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Slit Beam Shaping for Femtosecond Laser Point-by-
Point Inscription of High-Quality Fiber
Bragg Gratings

Xizhen Xu, Jun He

Yatao Yang ", and Yiping Wang

Abstract—Fiber Bragg gratings (FBGs) inscribed by using fem-
tosecond laser point-by-point (PbP) technology typically have high
birefringence due to the elliptical cross-sectional pattern of refrac-
tive index modulations (RIMs) created in the fiber core. Addi-
tionally, a highly reflective type II PbP FBG, which has a large
coupling coefficient, also exhibits large insertion loss due to the
limited RIM area induced by a single femtosecond laser pulse. Here
we demonstrate a slit beam shaping method for femtosecond laser
PbP inscription of high-quality FBGs, featuring by high reflectivity,
low insertion loss, and low birefringence. The slit beam shaping
method could reduce the ellipticity in the cross-sectional pattern
of RIMs without reducing the cross-sectional area, leading to low
birefringence and low insertion loss. The experimental results agree
well with numerical calculations. Hence, a high-quality type Il PbP
FBG, which has high reflectivity of 99.12% (i.e., Bragg resonance
attenuation of 20.52 dB), low insertion loss of 0.30 dB, and low
birefringence of 1.86 x 10~°, was successfully created by use of a
slit width of 0.8 mm. Moreover, an enlarged cross-sectional area
was created by use of a slit width of 0.2 mm, resulting in a high
ratio of 172.46 of the coupling strength coefficient to the scattering
loss coefficient in the fabricated PbP FBG, which exhibits very high
reflectivity of 99.99% (i.e., a strong Bragg resonance attenuation
of 46.65 dB) and low insertion loss of 0.27 dB. Such high-quality
FBGs will be promising in many applications, such as optical fiber
communications, sensors, and lasers.

Manuscript received January 29, 2021; revised April 8, 2021 and May
17, 2021; accepted May 18, 2021. Date of publication May 21, 2021; date
of current version August 2, 2021. This work was supported in part by
the National Natural Science Foundation of China under Grants U1913212,
61875128, and 62005170, in part by Department of Science and Technology
of Guangdong Province under Grants 2019TQ05X113, 2019A1515111114,
and 2019A1515011393, in part by Shenzhen Science and Technology Pro-
gram under Grants RCYX20200714114538160, JCYJ20200109114201731,
and JCYJ20180507182058432, and in part by China Postdoctoral Science
Foundation under Grant 2019M663049. (Corresponding author: Jun He).

Xizhen Xu, Jun He, Jia He, Baijie Xu, Runxiao Chen, Kaiming Yang,
Changrui Liao, and Yiping Wang are with the Key Laboratory of Optoelectronic
Devices and Systems of Ministry of Education/Guangdong Province, College
of Physics and Optoelectronic Engineering, Shenzhen University, Shenzhen
518060, China, and also with the Shenzhen Key Laboratory of Photonic
Devices and Sensing Systems for Internet of Things, Guangdong and
Hong Kong Joint Research Centre for Optical Fibre Sensors, Shenzhen
University, Shenzhen 518060, China (e-mail: xizhenxu@szu.edu.cn; hejun07 @
szu.edu.cn;  hejia2019@email.szu.edu.cn; 1900453046 @email.szu.edu.cn;
2060453041 @email.szu.edu.cn;  yangkaiming@email.szu.edu.cn;  cliao@
szu.edu.cn; ypwang @szu.edu.cn).

Yatao Yang is with the College of Electronics and Information Engineering,
Shenzhen University, Shenzhen 518060, China (e-mail: yatao86 @ 163.com).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/JLT.2021.3082566.

Digital Object Identifier 10.1109/JLT.2021.3082566

, Member, OSA, Jia He, Baijie Xu, Runxiao Chen, Kaiming Yang, Changrui Liao ",
, Senior Member, IEEE, Senior Member, OSA

Index Terms—Fiber Bragg gratings, laser materials processing,
slit beam shaping.

