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1. Introduction

Since Hill et al. proposed the first fiber Bragg grating (FBG) in
1978, FBG has become an indispensable part of modern optics
and information technology. Traditional FBGs inscribed by UV
lasers suffer from strong fiber photosensitivity dependency>?!.
The FBG structure easily degrades at a temperature greater than
300°C. An additional hydrogen loading step also leads to low
tensile strength!®!. Recently, to achieve an incredibly broad and
growing range of applications such as high-temperature sensing
in aerospace or oil and gas exploration, FBGs, by using femto-
second (fs) lasers, have attracted more and more attention since
fs-inscribed FBGs are independent of fiber materials and exhibit
an enhanced temperature-resistant performance of 1200°C>°),

As is well known, three mainstream fs fabrication technolo-
gies, i.e., the scanning-beam phase-mask method, the Talbot
interferometer method, and the direct inscription method, have
been developed for fabricating FBGs of various fiber types'”®.
Both the scanning-beam phase-mask method and the Talbot
interferometer method have not been widely adopted because
of their intrinsic shortcomings. For instance, the phase-mask
technology exhibits the inflexibility of wavelength-tunability
and complex gratings design!®’. Both high precision and high
stability are required in the fabrication process due to the
extremely short path difference in experimental setup, although
fs laser Talbot interferometry is more versatile in the fabrica-
tion of a wavelength-division-multiplexed (WDM) FBG array.
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Aiming for suppressing side-mode and spectrum broadening, a slit beam-shaping method and super-Gaussian apodization
processing for femtosecond laser point-by-point (PbP) inscription technology of fiber Bragg gratings (FBGs) are reported
here. High-quality FBGs, featuring narrow bandwidth of less than 0.3 nm, high reflectivity above 85%, low insertion loss
(0.21 dB), and low cladding loss (0.82 dB), were obtained successfully. By a semi-automatic PbP inscription process, an
array consisting of six FBGs, exhibiting almost no side-mode peaks with high suppression ability and narrow bandwidth,
was fabricated along three independently developed single-mode fibers with an interval of 20 mm.
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The fs direct inscription technology does not require a phase
mask!”), and the grating period, shape, and position of refrac-
tive index modulation (RIM) can be flexibly controlled; FBGs
with different Bragg wavelengths and complex spectra can be
obtained!"").

The fs direct inscription could be categorized into the
point-by-point (PbP) method, line-by-line (LbL) method, and
plane-by-plane (Pl-b-PI) method according to the scanning
trace!’' "), For example, by a continuous core-scanning tech-
nique developed from the LbL method, high-quality FBGs, with
a lower insertion loss of 0.1 dB and a higher Bragg resonance
attenuation of 49 dB, were created!"*. However, fabricating a
high-quality FBG takes several hours, which is not beneficial
for the fabrication of FBG arrays and industrial production.
Alternatively, the P1-b-Pl method, combining the LbL scanning
technology with the spherical aberration (SA) effect, has been
proposed recently because it shows the advantages of high
reflectivity, low loss, suppressive cladding mode coupling, and
enhanced coupling strength coefficient!"”). Nevertheless, clad-
ding mode and side-mode peaks can be easily observed in the
reflection spectra of the FBGs!'*'), Similar to the LbL method,
the Pl-b-Pl method is still time-consuming, and not conducive
to FBG arrays and mass production. For the previously reported
PbP method, a relatively low overlap factor between the refrac-
tive index modification (RIM) region and the fiber core leads to
a localized effect and therefore causes strong cladding mode
loss!"®). Several methods have been proposed to suppress the
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cladding mode loss, including PbP parallel-integrated inscrip-
tion and beam-shaping technologies. However, these methods
are not very efficient to eliminate the cladding loss or introduce
additional loss. Note that the appearance of side-mode and clad-
ding mode easily broadens the FBG spectra!'”!. Moreover, com-
pared with the Bragg resonance wavelength, the side-mode and
cladding-mode peaks in the reflection spectra present compa-
rable intensity. Owing to this additional mode peak interference,
Bragg resonance wavelength and microphysical parameters
(such as temperature and strain) are very difficult to be de-
modulated by the interrogator, especially for an FBG array
or FBG string. Additionally, a large bandwidth is also disadvan-
tageous to wavelength demodulation. To our knowledge, to
accurately demodulate Bragg resonance wavelength change is
a current challenge for the FBG array or string due to the above-
mentioned interference, although Bragg wavelength demodula-
tion of a single FBG is easily realized.

