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Abstract. To achieve better designs for spacecraft heat shields for missions requiring atmospheric aero-capture
or entry/reentry, reliable thermal protection system (TPS) sensors are needed. Such sensors will provide both
risk reduction and heat-shield mass minimization, which will facilitate more missions and enable increased pay-
loads and returns. This paper discusses TPS thermal measurements provided by a temperature monitoring
system involving lightweight, electromagnetic interference-immune, high-temperature resistant fiber Bragg gra-
ting (FBG) sensors with a thermal mass near that of TPS materials together with fast FBG sensor interrogation.
Such fiber-optic sensing technology is highly sensitive and accurate, as well as suitable for high-volume pro-
duction. Multiple sensing FBGs can be fabricated as arrays on a single fiber for simplified design and reduced
cost. Experimental results are provided to demonstrate the temperature monitoring system using multisensor
FBG arrays embedded in a small-size super-light ablator (SLA) coupon which was thermally loaded to temper-
atures in the vicinity of the SLA charring temperature. In addition, a high-temperature FBG array was fabricated
and tested for 1000°C operation, and the temperature dependence considered over the full range (cryogenic to
high temperature) for which silica fiber FBGs have been subjected. © 2016 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.OE.55.11.114101]
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1 Introduction
A thermal protection system (TPS) is an essential spacecraft
subsystem that shields the vehicle structure and payload from
the high heating loads encountered during launch and re-
entry. Moreover, the TPS is a single-point failure subsystem
for any vehicle traveling at hypersonic speeds in an atmos-
pheric environment. On the other hand, an effective TPS
enables safe deployment of in situ science instruments using
small probes1 and landers as well as other instrumented
systems. Currently, there are two types of TPS technology:

• Reusable
• Ablative

Reusable TPS applications typically are limited to rela-
tively mild entry environments such as that of the space shut-
tle. No change in the mass or properties of the TPS material
results from entry with a significant amount of energy being
reradiated from the heated surface (usually using a surface
coating with high emissivity) and the remainder conducted
into the TPS material.

Ablative TPS applications include all NASA planetary
entry probes to date. In contrast to reusable TPS, ablative
TPS accommodate high heating rates and heat loads through
phase change and mass loss. More specifically, an ablative
TPS protects a vehicle via thermochemical phenomena,
which include:

• an ablation process that lifts the hot shock layer gas
away from the vehicle;

• heat absorption by the ablative material leaves the
vehicle undamaged as the material ablates away;

• the creation of a char layer, which is an effective insu-
lator and also effective at blocking radiated heat from
the shock layer.2

There are several different types of ablative materials
used for TPS but, in recent years, NASA has tended to use
lightweight ablators such as:

• Phenolic impregnated carbon ablator (PICA): devel-
oped by NASA Ames Research Center (ARC) in
the 1990s and used in the Stardust Sample Return
Mission forebody heatshield3,4 and the Mars Science
Laboratory (MSL);5,6

• PICA-X: developed by SpaceX for the Dragon space
capsule;

• Silicone impregnated reusable ceramic ablator
(SIRCA): developed by NASA/ARC and used on
the backshell of the Mars Pathfinder;7

• Superlight ablator (SLA): SLAs such as SLA-561 and
SLA-7418 composed of silicone resin with cork, phe-
nolic microballoon, silica microballoon, and refractory
fiber fillers were developed in the 1960s. Today, the
best known SLA is SLA-561V,9,10 which is a propri-
etary ablative (ablator packed in a honeycomb core)
made by Lockheed Martin that has been used as the
primary TPS material on the 70-deg sphere-cone
entry vehicles sent to Mars by NASA (e.g., Viking
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and Pathfinder)11 and on the backshell of the Stardust
Sample Return Mission;

• Avcoat: manufactured by HR Textron and applied to
the Apollo and reformulated for the Orion.12