I. INTRODUCTION

IGH-QUALITY fiber Bragg gratings (FBGs) with high
H reflectivity, low insertion loss, and low birefringence have
received much attention in many areas, such as fiber-optic com-
munications, sensors and lasers. The insertion loss (IL), as one
of the key parameters of FBGs, can restrict the multiplexing
capability of FBG sensors arrays and the efficiency of fiber lasers
[1], [2]. The polarization dependent loss (PDL), resulting from
the laser-induced birefringence in FBGs, will deteriorate the bit
error rate in optical transmission systems [3]. To date, various
methods have been proposed for fabricating high-quality FBGs.
For example, the most commonly used method is the inscription
of FBGs by femtosecond laser exposure through a phase mask
[4], [5]. However, it is difficult to use this method for creating a
wavelength-division-multiplexed FBG array. Additionally, the
femtosecond laser point-by-point (PbP) or line-by-line (LbL)
inscription method was used to create FBGs with various Bragg
wavelengths [1], [2], [6]-[9]. In comparison with the LbL
inscription method, the PbP inscription method has a similar
flexibility but a much higher efficiency in grating fabrication,
and hence attracted much interest in recent years [1], [10]-
[12]. Nevertheless, the cross-sectional pattern of refractive index
modulations (RIMs) induced by a single femtosecond laser pulse
is elliptical, resulting in high birefringence [2], [9]. Moreover,
the RIM area is limited, resulting in a low ratio of the coupling
strength coefficient to the scattering loss coefficient x/c (i.e., <
100) [13], [14]. In our previous work, we demonstrated a method
for reducing the PDL (as low as 1.18 dB) and increasing the
k/c of PbP FBGs based on a symmetric cross-sectional pattern
of RIMs formed in parallel-integrated FBGs [12]. However, it
is complicated and also inefficient for fabricating these special
spatial-distributed parallel-integrated FBGs.

Spatial beam shaping method has been developed for creating
PbP FBGs by use of femtosecond laser inscription [14]-[16].
Various optical setups, such as two cylindrical lenses [17], a
spatial light modulator (SLM) [18], [19] and a slit [20], are used
for spatial beam shaping. Recently, the slit beam shaping method
was proposed to create near-circular cross-sectional patterns of
PbP FBG [16]. However, the quality of the fabricated FBG
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Fig. 1. Schematics of the working principle and experimental setup for fab-
ricating high-quality FBGs using femtosecond laser PbP technology and slit
beam shaping method. (Insert: the cross-sectional view of the refractive index
modulation created by use of various slit widths.)

mentioned in this paper is quite low, exhibiting low reflectivity
of ~60% (i.e., Bragg resonance attenuation of ~4 dB).

In this letter, we further developed the slit beam shaping
method for femtosecond laser PbP inscription of high-quality
FBGs. The slit beam shaping method reduces the ellipticity in
the cross-sectional pattern of RIMs without decreasing the laser
beam focus, and leads to low birefringence together with low
insertion loss. As a result, a high-quality FBG, which has high
reflectivity of 20.56 dB, low insertion loss of 0.30 dB, and low
birefringence of 1.86 x 107°, was successfully fabricated by
using this method with a slit width of 0.8 mm. Moreover, an
enlarged cross-sectional area of RIMs could be created by a
slit width of 0.2 mm, resulting in a high x/a of 172.46 in the
fabricated PbP FBG.

II. SETUP OF FABRICATING FBG BY USING SLIT
BEAM SHAPING

The principle and experimental setup used for fabricat-
ing high-quality FBGs by using slit beam shaping method
and femtosecond laser PbP technology were 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 of 290 fs,
a repetition rate of 200 kHz, and a laser spot diameter of 3 mm
was employed. The repetition rate was lowered to 1 kHz using
a pulse picker. Then, an adjustable mechanical slit (Thorlabs,
VA100) was inserted in front of the objective. The slit posi-
tion and inclination was set to ensure the normal incidence
of beam center, and the slit orientation was set to parallel to
the fiber axis. Subsequently, the laser beam was focused into
a single mode fiber (SMF, Corning SMF-28e) by use of a
100x Leica oil-immersion objective with a numerical aperture
of 1.25. The output face of the objective and the SMF were
immersed in the index matching oil to reduce the aberration at
silica/air interfaces. The SMF was moved at a constant velocity
using an assembled 3D translation stage (Aerotech ABL15010,
ANTI30LZS, and ANT130V-5). Consequently, an FBG (i.e.,
a serial of periodic RIMs) was created in the fiber core along
the fiber axis by femtosecond laser pulses. As shown in the
inset of Fig. 1, a near-circular cross-sectional pattern of the

