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Sapphire fiber Bragg gratings (SFBGs) inscribed by using
femtosecond laser point-by-point (PbP) technology typ-
ically have an extremely low reflectivity due to the limited
cross-sectional area of refractive index modulations (RIMs)
created in sapphire fiber. Hence, we propose and experimen-
tally demonstrate a filamentation process for fabricating
PbP SFBGs. This approach provides an efficient method
for producing SFBGs at various Bragg wavelengths with a
higher reflectivity, since the filament tracks could enlarge
the cross-sectional area of RIMs. The influences of the
pulse energy and the focal depth on the generation and
morphology of the filament tracks were studied, and after
optimizing these parameters, high-quality filament tracks
with a length of 90 um and a width of 1.4 um were pro-
duced into sapphire fiber with a diameter of 100 pm.
These filament tracks were precisely assembled in sapphire
fiber, generating an SFBG with a reflectivity of 2.3%. The
total fabrication time for this SFBG only requires ~1.1s.
Subsequently, a wavelength-division-multiplexed (WDM)
SFBG array consisting of five SFBGs was efficiently con-
structed. Moreover, the high-temperature response of the
SFBG array was investigated and the experimental results
showed that the SFBG array can withstand a high temper-
ature of 1600°C. Such a WDM SFBG array could serve as
quasi-distributed high-temperature sensor which will be
promising in many areas, i.e., metallurgical, chemical, and
aviation industries. © 2021 Optical Society of America

https://doi.org/10.1364/0L.426407

Single-crystal sapphire fibers have a high melting temperature of
~2045°C and hence could be developed for fabricating various
high-temperature sensors. As important temperature sensing
elements, sapphire fiber Bragg gratings (SFBGs) can be used
in many fields, including metallurgical, chemical, and aviation
industries [1-6]. To date, three different methods, i.e., the
scanning-beam phase mask method [1,2], the Talbot interfer-
ometer method [3], and the direct writing technique [4-6], have
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been reported for creating Bragg gratings in single-crystal sap-
phire fibers by using a femtosecond laser. An SFBG with a high
reflectivity can be fabricated by a femtosecond laser scanning-
beam phase mask technique due to a large area of refractive
index modulations (RIMs) created by using this method [2].
The fixed period of the phase mask hampers the fabrication
of a wavelength-division-multiplexed (WDM) SFBG array.
Moreover, a WDM SFBG array could be created flexibly by a
femtosecond laser Talbot interferometer [3]. Recently, a fem-
tosecond laser point-by-point (PbP) technique was reported for
creating a WDM SFBG array [4]. However, the extremely low
reflectivity (i.e., ~0.6%) of SFBGs inscribed using this method
can be achieved due to the limited area of RIMs induced by a sin-
gle pulse. To overcome this issue, we reported on the fabrication
of SFBGs with a femtosecond laser line-by-line scanning tech-
nique, and the SFBG with a reflectivity of 6.3% was obtained
[5]. Furthermore, we fabricated multi-layer SFBGs using this
method, and the reflectivity can be enhanced to 34.1% since
the area of RIMs formed by multi-layer structure is much larger
than that formed by single-layer structure [6]. However, this
method is time-consuming (i.e., more than dozens of minutes)
for fabrication of an SFBG since a single RIM created requires
multiple exposures. Hence, it is not efficient to fabricate a
WDM SFBG array by use of a femtosecond laser line-by-line
scanning technique.

An enlarged area of RIMs induced by a single femtosecond
laser pulse could solve this problem. The filament track gen-
erated by a single femtosecond pulse could enlarge the area
of RIMs efficiently since the filament track has an elongated
geometry. The filamentation process was explained by a balance
between Kerr self-focusing and defocusing by laser-induced
electron plasma. Filamentation was discovered in various optical
media, such as air, liquid, glass, and crystal [7-10]. Recently, a
filamentation regime resulting in RIMs in single-crystal sap-
phires was confirmed [11,12]. The filament tracks were found
to include two different types of RIMs, i.e., a permanently dam-
aged region and a nonpermanent region. The high-temperature
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characteristics of the filament tracks induced in sapphire mate-
rials have been studied. The permanently damaged region
with a high thermal resistance (i.e., 1500°C) can be employed
to fabricate type II FBGs. Moreover, it was reported that the
femtosecond laser filamentation was introduced for fabricating
strong FBGs into silica fibers [13—15]. These results demon-
strate that the filament tracks generated by femtosecond laser
pulses can be employed to create SFBGs with the high thermal
resistance.

