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High-Spatial-Resolution High-Temperature Sensor
Based on Ultra-Short Fiber Bragg Gratings With
Dual-Wavelength Differential Detection

Kuikui Guo, Jun He
and Yiping Wang

Abstract—Type 1I fiber Bragg gratings (FBGs) inscribed with
femtosecond (fs) laser possess significant potential for high tem-
perature sensing. In this work, we propose and demonstrate a
method for fabricating a parallel-integrated ultra-short type II
FBG (PI-US-FBG) by using an fs laser point-by-point technology.
The PI-US-FBG, featuring by an ultra-short grating length of
80 pm, consists of six identical FBGs parallel-inscribed into a
fiber core at different radial positions in the same cross section.
The fabricated PI-US-FBG exhibits a broadband Gaussian-shape
spectrum with a low reflectivity of ~10%, an ultra-low out-of-band
insertion loss of 0.01 dB, and a large full width at half maximum
bandwidth of 9.4 nm. Moreover, this PI-US-FBG could be used
as a high temperature sensor with a wide measurement range
from 25 to 1000 °C, and an excellent linearity was achieved with a
dual-wavelength differential detection. The temperature sensitivity
could be increased from 0.00316 to 0.00945 (dB/ °C) by enlarging
the wavelength spacing of the tunable laser. In addition, two cas-
caded PI-US-FBGs were used to precisely measure the temperature
field distribution in a CO,, laser spot with a very high spatial resolu-
tion of 100 um. Hence, the proposed PI-US-FBGs could be used for
a large-scale fiber sensor network, especially in future distributed
temperature measurement with a high spatial resolution.

Index Terms—Fiber bragg gratings, fiber optics sensors, laser
materials processing.
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I. INTRODUCTION

IBER Bragg gratings (FBGs) have been widely used in

many fields of optical fiber sensors, fiber-optic commu-
nications, and fiber lasers due to the advantages of compact
size, electromagnetic immunity, and multiplexing capability,
etc [1]. In general, the FBGs with long grating length always
have poor vulnerability to no-uniform physical fields, which
could distort the FBG spectrum considerably and badly affect
the measurement accuracy [2]. Fortunately, there also exists a
type of ultra-short FBGs (US-FBGs) with grating lengths scaled
to only hundreds or even tens of microns and can solve the
problems mentioned above. Moreover, the US-FBGs could also
be used as sensing elements for large-scale distributed sensing
networks due to the high spatial resolution [3]. However, the
US-FBGs also yield a large bandwidth, which can reach up
to several or even tens of nm. This wide reflection spectrum
in the US-FBGs is unfavorable for conventional wavelength
interrogations. For most commonly used interrogation methods
based on tracking the wavelength peak or notch, their broad
spectra would prevent a high resolution [2]. To overcome this
drawback, Xia et al. proposed a new method for interrogating a
450 pm-long US-FBG based on a dual-wavelength differential
detection (DWDD) [4]. In 2016, they also reported a large-scale
cascaded 500 pm-long US-FBG sensing array based on DWDD
[5]. Hence, the DWDD could offer an effective, flexible, and
simpler interrogation scheme, opening up exploitation possibil-
ity of future US-FBG sensors. However, the US-FBGs induced
by UV laser are only suited for operating temperature below
450 °C due to their inadequate thermal stability [1].

Recently, the use of femtosecond (f5) lasers have been ex-
plored for inscribing type II FBGs in various optical fibers
via nonlinear photon absorption and photoionization [6]. These
type II gratings with structural changes in fiber core have the
potential for high temperature sensing of above 1000 °C [7],
[8]. In 2017, Hnatovsky et al. reported a 130 pm-long type II
US-FBG inscribed with fs laser through a phase mask and a
slit placed proximately the mask, and the US-FBG exhibited a
high thermal stability [9]. Nevertheless, one major drawback of
this technology is that the grating pitch is fixed by the phase
mask period. Since the 5 laser point-by-point (PbP) technology
was first reported to fabricate an FBG [10], it exhibits great
advantages of excellent flexibility, free of hydrogen loading and
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Fig. 1.
and logarithmic domain (b), respectively.

