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Dual-wavelength FBG inscribed by femtosecond laser for

simultaneous measurement of high temperature and strain
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A novel fiber Bragg grating (FBG) with two transmission dips in 1310- and 1550-nm regions is proposed
and inscribed by an infrared femtosecond laser. Formed by multi-photon ionization, this type of grating
can withstand temperature as high as 800 ◦C which makes it suitable for harsh environment sensing. In
addition, the temperature and strain affect these two dips in different ways, which enables simultaneous
strain and temperature sensing. The fabrication, spectrum characterization, and temperature performance
of this grating are introduced.
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Due to their advantages of high sensitivity, high accu-
racy, and quasi-distributed capability, fiber Bragg grat-
ing (FBG) sensors play a more and more important role
in structural health monitoring, especially in harsh envi-
ronment such as aircraft wings, aircraft tanks, bridges,
dams, and tunnels[1]. However, the ultraviolet (UV)
induced FBG has very poor high temperature stability
and cannot withstand a temperature higher than 300
◦C. Furthermore, its cross sensitivity to both strain and
temperature is also a challenging problem in real world
applications. To address these problems, in the past
decade, a series of techniques has been proposed for si-
multaneous temperature and strain measurement using
FBG, including dual-wavelength FBG with high order
grating diffraction[2], superposed Bragg gratings[3], hy-
brid Bragg grating/long period grating[4], FBG super-
posed with polarization-rocking filter[5], superstructure
FBG[6], chirped FBG[7], hybrid Bragg grating/Fabry-
Perot interferometer[8,9], cascaded FBGs written on
different doped fibers[10], and so on. In recently years,
the high temperature stability of FBGs has also been
strongly improved by the development of infrared (IR)
femtosecond laser writing technique[11]. Among all
temperature and strain discrimination methods, dual-
wavelength FBG is the relatively convenient approach.
However, the Bragg wavelengths of the first and high
diffraction orders are quite different and may exceed the
single-mode wavelength range of ordinary single mode
fiber (SMF). For example, a FBG with the first order
Bragg wavelength at 1530 nm will have the third or-
der Bragg wavelength at 510 nm, and therefore is not
suitable for real sensing system. Zhu et al. reported a
bending temperature and strain sensor based on multi-
mode FBG induced by an IR femtosecond laser, which
has several dips in C-band[12]. Zan et al. proposed a tem-
perature and strain sensor based on polarization main-

taining FBG inscribed by a femtosecnod laser, which has
two dips at 1544 and 1542 nm. However, the polarization
maintaining fiber is too expensive for common fiber sens-
ing systems, and the propagating modes in mulit-mode
FBG are so complicated that the grating dips in it are
not stable enough. To address this problem, in this let-
ter, a novel FBG on common SMF (SM28 from Corning)
with two transmission dips at 1310- and 1550-nm regions
is proposed and inscribed by an IR femtosecond laser.

To generate a dual-wavelength FBG, two Bragg grat-
ings should be written on fiber simultaneously. There-
fore, a near-field phase mask method[14] was adopted in-
stead of point-to-point writing scheme. As shown in Fig.
1, a standard silica SMF is exposed to IR laser pulses of
150-fs duration that are generated by a Quantronix Ti-
tan IR femtosecond laser system with a wavelength of 800
nm and a pulse repetition rate of 1 kHz. The laser beam
diameter is about 10 mm and is focused by a cylindrical
lens with a 38-mm focal length. The phase mask is opti-
mized for 800 nm with a pitch of 2.66 µm, and about 5%
of the beam is diffracted into the zeroth order. Multiple
interference pattern pitches can be generated due to the
involvement of multi-beam interference[11]. The pattern
with half of the mask pitch is the result of two-beam
interference between +1st and −1st diffraction orders,
which has an interferometric visibility of about 100%
given by[15]

K =
2
√

I1I2

I1 + I2
, (1)

where K is the interferometric visibility, I1 and I2 are
the intensities of two interference beams. While the
pattern with the mask pitch is the result of two-beam
interference between the 0th and 1st diffraction orders,
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Fig. 1. Schematic diagram of the experimental setup used to
fabricate dual-wavelength Bragg gratings in SMF by an IR
femtosecond laser.

and has an interferometic visibility of about 59%. De-
termined by the interferometric visibility of these pat-
terns, the effective diffraction index modulation ampli-
tudes of the two Bragg gratings inscribed by the mask are
different. Furthermore, for a practical phase mask, the
interferometric visibility also changes with the gap varia-
tion between the fiber and the mask[14], so it is critical to
carefully adjust the gap to get good dual-pitch gratings.
The fiber was placed on a high-precision moving stage,
and the optimized gap was set to 200 µm according to
our experiments.

Figure 2 shows a microscopic image of a dual-pitch
grating fabricated in SMF, which includes the grating
pitches of 2.66 and 1.33 µm. These pitches correspond
to high-order Bragg grating resonance, given mathemat-
ically by

2neffΛg = mλBragg, (2)

where m denotes the diffraction order, neff represents the
effective refractive index for the propagating mode in the
SMF, λBragg is the Bragg resonant wavelength, and Λg

denotes the grating pitch. In our experiment, the 2.66-
µm grating has the 5th order mode (i.e., m=5) resonant
peak around 1535 nm, while the 1.33-µm grating has a
3rd order mode resonant peak around 1286 nm. Assume
the two gratings have square wave diffraction index mod-
ulation shape, and can be expressed as[16]

f(z) =
m∑

n=1

sin[ 2π

Λg

(2n − 1)z]

2n − 1
, (3)

where f(z) is the function of the diffraction index modu-
lation of Bragg grating in SMF, z represents the variable
along the z-axis of the fiber, 2n − 1 is the order of har-
monic. The 3rd harmonic has a coefficient of 1/3, while
the 5th harmonic has a coefficient of 1/5. Therefore, if
the diffraction index modulation depths of both pitches
are the same, the 1286-nm resonant due to the 3rd or-
der diffraction is stronger than the 1535-nm peak of the
5th order diffraction. For this reason, to get a balanced
dual-wavelength Bragg grating, it is critical to control
the exposure time.