In this Letter, we report for the first time, to the best of our
knowledge, a new method for fabricating PbP FBGs in sapphire
fibers using the femtosecond laser filamentation. We studied
the effects of the pulse energy and the focal depth on generation
and morphology of the filament tracks. After optimizing these
parameters, an elongated filament track can be created into
a sapphire fiber using a single pulse. Hence, the area of RIMs
created by this method was much larger than that created by a
conventional PbP inscription method. Then an SFBG was suc-
cessfully produced based on these filament tracks. In addition,
a WDM array consisting of five SFBGs was constructed effi-
ciently. Furthermore, we tested the high-temperature response
of the fabricated SFBG array. The results show that these SFBGs
could withstand a high temperature of 1600°C.

The principle and experimental setup used for the formation
of filament track Bragg gratings into sapphire fibers are exhibited
in Fig. 1. A frequency-doubled regenerative amplified Yb:KGW
(KGd(WO3)) femtosecond laser (Pharos, Light Conversion)
with a central wavelength of 514 nm, a pulse width 0of 290 fs, a
repetition rate of 200 kHz, and a laser spot diameter of 3 mm
was employed. The repetition rate of 1 kHz was obtained by
using a pulse picker. The conventional PbP FBG was fabricated
by using an oil-immersion objective with a high numerical
aperture (NA). Nevertheless; such a high NA favors the pro-
duction of micro-explosion voids and restricts the length of the
filament track [15]. Then a Mitutoyo dry objective (100x, NA
= 0.70, working distance (WD) = 6 mm) was selected in our
experiments. A commercial single-crystal sapphire fiber with a
diameter of 100 wm and a refractive index of 1.745 at 1550 nm
(MicroMaterials Inc.) was employed to induce filament tracks.
Such a sapphire fiber was mounted on a fused silica plate, and
one of its flat faces was tuned to be normal to the incident beam.
The surface curvature of fiber introduces a cylindrical lens effect
to the incident beam leading to astigmatic focusing. In order to
solve this problem, a fused silica plate with a thickness of 1 mm
was positioned parallel and in near-contact with the sapphire
fiber. Refractive index oil (7 & 1.745) was applied to fill the gap
between the sapphire fiber and the glass slides. Another silica
plate was placed under the sapphire fiber for carrying the sap-
phire fiber and the refractive index oil. All of them were moved
precisely using an assembled 3D translation stage (Aerotech
ABL15010,ANT130LZS,and ANT130V-5).

Filamentation occurs as the incident peak power exceeds
the critical power of self- focusing An expression of the critical
power for a Gaussian beam is given by P, = 3.7712 5/8mnona,
where 3.77 is a coefficient for a Gaussian beam, Aq is the laser
pulse wavelength, 7 and 7, are the linear and nonlinear refrac-
tive indices of the medium, respectively) [10]. Additionally,
the linear and nonlinear refractive indices of sapphire (i.e., 79
and 7,) at the femtosecond laser wavelength (514 nm) are 1.78
and 3.29 x 1072 m? /W [16]. According to the self-focusing
formula, the self-focusing threshold power (2,) was calculated

Vol. 46, No. 11/ 1 June 2021 / Optics Letters 2743

JSemtosecond

laser pulse
dry m‘ I mm thickness
wll ca plate

8 objective .|

l/

moving

™. . silica plate
sapphire fiber filament tracks

index-matching oil

Fig. 1.  Experimental setup for PbP SFBGs inscription with a fem-
tosecond laser filamentation. (Inset: schematic of the cross section of
the RIM formed by a filament track.)
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Fig. 2.  Filament tracks generated with various pulse energies

ranging from 2.07 to 9.15 pJ at a constant focal depth of 10 pum.
(a) Schematic of the filament track generated by using a femtosecond
laser single pulse. (b) Lateral-view microscope images of the filament
tracks.

as 6.77 x 10> W. The corresponding critical energy at a pulse
width 0of 290 fs can be calculated as £, = 1.25t P, = 0.245 ],
where 7 is the pulse width [10]. As the femtosecond laser beam
contracts spatially at the focal volume, its intensity rises and after
a certain time becomes sufficient enough to ionize electrons
through multi-photon absorption. The generated free electrons
reduce the refractive index and counter-balance self-focusing,
leading to a dynamic self-guiding of the pulse in the form of a
narrow filament track.

