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In this paper, a novel photonic crystal fiber (PCF) with high birefringence and nonlinearity is designed. The charac-
teristics of birefringence, dispersion and nonlinearity are studied by using the full-vector finite element method (FVFEM).
The numerical results show that the phase birefringence and nonlinear coefficient of PCF can be up to 4.51 x 1073 and
32.8972 W—L.km~! at 1.55 pm, respectively. The proposed PCF could be found to have important applications in the
polarization-dependent nonlinear optics such as the pulse compress and reshaping in the C waveband.
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1. Introduction

Recently, photonic crystal fiber (PCF)!'# has become
well known for its special optic properties, such as high
birefringence,>®! high nonlinearity,!”-8! controllable disper-

sion, [%-10]

etc. These characteristics make it appropriate for
extensive use in optical fiber sensing, high power fiber laser,
etc. Among these properties, high birefringence (HB) is re-
quired in fiber sensing to maintain the linear polarization by
reducing polarization coupling. To reach a large difference in
index, some HB PCFs have been reported by introducing an
asymmetric structure, such as changing the air hole diameters
along the two orthogonal directions,!'! introducing an asym-
metric core,!?] and designing an elliptical-hole.!'3! These HB
PCFs have been reported to reach an order magnitude of 103
which is higher than the traditional HB fiber (10~4).[14]
Highly nonlinear PCFs with zero dispersion wavelengths
(ZDWs) have many important applications for supercontin-
uum (SC) sources,!>! all-optical signal process, and optical
parametric amplifiers (OPA).I'®! Because of these reasons,
much work has concentrated on highly nonlinear PCFs, ZDW
located around 1.55 um. The theoretical design and simu-
lation about this kind of PCF has been made by Ferrando
et al.'"7! Hansen et al.!"® first demonstrated this fiber with
a 2.3-um core (0.8-pm Ge-doped core inside), the nonlin-
ear coefficient of 20 W~'-km~! and the birefringence order

[19

around 10~*. Yamatmoto et al.'"! demonstrated a dispersion-

flattened PCF (1.4 umx1.1 um Ge-doped elliptical core in-

side) with a modal birefringence of 1.3 x 1073 and a non-

-1

linear coefficient of 19 W—1.km~! at 1.55 um. Compared
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with the Ge-doped optical fiber, the silica-core PCF with high
birefringence and nonlinearity could be reached with a unique
structure. Zhang!?! designed a PCF, which has a high nonlin-
earity of 105 W—!-km~! and confinement loss of lower than
10~2 dB/m in communication windows for generating broad-
band SC. Olyaee ef al.”!l demonstrated a PCF, which has
an effective mode area of 2.6 um? and a confinement loss of
2.303 x 107® dB/km around 1.55 um for an optical commu-
nication system. Zhang et al.[*?! also reported on a PCF con-
sisting of a central defect core and cladding with elliptical air
holes, which has a low dispersion of +2.5 ps-nm~!'-km~! in
the wavelength range from 1.43 pum to 1.8 um and a birefrin-
gence of 2.5 x 1073 for four-wave mixing. In this paper, we
present a new type of high birefringence and nonlinearity PCF
with two ZDWs for the pulse compressing and reshaping in
the C waveband.

2. Design of DC-PCF

The cross section of the proposed fiber is shown in Fig. 1.
The whole fiber is based on pure silica and the cladding con-
sists of a hexagon lattice with circular air-holes. The diameter
of each small hole and each big hole are d and D, respectively.
The pitch between the holes is denoted as A. To keep high
birefringence, the sizes of some holes beside the core are dif-
ferent from the others’, they form a “double crescent” style to
increase the stress element of one direction beside the core.
The “double crescent” part d/A has a most important role in
determining the dispersion curve, which is assumed to shift the
second ZDW’s location and a larger air-filling fraction D/A is
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surrounded outside, which is used to confine the loss. Also the
back-scattering of the simulation area boundaries is taken into
account, an efficient full-vector FEM is applied to PCF and an
anisotropic perfectly matched layer (PML) is employed. To
ensure the higher accuracy, the curvilinear hybrid edge/nodal
element is used to prevent the phony results.[>’! Hence the
PML’s thickness owns five layers of gridding and the number
of curvilinear hybrid edge/nodal elements for the PCF cross

1.4
1.2¢
1.0

0.8}

0.6 |
0.4}

0.2}

Electric field norm/10° V-m™

0
-30 —-20 -10 0 10 20 30

z-coordinate/um

section is close to 57.

As seen in Fig. 1(b), the DC-PCF has an endless-single
mode at 1.55 pm and the energy is completely confined in the
core. Figures 1(c) and 1(d) show the polarized mode fields of
HE}, and HE],, respectively. Because of the weak confine-
ment in the x-axis direction, the two polarized mode energies
permeate to this side and the mode fields each present an el-
lipse shape.
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Fig. 1. (color online) (a) Cross section of the “double crescent” photonic crystal fiber, (b) fundamental mode field at 1.55 pum, (c) and (d) polarized mode

fields of (c) HE{, and (d) HE{I, respectively.

