Characteristics of photonic crystal fibers designed with
an annular core using a single material
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We propose a kind of photonic crystal fiber (PCF) designed with an annular core and fabricated using a
single material. Characteristics of such fibers, including the mode field distributions of both the core and
cladding modes, the effective mode area of the fundamental core mode, and the dispersion profile, are
investigated using the finite element method. The coupling between the fundamental mode and an
excited core mode or cladding mode is discussed in order to apply the proposed design in mode-coupling
devices. Results show that such a PCF may be suitable for both optical communications and optical

sensing technologies.
OCIS codes:
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1. Introduction

Optical fibers with an annular core have been inves-
tigated in recent years because of their unique model
properties. Since such fibers can provide an adiabatic
mode transformation to conventional solid core fi-
bers, they have found many device applications in
short-haul and long-haul optical communication sys-
tems [1]. Hollow optical fibers (HOF's), composed of a
central air hole inside a GeQO,-SiO, ring core and a
Si0; cladding, are typical of optical fibers with an an-
nular core. A mode converter based on a tapered
HOF was proposed to reduce the differential modal
delay penalty in optical transmission over multi-
mode fibers [2]. A short HOF played an important
role in a tunable all-fiber band-pass filter [3]. With
novel core mode blocking in the HOF and an optimal
design, the device showed a low insertion loss of
1.5 dB and broadband tuning range of 84.3 nm.
HOFs can also be used for dispersion compensation
[4] or for realizing high birefringence [5]. In the field
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of atomic physics, HOFs have been used to guide
atoms as well [6].

Photonic crystal fibers (PCFs) have attracted
much attention since they were first fabricated in
1996 [7]. A set of extraordinary optical properties
can be achieved in these fibers by varying the size
and arrangement of air holes in the cladding. Several
kinds of PCFs based on HOF structure have been
proposed in recent years [8,9]. For example, a PCF
design in 2005 showed uniform and high birefrin-
gence over a wide spectral range and single polariza-
tion single-mode guidance along with a flat negative
chromatic dispersion [8]. Another PCF, whose defect
section consisted of a central air hole with a germa-
nosilicate ring surrounding it, the same as in HOF,
showed a large-area annular mode profile, low splice
losses, and chromatic dispersion with a low slope [9].
However, these fibers needed doping of another
material in the silica ring core to achieve an annular
mode with excellent properties.

In this paper, we propose a PCF with an annular
core that can be fabricated using a single material.
Using the finite element method (FEM), basic char-
acteristics of the fiber, including the effective mode
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area and dispersion profile, are investigated and
compared with an ordinary PCF designed with the
same structure parameters (but without a central
hole in the core). The power fraction of light located
in the center air hole of the fiber is calculated as well.
We also discuss the extent of coupling between the
fundamental mode and an excited mode in either
the core or the cladding in view of the potential
applications of such fibers in optical devices. Such
fibers can also be used for generating a hollow beam
useful in the case of optical tweezers.

2. PCF Structure and Numerical Method

The PCF structure proposed in this paper is shown in
Fig. 1. The air holes are all arranged in the shape of a
hexagon. Pure silica is the only used material, and its
refractive index is obtained from the Sellmeier equa-
tion. Since PCF's with similar structures have been
made before, we believe that fabrication of this fiber
is not difficult. Even though our structure is super-
ficially similar to a hollow-core fiber, it differs from
it in two ways. First, the second layer of air holes
is missing, resulting in an annular core. Second,
air holes in the fourth layer of are much smaller com-
pared to other layers. As a result, light is transmitted
in the annular core through total internal reflection,
and not by the photonic bandgap effect. The diameter
of the central air hole is d0 = 1.2 pm. Diameters
of other air holes in the cladding are d1 = 0.8,
d2 = 0.4, and d3 = 0.8 pm, respectively. The air hole
pitch A = 1.5 pm.

The fabrication of PCFs with three different sizes
of air holes would require attention to many details,
Most important among them is the requirement that
the relative sizes of air holes be maintained when
PCF is drawn from a suitably designed preform.
Since the hole sizes of our design (0.4, 0.8, and
1.2 pm) are quite dissimilar from each other, fabrica-
tion of a PCF based on our design should not be too
difficult. We can use die-cast method [10] for the fab-
rication of PCFs that are designed in this paper.
Compared with the capillary stacking method, this
method can sufficiently prevent distortion of the hole
shape and size in the preform when drawing fiber at
a high temperature, and it can also yield a PCF with-
out interstitial spaces. This method can prevent air
holes from collapsing due to the surface tension of
glass, which can result in defects in the fiber.

The FEM is employed in this paper to study nu-
merically the optical characteristics of the fiber
structure shown in Fig. 1. This method can deal with
fibers of arbitrary structure by dividing a cross
section of the fiber into many triangles. Maxwell’s
equations are then discretized for each triangular
element, leading to a set of elementary matrices. A
combination of such matrices creates a global matrix
system for the entire structure, which is used to find
the effective index and the spatial distribution of all
modes numerically [11]. An anisotropic perfectly
matched layer was employed at the boundary of
the computational domain.

