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Abstract—The fabrication of tilted fiber Bragg gratings (TFBGs)
in non-photosensitized single-mode fiber by infrared femtosecond
(fs) laser is reported for the first time to the best of our knowledge.
The tilted grating structure is obtained by focusing laser pulses
through a phase mask into a tilted positioned fiber sample, which is
moving along with the interference fringe to form a grating region
covering the entire fiber core and partial cladding. A reflective fiber
probe based on the TFBG with a gold mirror sputtered on one end
has been fabricated and its maximum refractive index (RI) sensitivity is 12.276 nm/RI unit in the RI range of 1.4091–1.4230 for
the cladding mode LP020. A wavelength-power demodulated technique based on the sensors has been proposed to measure axial
strain and temperature simultaneously, which is found suited to
work in harsh environment, especially at high temperature up to
800 C.
Index Terms—Femtosecond (fs) laser, optical fiber sensors, tilted
fiber Bragg gratings (TFBGs).
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I. INTRODUCTION

ECENTLY, tilted fiber Bragg gratings (TFBGs) have
been considered as the important components in novel
fiber sensors [1]–[6] because they have the sensing characteristics of both uniform fiber Bragg gratings (FBGs) and long
period fiber gratings (LPFGs) [7]. In the TFBGs, light coupling
occurs not only between the forward and backward core modes
but also between the forward core mode and backward cladding
modes and even radiation modes [8]. The conventional method
to fabricate FBGs is using an ultraviolet (UV) excimer laser
source [1]–[7]. The UV-written gratings are dependent on
the fiber intrinsic photosensitivity and the induced refractive
index (RI) modulation is limited by the saturation effect. In
addition, the regular grating structures are easy to erase when
temperature is higher than 400 C [9] unless a high temperature
annealing regenerated process is applied to the gratings [10]. To
solve these problems, the femtosecond (fs) laser microfabrication technique has been adopted in recent years [11], [12]. The
grating formation result from the permanent breakage of the
covalent bonds due to the strong nonlinear interaction between
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the glass and fs laser. In this case, photosensitization, including
hydrogen-loading or increasing germanium-doing level, is no
more needed and the grating structures are high temperature
stable. Furthermore, the nonlinear light absorption induces
a relative strong local RI modulation, which will increase
additional propagation loss, but ensures that the length of the
fs-written FBG is short, a smaller grating length reduces the
spatial averaging of surrounding RI, which could increase the
measurement accuracy, making it an ideal fiber sensor in fixed
point measurement. However, to the best of our knowledge, the
fabrication of fiber gratings by fs laser has only been studied
in uniform- [11]–[14], chirped- [15], [16], sampled- [17], [18],
and phase shifted-FBGs [18] and LPFGs [19], [20]. To date,
there have no reports on the fs-written TFBGs.
In this paper, we demonstrated, for the first time, the fabrication of TFBGs in non-photosensitized single-mode fiber (SMF)
by infrared fs laser. The phase mask method is adopted in our
experiment [11]–[13]. The tilted grating planes in the fiber is
constructed by moving the fiber sample, which is rotated a little
tilt angle relative to the focal line, along with the interference
fringe. In addition, a gold mirror is sputtered on the cleaved fiber
end with 40 mm apart from the grating region to form a reflective fiber probe with reflective configuration [1], which is significant in narrow region detection and remote monitoring. The
surrounding RI sensitivity of the TFBG probe has been tested
through the resonant wavelength of the cladding mode LP020
and the maximum RI-sensitivity is 12.276 nm/RI unit (RIU) in
the RI range of 1.4091–1.4230. Moreover, we propose a wavelength-power demodulation method to realize the simultaneous
measurement of axial strain and temperature at high temperature, extending the temperature measurement range compared
with the method of using differential response of the core mode
and cladding modes to the parameters of the external environment [1], [21], [22].
II. EXPERIMENTS
The experimental layout for fabrication of TFBGs is shown
in Fig. 1. A Ti: sapphire regenerative amplifier laser system
(Spectra Physics) with the operation wavelength of
nm and 100 fs pulse duration was adopted. The 2.5 mm radius
with 0.45 mJ pulse energy at 100 Hz repetition rate was
focused using a cylindrical lens (focal length, 40 mm) through
a phase mask (pitch, 3.33 m) into the fiber (Corning SMF-28).
The phase mask was positioned 3 mm away from the fiber to
st-order diffractive
generate pure interference between the
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Fig. 1. Experimental layout for the fs laser fabrication of TFBGs.

