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Stability of grating-based optical fiber sensors at
high temperature

Stephen C. Warren-Smith, Erik P. Schartner, Linh V. Nguyen, Dale E. Otten, Zheng Yu, David G.
Lancaster, and Heike Ebendorff-Heidepriem

Abstract—We present a comparison of four different grating-
based optical fiber high temperature sensors. Three of the sensors
are commercially available and include a heat treated, twisted
(chiral) pure-silica microstructured optical fiber, a femtosecond
laser written Bragg grating in a depressed cladding single mode
fiber and a regenerated fiber Bragg grating. We compare these to
an in-house fabricated femtosecond laser ablation grating in a
pure-silica microstructured optical fiber. We have tested the
sensors in increments of 100°C up to 1100°C for durations of at
least 24 hours each. All four sensors were shown to be operational
up to 900°C, however the two sensors based on pure-silica
microstructured fiber displayed higher stability in the reflected
sensor wavelength compared to the other sensors at temperatures
of 700°C and higher. We further investigated high temperature
stability of silica suspended-core fibers with femtosecond laser
inscribed ablation gratings, which show improved stability up to
1050°C following thermal annealing. This investigation can be
used as a guide for selecting fiber types, packaging, and grating
types for high temperature sensing applications.

Index Terms—Optical fiber sensors, fiber Bragg gratings,
temperature measurement.

I. INTRODUCTION

ptical fibers are attractive for temperature sensing as they

are small, light-weight, immune to electromagnetic
interference, resistant to corrosion, and can provide either
distributed or multi-point sensing [1, 2]. Grating based
temperature sensors are particularly attractive for applications
where localized sensing is required and can act as an immediate
replacement to existing electrical (e.g. thermocouple) sensors.
However, conventional fiber Bragg grating (FBG) fabrication
techniques, whereby ultra-violet light is used to induce periodic
refractive index modulations in photosensitive glass, can
operate to only several hundred degrees Celsius before failing
[3].

Grating based sensors that operate at higher temperatures are
an area of active research. One approach is to anneal a
conventional FBG in a doped-silica single-mode fiber (SMF) to
form what is known as a regenerated FBG [4-7]. These gratings
have been demonstrated to survive at temperatures up to
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1295°C [8]. Alternatively, twisted fibers can be heat treated to
induce permanent chiral gratings such as long period gratings
and Bragg diffraction gratings [9-11]. Another promising
technique is the use of a femtosecond (fs) laser to write damage
(type II) gratings [12, 13]. We have previously shown this latter
technique is particularly effective if used to create surface
ablation FBGs in pure-silica microstructured optical fibers
(MOF) [14].

The optical fiber material type is also a critical parameter
when considering the high temperature operation of optical
fiber sensors. Significant attention has been given to FBGs
inscribed into sapphire crystal fibers, which can operate in
excess of 1400°C [15, 16]. However, sapphire crystal fiber is
generally limited in length due to high loss and is unstructured
(cladding-less) fiber. This results in a high numerical aperture
fiber that supports the propagation of a large number of higher-
order modes, thus giving a broad FBG reflection spectra. This
broad reflection limits the multiplexing capability, such as to
three FBGs within a 100 nm spectral bandwidth [17] and
restricts the temperature measurement resolution.

In this paper, we focus our attention to commercially
available and simple-to-fabricate silica-based optical fibers,
which are suitable for long-length multiplexed sensing and can
be readily integrated with standard telecommunications
equipment. The different grating types considered in this paper
have previously been shown to survive very high temperatures;
however, an important factor to consider is the stability of the
reflected wavelength. This ultimately dictates the temperature
sensing error and thus usability of the sensors for specific
applications. In this paper, we test and directly compare four
different high temperature gratings, three of which are
commercially available, and report on their long-term high-
temperature wavelength stability. In light of our results, we
discuss the potential mechanisms for drift at extreme
temperatures, which includes stress-relief in the glass material,
devitrification, dopant diffusion, and interaction with
packaging materials.
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II. SENSOR DESCRIPTION AND OPTICAL MEASUREMENT

Four optical fiber temperature sensors were tested, including
three commercially available sensors, and one in-house
fabricated sensor. In this paper we refer to the sensor by the
grating and fiber type, noting that a complete sensor also
consists of packaging (described below).