phase mask [11]. Moreover, the refractive index (RI) modified
region produced by the fs laser PbP method is much smaller than
the fiber core diameter, there is only a small overlap between the
mode field propagating along the fiber core and the dimension
of RI modified region, resulting in a weak coupling coefficient
for the US-FBG [12]. The fs laser line-by-line (LbL) technology
and the fs laser plane-by-plane (P1-b-Pl) technology can increase
the coupling coefficient due to the larger RI modified region.
However, these two methods (i.e., LbL technology and PI-b-P1
technology) exhibit no flexibility to adjust the RI modified
region [13]. Fortunately, the coupling coefficient can be further
enhanced if multiple US-FBGs are parallel inscribed in fiber
core via the fs laser PbP technology. Meanwhile the RI modified
region can be also adjusted by changing the number of the
parallel-integrated FBGs (PI-FBGs), and the reflectivity of the
grating can be achieved flexible regulation as we expected.
Recently, massive efforts have been made to fabricate various
PI-FBGs. For example, in 2019, we reported for the first time
the fabrication of PI-FBGs with either the same or different
resonance wavelengths in fiber core via the fs laser PbP method.
A 500 pm-long PI-FBG was also fabricated and could realize a
spatial resolution of sub-millimeter [ 14]. Moreover, in 2020, Zhu
et al. reported the PI-FBGs in fiber core with three distinct res-
onant wavelengths and used them for a wavelength-switchable
fiber laser [15].
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Simulated reflection spectra of type IT FBGs with different grating lengths in case of a fixed refractive index change An = 2.1%1073 in linear domain (a)

In this letter, we demonstrate an 80 pm-long PI-US-FBG with
a full width at half maximum (FWHM) bandwidth of 9.4 nm,
a low reflectivity of ~10% and an ultra-low insertion loss of
0.01 dB. The fabricated PI-US-FBG consists of six identical
gratings which were parallel- inscribed into the fiber core by
using the fs laser PbP method, and it could be used as a high
temperature sensor which could provide a large temperature
measurement range by using DWDD scheme. Moreover, a wide
tuning range (i.e., 0.00316 to 0.00945 (dB/ °C)) was demon-
strated in the temperature sensitivity. In addition, two cascaded
PI-US-FBGs were used for measuring the temperature field
distribution in the CO5 laser spot with a high spatial resolution
of 100 um.

II. PRINCIPLE OF OPERATION

According to the coupled mode theory [16], the spectral
profile of a low reflectivity FBG can be modeled as a Gaussian
function: R(1)ocexp(-4In2[(A-A )/ AAg]?), where A, AL p are
Bragg wavelength and FWHM bandwidth of the grating, re-
spectively. Fig. 1(a) illustrates the calculated reflection spectra
of type II FBGs with different grating lengths in case of a fixed
RI change An = 2.1*1073 in linear domain. It is clear that the
maximum reflectivity becomes stronger from 10% to 77.6% with
the grating length L increases from 80 to 160 pm, as shown
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Fig. 2. (a) Schematic of the fabrication of PI-US-FBG by using the fs laser
PbP technology. (b) Side-view microscope image of the PI-US-FBG. (c) Cross-
sectional-view SEM image of the PI-US-FBG. (d) Enlarged view of the RI
modified areas in (c).

in Figs. (al)-(a3), and the reflection spectrum of type II FBG
with a low reflectivity of 10% becomes obviously closer to
Gaussion profile. A Gaussian fit with an extremely high quality
of fit (R*>0.999) is performed over total reflection spectrum,
as shown in Fig. (al). Additionally, the FWHM bandwidth of
type II FBGs becomes narrower from 9.4 to 3.5 nm with the
grating length L increases in logarithmic domain, as shown in
Figs. (b1)-(b3). Hence, it is concluded that a low reflectivity type
II US-FBG with broad Gaussian spectrum could be obtained by
decreasing the grating length (i.e., 80 um) with high RI change.