Fig. 1. Our proposed PCF structure.

3. Fiber Modes and Their Properties

A. Mode Field Distribution

Using the FEM, the field distributions of guided
modes in the PCF at the 1.55 pm wavelength are
shown in Fig. 2. White arrows indicate the orienta-
tion of the electric field for each mode. The top two
rows show the four core modes: (a) HE11 mode,
(b) TEO1 mode, (c) HE21 mode, and (d) TM01 mode.
Note that TEO1, TMO01, and HE21 are antisymmetric
modes, while HE11 is a symmetric mode. All the
guided core modes in this fiber have an annular
distribution. To be precise, they are in a shape of hex-
agon (due to the core shape). Our PCF could be used
for generating hollow beams, which are quite helpful
for optical tweezers. The bottom two rows of Fig. 2
show the cladding modes of our fiber: (e) TMO2,
() HE22, (g) TE02, and (h) HE12 modes. As before
TMO02, TE02, and HE22 are antisymmetric modes,
while HE12 is a symmetric mode. The nature of
coupling between the fundamental mode and
another mode either in the core or the cladding will
be discussed in a later section.

In air-silica optical fibers, the amount of light in
the air hole is one of the important parameters to
estimate the evanescent wave interaction. We have
calculated the power fraction of light in the central
air hole of the PCF. For a particular fiber mode,
the power fraction of light / can be expressed as

JoiwEH, — E H )dxdy

1
/total(E H -E Hx)dxdy ( )

f

where E,, E, and H,, H, are the electric and mag-
netic field components of the mode, respectively.
The power fraction f for the fundamental HE11
mode of the PCF as a function of wavelength is shown
in Fig. 3. At the telecommunication wavelengths
near A = 1.55 pm, the value of f is <1%. This low
power fraction indicates strong confinement of the
fundamental mode within the annular core and sug-
gests strongly that this PCF could generate a dark
hollow beam that can be useful for optical tweezers.
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Fig. 2. Mode field distributions in the PCF at a wavelength of
1.55 pm. The top two rows show the core modes: (a) HE11,
(b) TEO1, (c) HE21, and (d) TMO1. The bottom two rows show
the cladding modes: (e) TM02, (f) HE22, (g) TE02, and (h) HE12.

B. Effective Mode Area

The effective mode area of the PCF for nonlinear ef-
fects is calculated using its standard definition [12]:

(7 Fx.y)?dedy)”
eff = >
(/FG.9)*drdy)

where F'(x,y) represents the distribution of the fun-
damental mode field. This quantity is shown in Fig. 4

(2)
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Fig. 3. Fraction of power of the fundamental mode within the
central air hole plotted as a function of wavelength.

as a function of wavelength by the solid curve.
The effective mode area of an ordinary PCF with
the same structure but without an air hole
(see the two insets) is shown by the dashed line in
Fig. 4 as well.

It is clear from Fig. 4 that the effective mode area
of the PCF with a central air hole is considerably
larger than that of the ordinary PCF. This is expected
since the central air hole spreads the mode field to
the whole annular core, whereas the mode field in
the ordinary PCF is confined to the fiber center. At
wavelengths near 1.55 um, the effective mode areas
of the two fibers are 18.1 and 11.6 pm?, respectively.

C. Dispersion

During the following dispersion calculations, we
have included the wavelength dependence of the
material refractive index. The total dispersion is
obtained by using

—— PCF with central air hole

£ pE PCF without central air hole

Effective mode area (p.mz)

Wavelength (um)

Fig. 4. Effective mode area as a function of wavelength for two
PCF's designed with (solid) or without (dashed) a central air hole
(see insets for the design).
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where c is the velocity of light and Re(n.g) is the real
part of the effective refractive index.

Figure 5 shows the dispersion profile of the four
PCFs by plotting D as a function of wavelength.
The solid curve in this figure represents the PCF
with a central air hole. This PCF has two zero
dispersion wavelengths (ZDWs) located at 0.96 and
1.45 pm, respectively. Such a fiber can be quite use-
ful for supercontinuum (SC) generation where two
ZDWs are often helpful. Notice that only one ZDW
appears in the PCF at 1.02 pm, and the central air
hole is absent in the PCF, (as the dashed curve
shows). Notice also that our PCFs have flat
dispersion in a wide wavelength region from 1.2 to
2.2 pm. PCFs with flattened dispersion find wide
applications in wavelength division multiplexing, op-
tical parametric amplification, and broadband wave-
length conversion.

It is well known that the dispersion of a PCF
mainly depends on the air holes that are closest to
the core. In previous work, efficient dispersion con-
trol has been realized using PCFs with a central
air hole [13,14]. In our work we have also changed
the diameter of the central air hole to observe varia-
tions in fiber dispersion. When the air hole diameter
is reduced to 0.8 pm, the two ZDWs move toward the
longer wavelengths (the dashed dotted curve in
Fig. 5). However, when the air hole diameter is
reduced to 0.4 pm, one of the ZDWs disappears as
the dotted curve shows. All four PCFs present a high
negative value of D (normal dispersion) in the visible
region.