Such TPS materials, while reasonably effective in certain
applications, are often incompletely characterized and diffi-
cult to apply universally. There remains a need for new,
well-characterized, more robust ablative TPS materials.
Uncertainties in computational fluid dynamics (CFD) and
material thermal response models, however, are significant
and limit the ability to design and validate new and improved
ablators for future space missions involving atmospheric
reentry. Accordingly, validation by relevant ground (e.g.,
arc-jet test13) and flight data are critical. Appropriate TPS
instrumentation can provide accurate, repeatable data during
ground- and flight-testing. This, in turn, can provide needed
traceability of TPS sizing and material performance14,15 lead-
ing to higher fidelity models and design tools, which in turn
will enable reduced risk and decreased TPS mass in future
entry/reentry systems. Such improvements will enable cer-
tain space missions that are not otherwise feasible, and
directly increase science payload and returns,16 enabling,
e.g., small probes to carry more, remain light, and become
safer/less likely to burn up during reentry.

Until 2012, the majority of TPS flight data was acquired
in the 1960s,17 in support of Apollo, with later planetary/
science mission vehicles, including Stardust, being largely
unsuccessful.13 The successful performance through “seven
minutes of terror” of the MSL Entry, Descent, and Landing
Instrumentation (MEDLI)6 provided a very valuable step-
ping-stone toward alleviating the limited TPS flight data
available.

There remains, however, a need to build upon and further
improve the MEDLI instrumentation. Currently, thermocou-
ples form a key part of instrumented plugs for heat shields
such as the MEDLI6 (see Fig. 1) and MEDLI2.18 These ther-
mocouples have limitations in terms of response speed and
wiring required for each thermocouple. Multiplexed fiber-
optic sensors, which are surprisingly resistant to a range
of harsh environments,19–22 have the potential to alleviate
these problems—multiple sensors can be placed on a sin-
gle-electromagnetic interference-immune optical fiber with
TPS compatible thermal mass and have the potential for
compact and minimally invasive integration into thermal pro-
tection structures23 including small-size TPS plugs similar to
those that were installed in the MSL heat shield (Fig. 1).

Fiber-optic sensors that can be used for high-temperature
sensing include fiber Bragg gratings (FBGs)19–22 and

long period gratings (LPGs)24–27 both reviewed in the
Appendix as well as fiber Fabry–Pérot (FP)28 sensors.
FBG sensors allow for the greatest multiplexibility with
arrays of many sensors supported on a single optical fiber
of which only one end is required to be attached to instru-
mentation. While other sensor systems, such as LPGs, can be
multiplexed, FBGs are significantly shorter in length, which
allows for better spatial resolution in multiplexed sensor
systems. The FBGs used in this study are 4 mm in length,
compared to LPGs which can be in the 50-mm range.27

Furthermore, in addition to thermal (multi-point temperature
and heat-flux) sensing, grating-based sensor systems have
a significant advantage in terms of multifunctionality in
that they lend themselves to support of multiple sensors
types that could find usage in both (a) a spacecraft’s TPS
such as dynamic strain/vibration/acceleration,29 pressure,30,31

and recession sensors, and (b) internal to a spacecraft,
e.g., humidity.27

In this paper, we provide experimental results to demon-
strate an IFOS-developed temperature monitoring system
based on parallel processing FBG interrogation20,29 and
implemented for (a) a high-temperature FBG array operating
to 1000°C and (b) two multisensor FBG arrays (total eight
sensors) embedded in the 50 mm × 25 mm cross section of a
small-size SLA coupon which was thermally loaded in
multiple tests to temperatures ranging from 200 to 280°C.
In particular, in Sec. 2, we describe sensor characterization
with two example FBG arrays, one of them to 1000°C. In
Sec. 3, we describe the design and integration of two sensor
arrays into a small-size SLA TPS coupon. In Sec. 4, we
describe the thermal loading of this coupon and provide
measurement results. Conclusions are presented in Sec. 5.
FBG sensor temperature dependence over the extreme tem-
perature ranging from close to absolute zero to 1200°C is
discussed in the Appendix.

