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We determine the optimal inner glass ring thickness in infrared air-core photonic bandgap fibers (PBGFs)
with 19-cell and 7-cell cores. For PBGFs with a 19-cell core, we find that an inner ring thickness of 0.04 A,
where A is pitch, yields the widest operational bandwidth, which is nearly 6%. The operational band-
width increases as the refractive index decreases from 2.8 to 2.0. For PBGFs with a 7-cell core, one needs

to draw fiber with a ring thickness of less than 0.03 A to achieve a comparable operational bandwidth.
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1. Introduction

Air-core photonic bandgap fibers (PBGFs), in contrast to some
other types of holey fiber, guide light through the photonic band-
gap effect, instead of using total internal reflection [1]. These air-
core PBGFs have the potential to provide very low-loss transmis-
sion, along with delivery of high-powers and low-nonlinearity.

Surface modes, which are located between the core and clad-
ding, have been shown to have a significant impact on the loss of
the fundamental mode [2,3]. Amezcua-Correa et al. [4-6] demon-
strated that by carefully selecting the thickness of the inner glass
ring around the core, it is possible to push the surface modes away
from the center of the bandgap in silica PBGFs. Laser-power deliv-
ery in infrared (IR) region through optical fibers has important mil-
itary and medical applications [7,8]. Pearce et al. [9] showed that a
PBGF with a 19-cell core and a glass refractive index of 2.4 has an
operational bandwidth of 5% of the center frequency with an inner
glass ring thickness of 0.05 A, where the pitch, A, is defined as the
distance between the centers of the nearby holes. However, this re-
sult does not indicate what parameter choice optimizes the band-
width. In this paper, we study the operational bandwidth as a
function of inner glass ring thickness for PBGFs with different
refractive indices for the glasses used for IR transmission. We ana-
lyze fibers with both a 19-cell and a 7-cell core. These geometries
were previous studied [4,9]. The optimum inner glass ring thickness
that yields the widest operational bandwidth is 0.04 A. We consider
non-silica glasses that have a refractive index between 2.0 and 2.8
[10]. The operational bandwidth increases when the refractive in-
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dex decreases from 2.8 to 2.0, which is slightly larger than the range
of possible values of chalcogenide glass used for IR transmission [7].

2. Fiber geometry

We calculate the fiber modes and their propagation constants
using Comsol Multiphysics, a commercial full-vector mode solver
based on the finite-element method. Anisotropic perfectly-
matched layers (PMLs) [11] are positioned outside the outermost
ring of holes in order to reduce the simulation window for a PBGF
with five air-hole rings. To validate our simulations, we compared
our results to Fig. 3 of Ref. [4], and we obtained agreement. Fig. 1
shows the fiber core geometries for two air-core PBGFs. The core
is created by introducing a larger air hole at the center of the fiber.
Only a quarter of the geometry is used in modeling PBGFs because
of the symmetry of the fundamental core mode. Modes of other
symmetry classes do exist within the bandgap, but it is expected
that they will have little impact on the usable bandwidth. Fig. 1a
and b correspond to a 19-cell and 7-cell core, meaning that 19
and 7 air holes have been removed, respectively, to form the core
before the drawing process. In this study we use D/A = 0.8 for
both 19-cell and 7-cell cores, which has been shown to yield a wide
bandgap for high-index glass [12]. In Fig. 1a, the corner of the inner
glass ring is rounded with radius d,, where d,/A = 0.5. In Fig. 1b,
we use d,/A = 0.2. The corner of the core region is rounded with
radius d., where d./A = 0.94.

