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Abstract
The femtosecond laser has emerged as a powerful tool for micro- and nanoscale device
fabrication. Through nonlinear ionization processes, nanometer-sized material modifications
can be inscribed in transparent materials for device fabrication. This paper describes
femtosecond precision inscription of nanograting in silica fiber cores to form both distributed
and point fiber sensors for sensing applications in extreme environmental conditions. Through
the use of scanning electron microscope imaging and laser processing optimization,
high-temperature stable, Type II femtosecond laser modifications were continuously inscribed,
point by point, with only an insertion loss at 1 dB m−1 or 0.001 dB per point sensor device.
High-temperature performance of fiber sensors was tested at 1000 ◦C, which showed a
temperature fluctuation of ±5.5 ◦C over 5 days. The low laser-induced insertion loss in optical
fibers enabled the fabrication of a 1.4 m, radiation-resilient distributed fiber sensor. The in-pile
testing of the distributed fiber sensor further showed that fiber sensors can execute stable and
distributed temperature measurements in extreme radiation environments. Overall, this paper
demonstrates that femtosecond-laser-fabricated fiber sensors are suitable measurement devices
for applications in extreme environments.
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1. Introduction

Many industrial processes take place under extreme phys-
ical conditions. Additive manufacturing systems, advanced
propulsion systems, and nuclear and fossil fuel produc-
tion processes all involve various extreme conditions in
their environments, such as high temperatures, strong
radiation, and high pressures, among others. A common
challenge to optimizing processes that occurs in extreme
environments is the lack of tools that can gather high
temporal and spatial resolution information. For decades,
very few electronic sensors (e.g. thermocouples) were con-
sidered suitable for measurements in extreme environ-
mental conditions. Moreover, electronic sensors are point
devices, which limit the spatial resolution of measurements.
The deployment of electronic sensors in extreme envir-
onments also involves significant installation challenges
as each sensor must have dedicated wiring and reading
instruments.

In addition to electronic sensors, both silica and sap-
phire optical fibers have demonstrated exceptional stability
under harsh environmental conditions [1, 2]. These optical
fibers are miniature light-guiding devices that are chem-
ically inert, resilient to radiation and high temperatures,
and immune to strong electromagnetic fields. Unmodified
optical fibers are able to perform distributed sensing over
a long distance with a high spatial resolution by utiliz-
ing the intrinsic scattering inside the fiber core. Meanwhile,
using advanced laser manufacturing techniques, multiplex-
able point fiber sensors, such as fiber Bragg gratings (FBGs),
can also be fabricated in the optical fiber to perform multi-
point measurements using a single fiber. The sensing meas-
urement does not require complicated wiring as both the
measurement and signal transmission are possible using the
same fiber sensor. With these unique traits, fiber sensors
are a promising alternative candidate to address the chal-
lenging environmental monitoring requirements in extreme
environments.

Fiber optics point sensors based on FBGs are one of the
most well-developed optical fiber sensing devices widely used
to perform various measurements. Traditionally, FBGs have
been fabricated using ultraviolet (UV) lasers with continu-
ous wave (cw) or ns pulse duration outputs [3, 4]. Using
various interferometry exposure schemes, such as the phase
mask approach, FBGs can be fabricated with very low inser-
tion loss, thus enabling dense multiplexation of many FBGs
for high spatial resolution measurements [5, 6]. However,
the UV-laser-fabricated FBG requires photosensitized fibers
through special dopants in fiber cores or a photosensit-
ization process, such as hydrogen loading. Moreover, the
UV-laser-produced FBGs cannot sustain temperatures higher
than 300 ◦C and are erased at a temperature of 700 ◦C unless
further processed [4, 7].

Alternatively, femtosecond lasers, with an output usu-
ally at the near infrared (IR) wavelength, have also been
used to fabricate fiber sensor devices, such as FBGs. With

their highly localized microscale focus and ultrashort pulse
duration, on the order of 10−15 s, femtosecond lasers can
deposit optical energy with extremely high intensity, up to
1014 W cm−2, at the focal volume to initiate a whole host
of nonlinear absorption processes [8, 9]. Through these non-
linear laser-material interactions, femtosecond lasers can be
used to inscribe FBGs using interferometry exposure (e.g. bulk
interferometer and phase mask), an approach akin to UV laser
FBG fabrication [10, 11]. Since the femtosecond laser can pro-
duce highly confinedmaterial modifications through nonlinear
absorption, different direct writing schemes have also been
developed. Depending on the writing geometry and proced-
ure, these methods include: point by point [12, 13], plane by
plane [14], line by line [15], pitch by pitch [16], and continu-
ous scanning [12].

There are generally three regimes of femtosecond-laser-
induced material modification [17, 18]. When the laser pulse
intensity is sufficiently high within the focal volume, non-
linear ionization takes place, generating isotropic refractive
index changes, also known as Type I modification. This regime
is typically used to fabricate both optical devices and three
dimensional (3D) photonic circuits inside transparent bulk
material [19]. With a higher energy threshold, self-assembled
nanostructures with subwavelength periods can be introduced
at the laser focal spot, known as nanograting. This regime, or
Type II modification, is characterized by its anisotropy, higher
loss, and impressive thermal durability [20]. Nanograting has
been exploited to fabricate birefringent devices and produce
microfluidic channels in femtosecond-laser-assisted etching
[21, 22]. A third regime exists wherein the laser intensity con-
tinues to increase, resulting in an irreversible optical break-
down. In this regime, microexplosions are introduced inside
the material or as ablation on the material surface and can be
used for precise micromachining or 3D high-density memory
applications [23].

