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Abstract: We have investigated the basic properties of subwavelength-
diameter hollow optical fiber with exact solutions of Maxwell’s equations.
The characteristics of modal field and waveguide dispersion have been
studied. It shows that the subwavelength-diameter hollow optical fibers
have interesting properties, such as enhanced evanescent field, local
enhanced intensity in the hollow core and large waveguide dispersion that
are very promising for many miniaturized high performance and novel
photonic devices.
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1. Introduction

Dielectric optical waveguides with widths or diameters from micrometers to millimeters have
got successful applications in many fields such as optical communication, optical sensing and
optical power delivery systems [1]. Many applications benefit from minimizing the width of
the waveguides, but fabricating low-loss optical waveguides with subwavelength diameters
remains challenging because of high precision requirement. Recently, several types of
dielectric submicrometer and nanometer diameter wires of optical qualities have been
obtained [1-3]. These wires, with diameters smaller than a micrometer, are tens to thousands
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times thinner than the commonly used micrometer diameter waveguides. They can be used as
air-clad wire-waveguides with subwavelength-diameter cores, and building blocks in the
future micro- and nano- photonic devices [2]. These fibers have solid cores and the guiding
properties of the waveguides have been adequately studied. However, for the subwavelength-
diameter fiber with a hollow core, the guiding characteristics have not been discussed. For
experiments, Yushan Yan and a team of engineers from the University of California at
Riverside gave the spider's silk thread a glassy coating, and then extracted the silk by baking.
They soon expect to be able to make hollow fibers with cores just two nanometers wide or
50,000 times thinner than a human hair [4, 5]. So it is clear that subwavelength-diameter
hollow optical fiber (SHOF) will be available in the near future and the fiber offers
opportunities for a lot of miniaturized high performance and novel photonic devices. In this
paper, based on exact solutions of Maxwell’s equations and numerical calculations, the basic
guiding properties of subwavelength-diameter hollow wires have been studied. We choose
fused silica (SIO,) astypical dielectric materials for our simulation.

2. Mathematical model for SHOF

The refractive index profile is schematicaly illustrated in Fig. 1. A long straight SHOF is a
cylindrical structure of rotational symmetry involving three regions in the cross section: a
hollow core with radius a, dielectric region with radius b, and the infinite air cladding.
Refractive indices of the core, dielectric region and outer cladding are assumed to be ny, ny,
and ng, respectively. Trandational invariance in the z direction implies that there exist single-
spatial-frequency solutions proportional to exp(j(wt-$2)), where w is the angular frequency
and g isthe longitudina propagation constant [6-8].
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Fig. 1. The cross-section and parameters of the SHOF.

The z components of the field, E, and H,, satisfy the following Helmholtz egquation in the
homogeneous sections in which refractive index is constant,
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where ko=we=wW(uoz0) Y is the free space wave number, & is the free-space permittivity, and ¢
is the speed of light. For k?n*— 3% > 0, these equations predict propagating waves with the

Bessel functions Jy, and Y;, as solutions, and for kn*—? <0, they predict exponentialy

decaying or growing fields with modified Bessel functions I, and K, as solutions.
Longitudinal field components can now be written as
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where  u=\A-knt , w=JKn-40, w=F-kn
f. =cos(mg+ ¢, )expl j(Wt— B2)] , f,=sin(mg+g,)exp[j(wt—B2)]. The transverse field
components are obtained from the following equations:
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Applying boundary conditions at r=a and r=b, a system of eight linear homogeneous
equations is obtained that is satisfied by the eight coefficients. The system admits a nontrivial
solution only in case its determinant is zero. The propagation constant  is determined by the
condition that the determinant of the system of linear equations shall vanish:

det[M(5)]=0, 4)

where M is the resulting matrix of the system of equations. Usually, subwavelength-diameter
optical fibers are designed and desired for working as single-mode waveguides, therefore,
here we consider the fundamental modes and thus set m=1 in Egs. (2) and (3). With
propagation constants obtained by numerically solving Eq. (4), the group velocities(vg) and
waveguide dispersions(D,,) can be obtained as[3]:

dw 2zc dA

Yg=dp=" ;2 dB" ©)
_dogh
W= (6)

The power flow (power density) along the z direction in cylindrical coordinatesis given by
1 . .
SZ=§9i[ErH¢—E¢Hr]. (7

We assume that the index of the air (n; and ng) is 1.0, and use the following Sellmeier-type
dispersion formula (at room temperature) to obtain the refractive indices of the dielectric
materials for fused silica (SiO,)

o q__ 069616631° 040794261°  0.89747947° @©
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where the unit of 4 ispum.
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3. Results and discussion

For the convenience, we use normalized propagation constant B to characterize the fiber and it
is defined by B=(8%-kin2)/(kin? —k2n?). If the hollow region radius is set to be 10 nm
and the dielectric region radius varies, the B parameter increases with increasing b and
decreases with increasing wavelength, as shown in Fig. 2(a). If the dielectric region radius is
set to be 100 nm and the hollow region radius varies, the B parameter decreases with
increasing a and increasing wavelength, as shown in Fig. 2(b). It can be concluded that the
SHOF with thicker dielectric region has higher parameter B.
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Fig. 2. Variation of B with wavelength for SHOF with (a) different b; (b) different a.