a. Chiral grating in pure silica MOF (Chiral Photonics,
HTS-1000, United States of America). The sensor consisted of
a 15 mm grating that was made by twisting a pure-silica MOF
and passing it through a small heat zone at a temperature above
the softening point of silica [18, 19]. While the pitch of the
grating is the order of tens of microns, the reflection spectrum
has been established as being generated through diffraction of
the core fundamental mode into free space rather than as a long
period grating with coupling to higher order modes [10]. While
having been demonstrated as being stable at temperatures up to
900°C [18, 19], a limitation of this sensor design is that there is
limited scope for multiplexing due to the broad grating
response. The sensor comes sheathed in a glass capillary, with
the capillary over-sheathed with a nickel-chromium-iron-
molybdenum alloy capillary tube and was used as received. The
sensor was manufacturer-specified to have a maximum
temperature limit of 900°C and have been demonstrated as
stable within 0.0005°C/hr at this temperature [19].

b. Regenerated FBG in doped silica core SMF (Cal-Sens,
Spain). Regenerated FBGs are formed by first creating a
standard UV-inscribed FBG in hydrogen-loaded doped-silica
SMF. The grating is then annealed at high temperature to form
a secondary regenerated grating, which generally has
reflectivity in the order of 10-15 dB lower than the original seed
grating [6]. The mechanism by which these gratings are formed
is still debated, but current theories suggest a combination of
atomic diffusion, stress-induced densification, and micro-
crystallization (devitrification) at the core-cladding interface is
occurring at the elevated annealing temperatures [5, 8]. The
sensor comes sheathed in a ceramic tube and was used as
received. The sensor was manufacturer specified to be suitable
for temperature monitoring up to 1000°C.

¢ fs-written FBG in doped-silica depressed-cladding SMF
(Loptek, Germany). The sensor consisted of a fs-laser written
type-Il FBG in a depressed-cladding (fluorine doped) pure
silica core SMF. The fiber comes coated with polyimide,
sheathed in stainless steel, and was used as received. The sensor
was supplied with a calibration to 400°C and was specified as
being suitable for use up to 1000°C.

d. fs-ablation FBG in pure silica suspended-core
microstructured optical fiber (SCF) (University of Adelaide,
Australia). The sensor was an in-house fabricated pure-silica
SCF [Fig. 1(a)] with a fs-laser written ablation grating [Fig.
1(b)], with similar specifications as previously reported [14].
Briefly, the grating was fabricated using a wavelength-doubled
(524 nm), ultra-fast laser (IMRA DE0210) with pulse duration
< 250 fs. The pulse frequency was set to 100 kHz and down
sampled to 1 kHz using a pulse picker. The pulse energy was
approximately 100 nJ. The laser pulses were focused from a 4
mm diameter beam using a 50% microscope objective (Nikon
MUE13500) onto the surface of the core of the SCF by focusing

Fig. 1. Scanning electron microscope image of (a) the SCF cross-section, and
(b) the femto-second laser ablation grating. Reprinted from [14].
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Fig. 2. Reflected spectra from (a) a chiral diffraction grating in a pure-silica
MOF, (b) a regenerated FBG in a hydrogen loaded doped-silica core SMF (c)
a fs-written grating in a doped-silica depressed cladding SMF, and (d) a fs-
ablation grating in a pure-silica SCF. In (a) the original spectrum is shown as
a solid-black line, the inverted spectrum shown as a dashed-black line was
used in the measurements to be compatible with the peak tracking software
used. The color of each spectrum corresponds with the results shown in Sec.
3.

through the cladding. The fiber was then translated along its
axis to produce an FBG with a pitch of 1.064 pm giving a

second order FBG at 1527 nm. The fiber was then spliced to
SMF28E using an arc splicer (Fujikura FSM-100P), and the
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distal end of the fiber sealed using the splicer to prevent
contamination of the internal fiber holes. The fiber was
packaged within an in-house drawn fused silica glass capillary.
The capillary end was fused, again to prevent contamination of
the fiber surface.

The reflection spectrum of each sensor was recorded using
an optical fiber interrogator based on a swept laser source
(National Instruments, PXIe-4844). Example spectra at room
temperature for each sensor are shown in Fig. 2. The peak
reflected wavelength of the sensors was recorded throughout
the duration of the experiments. Note that the chiral grating has
two spectral dips, rather than a reflected peak, thus the spectrum
was inverted (shown in red) and the long wavelength peak was
selected for tracking.

III. STABILITY AT HIGH TEMPERATURE

The optical fiber sensors were inserted into the centre of a
tube furnace (ModuTemp) and co-located with a K-type
thermocouple (Fig. 3). The furnace set-point was increased in
increments of 100°C every 24 hr, with the exception of being
held at 700°C for approximately 300 hr, and being held at
1000°C and 1100°C for 48 hr each in order to test stability over
longer periods of time. The reflected wavelength of each
grating was tracked continuously and the drift over time is
shown in Fig. 4 for temperatures of 600°C and above. At
temperatures below 600°C none of the sensors exhibited drift
beyond the resolution of the optical sensor interrogator used (4
pm). Note that the figures show a slightly shorter duration than
described above as the period where the furnace temperature
was stabilizing is not shown here.

