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Fabrication and Characterization of Femtosecond

Laser Inscribed Long-Period Fiber Grating in
Few-Mode Fiber

Jing Liu

Abstract—We experimentally investigated the fabrication and
characterization of long-period fiber grating in few-mode fiber
(FMF-LPFGs) by using the femtosecond laser direct writing tech-
nique. Thanks to the high flexibility and repeatability of this tech-
nique, stable FMF-LPFGs fabrication technology has been devel-
oped. In addition, the properties of FMF-LPFGs have also been
characterized. The coupling of LPg;- LP;; and LPg;- cladding
mode LP;3 were investigated by both the transmission spectrum
and the mode patterns. The temperature, strain and twist sensitiv-
ities of the resonance dips were calibrated by experiments, and the
sensitivity difference between the dips was explained. By using their
disparate responses to external temperature and strain, a cross
coefficient matrix was established and dual-parameter discrimi-
nation determination is realized. This work provides a thoroughly
theoretical and experimental investigation on the fabrication and
characterization of FMF-LPFGs based on femtosecond laser direct
writing technique. It is believed that the flexible and efficient LPFGs
fabrication technique will benefit a lot in the future for developing
various functional specialty optical fiber devices and sensors.

Index Terms—Femtosecond laser direct writing, long period
fiber grating, few-mode fiber, optical fiber sensors.

1. INTRODUCTION

ITH the increasing demand for ultra-high capacity data
W transmission, mode division multiplexing (MDM) based
on few-mode fiber (FMF) is proposed as a promising way to
boost the transmission capacity [1]. On the other hand, FMFs
have also found good applicability for sensing application,
which possesses some advantages in comparison with the tra-
ditional single-mode fiber (SMF) based sensors by using its
multi-spatial modes. As one of the most common FMF devices,
FMF long-period fiber gratings (FMF-LPFGs) has been widely
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investigated, e.g., serves as the passive mode coupler, which has
the advantages of low cost, low insertion loss, flexible structure,
easy integration and high mode coupling efficiency [2]. In ad-
dition, FMF-LPFGs based sensors have the prominent merit of
allowing for multi-parameter discriminative measurements by
utilizing multiple resonant dips that are generated by coupling
from fundamental modes to high order core modes and cladding
modes, respectively.

So far, several FMF-LPFGs fabrication techniques have been
developed, including the UV laser exposure [3], CO5 laser irradi-
ation [4], mechanical micro-bending [5] and micro-taper based
method [6], etc. However, the traditional UV laser exposure
technique requires a time-consuming pretreatment procedure
such as hydrogen loading to enhance the photo-sensitivity of
fiber. In addition, the requirement of phase or amplitude masks
also limits the flexibility of this method. The CO; laser irra-
diation technique has better fabrication efficiency and higher
thermal stability [7], [8]. Nonetheless, its disadvantages of high
polarization-dependent loss (PDL) and low uniformity restrict
the possibility of large-scale application. The mechanical micro-
bending and micro-taper based methods have lower repeatability
and mechanical stability owing to their damage on fiber struc-
ture. Femtosecond laser is a powerful tool for fabricating various
functional devices by generating permanent refractive index
changes inside transparent optical materials including single
crystals, bulk glasses, optical fibers, or semiconductor chips
[9], etc. Due to the ultra-short pulse duration and ultra-high
peak intensity of femtosecond laser pulse [10], the nonlinear
property of its absorption process gives rise to highly localized
refractive index (RI) profiles without damaging the surrounding
material [11]-[14]. Compared with these fabrication methods,
the femtosecond (fs) laser direct writing technique has the advan-
tages of low PDL, high flexibility and repeatability. However, a
systematic investigation on the fabrication and characterization
of FMF-LPFGs using fs laser inscription technique is rarely
reported by now.

