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We describe a source-model technique for the analysis of the strictly bound modes propagating in photonic
crystal fibers that have a finite photonic bandgap crystal cladding and are surrounded by an air jacket. In
this model the field is simulated by a superposition of fields of fictitious electric and magnetic current fila-
ments, suitably placed near the media interfaces of the fiber. A simple point-matching procedure is subse-
quently used to enforce the continuity conditions across the interfaces, leading to a homogeneous matrix equa-
tion. Nontrivial solutions to this equation yield the mode field patterns and propagation constants. As an
example, we analyze a hollow-core photonic crystal fiber. Symmetry characteristics of the modes are dis-
cussed and exploited to reduce the computational burden. © 2004 Optical Society of America

OCIS codes: 000.4430, 260.2110, 060.0060.

1. INTRODUCTION
Photonic crystal fibers (PCFs) are dielectric waveguides
that use a photonic bandgap crystal (PBC) cladding to
confine light to a central core, which may be either solid
or hollow. The PBC is composed of a dielectric with pe-
riodic inclusions organized in a wavelength-scale lattice,
which exhibits a bandgap in the neighborhood of the
wavelength of the propagating wave. The PBC cladding
acts as the metal in a microwave waveguide but with sig-
nificantly less losses when the frequency is in the optical
range.

Since the first (solid-core) PCF was reported in 1995,1

diverse structures employing this mechanism for guiding
light have been suggested and realized, each one possess-
ing unique properties of dispersion and attenuation that
make them suitable for applications in many areas of sci-
ence and technology.2 Along with experimental results, a
range of analysis methods has been developed, and yet
the more complex structures remain challenging prob-
lems. This is mainly because both the separation be-
tween the inclusions and their radii of curvature are of
the order of a wavelength. The various methods of
analysis differ, among other things, in the assumptions
they make about the outer boundary of the PBC cladding
region and in the types of modes that the method aims to
find. These two features of the analysis methods are re-
lated, as we explain presently.

First, let us classify the modes that can propagate
along a typical PCF, such as the one shown in Fig. 1. The
modes can be either strictly bound, when their wave field
is evanescent in the air, or leaky, when their wave field
propagates in the air. The latter modes are attenuated
as they propagate because energy is lost to radiation in
the transverse direction, and therefore they have nonzero
confinement losses. The strictly bound modes, on the
other hand, are guided by total internal reflection, like
the modes of a conventional fiber, and hence have zero

confinement losses. We can further divide the modes ac-
cording to whether the extent of the field is confined to the
center of the PCF by the photonic bandgap effect. When
this is the case, the mode may be termed a bandgap mode.
Four classes of modes can now be identified. The strictly
bound bandgap modes have fields confined to the center of
the PCF and have zero confinement losses. The strictly
bound modes that are not bandgap modes have zero con-
finement losses, but their fields extend over most of the
PCF’s cross section; they are sometimes referred to as
cladding modes.3 The leaky bandgap modes are modes
that have small but nonzero confinement losses, and, last,
the other leaky modes have high confinement losses and
become negligibly small at a distance of a few wave-
lengths from their point of excitation. In general, when a
PCF is excited by light at a given frequency, the excitation
energy will be divided among all the possible modes at
that frequency.

Many studies have focused on the bandgap modes, par-
ticularly on the leaky ones. One of the methods used to
determine these modes is the supercell method. In this
approach the fiber is modeled as a periodic arrangement
of supercells, each one composed of the core and a few lay-
ers of the PBC lattice.4 The modes of this periodic struc-
ture can be found by using a plane-wave expansion. For
bandgap modes, the fields at a distance away from the
core can be made as small as desired by using a large
enough supercell. In this way the fields of the periodic
structure can be used to approximate the fields of a finite
cross-section PCF, assuming its cladding region is large
enough. However, this method is not highly efficient,
and, moreover, it cannot be used to calculate the confine-
ment losses of the leaky modes. Another method is the
multipole method described in Refs. 5 and 6. The formu-
lation there includes a jacket around the PCF, and the au-
thors mention the importance an air jacket may have in
the context of solid-core PCFs.6 However, the numerical

A. Hochman and Y. Leviatan Vol. 21, No. 6 /June 2004/J. Opt. Soc. Am. A 1073

1084-7529/2004/061073-09$15.00 © 2004 Optical Society of America