4 x co-located grating sensors + thermocouple
(mounted on stainless-steel support bar)

FBG interrogator
National Instruments
(PXle-4844)

LLL

Fig. 3. Experimental setup for comparing the high temperature stability of the
four sensors.

Tube furnace

The results show that all four sensors are relatively stable up
to 600°C, while at 700°C and above the two sensors based on
doped fibers (b and c) undergo significant drift. Over 300 hr at
700°C the fs-laser written FBG in the depressed cladding fiber
(c) experienced a net drift of approximately 0.40 nm (1.3 pm/hr)
and the regenerated FBG (b) drifted by 0.15 nm (0.5 pm/hr).
This corresponds to a temperature measurement error of
approximately 2.4°C/day and 1.4°C/day, respectively, based on
a temperature response of 13.4 pm/°C.

The two sensors based on pure silica MOFs, the chiral grating
(a) and the fs-laser ablation FBG (d), show negligible drift up
to 900°C. At 1000°C and 1100°C drift was observed for all
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Fig. 4. Drift in the peak wavelength position of the four sensors when held at

sequentially higher temperatures. Note that the sensors were held at 700°C for

an extended duration of 300 hr. The secondary y-axis (AT) is based on the

measured sensitivity of the SCF sensor from room temperature to 700°C of
13.4 pm/°C and is shown as an approximate indicator of the temperature error

sensors. However, this drift did not increase as a one-to-one
function with temperature. For example, the regenerated FBG
showed a greater drift at 900°C compared to 1000°C, indicating
a level of annealing at the lower temperatures.

While the focus of this paper is on the wavelength drift,
rather than reflectivity, we note that the fs-laser written FBG
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within silica-core step-index fiber showed significant
degradation at 1000°C, and had complete grating erasure before
reaching 1100°C. The remaining gratings exhibited slow
degradation in FBG reflection strength at 1100°C. Given that
the maximum calibrated temperature sensing range for each
supplied sensor was 900°C, 1000°C and 400°C for the chiral,
regenerated and fs-laser gratings, respectively, the
manufacturer specifications have been found to be generally
consistent with the measured survivability and drifts measured.

These results indicate that chiral and fs-laser ablation FBGs
in pure silica fiber offer good wavelength stability at high
temperature. As these fibers do not rely on dopants for their
wave-guiding properties they will not exhibit dopant diffusion,
which is known to affect stability of optical fiber sensors at high
temperature [20] or used advantageously to create thermally
expanded core fibers [21]. However, at temperatures
approaching the annealing point of silica it is seen that drift will
begin to occur, which is likely a combination of relaxation of
stresses formed during fiber drawing and grating writing, and
potentially the devitrification (growth of B-cristobalite) of silica
glass [22].

Devitrification of silica glass may play a prominent role in
regards to the surface treatment and protection of the optical
fiber sensors. Temperatures up to 1100°C are below the glass
transition temperature of silica and extrapolated crystal
formation rates from higher temperatures [22] predicts internal
crystallization rates of vitreous silica that are negligible.
However, this is under the condition of a contamination free
surface. Surface contaminants can considerably accelerate
crystallization [23] and are a well-known cause of fiber fragility
[24]. This suggests the importance of packaging for optical
fiber high temperature sensors, both in terms of ensuring a clean
surface during packaging and preventing further contamination
after packaging. We observe that the two sensors that
demonstrated the best stability in this study, the chiral grating-
based sensor and the SCF sensor, were packaged in silica glass
capillary. This provides a cleaner and smoother surface due to
being fire-polished when drawn, and will not shed particles as
can be the case for ceramics or oxidized stainless steel at high
temperature. The silica capillary also does not have a thermal
expansion mismatch with the optical fiber.

TABLEI
DIFFERENCE IN FBG REFLECTION WAVELENGTH ACROSS TWO CONSECUTIVE
ANNEALING CYCLES
Al A\ AT AT
FBG (pm) (pm) 0) 0)
1 156 32 8.9 1.8
2 116 8 6.6 0.5
3 156 28 8.9 1.6
4 296 52 16.9 3.0

“The temperature difference values (AT) are based on the average measured
sensitivity of the annealed SCF sensors in the following experiment (Fig. 3)
from 1000°C to 1100°C (17.5 pm/°C) and is for a guide only.
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Fig. 5. Two-day comparison at 1000°C, 1050°C and 1100°C after SCFs with
fs-laser ablation FBGs were annealed compared to three that were non-
annealed. The secondary y-axis (AT) is based on the average measured
sensitivity of the annealed SCF sensors from 1000°C to 1100°C (17.5 pm/°C)
and is for a guide only. Note that the scale on the y-axis in (b) is different to
(a) and (c) to accommodate the larger drift values.

