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Abstract: In this paper we would like to continue a discussion started in our previous work and
devoted to the mechanism of light localization in hollow core microstructured fibers with a noncircular
core-cladding boundary. It has been shown in many works that, for waveguide microstructures
with different types of core-cladding boundary shape, the positions of the transmission bands
edges can be predicted by applying the well-known anti-resonant reflecting optical waveguide
(ARROW) model. At the same time, the ARROW model cannot explain the strong light localization
and guiding at high material loss inside the transmission bands which are observed in negative
curvature hollow core fibers, for example. In this paper we want to clarify our previous findings and
consider the light localization process from another point of view, namely, by comparing the light
leakage process in waveguide microstructures with different shapes of the core-cladding boundary.
The results are discussed based on the ARROW model and a new approach associated with the
consideration of spatial dispersion occurring under the interaction of the air core mode with the
core-cladding boundary.
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1. Introduction

To date, hollow core microstructured fibers (HCMFs) have a rather long history [1]. They have
opened new prospects in science and many practical applications such as nonlinear fiber optics [2],
fiber gas lasers [3-5], high power laser delivery [6,7], and many others. There are three main types of
HCMFs, namely, hollow core photonic crystal fibers (HC PCFs), Kagome lattice hollow core fibers,
and, invented not so long ago, negative curvature hollow core fibers (NCHCFs). According to modern
understanding of light guiding in these HCMFs, each of them has their own mechanism of light
localization in the air core and corresponding specific optical properties.

For example, the light localization in HC PCFs is based on the conception of the ‘out of plane
photonic band gap when two-dimensional photonic crystal cladding exhibits forbidden frequency
ranges for the air core modes with a non-zero wavevector component (3 (propagation constant) directed
along the fiber axis [1]. Silica HC PCFs have a rather complex structure of the photonic crystal cladding
with a finite number of rows of air holes which determine the level of confinement loss. The width of
the bandgaps is also determined by the lattice structure of the cladding, which is usually a circular
array of air holes packed in a triangular arrangement. The photonic band gap mechanism of light
localization is not required to guide light in Kagome lattice hollow core fibers [3]. The lattice of the
fibers consists of fine silica webs arranged in a Kagome lattice and surrounded by air. According to
modern understanding, the air core modes in hollow core Kagome lattice fibers are prevented from
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coupling to the cladding by the inhibited coupling (IC) mechanism of light localization [8]. To explain
the IC guidance mechanism, the authors [8] drew an analogy with a well-known phenomenon in
photonics called bound state in a continuum [9,10] and generalized this phenomenon to the process
of light localization in Kagome lattice hollow core fibers. According to this point of view, the air
core modes and cladding modes can propagate without strong interaction despite the same effective
indices and, because of this, the air core modes are strongly inhibited from channeling out through the
photonic crystal cladding. The authors [8] also generalized this point of view to so-called hypocycloid
core-contour Kagome lattice hollow core fibers [11] and explained the strong light localization in them
based only on the IC guidance mechanism [8]. According to the authors [8], the main factors affecting
a loss reduction for the HE; air core mode in the hypocycloid core-contour Kagome lattice hollow
core fiber are determined by a weak overlap with silica at the core-cladding boundary (only tangent
sections of the inner cups of the hypocycloid contour), a stronger transverse phase mismatch between
the silica surround modes and the air core modes, and the fact that spatial overlap between the air
core modes with connecting nodes is strongly reduced.