In this work, based on the independently fabricated single-
mode fiber (SMF), FBGs with high reflectivity, low cladding
mode loss, and insertion loss are successfully inscribed by a
fs laser PbP technology. We applied slit beam shaping and
super-Gaussian apodization processing to successfully suppress
bandwidth broadening and side-mode peaks. The fabricated
high-quality FBG features narrow full width at half maximum
(FWHM) bandwidth of less than 0.3 nm, high resonance to
side-mode peak ratio above 15 dB, and almost no side-mode
peaks. By a semi-automatic inscription process, a high-quality
FBG array consisting of six FBGs of the third-order and
5 mm length is successfully fabricated along a 3 m-long SMF
with an interval of 20 mm and characterized by the commercial
demodulator. Moreover, the corresponding FBG has excellent
thermal stability, with a sensitivity of 7.91 pm/°C at 350°C.

2. Experiment

A homemade preform was drawn by a drawing tower into
standard SMF (core, 9 pm; silica cladding, 125 pm; polymide
cladding, 245 pm) reported in detail before elsewhere!®.
Laser exposure was conducted using a Yb:KGW medium ultra-
fast laser system (Pharos, Light Conversion) with a tunable rep-
etition rate working at a wavelength of 1030 nm. The pulse
duration can be easily tuned from 190 fs to 10 ps. Beam-steering
optics guided the laser pulses to the workpiece, consisting of the
polyimide coating SMF fiber and capillary silica tube of 600 pm
diameter mounted on a three-axis air-bearing positioning sys-
tem (Aerotech). The index-matching oil was applied to fill the
gap between the SMF fiber and capillary silica tube so that the
cylindrical lens effect caused by the surface curvature of the fiber
could be eliminated. FBGs were photoinscribed by the short
1.2 ps pulses, and a repetition frequency of 1 kHz. (A pulse
width of 1.2 ps imposes lower requirements on the laser source,
offering a wider range of selectable energies and making beam
shaping more feasible. The 1.2 ps pulse width, in comparison
to pulses in the order of several hundred fs exhibits a slightly
weaker nonlinear effect. This can mitigate the impact of
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side-mode and simultaneously enhance the efficiency of grating
inscription.) The polarization of the laser has a significant
impact on the grating inscription process, with the laser’s polari-
zation direction aligned parallel to the grating groove direction,
resulting in the lowest energy threshold and the most precise
inscription!"”). To suppress side-mode and control bandwidth,
the super-Gaussian apodization region, where the focus of the
incident laser was 5 pm above the center of the fiber core,
was designed with a low RIM region at 0.5 mm of both the initial
and end segment, respectively. In our experiment, inscription
parameter optimization of FBG was not discussed here for sim-
plification, although the inscription method was the primary
focus of this work. The fabricated FBGs of the third order
(grating period A, = 1.55 pm) are shown in the Fig. 1(a).
According to different inscription methods, three FBGs were
labeled as 1# (slit beam shaping, no super-Gaussian apodization
processing), 2# (no slit beam shaping, super-Gaussian apodiza-
tion processing), and 3# (slit beam shaping, super-Gaussian
apodization processing). A microscope objective (50X,
NA = 0.42, Mitutoyo) is used as the final focusing element.
The shape of 1# and 2# samples would have an ellipse-shaped
core with an aspect ratio of ~4: 1'*!, The slit-shaping technique
has been used to ensure a circular waveguide section by our
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Fig. 1. (a) Schematic diagram of the experimental setup for writing FBG and
FBG arrays; (b) physical images of RIM regions of varying sizes.
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group before!*!. According to this, the slit before the micro-
scope object is set to 500 pm width, and the RIM cross-sectional
shape of 3# sample is round, with an aspect ratio of ~1: 1. Due to
the difficulty in precisely controlling pulse energy after the aper-
ture effect, the utilization of half-wave plates and polarizers to
regulate pulse power and energy has enhanced the repeatability
and precision of pulse energy. By employing this method, energy
was measured using a high-precision power meter; the laser’s
pulse energy prior to beam expansion was 1.7 pJ (3# sample)
and 0.5 pJ (1# and 2# samples). The pitch of the grating is
decided by the moving speed of the 3D translation stage and
the repetition rate of the laser. For observing the structures in
situ in real time, an imaging transillumination system was used.
Ex situ optical transmission and positive phase-contrast micros-
copy (PCM) are employed. Figure 1 shows a schematic diagram
of the experimental setup for FBG inscription of the third order
(grating period A, = 1.55 um). It is to be noted that, inscribed
by fs laser PbP technology with no slit shaping, the length of RIM
regions was 0.8 pm. By contrast, the slit-shaping method makes
the RIM region in the fiber core round, and the length could be
extended to 4 pm [shown in Fig. 1(b)]. Compared with the pre-
viously reported Pl-b-Pl method'*?, the PI-b-Pl method in this
work, based on the slit-shaping technology and PbP method,
presents a much faster inscription speed of several seconds.
The increase in laser power or the reduction of the cladding
mode resonance attenuation can lead to a further increase in
the RIM region radius. However, extensive experimentation is
required to validate the required pulse power for different fiber
parameters or materials. It is evident that a 4 pm RIM region
radius is not the maximum attainable value. Under the same
conditions, a larger grating length implies higher reflectivity
and a side-mode suppression ratio (SMSR).