5143
TABLE I
PARAMETER COMPARISON OF FIVE FBGS (S1-S5)
FBG W/ E/ h/ w/ B A/2 Mg PDL
mm  nJ um um um
S1 / 35 3.02 0.86 2.51 2.04 7.57x10° 12.85
S2 2 32 2.80 1.10 1.54 242 540x10° 11.44
S3 1 31 1.84 1.51 0.22 2.18 1.30x10° 3.48
S4 0.8 30 1.64 1.76 0.07 227 1.86x10° 1.50
S5 0.5 39 1.40 2.54 0.81 2.79 3.60x10° 9.06

laser-induced RIM can be obtained after slit beam shaping. The
ellipticity in the cross-sectional pattern of RIM can be reduced
by carefully adjusting the slit width. Moreover, the enlarged area
of cross-sectional pattern of RIM can be obtained by using an
appropriate slit width.

III. RESULTS AND DISCUSSION
A. Inscription of FBG With Low Birefringence

At first, we investigated the slit beam shaping method to
reduce the laser-induced birefringence in the PbP FBGs. A
FBG (i.e., S1) was inscribed by using femtosecond laser PbP
technology merely. And four FBGs (i.e., S2,S3, S4, and S5) were
inscribed by using femtosecond laser PbP technology and slit
beam shaping with a decreasing slit width W shown in Table I.
Note that five FBGs, i.e., one FBG S1 inscribed without slit beam
shaping and four FBGs S2-S5 inscribed with slit beam shaping,
have the same grating pitch of 1.070 ym and the same grating
length of 4 mm, and are fabricated by using the same objective.
To observe the FBG cross section, we cleaved the FBG at the
grating region via a fiber-processing system, consisting of a fiber
cleaver (Sumitomo, FC-6S), a microscope (Sunway), and a fiber
visual fault locator. The grating region of an FBG could be found
by using the visual fault locator, since the red light is scattered
out of the fiber core at the FBG position, and then the grating
region was held by fiber cleaver. The FBGs S1-S5 were cleaved
transversally, and then a microscope (Leica, DM2700MH) with
an oil-immersion objective (Leica, 100, numerical aperture:
1.32) were employed to obtain the cross-sectional images of
FBGs. Figs. 2(al)—(a5) exhibit the cross-sectional microscope
images of the five fabricated FBGs S1-S5, respectively, and
Figs.2(b1)—(b5) exhibit the corresponding polarization-resolved
transmission spectra and PDL spectra. Note that Figs. 2(b1)-
(b5) were directly measured by a Muller-matrix-based commer-
cial polarization analysis system, which consists of a tunable
laser (Agilent, 81940A), a polarization synthesizer (Agilent,
N7786B), and an optical power meter (Agilent, N7744A). The
Bragg wavelengths of these FBGs were determined by applying
Gaussian fits on the grating transmission spectra. The five FBGs
S1-S5 have similar dip attenuation of —20 dB, and the on-target
single pulse energy E used for fabricating S1-S5 was shown in
Table I. All of them are type II gratings.

Moreover, as shown in Figs. 2(al)—(a5), the cross-sectional
patterns of RIMs are elliptical with various heights & and widths
w. The ellipticity 8 and area A of the cross-sectional patterns
of RIMs can be roughly calculated by g = h/w-1 and A =
m(hxw)/4, respectively. In addition, the parameters of cross-
sectional patterns of RIMs in FBGs S1-S5 were shown in Table I.
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Fig.2. AnFBG S1 inscribed without slit beam shaping and four FBGs S2-S5 inscribed using slit beam shaping with a decreasing slit width (W) of 2, 1, 0.8, and

0.5 mm, respectively. (a) Cross-sectional-view microscope images and (b) corresponding transmission spectra of two orthogonal linear polarization modes (TE

and TM), and PDL spectra of FBGs S1-S5.

In case the slit beam shaping is used and the slit width W is
reduced, the height of RIM 4 decreases and the width of RIM w
increases, leading to a decrease in the ellipticity of RIM j3. For
example, as shown in Fig. 2(al), the FBG S1 inscribed without
slitbeam shaping has alarge ellipticity of 2.51, whereas as shown
in Fig. 2(a4), the FBG S4 inscribed with a slit width of 0.8 mm
has a minimized ellipticity of 0.07, and the RIM exhibits a
near-circular cross-sectional pattern. Additionally, the ellipticity
increases again when the slit width W is further reduced to
0.5 mm. Hence, the ellipticity in the cross-sectional pattern of
RIM can be reduced to the minimum by using a slit with an
appropriate width.