In contrast to HCMFs described above, NCHCFs donot have complicated photonic crystal
cladding. The NCHCF claddings usually consist only of one row of silica glass capillaries or elements
which are similar to ‘ice cream cones’ [12,13]. Despite this fact, light localization in silica glass NCHCFs
is very strong and they can guide the light even in a mid-Infrared spectral range where the material
loss of silica glass is very high and other types of HCMFs cannot guide [14]. At present, most authors
consider the mechanism of light localization in NCHCFs based on the well-known anti — resonant
reflecting optical waveguide anti-resonant reflecting optical waveguide (ARROW) mechanism [15].
In this case, the core-cladding boundary wall can be considered as a Fabry—Perot resonator which
can reflect light very effectively in an antiresonant regime. In reality, the positions of the edges of
the transmission bands in NCHCFs can be predicted by the ARROW model, but the strong light
localization in the air core inside the transmission bands and light guiding at high material loss cannot
be fully explained by this model. As was shown in our previous work [16], the ARROW model can be
applied to describe the light localization in NCHCFs only when cladding capillaries are placed at a
certain distance from each other. When cladding capillaries are located at a close distance from each
other, or touch each other, light localization achieves the maximum value. In this case, the ARROW
model can’t be applied to describe the process of light localization in the air core and the IC model can,
in general terms, explain the main features of light localization in NCHCFs. This is a consequence of a
special mechanism of light localization and leakage in NCHCFs which is not determined by optical
properties of complicated photonic crystal cladding or antiresonant properties of the core-cladding
boundary wall, but by the shape of the core-cladding boundary wall.

In [16], we showed that the degree of light localization in simplified polygonal shape HCMFs
or NCHCFs strongly depends on a discrete rotational symmetry of the core-cladding boundary and
corresponding distribution of the air core mode fields in the core-cladding boundary wall. In this
paper, we intend to examine an interesting feature of light leakage in these HCMFs connected with
the core-cladding boundary shape which can confirm our previous conclusions. This feature cannot
be explained by the ARROW or IC model. We propose that this phenomenon be considered as a
manifestation of spatial dispersion (diffraction) occurring under the interaction of the air core mode
with the core-cladding boundary wall. Due to a periodic change of the core-cladding boundary
shape in the azimuthal direction, the normal and tangential components of the transverse wave
vector component become dependent on the value of the azimuthal angle and thus interrelated
k1, (k1t). The spatial dispersion (diffraction) can be modified in 2D or 3D photonic crystals when the
dependence between the longitudinal component of the wavevector and its transverse component
occurs for the propagation Bloch modes. This can lead to nontrivial spatial propagation effects such as
self-collimation, for example [17]. The spatial dispersion for the transverse wavevector components of
the air core modes in the vicinity of the core-cladding boundary wall leads to special distribution of
the fields in this wall and, consequently, to nontrivial features of light leakage from the air core.
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The paper is organized as follows: in Section 2, we analyze loss behavior for several waveguide
microstructures depending on the value of an air core diameter and consider some data and conclusions
drawn in our previous work [16]; in Section 3, major findings of the paper are presented; and,
in Section 4, we discuss and analyze these results.

2. The Effect of the Core-Cladding Boundary Shape on the Light Leakage from the Air Core in
Waveguide Microstructures with Different Shapes of the Core-Cladding Boundary

In this section, we consider the process of light leakage from idealized waveguide microstructures
with various shapes of the core-cladding boundary walls. In [16], we calculated a waveguide loss for
several polygonal microstructures depending on the wavelength in one of the transmission bands.
As was shown, in the case of polygonal waveguide microstructures, the level of waveguide loss
of the fundamental air core mode strongly depends on the air core mode field distribution in the
core-cladding boundary wall. Square and triangular microstructures had a minimal loss level among
other polygonal microstructures. At the same time, the negative curvature octagon microstructure had
the minimum loss among all considered waveguide microstructures. The maximum waveguide loss
was observed for a silica glass capillary with a normal electric field distribution in the capillary wall
corresponding to the ARROW model. The effective mode area of the fundamental mode was the same
for all waveguide microstructures.