In this work, stable FMF-LPFGs were fabricated by using the
fs laser direct writing technique, where two resonant dips can be
observed in the transmission spectrum. The properties of FMF-
LPFGs have been characterized, and the mode coupling mech-
anism of two resonant dips were investigated respectively with
the assistance of the transmission spectrum and mode patterns.
The simultaneous mode conversion from fundamental mode

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-8521-781X
https://orcid.org/0000-0001-5541-9173
https://orcid.org/0000-0001-5591-2929
https://orcid.org/0000-0001-8669-4186
mailto:elmeroii@163.com
mailto:yangcailong@hust.edu.cn
mailto:yangcailong@hust.edu.cn
mailto:zhiyongzhao@hust.edu.cn
mailto:dmliu@mail.hust.edu.cn
mailto:tangming@mail.hust.edu.cn
mailto:tangming@mail.hust.edu.cn

7132806

(a)g 0.006
0.004
0.002}

0.000 ¢

-0.002

Refrative Index Differen

-45 -30 -15 0 15 30 45 60
Position (um)

(b)

1.453

x 1451 \
Blamof —
[ T
2 1447 —
2 1445 N
|5} - o 11
& 14437 _ [ _ [p

1.441F — Core — Cladding .

1400 1450 1500 1550 1600
Wavelength(nm)

Fig. 1. (a) Measured refractive index profile of the FMF. (b). The effective
refractive index of guided modes with respect to wavelength.

to core mode LP;; and high-order cladding mode LP;3 over
1500-1550 nm band is successfully achieved. To investigate the
responses of resonant dips to common external disturbances in
practical application scenarios, we measured the sensitivities
of temperature, strain, and twist of the FMF-LPFGs, and a
theoretical analysis was carried out to explain the difference in
sensitivity between these two dips. By making use of the differ-
entresponses to temperature and strain, a cross coefficient matrix
is established and dual-parameter discrimination determination
was experimentally demonstrated.

II. FABRICATION AND PROPERTIES OF FMF-LPFGS

A few-mode fiber with a step-index profile was used in the
experiments. Fig. 1(a) shows the refractive index profile and
the end view of the FMF. The core radii are 7.6 pm and the
cladding radii are 62.5 pm, respectively. Besides, the refractive
index (RI) of fiber core and cladding are 1.4506 and 1.444 at
1550 nm, respectively. Then we calculated the effective RI of
the guided modes arising in the FMF by simulation based on the
finite-element method, and the calculated effective refractive
indexes of the linear polarization modes LPy;, LPy;, LP2; and
LPy. as a function of wavelength are shown in Fig. 1(b).

The experimental setup used for LPFGs writing is schemat-
ically illustrated in Fig. 2. The femtosecond laser (Satsuma,
Amplitude System) operates at 1030 nm, generating pulses of
270 fs duration, and the repetition rate ranges from 0 kHz to
250 kHz. The laser pulse is focused into the few-mode fiber with
a20 x objective lens (NA = 0.5, Olympus UPlanFl), after being
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attenuated by a combination of half wave-plate and Glan prism.
An Optical shutter is used to control the laser irradiation time.
The FMF is placed on a three-dimension motion stage (XMS,
Newport) with 50 nm theoretical motion resolution. Real-time
monitoring is realized by using the horizontal and vertical double
CCDs to adjust the alignment of fiber. Light from the super-
continuum optical source (SCS, YSL Photonics) is launched
into the FMF after a polarization controller (PC), and an optical
spectrum analyzer is used to trace the transmission spectrum
with a resolution of 0.02 nm for real-time characterization of
the LPFGs writing.