laser beams [23]. The average light power intensity in the focal
line was about
W/cm . In the fabrication process,
the fiber was rotated with a tilt angle of
relative to the focal
line, which is parallel to the y axis as shown in Fig. 1. Because
the focal line width
was less than
the fiber core diameter (8.3 m), the fiber was moving along
with the interference fringe, parallel to the x axis [Fig. 1], with
a velocity of 1 m/s to obtain the tilted RI modulation in entire
fiber core and partial cladding. The spectrum of the TFBG was
monitored by an optical spectrum analyzer (OSA) (AQ6370B,
Yokogawa) with the resolution of 0.02 nm and a broadband light
source (Superk Compact, NKT Photonics).
The TFBG probe was realized through gold sputtering on the
cleaved fiber end apart from the grating region. The gold sputtering process was implemented in a small ion sputtering instrument (JEOL, JFC-1600) with the current of 20 mA and the absolute vacuum degree of 9 Pa. After 10 minutes sputtering, a gold
layer with a thickness of 30 nm was achieved to form a broadband reflector. The thickness was measured by an atomic force
microscopy (AFM). The schematic diagram of the TFBG probe
is shown in Fig. 2(a). The light in the fiber core passes through
the grating region twice due to the broadband reflector at the
fiber end, resulting in a double loss of the resonant cladding
modes [1].
The fs-written TFBGs with different tilt angles were fabricated as shown in Fig. 2(b)–(d). The TFBG with a tilt angle of 4
was chosen to demonstrate the characteristics. Its transmission
spectra with different order number are shown in Fig. 3. The top
and bottom spectra are the 3rd- and 4th-order Bragg resonant
peaks, and their corresponding discrete cladding modes resonances, respectively. The length of grating region is just 3.6 mm,
shorter than that of the traditional UV-TFBGs (about 10 mm),
and the length could be much shorter if necessary. But the spectral profiles only have a depth of
dB, indicating a relative
small refractive index modulation and coupling coefficient. The
reasons maybe: firstly, in the grating fabrication process, the
cylindrical lens and the optical fiber are not parallel and thus

Fig. 2. (a) Schematic diagram of the fs-written TFBG probe with reflective
configuration. (b)–(d) Microscopic images of the fs laser induced grating structures with different tilt angles.

Fig. 3. The transmission spectra of the fs-written TFBG with a tilt angle of 4 .

form a distorted optical system to form the grating planes by
interference inside the fiber, decreasing the fringe visibility. In
addition, the grating structure extending to part of the cladding
is likely to impact the modes coupling and thus suppress the
cladding mode resonance amplitude. Subsequently, a smooth
fiber end away from the tilted grating region was cleaved and
a gold mirror was sputtered on it to form the TFBG probe. The
probe size, namely the length from the fiber end to the grating
region, is customized according to the practical requirements.
In this work, the distance between the reflector and grating region was designed relative long with the length of 40 mm in
order to test the characteristics of the axial strain. The reflection
spectrum of the TFBG probe is shown in Fig. 4, represented
by the red curve. The resonances of Bragg and cladding modes
appear as peak and a series of troughs, and the amplitudes of
the cladding modes resonant peaks are twice larger than that in
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Fig. 4. The reflection spectra of the fs-written TFBG sensor before (black line)
and after (red line) gold sputtering.

