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A hollow-core fiber based on photonic quasicrystal arrays is theoretically proposed for high-quality light wave
propagation with high polarization maintaining performance and low nonlinearity. This fiber, called hollow-core
photonic quasicrystal fiber (HC-PQF), can simultaneously realize a high birefringence that reaches 1.345 x 10
and a small nonlinear coefficient of 1.63 x 107 W' - km ™" at a communication wavelength of 1.55 um due to the
air-filled core and unique quasiperiodic fiber structure. To further demonstrate the controllability of the non-
linear coefficient and the application of sensor and polarization-maintaining fiber, the nonlinearity is investi-
gated by filling different inert gases in the fiber core while the birefringence keeps a high order of 1072
In the wavelength range 4 € [1.53 pm, 1.57 pm], the dispersion is near zero and flattened. The HC-PQF is
expected to be used for applications in optical communication, high power pulse transmission, polarization beam

splitters, etc.
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In the past three decades, photonic crystals have been
widely used in couplers?, lenses?, all-optical logic gates?,
photonic crystal fibers (PCFs)2, etc. The PCF has seen a
rapid progress in multiple technical and scientific fields
because of highly flexible arrangements of air-hole arrays
and optimization of guiding characteristics. In addition
to the periodic lattice in PCF the emerging quasiperiodic
lattice structure that possesses a long-range orientational
order and rotational symmetry has attracted tremendous
interest for use in lenses!, lasers', filters!, sensors2¥,
topological photonics™¥, etc. Among the apphcatlons,
introducing a photonic quasicrystal structure in the fiber
is a constructive means to highly enhance the basic guid-
ing mode properties. It is reported that the constructed
fiber, photonic quasicrybtal fiber (PQF), can achieve near-
zero dispersion, lower confinement loss™Y, larger cut-off
single mode transmlsblon[ﬁ], higher mode area@], robust
transmission of orbital angular momentum mode, etc.
Furthermore, PQF is also thought to show opposite
negative dispersion behavior compared with PCF be-
cause of the unique fiber structure. All research on
PQFs employs solid-state cores (generally silica material)
with a total reflection mechanism. However, the inves-
tigation on hollow-core PQF (HC-PQF) has not been
reported although hollow-core PCF has been developed
for many years for low transmission loss®, low threshold
of stimulated Raman scattering®, etc. The difference
between PQF and PCF is the difference between the qua-
siperiodic and periodic structures of the air-hole arrange-
ment. The light guiding mechanism of the two fibers is
consistent. Solid-core PCF is based on total reflection
and HC-PCF is based on photonic band gap (PBG)Z.
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Therefore, the light guiding mechanism of HC-PQF
can be considered as that of HC-PCF based on the
PBG effect. Benefitting from more geometrical degrees
of freedom than HC-PCF, it has great potential in devel-
oping specific fiber with better optical properties and
trade-off.

High birefringence enhances the polarization-maintaining
ability to maintain the polarization state in the super-
continuum range. It has great application prospects in
liquid crystal fiber? and polarization beam splitters?d,
etc. The low nonlinear coefficient allows for high power
pulse transmission, optical soliton transmission, pulse
compression?, etc. Combining high birefringence and
low nonlinear coefficient characteristics, it has great
potential for use in fiber sensorsY. However, the birefrin-
gence of HC-PCF is relatively low, generally on the order
of 10732 " and most of the high birefringence PCF's pro-
posed are accompamed by high nonlinear coefficients2:2Y,
Therefore, how to improve the birefringence of HC- PCF
and reduce its nonlinear coefficient are two subjects of
great concern in the field of PCF. In 2018, Islam et al.
proposed an HC-PCFEY with a birefringence of 1072,
but its core is filled with water, benzene, and ethanol,
which makes its other optical properties unclear, and its
preparation is difficult, so it is difficult to popularize and
apply. In recent years, porous PCFs have been proposed
to improve birefringence, and the birefringence reaches
107222 but the fiber core structure is complicated and
difficult to prepare. Therefore, this Letter proposes the
HC-PQF structure, which uses the quasiperiodic structure
to destroy the symmetry to improve the birefringence.
In addition, in order to make the fiber useable in special
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environments, this Letter tested the birefringence and
nonlinear characteristics of two other inert gases.

In this Letter, an HC-PQF is proposed based on the
six-fold photonic quasicrystal structure. At the communi-
cation wavelength of 1.55 pm, the birefringence reaches
1.345 x 1072, Compared to the solid-core PQF, when
the core of the HC-PQF is filled with air, its nonlinear
coefficient can be reduced by three orders of magnitude,
and the nonlinear coefficient can be adjusted by the filling
of a specific gas (e.g. argon or xenon). Therefore, the
nonlinear coefficient can be controlled according to the
different filling gases in the fiber core.