Asan application example, a sample with some observed side-
bands, engraved 5 mm-long FBG with a resonant peak of about
1550 nm, was encapsulated into the designed ceramic module to
make a temperature sensor. Thermal response of the FBG sam-
ple ceramic sensor is characterized by using the electric oven.
The K-thermocouple with a TC-08 controller is used to monitor
the temperature of the sample. During the heating process, the
resonant behavior of the sensor is characterized and recorded by
a spectrometer with a resolution of 0.1 pm and measure accuracy
of £1 pm. To calibrate the sensor and obtain the temperature
sensitivity, temperature and Bragg resonant peak value are
recorded at 5-min intervals.

3. Results and Discussion

In the process of grating inscribing, high-quality FBG is highly
dependent on the size, ovality, and position of the fiber core!*).
It is well known that uneven distribution of the fiber refractive
index profile (RIP) leads to different RIMs induced by nonlinear
absorption of the fs laser at the same engraving depth, and
therefore different grating RIP periods along the longitudinal
direction of the fiber. In this case, the side-mode peaks and
the cladding mode are easily generated by the uneven RIP
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Fig. 2. RIP of the drawn 1 km-long fiber.

distribution. Figure 2 shows the RIP distribution of the initial,
middle, and end segment of the drawn 1 km-long fiber. The
drawn fiber is a standard SMF, with a cladding diameter of
125 pm and a core diameter of 9 pm. The numerical aperture
(NA) of the core is 0.12. The propagation loss is 0.5 dB.
Concentricity between the fiber core and cladding is less than
1 um, and the noncircularity of cladding is less than 1%. To
obtain a high-temperature sensor, the coating material is poly-
imide with a wide working temperature range of —50°C to
430°C?*), The polyimide coating diameter is 145 pm. Note that
the RIP distribution curves of the drawn fiber core in the initial,
middle, and end segments are almost consistent. It ensures good
period uniformity in terms of RIP and length of the inscribed
FBG, thereby achieving the result of side-mode and cladding-
mode suppression.

Figure 3 shows the transmission and reflection spectrum
of the 3# sample with a pitch A of 1.5 pm and a diameter
of 4 pm. The fabricated FBG of 5 mm length exhibits nearly
pure resonant spectral reflection characteristics with narrow
bandwidth below 0.3 nm and high side-mode suppression
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Fig. 3. Resonant spectral transmission and reflection of the 3# FBG sample
at 1555 nm.
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above 25 dB. It is to be noted that, according to the equation[zsl,