Both the Type I and Type II femtosecond laser modification
regimes have been used to fabricate FBGs, which correspond
to the Type I–IR and Type II–IR FBG [24]. The Type I modi-
fication exhibits low loss and provides a uniform output. Also,
the effect is similar to those refractive index changes induced
by UV laser irradiation [4]. However, these Type I FBGs often
degrade at 1000 ◦C if not further processed, while the Type
II FBGs have demonstrated long-term stability with minimal
decay in both high temperature, up to 1000 ◦C [3, 4, 24–33],
and radioactive environments [29]. The exceptionally harsh
environmental resistance of Type II FBGs is inseparable from
femtosecond-laser-inscribed nanograting, which was found to
have exceptional long-term stability under 1100 ◦C [30, 31].
Moreover, various research studies have also confirmed the
formation of nanograting inside the fiber core of Type II FBGs
[32, 33].

Though fiber sensors fabricated with the femtosecond laser
Type II modification exhibit exceptional high stability under
extreme temperatures, they incur higher insertion losses as
compared to fiber sensors fabricated by femtosecond Type I
modifications or UV laser modifications with cw or ns laser
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Table 1. Comparison of the optical fiber sensor insertion loss when using different laser fabrication techniques.

UV laser type I FS laser type I FS laser type II

Operating temperature
Degrade at >300 ◦C and
erased at 700 ◦C [4, 7]

Degrade at 1000 ◦C
over long-term [24–33]

Long-term stability
at 1000 ◦C [24–33]

Phase
mask

0.002 dB [5] Phase mask <0.05 dB [11] Phase mask ∼0.1 dB [25]

Point by point ∼0.65 dB [12] Point by point <1 dB [13]Insertion loss
@ 1550 nm
(silica core,
single-mode
fiber)

FBG Plane by plane <0.02 dB [14] Plane by plane ∼0.8 dB [14]
Line by line <0.5 dB [15]
Pitch by pitch ∼0.3 dB [16]
Continuous
scan

∼0.1 dB [12]

IFPI FBG
reflector

0.002 dB [5] Refractive
index dot
reflector

0.13 dB [34] Nanograting
reflector

0.002 dB
[35]

Rayleigh
enhanced

Continuous
scan

0.0015 dB cm−1

[36]
Continuous
scan

0.0008 dB cm−1

[37]
Continuous
scan

0.01 dB cm−1

[38]

pulses. The high insertion losses incurred in Type II femto-
second modifications could be attributed to light scattering by
the nanogratings formed in fiber cores [20]. Table 1 summar-
izes the out-of-band insertion loss of FBG sensor devices fab-
ricated using both the cw or ns UV and femtosecond lasers, as
previously reported in research studies. Even though both the
UV-laser- and femtosecond-laser-fabricated FBGs are man-
ufactured from the periodic laser-induced modification, UV-
laser-fabricated FBGs can have an insertion loss as low as
0.002 dB [10], while the insertion losses of the femtosecond
laser fabricated Type I FBGs are much higher. Prior research
studies report insertion losses of Type I FBGs fabricated by
femtosecond lasers at <0.1 dB [10–15]; however, these losses
are highly dependent on FBG parameters, such as grating
strength and fabrication methods. In sharp contrast, the typical
insertion losses of the Type II FBG are between 0.1 and 1 dB
[13, 14, 25]. The increased insertion loss of the Type II FBG
could limit the multiplexing capability of these fiber sensors.

In-fiber Fabry–Perot interferometer (FPI) or intrinsic
Fabry–Perot interferometer (IFPI) sensors are promising
alternatives to FBGs. The challenge related to the Type II
FBGs can be addressed by Type II IFPI sensors. The FBGs
are composed of thousands of periodic Type II modifications.
For example, a 1 cm long FBG with 50% duty cycles consists
of a 5 mm section of fiber core with nanograting structures,
whereas an IFPI sensor is composed of only a pair of µm
size reflectors inside the optical fiber core. Scattered guided
light from the two reflectors is sufficient to produce interfer-
ence fringes. These fringes can be used to extract the IFPI
cavity length changes caused by physical parameter changes.
As a result, the insertion loss incurred by nanograting-induced
light scattering can be significantly reduced. Overall, this pro-
cess improves the multiplexability of high-temperature stable
fiber sensors. Femtosecond lasers have been used to fabric-
ate Type I IFPIs as temperature, strain, pressure, vibration,
and gas concentration sensors [34, 39–46]. More recently,
Type II IFPI sensor arrays, which have been demonstrated

to be low loss and highly multiplexable, have been utilized
as chemical and temperature sensors. Through optimiza-
tion of laser processing, the insertion loss of Type II IFPI
devices has been optimized to be as low as 0.002 dB/device
[35, 47].

It is highly desirable to have a fully distributed sensor
to perform continuous measurements while harnessing high
spatial resolution data for many industrial applications. Dis-
tributed fiber sensors based on optical frequency-domain
reflectometry (OFDR) utilize the intrinsic Rayleigh scatter-
ing inside the fiber core and can sample physical parameter
changes over a long distance with mm spatial resolution [48].
To extract the distributed sensing information, the OFDR
algorithm performs a cross-correlation calculation between an
unmodified Rayleigh backscattering profile and the disturbed
temperature profile over each length segment or the gauge
length along an optical fiber, that is related to the spatial res-
olution of the fiber sensor. By determining the shift of the cor-
relation peak, accurate temperature change can be determined.
However, Rayleigh scattering is an undesirable mechanism for
commercial optical fibers as it induces increased propagation
loss in telecommunication applications. The signal-to-noise
ratio (SNR) of Rayleigh-scattering-based distributed sensors
is limited by low intrinsic Rayleigh scattering of unmodified
optical fibers. This can be solved using an optical fiber with an
enhanced Rayleigh scattering level. The enhanced Rayleigh
backscattering signal can increase the SNR of the fiber sensor.
While a smaller gauge length is needed to obtain a correla-
tion peak with sufficient strength, the sensor spatial resolution
is also improved. Specialty fibers, such as the high-scattering,
nanoparticle-doped fiber, could produce up to a 45 dB increase
of the Rayleigh backscattering signal from standard fibers
[49]. However, the fiber sensor cost is significantly higher; and
the high temperature performance of the fiber has not been
well studied.