A six-fold photonic quasicrystal and the cross section
structure of HC-PQF are shown in Fig. 1. The complete
six-fold quasicrystal structure is shown in Fig. 1(a), which
can be fabricated using a sol-gel method2”. The lattice
constant A = 2.2 pm, the diameter of the air hole is set
to d, and the gray and white regions are silica and air
with refractive indexes of ngns = 1.45 and n,;,. = 1.0, re-
spectively. The cross section structure of the HC-PQF
designed in this Letter is shown in Fig. 1(b). The seven
air holes in the blue dashed line circle in Fig. 1(a) are re-
placed by a hollow core with a diameter of d; as shown in
Fig. 1(b). The nonlinear coefficient of HC-PQF can be ad-
justed by changing the material in the d; hole. Four red air
holes in Fig. 1(a) are replaced by four small air holes with
diameters d, =0.292 x d and d3 = 0.62 x d arranged
symmetrically along the X axis in Fig. 1(b). The distance
between the d, air hole and the d; hole is r, and the
distance between the dy and ds air holes is 0.6 x A.
Introducing small air holes in the center of the photonic
quasicrystal structure and the X axis can destroy the
symmetry of PQF and increase birefringence.

In this Letter, the COMSOL Multiphysics software! is
used to simulate the proposed HC-PQF with perfect
matching layer (PML) by the full vector finite element
method, and the guiding characteristics of the HC-PQF
under different wavelength and structural parameters
are analyzed. The outermost blue ring is set to the PML,
which allows the waves to pass through the interface with-
out reflection, i.e., eliminating errors. The grid size is set
to fine, which divides the whole HC-PQF into a large

Fig. 1. (a) Cross section structure of the six-fold photonic quasi-
crystal (the origin O of the coordinate system OXY is set at
the center of the fiber core); (b) the cross section structure of
HC-PQF.

number of mesh elements that increase the analysis accu-
racy of fiber characterization, and the grid size is less than
5x10% m with an auto-triangular-mesh-subdivision
method. After the program is started, under the premise
of correctly setting the model, the calculated total number
of mesh elements is 62,954 and the average element qual-
ity is 0.875. The structure mesh is of good quality, which is
conducive to accurate calculations.

Birefringence is the difference of the effective refractive
indexes of two orthogonal polarization modes. The higher
the value is, the stronger the ability to maintain polariza-
tion is%. The equation is expressed as

b :|ngff = N> (1)
where nf; and n’; represent the effective refractive index
of the fundamental mode in the z and y polarization
directions, respectively.

In addition, the nonlinear coefficient of HC-PQF can be
expressed asZ

277.'712
= 2
) = 2. )

where n, is the nonlinear refractive index of the gas filled
in the fiber core, and the effective mode field area A4 can
be calculated as'?

(82| dady)”

A=
AT B dady
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where the integral region is the entire cross section of fiber.
According to Eq. (2), the larger the effective mode field
area is, the smaller the nonlinear coefficient is.
The total dispersion D(1) can be deduced by the sum
of the waveguide dispersion D,(4) and the material
[44]

dispersion D,,(4) asZ
D(A) = Dy(2) + Dy(4). (4)

For HC-PQF, the material dispersion can be neglected
when the fiber core is filled with gas. Therefore, the
dispersion of HC-PQF is equal to the waveguide dispersion
and can be expressed as

7462iRe(neff)|

D) = c 042

: ()

The optimum solution of the fundamental mode field
with a wavelength of A = 1.55 pm is obtained by simula-
tion calculation, as shown in Fig. 2.

Figures 2(a) and 2(b) show that the polarized E, mode
field of the fundamental mode is circular, and the polar-
ized E, mode field of the fundamental mode is elliptical
and extends in the Y direction. This is due to the intro-
duction of four smaller air holes in the X direction, which
breaks the symmetry of the structure. Because the area of
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Fig. 2. Mode field distribution of HC-PQF: (a) direction of
X polarization; (b) direction of Y polarization; (c) the effective
refractive index of the X and Y polarization modes, and the
corresponding birefringence.

four small air holes is smaller than that of four air holes
with a diameter d, the filling ratio in the X direction is
smaller than that in the Y direction. Because of the differ-
ent structure of the fiber core region, the light propagates
in different directions in the fiber core, making the effec-
tive refractive index in the X direction less than that in
the Y direction, as shown in Fig. 2(c). Simulations for
HC-PQF indicate that there are multiple modes of
HC-PQF. Other modes are propagated through the clad-
ding. When a specific wavelength of light passes through
the waveguide, only the fundamental mode is excited for
single mode transmission.