During the writing process, the average pulse energy after
the attenuator was set at 13.3 mW and the used repetition rate
was 10 kHz. The LPFGs were inscribed point-by-point with
the Y-axis scanning direct writing technique [15]. The FMF
placed on the motion stage moved along a pre-planned route.
At each point, the laser beam was focused at the center of the
fiber core, then the stage moved to scan along the fiber radius
direction to enhance the mode coupling strength by modulating a
larger volume [16]. While light may leak out from the machined
boundary between the fiber core and cladding, as a result the
insertion loss may be increased. This problem can be mitigated
by compensating the aberration and optimizing the cooperation
between the 3D motion stage t and the optical shutter to reduce
the volume of modulated cladding region. The axial grating
period was set at 776 pum. Fig. 3(a) shows the transmission
spectrum of the fabricated LPFGs. It is observed that, with
the increment of the inscribed periodic points, the resonant
dips go deeper and the resonate wavelength shifts towards the
longer wavelength region [17], until complete coupling. The
polarization dependence of the fabricated FMF-LPFGs was
investigated, and the maximum polarization induced loss, which
is defined as the intensity change of two resonant dips caused
by changing the polarization state of the incident light through
a polarization controller, reached 3.5 dB, as shown in Fig. 3(b).
The polarization induced loss is caused by the asymmetry of
the RI modified area. Thanks to the Y-axis scanning direct
writing technique, the mode coupling strength is enhanced, as
a result it will allow for shorter axial irradiated length than the
conventional scheme [16], which helps to mitigate the scattering
loss. Finally, the fabricated LPFGs achieves a maximum contrast
of 10 dB and insertion loss of 3dB. It is worth mentioning that the
quality of FMF-LPFGs can be further improved by optimizing
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the laser power and performing aberration compensation in our
fabrication system.

III. CHARACTERIZATION OF FMF-LPFGS

In order to investigate the generation mechanism of the reso-
nant dips of the transmission spectrum, mode coupling has been
characterized by injecting light with different wavelengths and
then observing the output mode patterns using a CCD, as shown
inFig. 4. The light from a tunable laser (TSL- 44710, Santec) was
launched into the FMF with LPFGs inscribed. A polarization
controller was placed between the tunable laser and the LPFGs
to manage the polarization state of the input light. The mode field
distribution after the LPFGs was captured by a collimation lens
and a CCD (SP620U-1550, OPHIR Photonics). Fig.5 shows the
measured mode patterns of the LPFGs output, where the period
of LPFGs is 776 um. For each dip, four wavelengths covering
their rejection band have been selected to observe the whole
conversion process, and those eight wavelengths are also marked
with labels from “a” to “h” in Fig. 3(b).

The resonant dips of LPFGs are formed by the coupling
between the forward-propagating fundamental core mode and
co-propagating cladding modes or high-order core modes. Its
resonant wavelength X, was determined by the phase-matching
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Fig. 5. Near-field intensity profile of the FMF output measured with eight
different wavelengths (a)—(h) covering the resonant notch of LPFGs in Fig. 3(b).

condition [17]:

Ares = (n?Fff - n‘le—{f) A (H

where n¢!! is the effective index of fundamental mode and n¢!f is

the effective index of the coupling mode, A is the grating period.
Generally, LPFGs formed by circularly symmetric refractive
index change of fiber allows the coupling between fundamental
mode and circularly symmetric cladding mode LP,,,. However,
when the input light wavelength is finely tuned near the resonant
wavelength range of dipl, it is observed that the fundamental
mode in Fig. 5(a) couples to the circularly asymmetric cladding
mode LP;3, as shown in Fig. 5(b). This is attributed to the fact
that the cladding RI is also modulated by fs laser due to the Y-axis
scanning direct writing technique, resulting in the coupling of
the circularly symmetric core mode and circularly asymmetric
cladding modes [18]. Fig. 5(e)—(h) are the captured output mode
patterns when the input wavelength is tuned across the resonant
wavelength range of dip 2, which reveals a transition process
from the LPy; mode to the LP;; mode and then going out of
coupling. Therefore, it indicates that dip 2 is generated by the
coupling between the fundamental mode LPy; and the LPy;
mode. It is worth mentioning that the theoretical grating period
that couples the two core modes is 770 pm according to Eq.(1).
The error is considered to be caused by the inaccurate moving
stage and the large size of the laser focus.

In practical deployment scenarios, external environmental
change could affect directly the light coupling between different
modes, which manifests in the shift of resonant wavelength.
Therefore, the temperature, strain and twist responses of the
resonance dips have also been calibrated by experiments. Each
sensing experiment was repeated five times to ensure the repeata-
bility of results and the stability of the sensor performance.