To address these challenges, laser manufacturing meth-
ods have been demonstrated to artificially introduce scattering
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Figure 1. (a) The fabrication setup diagram. HWP: half-wave plate; P: polarizer; DM: dichroic mirror, TLS: tunable laser source.
(b) A photo of the laser writing fabrication setup.

centers inside the low-cost commercial optical fibers to
enhance the intrinsically low Rayleigh scattering signal for
sensing applications. Both the UV laser [36, 50] and the
femtosecond laser Type I modification [37, 51] were applied
to a demodulation algorithm based on commercially avail-
able OFDR interrogators. Loranger et al demonstrated a
UV-laser-induced, Rayleigh-enhanced section with up to
a 50 dB return signal increase and an insertion loss of
0.0015 dB cm−1 [36]. The method provided a temperat-
ure accuracy of ∼0.006 ◦C at a sensor gauge length of
1 cm on a single-mode fiber [50]. However, the method pos-
sesses limitations similar to those of UV FBGs, as the UV-
laser-induced modifications are unstable for high temperat-
ure environmental applications. Femtosecond lasers have also
been used to enhance standard optical fibers. Mihailov et al
presented the results of a femtosecond-laser-induced Type I
enhancement of 30 dB on a 10 cm fiber section with an
insertion loss of 0.0008 dB cm−1. The paper reported tem-
perature performance from room temperature to 55 ◦C with
a standard deviation of 0.00085 ◦C using a gauge length of
1 cm [37].

To improve the high-temperature resilience of laser-
induced Rayleigh enhancement, Type II modification induced
by femtosecond lasers has also been studied. A nanograting-
based Rayleigh backscattering enhancement of >40 dB
was demonstrated on a 17 cm long silica-core fiber that
is stable up to 800 ◦C. However, Type II modification
incurs a higher propagation loss of 0.15–0.41 dB cm−1

and limits the spatial scale of the distributed sensor [52].
More recently, this problem was addressed by engineer-
ing the nanograting morphology through fabrication pro-
cedure optimization. A Type II Rayleigh-enhanced signal
of >35 dB was fabricated on a 3 m long standard tele-
com fiber (Corning SMF28e+) with an optimized loss of
0.01 dB cm−1. The temperature stability at 1000 ◦C was veri-
fied, while a temperature measurement accuracy of 0.012 ◦C
at room temperature was obtained using the gauge length of
1 cm [38].

In this paper, we provide a comprehensive discussion
on femtosecond laser precision manufacturing techniques to

produce Type II nanograting in optical fiber cores for bothmul-
tiplexable point and scattering-based distributed fiber sensor
applications. Laser processing optimization to produce low-
loss Type II devices is directly correlated to the formation
and morphology of nanogratings inscribed inside fiber cores.
High-temperature performance of both multiplexed IFPI point
fiber sensors and distributed fiber sensors were studied from
room temperature to 1000 ◦C. To the best of our knowledge,
we present the first demonstration of stabilized Type II sensors
in nuclear reactors as validated by in-pile, lead-out testing of
fiber sensors at 570 ◦C in an operating research reactor with
intense neutron flux of ∼1.2 × 1014 fast neutron cm−2 s−1.
Data presented in this paper shows that the low-cost tele-
communication optical fiber can be hardened by femtosecond
lasers to perform high spatial resolution measurements in
extreme environments.

2. Fabrication, characterization, and optimization

2.1. Reel-to-reel fabrication of in-fiber sensors

The fabrication setup is schematically shown in figure 1(a). A
Ti:sapphire regenerative femtosecond laser system was used.
The laser delivered near-IR laser pulses of 800 nm wavelength
at a fixed repetition rate of 250 kHz and a pulse duration of
270 fs. The pulse energy was controlled by a half-waveplate
and a polarizer. The laser was linearly polarized at a dir-
ection perpendicular to the laser propagation direction and
parallel to the fiber translation direction. Using a three-axis
nanoprecision motion stage (Aerotech ABL20020) and an
imaging system, the laser beam was focused inside the cen-
ter of the fiber core. To mitigate the optical aberration induced
by cylindrical geometry of the optical fiber shape, an oil-
immersion objective (100×, NA 1.25) and index-matching oil
(n = 1.518) were used to tightly focus the laser energy into
the center of a fiber core, creating a modification area that
was 2 µm × 2 µm in cross-section and 3 µm in the axial
direction.

