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Abstract: We performed a simple numerical investigation of a silica
hollow core photonic bandgap fiber whose core area was filled with
water. We propose cladding parameters for the PBF designed to obtain
a photonic bandgap of broader than 200 nm at a center wavelength of
500 nm.
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1 Introduction

Conventional optical fiber confines light in its core region by employing a total
inner reflection (TIR) mechanism, which means that the refractive index of
the core must be higher than that of the cladding. Unlike this fiber, photonic
bandgap fiber (PBF) confines light by means of the photonic bandgap effect.
In this case the refractive index of the core can be lower than that of the
cladding, and the core can even be hollow.

The photonic bandgap is a feature of periodic dielectric structures through
which light in a certain frequency range cannot propagate [1]. A one-
dimensional type is known as Bragg reflection, and a two- or three- dimen-
sional type is called photonic crystal.

In PBF, the core is surrounded by two-dimensional photonic crystal
cladding. For certain wavelengths, light with a wave vector component along
the fiber that matches the propagation constant in the core material, is pre-
vented from propagating through the cladding by the photonic bandgap ef-
fect. Therefore light at these wavelengths cannot escape from the core.

A typical PBF is a silica hollow core photonic crystal fiber, which has
a triangular arrangement of holes in its cladding. The core is a hole larger
than those in the cladding, which is formed by removing typically 7 or 19
unit cells from the cladding. One aim with PBF was to realize optical fiber
with an ultimately low loss and PBF loss has now reached 1.2 dB/km [2].
At the same time, it is expected that high performance optical devices will
be achieved by filling the holes in the PBF with various materials. Liquid
crystal photonic bandgap fiber is being investigated to realize tunable optical
devices [3, 4] whose core and cladding holes are filled with liquid crystal.

There is another type of PBF, which has solid cladding. Solid silica
based PBF is being studied with a view to realizing high power fiber lasers
by employing the filtering effect of the PBF [5, 6]. The cladding of this type of
PBF consists of an alignment of high index rods. The band structure of this
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PBF is rather simple and suitable for use in gaining a physical understanding
of the guiding mechanism. A bandgap fiber with a refractive index contrast
of only a few percent has been achieved using silica core fiber [7].

Hollow core PBF can be used as a capillary and carry gas or liquid in
its core area. A semiconductor nano-particle quantum dot is an attractive
material. The operating wavelength of a quantum dot is controlled by its
size. A PBF core can be filled with nano-particles in the form of a water
solution [8, 9, 10].

Water and alcohols are common solvents and the refractive indexes of
water and methanol are about 1.33 and 1.36, respectively. As they are lower
than that of SiO2 glass, the neff value of the propagating mode is not always
higher than that of fundamental space filling mode (FSM). In such a case,
the photonic bandgap is essential for confining light stably in the fiber.

In this paper, we study PBF with a water-filled core and found the
cladding structure to be suitable for guiding visible light.

2 Models

We studied silica-based hollow core PBF with three types of cladding. The
first one is conventional PBF, which has air holes aligned in the cladding. The
second one has holes filled with high refractive index material. It resembles
an all-solid bandgap fiber but its core remains hollow. The last structure
is kagome lattice. We assume a simple model where all the elements are
aligned perfectly. We also assume that the refractive indices of the materials
are constant over the investigated wavelength region.

The core region is formed by removing 19 rods. The diameter of the
core area was as large as 4.3 Λ, and filled with water. It has a large core
volume compared with single-mode fiber. We ignore the slight differences
between the refractive index of the core material and the propagating mode
for simplicity.

The band structure is calculated by the plane wave expansion method
using MPB [11]. We used a fine mesh of about 100 lines / unit cell because
we need to evaluate the bandgap at a λ/Λ of around 0.1, and we used about
10 lines per wavelength for accurate modeling.

Figure 1 (a) shows a typical drawing [12] of the band structure of kagome
structure PBF, where wall thickness w was 0.05 Λ. We can determine the
bandgap frequencies at n = 1, and also at n =1.33 by drawing an appropriate
line as shown in the figure. However, it is difficult to read the bandgap fre-
quencies for various n values. Figure 1 (b) shows the normalized wavelength
versus the refractive index. When the core area of a hollow core PBF is filled
with various materials while the cladding is unchanged, the band structure
remains the same. Therefore, it is easy to determine the bandgap wavelength
when changing core materials using this figure.
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Fig. 1. Band structure of kagome PBF shown with (a)
frequency vs. propagation constant (b) neff vs.
wavelength. Wall thickness w was 0.05Λ. Broken
lines indicating n = 1 and n = 1.33 are also shown.