transmission spectrum [Fig. 3, top figure]. The reflection spectrum before gold sputtering is also shown in Fig. 4 to compare
with the sputtered one. Before the sensing tests, the TFBG probe
was pre-annealing 8 hours at 400 C to erase the unstable RI
modulation [12], [24], ensuring a stable spectrum in repeated
temperature measurements.
In the TFBGs, the effective modes coupling needs to meet
two requirements. One is the phase match condition, which determines the resonant wavelength. The formulas are as follows
[7], [8]
(1)
(2)
where
is the fiber axial projection of the grating
period
with the tilt angle of
is the effective RI of the core mode at the Bragg resonant wavelength
and
are the effective RIs
of the core and cladding modes at the resonant wavelength of
cladding mode
is the Bragg diffractive order number.
The other condition is that the overlap of the coupling modes
are sufficient enough to obtain a significant coupling coefficient
[8], which decides the coupling strength and the amplitude of
the resonant peak. The characteristics of the TFBGs’ spectra
and sensing are primarily determined by the two conditions.
III. SENSING CHARACTERISTICS AND RESULTS
A. Refractive Index Sensing Characteristics
The TFBG sensor was immersed in different concentrations
of glycerin water solutions to test its surrounding RI sensing
characteristics [Fig. 5]. The RI range of the glycerin water solutions was 1.331–1.4608, which were collimated by an Abbe
refractometer at room temperature (20 C). After each measurement, the sensor was cleaned with ethanol and deionized water
to recover its original spectrum in air for the next test. The
reflection spectrum changes with surrounding RI as shown in
Fig. 5(a). The supported cladding modes become radiative when
the refractive index of the surrounding becomes comparable to
effective index [1], [2], [7], [8].

Fig. 5. (a) The evolution of the reflection spectrum versus the surrounding RI
for the fs-written TFBGs sensor. (b) Variation of the resonance wavelength and
the effective RI of cladding mode LP020 as a function of the surrounding RI,
the inset shows cladding mode LP020 resonances versus the surrounding RI.

To analyze the RI sensitivity of the TFBGs, there are two
main methods. One is relate to light power calculated by integral of the spectral area [2], [7], the other is to monitor the
wavelength change [1], [21], [25]. The latter is adopted in our
experiment due to its simpleness and high accuracy, and the
results are shown in Fig. 5(b). The inset figure is the RI response
of the cladding mode LP020 with the resonant wavelength of
1587.86 nm. The resonant wavelength change
with
surrounding RI is shown in the main figure, represented by
black squares. The simulated results (red curve) calculated by
formula (2) are also plotted and they are in agreement with the
experiments. Furthermore, the calculated effective RI changes
of the cladding mode in different environments are shown at
the right side y-axis. The RI sensitivity has an obvious increase
when the surrounding RI is close to the RI value of the cladding
mode cut-off. The maximum RI sensitivity is 12.276 nm/RIU
in the RI range of 1.4091–1.4230 for the cladding mode LP020.
Higher RI sensitivity can also be obtained through monitoring
the higher-order cladding mode resonance, but the dynamic
range will be narrowed. Moreover, the RI sensitivity could be
increased easily to hundreds of nm/RIU by putting a thin gold
coating on the fiber, exciting the surface plasmonic resonance
[3], [26], [27]. In RI measurement, the temperature cross-sensitivity could be eliminated by the differential response of Bragg
and cladding modes resonances [25].
B. Axial Strain and Temperature Sensing Characteristics
In addition to the surrounding RI measurement, axial strain
and temperature sensing of the TFBG probe were also carried out. The resonant wavelength shift
of
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of
. Secondly, the axial strain varies the grating modified
region, which is mainly related to the scattering loss, leading
to the variation of
. For the temperature characteristics
of silica fiber, the thermal-expansion coefficient is one order
of magnitude smaller than the thermal-optic coefficient. So the
thermal-expansion induced elastic-optic effect can be considered very weak, leading to a tiny axial strain, which is difficult
to affect the
.
Here we propose a method based on the resonant wavelength
and relative peaks power, namely wavelength-power demodulated technique, to realize the simultaneous measurement of
axial strain and temperature from room temperature to 800 C.
This method allows a much better strain-temperature discrimination than using the small strain sensitivity difference between
the core and cladding modes [1], [22]. The relationship between
these variables can be expressed in the form of matrix
(3)