A customized reel-to-reel laser fabrication setup was con-
structed for continuous fabrication of fiber sensors along an
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Figure 2. (a) The Rayleigh backscattering profile of a 55 cm long Rayleigh-enhanced distributed sensor section and (b) the enlarged profile
of 0–10 cm of the sample, shown in (a).

optical fiber. It consisted of optical fiber reels, metal pul-
leys, fiber tension control structures, 3D printed fiber sup-
porting structures, and a nanoprecision motion stage for the
cross-sectional alignment. Figure 1(a) also shows a schem-
atic of the commercially available Luna 4600 optical backs-
cattering reflectometer (OBR) interrogator, which was used
to monitor real-time Rayleigh backscattering profile modific-
ation of fiber under laser irradiation during the sensor fabrica-
tion. The OBR obtained a spatial-resolved Rayleigh backscat-
tering signal based on an OFDR scheme. Light from a linearly
swept tunable laser source (TLS) was split into a reference arm
and a measurement arm, which included the fiber under test
(FUT). The Rayleigh backscattered light from the FUT was
then combined with the light from the reference arm to form
aMach–Zehnder interferometer. The interference between the
Rayleigh backscattered light produced at a specific location on
the FUT and light from the reference arm formed a fringe with
a beat frequency directly related to the time delay between the
two arms. The signals received by photodetectors contained
interference signals from Rayleigh backscattered light along
the entire FUT and were used to perform spatially resolved
temperature and strain measurements.

Figure 1(b) is a photograph of the laser writing part of the
reel-to-reel sensor fabrication system. The setup is able to fab-
ricate both point and distributed fiber sensors through poly-
mer coatings. Using the setup, optical fiber sensor devices
can be continuously inscribed inside the optical fiber core,
then monitored using the OBR for its characteristics, such as
return signal increase and propagation loss. As presented in
figure 2(a), the return signal increase of a distributed sensor
can be extracted from an increase in the Rayleigh backscat-
tering return signal in the modified region, as compared with
the intrinsic Rayleigh scattering background of the unmod-
ified fiber [53]. Meanwhile, the OBR can also be used to
estimate the propagation loss of the sample from the Rayleigh
profile slope [54, 55]. The OBR detects the Rayleigh backs-
cattering signal using a polarization-diversity measurement.
At the detector, the backscattering signal is split into two
orthognal polarizations by a polarization beam splitter. When
light propagates through a birefringent fiber section, the group
speed becomes different along the fast and slow axes. As the
s- and p-polarizations of the OBR detector are not precisely
aligned with the fast and slow axes of the sensing fiber, the
light received at each detector channel has two components

of slightly different frequencies. The birefringence can be
extracted from the OBR-measured polarization diverse signal.
The polarizations are shown in figure 2(a) in orange and blue
respectively, while the sum of the two polarizations is shown
in black.

Figure 2(b) shows the enlarged first 10 cm section of the
continuous sensor in figure 2(a), splitting into the s- and
p-polarizations. The effective beat length l refers to the dis-
tance when light propagating along the fast and slow axis real-
izes a 2π phase shift. The birefringence can be calculated using
2π/l. The detailed method used to calculate fiber birefrin-
gence using the OBR is presented in [38, 52, 56]. One lim-
itation of this measurement method is that it cannot measure
the birefringence over a longer distance, as demonstrated in
figure 2(b), the beating fades away over the length of the meas-
ured region. While both the fast and slow modes propagate
through the Rayleigh-enhanced region, their spatial difference
becomes larger; and the coherence between the two polariza-
tion states fades when the spatial difference exceeds the res-
olution limit of the instrument. As a result, the polarization
dependent behavior of the inscribed sensor inside an optical
fiber can be extracted from the OBR.

2.2. Mechanisms

It has been reported that formation of nanograting in optical
fibers induced by femtosecond laser irradiation contributes
to high-temperature stabilities of femtosecond-inscribed FBG
sensors [32, 33]. Previous microscopy studies demonstrated
that nanograting is formed with periodical nanocracks that
consist of nanopores of 10 s of nanometers in size, which is
likely due to the silicon dioxide (SiO2) decomposition caused
by laser-induced electron plasma [57, 58]. Rayleigh scatter-
ing takes place due to inhomogeneities inside the fiber core
with a feature size much smaller than the wavelength. The
nanopores formed by laser irradiation provide additional scat-
tering structures that generate stronger Rayleigh backscatter-
ing signals than those in unmodified fibers, which lead to
improved SNR for fiber sensors [59]. Both Type II laser modi-
fications and associated anisotropic scattering characterist-
ics have been studied as a function of wavelength. Previous
studies have demonstrated that Rayleigh scattering and Mie
scattering can account for increased nanograting-induced scat-
tering loss intensity [60–62].
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Figure 3. (a) A SEM photo of the optical fiber sensor cross-section with the nanograting in the core area, (b) the enlarged core area of
nanograting sensors inscribed using different pulse energies, and (c), (d) the dependence of (c) the nanograting period (left) and
birefringence (right) and (d) the propagation loss (left) and the SNR enhancement (right) of a Rayleigh-enhanced section on the fabrication
laser pulse energy.

In this paper, a scanning electron microscope (SEM)
was used to establish qualitative correlations between the
morphology of nanogratings and insertion losses of fiber
devices. Laser-irradiated fibers were cleaved at locations
where Rayleigh profiles had been enhanced, which could be
attributed to the formation of nanogratings inside the optical
fiber core. Figures 3(a) and (b) present SEM photos of nano-
grating in the center of optical fiber cores. The threshold of
nanograting formation is dependent on the fabrication condi-
tions, including pulse energy and duration and laser repetition
rate [63, 64]. For the results presented here, the formation of
nanograting could be controlled by tuning the pulse energy,
with the rest of the parameters fixed. Through SEM invest-
igation of nanograting formation at different pulse energies
(figure 3(b)), we found that nanogratings started to form when
the laser pulse energywas over 100 nJ with a 270 fs pulse dura-
tion and a 250 kHz repetition rate. An increase in pulse energy
led to an increase in the cross-sectional area where nano-
gratings were visible under SEM. Nanogratings were formed
mostly within the laser focal volume, as demonstrated in the
SEM photo shown in figure 3(b).