For a fixed d/A = 0.910, r = 1.50A, changing the hol-
low core diameter d; filled with air, the relationship be-
tween birefringence and wavelength is shown in Fig. 3.

Figure 3 shows that the birefringence increases with
the increase of wavelength under a fixed d;. When the
wavelength 1 < 1.552 pm and a certain wavelength are
determined, as the hollow core diameter d; gradually in-
creases, the birefringence gradually decreases. The main
reason is that the increase of d; increases the core area,
and the effect of the mode field and the inner cladding
air holes is reduced, resulting in a decrease of birefrin-
gence. Therefore, in order to increase the birefringence,
the structure with smaller diameters of air holes in the
fiber core should be selected. When the wavelength 4 >
1.566 pm and a certain wavelength is determined, as
the hollow core diameter d; gradually increases, the bire-
fringence gradually increases.

Further calculations show that at the wavelength
A =1.55 pm, the birefringence when the hollow core

0.016

——d,=2.17 um

0.015F——4d,=2.18 um
——d,; =2.19 um

0.014+ —v—d; =220 pm
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0.011F 8
0.010 L L L
1.53 1.54 1.55 1.56 1.57
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Fig. 3. Birefringence of HC-PQF under different d, values filled
with air.

diameter d; < 2.17 pm is smaller than that when
dy = 2.17 pm. When the wavelength A > 1.566 pm and
dy < 2.17 pm, the refraction disappears and the high
birefringence characteristics are not satisfied. Therefore,
dy = 2.17 pm should be selected in this structure. When
dy = 2.17 pm and A = 1.55 pm, the birefringence reaches
1.30 x 1072

For a fixed hollow core diameter d; = 2.17 pm filled
with air, » = 1.50A, changing the diameter of air hole
d, the filling ratio d/A also changes. The relationship be-
tween birefringence and wavelength is shown in Fig. 4.

With the same filling ratio, as the wavelength gradually
increases, as can be seen from Fig. 4, the birefringence
gradually increases. With the increase of transmission
wavelength, the mode field is increased. Therefore, it can
be known that the mode field extends outward. But be-
cause the influence of the filling ratio in the X direction
is smaller than that in the Y direction and light travels in
air faster than in silicon, and since the inner air hole area is
smaller than the ordinary air hole area, the distance of the
mode field passing through the X direction is smaller than
that of the mode field passing through the Y direction.

0.016

—=—d/4=0.908 '
0.015F—*—d/4=0.910
——d/4=00912

0014F o 414=0.914
Q 0.013 t—e—d/4=0.916

0.012

0.011E

0.010 : . .
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Fig. 4. When d; =2.17 pm, the effect of filling ratio on
birefringence.
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Therefore, the mode field penetrates into the X direction
and Y direction at different speeds. Thus, the birefrin-
gence increases gradually. At the same wavelength, as
d/A increases, the birefringence first increases and then
decreases, and reaches a maximum at d/A = 0.910. There-
fore, the optimal value d/A in this structure is 0.910.
When the wavelength A= 1.55 pm, the birefringence
reaches 1.32 x 1072. Its birefringence is two orders of
magnitude higher than that in the traditional Panda
polarization-maintaining fiber®.

For a fixed ratio d/A =0.910 and the hollow core
diameter d; = 2.17 pm filled with air, the relative dis-
tance between the air holes of diameter d; and dy remains
unchanged, and only the value of the distance r is
changed. The relationship between birefringence and
wavelength is shown in Fig. 5.

Figure 5 shows that the birefringence increases with the
increase of wavelength at the same r. At the same wave-
length, increasing r easily causes the mode field energy to
penetrate from the fiber core, breaking the orthogonal
polarization state and increasing the birefringence. In
order to make the birefringence as large as possible, the
maximum allowable value of r should be selected theoreti-
cally. However, when r > 1.50A, two small air holes of
diameter dg overlap with air holes of diameter d, which
is difficult to prepare, and the air holes collapse. Therefore,
considering the size of birefringence and the difficulty
of preparation, 7= 1.50A should be selected in this
structure.

When d/A =0.910, d; = 2.17 pm, r = 1.50A, at the
wavelength 4 = 1.55 pm, the birefringence reaches
1.345 x 1072. The structure design has a large degree of
freedom, and many geometric parameters are related to
birefringence, so the birefringence can be adjusted. In ad-
dition, a quasicrystal structure is adopted and small air
holes are introduced around in the fiber core to break
the periodicity to increase the birefringence. The birefrin-
gence is larger than that of HC-PCF at this stage2:2,

0.016 . . .
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0.015F —*— r=1.484
——r=1.504

0.014

< 0.013

0.012

0.011 )

0.010 . , .