Since the spectral width of the laser is much narrower than that
of the US-FBG, by assuming that laser spectrum and US-FBG
spectrum are a delta function and an ideal Gaussian function [3],
the total reflected power of the laser from the US-FBG can be
expressed as:

i)’
Alrp

where Ap, Ay are Bragg wavelength and laser wavelength.
Hence, the reflected optical powers (i.e., P(A1) and P(X3)) of
the US-FBG at any two laser wavelength within the grating

spectrum, as shown in Fig. 1(al), will follow two Gaussian
behaviors [4]:

P;, (Ag) o exp l— (41n2) <M_AB>2] ,

I o exp l— (41n2) ( ) ()

2

f] 3

where A is the Bragg wavelength of the grating, A1, A5 are the
laser wavelength, and AX is the wavelength spacing between
A1 and do. By subtracting P(1;) and P()2) in log-domain, the
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Fig. 4. (a) Experimental setup of high temperature test for the type II PI-US-
FBG. (b) Spectra of the tunable laser and the reflected spectra of the type II
PI-US-FBG at 25 and 1000 °C.

differential readout of reflected signal can be written as:
P(AB):lgPAQ ()\B) - (4)

where £ = AX*(AA+2X1) is a constant term for the given
case, and F = —2AA is proportional to the wavelength spacing

lg P)q ()\.B) x E+F'Ap
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Fig. 5. (a) Reflection intensities (i.e., P1 and P2) versus the temperature. (b)
Differential intensity (i.e., P2-P1) as functions of the temperature increase at
three different wavelength spacing AX.

AM. According to Eq. (4), by monitoring intensity difference
at any two wavelengths, the Bragg wavelength X g shift can be
linearly tracked, and the sensitivity F can be tuned by changing
wavelength spacing AX. Moreover, it is should be noted that
the DWDD methods is naturally insensitive to any intensity
variations, such as the source fluctuations caused by external
vibration.

III. FABRICATION OF TYPE II PI-US-FBG

For an FBG inscribed by fs laser PbP technology, the coupling
coefficient x can be simplified as x = wvI'An/A, where v,
I" are the fringe visibility of RI change An and the mode
power confinement factor in fiber core [12]. Hence, the coupling
coefficient x could be further enhanced when multiple US-FBGs
are parallel-inscribed to increase RI modified areas in fiber core.

Fig. 2(a) demonstrates a schematic diagram of type II PI-US-
FBG inscribed by an fs laser PbP technology [17]. The grating
inscription process employs an fs laser amplifier (Light Conver-
sion), with a center wavelength of 513 nm, a pulse duration of
250 fs and a repetition rate of 200 kHz. The fs laser beam could
be precisely focused into the core of a standard single mode fiber
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(Corning SMF-28e) using a 100 oil-immersion objective (1.25
NA). The SMF with a core diameter of approximately 9 pum was
moved at a constant velocity using three-axis translation stages.
Consequently, an FBG could be inscribed into the fiber core
along Z axis. Here, the fs laser pulse energy is up to 140 nJ to
induce high RI change to form type II FBGs due to ultrafast
laser-material interactions [8]. Six identical type II US-FBGs,
ie.,FBG, (n=1,2,3,4,5, 6), with the same grating length and
grating pitch were parallel-inscribed at XZ plane, as shown in
Fig. 2(b). Fig. 2(c) and (d) show the cross section of the type II
PI-US-FBG and the magnified view of the RI modified regions
of the fiber core. It is clear that the RI modified regions in fiber
core could be significantly increased via this parallel-inscribed
method.

During the fabrication process, the reflection spectra of the
type I PI-US-FBG were investigated by using a broadband light
source with a wavelength range of 1525-1565 nm and an optical
spectral analyzer (OSA, Yokagawa AQ6370C) with a resolution
of 0.02 nm. As shown in Fig. 2(b), six identical FBGs, i.e., FBG,,
(n=1,2,3,4,5, 6), with the same grating pitch of 1.07 pm
and grating length of 80 pm, were parallel-inscribed in the fiber
core by the fabrication process described above. The overlap
between the mode field propagating along the fiber core and the
dimension of RI change could be improved, resulting in higher
coupling coefficient, as shown in Fig. 2(d). As shown in Fig. 3(a),
itis clear that the Bragg wavelength of the PI-US-FBG remained
mostly unchanged. According to Ref. [16], the reflectivity and
the FWHM bandwidth of the grating are positive correlation to
the coupling coefficient x. Hence, the reflectivity and the FWHM
bandwidth of the PI-US-FBG could be gradually increased
with the parallel-integrated grating number increase. Due to the
light intensity exhibits an ideal Gaussian distribution in fiber
core [18], the reflected light intensity of six identical FBGs at
different radial positions is varied. The reflectivity change of
PI-US-FBG is quite small when the gratings (i.e., FBG; and
FBGg) are inscribed near the boundary between the fiber core
and cladding, as shown in Fig. 3(a). Hence, the reflectivity of
the total PI-US-FBG is closely related to the grating position.
At last, the reflection spectrum of the PI-US-FBG becomes
closer to a Gaussian profile with an FWHM bandwidth of
9.4 nm which is well consistent with the simulated result above
(seeing Fig. 1(b1)). Moreover, this type II PI-US-FBG exhibits
a very low insertion loss (IL) of 0.01 dB, a transmission loss
of —0.46 dB, i.e., corresponding to a reflectivity of ~ 10%,
as shown in Fig. 3(b). The Bragg wavelength Ap appears at
1544.6 nm that meets the phase-matching condition given by
mAp = 2n¢gA, where m, n g, A are the harmonic order number,
the effective RI of fiber core and the grating period [19].