2.3. Characterization and optimization

Nanogratings inscribed by a linearly polarized femtosecond
laser pulse are modulated nanostructures with a period much
smaller than the wavelength. The modification area is com-
parable to a uniaxial negative crystal and is thus birefringent
[65]. This characteristic can be used to characterize nanograt-
ings through nondestructive methods using a crossed polar-
izer [66], a polarimeter [67], Bragg wavelength splitting [68],
or the OBR [38, 52]. Using the OBR, the formation of the

birefringence was measured in real time during the laser
fabrication process. A 5 cm Rayleigh-enhanced section was
inscribed on an optical fiber sample at a fixed pulse energy and
writing speed to measure the birefringence from the OBR. The
fiber sample was then cleaved at the laser-modified section for
SEMobservation. The process was repeated for different pulse
energies between 80 to 160 nJ.

Figure 3(c) summarizes the dependence of macroscale
birefringence and microscale nanograting periodicity on laser
pulse energy. Orientations of the nanograting visible in the
SEM image were perpendicular to the fiber axial direction.
However, when the laser pulse energy was reduced to 80 nJ,
nanograting was not found by SEM studies, as shown in
figures 3(b) and (c). No birefringence was measured by the
OBR. This is consistent with the SEM photos. The Rayleigh
enhancement at low pulse energy could be due to Type I laser
modification [17, 18]. Even though transversal femtosecond
writing methods are known to create an asymmetric refract-
ive index profile for waveguide devices, the oil-immersion
objective is known to produce laser modified regions with
more symmetric cross-sections due to its high numerical aper-
ture (NA) [22]. Thus, no birefringence formed in this regime.
At a pulse energy larger than 100 nJ, nanograting began to
form; and a beating signal could be measured by the OBR.
As the pulse energy increased, the number of nanocracks and
size of the nanograting also increased, while the period of the
nanograting decreased. This led to an increase in the over-
all birefringence of the femtosecond-laser-modified region.
With a pulse energy between 100 nJ and 160 nJ, a strong
birefringence of up to 7.5 × 10−4 was generated, similar
to that reported in previous literature [67, 68]. As such, the
femtosecond-laser-fabricated, Rayleigh-enhanced fiber, due to
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Figure 4. (a) The Rayleigh backscattering profile of a 53 cm Rayleigh-enhanced section inscribed on a single-mode optical fiber, (b) the
spectrum of the reflected signal from the Rayleigh-enhanced section, (c) the temperature measurement extracted from the
Rayleigh-enhanced section during one single heating cycle (the error bar shows the RMS variation across the Rayleigh-enhanced region),
and (d) the spectral shift (left) and standard deviation (right) dependence on the environmental temperature change.

the high birefringence, can potentially be used for optical
fiber polarization compensation devices or as multiparameter
sensors.

Figure 3(d) explores these competing performance require-
ments for pulse energy values between 100 nJ and 180 nJ with
Type II modification forms in the fiber core. In this range, a
Rayleigh backscattering enhancement of 37 dB was achieved
for a 100 nJ pulse energy. The scattering enhancement scaled
almost linearly with pulse energy values between 100 nJ and
140 nJ from 37 dB to 49 dB. The laser-induced Rayleigh
enhancement continued to increase in response to pulse energy
values between 140 nJ and 180 nJ, which was far less signific-
ant than those occurring between 100 nJ and 140 nJ and from
49 dB to 53 dB. Propagation loss of a fiber sensor, measured
by OBR, also increased linearly with the pulse energy between
100 nJ and 160 nJ and from 0.01 to 2.54 dB cm−1. A signi-
ficant increase in propagation loss was measured at 180 nJ at
5.17 dB cm−1. It is known that optical scattering is the ori-
gin of the propagation loss in optical fibers. When nanograt-
ing is inscribed in fiber cores, the size and cross-sectional area
of these artificial scattering structures in the fiber core can
be qualitatively connected to the laser-induced propagation
loss increase. This was confirmed by the combined SEM stud-
ies and optical measurements shown in figure 3. The gradual
increase in nanograting areas found by SEM when the laser
pulse energy was raised from 80 nJ to 160 nJ resulted in a
monotonic increase of optical propagation loss measured by
the OFDR, as shown in figure 3(d).

In summary, the combined optical and SEM studies of
the laser writing conditions detailed in figure 3 shed light

on how to optimize the laser writing conditions to pro-
duce various types of fiber sensors, as the magnitude of the
Rayleigh backscattering enhancement has to be balanced with
the propagation loss. For example, to create an IFPI sensor
for high-temperature applications, the fringe visibility could
be a target for optimization, which is related to both the
magnitude of the Rayleigh scattering enhancement and laser-
induced propagation loss [35]. For distributed fiber sensors
intended for the extreme radiation environment of nuclear
reactors, strong Rayleigh enhancement might outweigh con-
cerns on laser-induced propagation loss for sections of fibers
that will be exposed to extreme neutron flux and subject to
severe radiation-induced attenuation (RIA) [38]. By tuning the
fabrication parameter of the laser pulse energy, sensors with
optimized performance can be fabricated.

3. Temperature sensing performance

3.1. Rayleigh-enhanced fiber as distributed temperature
sensors for high-temperature environments

High-temperature stable fiber sensors were fabricated using
a femtosecond laser direct writing method by continuously
translating the optical fiber along the axial direction using
the reel-to-reel setup. Nanograting was continuously inscribed
inside the optical fiber core. A 53 cm Rayleigh-enhanced
section with a profile, shown in figure 4(a), was fabricated with
an average increase in reflectivity of over 35 dB. A random dis-
tribution of broad frequencies in the IR range was observed at
the backscattered signal from the Rayleigh-enhanced section
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(figure 4(b)). The spectrum was akin to a number of random
FBGs inscribed. When a temperature change occurred, a spec-
tral shift took place at each location. Similar to an FBG sensor,
the spectral shift was proportional to the temperature change.
By performing a cross-correlation calculation between the
spectrums of the measured FUT and that of the unmodified
FUT for each gauge length, a distributed sensing measurement
was obtained.

