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We extend our previous work on photonic-crystal fibers (PCFs) using the source-model technique to include
leaky modes of fibers having a finite-sized photonic bandgap crystal (PBC) cladding. We concentrate on a
hollow-core PCF and calculate the confinement losses by means of two different methods. The first method is
more general but also more computationally expensive; we use sources that have a complex propagation constant and seek a transverse resonance in the complex plane. The second method, applicable only to modes
with small confinement losses, uses sources with a real propagation constant to approximate leaky modes that
have a propagation constant that is close to the real axis. We then apply Poynting’s theorem to calculate the
attenuation constant in a manner akin to the perturbation methods used to calculate the losses in finiteconductivity metal waveguides. This first approximation can be improved through iterative application of the
algorithm, i.e., by use of sources with the attenuation constant found in the first approximation. The two
methods are shown to be in good agreement with each other and with previously published results for solidcore PCFs. Numerical results show that, for the hollow-core PCF analyzed, many layers of PBC cladding are
needed to attain confinement losses that are acceptable for telecommunications. © 2005 Optical Society of
America
OCIS codes: 000.4430, 060.2270, 060.2310, 060.2400, 230.7370, 230.3990.

1. INTRODUCTION
Photonic-crystal fibers (PCFs) have aroused much interest in recent years, owing to the unique mechanism by
which they guide light and to the multitude of scientific
and technological applications that are envisioned for
them. In a hollow-core PCF, a defect in a photoniccrystal lattice is introduced when one of the veins that
run along the fiber is made a little wider, for example,
than the rest. If the frequency and the propagation constant are such that transverse propagation is inhibited by
the photonic bandgap crystal (PBC), light may be confined
to this core, even though it is optically thin compared with
its surroundings. Nevertheless, when the number of layers, hereafter referred to as rings, of veins in the PBC is
finite, power will leak transversally through the cladding,
and the longitudinally propagating wave will be attenuated. A recent study1 indicates that the power lost in
this way, termed confinement loss, may be more significant than all the other loss mechanisms, unless many
rings of veins are implemented.
In a previous paper2 we studied the possibility of nullifying this small power leakage by assuming that the PBC
is surrounded by an optically thin medium that allows total internal reflection at the PCF perimeter. In this paper, we extend our work to treat modes that are guided
solely by the photonic bandgap effect. This is the case
when the optically dense medium, which acts as substrate
for the finite-size PBC, extends to infinity. In this type of
waveguide there can be no bound modes; the fields can be
represented by an integral over a continuous eigenvalue
spectrum of unbound modes. Within or near the waveguide this integral can be approximated by a sum over
leaky modes. These are improper modes that radiate
transversally while being attenuated as they propagate
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longitudinally.3,4 Assuming exp( jt) harmonic time dependence and aligning the fiber with the z axis, the z dependence of the leaky modes is exp(⫺j␤z), where the
propagation constant ␤ is in the fourth quadrant of the
complex plane. The attenuation constant is the imaginary part of ␤ after sign reversal; its determination is the
aim of the present analysis.
Although the imaginary part of ␤, which we denote by
␤ i , may be several orders of magnitude smaller than its
real part, which we denote by ␤ r , its effect is far from
negligible at optical frequencies. Determining this small
deviation of ␤ from the real axis is quite difficult, especially since PCFs that are designed for low losses should
have many rings of veins. Methods that have addressed
these difficulties are the multipole method5 (MM) and the
finite-element method1 (FEM). The MM is efficient, and
its modeling is accurate in the sense that no approximation is introduced other than the finite number of basis
functions used for the field expansion. Its drawback is
that it is restricted to structures with circular veins. The
FEM, on the other hand, can accommodate general geometries but is not as efficient as the MM. Also, the FEM
involves an artificial truncation of the domain by a socalled perfectly matched layer, which attempts to minimize reflections from the boundary. We proceed along
the lines of these works and describe here two methods
for calculation of the attenuation constant using the
source model technique (SMT). The computational cost
of the SMT modeling scheme is comparable with that of
the MM; it introduces no approximation other than the finite number of basis functions used and can accommodate
general geometries.
In Section 2 we describe the geometry and problem
specification. In Section 3 we briefly explain the SMT
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