Shown in Figure 1 are waveguide losses for fundamental air core modes depending on the value
of air core diameters (calculated based on the area of an inscribed circle in each microstructure) for
circular silica glass capillary, octagon, and square waveguides, as well as for a negative curvature
microstructure with ten capillaries in the cladding. In order to isolate the impact of the core-cladding
boundary shape on the light localization in the air core, all considered waveguide microstructures are
located in an empty space. All waveguide microstructures are made of silica glass, and the thickness
of the waveguide walls is 740 nm. The calculations were carried out at a wavelength of 1.03 um in
the center of the first transmission band. It is the first transmission band according to the ARROW
model. It can be seen from Figure 1 that the maximum waveguide loss is achieved for a silica glass
capillary. It is known that in the case of a glass capillary the waveguide loss value is proportional to
Loss ~ 1/ Dfm, where D, is the air core diameter [18], and the waveguide loss for the silica glass
capillary decreases according to this law in Figure 1. The waveguide loss dependencies for the octagon
and square waveguides decrease faster with an increase in Do, and in accordance with several other
laws. The lowest waveguide loss is observed for a ten-capillary waveguide microstructure when
cladding capillaries are located very close to each other, the distance between them being 2 pm. The law
of waveguide loss dependence is also different from that for the silica glass capillary.

The waveguide loss dependencies for the octagon, square, and ten-capillary waveguide
microstructures have resonant behavior which gives rise to a high loss in narrow ranges of values of the
air core diameter. Also, there are sharp drops in the waveguide loss level in narrow ranges of values of
the air core diameter. The origin of the resonant behavior can be explained by coupling between the
air core mode and modes of the core-cladding boundary wall. Such interaction between the air core
mode and the cladding mode can lead to the occurrence of Fano resonances in the loss spectrum [19].
In our opinion, the drops in the loss spectrum are connected with the occurrence of so-called bound
states in the continuum, where the waveguide loss decreases dramatically when the air core mode
interacts with some of the continuum modes [9,10]. Apparently, this phenomenon can be observed
only when the waveguide microstructure is located in an empty space or when the supporting pipe in
NCHCFs is located at a considerable distance from the cladding capillaries. We intend to discuss this
phenomenon for polygonal waveguides and NCHCFs in greater detail in our future publication.
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Figure 1. Waveguide loss dependence on the value of the air core diameter for a silica glass capillary
(red), a silica glass octagon waveguide (green), a silica glass square waveguide (black), and a silica
glass negative curvature microstructure with ten capillaries in the cladding (blue).

To understand the origin of the difference between the level of waveguide loss in the silica
glass capillary and in other waveguide microstructures (Figure 1) it is necessary to consider the
light leakage process from the waveguide microstructures and its dependence on the shape of the
core-cladding boundary.

3. Results

In this Section we consider the behavior of the transverse component of the Poynting vector for
the fundamental air core mode in all waveguide microstructures considered above. It is necessary to
do so to understand the impact of a discrete rotational symmetry of the core-cladding boundary on
the light leakage process from the air core. For our calculations, we have used the commercial packet
Femlab 3.1 (Finite Element Method).

2D or 3D photonic crystals, i.e., materials with periodically spatially modulated refractive index on
a wavelength scale, have such peculiar temporal dispersion properties as an appearance of bandgaps
in the frequency domain [20]. In other words, the temporal dispersion can be described by the

— —
dependence w <‘ k D for the propagation Bloch modes, where w is a cyclical frequency and k is a

wavevector [16]. As it was pointed out in the Introduction, aside from the temporal dispersion in 2D
or 3D photonic crystals there is also spatial dispersion (diffraction) when the longitudinal component
of the wavevector depends on its transverse component k| (k) [17]. In 2D or 3D photonic crystals,

—
the spatial dispersion can be described by the dependence w ( k ) The isofrequency lines of the

o
propagation Bloch modes w ( k) = const can be considered as the spatial dispersion curves k (k).

For a homogeneous medium, these dispersion curves are concentric circles, but for photonic crystals
their shapes are distorted due to periodic modulation of the refractive index [17]. This can lead to
unusual spatial phenomena in photonic crystals such as self-collimation, for example.

For polygonal waveguide microstructures and NCHCFs, there is also a periodically spatially
modulated refractive index along the core-cladding boundary in the azimuthal direction (the origin
of coordinates is in the center of the waveguide microstructures). The spatial dispersion should
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occur for the propagation air core modes in the vicinity of the core-cladding boundary and inside the
core-cladding boundary wall.