We studied the effect of laser pulse energy on the generation
of filament tracks in a sapphire fiber. As shown in Fig. 2(a),
various pulse energies ranging from 2.07 to 9.15 yJ were used
to inscribe the filament tracks into the sapphire fiber at the focal
depth of 10 um. All the pulse energies used for this experiment
exceed the critical energy. The filament tracks were generated
along the direction of femtosecond laser incidence. The lateral-
view microscopic images of these filament tracks are shown
in Fig. 2(b). The lengths of filament tracks increase with the
increasing pulse energies, and the filament track with a maxi-
mum length of 90 pm can be obtained at the pulse energy of
9.15 pJ. Moreover, the filament track has become less pro-
nounced at the pulse energy of 2.07 wJ. These results illustrate
that increasing the pulse energy is an effective way to improve
the length of the filament track.

Subsequently, we studied the effect of the focal depth on the
generation and morphology of filament tracks generated in
the sapphire fiber. As shown in Fig. 3, the single pulse energy
of 9.445 pnJ was employed to produce filament tracks into the
sapphire fiber at various focal depths ranging from 0 to 60 pm.
The lateral-view microscopic images of these filament tracks
are shown in Fig. 3. The maximum length of filament tracks of
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Fig.3. Lateral-view microscope images of the filament tracks gener-
ated with 9.15 pJ pulse energy at various focal depths ranging from 0 to
60 pm.
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Fig. 4. Microscope images of the SFBG formed by the filament
tracks. (a) Cross-sectional view, (b) top view, and (c) lateral view.

90 pm can be obtained at the focal depth of 10 pm. Moreover,
the filament track was not straight. Especially, the deviation
of the filament track was more obvious as the femtosecond
laser pulse propagates over a distance into the sapphire fiber.
As in [15], this phenomenon is not observed in the silica fiber.
These results indicate that the physical mechanism of filament
tracks generated into single-crystal sapphires is complicated
and needs further study. Nevertheless, filament tracks can still
be precisely assembled inside a sapphire fiber, generating strong
Bragg resonances.

Hence, after optimizing these parameters, a filament track
with a wide of ~1 pm and a length of 90 um has a high aspect
ratio. This result indicates that these filament tracks are suitable
for forming SFBGs. In order to inscribe the SFBG with a Bragg
wavelength in the C-band, the pitch of a fourth-order grating
is 1.78 pwm as the refractive index of the sapphire fiber is about
1.745 at 1550 nm. In the fabrication process, the moving speed
of the sapphire fiber was set to be 1.78 mm/s, and the repetition
rate of the laser was 1 kHz, resulting in an SFBG with a grating
pitch of 1.78 um. Moreover, the grating length was 2 mm. Thus,
the total fabrication time for this SFBG only requires ~1.1s.
As shown in Fig. 4(a), the cross section of the sapphire fiber is
not circular, but hexagonal. The length and the width of the
filament tracks were measured to be 90 and 1.4 pm, respectively.
The filament tracks almost traverse the whole section of the
sapphire fiber with a diameter of 100 pm. Figures 2(b) and 2(c)
show the top-view and lateral-view microscopic images of the
SEBG. The spacing of these filament tracks (i.e., grating pitch)
was measured to be 1.78 um.

The reflection spectrum of the SFBG was measured using the
setup as in [5] and presented in Fig. 5. It should be noted that
the 0 dB corresponds to a reflectivity of ~1.0% of the polished
sapphire fiber end, which was measured in advance and used as
a reference. A Bragg wavelength, a —3 dB bandwidth [i.e., full-
width at half-maximum, a reflectivity, and a signal-to-noise ratio
(SNR) of the SFBG are measured to be 1548.13and 8.84 nm,
~2.3%, and 3.54 dB, respectively. The reflectivity of the PbP
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Fig. 5. Reflection spectrum of an SFBG formed by the filament
tracks. Note that the reference level of 0 dB corresponds to a reflectivity
of ~1.0%.

SFBGs formed by the filament tracks is higher than that of con-
ventional PbP SFBGs [4] and close to that of SFBGs inscribed
by the line-by-line scanning technique [5]. This result benefits
from an enlarged index modulation area.