Normalized electric components of the fundamental mode for SHOF a 633 nm
wavelength are shown in Fig. 3, which shows the different field profiles for SHOFs with
different dielectric region radius b ranging from 100 nm to 800 nm and fixed hollow core size
a=10 nm. When the radius of dielectric region reduces to a certain degree, the field begins to
extend to afar distance with considerable amplitude, indicating that the majority of the field is
no longer tightly confined inside or around the SHOFs. Compared with the subwavelength-
diameter optical fiber without the hollow region [2], the SHOFs show the similar behavior in
the region r>b. However, for the central region, the SHOFs behave differently.
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Fig. 3. Electric components of HE;; modes of silica SHOF at 633 nm wavelength with different
dielectric region radius.

Profiles of power density for two different SHOFs at 633 nm wavelength are shown in Fig.
4, in which the mesh profile stands for propagation field inside the dielectric region, and the
gradient profile stands for evanescent fields in air. As can be seen, the SHOF with a=10 nm
and b=100 nm leaves a large amount of light guided outside as evanescent waves, while the
SHOF with a=100 nm and b=400 nm confines most of the power inside the dielectric region.
The intensity in the central hollow region of the SHOF with a=10 nm and b=100 nm has been
enhanced though the region is filled with air. The enhanced intensity results from the
discontinuity of the electric field at the interface between the hollow region and the dielectric
region [9,10]. For the small size of this central air hole, the decay of the evanescent wave
within the hole is minimal, and the enhanced field intensities are achieved throughout the hole.
The enhanced intensity in the central region may open up the prospect of using these holes as
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sites for interacting intense light with materials located within the air region. To clarify the
magnitude of enhancement, we define the maximum enhancement factor as the ratio of the
maximum power density in the central region of the SHOF and that of the corresponding
subwavelength fiber without the central hollow region. In the calculation, we set the power
densities of the SHOF and the subwavelength fiber equal at the interface of dielectric region
and the outermost air cladding. If b=100 nm, it can be obtained that the maximum
enhancement factors are 1.33, 1.26 and 1.13 for the SHOFs with a=10 nm, 20 nm and 40 nm,

respectively.
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Fig. 4. Z-direction power density of silica SHOF with (a) a=10 nm, b=100 nm and (b) a=100
nm, b=400 nm. Mesh, field inside the dielectric region. Gradient, field outside the dielectric
region.

To obtain more straight information of the power distribution in the SHOFs, we calculate
the fractional power inside the central hollow region (7,) and the fractional power inside the
hollow region and the dielectric region (7,) defined as following:

["s.0A
771 = a S o ’
[ SadA+[ s, dA+ [ S, dA

["s.da+[s, dA

Cs.ar[s,dAr s A

where dA=rdrd®, and S4, Sp and Sz are the z-components of power density of the central
hollow region, the dielectric region and outer cladding, respectively. Calculated 7, and 7, asa
function of the central hollow region radius (a) are shown in Fig. 5 for SHOF with b=100 nm
at 633 nm wavelength. It can be seen clearly that the percentage of the light power in the
central hollow region is small for the discussed fiber. With increasing a, the SHOF leaves
more light guided outside as evanescent waves.
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Fig. 5. Fraction power of the fundamental modes inside (a) the central hollow region, and (b)
the central and the dielectric region of SHOFs at 633 nm wavel ength.

The wavelength-dependent waveguide dispersions of SHOF are shown in Fig. 6. It can be
seen clearly that the waveguide dispersions (D) of these fibers can be very large comparing
with those of weakly guiding fibers. Results also show that, at a particular wavelength, the
waveguide dispersion of a SHOF can be made zero, positive or considerably negative when a
proper diameter is chosen, as shown in Fig. 6(a). If the central hollow region is enlarged, the
dispersion shift is obvious, as shown in Fig. 6(b). Controlling light propagation properties by
tailoring waveguide dispersion is used in many fields such as optical communication and
nonlinear optics, therefore, these wires present opportunities for achieving enhanced
dispersions with reduced sizes.
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Fig. 6. Wavelength-dependent waveguide dispersion of fundamental modes of SHOF with (a)
different b; (b) different a.

4, Conclusions

We have studied the basic properties of SHOF. We assume the fibers are ideally uniform in
terms of the sidewall smoothness and diameter uniformity. By computation, it can be found
that the SHOFs have enhanced evanescent field in the outer cladding and local enhanced
intensity in the central hollow region. Large waveguide dispersion and large dispersion shift
are found for the SHOFs. Compared with large core optica waveguides, the interesting
properties may offer opportunities for developing a number of miniaturized high performance
and novel photonic devices.
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