The experimental setup used for temperature and strain cal-
ibration is shown in Fig. 6, which allows for simultaneous
measurement of both temperature and strain. Both ends of the
FMF are fixed by a pair of fiber clamps with an initial interval of
19 cm. The axial strain applied to the fiber is controlled by the
translation stages. Meanwhile, the whole part of FMF-LPFGs
is placed on the thermoelectric cooler (TEC) with a resolution
of 0.1 °C to change the external temperature. An external ther-
mometer was used to calibrate the temperature of the TEC to
avoid errors. Broadband light from a supercontinuum source
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and (b) dip2. The corresponding wavelength shifts as a function of temperature
are shown on (c) dip1, and (d) dip2.

was launched into the FMF-LPFGs after passing through a
polarization controller, and the evolution of the output spectrum
is monitored with an OSA. The polarization controller is used to
eliminate the effect on the initial transmission spectrum caused
by the change of polarization state during the placement of the
grating.

To calibrate the temperature response of the FMF-LPFGs, the
temperature of TEC is increased from 20 °C to 70 °C with a step
of 5 °C. The transmission spectra of each step were stabilized for
20 minutes to ensure the establishment of temperature change.
Fig. 7(a) and (b), show the wavelength shift of dip 1 and dip
2 respectively. With the increase of temperature, the resonant
wavelengths of dip 1 and dip 2 are all linearly red-shifted. The
R-square values of the linear fitting are 0.9955 and 0.9936,
respectively. The temperature sensitivities of dipl and dip2 are
144.7 pm/°C and 88.7 pm/°C, respectively. The standard devia-
tions of the measured temperature sensitivities are 3.79 pm/°C
and 1.34 pm/°C for dipl and dip2. The analytic expression for
the temperature sensitivity di,.s/dT of the resonant wavelength
is given by [19]:

dk res
dT

where « is the thermal expansion coefficient of the fiber, ~y
describes the waveguide dispersion and it is defined by:

= )Lres cY (Oé + Ftemp) (2)
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T'temp is the temperature and strain dependences of the wave-
guide dispersion respectively, which can be defined as Eq. (4):

Epn§t — Eunsit
Diemp = o~ 4)
ngp —Ng

&r, &p are the thermo-optic coefficients of the core material
and the material of waveguide where coupling occurs. Eq. (2)
indicates that the temperature sensitivity of the resonant wave-
length is mainly determined by the thermal expansion effect
and the thermal-optic effect. The thermal expansion effect of
LPFGs changes the volume of modulation area, which causes
the change of the grating period. The effect of thermal-optic is
mainly caused by the change of the effective refractive index of
core mode and cladding mode.

In addition, the spectrum characteristics of LPFGs as a func-
tion of strain change have also been measured when the tem-
perature is fixed at 20 °C. The axial strain varies from 0 pue
to 1052.6 pe with a step of 175.4 pe. For dipl, its resonant
wavelength shifts to a longer wavelength with the increase of
axial strain. The strain sensitivity of dipl is 2.4 pm/ue and its
linear fitting rate of R-square is 0.9935. The standard deviation of
the measured strain sensitivity is 0.25 pm/ e for dipl. However,
the resonant wavelength of dip2 turns out to be insensitive to
strain, as shown in Fig. 8(b). Eq. (5) gives the formula of the
strain sensitivity d\,es/de [19].

d)" res

= Ares -y - (1 Fs rain
e ¥+ (1 + Tstrain)

&)

The strain dependence of the waveguide dispersion s ain
can be defined as:

eff eff
Tytrain = ik — 6
strain — off off ( )
np — Ny

where nrp, nyg are the elastic-optic coefficients of the core
material and the material of waveguide where coupling occurs.

Dip 2 is generated by the fundamental mode LPy; coupled to the



LIU et al.: FABRICATION AND CHARACTERIZATION OF FEMTOSECOND LASER INSCRIBED LONG-PERIOD FIBER GRATING

Broadband
source

Optical
Spectrum
q Analyzer
Polarization
controller

Fiber Holder Rotator

Fig. 9. Experimental setup for twist measurement.