In the silica glass capillary wall there is no spatial dispersion because all directions for the light
leakage from the air core are equivalent. The longitudinal component of the wavevector 3 (propagation
constant) and transverse component of the wavevector k| are uniquely connected by the value of the
wavevector. The isofrequency lines are circles, as in the case of a homogeneous medium in the theory
of photonic crystals [17]:

w
B= neosa

[CV
k| = —nsina
c

where 7 is a refractive index of the medium and « is the angle of incidence of the air core mode on
the capillary wall. The interaction of the air core mode radiation with the core-cladding boundary
wall is determined only by processes of transmission and reflection according to the ARROW
model. For polygonal waveguide microstructures or NCHCFs with contiguous cladding capillaries,

N
the transverse component of the wavevector k | in the vicinity of the core-cladding boundary wall is
a sum of the tangential and normal components whose values and directions are dependent on the

azimuthal angle ¢:
—

- -
ki=kin(p)+ k(o)

o
This means that the shape of the isofrequency lines w ( k., ((p)) depend strongly on the value

of the azimuthal angle at a considered point of the core-cladding boundary, and there is a spatial
dispersion (diffraction) for the radiation of the air core modes propagating in the vicinity of or inside
the core-cladding boundary wall. This diffraction should change light leakage from the air core and can
lead to a deflection of the transverse component of the Poynting vector of the air core mode at certain
sections of the core-cladding boundary. In this case, light interacts with the core-cladding boundary
in a more complicated way and this interaction strongly depends on the shape of the core-cladding
boundary wall; specifically, on its type of discrete rotational symmetry [16].

To analyze the light leakage process for the fundamental air core mode in all above-considered
waveguide microstructures we examine a spatial distribution of the transverse component of the
Poynting vector. In contrast to [8] where only the radial component of the Poynting vector was
considered, we consider the transverse Poynting vector component projection on the direction of the
radius vector drawn to a given point of the waveguide microstructure cross section from the origin of
coordinates (the center of the waveguide microstructure):

—

- I%
P, = Pl*r / Pzmax
|

where pzyqy is the maximum value of the longitudinal component of the Poynting vector on the fiber
cross section. The calculations were made for the value of D¢ore = 50 um (Figure 1).
In Figure 2, the distribution of P, , is shown for the silica glass capillary; the streamlines for the
—

transverse component of the fundamental air core mode Poynting vector of P | are presented by black
lines. It can be seen that, at all points of the cross section, the values of P, are positive including the
values in the vicinity of and inside the core-cladding boundary wall. The behavior of the streamlines

5
of P inside the capillary wall is completely described by the ARROW model when the air core mode
leakage is defined only by the transmission and reflection processes at the inner and outer boundaries

-
of the capillary wall. The transverse component of the fundamental air core mode Poynting vector P |
is directed into the outer space at each point of the core-cladding boundary (Figure 2).
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Figure 2. Distribution of the transverse Poynting vector component projection on the radius vector
direction in the silica glass capillary cross section. The streamlines for the transverse component of
Poynting vector (black lines).

In the case of octagon waveguide microstructures (Figure 3), there is one more feature of
light leakage behavior, namely, the distribution of the transverse Poynting vector projection on the
radius vector P, has a periodic structure in the azimuthal direction and negative values along the

—

core-cladding boundary wall. The streamlines of the transverse component of the Poynting vector P |
also have unusual features which point to a different mechanism of the air core mode interaction with
the core-cladding boundary wall (not all streamlines can be shown in the figures due to calculation
restriction). It is clear that this mechanism of light leakage is not determined by the transmission
and reflection of light in the vicinity of and inside the core-cladding boundary wall, but by a more

A
complicated process which is accompanied by oscillations of values of P, and deflection of P in the
vicinity of the core-cladding boundary wall (Figure 3). The radiation of the air core mode can enter
and leave the core-cladding boundary wall several times before leaving the microstructure.