IV. HIGH-TEMPERATURE SENSING OF TYPE II PI-US-FBG

Subsequently, the high temperature test was carried out on the
fabricated type I PI-US-FBG with DWDD, and the correspond-
ing experimental setup was shown in Fig. 4(a). A tunable laser
with a wavelength range of 1450-1650 nm was used as the light
source and provided a switchable wavelength between A and A.
This tunable laser exhibits stable output and fast scanning speed
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(a) Experimental setup for measuring temperature distribution in the COq laser spot by using the fabricated PI-US-FBG. (b) Measured temperature

distribution of the CO2 laser spot. (c) Schematic of high-spatial-resolution measurement of the temperature distribution in the CO2 laser spot by using two cascaded
PI-US-FBGs. (d) Reflection spectrum of cascaded PI-US-FBGs. (e) Measured temperature results of cascaded PI-US-FBGs with a high spatial resolution.

(i.e., 200 nm/s), and the reflected optical powers (i.e., P1 and
P2) of the grating can be fast obtained. A photodetector (PD)
was used for detecting the reflection intensity in log-domain.
For an FBG inscribed by the fs laser PbP technology, there is a
wavelength hysteresis phenomenon during the temperature rise
and drop due to the residual stress in fiber core [14]. Hence, this
type II PI-US-FBG should be pre-annealed at 500 °C for 48 h
to completely relax residual stress.

At first, the reflection spectra of type II PI-US-FBG were
recorded at 25 and 1000 °C for 12 hours, as shown in Fig. 4(b).
It is clear that the grating spectral shape and reflection intensity
almost remain unchanged due to its strong thermal stability, and
the Bragg wavelength exhibits a ‘red’ shift of ~13.5 nm. Hence,
the PI-US-FBG exhibits excellent high-temperature stability,
and it is very suitable for high temperature sensing. Moreover,
the signal-to-noise ratio (SNR) in tunable laser is higher than
60 dB at an output power of —2.0 dBm. The detected lasing
wavelengths A; and Ao were selected to be at 1549.7 nm and
1552.1 nm, respectively. Note that the lasing wavelengths A,
Mo should be located at the long wavelength sideband of the
grating to allow entire response to characterize the interrogation
concept mentioned above.

The high temperature response of the proposed type II PI-US-
FBG was investigated in detail via DWDD. Here, the grating
was placed in the center of the tube oven, i.e., location A (seeing
Fig. 4(a)). At each temperature, the test duration was set to 10

mins to acquire a stable intensity. To prove its adjustable tem-
perature sensitivity, three similar measurements were conducted
with different wavelength separations, i.e., by choosing A5 to
be 1550.5, 1551.3, and 1552.1 nm in each test while keeping
constant A; = 1549.7 nm. Fig. 5(a) plots the recorded reflection
powers (i.e., P1 and P2) versus the temperature from 25 to
1000 °C in steps of 100 °C. The recorded intensity responses
almost follow a Gaussion behavior as expected due to the
Gaussian-shape spectrum of the type II PI-US-FBG. Fig. 5(b)
shows the differential intensity (i.e., P2-P1) as functions of
the temperature increase at different wavelength spacing, i.e.,
AL = 0.8, 1.6, and 2.4 nm, respectively. A high linearity
(i.e., R?>0.998) between the differential intensity (i.e., P2-P1)
and the temperature is observed. Additionally, the temperature
sensitivity is proportional to the wavelength spacing, and can
be increased from 0.00316 to 0.00945 (dB/ °C) by enlarging
the wavelength spacing. The experimental results are consistent
with theoretical analysis above (i.e., Eq. (4)).