2 Sensor Calibration

2.1 Fiber Bragg Grating Temperature Dependence

FBG-based temperature sensing is performed by tracking the
(Bragg) wavelength reflected by the FBG. While it is com-
monly assumed in the literature that the Bragg wavelength
dependence on temperature is linear, taking into account a
quadratic correction32 due to material dispersion,33 dnðλÞ∕
dT, leads to more accurate results over expanded temperature
ranges. In particular, the change in Bragg wavelength δλB
with respect to Bragg wavelength λBo at temperature To
as a function of temperature T ¼ To þ δT is usually written

Fig. 1 (a) MEDLI instrumented sensor plug (MISP) with multiple wires. (b) MISPs installed in MSL flight
heat-shield—source: Ref. 6.
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EQ-TARGET;temp:intralink-;e001;63;599δλB ¼ λBðξþ αÞδT; (1)

where α is the thermal expansion coefficient, and ξ is the
thermo-optic coefficient of the optical fiber. The coefficient
of thermal expansion and thermo-optic coefficient of silica at
room temperature are known to be α ¼ 0.55 × 10−6∕°C and
ξ ¼ 8.6 × 10−6∕°C, respectively, which results in a theoreti-
cal temperature dependent wavelength shift of ∼13.7 pm∕°C
near 1500 nm around room temperature for a typical FBG.
However, in general, ξ is a function of temperature, and this
must be taken into account over the extended temperature
ranges encountered by TPS. The nonlinear dependence of
λB on δT can be written in the form

EQ-TARGET;temp:intralink-;e002;63;456λB ¼ λBo þ a1δT þ a2δT2 þ : : : (2)

Alternatively, if wavelength is measured, then tempera-
ture T can be determined using an expansion of the form

EQ-TARGET;temp:intralink-;e003;63;402T ¼ To þ b1δλB þ b2δλ2B þ : : : (3)

where bn are experimentally determined calibration coeffi-
cients. Explicit second and third-order expansions for T
are given for example fibers in Secs. 2.3 and 2.4.

2.2 Test Setup for Fiber Bragg Grating
Characterization

Schematic of Fig. 2 and the photographs of Fig. 3 are the
setup that was implemented to determine the basic temper-
ature (and strain)-dependent properties of the FBGs, with a
focus on determining fractional wavelength shift as a func-
tion of temperature.

2.3 Calibration of High-Temperature Fiber Bragg
Grating Array to 1000°C

The objective was to demonstrate survivability of a grating
array (fabricated for measuring differential temperatures) at
elevated temperature. We also wanted to show survivability
when subjected to tensile loading during and after high-
temperature treatment as some tensile loading may occur
during a heat-shield operation, and degradation of strength
would not be desirable in such circumstances. The array
consisted of two type II-IR gratings with room-temperature
wavelengths of ∼1529 and 1549 nm in “self-clad” fiber
(with a large diameter silica cladding). This array was
taken to nearly 1000°C over a period of 85 min, and sub-
jected to ∼6.8 ksi of tensile force (applied by hanging
0.6 kg to the end of the fiber) without breaking.
Figure 4 shows the spectrum of the two-FBG array for
several temperatures. We note a shift of ∼13 nm as the tem-
perature is increased from room temperature to close to
1000°C.

The thermocouple response and FBG wavelength shift as
a function of time are plotted in Fig. 5. We observe a similar
time response in both data sets, as expected.

The calibration obtained from this test is plotted in
Fig. 6. A third-order polynomial given in Fig. 6 was
used to fit the FBG temperature response data in the temper-
ature range from 33 up to 1000°C. Rewriting in terms of
a typical room temperature of 22.5°C gives for these type
II-IR FBGs:

Fig. 2 Temperature characterization setup for assessing the temper-
ature performance of gratings and conducting strain tests by providing
tension on the fiber gratings with hanging weights.