Fig. 6. (a) Variation of
and
versus the axial strain for the
and
reflective fs-written TFBGs sensor. (b) Variation of
versus the temperature.

where
and
are the axial strain sensitivities of the
Bragg resonant wavelength and relative peaks power, respectively,
and
are the corresponding temperature sensitivities. Substituting the values obtained from experiments into
the matrix, the change of axial strain and temperature is written
as
(4)

cladding mode LP020 and Bragg resonance and the change
of their peaks power difference (relative peaks power change,
) are functions of the axial strain
and temperature, which are shown in Fig. 6. The measurement
of strain response was realized through adding axial tension
to the TFBG. The axial strain inside the fiber was calculated
by equation
, where
is the axial tension,
is the cladding radius, and
is the silica Young’s modulus.
Fig. 6(a) shows the change of axial strain not only results in the
resonant wavelength shift, but also affects the relative peaks
power. The strain sensitivities of wavelength and power are
1.48 pm/ , 1.42 pm/ , and
dB/ , respectively,
corresponding to
, and
. The differential response
of the resonances of Bragg and cladding mode becomes notable
with the axial strain increasing.
The results of temperature response of
and
, respectively, from room temperature to 800 C are
shown in Fig. 6(b). When the temperature is below 300 C,
the temperature dependence of cladding mode resonance is
similar to that of the Bragg resonance, while their response to
temperature are different for temperature higher than 300 C.
The temperature has no impact on the relative peaks power
[Fig. 6(b)]. The temperature sensitivities of
, and
are 14.2 pm/ C, 13.9 pm/ C, and 0 dB/ C. respectively, by
linear fitting in Fig. 6(b).
According to the experimental results,
is independent
of temperature and strongly dependent on stress. This behavior
is mainly due to the two reasons as below. Firstly, the axial strain
is likely to impact on the extinction ratio of the grating fringe,
namely the refractive index modulation, resulting in the change

The experimental results are affected by the measurement errors of
and
, represented by
and
, and their response to environment fluctuations
induced nonlinear error
. The measurement tolerances of
strain and temperature can be obtained through the equation as
follows [28]

(5)
and
are the true values of
and
, respectively.
and
are determined by
the OSA’s wavelength and power resolutions, which are 0.02 nm
and 0.05 dBm, respectively, and the bandwidth of the resonant
peaks. According to the (5), the maximum measurement errors
of strain and temperature are estimated to 11.4
and 4.7 C,
respectively.
The simultaneous sensing of temperature and axial strain can
also be implemented through integral of spectrum area instead
of relative peaks power, but the method needs some complex
calculation and is not simple as the method proposed in this
paper.
where

IV. CONCLUSION
In conclusion, we have fabricated TFBGs in non-photosensitized SMF by infrared fs laser for the first time. An fs-written
TFBG with the length of 3.6 mm and a tilt angle of 4 has
been obtained through moving the tilted fiber along with the
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interference fringe behind a phase mask. The TFBG sensing
probe is realized by gold mirror sputtered on the cleaved fiber
end with 40 mm apart from the grating region. The probe size
can be customized according to practical requirements. Sensing
characteristics of the reflective TFBG probe for surrounding RI,
axial strain and temperature have been studied. A two-parameter
demodulation method based on wavelength and power difference is proposed for simultaneous measurement of axial strain
and temperature, even at high temperature up to 800 C. This
fs-written TFBGs have all the advantages already demonstrated
for UV-TFBGs and additional ones such as high temperature
stability (inherent in fs-written gratings), a better strain-temperature discrimination because of the strain induced resonance
amplitudes changes, and the availability of multiple order resonances from a single grating. The fs-written TFBG probe has
potential applications in chemical and physical sensing fields,
especially in high temperature harsh environment.
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