The birefringence in FBGs can be calculated from Anp =
AMA, where A is the grating pitch, AA is the Bragg wavelength
difference between two orthogonal linear polarization modes

(i.e., TE and TM) [2]. Moreover, AT in Fig. 2(b) is the difference
in transmission dip attenuation between TE and TM modes.
The parameters of the transmission spectra and PDL spectra
of FBGs S1-S5 were shown in Table I and Fig. 2(b). Note
that FBG S4 fabricated with a slit width of 0.8 mm exhibits a
reduced birefringence An g of 1.86 x 10~ and areduced PDL of
1.50 dB. It means the birefringence can be reduced effectively by
use of the slit beam shaping method via decreasing the ellipticity
in the cross-sectional pattern of RIMs.

B. Simulation of Birefringence Effects From RIMs in FBG

Furthermore, we studied the influence of ellipticity in the
cross-sectional pattern of RIMs on the birefringence in a PbP
FBG by use of a commercial finite element analysis tool
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Fig. 3. The simulation of energy flux profiles of two orthogonal linear polar-
ization modes (TE and TM) propagating in the FBGs formed by (a) a series of
microvoids with an ellipticity of 2.51 and an area of 0.60 um2 and (b) a series of
microvoids with a minimized ellipticity of 0.07 and the same area of 0.60 zm?.

(COMSOL). The RIM model consists of a small microvoid
and a surrounded densified region, which was created in the
fiber core by high-energy laser-induced micro-explosion. The
height and width of the microvoid can be estimated as one
half of the densified region [21]. Moreover, the index change
in the microvoid is at least one order of magnitude larger than
that in the densified region. As a result, the densified region
was neglected in the modeling to simplify the calculations. The
SMF-28e parameters, i.e., a core diameter of 8.3 um, a refractive
index of 1.44940 and 1.44421 at the wavelength of 1550 nm
in fiber core and fiber cladding, respectively, were used in the
model. In addition, the RIM profile could be treated as invariants
along fiber axis for mode calculation, as reported by Nemanja
et al. [2]. The averaged refractive index ng,. of a grating pitch
in PbP FBG could be approximated as

Wy nv‘i’(A*wv) *Neo

Nave = A (1)
where n., is the refractive index of the fiber core, n, is the
refractive index of the microvoid (i.e., n, = 1.0), w, is the width
of the microvoid and A is the grating pitch. The birefringence
is given by Anp = npg - npy, where npg and npyy are the
effective indices of the two orthogonal linear polarization states
(i.e., TE and TM). To study the effect of area and ellipticity in
the cross-sectional pattern of a microvoid on the birefringence,
a scan of area A, was conducted with a constant ellipticity.
Then, we repeated the previous process with different ellipticity.
The simulation results of birefringence effects from RIMs can
be obtained. The mode field profiles and the effective indices
of TE and TM modes at the Bragg wavelength of 1547.70
nm were numerically calculated. Fig. 3(a) shows the energy
flux profiles of TE and TM modes propagating in a PbP FBG
formed by a series of microvoids with an area of 0.60 xm?
and an ellipticity of 2.51. The calculated birefringence (Anp =
7.4815 x 10~) agrees well with the measurement result of FBG
S1 (i.e., 7.57 x 1073) with an ellipticity of 2.51. Additionally,
Fig. 5(b) shows the energy flux profiles of TE and TM modes
propagating in the FBG formed by a series of microvoids with
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Fig. 4. Calculated birefringence Anp as functions of microvoid areas A,
with varying ellipticity 3. Black dots show the measured birefringence in five
fabricated PbP FBGs (i.e., S1-S5) with different ellipticity 3.

TABLE II
PARAMETER COMPARISON OF THREE FBGS (S6-S8)

w/ E/ hl w/ Al Tyl Tu/

FBG mm nJ pum um  um? dB dB wa
S6 0.4 40.0 1.79  2.87 4.03 -25.67 044 58.36
S7 0.3 442 1.75 435 598 -32.01 046 69.59
S8 0.2 59.7 1.75 630  8.65 -46.65 0.27 172.46

the same area of 0.60 xm? but a minimized ellipticity of 0.07.
Calculation results exhibit that the birefringence is extremely
low (i.e., Ang =2 x 107).