3. Simulation results and discussion

As mentioned above, modal birefringence (B) property as
a function of wavelength is investigated. The value of B is
obtained according to the following formula

B— M = |Re (mggr (1)) —Re (ny; (1)) |- M

Here, negr, and nefp, are the effective refractive indices of
the orthogonal polarization fundamental modes. The cruces
of variables for A are shown in Fig. 2(a), where the d/A and
D/A are fixed at 0.5A and 0.85A, respectively. The birefrin-
gence increases with the wavelength increasing and gradually
increases to the maximum, then decreases. The maximum
birefringence wavelength has a red shift with the increasing
of A. This is due to the fact that a larger A means a larger
core and cladding which could have more powerful constraints
on a long wavelength. As seen in Fig. 2(b), to investigate

the birefringence variation along the HE], direction, we fix

d/A at 0.5 and change D/A from 0.8 to 0.9 in steps of 0.05
with A = 1.71 pum. The maximum birefringence wavelength
has a blue shift with the increasing of D/A. From Fig. 2,
when A = 1.71 um, d/A = 0.5, and D/A = 0.85, the DC-
PCF reaches a birefringence of 4.51 x 1073 at 1.55 pm in the
C waveband which is higher than that reported in Refs. [11]
and [23].

Due to the fact that the chromatic dispersion is associated
with the PCF information carrying capacity and the genera-
tion of SC, it is necessary to investigate the dispersion of the
DC-PCF. The chromatic dispersion is defined as

_& 0%, 3 & 9% |Re (nefy)|
c oA ¢ A2 ’

D(A) =Dy (A)+Dm(A) = )
where Re(n.) is the real part of negr, 1y is based on A in the
dispersive medium and calculated by Sell Meier’ s formula, ¢
is the velocity of light in the vacuum, Dp,(A) is the material
dispersion, and Dy, (A) is the waveguide dispersion.
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Fig. 2. (color online) (a) Variation effect of A on the birefringence by
fixing the d/A and D/A values at 0.5 and 0.85, respectively. (b) Varia-
tion effect of D/A on the birefringence by fixing the d /A and A values
at 0.5 and 1.71 pum, respectively.

The wavelength-dependent properties of chromatic dis-
persion D(A) are represented in Figs. 3 and 4, while the silica
index is assumed to be 1.45. In Fig. 3, the curves show the
chromatic dispersions by fixing A = 1.71 um, d/A = 0.5, and
they are calculated at different values of D/A. There are two
ZDW:s in the visible wavelength band and the near infrared
band, respectively. The first ZDW is located in the work-
ing wave band of the Ti:sapphire oscillator (700 nm—980 nm)
which could contribute to the Ti:sapphire femtosecond laser
frequency conversion and it shifts toward the short wave with
D/A changing from 0.8 to 0.9 in the steps of 0.05.

As shown in Fig. 4, there is a clear trend in the near in-
frared band, showing that the second ZDW moves to the long
wavelength by increasing the d/A. The difference between the
dispersion curves at the long wavelengths also becomes clearer
at the various values of d/A. When d/A = 0.5, D/A = 0.85,
and A = 1.71 pum, the short wave ZDW is around 760 nm and
the near infrared ZDW is at 1.55 pum.

The influence of A on chromatic dispersion is also con-
sidered as shown in Fig. 5. A significant difference between
HE], and HE], appears in the long wave band. This is be-
cause the low air-filling fraction at the x axis surrounds the
core and the wavelength approaches the value of A, which
leads to a weak confinement on the energy. The second ZDW
wavelength has a red shift with the increasing of A.
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Fig. 3. (color online) Variation effects of D/A on the PCF chro-
matic dispersion along (a) HE], and (b) HEVT] by fixing A = 1.71 pum,
d/A=0.5.
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Fig. 4. (color online) Variation effects of d/A on the PCF chro-
matic dispersion along (a) HE], and (b) HEyl | by fixing A = 1.71 pm,
D/A =0.85.

In Fig. 6, the chromatic dispersion and the nonlinear co-
efficient are considered each as a function of wavelength, by
fixing D/A =0.85,d/A = 0.5, and A = 1.71 pm. The non-

044209-3



Chin. Phys. B Vol. 23, No. 4 (2014) 044209

linear coefficient could be defined as
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Fig. 5. (color online) Variation effects of A on the PCF chromatic dis-
persion along (a) HE{, and (b) HE], by fixing D/A =0.85,d/A =0.5.
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Fig. 6. (color online) Chromatic dispersion and the nonlinear coefficient
each as a function of the wavelength for the DC-PCF with D/A = 0.85,
d/A=0.5,and A =1.71 pm.

Here, the nonlinear refractivity n, of the pure silica mate-
rial is 3.2 x 10720 m2-W—L,124] and A is the effective mode
area. It could be seen that the nonlinear coefficient decreases
with the increasing of wavelength, which is because of the
powerless constraints on the long wavelength, thereby leading
to a larger mode area. In Eq. (3), we can find that the larger
mode area means a lesser nonlinear coefficient. As shown in
Fig. 6, the nonlinear coefficient reaches 32.8972 W~ !.km~!
at 1.55 pm and the ZDW is also around here. The higher

nonlinear coefficient and the particular ZDW have important
applications in SC generation and telecommunication.

4. Conclusions

Based on the full-vector finite element method with an
anisotropic perfect match layer, we design a DC-PCF which
has a birefringence of 4.51 x 1073 and a nonlinear coeffi-
cient of 32.8972 W~1.km~! at a zero dispersion wavelength
of 1.55 um. The proposed PCF offers a higher birefringence
which is one order of magnitude higher than traditional fibers
and increases the quality of the polarization with a higher non-
linear coefficient. These are conducible to optical fiber in pulse
compressing and reshaping in the C waveband, soliton com-
munication, and frequency transformation. The two ZDWs
which are located in the working band of the Ti:sapphire os-
cillator (700 nm-980 nm) and communication band (C wave-
band), can be used for conversing the Ti:sapphire femtosecond
laser frequency and broadening the SC spectrum.
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