LP;; mode. Hence the strain sensitivity d¢s/de are determined
by the core material. Since LPy; and LP;; are all core modes,
we have I'st;ain = 1. This indicates that the strain sensitivity
is completely decided by the elastic-optic coefficients of core
material [6]. Because these two modes exist in the fiber core thus
they have similar elastic-optic coefficients and strain sensitivity.
As a result, dip2 shows insensitive to external strain. However,
since the core material and cladding material have different
elastic-optic coefficients, therefore dipl which is generated by
the coupling between the core mode and cladding mode turns
out to be sensitive to strain change.

Furthermore, the response of fiber twist of the LPFGs has
also been measured, and the used experimental setup is shown
in Fig. 9. A supercontinuum source and an optical spectrum an-
alyzer are connected with the LPFGs sensor to ensure real-time
monitoring of the transmission spectrum. During the experi-
ment, one end of the LPFGs is fixed to a stationary holder, and
the other end is fixed to a fiber rotator. The distance between the
fiber holder and the rotator is 15 cm. During the measurement,
the grating is slightly strained to keep it straight for eliminating
the unwanted fiber bending.

The effect of fiber twisting on the spectrum of the LPFGs
was investigated experimentally. The transmission spectra of
the LPFGs were recorded by increasing the twist angle from
—180 to 180° with a step of 30°. Fig. 10(a) and (b) show
the spectral evolution of the grating under twist. Fig. 10(a)
shows that the resonant wavelength of dip 1 shifts randomly
within a small wavelength range, which could be considered
insensitive to twist. This might be caused by the appearance
and disappearance of different cladding modes that contribute
to the coupling when twist is applied. During the fs laser direct
inscription process, the laser beam was scanned along the Y-axis
at each inscription region to increase the modulating volume,
which brings the asymmetry of modulating area. When twist is
applied to LPFGs, there will be a fixed-angle rotation between
each adjacent modulation region. Hence extra refractive index
modulation might be generated, which causes the appearance
and disappearance of modes that have different twist sensi-
tivities. As a result, the wavelength shifts of different modes
counteract with each other, and eventually dipl turns out to be
insensitivity to twist. It can be seen from Fig. 10(b) that with
the increasement of twist, the resonant wavelengths of dip 2
are linearly red-shifted, which indicates that the LPFGs can be
developed as a wavelength-interrogated twist sensor. Further-
more, the direction of twist could be distinguished based on the
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TABLE I
DISCRIMINATIVE TEMPERATURE AND STRAIN MEASUREMENT

Relative measurement
error*

Actual value Measured Value

Temperature(°C) | Strain(ue) | Temperature(°C) [ Strain(ue) | Temperature | Strain
25 175.44 25.64 167.13 2.50% 4.73%
25 701.75 25.52 682.52 2.09% 2.74%
45 175.44 45.92 181.53 2.05% 3.47%
45 701.75 45.02 677.50 0.04% 3.46%
65 175.44 65.08 171.82 0.12% 2.06%
65 701.75 64.97 678.72 0.05% 3.28%

Relative measurement error = |T" — T|/T x 100% or |S" — S|/S x 100%

original resonant wavelength, since different twist direction will
give rise to opposite wavelength shift direction. According to the
linear fitting, dip 2 has a twist sensitivity of 0.013333 nm/deg
(0.114592 nm/rad-m~"), which is twice the twist sensitivity
of regular SMF-LPFGs [20]. The standard deviation of the
measured twist sensitivity is 0.00931 nm/rad-m~! for dip2.
Since the two resonant dips have different temperature and
strain sensitivities, this feature can be used to develop a LPFGs
sensor that is able to discriminate temperature and strain by
calculating a cross coefficient matrix, as given by [21]

Ae\  [(CrCE\ ' An
(32)-(&d) (3)
(241447 (AN .
_<0 88.7) (Ax2> M
where Ae and AT are the variations of strain and temperature.
Cl, C and C2, C% represent the strain and temperature coef-
ficients of dip 1 and dip 2, respectively. AA; and AA, are the
wavelength shift of dip 1 and dip 2, respectively.
To verify the accuracy of the cross coefficient matrix, a
proof experiment has been implemented by generating different
temperatures and strains to evaluate the performance of LPFGs

sensor. The measurement results are shown in Table I. It indicates
that the relative measurement error of the temperature sensing
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is smaller than 2.5% and the relative error of the strain sensing
is smaller than 5%. Therefore, the FMF-LPFGs turns out to
be very promising for temperature and strain discriminative
measurement