Fig. 4 shows the calculation results of the birefringence Anpg
at the Bragg wavelength of 1547.70 nm as functions of the
microvoid area A, with a series of ellipticities. Obviously, the
birefringence Anp decreases in case the ellipticity /3 is reduced,
and the birefringence disappears (Anp = 0) when the ellipticity
[ equals to 0.00 (i.e., the cross-sectional pattern of the microvoid
has a complete circular symmetry). Additionally, the microvoid
area A, can also affect the birefringence Anpg in the PbP FBG.
Nevertheless, the influence of A, is relatively small when A,
is large enough (for example, A,, = 0.60 m? for a typical PbP
FBG). The measured birefringence An g in FBGs S1-S3, are also
displayed in Fig. 4(black dots), and the measured results agree
well with the calculated results. Therefore, a low birefringent
PbP FBG (i.e., S4, Ang = 1.86 x 107°) was achieved by
reducing the ellipticity to 0.07 in the cross-sectional pattern of
the microvoids with the proposed slit beam shaping method.

C. Inscription of FBG With High r/a

Subsequently, we studied the slit beam shaping method to
increase the RIM area. Three second-order PbP FBGs (i.e., S6,
S7 and S8) were inscribed by using femtosecond laser PbP
technology and slit beam shaping with decreasing slit width
(W) shown in Table II. Note that S6-S8 has the same grating
pitch of 1.070 um and the same grating length of 4 mm. The
on-target single pulse energy E used for fabricating S6-S8 was
shown in Table II. All of them are type II gratings. Figs. 5(al)—
(a3) exhibit the cross-sectional microscope images of the three
fabricated FBGs S6-S8, respectively. The width w, height A,
and calculated area A in S6-S8 are displayed in Table II. Note
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Fig. 5.

(b) Wavelength (nm)

Three PbP FBGs S6-S8 inscribed by using slit beam shaping with a decreasing slit width W of 0.4, 0.3, and 0.2 mm, respectively. (a) Cross- sectional-view

microscope images, and (b) corresponding transmission and reflection spectra of S6-S8.

that an enlarged RIM area can be obtained using a slit with
a decreasing slit width. Moreover, Figs. 5(b1)—(b3) show the
corresponding transmission and PDL spectra of S6-S8. The
measured insertion loss and the dip attenuation S6, S7 and S8
are displayed in Fig. 5(b) and Table II. The ratio of the coupling
strength coefficient to the scattering loss coefficient x/cv is a
crucial parameter of FBGs, which is identified as a figure of
merit for determining the maximum reflectivity achievable with
aFBG. The coupling coefficient x and scattering loss coefficient
« can be expressed as

o IH(TIL)

R @
- 1H(TB)

K= —5r 3)

where Ty, is the insertion loss (transmission loss measured out-
of-band), T'p is the Bragg resonance attenuation, and L is the
grating length [13]. It is obvious a higher ratio of x/c will result
in high reflectivity and low insertion loss in the fabricated PbP
FBG.

The coupling coefficient x, scattering loss coefficient o and
the ratio of s/« of the fabricated PbP FBGs of S6, S7 and S8
are calculated and shown in Table II. The maximum ratio of x/«
can be obtained in S8, which is much larger than that (i.e., 70) of
the FBG inscribed by use of a conventional femtosecond laser
PbP technology [13].

Recently, cylindrical lens-based beam shaping method has
also been demonstrated to fabricate a high-quality type I PbP
FBG with high reflectivity of 99.99% (i.e., a strong Bragg
resonance attenuation of ~47 dB) and a low insertion loss of

~0.80 dB [14]. However, the ratio of x/a in this PbP FBG
was merely 58.75, and hence a long grating length of 10 mm
was required to realize such a high-quality type II PbP FBG.
These results illustrate that the slit beam shaping will be an
effective way to enlarge the RIM area, leading to an increased
ratio /v in the fabricated PbP FBG. However, FBGs S6-S8
exhibit increasing cladding modes resonance, resulting from the
decrease in circular symmetry of RIMs. Additionally, the PDLs
in FBGs S6-S8 were measured and displayed in Fig. 5(b). It is
obvious that the PDL increases with decreasing slit width due
to the increasing ellipticity of the RIMs.