3 Numerical results

First, we investigate PBF with high refractive index fillings, as all-solid
PBFs [5, 6, 7] and liquid crystal PBFs have already been reported. [3, 4]
Liquid crystals or flint glass [13] are candidates as high index materials for
filling the cladding holes. Figure 2 (a) shows the band structure in effective
refractive index (neff) versus the normalized wavelength, λ/Λ, where the fill-
ing material had refractive index of 1.8. The inset shows a cross-section of
the structure. White indicates silica and black indicates high refractive index
material. The hole diameter d/Λ was 0.5. We focus on an neff of 1.33, which
is indicated by the dotted line in the figure.

Figure 2 (b) shows the bandgap at neff =1.33 for various d/Λ values,
where the cladding holes are filled using materials with refractive index of
1.8. There is a fundamental bandgap at λ/Λ grater than 1. That is, the
hole pitch should smaller than the wavelength. If the diameter of the filled
region is half of the hole pitch, it is difficult to fill such small holes with liquid
crystal or flint glass.

The hole pitch and thus the hole diameter can be enlarged by using a high
order bandgap. This figure indicates the existence of a bandgap at around
λ/Λ=0.6 and 0.8, but the bandgap opening is narrow compared with the
fundamental bandgap. We performed calculations for various refractive in-
dexes of filled material and we found that this structure needs filling material
with an refractive index of at least 1.6 to achieve bandgap opening with a
water core. Using a high refractive index material as a filling provides a wide
bandgap opening but this results in an FSM with a high neff . It is difficult
to realize a bandgap with a low propagation constant in this type of PBF,
because the FSM cannot be lower than that of SiO2. Reducing the refractive
index of the base material, such as polymer, may be a possible solution, but
we do not deal with such non-glass based PBFs here.

Next, we investigated the band structure of conventional air-silica PBF
as shown in Fig. 3 (a), where d is 0.95 Λ. The insets shows the cladding struc-
ture and mode profile of the fundamental core mode mode at a wavelength
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Fig. 2. (a) Band structure and bandgap wavelength of
PBF where d/Λ = 0.5 and the refractive index of
the filling was 1.8. The inset shows a cross-section
of the analyzed structure. White indicates silica
and black indicates a high refractive index filling.
(b) Bandgap wavelength of the PBF for various
d/Λ.

of 550 nm. The air fraction of the cladding was 82%. The modal index of
the fundamental mode with a water-filled core, was calculated to be about
1.3295. The refractive indices of the propagating modes are almost the same
as that of the core material in this large core fibers. The figure indicates
the presence of a high order bandgap at shorter wavelengths than the funda-
mental bandgap, but here we focus solely on the fundamental bandgap. The
bandgap wavelength of the air guiding mode (neff =1) is around 0.6 Λ and
it shifts towards a shorter wavelength as the core index increases. At neff =
1.33, there is a bandgap between 0.150 Λ and 0.233 Λ. When Λ= 2.6μm for
example, the wavelength is 380 to 606 nm.

Fig. 3. (a) Band structure of conventional PBF where
d/Λ is 0.95. The insets show the cladding struc-
ture and fundamental core mode when core is
filled with water. FSM of the cladding structure
is shown by a thick broken line. (b) Fundamental
bandgap wavelength of the PBF for various d/Λ.
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The FSM of the cladding structure is also shown by a thick broken line.
The figure indicates that the neff of the FSM is always higher than that of the
bandgap region. That is, the confinement mechanism is purely the bandgap
when the frequency is within the bandgap region.

This bandgap region shifts towards a shorter wavelength as d/Λ increases
as shown in Fig. 3 (b). When the center wavelength of the bandgap is fixed
at 500 nm by changing Λ, the wavelength range of the bandgap broadens as
d/Λ increases. A bandwidth broader than 200 nm at a center frequency of
500 nm can be achieved when d/Λ > 0.93.

We also investigated a kagome lattice as shown in Fig. 1 (b). We investi-
gate various wall thicknesses w from 0.01 Λ to 0.1Λ. The thin wall will cause
a bandgap opening at a low neff due to the low glass concentration. The thick
wall can increase the neff value but has a small bandgap opening compared
with that in Fig. 3 (a). We conclude that kagome structure is unsuitable for
the present purpose.

4 Conclusion

We investigated silica hollow core PBF with a water-filled core area. We show
that a bandwidth of more than 200 nm at a center wavelength of 500 nm is
possible in a simple PBF structure when d/Λ > 0.93. The center wavelength
can be tuned by varying the hole pitch and the bandwidth can be changed
by selecting the d/Λ value.
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