the reflectivity of the FBG at the Bragg wavelength is calculated
to be more than 85%. The reflectance of FBG is influenced by the
polarization direction of the laser. An isotropic grating exhibits
the same reflectance for identical polarized light. When the inci-
dent light direction or polarization changes, the Bragg grating
demonstrates axial dependence for specific polarizations, result-
ing in varying reflectances'*®). Additionally, changes in the shape
of the fiber due to factors such as stress can also lead to different
reflectances for incident polarized light. For simplicity, in the
experiment, light with the same polarization direction is used,
with the incident light direction parallel to the fiber axis, to mit-
igate the impact of polarization direction on reflectance. As
described in Fig. 3, the transmission spectrum of the 3# sample
exhibits a Bragg resonance attenuation of 16.2 dB. The cladding
mode resonance is controlled well; for example, the resonance
attenuation at the wavelength of 1553 nm is only 0.82 dB, com-
parable to the counterpart (0.54 dB) reported in Ref. [27]. The
RIM region is obviously less than previously reported®”).
It mainly originates from the slit-shaping technology and intro-
duces super-Gaussian apodization region during the FBG fabri-
cation process.

The ratio of the coupling strength coefficient to the scattering
loss coefficient k/a is a key parameter of FBG, which is a valu-
able index to determine the maximum achievable reflectivity
of FBGs. The coupling strength coefficient x and the scattering
loss coefficient @ can be expressed as x =In(Tz)/(—2L) and
a=In(Ty)/(-2L), where Ty is the insertion loss (transmission
loss measured outside the band), T is the Bragg resonance
attenuation, and L is the length of the grating®*!. Obviously,
a higher k/a ratio will result in high reflectivity and low insertion
loss. In this experiment, the insertion loss Ty can be calculated
as Iy = —10 1g(Pyy/Pyy), where I} is the insertion loss, Py is
the output optical power, and P;, is the output optical power.
The calculated insertion loss is extremely low, only 0.21 dB,
and the Bragg resonance attenuation T’ is 8.03 dB. The coupling
strength coefficient x is 0.803, and the scattering loss coeffi-
cient a is 0.021, which can be obtained from the data. The ratio
of the coupling strength coefficient to the scattering loss coeffi-
cient x/a is 38.24, which is the much higher counterpart
(k/a=17.1) reported in Ref. [28]. It indicates the advantages
of the proposed fabrication process, including slit shaping and
super-Gaussian apodization process.

In order to investigate the effect of slit shaping and super-
Gaussian apodization on resonant spectral characteristics, three
FBG samples with different inscription processes and grating
orders are fabricated. Figure 4 shows the reflection spectral
response for 1#, 2#, and 3# FBG samples of 5 mm length.
The 1# sample is fabricated by using slit beam shaping and
no super-Gaussian apodization region. The reflection spectrum
of the 1# FBG sample exhibits a third-order Bragg wavelength of
1549.55 nm, an SMSR of 16.33 dB, and an FWHM bandwidth
of 0.33 nm. Intense side-mode peaks can be easily observed. It is
disadvantageous for wavelength demodulation.

The 2# FBG sample, fabricated with super-Gaussian apodiza-
tion region and no slit shaping, shows a reflection spectrum with
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a second-order Bragg wavelength of 1542.62 nm, an SMSR of
21.59 dB, and an FWHM bandwidth of 0.3 nm. Note that the
2# samples have fewer side-mode peaks compared to the 1#
sample. It can be deduced that the introduced super-Gaussian
apodization region is a very effective method to suppress
the side mode of the Bragg resonance mode. Moreover, the
super-Gaussian apodization region is efficient for spectrum-
broadening suppression. By comparison, the 3# FBG sample,
simultaneously inscribed by slit beam shaping and super-
Gaussian apodization processing, presents a third-order Bragg
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wavelength of 1554.45 nm, an SMSR of 15.31 dB, and a 3 dB
bandwidth of 0.22 nm. Compared with the 1# and 2# samples,

the 3# sample shows a pure response reflection spectrum with (a)
. . . . 1553.0
narrow bandwidth and no obvious side-mode peaks. It is very
beneficial for wavelength demodulation. These results justify slit s .S

beam shaping, and the super-Gaussian apodization region con-
tributes to avoiding the spectrum-broadening phenomenon and
suppressing the side mode.