IV. CONCLUSION

In summary, we demonstrated the fabrication of high-quality
FBGs with high reflectivity, low insertion loss, and low bire-
fringence by use of a femtosecond laser PbP technology with a
slit beam shaping method. The influence of the slit widths was
experimentally studied. The slit beam shaping with an appro-
priate width could efficiently reduce the ellipticity and create
a circular symmetry in the cross-sectional pattern of RIMs,
resulting in a decrease in the birefringence. The experimental
results agree well with the numerical calculations. Therefore, a
high-quality PbP FBG, which has high reflectivity of 99.12%
(i.e., Bragg resonance attenuation of 20.52 dB), low insertion
loss of 0.30 dB, and low birefringence of 1.86 x 107°, was
successfully created by using a slit width of 0.8 mm. Moreover,
an enlarged cross-sectional area could be inscribed by use of a
slit width of 0.2 mm, resulting in a high ratio of 172.46 of the
coupling strength coefficient to the scattering loss coefficient
in the fabricated PbP FBG, which has very high reflectivity of
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99.99% (i.e., a strong Bragg resonance attenuation of 46.65 dB)
and low insertion loss of 0.27 dB. Such high-quality FBGs
could further be developed for many applications in optical fiber
communications, sensors, and lasers.

REFERENCES

[11 X.Y.Liuetal., “Low short-wavelength loss fiber Bragg gratings inscribed
inasmall-core fiber by femtosecond laser point-by-point technology,” Opt.
Lett., vol. 44, no. 21, pp. 5121-5124, 2019.

[2] N.Jovanovic et al., “Polarization-dependent effects in point-by-point fiber
Bragg gratings enable simple, linearly polarized fiber lasers,” Opt. Exp.,
vol. 17, no. 8, pp. 6082-6095, 2009.

[3] Y. H. Zhu, E. Simova, P. Berini, and C. P. Grover, “A comparison of
wavelength dependent polarization dependent loss measurements in fiber
gratings,” J. Lightw. Technol., vol. 49, no. 6, pp. 1231-1239, Dec. 2000.

[4] P. Lu, D. Grobnic, and S. J. Mihailov, “Characterization of the birefrin-
gence in fiber Bragg gratings fabricated with an ultrafast-infrared laser,”
J. Lightw. Technol., vol. 25, no. 3, pp. 779-786, Mar. 2007.

[5] J.Heetal., “Negative-index gratings formed by femtosecond laser overex-
posure and thermal regeneration,” Sci. Rep., vol. 6, 2016, Art. no. 23379.

[6] K. Zhou, M. Dubov, C. B. Mou, L. Zhang, V. K. Mezentsev, and 1.
Bennion, “Line-by-line fiber Bragg grating made by femtosecond laser,”
IEEE Photon. Technol. Lett., vol. 22, no. 16, pp. 1190-1192, Aug. 2010.

[71 K. Chah, D. Kinet, M. Wuilpart, P. Mégret, and C. Caucheteur,
“Femtosecond-laser-induced highly birefringent Bragg gratings in stan-
dard optical fiber,” Opt. Lett., vol. 38, no. 4, pp. 594-596, 2013.

[8] X.Z.Xu et al., “Sapphire fiber Bragg gratings inscribed with a femtosec-
ond laser line-by-line scanning technique,” Opt. Lett., vol. 43, no. 19,
pp. 4562-4565, 2018.

[9] Y.Lai, K. Zhou, K. Sugden, and I. Bennion, “Point-by-point inscription of

first-order fiber Bragg grating for C-band applications,” Opt. Exp., vol. 15,

no. 26, pp. 18318-18325, 2007.

Y.J. Yu, J. D. Shi, F. Han, W. J. Sun, and X. Feng, “High-precision fiber

Bragg gratings inscription by infrared femtosecond laser direct-writing

method assisted with image recognition,” Opt. Exp., vol. 28, no. 6,

pp. 8937-8948, 2020.

A. Wolf, A. Dostovalov, K. Bronnikov, and S. Babin, “Arrays of fiber

bragg gratings selectively inscribed in different cores of 7-core spun

optical fiber by IR femtosecond laser pulses,” Opt. Exp., vol. 27, no. 10,

pp. 13978-13990, 2019.