The sensor was first annealed at 1000 ◦C, followed by
repeated heating and cooling cycles. During each cycle, the
furnace temperature was raised at a ramp rate of 5 ◦C min−1,
kept stable at each step of 100 ◦C until 1000 ◦C was reached,
then cooled down to room temperature. The temperature
change was also tracked by a thermocouple for reference. The
Rayleigh backscattering profile was recorded using an OBR
system every 10 min. Figure 4(c) shows the optical fiber sens-
ing temperature measurement from the third cycle. The lin-
ear fit coefficient was obtained from the first heating cycle to
extract temperature information from the spectral shift meas-
ured by the OBR. The curve characteristics and standard devi-
ation are shown in figure 4(d). The coefficient was found to
be -0.66 ◦C GHz−1. The standard deviation over the 53 cm
Rayleigh-enhanced distributed sensor was found to be 0.01 ◦C
at room temperature and 16.74 ◦C at a temperature of 1019 ◦C
using a gauge length of 2 cm. The long-term stability such
that the spectral shift quality of a Rayleigh-enhanced section
remained robust above 0.8, even after 16 h under the high tem-
perature of 1000 ◦C, was also studied [38]. This is above the
threshold of spectral shift quality of the OBR suitable for valid
temperature measurements [69]. Spectral shift quality of the
unmodified section of the fiber, at the same time, degraded to
less than 0.1 due to long-term exposure at high temperatures,
probably as a result of the degradation of the intrinsic Rayleigh
scattering in the fiber [38].

3.2. Multiplexed FBGs and IFPIs as high-temperature
sensors

Using the femtosecond laser direct writing scheme, IFPIs can
be fabricated inside a single-mode optical fiber core. The
sensor was characterized using the interrogation setup, as
shown in figure 5(a). The sensor interrogation setup consisted
of a broadband source in the mid-IR range, a spectrometer, and
a signal processing unit. Figure 5(b) shows an optical micro-
scope image of a standard optical fiber with two laser-induced
Rayleigh scattering reflectors separated by 287.7µm.When an
Er-doped fiber amplified spontaneous emission (ASE) broad-
band source with a center wavelength around 1550 nm was
launched into the fiber, the laser-induced two Type II modific-
ation points produced light scattering that was clearly visible
using an indium gallium arsenide (InGaAs) charge-coupled
device (CCD) camera, as shown in figure 5(c). As a compar-
ison, second-order Type II FBGs, 4.5 mm in length, were fab-
ricated using the identical point-by-point inscription method.
The same pulse energy of 100 nJ was used for inscription.
A similar setup was used for the FBG interrogation shown
in figure 5(d). The microscopic image and the near IR red
light scattering behavior are also observed in figures 5(e) and

(f). These images provide visual evidence that Type II IFPI
sensors (figure 5(c)) can incur significantly less insertion loss
as compared to Type II FBG devices (figure 5(f)), as the Type
II FBGs are made of thousands of laser-modified points.

Figure 5(g) shows a reflection spectrum from a single IFPI
device. The laser-induced Type II scattering produced∼50 dB
of backscattering enhancement as compared to the intrinsic
in-fiber Rayleigh scattering, which amounts to ∼0.001% of
reflectance per scattering point. However, this was sufficient to
produce strong interference fringes, as presented in figure 5(g).
Figure 5(h) shows the nonzero-padded fast Fourier transform
(FFT) spectrum of a single IFPI sensor inscribed on a single-
mode fiber. The peak is highly distinguishable. Figure 5(i)
shows interference fringes from 20 IFPI sensors multiplexed
onto a single fiber. The cavities lengths of 20 IFPI sensors were
determined from the FFT spectrum, as shown in figure 5(j)
with their respective peaks marked by arrows. In addition to
the laser pulse energy, the quality control of the IFPI sensor
fabrication appeared to be very sensitive on areas where nano-
grating is inscribed inside the fiber core. This increases the
manufacturing challenges to producing IFPI sensor arrays
with consistent reflection peaks, as presented in figure 5(j).
However, as long as the sensors are made from nanograting
and the peaks in the FFT spectrum have a reasonable SNR, the
measurements from the fiber sensor can be used for extreme
environmental applications.

Figure 5(k) shows the spectrum of a single FBG sensor
with the Bragg wavelength centered at 1546.9 nm. By inscrib-
ing FBGs with different Bragg wavelengths, six FBGs were
multiplexed on the same fiber; the spectrum is shown in
figure 5(l). The FBGs with a shorter Bragg wavelength were
placed closer to the interrogation unit. It was observed that the
Bragg wavelength peak magnitude of the multiplexed FBGs
decreased with the multiplexation order, which was a result of
the reduced transmitted light due to out-of-band loss. The FBG
insertion loss fabricated here wasmeasured to be∼0.21 dB per
sensor. The number is much larger compared to the 0.002 dB
per IFPI sensor, as we presented in a previous work [35].