Furthermore, a WDM SFBG array was fabricated into a
600 mm long sapphire fiber by using filament tracks. Figure 6(a)
describes the procedure for fabrication of the array. The fiber
was translated along the axis direction (blue line) at a constant
speed with a distance of L. Simultaneously, the shutter was
opened, and the grating structure was inscribed in these fiber
regions. The shutter was closed at the acceleration process
(red line), and these fiber regions have no grating structure.
The constant moving speeds of 1.76, 1.78, 1.80, 1.82, and
1.84 mm/s were employed to fabricate five SFBGs in different
fiber regions. Then an SFBG array includes five 4 mm long
SFBGs (i.e., SFBG 1, SFBG 2, SFBG 3, SFBG 4, and SFBG 5)
with varying grating pitches A of 1.76, 1.78, 1.80, 1.82, and
1.84 pm. The distance between adjacent SFBGs is 20 mm. An
optical frequency domain reflectometer (Luna Innovations
OBR 4600) was used as a readout system for the SFBG array. A
105/125 um multimode silica fiber was selected as the lead-in
fiber due to its capability of exciting a sufficient number of
modes in the sapphire fiber. Figure 6(b) show the reflection
spectrum of the SFBG array measured from the A-end. In order
to improve the measurement accuracy of the peak wavelengths,
the Savitzky—Golay method-based smoothing had already been
performed on these reflection spectra. The Bragg wavelengths of
SFBG 1, SFBG 2, SFBG 3, SFBG 4, and SFBG 5 were 1534.25,
1548.67, 1566.62, 1583.38, and 1601.16 nm, respectively.
Moreover, the reflection peaks were not uniform, but decreased
gradually from SFBG1 to SFBGS5. This phenomenon is consis-
tent with the reflection spectrum of the SFBG array inscribed by
using a femtosecond laser line-by-line scanning technique [5]. It
can be explained by the accumulated insertion loss induced by
each SFBG and the multimode transmission loss of the sapphire
fiber. It can be seen from Fig. 6(b) that the peak reflection of
SFBG1 and SFBG2 are —56.368 dB and —56.910 dB, respec-
tively. Hence, the insertion loss can be estimated roughly to be
less than 0.5 dB.

The high-temperature response of the WDM SFBG array has
been evaluated for temperatures up to 1600 C using the experi-
mental setup and the procedure as in [5,6]. Figure 7(a) displays
the reflection spectra of the WDM SFBG array at various tem-
peratures of 11 C, 800 C, and 1600 C. The Bragg wavelengths
of SFBGs have redshifts. The complete temperature response of
the array from room temperature up to 1600°C is demonstrated
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Fig.6. (a) Fabrication procedure of a serial SFBG array consisting of
five SFBGs at different Bragg wavelengths and (b) measured reflection
spectrum of the SFBG array.
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Fig.7. (a) Evolutions of reflection spectra of the WDM SFBG array
at elevated temperatures of 16°C, 800°C, and 1600°C. Hereafter, the
spectra are plotted with an offset in the vertical axis for clarity. (b) Bragg
wavelengths of the serial SFBG array as functions of the temperature in
the case of temperature cycling from 16°C to 1600°C.

in Fig. 7(b). It is obvious that the SFBGs assembled by the fil-
ament tracks could withstand a high temperature of 1600°C.
Moreover, it can also be observed that the Bragg wavelength of
the fabricated SFBG has a nonlinear thermal response, which
can be fit with an exponential curve: A = A + B - e T=9/P_ The
fitting parameters (i.e., A, B, C, and D) of the heating curve of
SFBG1 are 1511.9254, 12.2933, —605.1196, and 1304.9734,
respectively. The thermal sensitivities of these SFBGs at various
temperatures, i.e., 21.3 pm/°Cat 16°C, 29.8 pm/°C at 800°C,
and 42.1 pm/°C at 1600°C, were evaluated by applying expo-
nential fits to the measured data, and the results are consistent
with the SFBGs created by a femtosecond laser line-by-line
scanning technique [5].

In summary, we have demonstrated an efficient method for
fabricating PbP SFBGs using femtosecond laser filamentation.
The effects of laser pulse energy and focal depth on the for-
mation of filament tracks were experimentally studied, and a
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filament track with alength of 90 pm and a width of 1.4 pum was
successfully generated in a sapphire fiber. Note that the created
filament track almost traversed the whole cross section of the
sapphire fiber with a diameter of 100 pm. Hence, an enlarged
index modulation area could be produced by a single laser pulse,
leading to a strong Bragg resonance in the sapphire fiber, and an
SFBG with a reflectivity of 2.3% and a grating length of 2 mm
was fabricated based on these filament tracks with a very short
fabrication time of merely ~1.1s. Moreover, a WDM SFBG
array, including five SFBGs, was efficiently constructed, and
the SFBG array assembled by the filament tracks can operate
at a very high temperature of 1600°C. These results show that
the femtosecond laser filaments are very suitable for efficient
production of SFBG arrays, which could be developed for quasi-
distributed high-temperature sensing in many applications,
such as power stations and aerospace industries.
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