Y. P. Wang et al., “Parallel-integrated fiber Bragg gratings inscribed by

femtosecond laser point-by-point technology,” J. Lightw. Technol., vol. 35,

no. 10, pp. 2185-2193, May 2019.

R.J. Williams, N. Jovanovic, G. D. Marshall, G. N. Smith, M. J. Steel, and

M. J. Withford, “Optimizing the net reflectivity of point-by-point fiber

Bragg gratings: The role of scattering loss,” Opt. Exp., vol. 20, no. 12,

pp. 13451-13456, 2012.

P. Lu et al., “Plane-by-plane inscription of grating structures in optical

fibers,” J. Lightw. Technol., vol. 36, no. 4, pp. 926-931, Feb. 2018.

P. S. Salter, M. J. Woolley, S. M. Morris, M. J. Booth, and J. A. J.

Fells, “Femtosecond fiber Bragg grating fabrication with adaptive optics

aberration compensation,” Opt. Lett., vol. 37, no. 24, pp. 5993-5996, 2012.

P. Rolddn-Varona, D. Pallarés-Aldeiturriaga, L. Rodriguez-Cobo, and J.

M. Lépez-Higuera, “Slit beam shaping technique for femtosecond laser

inscription of enhanced plane-by-plane FBGs,” J. Lightw. Technol., vol. 38,

no. 16, pp. 4526-4532, Aug. 2020.

G. Cerullo et al., “Femtosecond micromachining of symmetric waveguides

at 1.5 pm by astigmatic beam focusing,” Opt. Lett., vol. 27, no. 21,

pp. 1938-1940, 2002.

P. S. Salter er al., “Adaptive slit beam shaping for direct laser written

waveguides,” Opt. Lett., vol. 37, no. 4, pp. 470-472, 2012.

G. D. Zhang, G. H. Cheng, M. K. Bhyuan, C. D’Amico, Y. S. Wang,

and R. Stoian, “Ultrashort bessel beam photoinscription of Bragg grating

waveguides and their application as temperature sensors,” Photon. Res.,

vol. 7, no. 7, pp. 806-814, 2019.

M. Ams, G. D. Marshall, D. J. Spence, and M. J. Withford, “Slit beam

shaping method for femtosecond laser direct-write fabrication of symmet-

ric waveguides in bulk glasses,” Opt. Exp., vol. 13, no. 15, pp. 5676-5681,

2005.

S. Juodkazisa and H. Misawab, “Laser-induced microexplosion confined

in a bulk of silica: Formation of nanovoids,” Appl. Phys. Lett., vol. 88,

2006, Art. no. 201909.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

5147

Xizhen Xu was born in Guangdong, China, in 1990. He received the B.S. degree
from the College of Science, Zhejiang University of Technology, Hangzhou,
China, in 2013, and the M.S. and Ph.D. degrees in optical engineering from
Shenzhen University, Shenzhen, China, in 2016 and 2019, respectively. He
is currently with Shenzhen University, Shenzhen, China, as a Postdoctoral
Research Fellow. He has authored or coauthored three patent applications and
more than 20 journal and conference papers. His current research interests
include femtosecond laser micromachining, optical fiber sensors, and fiber Bragg
gratings.

Jun He (Member, IEEE) was born in Hubei, China, in 1985. He received the
B.Eng. degree in electronic science and technology from Wuhan University,
Wuhan, China, in 2006, and the Ph.D. degree in electrical engineering from the
Institute of Semiconductors, Chinese Academy of Sciences, Beijing, China, in
2011. From 2011 to 2013, he was with Huawei Technologies, Shenzhen, China,
as a Research Engineer. From 2013 to 2015, he was with Shenzhen University,
Shenzhen, China, as a Postdoctoral Research Fellow. From 2015 to 2016, he was
with The University of New South Wales, Sydney, NSW, Australia, as a Visiting
Fellow. Since 2017, he has been with Shenzhen University, Shenzhen, China,
as an Assistant Professor or Associate Professor. He has authored or coauthored
four patent applications and more than 80 journal and conference papers. His
current research interests include optical fiber sensors, fiber Bragg gratings, and
fiber lasers. He is a Member of the Optical Society of America.