Fig. 3 (a) Setup for FBG characterization to 1000°C tests showing furnace, interrogation equipment, and
display. (b) Zoom of FBG interrogation readout showing real-time tracking of FBG wavelengths. (c) One
end of furnace at 1000°C with reference thermocouple probe and FBG sensor array inserted through
the foil covering.
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EQ-TARGET;temp:intralink-;e004;63;236

T∕°C ¼ 22.5þ 1.5648 × 105ðδλB∕λBÞ
− 1.0926 × 107ðδλB∕λBÞ2
þ 6.17 × 108ðδλB∕λBÞ3 to 1000°C (4)

While at 990°C, we subjected the FBG array to 6.78 ksi
tensile stress (46.7 MPa) by hanging 600 g on the end of the
fiber. Following cooling, we subjected the FBG array to 18.1
ksi tensile stress by suspending 1.6 kg on the end of the fiber
without any signs of breakage.

2.4 Calibration of Fiber Bragg Grating Arrays for
SLA Experiments to 300°C

Using the setup of Figs. 2 and 3, we also characterized the
temperature dependence of two of the type I FBGs to be

used for the SLA experiments described in Sec. 3. For
this smaller temperature range, we found that the temper-
ature dependence was well approximated by a second-order
polynomial as shown in Fig. 7 for the two FBGs—the frac-
tional wavelength dependence is almost identical for each
of them. This result forms the basis of the wavelength-to-
temperature conversion used to generate the temperature
versus time plots at the end of Sec. 3. Rewriting in
terms of a typical room temperature of 22.5°C gives for
these type I FBGs
EQ-TARGET;temp:intralink-;e005;326;406

T∕°C ¼ 22.5þ 1.5887 × 105ðδλB∕λBÞ
− 1.56 × 107ðδλB∕λBÞ2 to 300°C: (5)

Comparison with of type-I results of Sec. 2.4 with type II-
IR results of Sec. 2.3: For both types of FBGs, we find the
empirical rule of thumb that to lowest order:

EQ-TARGET;temp:intralink-;e006;326;334δT ∼ 1.6°C × 105δλB∕λB; (6)

Fig. 5 (a) Thermocouple temperature versus time. (b) FBG wave-
length vs time (2 s∕sample).

Fig. 6 Calibration curve for high-temperature FBGs deduced from
the results in Fig. 5.

Fig. 4 FBG array spectrum for several temperatures.

Fig. 7 Temperature versus fractional wavelength shift for two of the
FBGs used for the SLA tests.
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i.e., a fractional wavelength change of 10−5 implies ∼1.6°C
temperature change for strain-free FBGs, which at 1550 nm
translates to the well-known order-of-magnitude result of
∼0.1°C per picometer of wavelength change. This depend-
ence, however, can depend significantly on temperature as
discussed in the Appendix and seen in the example results
of Fig. 17.

We also remark that over the range from room tempera-
ture to 300°C, as can be understood from the quadratic terms
in Eqs. (4) and (5), a slightly larger nonlinear wavelength
shift per °C of temperature change is seen for the type I
FBG measurement results of Fig. 7 versus the type II-IR
FBGs of in Fig. 6.

3 Sensorized Thermal Protection System Coupon
A single-SLA specimen was sensorized with two arrays of
four annealed type-I FBG sensors. The SLA specimen, pro-
vided by NASA/ARC, had the dimensions shown in the
CAD drawing of Fig. 8(a). In these experiments, the speci-
men was heated on the bottom surface, whereas the top sur-
face was unheated to provide a thermal gradient through the
TPS material.

Two arrays of FBG sensors were first embedded into the
specimen. One array was parallel to the bottom surface at
a depth of 4 mm and the other was angled as shown in
Fig. 8(b). The FBG sensors in the horizontal sensor array
were labeled h1 to h4. Similarly, the FBG sensors in the
diagonal sensor array were labeled d1 to d4. Note that sensor
h1 was extremely close to the edge of the specimen. It was,
therefore, expected that the temperature measurements from
this sensor would be noisy due to convection along the outer
edge of the specimen. This expectation is supported by the
experimental results presented in Sec 4.