In our experiments, the pulse energy is set to 1.5
mJ/pulse, which is strong enough to inscribe type Π IR
gratings[11]. As a result, the 3rd order peak of 1.33-gµm
pitch grows faster than the 5th order one of 2.66-µm
pitch. Figure 3(a) is the transmission spectra of 1.33-
µm pitch of one dual-wavelength FBG, with the exposure
time of 0.5 s (500 pulses). The 3rd order peak of 1.33-µm

pitch reaches to a maximal value, and after that, erasure
occurs due to over exposure. For an addition 0.125-s
exposure, the grating starts to be erased, and continuous
exposure of another 0.5-s will cause the total erasure of
the grating and damage of the fiber. However, for the
fifth order grating of 2.66-µm pitch, 0.5-s exposure time

Fig. 2. Microscopic image of an asymmetric FBG fabricated
in silica SMF by an IR femtosecond laser with 150-fs, 800-nm
laser pulses and a phase mask with 2.66-µm pitch.

Fig. 3. Transmission spectra of a Bragg grating in silica
SMF inscribed by an IR femtosecond laser. (a) Third order
diffraction dips of 1.33-µm pitch around 1286 nm; (b) fifth
order diffraction dips of 2.66-µm pitch around 1535 nm; (c)
a dual-wavelength FBG with the exposure time of 0.5 s.
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Fig. 4. Schematic diagram of the high temperature experi-
mental setup.

Fig. 5. (a) Spectra of a FBG in a SMF inscribed by an IR
femtosecond laser measured at 23−800 ◦C. (b) Dip location
as a function of temperature for two dips.

only results in a 5-dB dip (see Fig. 3(b)). After another
0.125-s exposure, the grating depth is observed increas-
ing to the highest peak depth, and then starts to erase
too, and continuous exposure for another 0.5 s will also
cause the total erasure of the grating. To get a balance of
the 3rd and 5th grating dips, 0.5-s exposure was adopted
to write the dual-wavelength Bragg grating in our exper-
iment. The transmission spectrum is shown in Fig. 3(c).

According to Eq. (2), the first dip at 1286 nm and the
second dip at 1535 nm have effective refractive indices
of 1.4504 and 1.4427 at room temperature. Using these
parameters, one can calculate the thermal and strain sen-
sitivity of the dual-wavelength FBG, and then discrim-
inate the temperature and strain effects applied to the
sensor as reported before[2]. In our experiment, the high
temperature sensing ability is the most concerned. To
verify this, we conducted the high temperature sensing
experiment, and the dual-wavelength FBG was put in an
Al2O3 tube and inserted into a furnace. As shown in
Fig. 4, the temperature could be changed by inserting
the tube into different positions of the furnace as well as
adjusting the flame of the furnace. One end of the fiber
was connected to an optical spectrum analyzer (OSA, HP
70951), and the other end was connected to the built-in
broadband white light source within the OSA.

The spectra of the FBG sensor were measured at

different temperatures. Figure 5(a) shows the measured
spectra of a FBG at the temperature range of 23 − 800
◦C. Along with the increase of temperature, the spec-
trum shifted, but the spectral profile remained almost
unchanged. Figure 5(b) depicts the location as a func-
tion of temperature for the two dips. In both curves,
the linearity between the dip location and temperature
is 0.999, but the slopes of them are different, the 3rd
order dip has the slope of 0.01025 nm/◦C and that of
5th order dip is 0.00933 nm/◦C. This again confirms the
high temperature sensing ability of the dual-wavelength
FBG as well as the temperature and strain discrimination
ability. Although the concept of using dual-wavelength
FBGs with high order diffraction inscribed by UV illumi-
nation for temperature and strain sensing has been previ-
ously studied[2], we report a new type of dual-wavelength
FBG in SMF inscribed by an IR femtosecond laser, which
offers the new advantage of sensing at high temperature
(up to 800 ◦C). Furthermore, as its Bragg wavelengths
are within the single-mode wavelength range of ordinary
SMFs (i.e., 1310- and 1550-nm regions), common broad-
band light source such as light emitting diode (LED) at
these wavelength ranges can be used, and ordinary pas-
sive SMF components can be adopted to construct a real-
world application system. This will significantly reduce
the cost of FBG high temperature and strain sensing sys-
tem.

In conclusion, we have proposed and developed a strain
and high temperature sensor based on FBGs fabricated
in SMFs by an IR femtosecond laser. The unique ca-
pability of simultaneously sensing high temperature and
strain is enabled because this novel FBG has the follow-
ing key features: 1) the FBG could work at high tem-
perature (up to 800 ◦C); 2) the FBG has two Bragg
wavelengths which are within the single mode wavelength
range of ordinary SMFs; 3) these two Bragg wavelengths
have different effective refractive indices, and the tem-
perature and strain affect them in different ways. This
dual-wavelength FBG could be a very good candidate in
harsh environment sensing when high temperature and
strain co-exist.
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