Both IFPI and FBG can be interrogated using identical
instruments, such as a broadband source and a CCD spectro-
meter, shown in figures 5(a) and (d). Using these instruments,
we compared how IFPI and FBG are demodulated. For an FBG
sensor, the spectrometer performed direct measurements and
tracked the FBG wavelength shift. The hardware resolution
of the FBG peak measurement was determined by the spec-
trometer, which had 512 pixels to cover a wavelength range
from 1510 to 1590 nm or 156 pm/pixel. This is equivalent to
11.39 ◦C/pixel resolution, as the temperature coefficient for an
FBG in a germania-doped, silica core fiber is 13.7 pm ◦C−1

[70]. However, with additional information on the shape of
FBG peaks, a number of algorithms can drastically improve
the temperature measurement accuracy to 0.005 ◦C [71]. For
a temperature change from a room temperature of 20 ◦C to
900 ◦C, the FBG peak will move more than 80 pixels.

In contrast, the IFPI spectrum (e.g. figure 5(g)) acquired
by the CCD spectrometer cannot be used to directly meas-
ure the optical path difference ∆lOPD. FFT was used to reveal
the cavity lengths of the IFPIs (e.g. figure 5(h)). The IFPI
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Figure 5. (a) The demodulation setup for the IFPIs. ASE: amplified spontaneous emission, DAQ: data acquisition unit, (b) the microscopic
photo of the IFPI top view showing the nanograting reflectors scattering 638 nm red light, (c) the top view of the IFPI reflectors scattering
1550 nm light, (d) the demodulation setup for the FBGs, (e) the microscopic photo of the FBG top view with the 638 nm red light
coupled to the fiber, (f) the top view of the FBG sensor scattering 1550 nm light, (g), (h) the fringe (g) and the FFT spectrum (h) of a
femtosecond-laser-inscribed single IFPI with the cavity length of 620 µm, (i), (j) the fringe (i) and the FFT spectrum (j) of 20 multiplexed
IFPIs, the peaks of the IFPI sensors are marked by red arrows, and (k), (l) the reflection spectrums of a single FBG (k) and six multiplexed
FBGs (l).

cavity length resolution was also limited by the CCD spec-
trometer and bandwidth of the light source. If the interference
spectrums of IFPI sensors were acquired from λ1 = 1510 nm

to λ2 = 1590 nm, the optical path difference ∆lOPD between
two adjacent points in the FFT spectrum can be calculated
by ∆ξ = 2π/(2π/λ1 − 2π/λ2) to be 30.1 µm. This means a
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Figure 6. (a) The interference fringe of two multiplexed FPI sensors of 581.17 and 1191.61 µm cavity lengths, (b) the FFT spectrum of the
fringe, (c) the reflection spectrum of two multiplexed FBG sensors, (d) the temperature measurement profile of the multiplexed IFPI sensors
for five consecutive days, (e) the enlarged profile of (d) showing the temperature measurement fluctuation at 1000 ◦C, (f) the temperature
measurement profile of the multiplexed FBG sensors for five consecutive days, and (g) the enlarged profile of (f).

temperature rise from room temperature to 900 ◦C did not
move an IFPI sensor with a cavity length of 1191.61 µm for
even 1 pixel in its FFT spectrum. The accurate demodulation
of ∆lOPD relied on the phase information extracted from the
FFT spectrum. Our previous publication presented a measure-
ment accuracy of 0.007 ◦C for an IFPI with a 934.9 µm cav-
ity length [35]. Peak widths of IFPI sensors in the FFT spec-
trum, as shown in figures 5(h) and (j), were determined by the
interference spectrums. For the spectrometer used in this work,
the 80 nm wavelength range yielded a theoretical limit on the
peak width in the FFT spectrum of 36.31 µm (full width at
half maximum). This set the minimal theoretical separation
between the cavity lengths of the IFPI sensors that are to be
multiplexed on a single fiber. In addition, the minimal spectral
resolution of the CCD spectrometer (156 pm/pixel) determ-
ined the longest cavity length that can be demodulated. Using
these two parameters, we can determine the maximum number
of IFPI sensors multiplexable on a single fiber.

The long-term, high-temperature stability of the
femtosecond-laser-inscribed IFPIs was tested at 1000 ◦C.
Two IFPI sensors were multiplexed onto a single-mode
optical fiber (Corning SMF28e+) with cavity lengths of
581.17 and 1191.61 µm, respectively. A fast white-light
interferometry demodulation scheme was used to demodu-
late IFPI fiber sensors to determine the cavity length in real
time with a maximum demodulation rate of up to 5 kHz
[72]. During demodulation, an FFT was performed on the
fringe obtained from the spectrometer. The cavity length
of each IFPI was demodulated from two data points near
the peak in the nonzero-padded FFT spectrum, using the

Buneman frequency estimation and arithmetic calculations.
The algorithm was chosen because of its fast speed, especially
when simultaneously demodulating multiple multiplexed IFPI
sensors. A detailed discussion of this demodulation scheme
can be found in [73, 74]. Figures 6(a) and (b) show the fringe
and the FFT spectrum used to determine cavity lengths. As
a comparative study, the measurement was also performed
on two FBGs multiplexed on a single-mode optical fiber.
The central wavelengths of the FBG sensors were 1537.2
and 1542.5 nm, respectively, as presented in figure 6(c). The
FBGs were demodulated using a Buneman frequency estim-
ation algorithm. The details of the demodulation method are
discussed in [71].

The fiber sensors were placed inside a furnace for testing
under the condition of high temperatures over a span of 5 d.
The temperature was tracked using a thermocouple. The tem-
perature of the furnace was first increased from room temper-
ature to 1000 ◦C at a ramp rate of ∼5 ◦C min−1. The lin-
ear fit curves were obtained from this temperature increase
process for calibration and then used to measure the signal
received from the sensors. The sensitivities of the sensors were
measured to be 6.23 and 13.51 nm/◦C. The sensor was then
placed at 1000 ◦C for five consecutive days, as presented in
figure 6(d). The temperature variation is shown at better resol-
ution in figure 6(e). Thermal fluctuation can be seen at 1000 ◦C
for both IFPIs. The oscillation was probably a result of furnace
proportional integral derivative control cycles. Thesemeasure-
ment results also show that fiber sensors have a higher fluc-
tuation than electronic thermocouples, which is likely due to
the smaller thermal mass of the fiber sensors. Overall, the
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Figure 7. (a) The initial Rayleigh backscattering profile of a distributed fiber sensor with a 1.40 m Rayleigh-enhanced section (right),
(b) photo of the fiber sensor holder capsule and the stainless steel tube containers, (c) the Rayleigh backscattering profile on the 28th day,
and (d) the temperature measurement after 26–28 d of fast neutron radiation.