4 Thermal Loading of Thermal Protection System
Coupon

Two sets of temperature loading tests were performed on the
SLA sample.

In the “first set of tests,” the maximum applied temper-
ature was limited to 250°C to prevent char of the material.
In the 22 to 250°C temperature range, the temperature con-
trol of a hot-press (used for composite laminate manufactur-
ing) was able to maintain the required temperatures. The
specimen was place on the lower platen which was heated
to 200°C. The upper platen was not heated and the two plat-
ens were separated the maximum distance so as to not affect
the airflow around the specimen. Active cooling of the plat-
ens was not used. Therefore, the lower platen temperature
was independently measured with a noncontact infrared ther-
mometer before the specimen was placed on the platen. At

Fig. 8 (a) Sketch of SLA TPS sample with embedded optical fiber
sensors. (b) Vertical cross-section showing placement of FBG sen-
sors in TPS sample in the plane of the optical fibers as seen in
Fig. 7(a). FBG wavelengths are indicated in nanometers and dimen-
sions are in millimeters.

Fig. 9 IR thermal image of lower platen once heated (colors represent
temperature in °C indicated on the right).

Fig. 10 Photograph of test specimen on hot platen. The optical fibers were supported by the stainless
steel rod in the foreground to prevent them from touching the platen.
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the start of testing, the actual platen temperature at this point
varied from 195 to 205°C between the individual tests.

For each test, the lower platen was heated until the tem-
perature had stabilized. A location on the platen was marked
such that the temperature was always measured at the same
location, and the specimen was centered on this location.
A thermal image of the lower platen was collected with
an IR camera (Cedip Infrared Systems Titanium 560 M)
to measure the temperature variations across the platen.
Since the image was taken from the side of the hot-press,
the image field of view that was in focus was limited. An
example thermal image of the heated platen is shown
in Fig. 9.

As instrumentation (Fig. 10), IFOS parallel processing
peak tracking (I*Sense 48K) and full-spectrum (D*Sense)
FBG interrogators were used. All FBG wavelengths were
measured simultaneously with the I*Sense while the
D*Sense, which provided backup and allowed verification
of the FBG spectral forms. Since the temperature changes
were expected to happen relatively slowly, sampling was
at ∼9 Hz. The I*Sense 48K system does, however, have
the capability of sampling at up to 6 kHz.

For each test, the FBG instrumentation was activated, and
then the TPS specimen was placed by hand onto the heated
platen. The specimen was left on the platen for 5 min, then
removed by hand and placed on a table. FBG sensor data
were collected throughout the heating and cooling cycles.
Figure 10 shows the specimen on the platen, and the instru-
mentation and the IR camera, whereas Fig. 11 shows the
SLA specimen on the platen.

The thermal loading cycle was repeated twice (test 1-1,
test 1-2) while allowing the specimen to completely cool
between tests. Additionally, between the two tests, the instru-
mentation was disconnected from the specimen and shut
down. Note that, as shown in Figs. 8 and 11, the two FBG
sensor arrays only had two lead-in optical fibers for all eight
sensors (compared to a much larger number for a similar
thermocouple array). At one point during each test, once
the specimen had reached steady-state thermal conditions,
an infrared image of the specimen was taken with the IR
camera.

Figure 13 shows the temperature versus time for each of
the FBG sensors during test 1-1 and test 1-2. Each of the
plots represents over 9000 data points. The temperatures
reported in Fig. 13 assume the FBG fractional wavelength
shift to temperature conversion of Fig. 7. Apart from the dif-
ferent timescales (a little over 15 min for test 1-1 and 21 min
for test 1-2), the similarities are striking, lending confidence
to the repeatability of the measurements. Other than for sen-
sor h1, the response of each FBG was smooth and repeatable
between the two tests. The large amount of noise in the

response of FBG h1 was due to its location extremely
close to the specimen edge, as described earlier.