3. Result and analysis

When there is no coupling loss due to surface modes, the over-
all attenuation is dominated by scattering loss due to surface
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Fig. 1. Fiber geometries for PBGFs with (a) a 19-cell core and (b) a 7-cell core.

roughness. This loss factor F can be estimated from the field inten-
sity at the air-glass interfaces as [13]
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where €, and p, are the vacuum permittivity and permeability,
respectively, while E and H denote the electric and magnetic field.
In the numerator, the E-field is evaluated along the path just inside
each hole interface. Fig. 2 shows the power in the core as a percent-
age of the total power and the normalized loss factor F - A. The
refractive index of the glass is set equal to 2.4. As the normalized
ring thickness t/A increases, the number of surface modes also in-
creases. When t/A is larger than 0.08, the increase in the number
of surface modes leads to a decrease in the operational bandwidth.
In Fig. 2a,' we use red to indicate the parameter range where the
fundamental core mode has more than 90% of power located in
the core. Yellow indicates avoided crossings due to the surface
modes [3]. Blue indicates the parameter range where the funda-
mental mode is no longer confined in the core. Note that Fig. 2a
and b are highly correlated. In Fig. 3a, we show the mode effective
index as a function of normalized frequency at a normalized ring
thickness of 0.05. The blue solid and dashed curves represent the
fundamental air-guided mode and surface modes, respectively.
The black dashed lines represent the edge of the bandgap, calcu-
lated by the full-vectorial plane-wave method [14]. This fiber has
an avoided crossing between the fundamental mode and a surface
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mode within the bandgap at a normalized frequency of 0.9. Away
from the avoided crossing point, most of the optical power of the
fundamental mode is localized in the core region, as shown in mode
(I). The surface mode (III) has most of its power confined in the glass
region between the core and the cladding. At a frequency near the
avoided crossing, the mode shown in (II) cannot be unambiguously
identified as either a core mode or a surface mode, since the power
is distributed in both the core and surface regions. In Fig. 3b, we
show both power in the core and the normalized loss factor
F - A. These two quantities are inversely related. We obtain the
optimal normalized ring thickness that yields the widest possible
operational bandwidth where F - A is maintained below 1.6. The
optimal bandwidth is insensitive to the threshold value of 1.6 for
F - A, as is apparent in Fig. 3. The power in the core is more than
90% of the total power in this case. We define the relative opera-
tional bandwidth as the ratio of the widest operational bandwidth
to the center frequency. Fig. 4 shows the relative operational band-
width as a function of normalized ring thickness with glass refrac-
tive indices of 2.2, 2.3, 2.4, and 2.5. Note that the optimal
normalized ring thickness is 0.04, which yields a relative opera-
tional bandwidth of nearly 6% for a refractive index of 2.4. Fig. 5
shows that the relative operational bandwidth as a function of
refractive index at a ring thickness of 0.04. The relative operational
bandwidth increases as the refractive index decreases from 2.8 to
2.0.

In Fig. 6, we present the power in the core and the normalized
loss factor F - A for a PBGF with a 7-cell core and a glass refractive
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Fig. 2. Contour plots of (a) power in the core and (b) F - A for a PBGF with a 19-cell core. The refractive index of the glass equals 2.4.
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Fig. 3. (a) The mode effective index as a function of normalized frequency at a
normalized ring thickness of 0.05. The blue solid and dashed curves represent the
fundamental air-guided mode and surface modes, respectively. The black dashed
lines represent the edge of the bandgap. (b) The comparison between power in the
core and normalized factor F - A for a PBGF with a 19-cell core. Black dash-dotted
line indicates F - A = 1.6. (c) The relative mode intensity profiles correspond to
points [, II, and Il in (a).

index of 2.4. In this case, when the normalized ring thickness is less
than 0.05, the relative operational bandwidth increases as the nor-
malized ring thickness decreases. The relative operational band-
width is higher than 6% when the normalized ring thickness is
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Fig. 4. Relative operational bandwidth as a function of normalized ring thickness.
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Fig. 5. The relative operational bandwidth for different glass refractive indices with
a normalized ring thickness of 0.04.

less than 0.03. Such a small ring thickness may be difficult to draw
in practice.

4. Conclusion
For PBGFs with a 19-cell core, a normalized ring thickness of
0.04 yields the widest operational bandwidth, which is nearly

6%. The operational bandwidth increases as the refractive index
decreases from 2.8 to 2.0. For PBGFs with a 7-cell core, one must
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Fig. 6. Contour plots of (a) power in the core and (b) F - A for a PBGF with a 7-cell core.
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draw fiber with a ring thickness of less than 0.03 A to achieve a
comparable operational bandwidth.
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