1.53 1.54 1.55 1.56 1.57
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Fig. 5. When d/A =0.910 and d; =2.17 pm, the effect of
changing the distance r between the dy small air hole and the
fiber core on birefringence.
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Fig. 6. d/A =0.910, d; =2.17 pm, r = 1.50A, changing the
core filling gas: (a) the relationship between mode field area
and wavelength, (b) the relationship between nonlinear coeffi-
cient and wavelength.

For a fixed d/A = 0.910, d; = 2.17 pm, and r = 1.50A,
when the fiber core is filled with air, argon, and xenon, the
relationship between mode field area and wavelength, and
the relationship between nonlinear coefficient and wave-
length, are shown in Figs. 6(a) and 6(b), respectively.

As can be seen from Fig. 6(b), the nonlinear coefficient
decreases as the wavelength increases. On the one hand,

150
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—— d,=2.19 um .

—
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Fig. 7. Influence of the diameter of the hollow core on dispersion
characteristics with d/A = 0.91 and r = 1.50A.
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Table 1. Parameter Comparison of this HC-PQF with Previous Designs

PCF structure Ref. Birefringence Nonlinear coefficient (W™ - km™)
PC-PCF [34] 0.005 /

HC-PCF [35] 5.8 x 1073 /

SGNLC-PCF [36] 0.042 4255

Proposed HC-PQF This work 1.345 x 1072 1.63 x 1073

the wavelength increases; on the other hand, the effective
mode field area of the structure proposed in this Letter
increases with the increase of the wavelength. According
to Eq. (2), the nonlinear coefficient decreases with increas-
ing wavelength and effective mode field area.

When the fiber core is filled with air (ny=
2.35 x 1072 m~2-W~1), the nonlinear coefficient is
1.63 x 1072 W1 -km™! at the wavelength A = 1.55 pm,
which is ultra-low nonlinearity, and is generally three
orders of magnitude smaller than that of solid-core
fiber229, Under this circumstance, the structure satis-
fies the characteristics of high birefringence and low
nonlinear coefficient. Under the premise of maintaining
the birefringence of 1072, when the fiber core is filled
with argon (ny, = 1.6 x 10723 m~2-W~!), the nonlinear
coefficient is 1.0 x 1072 W~!-km~!. When xenon (ny, =
1.37 x 1072 m~2- W) is filled in the fiber core, the non-
linear coefficient is 1.50 W' -km™! at wavelength 1=
1.55 pm, which is three orders of magnitude higher than
that when the fiber core is filled with air. Therefore, the
nonlinear coefficient in this fiber structure can be adjusted
by changing the filler in the fiber core. The hollow core
structure in this Letter provides a huge advantage when
the gases, argon and xenon, are used to fill the fiber core
to change the nonlinear coefficient. The filled gas has rel-
atively stable chemical properties that will not change
under some special circumstances, and it does not react
with other substances. Therefore, the fiber structure in
this Letter can be used in special environments.

As shown in Fig. 7, the smaller the diameter of the
hollow core is, the more flattened the dispersion curve is.
Considering the trade-off among birefringence, nonlinear
coefficient, and dispersion, the value of the diameter of the
hollow d; = 2.17 pm can be chosen as the optimal value.
At this time, the dispersion is relatively flattened and close
to zero, —1.05 £ 1.28 ps/(km-nm), at the wavelength
A € [1.53 pm, 1.57 pm]. Therefore, this structure can create
conditions for achieving high-rate dense wavelength divi-
sion multiplexing and frequency division multiplexing?.

The performance parameter comparison between the
proposed PCF and the previous works is shown in Table 1.
It is clearly seen that the proposed HC-PQF can simulta-
neously exhibit polarization-maintaining ability and low
nonlinearity, reaching a good level. Especially for the
birefringence, the achieved value is more than twice higher
than that of the previous HC-PCFE2,

In this Letter, an HC-PQF is proposed with high bire-
fringence, and low and adjustable nonlinear coefficient
properties. At the wavelength A = 1.55 um, the bire-
fringence reaches 1.345 x 1072, and the ultra-low nonlin-
ear coefficient when the fiber core filled with air is
1.63 x 1073 W~ -km~'. When the fiber core is filled with
other gases (e.g., xenon or argon), the nonlinear coefficient
can be adjusted while maintaining the birefringence
of 1072. At the wavelength 1 € [1.53 pm, 1.57 pm], the
dispersion is flat dispersion. The structure has broad ap-
plication prospects in the fields of sensors, polarization-
maintaining fiber, high power pulse transmission, and long
distance communication.
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Science Foundation of Hunan Province (No. 2017JJ2048),
and the Fundamental Research Funds for the Central
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