D. Mode-Coupling Characteristics

PCF devices based on mode coupling are of consider-
able interest. For example, an all-PCF interferom-
eter was developed in [15] by invoking interference
between the core and the cladding modes of a PCF.
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Fig. 5. Dispersion parameter D as a function wavelength for the
four PCFs with designs as indicated.

Applications of such an interferometer as a strain
sensor were demonstrated in [16]. The primary
principle behind such mode-coupling devices lies in
the phase matching condition [17]:

po-p=2p="2. @

where f; and § are the propagation constants of the
fundamental mode and the other mode involved and
L represents the pitch of the periodic perturbation
caused by an acoustic wave or an index grating.
Before studying the mode-coupling characteristics
of our PCF, we first calculate the effective refractive
index n.s of various guided modes of the fiber.
Results are shown in Fig. 6. Figure 6(a) depicts
neg of the core modes as a function of wavelength.
One can see that each mode is separated by at least
6.0 x 10™* from the others. For conventional fibers,
these curves would be indistinguishable on the scale
of this plot. Figure 6(b) shows n.g of several cladding
modes in the PCF. In the longer wavelength region,
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Fig. 6. Effective refractive index profile of guided modes in the
PCF: (a) core modes and (b) cladding modes.
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the difference in n.y between two cladding modes
becomes larger.

Knowledge of A is the basis for designing mode-
coupling devices. In this paper, we have calculated
Ap under two situations: (1) coupling of the funda-
mental HE11 mode to a higher-order core mode
and (2) coupling of the HE11 mode to a cladding
mode.

Interference between the annular core modes in
PCF was first investigated experimentally in [16].
Here we study it theoretically, and results are shown
in Fig. 7(a). When the HE11 mode couples to the
TEO1 mode, the Ap(1) shows a plateau with a
near-zero slope in the range from 1.7 to 2.0 pm. This
indicates that coupling over a very broad wavelength
range (about 300 nm) can be provided by our
fiber. When the HE11 mode couples to the TMO1
mode or the HE21 mode, AB(1) shows the shape of
a parabola. At wavelength of 1.6 pm, the slopes of
Ap, or equivalently dAp/d4, for the solid and dashed
curves in the figure are close to zero, which could be
useful for some applications [18]. Figure 7(b) illus-
trates the Ap profile between the fundamental mode
and cladding modes. In this case, AS(1) between
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Fig. 7. Propagation constant difference between the HE11 core
mode and (a) a higher-order core mode or (b) a cladding mode.
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HE11l and an antisymmetric cladding mode also
exhibits a parabolic shape, but it is opposite to that
in Fig. 7(a). A broadband spectrum near 1.55 pm
is again possible. However, the coupling between
the symmetric HE11, HE12 mode shows a monotonic
decease with a negative slope.

Based on the A of the guided modes in the PCF,
we have calculated the modulation pitches using
Eq. (4). Results are summarized in Fig. 8. Most of
the curves exhibit parabolic shapes corresponding
to the results in Fig. 7. These parabolic curves in
the phase matching condition will provide a rela-
tively wide coupling bandwidth. For example, a
broadband coupling is expected between 1.4 and
1.95 pm (with a bandwidth over 500 nm) for the
HE11 to TMO1 coupling with a periodic pitch of
140 pm. Note also that the pitch for the mode cou-
pling between the HE11 mode and a core mode is
longer than that between the HE1l mode and a
cladding mode. A longer modulation pitch can ease
fabrication and facilitate mass production. It also
indicates robust optical characteristics against
environmental perturbation [17].
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Fig. 8. Phase matching pitches for coupling between the HE11
core mode and (a) higher-order core modes and (b) cladding modes.



4. Conclusions

In this paper, a new PCF design with an annular core
is proposed. The proposed PCF can be fabricated us-
ing one single material. Characteristics of this fiber
are investigated numerically using the FEM algo-
rithm. We have calculated the modal field distribu-
tions of both the core and cladding modes for our
PCF. A relatively small power fraction of light in
the central air hole for the fundamental mode indi-
cates strong confinement of the mode within the an-
nular core and the potential for dark hollow beam
generation. Compared to an ordinary PCF without
a central air hole, our fiber presents a larger effective
mode area, which may be useful for nonlinear appli-
cations. Two ZDWs of our PCF located near 0.96 and
1.45 pm indicate that this fiber may be suitable for
nonlinear applications such as SC generation.
Mode-coupling characteristics for optical device ap-
plication are discussed in Section 3. When the funda-
mental HE11 mode is coupled to another core mode,
the longer modulation pitch provided by the PCF
could ease the fabrication of mode-coupled devices.
Our research has significant applications both in
the optical communications field and in optical sens-
ing technology.
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