The other three sensors in the horizontal array (h2, h3,
h4) demonstrated a close response. Although each of these

Fig. 11 Photograph of instrumentation during testing. The computer on the left was connected to the main
IFOS interrogator used to track the gratingwavelength peak. The center front computer was linked to a second
IFOS interrogator which provided the full grating spectrum. The rear computer was attached to the IR camera.

Fig. 12 SLA sample: (a) IR image at point of maximum temperature in
test 1-2, (b) before and (c) after test 2-1 described below.
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sensors is located at the same distance from the lower
surface of the specimen, these results show that the temper-
ature profile is not one-dimensional through the TPS speci-
men. Evidence of the effects of the specimen edges was also
seen in infrared images of the SLA sample during testing, e.
g., see Fig. 12(a).

After ∼3.5 min, the temperature measurements of sen-
sors d1, d2, d3, and d4 are in the expected order as a function
of distance from the bottom surface of the specimen. In the
initial heating phase, d1 measured a higher temperature than
d2. This is probably due to the fact that although d1 is a fur-
ther distance from the lower surface, it is also closer to the
specimen vertical edge. In the cooling transient, we observe
that d1 does cool at a slightly faster rate than d3 for the same
reason. Of the sensors in the diagonal array, d2 and d3 are
located the furthest from the vertical edges and are, therefore,
the slowest to cool to room temperature.

The temperature measurement results of Figs. 13 to 15
demonstrate that the FBG sensor arrays can provide high
spatial density temperature information as a function of time.
In future work, we will compare these temperature measure-
ments to those of thermocouple-instrumented plugs to better
calibrate and quantify the accuracy of these spatially varying
temperature measurements.

In the “second set of tests,” a Thermolyne hotplate was
used to heat the lower surface of the specimen. In the first

two tests, the sample was placed on the hotplate for the
entire duration of each test. In the first test (2-1) shown in
Fig. 14(a), heating was maximized and the sample was
allowed to reach above 250°C before the hotplate was
turned off after ∼8 min, resulting in light charring of the
bottom of the sample. In the second test (2-2) shown in
Fig. 14(b), the hotplate temperature dial was set to half
maximum at t ¼ 1.4 min and the temperature rise recorded
until 3.4 min. These timescale zoom results further show the
ability of the fiber-optic sensors to capture the temperature
variation close to the SLA surface resulting from the temper-
ature variation on the surface of hotplate, as well as variations
in the bottom surface layer of the lightly charred SLA.

In tests 2-3 and 2-4, a procedure similar to that used with
the hot press results of Fig. 13 was adopted with the sample
being placed on and removed from the hotplate after preheat-
ing to slightly above 200°C. Results in Fig. 15 are similar to
those in Fig. 13 except that the heating of the diagonal gra-
tings with respect to the horizontal gratings is a little slower
for the latter results, probably due to the lightly charred layer
on the bottom of the sample [Fig. 12(c)] providing an
increase in insulation with respect to the pristine sample
[Fig. 12(b)] according to the process described in Sec. 1.
Also note that in test 2-4, the sample was left on the hotplate
long enough for all the horizontal array sensors to stabilize at
constant temperatures.

Fig. 13 Temperatures measured by FBG sensors for (a) test 1-1 and
(b) test 1-2 with sample placed on hotpress for 6.7 and 8.3 min,
respectively.