Furthermore, the temperature distribution in a CO» laser spot
is measured by using the fabricated PI-US-FBG, which has a
grating length (i.e., 80 pm) of less than the laser spot diameter
(i.e., ~300 pm). The experimental setup for measuring the tem-
perature field distribution in a CO» laser illumination is shown
in Fig. 6(a). The COx laser beam with a power of 680 mW was
passed through a convex lens and illuminated on the PI-US-FBG.
The position of the grating could be precisely adjusted by using
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a three-axis translation stage. Generally, the cross-sectional field
of CO, laser spot exhibits nearly Gaussian distribution (seeing
the inset of Fig. 6(a)), which could lead to non-uniform temper-
ature distribution [20]. In the experiment, the intensities (i.e.,
P1 and P2) at the lasing wavelength A; and Ao were recorded
when the PI-US-FBG was translated perpendicular to the CO5
laser with a step of 50 um. Hence, the temperature at different
position could be calculated from Eq. (4) in case of the lasing
wavelength A1 = 1549.7 nm and A, = 1552.1 nm, respectively.
Fig. 6(b) shows the temperature distribution of the CO, laser
spot, and the center temperature and boundary temperature of
the CO;, laser spot are ~ 359.8 °C and ~ 290.0 °C, respectively.
It is clear that the temperature at different laser spot locations
exhibits a near-Gaussian distribution with a fit of R*>0.996.

At last, a fiber sensor array consists of two cascaded PI-US-
FBGs with a grating length of 80 um and a spatial spacing
of 20 um was used for a high-spatial-resolution temperature
measurement, as shown in Fig. 6(c). Fig. 6(d) shows the mea-
sured reflection spectrum of the cascaded two PI-US-FBGs with
different Bragg wavelengths at 1544.6 and 1579.1 nm due to the
different grating periods, i.e., 1.07 and 1.09 pm, respectively.
These two cascaded PI-US-FBGs both exhibit a broadband
Gaussian-shape spectrum with a low reflectivity of ~10%, and
a large FWHM bandwidth of ~9.4 nm. Here, the wavelength
spacing AA is set the same value (i.e., AL = 2.4 nm) when
the cascaded PI-US-FBGs was used for a high temperature
measurement. Hence, the temperature at the PI-US-FBG1 could
be calculated from Eq. (4) in case of the lasing wavelength X,
= 1549.7 nm and Ay = 1552.1 nm, and the temperature at the
PI-US-FBG2 could be calculated from Eq. (4) in case of the
lasing wavelength A’y = 1584.2 nm and A’s = 1586.6 nm.
Then the CO5 laser beam with a power of 680 mW was used
for illuminating the PI-US-FBG sensor array, and the measured
temperature result is shown in Fig. 6(e). The temperatures at
PI-US-FBGI and PI-US-FBG2 are 312.3 °C and 368.6 °C, and
the temperature gradient can reach up to 56.3 °C when the
PI-US-FBG2 was located in center of the CO5 laser beam. As
a result, these cascaded PI-US-FBGs are very suitable for use
as a high temperature sensor with a high spatial resolution of
100 pm.

V. CONCLUSION

In summary, an 80 um-long type II PI-US-FBG with an
FWHM bandwidth of 9.4 nm was successfully inscribed by us-
ing fs laser PbP technology. The fabricated PI-US-FBG exhibits
a broadband Gaussian-shape spectrum with a low reflectivity of
~10%, an ultra-low out-of-band insertion loss of 0.01 dB. The
PI-US-FBG can be used to realize high temperature (>1000 °C)
sensing based on a novel DWDD scheme, and a wide temper-
ature sensitivity tuning range of 0.00316 to 0.00945 (dB/ °C)
is obtained. Moreover, two cascaded PI-US-FBGs could be
used to accurately measure the temperature field distribution
with a very high spatial resolution of 100 um. Hence, the
proposed PI-US-FBGs could be used for high-spatial-resolution
high-temperature sensing in many industrial applications, such
as laser cutting, lasing welding, and device packaging, etc.
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