By using the above-mentioned slit beam shaping and intro-
ducing the super-Gaussian apodization region, we simultane-
ously design and fabricate a high-quality FBG array with no
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side-band mode peak and narrow bandwidth. The correspond- B T - ]
ing reflection spectral response is given in Fig. 5. The array con- b)

sists of six FBGs of the third-order and of 5 mm length. The FBG T

array was semi-automatically fabricated in a 3 m-long SMF by Center wavelength 1549.65m

using the same inscription parameters as the 3# sample. For the
semi-automatic fabrication process, the SMF was fixed by a pair
of fiber holders mounted on a 3D high-precision air-bearing
translation stage. After the inscription of an FBG, the fiber hold-
ers are manually opened. Subsequently, a fiber feeding system,
consisting of a pulley, stepper motor, and fiber spool, is used to
automatically translate the fiber at 20 mm per time, i.e., the dis- “isis i
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interrogator, the demodulation Bragg wavelengths of six FBGs
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respectively. Note that all the FBGs feature high SMSRs of more @
than 15 dB, narrow FWHM bandwidths of less than 0.3 nm,
and no obvious side-mode resonance peaks. It shows obvious
advantages over an FBG array fabricated by a 266 nm fs laser
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holographic interferometry!*®!. Nevertheless, the two FBGs of
Bragg wavelength of 1528.2 and 1531.0 nm present relatively
lower reflection peak values than the other FBGs, measuring
17.38 and 15.75 dB, which differ by 2 to 3 dB compared to
the reflection peak value of 18.81 dB for the FBG with a Bragg
wavelength of 1552.0 nm. The reason for this phenomenon is
that some tiny bubbles existing in the immersion oil lead to the
scattering of a small amount of laser beam. In addition, the
FWHM bandwidth of all the FBGs is in the range of 0.15-
0.28 nm, which is narrower than that of the 1# and 2# samples
and advantageous for demodulating wavelength.

Furthermore, to explore the effect of temperature change on
the bandwidth and side mode, an FBG sample with some low-
intensity side-mode peaks, inscribed by the slit beam-shaping
technology, was used for a high-temperature sensing experi-
ment. The temperature of the electric oven increases from
100°C to 350°C, with an interval of 5°C. As shown in Fig. 6(a),
the wavelength shift of the FBG sample exhibits a redshift with
increasing temperature and a blueshift with decreasing temper-
ature. The measured results are well fitted by linear fitting
curves. The sensor has excellent thermal repeatability, with a
sensitivity of 7.9 pm/°C. Limited by sealing glue with liquid tem-
perature above 350°C, the sensor was not measured at the
temperature above 350°C. The proposed FBG sensor has been
annealed at a high temperature of 350°C for 8 h. No obvious
wavelength shift was found in our experiment. As shown in
Figs. 6(b)-6(e), in the sensing experiment, the FBG sensor fea-
tures a high SMSR of more than 15 dB and a narrow 3 dB band-
width of less than 0.3 nm, regardless of temperature. Note that
the FWHM bandwidth presents no obvious change with the
temperature increasing from 25°C to 225°C, while it slightly
broadens at 350°C. This can possibly be attributed to small
microcrack healing and stress relief. Moreover, with the increase
of temperature from 25°C to 350°C, the Agysr value of the FBG
exhibits almost no change, in the range of 15.07-15.45 dB.
Therefore, the fabricated FBG shows excellent thermal stability,
which is suitable for sensing in harsh environments.

4. Conclusion

In summary, a high-quality FBG, with almost no side-mode
peak and narrow bandwidth, was inscribed and optimized in
the drawn SMF by using fs laser PbP-inscription technology
with the slit beam shaping and super-Gaussian apodization
processing. Effects of the slit beam shaping and super-Gaussian
apodization processing used for fabricating FBGs were studied.
A high-quality FBG, exhibiting a narrow bandwidth of less than
0.3 nm, a high reflectivity of above 85%, a low insertion loss of
0.21 dB, and a low cladding loss of 0.82 dB, was successfully con-
structed. We applied the semi-automatic inscription process
to fabricate a high-quality array consisting of six FBGs in a
3 m-long SMF. An FBG with the polyimide coating and some
side-mode peaks was used to realize high-temperature sensing
up to 350°C based on commercial demodulation. The FBG
has excellent thermal stability with a sensitivity of 7.9 pm/°C
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at 350°C. As such, the proposed fs laser PbP technology uses
a promising fabrication method for high-quality FBGs. By using
this technology, multiplex FBGs used for temperature, strain,
and displacement sensing will be inscribed into the SMF with
the coating layer.
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