This effect of the transverse component of the Poynting vector 1_; 1 deflection and the oscillations
of values of P, along the core-cladding boundary wall in the azimuthal direction is more pronounced
in the case of the silica glass square waveguide microstructure (Figure 4). It can be seen from Figure 4
that the light leakage through the core-cladding boundary wall has the same unusual features as
shown in Figure 3, namely, the distribution of the transverse Poynting vector projection P, , on the
radius vector in the vicinity of the core-cladding boundary wall has a periodic change of sign and

N

deflections of P from the original direction. Such behavior of the transverse component of the
—

Poynting vector P points to spatial dispersion for the air core mode fields in the vicinity of and inside

the core-cladding boundary wall. This spatial dispersion (diffraction) leads to a different mechanism of

light localization inside the transmission band and to a decrease in the level of waveguide loss for the
octagon and square waveguide microstructures in comparison with the silica glass capillary (Figure 1).
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Figure 3. Distribution of the transverse Poynting vector component projection on the radius vector

direction in the silica glass octagon waveguide microstructure cross section. The streamlines for the

transverse component of Poynting vector (black lines).
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Figure 4. Distribution of the transverse Poynting vector component projection on the radius vector
direction in the silica glass square waveguide microstructure cross section. The streamlines for the
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The most interesting results can be obtained by examining a silica glass NCHCF. We considered
a NCHCEF with a cladding consisting of ten very closely located capillaries (Figure 5). It can be seen
—

from Figure 5 that the values of P, , and the streamlines of P | have the same behavior as in the case
of the square waveguide microstructure but the distributions of P, , are located only in the limited
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areas of the core-cladding boundary wall closest to the center of the waveguide microstructure. In this
way, for NCHCEF, the spatial dispersion (diffraction) allows the weakening of the interaction of the
fundamental air core mode with the core-cladding boundary wall to the maximum value compared to
other waveguide microstructures considered above. This leads to a very small level of waveguide loss
for the fundamental air core mode: about 0.03 dB/km at a wavelength of 1.03 pm. In our previous
paper [16], we called this mechanism of light localization ‘the local ARROW mechanism’, but now
it is clear that the considered mechanism of light localization is different from the classical ARROW
mechanism [15] (Figure 2). It is more suitable to call it a light localization mechanism based on the
spatial dispersion occurring due to the azimuthal periodicity of the core-cladding boundary shape
and the negative curvature of the core-cladding boundary wall. The effect of the negative curvature
can fully manifest itself only in the case of very closely located cladding capillaries when the coupling
between them is the strongest and they form a quasi-continuous core-cladding boundary. The ARROW
mechanism of light localization (Figure 2) can be observed in NCHCTFs if one increases the distance
between the cladding capillaries, as was predicted in [16]. To demonstrate this effect let us consider
two other NCHCFs with greater distances between cladding capillaries (Figures 6 and 7).

T T T Al

1 L ! 1 L

-40 -20 0 20 40 ¥ -0.96

Figure 5. Distribution of the transverse Poynting vector component projection on the radius vector
direction in the cross section of a silica glass negative curvature hollow core fiber (NCHCF) with ten
very closely located cladding capillaries. The streamlines for the transverse component of Poynting
vector (black lines).

To obtain NCHCFs with greater distances between the cladding capillaries, their outer diameters
were decreased but the wall thickness value remained the same. The distribution of P, and the

>
streamlines of P for the first NCHCEF are shown in Figure 6. The coupling between the cladding
capillaries is weaker than for the NCHCF shown in Figure 5 and each cladding capillary reflects the