Fig. 14 Temperatures measured by FBG sensors for (a) test 2-1 and
(b) test 2-2 with sample continuously on hotplate that was turned on
near beginning of test.
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5 Conclusions
The work reported in this paper was performed by IFOS and
NCSU in the context of a NASA STTR project.34 Highlights
of the Phase 1 work included:

1. a demonstration of the survivability of FBG sensor
arrays up to 1000°C;

2. a demonstration of the ability of the FBG sensor arrays
to support some tensile loading while subjected to the
same temperature range;

3. a calibration of the FBG response to pure thermal
loading up to 1000°C;

4. the successful embedding of two FBG sensor arrays (a
total of eight FBG sensors) in a small-size (maximum
cross section 50 mm × 25 mm height) SLA TPS cou-
pon with only two lead-in optical fibers;

5. the acquisition of temperature measurements from the
two embedded FBG sensor arrays during thermal
loading of the SLA TPS coupon. The temperature
data were collected at both high spatial densities
and high acquisition rates. While both the spatial den-
sity and data acquisition rate will be significantly
increased in future experiments, these measurements
clearly show the ability of FBG sensors, in connection
with the IFOS interrogator, to capture thermal transi-
ents as they propagate through a TPS material; and

6. the use of multipoint FBG temperature measurements
as a basis for heat flux measurement.35

The results demonstrate the potential of FBG sensor
arrays and IFOS interrogator technology for embedded
TPS instrumentation at high spatial and time resolutions.
These measurements were obtained without the need for
multiple lead wires, as would be typical for thermocouple
sensor arrays. Finally, the thermal mass of silica is much
closer to that of the TPS system than metallic sensors. This
means that the perturbation of the heat flux measurement due
to the thermal resistance difference between the sensor and
TPS material is much lower, therefore, the measurements are
more accurate. This closer matching of the thermal properties
means that we will actually be able to measure spatial
differences in the heat flux, since the local thermal resistance
perturbation does not “smear” over these variations. Addition-
ally, since the optical fiber does not have electrical current run-
ning through it, it does not locally heat up and perturb the local
heat flux field that we are trying to measure.

While this paper focuses on temperature gradients deter-
mined by multiple FBGs with each FBG giving a single tem-
perature (that may be considered as “averaged” over its
length), a complementary paper in this volume36 considers
the determination of temperature gradient information over
the length of a single FBG.

Appendix: Calibration over Extreme
Temperature Range
For space applications, in addition to high temperatures
experienced during atmospheric capture, very low tempera-
tures may be experienced. We have compiled the following
two composite graphs, Figs. 16 and 17, for unattached FBGs
based on our measurements from Sec. 2.3 (25 to 1000°C for
type II-IR FBGs) together with data given in Roth et al.37 for
cryogenic temperatures (down to close to absolute zero for a
type I FBG) and Liao et al.38 up to 1200 °C (for a type II-IR
FBG). While these results can have some dependence on
how the FBG was written, particularly for temperatures over
250°C (above which unannealed type I FBGs start to lose
reflectivity), and especially over 700°C, Fig. 17 emphasizes
the considerable temperature dependence of the term ξþ α

Fig. 15 Temperatures measured by FBG sensors for (a) test 2-3 and
(b) test 2-4 with sample placed on hotplate for approximately 7 and 11
min, respectively.

Fig. 16 Fractional wavelength shift (×103) over the range −273 to
1200°C with respect to 25°C.

Optical Engineering 114101-8 November 2016 • Vol. 55(11)

Black et al.: Fiber-optic temperature profiling for thermal protection system heat shields



appearing in Eq. (1). While our focus has been on robust type
II-IR FBGs,21,39,40 annealed/regenerated FBGs41–44 can also
withstand high temperatures (9000 h at 890°C in Ref. 41)
through to glass softening (1450 to 1500°C in Ref. 43).
Their Bragg wavelengths also have a nonlinear temperature
dependence.44 Electric arc written long-period gratings (LPGs)
have also been considered for high-temperature applica-
tions24 and their wavelength transmission spectra exhibit sig-
nificant temperature dependence with notch wavelengths
that can decrease with temperature.25 LPGs can also be laser
written and in photonic crystal fibers have exhibited particu-
larly interesting properties for sensing both temperature26

and other parameters.27 FBG approaches show advantages in
multiplexing many sensors using only one end of the fiber,
whereas LPGs require the source to be at the opposite end of
the fiber to the detection while providing interesting possibil-
ities for the discrimination of strain and temperature effects.
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