff = ηeff (
λi
λf
− 1) (1)

∆σz =
2∆ηeff

3C2 + C1
(2)

where ∆ïeff represents the change in the effective refractive index, ïeff , the effective refractive
index, λi and λf , the Bragg wavelengths before and after thermal treatments at room temperature,
∆σz, the change in axial thermal stress and C1 and C2 the stress-optic coefficients, which are
7.42×10−12 m2/kg and 4.102×10−11 m2/kg, respectively [2,22,26,29]. Since both types of optical
fibers have a similar material composition in the fiber core with the air holes in SHMOF located
in the silica cladding, the stress-optic coefficients of both SHMOF and SMF are assumed to be
the same over the core cross section of the fiber. Moreover, the Bragg wavelength shifts are
ascribed to the variation in the refractive index of the fiber core, since the thermo-optic effect
dominates over the thermal expansion effect [26]. Based on Eqs. (1) and (2), the first four bars in
Fig. 14 summarize the stress changes between the SGs and RFBGs in both SHMOF and SMF
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under general regeneration and rapidly heated regeneration conditions. A higher change in stress
is observed for SHMOF compared to that of SMF after general grating regeneration. Although,
almost half the change in stress is observed for the RFBGs in SHMOF fabricated through the
rapid heating procedure compared to that of the general regeneration process, ∼12 times higher
stress change is observed for these RFBGs compared to those in SMF produced during the
rapid heat treatment. This considerably low stress change in the RFBG of rapidly heated SMF
compared to its SG, sheds some light in understanding the thermal decay characteristics and
the poor temperature sustainability of rapidly heated RFBGs [Figs. 9(a) and (c)]. The abrupt
change in temperature during rapid heating, inhibits stress relaxation of the RFBGs in SMF
significantly compared to those in SHMOF, in which the presence of air holes compensates for
this adverse effect. The last two bars in Fig. 14 indicate the stress change experienced by the
RFBGs after the rapid cooling treatment [Fig. 11(b)]. A negative stress change of ∼3×106 kg/m2

and ∼2×106 kg/m2 are observed for the RFBGs in SHMOF and SMF, respectively. The annealing
treatment conducted prior to the rapid cooling treatment aids in residual stress relaxation and the
air quenching treatment restores stress. Hence, these negative stress changes represent the overall
stress changes that occur in the optical fibers.

Fig. 14. Variation of stress in the fiber core of RFBGs in SHMOF and SMF after grating
regeneration, rapid heating and rapid cooling tests.

In the light of the investigations, despite the thermal treatment, RFBGs in SHMOF tend to
exhibit a similar thermal response although, a highest withstanding temperature with a good
spectral profile is observed for the rapidly heated condition. In contrast, for the RFBGs in SMF,
the best spectral response and a highest withstanding temperature is observed for the rapid
cooling condition. This is a significant improvement compared to its rapidly heated condition or
the general heating condition. Evidently, the air holes present in SHMOF plays a vital role in
controlling and compensating the thermal stress introduced to the core of the fiber during these
varying thermal treatments thereby, signifying a similar thermal response irrespective of the
drastic conditions experienced by the RFBGs. Hence, these microstructured optical fibers will be
excellent candidates for environments with rapid temperature fluctuations. In depth investigations
on the material properties of the optical fibers are still required to understand the underlying
mechanisms responsible for the resurgence of RFBGs. Therefore, material characterization using
XRD and micro-Raman spectroscopy is considered as the future direction of this research study.

6. Conclusion

In this study, we have conducted a comprehensive investigation on the thermal regeneration
characteristics of RFBGs in SHMOFs and SMFs and their maximum sustainable temperatures.
Continuous temperature ramping in an RFBG leads to the formation of an R2FBG in both SHMOF
and SMF. A highest withstanding temperature of 1450 °C and 1350 °C were observed for the
R2FBGs in SHMOF and SMF, respectively. Revelation of these R2FBGs consisting of a single
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constituent can lead to broadening the horizons in the development of temperature sensors for
ultra-high temperature sensing. Furthermore, in an attempt to improve the maximum sustainable
temperature of RFBGs, we have demonstrated the impact of two different annealing techniques
on the regeneration properties of the RFBGs in both SHMOFs and SMFs. RFBGs in SHMOFs
indicated a similar thermal response under these extreme conditions compared to those of SMFs
emphasizing the significance of the air-hole structure in controlling and compensating the stress
changes introduced when exposed to drastic temperature variations. The enhancement of the
temperature sustainability of the RFBGs in SMF under the rapidly cooled condition compared to
the rapidly heated condition is noteworthy as well. Moreover, the stress changes in the RFBGs of
the two types of optical fibers under each treatment were determined and comparisons were made
based on the obtained experimental results. The findings in this study will further contribute in
understanding the origins and limitations of RFBGs in the development of ultra-high temperature
sensors with optimal performance.
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