light as an individual scatterer [16]. As can be seen from the streamlines of F 1 (Figure 6), their behavior
in the capillary walls is the same as in the case of the silica glass capillary (Figure 2). This means that
the cladding capillaries reflect light according to the ARROW mechanism. At the same time, most air
core mode radiation leaks out from the system due to space channels between the cladding capillaries
(Figure 6). Moreover, it is seen from the distribution of P, that a part of the outgoing radiation
makes complex loop motions and enters the system again as in the case of the square waveguide
microstructure (Figure 4) and NCHCEF (Figure 5). In our opinion, this occurs due to a certain discrete
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rotational symmetry of the cladding capillary arrangement. Due to this complex motion of the air core
mode radiation in the transverse plane, the waveguide loss is not very high, and is about 0.3 dB/km at
a wavelength of 1.03 pm. This effect will be discussed in more detail in our future publication.
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Figure 6. Distribution of the transverse Poynting vector component projection on the radius vector
direction in the cross section of a silica glass NCHCF with ten non-contacting cladding capillaries.
The streamlines for the transverse component of Poynting vector (black lines).
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Figure 7. Distribution of the transverse Poynting vector component projection on the radius vector
direction in the cross section of a silica glass NCHCF with ten non-contacting cladding capillaries.
The streamlines for the transverse component of Poynting vector (black lines).

The leakage becomes much more intense in the case of NCHF with a greater distance between the
cladding capillaries (Figure 7) than in case of the NCHCF shown in Figure 6. The cladding capillaries
also reflect and transmit the air core mode radiation according to the ARROW model but much more air
core mode radiation leaks out through the space channels between them. In this case, the waveguide
loss is about 740 dB/km at a wavelength of 1.03 um. Nevertheless, the complex loop motion of the air
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core mode radiation in the transverse plane remains unchanged, which should decrease the waveguide
loss level.

Additional simulations should be carried out to clarify the role of the supporting tube in the
process of light leakage from the real NCHCFs and to determine the degree of influence of the
rotational symmetry of the NCHCF cladding or the optical properties of a single cladding element on
the waveguide loss level. Such simulations will be considered in our future publication.

4. Discussion

In this paper we briefly discussed the light localization mechanism and light leakage process
in waveguide microstructures with a complicated shape of the core-cladding boundary (especially
those with a specific type of discrete rotational symmetry of the cladding elements arrangement) and
demonstrated its difference from the classical ARROW mechanism in the microstructures with a circle
core-cladding boundary. A complicated shape of the core-cladding boundary leads to a complex
distribution of the air core mode fields in the vicinity of and inside the core-cladding boundary
wall in the azimuthal direction. This occurs due to a spatial dispersion (diffraction) for the air core
modes of the waveguide microstructures, which also takes place in 2D or 3D photonic crystals for the
propagation Bloch modes. In case of photonic crystals, this can lead to unusual propagation effects such
as self-collimation and the disappearance of diffraction. For polygonal waveguide microstructures
or NCHCFs, the transverse Poynting vector component changes its direction and deflects from the
original direction into the outer space. These effects cannot be observed in the waveguides with a
circular-shaped core-cladding boundary because the light localization in them is determined by the
ARROW model, where only the optical thickness of the core-cladding boundary wall is taken into
account. For this reason, the waveguide loss for waveguide microstructures with a polygonal shape of
the core-cladding boundary or NCHCFs is lower than in the case of a circular core-cladding boundary
shape when the air core diameter Dy, >> A. Based on this fact, the conclusion may be drawn that it
is not correct to call this mechanism of light localization the local ARROW mechanism [16], because
the light reflection from the cladding capillaries according to the ARROW mechanism can be observed
only for NCHCFs with non-contacting cladding capillaries separated by a sufficiently large distance.
At the same time, the rotational symmetry of the cladding capillary arrangement plays an important
role in the process of the air core modes localization even in NCHCFs with non-contacting cladding
capillaries separated by a sufficiently large distance. All the above applies to light localization inside
the transmission bands but not to the spectral regions near the band edges where the light leakage is
determined by the conditions of transverse resonances in the core-cladding boundary wall or, in other
words, by the classical ARROW mechanism.

To summarize, the obtained results confirm our conclusions made in [16] concerning an impact
of the core-cladding boundary shape on the process of light localization in NCHCFs (pertaining to
the commonality of light behavior in the polygonal waveguide microstructures and in NCHCFs with
very closely located cladding capillaries). Nevertheless, the term ‘local ARROW mechanism of light
localization” should be reconsidered and defined based on a broader concept of the light localization
mechanism in NCHCFs.
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