IFPI sensor with the cavity length of 581.17 µm showed a
measurement fluctuation of 1.13 ◦C. For the IFPI sensor with
a cavity length of 1191.61 µm, the measurement fluctuation
was calculated to be 5.26 ◦C. Another experiment was carried
out for the two multiplexed FBG sensors up to a temperature
of 910 ◦C. The results are presented in figures 6(f) and (g).
The sensitivities were measured to be 18.1 and 17.99 pm/◦C.
Thermal fluctuations of 0.51 ◦C and 0.52 ◦C were meas-
ured for both sensors. A comparison using FBG sensor meas-
urements exhibited a smaller temperature fluctuation. This
was probably due to demodulation algorithms. Temperature
changes measured by FBG sensors can be directly calculated
from the FBG peak shifts. The IFPI cavity length changes were
extracted from phase of FFT spectra, which are more suscept-
ible to noise.

3.3. Rayleigh-enhanced fiber as high-temperature sensor
under radiative environment

The core of an operating nuclear reactor is arguably the most
extreme artificial environment. The safe operation of a nuc-
lear power system can be greatly enhanced if high spatial res-
olution measurements inside a reactor core can be harnessed.
At present, very limited information can be gathered inside
a nuclear reactor core, as most sensors fail to withstand the
harsh environment. In the last decade, optical fiber sensors
have been considered for use in point measurements inside
nuclear reactor cores [2–4]. In 2018, our group demonstrated
that FBG fabricated on a silica core optical fiber using a femto-
second laser can withstand the extreme environment inside a

nuclear reactor core [29]. In this section, we show that the
standard telecom fiber can be hardened using a femtosecond
laser to execute distributed sensors under radiation. Using
the femtosecond-laser-inscribed-nanogratings, the Rayleigh-
enhanced backscattering profiles can lead to better SNR amid
RIA to provide stable and high spatial resolution temperature
measurements within a 1 cm spatial resolution.

Radiation resilience experiments on Rayleigh-scattering-
based distributed optical fiber sensors using the femtosecond-
laser-inscribed nanograting were carried out through
collaboration with the Massachusetts Institute of Technology
Nuclear Research Reactor (MITR). A 1.40 m Rayleigh-
enhanced section was fabricated using a reel-to-reel oil-
immersion setup on a Corning SMF28e+ single-mode optical
fiber (figure 7(a)). This fiber was fabricated with 120 nJ pulse
energy at a writing speed of 1 mm s−1, which yielded a
propagation loss of 0.09 dB cm−1. The optical fiber samples
were first inserted into a 316 stainless steel tube, which had an
outer diameter of 1/16 in. and a thickness of 0.01 in. The tube
provided mechanical protection of the optical fiber samples
but allowed fast neutrons to reach fiber samples with neg-
ligible attenuation [75]. The tubes were then installed into
a capsule holder with electronic thermocouples to measure
the reference temperature. Figure 7(b) shows a photo of the
assembled capsule inserted into the nuclear reactor core. The
fibers were irradiated in the MITR In-core Sample Assembly
facility under fast neutron radiation. The irradiation temperat-
ure was maintained at a steady 560 ◦C with a fast neutron flux
at ∼1.2 × 1014 ns−1 cm−2. Figure 7(c) presents the Rayleigh
backscattering profile of the fiber samples in figure 7(a) after
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28 consecutive days under radiation. The RIA, which can be
gauged from the slope of the scattering profile, was estimated
to be 0.21 dB cm−1.

Figure 7(d) shows the temperature mapping of the in-core
region on the 26th, 27th, and 28th day after the start of the
fast neutron radiation. The unprocessed fiber section provided
falsemeasurements, which led to ameasured temperature fluc-
tuation >1000 ◦C. This was likely due to both small SNR of
the intrinsic scattering and constant change of the Rayleigh
scattering profile under irradiation. Meanwhile, the Rayleigh-
enhanced section was still able to monitor the temperature,
with a fluctuation smaller than 10 ◦C at a gauge length of
5 cm. Overall, the nanograting-based femtosecond laser fab-
rication technique has significant potential to perform dis-
tributed measurements inside a reactor core to harness high
spatial resolution data even using low-cost standard telecom
fibers.

4. Conclusion

This paper presents a femtosecond laser manufacturing tech-
nique and shows the results in both distributed and multiplex-
able fiber sensors for use in high-temperature environmental
conditions. Using a reel-to-reel laser direct writing scheme,
nanograting was inscribed inside an optical fiber core. The
performance of the fiber sensors was optimized by tuning the
nanograting morphology. Long-term high temperature per-
formance of the fiber sensors was tested at 1000 ◦C. Sensor
performance was also tested in extreme radiation environ-
ments in the MITR research reactor. The results presented in
this paper show that it is feasible to fabricate both distributed
and point fiber sensors using femtosecond lasers that can be
utilized in applications with harsh environmental conditions.
Thismethod is able to harness high spatial resolution data, thus
improving the safety and performance of engineering systems
that operate in extreme environments.
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