IV. ANNEALING OF SILICA SCFs

We prepared seven new nominally-identical SCFs with fs-
laser ablation FBGs to investigate the cause of drift at higher
temperatures (> 1000 °C), in particular whether this drift is
primarily due to stress, which can be removed via annealing, or
crystallization, which cannot. These gratings were prepared
with similar specifications as those used in the test described in
Sec. 3, but with a grating length of 2 mm instead of 10 mm and
a room-temperature reflection wavelength of 1550 nm. The
shorter grating length was used due to improvements found in
the FBG reproducibility when writing shorter lengths, as the
fiber is effectively straighter over the shorter length, and is not
expected to have different thermal properties compared to the
longer 10 mm gratings.

The sensors were packaged as described above in silica
capillaries and placed into a tube furnace (Across International,
TF1700) with the gratings at the centre position of the furnace
and the temperature referenced with an R-type thermocouple.
Four of the fibers were annealed by twice raising the
temperature above the strain point of fused silica and holding
for four hours, followed by cooling to 1000°C at 1°C/min and
then passively cooling to room temperature (< 10°C/min). The
remaining three sensors were not annealed. The difference in
grating wavelength position after each annealing step compared
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to before each annealing step, AA, is shown in Table 1 and
shows significantly reduced, though non-zero, drift over the
second annealing step. Increased annealing duration time, or
repeated annealing cycles, is expected to further reduce the drift
in FBG reflection wavelength, as has been shown for other
microstructured ~ optical ~ fiber  temperature  sensing
configurations [25].

The FBGs were then heated consecutively to temperatures of
1000°C, 1050°C and 1100°C, and held for 48 hours each. Note
that the annealed and non-annealed sensors were tested in
independent trials, but with the same experimental conditions.
The resulting drift recorded in the FBG reflection wavelength
is shown in Fig. 5. Note that the time duration shows less than
48 hours, as time taken to stabilize the furnace has not been
included.

The results of Fig. 5 show that thermal annealing above the
strain point (1125°C for fused silica) is an effective strategy for
improving the thermal stability of fs-laser ablation FBGs in
pure silica SCFs. In particular, the annealed sensors (4 x grey
curves in Fig. 5) exhibit significantly less variability in the drift
compared to the non-annealed sensors (3 x colored curves in
Fig. 5). Noting, however, that the non-annealed sensors showed
improved stability at 1100°C compared to 1050°C, likely due
to a degree of thermal stabilization that occurred while being
previously held at 1000°C and 1050°C for 48 hr each.

Drifts no greater than 1 pm/hr were measured following
thermal annealing, with average drifts of 0.36 pm/hr, 0.15
pm/hr and 1.0 pm/hr recorded at temperatures of 1000°C,
1050°C, and 1100°C, respectively. The average sensitivity of
the gratings to temperature over the range of 1000°C to 1100°C
was measured to be 17.5 pm/°C, thus the average drift values
correspond to 0.5°C/day, 0.2°C/day and 1.4°C/day at
temperatures of 1000°C, 1050°C, and 1100°C, respectively.

At 1100°C a small decay in the grating reflection strength
was also measured, at approximately 0.1 dB/day. Detailed
analysis of the mechanism for grating decay, particularly at
higher temperatures, is beyond the scope of this study and is the
subject of continued investigation.

The thermal annealing allows the stresses in the glass
induced by fiber drawing and fs-laser writing to be relaxed. It
is known that fs-laser ablation results in a two-component
modification. The physical defects (ablation holes) caused by
multi-photon ionization are a permanent modification, but this
is surrounded by a region of increased density due to thermal
changes [26, 27]. Thermal annealing likely removes stresses
related with the latter, forming a thermally stable index-
modulation based only on irreversible removal of material.

V. CONCLUSIONS

Four grating-based optical fiber temperature sensors,
including three commercially available sensors, were tested at
high temperature for stability of the reflected wavelength. Two
sensors were based on doped silica fibers, which showed
stability up to 600°C, with measurable drift at 700°C and above.
The two sensors that were based on pure-silica MOFs showed
good stability up to 900°C.

The in-house fabricated SCF with fs-laser ablation FBGs
offers high temperature stability equivalent to a sensor drift of
less than 0.5°C/day up to 1050°C after annealing. This is higher
than comparable thermocouple sensors, such as 1.5°C drift over
1000 hr at 1000°C using type K thermocouples (0.036°C/day)
[28], However, the potential for multiplexing of sensing points
along a single fiber means that FBG high temperature sensors
are likely to play an important role in applications requiring a
high density of measurement points.
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