IV. CONCLUSION

In conclusion, thanks to the flexible, precise and repeatable
fabrication technique that is enabled by femtosecond laser direct
writing, long-period fiber grating in few-mode fiber was demon-
strated in this work, and the properties of the FMF-LPFGs have
been characterized thoroughly. The mode coupling mechanisms
of the FMF-LPFGs are revealed by both the transmission spec-
trum and the mode patterns. In addition, the temperature, strain
and twist responses of the resonance dips have been calibrated
by experiments. By using the different responses to external
temperature and strain, a cross coefficient matrix was established
and dual-parameter discriminative measurement is achieved
with less than 2.5% relative temperature measurement error
and less than 5% relative strain measurement error. The results
presented in this paper provide a theoretical and experimental
reference for FMF-LPFGs fabrication based on femtosecond
laser direct writing technique, and the fabricated devices show
great potential for multi-parameter sensing in the future.

REFERENCES

[1] R.Ryf et al., “Mode-division multiplexing over 96 km of few-mode fiber
using coherent 6 x 6 MIMO processing,” J. Lightw. Technol., vol. 30, no. 4,
pp. 521-531, Feb. 2012, doi: 10.1109/j1t.2011.2174336.

[2] S. Ramachandran, Z. Wang, and M. Yan, “Bandwidth control of long-
period grating-based mode converters in few-mode fibers,” Opt. Lett.,
vol. 27, no. 9, pp. 698-700, May 2002, doi: 10.1364/0L.27.000698.

[3] A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins, V. Bhatia, T. Er-
dogan, and J. E. Sipe, “Long-period fiber gratings as band-rejection
filters,” J. Lightw. Technol., vol. 14, no. 1, pp.58-65, Jan. 1996,
doi: 10.1109/50.476137.

[4] D. Davis, T. Gaylord, E. Glytsis, S. Kosinski, S. Mettler, and A.
Vengsarkar, “Long-period fibre grating fabrication with focused CO2
laser pulses,” Electron. Lett., vol. 34, no. 3, pp. 302-303, Feb. 1998,
doi: 10.1049/e1:19980239.

[5] 1. Giles, A. Obeysekara, R. Chen, D. Giles, F. Poletti, and D. Richardson,
“Fiber LPFG mode converters and mode selection technique for multimode
SDM,” IEEE Photon. Technol. Lett., vol. 24, no. 21, pp. 1922-1925,
Nov. 2012, doi: 10.1109/LPT.2012.2219044.

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

B. Li et al, “Long-period fiber gratings inscribed in few-mode
fibers for discriminative determination,” Opt. Exp., vol. 27, no. 19,
pp. 26307-26316, Sep. 2019, doi: 10.1364/0E.27.026307.

Y. Zhu et al., ““Strain-insensitive and high-temperature long-period gratings
inscribed in photonic crystal fiber,” Opt. Lett., vol. 30, no. 4, pp. 367-369,
Feb. 2005, doi: 10.1364/0L.30.000367.

G. Rego, “Annealing of arc-induced gratings at high tempera-
tures,” Electron. Lett., vol. 45, no. 19, pp.972-974, Sep. 2009,
doi: 10.1049/e1.2009.1767.

J. He et al., “Single-mode helical Bragg grating waveguide created in a
multimode coreless fiber by femtosecond laser direct writing,” Photon.
Res., vol. 9, no. 10, pp. 2052-2059, Oct. 2021, doi: 10.1364/prj.434719.
Y. Kondo, K. Nouchi, T. Mitsuyu, M. Watanabe, P. G. Kazansky, and K.
Hirao, “Fabrication of long-period fiber gratings by focused irradiation of
infrared femtosecond laser pulses,” Opt. Lett., vol. 24, no. 10, pp. 646—648,
May 1999, doi: 10.1364/0L.24.000646.

M. Beresna, M. Gecevicius, and P. G. Kazansky, “Ultrafast laser direct
writing and nanostructuring in transparent materials,” Adv. Opt. Photon.,
vol. 6, no. 3, pp. 293-339, Sep. 2014, doi: 10.1364/A0P.6.000293.