Jia He was born in Hunan, China, in 1997. She received the B.Eng. degree from
the College of Physics and Optoelectronic Engineering, Xiangtan University,
Xiangtan, China, in 2019. She is currently working toward the M.S. degree in
optical engineering with Shenzhen University, Shenzhen, China. Her current
research interests include optical fiber sensors and fiber Bragg gratings.

Baijie Xu was born in Guangdong, China, in 1996. He received the B.Eng.
degree in 2019, in optoelectronic information science and engineering from
Shenzhen University, Shenzhen, China, where he is currently working toward
the master’s degree in optical engineering. His main research interests include
optical fiber sensing and femtosecond laser processing.

Runxiao Chen was born in Guangdong, China, in 1998. He received the B.Eng.
degree from the College of Physics and Optoelectronic Engineering, Shenzhen
University, Shenzhen, China, in 2016. He is currently working toward the M.S.
degree with Shenzhen University. His current research interests include fiber
Bragg gratings and optical fiber sensors.

Kaiming Yang received the B.S. degree in optical information science and
technology from East China JiaoTong University, Nanchang, China, in 2012,
and the Ph.D. degree from Shenzhen University, Shenzhen, China, in 2019.
He is currently with Shenzhen University, Shenzhen, China, as a Postdoctoral
Research Fellow. His current research interests include fiber Bragg gratings and
femtosecond laser micromachining.

Changrui Liao was born in Shandong, China, in 1984. He is currently with
Shenzhen University, Shenzhen, China, as an Associate Professor. His current
research interests include femtosecond laser micromachining, optical fiber sen-
sors, and opto-microfluidics.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on May 06,2022 at 03:44:12 UTC from IEEE Xplore. Restrictions apply.



5148

Yatao Yang received the B.Sc. degree in optical instrumentation engineering
from Zhejiang University, Hangzhou, China, and the Ph.D. degree in fiber optics
from Glasgow Caledonia University, Glasgow, U.K. After B.Sc., he joined the
Institute of Optics and Electronics, Chinese Academy of Sciences, Beijing,
China, where he was involved in semiconductor equipment and optoelectronic
device development. In 1996, he was with the University of Leeds, Leeds,
U.K,, as a Research Officer involved in areas of optical fiber laser materials. In
1997, he joined Resonance Ltd., Barrie, ON, Canada, where he was developing
spectral gas sensors. In 1998, he joined JDSU Corporation, Canada, where he
was developing optical fiber devices. In 2000, he joined Chorum Technologies
Inc., Richardson, TX, USA, where he was developing optical fiber devices. In
2004, he joined JDSU Corporation, USA, where he was developing optical fiber
devices and fiber lasers. In 2009, he joined NeoPhotonics Corporation, as VP
of R&D, developing optical fiber devices. In 2014, he founded Shenzhen Dade
Laser Technology Company, Ltd. In 2017, he was appointed as a Distinguished
Professor with the College of Information Engineering, Shenzhen University,
Shenzhen, China. In 2018, he became the Head of the Smart IoT Center,
Shenzhen University. His research interests include optical networking, optical
sensors, optical data transmission and data processing, optical nanomaterials,
optical-wireless communications, and lasers.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 15, AUGUST 1, 2021

Yiping Wang (Senior Member, IEEE) was born in Chongqing, China, in 1971.
He received the B.Eng. degree in precision instrument engineering from the
Xi’an Institute of Technology, Xi’an, China, in 1995, and the M.S. and Ph.D.
degrees in optical engineering from Chongqing University, Chongqing, China,
in 2000 and 2003, respectively. From 2003 to 2005, he was with Shanghai
Jiao Tong University, Shanghai, China, as a Postdoctoral Fellow. From 2005
to 2007, he was with Hong Kong Polytechnic University, Hong Kong, as a
Postdoctoral Fellow. From 2007 to 2009, he was with the Institute of Photonic
Technology, Jena, Germany, as a Humboldt Research Fellow. From 2009 to 2011,
he was with the Optoelectronics Research Centre, University of Southampton,
Southampton, U.K., as a Marie Curie Fellow. Since 2012, he has been with
Shenzhen University, Shenzhen, China, as a Distinguished Professor. He has
authored or coauthored one book, 21 patent applications, and more than 240
journal and conference papers. His current research interests include optical
fiber sensors, fiber gratings, and photonic crystal fibers. He is a Senior Member
of the Optical Society of America and Chinese Optical Society.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on May 06,2022 at 03:44:12 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