M. Ams, G. D. Marshall, P. Dekker, J. A. Piper, and M. J. Withford,
“Ultrafast laser written active devices,” Laser Photon. Rev., vol. 3, no. 6,
pp. 535-544, Oct. 2009, doi: 10.1002/1por.200810050.

F. Chen and J. V. de Aldana, “Optical waveguides in crystalline dielectric
materials produced by femtosecond-laser micromachining,” Laser Photon.
Rev., vol. 8, no. 2, pp. 251-275, Mar. 2014, doi: 10.1002/1por.201300025.
J. Thomas, C. Voigtlaender, R. G. Becker, D. Richter, A. Tuennermann,
and S. Nolte, “Femtosecond pulse written fiber gratings: A new avenue to
integrated fiber technology,” Laser Photon. Rev., vol. 6, no. 6, pp. 709-723,
Nov. 2012.

K. Zhou, M. Dubov, C. Mou, L. Zhang, V. K. Mezentsev, and 1. Ben-
nion, “Line-by-line fiber Bragg grating made by femtosecond laser,”
Photon. Technol. Lett., vol. 22, no. 16, pp. 1190-1192, Aug. 2010,
doi: 10.1109/LPT.2010.2050877.

Y. Zhao et al., “Femtosecond laser inscribed axial long-period fiber grat-
ings in two-mode fiber for efficient optical angular momentum generation,”
in Proc. Opt. Fiber Commun. Conf., 2017, pp. 1-3.

T. Erdogan, “Fiber grating spectra,” J. Lightw. Technol., vol. 15, no. 8,
pp. 1277-1294, Aug. 1997, doi: 10.1109/50.618322.

R. Slavik, “Coupling to circularly asymmetric modes via long-period
gratings made in a standard straight fiber,” Opt. Commun., vol. 275, no. 1,
pp. 90-93, Jul. 2007, doi: 10.1016/j.0ptcom.2007.02.064.

X. Shu, L. Zhang, and I. Bennion, “Sensitivity characteristics of long-
period fiber gratings,” J. Lightw. Technol., vol. 20, no. 2, pp. 255-266,
Feb. 2002, doi: 10.1109/50.983240.

Y. J. Rao, Y. P. Wang, Z. L. Ran, and T. Zhu, “Novel fiber-optic sensors
based on long-period fiber gratings written by high-frequency CO2 laser
pulses,” J. Lightw. Technol., vol. 21, no. 5, pp. 1320-1327, May 2003,
doi: 10.1109/j1t.2003.810561.

R. Wang, M. Tang, S. Fu, Z. Feng, W. Tong, and D. Liu, “Spatially arrayed
long period gratings in multicore fiber by programmable electrical arc
discharge,” IEEE Photon. J., vol. 9, no. 1, Feb. 2017, Art. no. 4500310,
doi: 10.1109/JPHOT.2016.2639499.


https://dx.doi.org/10.1109/jlt.2011.2174336
https://dx.doi.org/10.1364/OL.27.000698
https://dx.doi.org/10.1109/50.476137
https://dx.doi.org/10.1049/el:19980239
https://dx.doi.org/10.1109/LPT.2012.2219044
https://dx.doi.org/10.1364/OE.27.026307
https://dx.doi.org/10.1364/OL.30.000367
https://dx.doi.org/10.1049/el.2009.1767
https://dx.doi.org/10.1364/prj.434719
https://dx.doi.org/10.1364/OL.24.000646
https://dx.doi.org/10.1364/AOP.6.000293
https://dx.doi.org/10.1002/lpor.200810050
https://dx.doi.org/10.1002/lpor.201300025
https://dx.doi.org/10.1109/LPT.2010.2050877
https://dx.doi.org/10.1109/50.618322
https://dx.doi.org/10.1016/j.optcom.2007.02.064
https://dx.doi.org/10.1109/50.983240
https://dx.doi.org/10.1109/jlt.2003.810561
https://dx.doi.org/10.1109/JPHOT.2016.2639499


<<
  /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


